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Abstract:
Flavocytochrome b558 (Cytb) is a heterodimeric integral membrane protein that serves as the electron
transferase of the NADPH oxidase. Six homologues of gp91-phox, the large subunit of Cytb, have been
identified (Nox family). Understanding of the structure and function of the Nox proteins is limited. To
distinguish solvent-accessible and membrane or conformation sequestered regions on native structure
of gp91-phox, a number of proteolytic enzyme cleavage products on the lipid reconstituted protein
were identified using mass spectrometry, in this study. Affinity-purified rabbit anti-peptide antibodies
binding to intact neutrophils suggested extracellular localization of gp91-phox regions, however,
results using control CGD-cells suggested that these antibodies may cross-react with an unusual
non-gp91-phox species in the normal and CGD-derived plasma membranes. Further, a monoclonal
antibody CL5 epitope was mapped to the region 135-DPYSVALSELGDR on the gp91-phox, the
prototype for the Nox family proteins. Epitopes of previously described mAb 54.1 and CL5 in
gp91-phox align with Nox family proteins with high degree of identity and the use of these two
monoclonal antibodies as immunoprobes for Nox family proteins was evaluated. Ab 54.1 was found to
be specifically reactive with homologous Nox protein fragments expressed in E. coli. Nox3 protein
expressed in HEK293H cells was also detected by 54.1, but not by CL5. Nox1 expression in stably
transfected NIH 3T3 was examined using the antibodies, but no detectable binding to Nox1 was
observed in immunoblotting assays and by flow-cytometry analysis. The antibodies were also used to
probe for presence of potential truncated forms of gp91-phox expressed in chronic granulomatous
disease (CGD) affected neutrophils with premature termination of gp91-phox synthesis. Analysis did
not detect any smaller size protein fragments by immunoblotting. In addition, two other proteins were
found to be crossreactive with 54.1 and CL5, they were identified as GRP58 and gelsolin, respectively,
two universally expressed cytosolic proteins with regulated association with the plasma membrane.
Finally, to help in ongoing structural biology efforts, a recombinant human Cytb expressing PLB-985
cell line was used to develop process of large-scale production of the protein for application in
structural biology experiments.
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2-DE, two dimensional electrophoresis;
Ac, acetylated;
ASB-14, amidosulfobetaine-14;
ATP, adenosine 5 ’-triphosphate;
BCIP/NBT, 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium;
B SA, bovine serum albumin;
CHAPSj (3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate;
CGD, chronic granulomatous disease;
Cytb, flavocytochrome b558;
CytC, ferrocytochrome c;
DDM, dodecylmaltoside;
DEAE, diethylaminoethyl;
DMEM, Dulbecco’s modified Eagle’s medium;
DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid;
EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic acid;
ELISA, enzyme-linked immunosorbant assay;
FB S, fetal bovine serum;
FAD, flavin adenin dinucleotide;
FITC, fluorescein isothiocyanate;

fMLF, A^-fonnyl-methionyl-leucyl-phenylalanine;
gp91-PLB-985, gp91-phox transfected X-CGD PLB-985;
HEPES, N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid];
IEF, isoelectric focusing;
IgG, immunoglobulin G;
IPTG, isopropyl (3-D-l-thiogalactopyranoside;
KLH, keyhole limpet hemocyanin;
MAb, monoclonal antibody;.
MALDI-TOF, matrix-assisted, laser desorption/ionization - time-of-flight;
Mr, relative molecular mass;
MS, mass spectrometry;
MRB, membrane resuspension buffer (10 mM HEPES, 10 mM NaCl, 100 mM KC1, I
mM EDTA, 0.1 mM dithiothreitol, I mM PMSF, 10 pg/ml chymostatin, pH-7.4).
NADPH, P-nicotinamide adenine dinucleotidephosphate, reduced;
PBS, phosphate buffered saline (10 mM phosphate, 150 mM NaCl, pH-7.4);
PEES, 1,4-Piperazinediethanesulfonic acid;
PMA, phorbol myristate acetate;
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SOD, superoxide dismutase;
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ABSTRACT

Flavocytochrome b558 (Cytb) is a heterodimeric integral membrane protein that
serves as the electron transferase of the NADPH oxidase. Six homologues of gp91-phox,
the large subunit of Cytb5have been identified (Nox family). Understanding of the
structure and function of the Nox proteins is limited. To distinguish solvent-accessible
and membrane or conformation sequestered regions on native structure of gp91-phox, a
number of proteolytic enzyme cleavage products on the lipid reconstituted protein were
identified using mass spectrometry, in this study. Affinity-purified rabbit anti-peptide
antibodies binding to intact neutrophils suggested extracellular localization of gp91-phox
regions, however, results using control CGD-cells suggested that these antibodies may
cross-react with an unusual non-gp91-phox species in the normal and CGD-derived
plasma membranes. Further, a monoclonal antibody CL5 epitope was mapped to the
region 135-DPYSVALSELGDR on the gp91-phox, the prototype for the Nox family
proteins. Epitopes of previously described mAh 54.1 and CL5 in gp91-phox align with
Nox family proteins with high degree of identity and the use of these two monoclonal
antibodies as immunoprobes for Nox family proteins was evaluated. Ab 54.1 was found
to be specifically reactive with homologous Nox protein fragments expressed in E. coli.
Nox3 protein expressed in HEK293H cells was also detected by 54.1, but not by CL5.
Noxl expression in stably transfected NIH 3T3 was examined using the antibodies, but
no detectable binding to Noxl was observed in immunoblotting assays and by flowcytometry analysis. The antibodies were also used to probe for presence of potential
truncated forms of gp91-phox expressed in chronic granulomatous disease (CGD)
affected neutrophils with premature termination of gp91-phox synthesis. Analysis did not
detect any smaller size protein fragments by immunoblotting. In addition, two other
proteins were found to be crossreactive with 54.1 and CL5, they were identified as
GRP58 and gelsolin, respectively, two universally expressed cytosolic proteins with
regulated association with the plasma membrane. Finally, to help in ongoing structural
biology efforts, a recombinant human Cytb expressing PLB-985 cell line was used to
develop process of large-scale production of the protein for application in structural
biology experiments.

I

INTRODUCTION

Phagocyte Function and NADPH oxidase

Phagocytes are the first line of defense against fungal and bacterial pathogens.
Most abundant of this type of immune cells are neutrophils, representing 50-70% of the
i
total number of white blood cells circulating in the blood (I). Neutrophils engulf bacteria
by phagocytosis and orchestrate a variety of oxygen dependent and independent systems
to kill the ingested pathogens (2). Oxygen-dependent bactericidal species include
superoxide anion, hydroxyl radical, hypochlorous acid, nitric oxide, singlet oxygen and
ozone (3, 4, 5, 6 ,1). Superoxide anion is the common precursor for the production of
reactive oxygen species and is generated by the NADPH oxidase in the plasma
membrane, phagosomal membrane and at discrete internal membrane sites of these
immune cells (8). Recently, the presence of the NADPH oxidase in non-phagocytic cells
was also reported and the enzyme activity in such cells may be used for variety of tissue
and cell type specific functions, such as host-defense, cell signaling, O2 sensing or crosslinking reactions (9,10, 11,12, 13, 14, 15).
Neutrophils are formed in the bone marrow, where they differentiate to maturity
in 7-10 days (I). The cells enter blood stream fully differentiated as polymorphonuclear
cells or as nearly mature band cells. Neutrophils have a half life in the blood of
approximately 6 hours and ultimately disperse to the tisues in 1-2 days. Mature
neutrophils are carried by blood flow but also roll against the blood vessel walls and
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sense signals from the underlying endothelium (16). Upregulation of P- and E-selectins
and intercellular adhesion molecules, ICAMs, on the endothelial cells is triggered by
signals from circulating agents or agents released from the injured cells, e.g. chemokines
or bacterial products (17). These interactions enable neutrophil to squeeze between the
endothelial cells and to penetrate the basement membrane (an extracellular matrix
structure) with the aid of proteolytic enzymes and cell-cell signaling processes. The
movement through the vessel wall is known as diapedesis, and enables phagocytes to
enter the subepithelial tissues (18). In the tissue they migrate towards infected area along
chemical gradients of substances called chemoattractants, such as interleukins,
leukotrienes or bacterial products, which are released from bacteria or inflamed cells.
This process is called chemotaxis.
Once in an inflammatory site, neutrophils are able to eliminate many pathogens
by phagocytosis. One important consequence of the phagocytosis process is the fusion of
lysosomes with the phagosome. The process, frequently referred to as phagolysosome
fusion, in most cases leads to killing and degradation of the ingested pathogens by
peptides, bactericidal enzymes and lipid, protein, and nucleic acid degrading activities
(2). Essential to the process is the oxidative degradation of pathogenic components
initiated by oxidative metabolites produced via the NADPH oxidase.
Neutrophils contain very few organelles (endoplasmic reticulum, Golgi,
mitochondria), apart from the granules. Granule morphogenesis occurs during neutrophil
development in the bone marrow as a result of differential expression of granule content
proteins during the course of maturation (I, 19, 20). Granules are released selectively
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depending on the stimulus (21). Azurophilic granules, also called primary granules,
contain proteinases, bactericidal proteins and myeloperoxidase. Gelatinase granules also
contain receptors and some proteases (22). The secretory vesicles are the smallest
granules and contain plasma proteins, alkaline phosphatase, flavocytochrome b558
(Cytb) and receptors (23). The specific or secondary, granules are the most abundant
granule type and contain lactoferrin, proteases, components of the NADPH oxidase and
receptors for complement and fMLF (24).
The NADPH oxidase plays an essential role in host defensive function of
phagocytic cells, i.e., neutrophil granulocytes, monocytes, macrophages and eosinophils
(25, 26). Upon phagocytosis, macrophages and neutrophils produce a variety of toxic
products that help to kill the microorganisms engulfed into phagosome (3, 5). The
NADPH oxidase carries electrons from NADPH across the membrane to oxygen that
serves as an electron acceptor and is reduced to superoxide anion. This process is known
as the respiratory burst, as it is accompanied by a transient increase in oxygen
consumption. Superpxide anion then dismutates to hydrogen peroxide (H2O2 ).
Myeloperoxidase, which is released from cytoplasmic granules of neutrophils and
monocytes by a degranulation process, reacts with the H2 O2 to form a complex that can
oxidize a large Variety of substances (27). Among the latter is chloride, which is oxidized
initially to hypochlorous acid, with the subsequent formation of chlorine and
chloramines. These products are powerful oxidants that can have profound biological
effects, including rapid microbicidal effect or
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Table I. Neutrophil granule content and function (table adapted from (22, 28, 29, 30))
Factor

Granule

Primary
(azurophilic)

Secondary
(specific)

Gelatinase

Secretory
vesicles

M ode o f action

M icrobicidal proteins and peptides (i.e.
cathepsin G, defensins, elastase, O i 1 antitrypsin, bacienecins)

D estroy bacteria

M yeloperoxidase

Catalizes the production o f
hypochlorous acid

L ysozym e

Hydrolyzes glycosidic linkages in
bacterial cell wall

Neutral and acidic hydrolases

Activated within the phagosom e by
pH change and readily breakdown
microbial products

Membrane constituents o f N A D P H oxidase,
Cytb, Rap I A, Rac2; also receptors for
laminin, fibronectin, fMLF, TNF,
vitronectin and thrombospondin

Provides ROS-producing N A D PH
oxidase com plex proteins, cell
surface adhesion m olecules and
variety o f receptors

Lactoferrin

Iron chelator; may also catalyze
production o f hydroxyl radical

Collagenase, gelatinase, histaminase,
heparinase, plasm inogen activator and
sialidase

Breakdown microbial products

L ysozym e

Hydrolyzes glycosidic linkages in
bacterial cell wall

Gelatinase

Collagen cleavage

M ac-1, FPR

Provides a reserve o f adhesion and
chemoattractant receptors

Plasm a proteins
Cytb, M ac-1, FPR, alkaline phosphatase

Provides a reserve o f receptors,
adhesion m olecules and Cytb
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induce damage to adjacent tissue and contribute to the pathogenesis of disease when
released to the outside of the cell. It has also been shown that nitrogen species can react
with superoxide and form substances important for bacterial killing (7).
Generation of Of" by NADPH oxidase is not an exclusive attribute of phagocytic
cells. It has been demonstrated in B lymphocytes (31), vascular smooth muscles (12, 14),
fibroblasts (I I), endothelial cells (12, 32, 33), the carotid body (34), kidney (9, 13) and
lung (10, 15). In non-phagocytic cells, NADPH oxidase activity may be used for variety
of tissue and cell type specific functions, such as host-defense, cell signaling, O2 sensing,
or cross-linking reactions (12, 35).
A function not involved directly in host defense activity was also suggested for
phagocyte NADPH oxidase. Activation of NADPH oxidase in phagocytic cells depends
on the binding of specific ligands to receptors expressed in the plasma membrane. The
NADPH oxidase can be triggered either by stimulation of adhesion molecules or
phagocytic receptors or by chemoattractants such as formyl-methionyl-leucylphenylalanine (fMLF), interleukin 8 (IL-8), complement fragment 5a (C5a) and platelet
activating factor (PAF) (36, 37, 38, 39). There are also ways of triggering the NADPH
oxidase, by-passing the receptors, via stimulation of protein kinase C (PKC) with phorbol
myristate acetate (PMA) or elevating Ca2+ with ionophores (40). Most (80%) of the
membrane-bound components of the NADPH oxidase are located in the specific or
secondary granules and the rest in the plasma membrane (41, 42). It has been
demonstrated that the two different pools of the oxidase can be activated independently.
Stimulating neutrophils with fMLF generates a large, rapid generation of Of" from the
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plasma membrane pool and a smaller intracellular response (43). Phagocytic stimuli such
as bacteria and opsonised yeast induce a mainly intracellular response (44). The function
of intracellular activation of the NADPH oxidase in the absence of phagocytosis is not
yet understood, but reports have suggested that intracellular oxidative metabolites may
have signaling capacity (45).

Structure of the NADPH oxidase

The NADPH oxidase has been shown to consist of several membrane-bound and
cytosolic components. Cytb, the core redox active electron transferase, is an integral
membrane protein composed of two polypeptides gp91-phox and p22-phox with
molecular weights of 91,000 and 22,000 (46, 47). There are also membrane-bound and
cytosolic protein-bound prenylated low molecular weight G proteins Rap IA and Rac2,
and cytoplasmic proteins p47-phox, p67-phox and p40-phox (48, 49). Activation of the
NADPH oxidase involves translocation of cytosolic oxidase components to the plasma
membrane where they associate with each other and Cytb. This association forms an
activation regulated, functional multicomponent electron-transfer system.
The membrane protein heterodimer Cytb, with NADPH and FAD binding
domains and transmembrane domain-coordinated hemes, serves as an electron transferase
of the NADPH oxidase complex (50). Cytosolic proteins p47-phox, p67-phox and Rac2
are needed in the cell-free system to activate Cytb, and have been shown to be required in
recombinant systems (8, 51, 52). Human genetic and engineered deficiencies prove that
these proteins are required or necessary in vivo. The third cytosolic component, p40-
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phox, copurifies with p67-phox and p47-phox, suggesting that it may have a regulatory
function, as well (53). p47-phox appears to serve as an adaptor protein, transporting the
cytosolic protein complex to membrane during activation (54). Neutrophils lacking p47phox are unable to transfer p67-phox from the cytosol to the membrane during activation.
Serving as a switch to trigger oxidase assembly, phosporylation of p47-phox results in
conformational rearrangement, exposing SH3 motifs, proline-rich regions, and a PX
domain that together mediate interactions with Cytb and p67-phox (8, 55, 56).
Phosphorylation of p47-phox initially occurs in the cytosol, before translocation of p47phox to the membrane, and continues after membrane association (57). Besides the SH3
domain, which is important for protein-protein interaction in oxidase assembly, p67-phox
contains an NADPH binding domain and an activation domain (amino acids -200-210)
those may be involved in electron flow or regulation of the process within Cytb (8).
Gorzalczany, et al. (58) proposed that the essential event in activation of NADPH oxidase
is the interaction between p67-phox and Cytb, and that Rac2 and p47-phox serve as
carriers for p67-phox to the membrane. When prenylated, Rac2 can fulfill the carrier
function by itself, supporting oxidase activation by p67-phox in the absence of p47-phox
and amphiphile. Likewise, Rac2 was shown to regulate electron transfer from NADPH to
FAD by Cytb independently of p67-phox (59). The PX domains of p40-phox, as well as
p47-phox, have been demonstrated to bind to specific phosphoinositides and may thus
mediate in part the assembly of the oxidase at the plasma or phagosomal membrane (60,
61, 62).
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Flavocytochrome b558 Structure and Biosynthesis

The electron transferase function of the glycosylated, heterodimeric, bis-heme,
transmembrane Cytb arises from the union of its structural characteristics. The large
subunit of Cytb, gp91-phox, is encoded by gene CYBB which is comprised of 13 exons
spread over a total of 30 kb on the X chromosome at locus Xp21.1 (63). The gene
encoding p22-phox CYBA is localized on chromosome 16 at 16q24 and is divided in 6
exons spaning 8.5 kb, Two subunits of Cytb are tightly associated and required for the
active NADPH oxidase complex and integrity of its characteristic heme spectrum (64,
65). In myeloid cells, the absence of p22-phox protein due to genetic defects results in the
loss of gp91-phox expression and vice versa, indicating that each Of these proteins
requires the other for mutual stability (66, 67), Neither gp91-phox alone nor the
combination of individual gp91-phox and p22phox subunits, when expressed in COS-7
cell line, are able to replace the intact gp91/p22 heterodimer in supporting superoxide
production in cell-free NADPH oxidase reconstitution assays, indicating that assembly of
the fully functional enzyme complex requires specific interactions between subunits (65).
However, gp91-phox and p22-phox have been stably expressed in the absence of their
partner subunit in non-phagocytic cells lines (65, 68).
Heterodimer formation is also important for gp91-phox carbohydrate chain
maturation (69). Gp91-phox is a glycoprotein (46, 70) and it has five potential N-Iinked
glycosylation consensus sites. Glycosylation of three asparagine residues (131, 148 and
239) was supported by mutagenesis analysis of these positions in a recombinant
expression system (71). The protein core of gp91-phox is 58 kDa and its maturation to
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form the highly-glycosylated protein proceeds first in the endoplasmic reticulum and then
in the Golgi apparatus. The specific function of the glycosylation, whether it is to protect
protein from proteolysis, shield it from immunologic surveillance, or some unknown
lectin-like interaction, remains unknown.
Cytb contains at least two non-identical, bis histidinyl coordinated heme groups
that are believed to be located in either the transmembrane or extracellular domain of the
protein (or possibly in both locations) and mediate the final steps of electron transfer to
molecular oxygen (47, 72, 73, 74). The function of the Cytb as an electron transporting
component of the NADPH oxidase is completely dependent on the presence of FAD (75,
76, 77, 78) which probably receives electrons directly from NADPH, acting like
ferredoxin or nitrate reductase (79). It is uncertain how the enzyme functions as a single
electron donor to molecular oxygen from a two electron oxidation of NADPH, although
intermolecular electron tunnelling has been proposed (80). The substrate, NADPH, was
shown to bind to the large subunit of Cytb (81, 82, 83), although some evidence exists
suggesting it binds to p67-phox as well (84, 85).
Cytb biosynthesis studies have demonstrated that the heme incorporation is a
critical step in the assembly of Cytb subunits. PLB-985 myeloid leukemia cells in which
heme synthesis was prevented by addition of succinyl acetone to cell culture medium had
decreased expression levels of both p22-phox and the mature glycosylated form of gp91phox, but not that of the 65 kDa precursor (86, 87). When the histidine residues 101, 115,
209 and 222, putative ligands for the two heme prosthetic groups in gp91-phox, are
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replaced by Leu or Arg, p65 is no longer processed and the p65 does not form a
heterodimer with p22-phox, resulting in cells that lack functional Cytb (88).
Little is known of secondary structure, transmembrane topological organization or
function of the small subunit of Cytb, p22-phox. Primary structure of p22-phox has three
hydrophobic domains in the N-terminal two-thirds of the molecule, and a proline-rich
domain in the C-terminal cytoplasmic tail. Such proline-rich regions can mediate proteinprotein association by binding to SH3 domains that are found in variety of proteins
involved in signal transduction, including cytosolic phox proteins. The proline-rich
domains 156-PPRPP and 177-GGPPGGP of p22-phox binds the N-terminal SH3 domain
of p47-phox, and this interaction is believed to play a dominant role in promoting the
association of cytosolic complex, containing p40-phox, p47-phox, and p-67-phox, with
flavocytochrome b558 (52, 89). Surface features of p22-phox were mapped with
antibodies raised in rabbits against synthetic peptides corresponding to various regions of
the protein or monoclonal antibodies which epitopes were identified using phage display
libraries. In this way, conclusions were drawn that the amino and carboxy termini of the
p22-phox subunit are exposed to the cytosol (90, 91). Moreover, the phage mapping
analysis combined with nuclear magnetic resonance (NMR) spectroscopy provided a
low-resolution view of the tertiary structure of p22-phox around the epitope of
monoclonal antibody 44.1. The results of the study inferred close spatial proximity of the
epitope components 29-TAGRF and 183-PQVNPI from discontinuous regions of p22phox separated apart in the sequence by 150 residues (92). Analysis of the cytochrome
using lithium dodecyl sulfate-polyacrylamide gel electrophoresis followed by
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tetramethylbenzidine heme staining demonstrated the presence of heme in both the 91and 22-kDa subunits (93) suggesting that Cytb is bi-heme molecule with at least one
heme residing in the large subunit and one shared between both subunits. However, co
expression of gp91-phox with p22-phox harboring leucine, tyrosine, or methionine amino
acid substitutions at histidine 94, the only invariant histidine residue within the p22-phox
subunit, did not affect heterodimer formation or Cytb function. The heme spectrum in
purified preparations of flavocytochrome b558 containing the p22-phox derivative was
unaffected. These findings demonstrate conflicting views about the distribution and
coordination of the hemes within the Cytb.

X-Iinked Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is an immunodeficiency syndrome
characterized clinically by severe recurrent bacterial and fungal infections (94, 95, 96).
The persistence of catalase positive bacteria and fungal conidia and hyphal forms, often
within the phagosomal vacuoles of neutrophils or macrophages, is the stimulus to a
chronic inflammatory state with granuloma formation. The most common pathogens
encountered in CGD patients are Staphylococcus aureus, various Aspergillus species and
variety of Gram-negative enteric bacilli.
CGD is rare disease, with an estimated incidence of I in about 250,000
individuals. Biochemically, CGD is characterized by the inability of phagocytic
leukocytes (neutrophils, eosinophils, monocytes and macrophages) to activate the
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NADPH oxidase and to generate superoxide as the needed precursor for reactive oxygen
species involved in the killing Of phagocytosed microorganisms (97).
CGD is a very heterogeneous disorder clinically, because of many antimicrobial
systems that can partially compensate for the defect in oxygen-dependent killing systems,
and biochemically, because of the complicated genetic origin of CGD (94). The disease is.
caused by mutations in any one of four genes encoding subunits of the NADPH oxidase,
resulting in an absence or low levels of enzyme activity. More than two thirds of all cases
are X-Iinked recessive and results from defects in the CYBB gene that encodes the gp91phox subunit. A broad distribution of defects in patients with X-Iinked CGD include
small and large deletions, insertions, nonsense and missense mutations, splice-site defects
and, rarely, mutations in the 5’ regulatory region. The remaining CGD mutation cases are
autosomal recessive and caused by defects in CYBA, NCF-I and NCF-2, which encode
p22-phox, p47-phox and p67-phox, respectively (98). To date, there are no reports of
CGD caused by defects in the gene for a fifth oxidase subunit, p40-phox. A single patient
has been identified with a related immunodeficiency resulting from a defect in the gene
for Rac2 (99, 100). Of the 410 known defects in the four affected genes only 19 result in
normal level of inactive or weakly active protein: 17 out of 358 mutations in CYBB, I
out of 25 in CYBA, I out of 17 in NCF-2 and none out of 10 in NCF-I (98, 101, 102).
Some of these mutations provide evidence for the function of specific domains in
affected subunits and their roles in oxidase activation. The remaining 95% of CGD
mutations result in a complete absence or greatly diminished level of protein, either
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because the affected gene is partially of completely deleted, or because the aberrant
protein product (or mRNA) is unstable.

Gp91-phox Homologues

Homologues of human gp91-phox have been identified in a variety of tissues.
Based on their sequence similarity four different mammalian proteins were identified and
assigned to the Nox family, two larger proteins were identified and assigned to the Duox
family (35, 103,104, 105). As shown by a survey of genome data, the Nox and Duox
•proteins are widely distributed in nature. Nox orthologues have been identified in
Drosophila and Dictyostelium discoideum (104). A protein related to Duoxl has been
found in Caernorhabditis elegans (106). Moreover, plants possess homologues of gp91phox as well. The Arabidopsis thaliana gene called RBOHA (Respiratory Burst Oxidase
I

Homology A) encodes a protein of 108 kDa, which has carboxy-terminal region highly
similar to the human neutrophil gp91-phox, and a smaller protein (~69 kDa) was
identified in rice (107). A subsequent study revealed the presence in A. thaliana of five
other genes encoding homologues of human gp91-phox protein (108). These homologues
are of approximately the same size between 897 and 948 amino acids and their carboxydomains are of 60% identity to human gp91-phox. These proteins may be responsible for
NADH-dependent ferricytochrome c reductase activity by plasma membrane cytochrome
b558 inZ. mais (109).
The Nox proteins have a relatively specific tissue distribution in human. Nox I is
predominantly expressed in colon with lower levels in the prostate, uterus and vascular
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smooth muscle cells, where it is induced by platelet derived growth factor (110, 111).
Nox2, which designates the gp91-phox, is present mostly in phagocytic and other cell
types as described in previous section. Nox3 was cloned from fetal kidney (112), Nox4
also named Renox was found in kidney cortex (113,114) and osteoclasts (115). NoxS is
expressed in variety of fetal tissues and adult spleen, lymph nodes, uterus, testis (116).
The Duoxl, also designated as ThoxI, is present in the thyroid gland, tracheal, bronchial
epithelial cells (117, 118, 119) and Duox2 also designated Thox2 present in thyroid gland
and also in the small intestine, colon, epithelial cells in salivary excretory ducts and rectal
glands (117, 119, 120).
All of the identified homologues contain a cluster of up to six putative
hydrophobic transmembrane domains similar to the gp91-phox transmembrane helicies at
amino-terminal part of the protein including conserved histidine residues implicated in
heme ligation by gp91-phox. There also is significant similarity in the carboxy-terminal
domain of Nox/Duox family proteins with consensus sequences comprising putative
flavin- and NAD(P)H-Mnding sites found in a variety of FAD-bound redox proteins.
Nox5, Duox proteins and homologous plant proteins also contain larger hydrophilic Nterminal domain not present in other Nox proteins (107, 108,116, 117, 118). TMs domain
contains two Ca2+-Mnding EF-hand motifs. In addition, Duox proteins possess a unique,
amino-terminal hydrophobic transmembrane a-helix and putative extracellular domain
homologous to peroxidase (117, 118). The extended N-terminal domain of plant RbohA
also contains EF-hand motifs, and in addition, a region with extended sequence similarity
to the human RanGTPase-activating protein (107).

15
Although neutrophil NADPH oxidase can be activated by Ca2+because of the
activation of Ca2+-sensitive second messenger systems as described before (121,122,
123), it was also shown that another gp91-phox homologue, Nox5, contains an Nterminal extension with three EF hands and when heterologously expressed is able to
generate superoxide and conduct H+ ions in response to cytosolic free Ca2+ concentration
elevations (116). Activation of Duox enzymes by elevations of the cytosolic free Ca2+
concentration has been also suggested based on presence of EF hand motifs and the
previously described Ca2+-activated superoxide generation in thyroid cells (124).
The biological function and its mechanism of gp91-phox homologues is scarcely
based on experimental data and mostly hypothetical. The Nox, Duox family protein, as
well as NADPH oxidase function, may vary depending on the cell type involved. First
studies of Nox I suggested its function in mitogenic regulation and cell transformation
(111), and its was shown that production of Of" was not enhanced by addition of p47phox, p67-phox or Rac in cell-free system (125). However, later it was shown that Noxl
expression is induced during differentiation in colon cells and that did not affect the
proliferation of colon carcinoma cells (126). Furthermore, coexpression of cytosolic
components, p47-phox and p67-phox, augments Noxl activity in reconstituted K562 or
HEK293 cells, and it suggest that Noxl is likely to be involved in host-defense system of
colon epithelium (126, 127). Also it was suggested that the Noxl activity might be
regulated by novel proteins homologous to p47-phox and p67-phox, designated p42-phox
and p51-phox, respectively (127, 128,129).
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Primarily, Duox proteins were identified in thyroid gland (118). It was suggested
that the proteins possibly complementing function to other thyroid peroxidase and
NADPH oxidase enxymes involved in iodination thyroglobulin as they possess aminoterminal peroxidase homologous domain in addition to gp91-phox homologous domains
involved in O2 " production. Later the protein expression was identified in salivary glands,
rectum, trachea, and bronchium and Geiszt M et al. postulated that Duoxl and Duox2
might serve as a source of H2 O2 for lactoperoxidase-mediated antimicrobial defense
mechanisms on mucosal surfaces (119).
As a major source of ROS production in kidney, Nox4 has been implicated to
have a role under pathological conditions (113 , 114). The increase of expression levels
and tissue distribution of Nox4 and p22-phox correlated with localization of 8-hydroxydeoxyguanosine, which is a marker of ROS-induced DNA damage, in the kidney of
diabetic rats (130). The other homologue, Nox5, is likely to be involved in Ca2+actvated, redox-dependent processes of spermatozoa and lymphocytes such as spermoocyte fusion, cell proliferation, and cytokine secretion (116).
Rapid generation of oxidants has been shown in many plant-pathogen interactions
and is a characteristic feature in the so called hypersensitive response. Plants possess an
NADPH oxidase system similar to that of neutrophils (131, 132, 133). Immunological
identification of the soybean proteins corresponding to NADPH oxidase components
p22-phox, p47-phox and p67-phox has been described. A. thaliana protein RbohA aminoterminal Ca2+binding EF hand motifs have been implicated in the rapid stimulation of the
oxidative burst in cells challenged to prime the hypersensitive response (132, 134).
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Interplay between the Ca2+ activation and GTP-ase mediated signal dumping of domain,
similar to human GTPase activating protein, at the N-terminus of RbohA may contribute
to stringent regulation of the plant NADPH oxidase (107).

. Mammalian Membrane Protein Expression

A fundamental requirement of structural biology experiments is to be able to
obtain high quantities of pure protein. An analysis of the mammalian membrane protein
structures published shows that the majority of the proteins were purified from naturally
abundant sources (reviewed by Tate (135)). In contrast, the majority of new soluble
protein structural studies utilized recombinant material (136). These statistics reflect the
fact that recombinant membrane proteins are difficult to obtain, Currently, four major
expression systems can be distinguished: those using bacteria, yeast, insect cells, or
mammalian cells. Although overexpression strategies typically have been developed for
soluble proteins, these generally perform poorly with integral membrane proteins.
However, several cases of successful mammalian integral membrane protein expression
in broadly used prokaryotic and lower eukaryotic expression systems, such as E. coli, P.
pastoris, S. cerevisiae and baculovirus-mediated expression in insect cells, have been
reported during last decade (reviewed in (136, 137)). These include several G-protein
coupled receptors, monoamine oxidase, Ca2+-ATPase and the adrenergic receptor.
Use of prokaryotic or lower eukaryotic expression systems for mammalian
proteins can lead to misfolding or loss of functionality of the protein expressed. Inclusion
bodies are an attractive way of producing large amounts of protein, but this naturally
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requires the refolding of the protein into a functional form, which has been achieved for
only relatively few membrane proteins (136). Mammalian membrane proteins often
require specific lipid requirements, the presence of certain chaperones, and specific posttranslational modifications. Although in some cases glycosylation may play a crucial role
in correct protein folding and insertion to membrane, reports of successful expression of
functional glycoproteins exist. Several G-protein-coupled receptors were expressed in E.
coli (138,139), prostaglandin H2 synthase-2 was expressed in insect cells (140),
monoamine oxidase-B in yeast (141), and fatty acid amide hydrolase in bacteria (142).
However, these three later proteins have relatively small hydrophobic surface area and do
not involve more than one subunit.
Obviously, recombinant protein can be best expressed in the expression system
that most closely resembles the natural environment of the protein. For mammalian
proteins, therefore, mammalian expression systems are likely to give the best results in
terms of structure and functionality of the protein. Transient expression in mammalian
cells and the creation of stable cell lines are widely used for protein function and
physiological studies, though these systems are complex and relatively expensive for
production of milligram quantities of protein. Recent progress in this area may make the
mammalian expression systems more popular. An efficient system based upon Semliki
Forest virus is now available which appears to be capable of producing large quantities of
protein from variety of eukaryotic cells (143). In addition, temperature-regulated,
inducible Sindbis virus replicon-based expression system has been developed which
should prove useful in cases where large doses of the target protein are toxic (144).
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Antibody Application for Studies of Cytb Structure and Function

Anti-Gytb antibodies have found variety of applications in research related to
NADPH oxidase structure and function. In the absence of crystallographic data, a variety
of experimental approaches have been utilized to explore the arrangements of
polypeptide chains of the two subunits of Cytb, include analysis of antibody directed
against specific sequences access to the epitope. An antibody raised against residues
GlulSO-Serl72 in the large subunit bound to intact neutrophils, indicating that this region
is exposed to the outside of the cells, while the antibodies raised against any of the
carboxyl-terminal regions of the large and small subunits or the amino-terminal region of
the small subunit, bound to neutrophils only after the cells were made permeable by
freezing and thawing (91).
Biochemical analysis combined with epitope mapping of monoclonal antibodies
has confirmed aspects of transmembrane topology. An epitope bound by monoclonal
antibody 7D5 has been mapped using phage display analysis to include residues Argl 59Glul 64 and Arg226-Gln231 on gp91-phox and further antibody binding analysis revealed
location of the regions on the non-cytosolic aspect of neutrophil membrane (145,146).
Epitopes of monoclonal antibodies NL7 (Glu498-Lys506 on gp91-phox), 44.1 (including
regions Ser29-Phe33 and Prol83-Ilel88 on p22-phox) and 449 (Glyl82-Vall85 on p22phox) were shown to be located in neutrophil cytosol and indicate cytosolic location of
the segments on the two Cytb subunits (90, 92, 147,148). The phage mapping analysis
combined with nuclear magnetic resonance (NMR) spectroscopy revealed intramolecular
interaction features in the tertiary structure of the Cytb (92). The results of the study
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inferred close spatial proximity of the epitope components Ser29-Phe33 and Prol 83Ilel 88 from discontinuous regions of p22-phox separated apart in the sequence by 150
residues.
Also, it was shown that antibody NL7 epitope Glu498-Lys506 represents a region
of gp91-phox important for oxidase function (148). In a cell-free assay, NL7 inhibited in
vitro activation of the NADPH oxidase though it bound its epitope on gp91(phox)
independently of cytosolic factor or Rac translocation. However, after assembly of the
NADPH oxidase complex, mAh NL7 bound the epitope but did not inhibit the generation
of superoxide. Three-dimensional modeling of the C-terminal domain of gp91(phox) on a
com nitrate reductase template suggests close proximity of the NL7 epitope to the
proposed NADPH binding site, but significant separation from the proposed p47-phox
binding sites, suggesting that the Glu498-Lys506 segment resides on the cytosolic surface
of gp91-phox and represents a region important for oxidase function, but not substrate or
Cytosolic component binding.
Except for structural analysis anti Cytb antibodies have a found variety of other
important applications, such as Cytb purification (149), identification and quantitative
analysis in Cytb expression experiments and chronic granulomatous disease (CGD)
studies (13, 33, 65, 66, 146, 150, 151, 152, 153, 154, 155). Moreover, such antibodies are
used in studies involving biochemical and physiological assays of Cytb and NADPH
oxidase function (148, 156); (R.M. Taylor, A.J. Jesaitis, unpublished data).
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Overview of the Dissertation

Nox protein-produced reactive oxygen species participate in variety of biological
functions, including host-defense, cell signaling and O2 sensing. They are also involved
in non-specific tissue damage in a variety of inflammatory diseases. Understanding of the
structural design of NADPH oxidase core functional element, the prototypical electron
transferase flavocytochrome b558 (Cytb) is essential for comprehension and effective
control of the ROS mediated processes initiated by Cytb or the recently discovered and
widely expressed Nox family proteins. Thus, the fundamental goal of this research was to
extend knowledge of Nox protein structure and function by analysis of elementary
features of the Cytb structure. In addition, significant effort was extended toward the
development of experimental tools required for the Nox protein detection and detailed
structure analysis.
To address important structural issues about gp91-phox, transmembrane topology
and protein surface features of the protein were characterized in study described in
Chapter 2. Amino acid sequence computational analysis was employed to identify
hydrophobic segments of the sequence forming transmembrane domains. Further,
analysis of published experimental data was used to refine mathematical predictions to
Cytb transmembrane topology model. To support topological predictions and to study
functional aspects of the Cytb, a classical approach was employed to produce anti-peptide
antibodies against synthetic peptides mimicking segments on N-terminal half of the
gp91-phox. Proteolytic digestion of purified and lipid-reconstituted Cytb product analysis
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by mass spectrometry extended understanding of hydrophilic, solvent exposed segments
on gp91-phox.
Anti-Cytb antibodies have found variety of applications in research related to
NADPH oxidase structure and function. Similarities of Nox family protein amino acid
sequences also suggested the possibility for application of anti-Cytb antibodies in the
detection of other Nox proteins. This perspective was explored by the characterization of
binding features for two anti-Cytb antibodies and the immunological analysis of Nox
protein expression and is described in Chapter 3. In that study, epitope identification of a
new monoclonal anti-Cytb antibody to amino-terminal half of the large subunit of the
Cytb provided means to investigate the possibility of expression of truncated gp91-phox
forms in neutrophils with CGD mutations resulting in premature termination of the large
subunit transcription.
In Chapter 4, a new methodology is described for large-scale production of
human neutrophil Cytb in a recombinant expression system. Efficient production and
purification techniques are essential to obtain quantities of the protein required for
detailed structure analysis. Thus, design of high-yield recombinant protein expression
systems would be an attractive alternative source for a functional Cytb. Further
development of this system is described in Chapter 5. This section includes an
unpublished description of attempts to develop a purification procedure for recombinant
Cytb.
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TOPOGRAPHY OF GP91-PHOX: COMPUTATIONAL PREDICTIONS AND
APPLICATION OF PROTEOLYTIC ENZYME CLEAVAGE AND
IMMUNOLOGICAL PROBE BINDING ANALYSIS

Introduction

Flavocytochrome b558 (Cytb) is the central component of the NADPH oxidase, a
multi-subunit enzyme system that produces superoxide (Of") (1,2). The oxidase is
important in host defense by phagocytic cells such as neutrophils, monocytes and
eosinophils. Dysfunction of the NADPH oxidase causes chronic granulomatous disease
(CGD), a clinical disorder characterized by severe recurrent infections (3). Recently,
structural homologues of Cytb large subunit have been discovered in a Variety of tissues
and other organisms suggesting alternate functions for superoxide and Cytb-Iike proteins
(reviewed by Lambeth (4)).
The NADPH oxidase complex consists of membrane-bound Cytb, the low
molecular weight G proteins RaplA and Rac2, and the cytoplasmic proteins p47-phox,
p67-phox and p40-phtix (5). Activation of the NADPH oxidase involves translocation of
cytosolic oxidase components to the plasma membrane where they associate with Cytb.
The translocation of these components in the cell occurs as a result of activation by a
variety of agents (reviewed by Leusen et at. (5)). In addition, anionic lipids such as
arachidonate are sufficient to activate the cell-free oxidase or isolated functional Cytb. As
a result of this activation, electrons are transferred from NADPH to molecular oxygen,
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forming superoxide. CGD, caused by a deficiency in one of the cytosolic components,
demonstrates their regulatory role in superoxide production by the oxidase. However,
Cytb is the only obligate electron transporting component known in this enzyme system
( 6, 7).

Cytb is an integral membrane protein composed of two polypeptides (gp91-phox
and p22-phox) with molecular weights of 91,000 and 22,000 (8 , 9). The subunits are
closely associated and required for the active NADPH oxidase complex (10, 11). Cytb
contains at least two non-identical, bis histidinyl coordinated heme groups that are
believed to be located in either the transmembrane or extracellular domain of the protein
(or possibly in both locations) and mediate the final steps of electron transfer to
molecular oxygen (12, 13, 14, 15, 16). The function of Cytb as an electron transporting
component of the NADPH oxidase is absolutely dependent on the presence of FAD (17,
18, 19), which probably receives electrons directly from NADPH (20). The substrate
NADPH was shown to bind to the large subunit of Cytb (21, 22, 23, 24), although some
evidence exists suggesting it also binds to the cytosilic oxidase component p67-phox (24,
25, 26). Comparison of the gp91-phox sequence with members of the ferredoxin-NADP+
reductase family suggests possible sites for NADPH and FAD binding (13, 19, 26, 27,
28).
Little is known of the topological organization of the membrane-bound, Nterminal potion of gp91-phox. In earlier attempts to model secondary structure of this
subunit, four to six membrane-spanning helices were assigned to the amino-terminal half
of the protein (14, 26, 27, 28, 29, 30). Studies employing synthetic peptide inhibition of
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NADPH oxidase activity and mutagenesis suggested interaction sites for p47-phox (30,
31, 32), therefore localizing such regions to the cytoplasmic surface of the enzyme.
Further, mutagenesis studies have identifled(31, 33) carbohydrate attachment sites at the
amino-terminal region of the gp91-phox (28) localizing such residues to the extracellular
surface. Antibody binding studies have also revealed residues located extracellularly (34,
35). However, even with the studies described, assessment of the topology of gp91-phox
awaits further investigation.
In the current study, computational analysis of the gp91-phox amino acid
sequence was used to predict transmembrane topology. In addition, proteolytic digestion
and mass spectrometry analysis on purified and lipid-reconstituted Cytb extended data
about hydrophilic, solvent exposed segments on the protein. To further support
topological features of the predicted model and to study functional aspects of the Cytb, an
attempt was made to produce and characterize anti-peptide antibodies against synthetic
peptides mimicking segments on N-terminal half of the gp91-phox.

Materials and Methods

Materials
Horseradish peroxidase conjugated goat anti-rabbit IgG and alkaline phosphatase
conjugated goat anti-rabbit IgG were from BioRad Laboratories (Hercules, CA). Mass
spectrometry grade porcine trypsin was purchased from Promega Corporation (Madison,
WI), sequencing grade endoproteinase Glu-C from Staphylococcus aureus V 8 and 2,2'-
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azino-bis-[3-ethylbenztMazoline-6-sulfonic acid) (ABTS) were from Boehringer
Mannheim (Indianapolis, IN). Synthetic peptides (with acetylated (Ac) or free (NHz)
amino-terminus) Ac-MGNWAVNEGC-COOH (MGN), Ac-YRVYDIPPKFFYTRfCCCOOH (YRV), Ac-ESYLNFARKRC-COOH (ESY), Ac-ARKRIKNPEGGC-COOH
(ARK) and NHz-KlSEWGKIKEC-COOH (KIS) were from Macromolecular Resources
(Fort Collins, CO). Keyhole Limpet Hemocyanin (KLH), sulfo-GMBS crosslinker,
Imject maleimide-activated ovalbumin and SulfoLink Coupling gel were from Pierce
(Rockford, IL). Prestained protein molecular weight standards were obtained from Life
Technologies (Grand Island, NY). ProSieve Protein Markers were from BMA (Rockland,
ME). SOL-GRADE n-Dodecyl-p-D-Maltoside (DDM) was from Anatrace (Maumee,
OH). SeroClear reagent, octylglucoside, diisopropyl fluorophosphate,
phenylmethylsulfonyl fluoride were from Calbiochem-Novabiochem (La Jolla, CA). 5bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) chromogen was
from Kirkegaard and Perry Laboratories (Gaithersburg, MD). Fura-2/AM was obtained
from Molecular Probes (Eugene, OR). GammaBind Plus Sepharose was from Pharmacia
Biotech (Piscataway, NI). Unless otherwise specified, all other reagents were purchased
from Sigma-Aldrich (St.Louis, MO).

Mathematical Amino Acid Sequence Analysis
Antigenic regions on the gp91-phox protein N-terminal half were determined
using a method developed by Parker, et al. (36) included in the Antheprot software

44
package of protein sequence analysis (Institute of Biology and Chemistry of Proteins,
Lyon, France; http://antheprot-pbil.ibcp.fr).
To analyze gp91-p/zax transmembrane topology, six on-line transmembrane
helix/topology prediction tools were used:
DAS (http://www.biokemi.su.se/~server/DAS/);
HMMTOP LI (http://www.enzim.hu/hmmtop/);
PHDhtm (http://dodo.cpmc.columbia.edu/predictprotein/);
SOSUI 1.0/10 (http://www.tuat.ac.jp/~mitaku/sosui/);
TMHMM 1.0 (http://www.cbs.dtu.dk/krogh/TMHMM/);
TMpred (http://www.ch.embnet.org/software/TMPREDJbrm.html/).
For HMMTOP LI the length of helices was used from 10 to 35 a. a., start point of
iterations - random, number of iterations - 1 0 , while other adjustable settings were
selected as default. The length of helices for TMpred was used from 10 to 35 a.a. Other
programs were used with default settings.

Proteolytic Digestion of Relipidated Cvtb

Cytb was purified using an immunoaffinity method as described by Taylor, et al.
(37). Phosphatidylcholine was dissolved at 5 mg/mL in 50 mM NaH2P04, I mM EGTA,
I mM MgC12, 20% (v/v) glycerol, 0.05 mM DTT, pH-7.4 (reconstitution buffer) with 1%
dodeeylmalto side (DDM) and lipids were dispersed by soni cation. Forty pg of purified
Cytb were combined with 400 pg of dissolved phosphatidylcholine (~ 400 pL total
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sample volume) to obtain a 10:1 lipid to protein ratio (w/w). Samples were then dialyzed
for 48 h at 4 0C against I L of reconstitution buffer without DDM.
For proteolytic digestion, relipidated Cytb samples were dialyzed against 10,000
volumes of 40 mM NH4CO3, pH-7.8. Lyophilized mass spectrometry grade trypsin was
resuspended at I pg/pJL in 50 mM acetic acid, then diluted in 40 mM NH4 CO3 / 1 0 %
CH3CN to 20 pg/mL and added to Cytb at a final pfoteaserprotein ratio of 1:20 (w/w).

Lyophilized endoproteinase Glu-C was reconstituted at 50 pg/mL in distilled water and
added to Cytb samples to a final ratio of 1:15 (w/w). Proteolytic digests were carried out
for 24 hours at 37 0 C. Lipid vesicles were then pelleted by centrifugation at 114,000 x g
for 30 min to isolate the water-soluble peptide fraction. Samples were stored at -20 0C
until further analyses were conducted.

MALDI Mass Spectrometry

Cytb proteolytic digestion samples prepared as described above were diluted at a
1:1 ratio with a saturated solution of a-Cyano-4-hydroxy-cinnamic acid (in 50% (v/v)
CH3CN, 0.1% (v/v) trifluoroacetic acid), and I pL was spotted on a MALDI target. MS

analysis was performed in the positive ion mode with Bruker Biflex HI MALDI-TOF
spectrometer (Bruker Daltonics, Billerica, MA) incorporating a 337-nm nitrogen laser.
Spectra were averaged over ~ 200 laser scans. Angiotensin II (MH+ = 1046.2 Da) and
insulin (MH+ = 3495.65 Da) were used for external calibration. Spectra processing was
carried out using Bruker Daltonics XMASS software (Bruker Daltonics, Bellerica, MA).
Peptide peak masses were extracted from MALDI-TOF spectra of proteolysed protein
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with Broker Daltonics. XMASS software (Broker Daltonics, Bellerica, MA). Cytb
proteolytic digestion peptides were identified by match of mass spectrometry data to
results obtained by theoretical proteolytic enzyme cleavage calculated with the on-line
tool PeptideMass (38) (http://us.expasy.org/tools/peptide-mass.html).

Rabbit Polyclonal Antibody Production

Immunogens for polyclonal antibody MGN, YRV, ESY, ARK and KIS-I
production were prepared by coupling synthetic peptides Ac-MGNWAYNEGC-COOH,
Ac-YRVYDIPPKFFYTRKC-COOH, Ac-ESYLNFARKRC-COOH and AcARKRIKNPEGGC-COOH, NH2 -KISEWGKIKEC-COOH (Ac-, acetylation at the Nterminus of the peptide), respectively, to KLH using sulfo-GMBS bifunctional
crosslinker as described by the manufacturer. For antibody KIS-2, immunogen was
prepared using glutaraldehyde as follows. Equal mass amounts of peptide NH2KlSEWGKIKEC-COOH and KLH were dissolved in 0.1 M borate/NaOH buffer, pH 8.5,
and glutaraldehyde was added to 0.1% (w/v). After mixing for 30 min at room
temperature, the reaction was stopped by adding glycine to a 0.2 M concentration. The
mixture was then dialyzed against phosphate buffered saline, PBS (10 mM phosphate,
150 mMNaCl, pH-7.4).
Immunogens were mixed with Hunter’s Titer Max adjuvant and injected to New
Zealand White rabbits subcutaneously. The second immunization was performed four
weeks later, and the rabbits were then immunized six more times at three week intervals.
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The antibody titer in rabbit serum was monitored by enzyme-linked immunosorbant
assay (ELISA) (39), using a detection antigen prepared by coupling the immunogen
corresponding synthetic peptide to Imject maleimide-activated ovalbumin with sulfoGMBS or glutaraldehyde as described above. Each of the antigens was used to determine
the titer of the respective antisera corresponding to immunogen preparation method. For
ELISA experiments wells were coated with 100 pi of antigen at 10 pg/ml in 50 mM NaCl
overnight at 4 0 C. Wells were then rinsed twice with PBS and blocked with a blocking
buffer (2% (w/v) BSA in PBS) for one hour at 20 0 C. Serial dilutions of rabbit serum
were made in the blocking buffer and exposed to the antigen for I hour at 37 0 C. After
rinsing with PBS five times, bound antibody was detected after incubation for 30 min at
37 0C with horseradish peroxidase-conjugated goat anti-rabbit IgG diluted 1:2000 in
blocking buffer. Plates were rinsed five times with PBS and color development was
measured at 405 nm following exposure to the ABTS/H2 O2 reagent using SpectraMax
250 micro-plate spectrophotometer supplied with SoftMax Pro 3.1.1 software (Molecular
Devices Corp., Sunnyvale, CA).

Polyclonal Antibody Purification
Rabbit polyclonal antibodies were purified using affinity columns made by
coupling synthetic peptides, corresponding to immunogen, to iodacetate-activated
SulfoLink Coupling gel (Pierce, Rockford, IL) as described by Wisniewski, et al. (40).
For antibody purification, rabbit serum was delipidated with SeroClear reagent and mixed
with the peptide-conjugated gel at 4 0C overnight. Unbound proteins were washed off
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with PBS, whereas the bound antibodies were eluted with 0.5 M acetic acid/NaOH, pH3.0 and neutralized with 2 M Tris/HCl, pH-8.1. Fractions containing eluted antibodies
were identified by absorbance at 280 nm and dialyzed in PBS containing 0.02% (w/v)
sodium azide.
Preimmune serum IgG was isolated from SeroClear reagent delipidated serum on
a sepharose-conjugated protein G (GammaBind Plus Sepharose, Pharmacia Biotech,
Piscataway, NI) column using manufacturer's protocol, and then dialyzed in PBS
containing 0 .0 2 % (w/v) sodium azide.

SDS-PAGE and Immunoblotting

Samples of human neutrophil Cytb purified as described (41) were mixed with an
equal volume of SDS-PAGE sample buffer (3.3% (w/v) SDS, 167 mM Tris-HCl, pH-6 .8 ,
33% (v/v) glycerol, 0.03% (w/v) bromphenol blue, and 500 mM 2-mercaptoethanol) and
boiled for I min. The samples were then separated by SDS-PAGE on 12% or 7-15%
Tris/glycine polyacrylamide slab gels containing 0.1% (w/v) SDS as described (42) and
electrophoretic mobility of the sample proteins was compared to prestained protein
standards. Electrophoresis was conducted using a vertical slab gel electrophoresis system
(Bio-Rad, Richmond, CA) at 40 V while the bromphenol blue tracking dye migrated
through stacking gel and then at 80 V until the tracking dye reached the bottom of the
resolving gel.
Following electrophoresis, protein samples were transferred to nitrocellulose
membranes as described previously (8 ), using Bio-Rad TransBlot system (Bio-Rad,
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Richmond, CA). Membranes were blocked with blocking buffer (5% (w/v) milk protein,
0.2% (v/v) Tween 20 in PBS) for I h at room temperature or at 4 0C overnight.
Antibodies were diluted in diluting buffer (3% (v/v) normal goat serum, 1% (w/v) BSA,
0.2% (v/v) Tween 20, 10 mM sodium phosphate, 150 mM NaCl, pH-7.4) and incubated
with the nitrocellulose membrane blots for I h at room temperature with continuous
rocking. The blots were then rinsed with wash buffer (250 mM NaCl, 10 mM HEPES,
0.2% (v/v) Tween 20, pH-7.4) and incubated with a alkaline phosphatase-conjugated
secondary antibody diluted 1:1000 ratio in diluting buffer. The blots then were rinsed
three times with wash buffer, equilibrated in 250 mM NaCl, 30 mM Tris-HCl, pH-8.0,
and developed using a BCIP/NBT phosphatase substrate system.

ELISA on Cytb Coated Microplates

Microplate wells were coated with 40 pL of 10 nM Cytb purified as described
(41) and diluted in Hank's Balanced Salts (1.26 mM CaCfe, 0.8 mM MgSO4 , 5.4 mM
KC1, 0.44mM KH2 PO4, 0.14 mM NaCl, 0.34 mM Na2 HPO4, 5.6 mM D-glucose, pH-7.4)
with IOmM HEPES. After a 12 hour incubation at 4 0C wells were rinsed three times
with PBS and blocked with blocking buffer (0.17 M H2 BOg, 0.17 M NaCl, ImM EDTA,
0.05% (v/v) Tween 20, 0.25% (w/v) BSA, 0.02% (w/v) NaN3, pH-8.5) for one hour at 4
0

C. Wells were then rinsed with PBS. Serial dilutions of purified polyclonal antibodies or

preimmune serum IgG (concentration range 0.6 - 45 jag/mL) were made in the blocking
buffer and added to Cytb coated wells. After incubation for 3 hours at 4 0 C, wells were
rinsed with PBS five times. Bound antibody was detected after incubation for 30 min at
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37 0C with horseradish peroxidase-conjugated goat anti-rabbit IgG diluted 1:2000 in the
blocking buffer. Plates were rinsed five times with PBS and, following exposure to the
ABTS/H2 O2 reagent, color development was measured at 405 nm using SpectraMax 250
micro-plate spectrophotometer supplied with SofiMax Pro 3.1.1 software (Molecular
Devices Corp., Sunnyvale, CA).

Human Neutrophil Preparation
Human neutrophils were purified from citrated peripheral blood using gelatin
sedimentation followed by lysis of remaining erythrocytes with isotonic ammonium
chloride as described (43). Prepared cells were treated with 2 mM diisopropyl
fiuorophosphate for 15 min on ice, to inactivate serine esterases. The cells were then
pelleted by centrifugation and resuspended in PBS.

Flow Cytometric Analysis of Surface Antigens

To detect surface antigens, neutrophils prepared as described above were washed
with PBS and incubated with rabbit polyclonal antibody at 10 pg/mL in PBS
supplemented with 2% milk protein. After one hour of incubation, the cells were rinsed
by centrifugation and resuspention in PBS. Then the cells were labeled with FITCconjugated goat anti-rabbit secondary antibody diluted 1:1000 in PBS with 2% milk
protein for one hour, washed twice as before, and suspended in PBS containing 5 pg/mL
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propidium iodide. All the incubations were performed on ice and with solutions pre
cooled to 4 0 C.
Flow cytometric analysis was performed on 10,000 cells using a Becton
Dickinson FACScan flow cytometer supplied with CONSORT 30 software (Becton
Dickinson Immunocytometry Systems Inc., Franklin Lakes, CA). Data analysis was
performed using WinMDI v.2.8 software (The Scripps Research Institute, La Jolla, CA).
Propidium iodide staining intensity of the cells was used to identify and gate intact cells.

Superoxide Anion Production Assay
To determine the effect of KIS-I antibody binding on neutrophil superoxide
production rate, a ferrocytochrome c (CytC) microplate assay was adapted from Arthur,
et al. (44) and Chapman-Kirkland, et al. (45). Neutrophils prepared as described above
were degranulated with cytochalasin B and fMLF (8 ). The cells were then dispensed at
IO6 cells per well in PBS containing 160 pM CytC and 1000 U/ml catalase in 96-well
polystyrene micro-plate (Coming Life Sciences, Acton, MA). The cells then were
incubated for 10 min at 37 0C with serial dilutions of antibody KIS-I or preimmune
serum IgG from 0.35 to 50 pg/mL. Control samples were run without any IgG and also
with 100 pg/ml SOD to verify specificity of CytC reduction. After cells were activated by
0.1 pM PMA, CytC reduction was monitored for 20 min as the absorbance difference at
550-557 nm using SpectraMax 250 micro-plate spectrophotometer supplied with
SoftMax Pro 3.1.1 software (Molecular Devices Corp., Sunnyvale, CA). Initial maximal
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superoxide production rate values were estimated from CytC reduction curves and
normalized to the control lacking any IgG as a zero level.

Calcium Release Assay

Measurements of cytosolic Ca2"1" concentrations were performed as described by
Miettinen et al. (46). Neutrophils were prepared and degranulated using the same
conditions as described for the superoxide anion production assay protocol. The cells
were then incubated with 2.5 pM Fura-1/AM in PBS plus 0.9 mM CaClz and 0.5 mM
MgClz for 45 min at 37 0C. Cells were centrifuged and resuspended in the above buffer at
room temperature, where they were left until the assay. Each measurement contained
about 2x107 cells in a volume of one milliliter. Cells were preincubated with 50 pg/ml of
KIS-I antibody or preimmune serum IgG or with no IgG added for 10 min at 37 0C.
Continuous measurements of calcium-bound and free Fura-2/AM were made at 37 0C
with a double excitation monochromator fluorescence spectrofluorometer (Photon
Technology International, Monmouth Junction, NJ) with excitation at 340 and 380 nm
and emission at 510 nm. To provide a stimulus for calcium mobilization 100 nM fMLF
peptide was used, and 10 pM ATP was added as a heterologous ligand to provide a
standard stimulus for calcium mobilization.
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Results

Computational Transmembrane Topology Predictions

To construct a topological protein model for the Cytb large subunit gp91-phox,
results from six protein transmembrane helix and topology predicting tools using
different scoring matrixes and algorithms were used in our study to identify
transmembane domains and their orientation. Two of the programs, DAS (47) and
TMpred (48), use scales based on statistical analysis of known structure protein database,
while PHDhtm (49) uses a system of neural networks to analyze multiple protein
sequence alignments. Physicochemical properties of amino acid sequences are analyzed
using Fourier transformations by the SOSUI1.0/10 (50) algorithm, and a hidden Markov
model with adjustable or known structure protein database trained parameters for
HMMTOP LI (51) and TMHMM 1.0 (52), respectively. Transmembrane helix
prediction results for the previously reported gp91-phox amino acid sequence (53, 54) are
shown in Table 2.1. Depending on the program used, five to seven hydrophobic regions
on the gp91-phox sequence were suggested to form transmembrane a-helices. In
addition, four of the programs assess helix orientation and, as a result estimate overall
transmembrane topology of the protein. TMHMM 1.0 predictions suggest the gp91-phox
N-terminus to be oriented to an extracellular aspect of membrane, while the N-teminus is
placed on the cytosolic side of membrane in results of HMMTOP LI, PHDhtm and
TMpred.
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Table 2.1. Results of gp91-phox transmembrane domain computational predictions.
Program name

Trans
membrane
domain
number

DAS

HMMTOP
1.1

PHDhtm

SOSUI
1.0/10

TMHMM
1.0

TMpred

I

9-30

9-30

11-29

11-33

12-30

9-27

n

50-76

45-71

57-74

50-72

50-72

45-72

in

105-117

103-120

104-121

-

103-121

98-120

IV

167-192

168-189

173-191

169-191

167-189

171-194

V

207-222

204-221

206-223

207-229

204-222

204-228

VI

274-282

-

-

-

-

267-289

VII

402-419

-

404-421

403-425

403-425

401-420

Length of transmembrane segments is specified by amino acid residue number in the
gp91-phox sequence.

Mass Spectrometry Analysis of Cytb Proteolytic Digests

It was previously reported that an immonoaffinity purified preparation of Cytb
reconstituted in phosphatidylcholine lipid vesicles, supports NADPH oxidase activity in
cell free superoxide production assays (37). This result suggests that the relipidated
protein has a functional native conformation. To distinguish solvent-accessible and
membrane-embedded or conformation-sequestered regions on native structure of gp91phox, the reconstituted protein was used to identified proteolytic enzyme cleavage sites
accessible to solution. Two proteolytic enzymes used were trypsin and endoproteinase
Glu-C. Cleavage by trypsin is specific, with few exceptions, to peptide bonds at the
carboxylic side of lysine and arginine residues, while Glu-C is a specific endoproteinase
for the carboxylic side of glutamic acid (with 3,000 or more times lower rate for aspartic

55
acid depending on buffer used (55)). Following proteolytic digestion and separation from
lipid vesicles, cleaved hydrophilic peptides were analyzed using MALDI-TOF mass
spectrometry and identified by peptide mass matching to theoretical protease cleavage
peptides. Nineteen peptides identified for trypsin and six for Glu-C digests are listed in
Table 2.2. Identified peptides represented hydrophilic segments of gp91-phox sequence 2
to 25 residues long and with zero or one (including Lys44~Arg54, Gly81-Arg91, Arg92Ar96, Asp500-Lys508, Thr509-Lys521, Ser486-Glu498 and Phe520-Glu544) missed
protease cleavage site.

Polyclonal Anti-peptide Antibody Binding Studies

The success of producing specific antibodies that react with native protein
depends on physico-chemical features and surface-accessibility of the region in the
cognate protein (36, 56). Hydropathy profiles are widely used to identify antigenic sites
on proteins lacking three-dimensional structures (57, 58, 59, 60). Antigenic sites tend to
occur on protein surfaces, where predominantly hydrophilic residues are both exposed to
solvent and accessible for interaction with antibody. Therefore correlation between
antigenic sites and regions of high hydrophilicity is anticipated. The method developed
by Parker, et al. (36) was used to determine antigenic regions on the amino-terminal part
of gp91-phox sequence, including residues 1-300. The method estimates averaged
propensities for each residue in a sliding window of seven amino acids using a
combination of three amino acid antigenicity scales: atomic flexibility, hydrophilicity,
and experimental HPLC
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Table 2.2. Relipidated Cytb proteolytic digestion peptides identified by MALDI mass
spectrometry.
Endoproteinase Glu-C

Trypsin

Observed
masses

Theoretical
masses

509.0
683.1

508.3
682.4
687.4
720.1
734.1
759.3
827.5
831.3

688.5
719.4
733.4
759.4

828.2
831.4
861.9
861.9
962.2
1000.3
1050.6
1112.7
1125.1
1126.5
1162.1
1213.6
1640.1

862.5
862.4
961.5
1001.5
1051.4
1113.3
1124.6
1126.2
1161.5
1214.1
1639.8

Gp91-phox
residue
number

288-290
422-426

92-96
248-253
39-43
97-102
300-306
32-38
74-80
307-313

560-567
500-508
374-381
44-54
522-531
81-91
549-559
319-328
509-521

Predicted
domain

Observed
masses

Theoretical
masses

Gp91-phox
residue
number

Predicted
domain

VI-C4
C4
C2
E3
El
C2-III
C4
I-E l
II-C2
C4
C4
C4
C4
E l-II
C4

604.3
1487.7
1520.1
2133.0
2475.3
2699.4

603.8
1488.1
1520.9
2133.8
2475.8
2699.8

246-250
556-568
486-498
468-485
499-519
520-544

E3
C4
C4
C4
C4
C4

C2
C4
C4
C4

Experimentally observed and theoretical masses represent a monoisotopic values of
singly protonated ions. Topology domains are consistent with gp91-phox topological
model based on computational predictions and published experimental data and described
in the Discussion section (roman numerals indicate transmembrane, C - cytosolic and E non-cytosolic (extracellular) domains numbered starting from amino-terminus).

for each residue in a sliding window of seven amino acids using a combination of three
amino acid antigenicity scales: atomic flexibility, hydrophilicity, and experimental HPLC
retention times of synthetic peptides. Analysis of the amino-terminal portion of gp91phox suggested nine regions, of two residue or greater, with a propensity value higher
than the cutoff value, including Gly2-Ala5, Val27-Arg43, Ser77-Asn97, Cysl26-Serl34,
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a.a. number

Figure 2.1. Antigenicity profile of gp91-phox amino-terminal half sequence, residues I to
300, calculated by the method of Parker, et al. Peaks represent antigenic segments with
surface antigenicity value (axis of ordinates) greater than 50% of maximum.

Alal40-Prol63, LeulSS-Argl99, Phe205-Trp206, Gly223-Thr232, His239-Lys253
(Figure 2.1)
For antipeptide antibody production, five segments^ nine to fifteen amino acids
long, were selected from the gp91-phox primary sequence included in the predicted
antigenic regions (antibody names specified in brackets were derived from first three
residues of the peptide): Metl-Gly9 (MGN), Tyr30-Lys44 (YRV), Glul 50-Argl 59
(ESY), Alal56-Glyl66 (ARK), Lys247-Cys257 (KlS-1 and -2). Synthetic peptides
corresponding to the sequence of selected segments were prepared with an additional
carboxy-terminal cysteine residue added, with the exception of the KIS peptide, which
contained a carboxy-terminal cysteine that was native in the gp91-phox primary
sequence. The presence of the cysteine residue allowed coupling of the peptides to carrier
protein using a sulfhydryl specific crosslinker.
Serum of immunized rabbits collected 12 to 20 weeks following the first injection
was used as a source for antibody purification on peptide affinity columns. Binding of
purified antibodies to gp91-phox was then tested by immunoblotting, ELISA, and by

58
flow cytometry on intact neutrophils. Purified antibodies ESY, ARK, KIS-1, KIS-2
displayed reactivity to denatured purified Cytb on immunoblots (Figure 2.2),
demonstrating a diffuse reactive band of about 70 to 100 kDa, corresponding to gp91phox. There was significantly higher staining intensity of the large subunit band by
antibody KIS-I and ESY compared to antibody ARK and KIS-2 at the same experimental
conditions. No binding to Cytb was observed with antibodies MGN, YRV, as well as
purified pre-immune serum IgG.

Figure 2.2. Immunoblot analysis of polyclonal antibody binding to Cytb.
Each lane contains 0.5 pg of purified Cytb electroblotted onto the nitrocellulose
membrane. 15 pg/ml of antibodies and purified preimmune IgG were used for blotting
followed by detection with alkaline phosphatase-conjugated goat anti-rabbit IgG
secondary antibody. Lane I represents rabbit IgG purified from preimmune serum and
lanes 2-7 polyclonal antibodies MGN, YRV, ESY, ARK, KIS-I and KIS-2, respectively.

The binding of antibodies to purified, detergent-solubilized purified Cytb was
tested by ELISA. Antibodies YRV, ARK and KIS-I showed stronger affinity to Cytb
than MGN, ESY and KIS-2. A modest, but specific increase in color development was
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observed at antibody concentrations greater than 12 jag/ml for KIS-2 and about 5 (ag/ml
for all other antibodies (Figure 2.3).
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Figure 2.3. Polyclonal antibody ELISA with purified Cytb coated plates.
Microplate wells were coated 0.4 pmole of purified Cyt b558 and were incubated with
serial dilutions of purified polyclonal antibodies and preimune serum IgG. Antibody
binding was detected with secondary antibody horseradish peroxidase -conjugated goat
anti-rabbit IgG. Color intensity in wells incubated with 45 pg/mL of preimmune serum
IgG (Pre-IgG) or polyclonal antibodies (specified for each bar) are displayed on the
graph. Data is presented as mean ± SEM of two repeats from an experiment
representative of three similar experiments.

Flow cytometry was used to identify immunoreactivity of the purified antibodies
to the external aspect of human neutrophils. The neutrophils were labeled with antibodies
MGN, YRV, ESY, ARK, KIS-I and KIS-2, or purified pre-immune serum IgG as a
negative control . A shift of intact cell fluorescence intensity compared to the negative
control was approximately twelve-fold for antibody ARK, ten-fold for antibodies MGN,

60
KIS-and approximately two-fold for antibody ESY (Figure 2.4). There was no significant
shift in fluorescence for cells labeled with antibody YRV.
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Figure 2.4. Flow cytometry analysis of antibody binding to intact neutrophil cells.
Human neutrophils were labeled with purified antibodies, or preimmune serum IgG at 10
pg/ml, then labeled with FITC-conjugated goat anti-rabbit IgG secondary antibody.
Thick lines represent fluorescence intensity data for cells labeled with purified polyclonal
antibodies MGN (panel A), YRV (B), ESY (C), ARK (D), KIS-I (E) and KIS-2 (F). Thin
lines correspond to the negative control of purified preimmune serum IgG. Graphs are
representative of more than three similar experiments.
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Certain X-Iinked CGD neutrophils have been characterized to have diminished or
no expression of the Cytb protein, either because the gp91-phox protein encoding gene
CYBB is partially or completely deleted, or because the aberrant protein product (or
mRNA) is unstable. Such cells were previously used to show binding specificity of antiCytb antibodies on neutrophils (61). In this study, polyclonal antibody labeling of CGD
neutrophils (lacking Cytb expression) did not indicate significant differences from results
obtained with intact normal neutrophils (data not shown). This result was surprising since
antibody YRV in contrast to MGN, ESY, ARK, KIS-I and KIS-2 showed no reactivity to
• CGD cells.

Polyclonal Antibody Effect on Oxidase Activity
Antibody KIS-1, which binds gp91-phox on immunoblots, ELISA and possibly
the native protein on intact neutrophils, was used to investigate possible functional effects
the antibody binding may have on NADPH oxidase activity. Superoxide production was
monitored following attachement of KIS-I to intact, degranulated neutrophils that expose
most of the Cytb at the cell surface (8, 62). Addition of Cytb-specific or preimmune IgG
had differential stimulatory effects on superoxide production by cells, A concentrationdependent increase was seen in the rate of superoxide production, reaching 40% at 50
pg/mL was observed for KIS-1, as compared to control (Figure 2.5). Purified preimune
serum IgG induced approximately an 8% increase in the superoxide production rate at the
same concentration. Ferricytochrome c reduction was inhibitable in all cases by addition
of SOD (data not shown) demonstrating that such reduction was due to NADPH oxidase

62
activity. To examine whether crosslinking of surface molecules by our antibody might be
perturbing signal transduction events, fMLF stimulated Ca2+ release was monitored in the
presence of KIS-I or preimmune IgG and in the absence of antibody. Measurements of
calcium release showed that preincubation of cells with KIS-I antibody or preimmune
serum IgG did not have an effect on neutrophil calcium release after fMLP stimulation
when compared to cells preincubated in the absence of IgG (data not shown).

1.35x 1.251.151.05-

Ab concentration, pg/ml
Figure 2.5. The effect of antibody KIS-I on neutrophil superoxide anion production rate.
Antibody KIS-I or preimune IgG was preincubated with cells and superoxide production
was monitored by CytC reduction assay as described in Materials and Methods. Filled
symbols represent data for antibody KIS-I. Empty symbols represent control with
preimmune serum IgG. Data was normalized to maximal control (without IgG)
superoxide production rate for each point, and presented as mean ± SEM of six repeats in
two separate experiments.
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Discussion

Computational Transmembrane Topology Analysis of Gp91-phox

The function of Cytb in the NADPH oxidase is to provide a regulated pathway for
high energy electrons to reduce molecular oxygen to superoxide in the extracellular or
phagosomal milieu of phagocytes. Thus, to understand the molecular basis of the Cytb
function, an understanding of its structure and membrane topology is necessary.
Structural features of proteins can be deduced based on their primary sequence. A
significant effort has been put forth to analyze rules governing secondary structure
formation (63, 64, 65, 66). Though computational modeling is not often capable of
reliably predicting global protein topology without input from experimental data,
mathematical transmembrane topological analysis can provide realistic structural
estimates for integral membrane proteins (67).
Structure modeling studies have resulted in a wide range of algorithms and scales
used to quantify the physicochemical amino acid properties important in shaping the
three-dimensional protein structure (68). A key physical feature of proteins is their
hydropathy pattern - the distribution of hydrophobic and hydrophilic amino acid residues
in the primary sequence. Hydrophobic interactions provide the primary net free energy
required for protein folding (69). In an intact globular protein hydrophobic amino acids
are generally shielded from the aqueous environment by coalescing at the center of the
molecule, with the more hydrophilic residues exposed at its surface. Transmembrane
proteins provide a rather different physical arrangement of hydrophobic residues in which
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hydrophobic residues are collected primarily into a segments embedded within a cell
membrane. An important application of hydropathy profiles in membrane protein
structure studies is their use in conjunction with transmembrane topology prediction
tools. In addition to hydropathy scales, there are amino acid membrane preference scales
based on statistical distributions of each amino acid in membrane regions (68). Some
scales are based solely on physicochemical measurements such as the free energy of sidechain transfer (70, 71). Other scales are based on statistical analysis of three-dimensional
structures (72). Moreover, scales have been developed using a combination of both
procedures (73). Individual scales were developed for different purposes, such as to
identify transmembrane regions (47, 48, 50,51, 73)
In this study, we used six computer programs available online to predict the
transmembrane topology of the large subunit of Cytb. The programs utilizing different
prediction methods provided alternative views of the overall protein topology including
size of protein regions in the membrane and their transmembrane orientation. Five to
seven regions were shown to have a high probability of forming transmembrane helices,
mostly located on amino terminal half of gp91-phox. To compile the prediction results
into a single topological model of the large subunit of the gp91-phpx (Figure 2.6) we
used available experimental data to validate and extend the predictions.
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Figure 2.6. The gp91-phox topological model based on computational predictions and
published experimental data. Lengths of helical domains were estimated from
mathematical predictions and denoted as a starting and ending residue for the longest
(solid line rectangles, non-bracketed residue values) and the shortest predicted helix
interval (dotted thin line rectangles, text in brackets). Solid lines connecting helical
regions represent parts of the protein sequence located in intracellular (top) or
intracellular (bottom) aspect of cell membrane (represented as an area between two
parallel dashed lines). Since segment Tyr401(Val404)-Tyr425(Ile419) has been
identified as a transmembrane helical domain by most of mathematical programs used,
but this possibility appears unlikely from experimental data analysis, it is shown here not
included into gp91-phox topology model (dotted solid line).
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Extracellular Domain

Since gp91-phox is a glycoprotein (8, 74), it must have some extracellular exposure. Yet
little direct evidence exists for non-cytosolic regions on the large subunit. Gp91-phox has
five potential N-Iinfced glycosylation consensus sites, and glycosylation of three
asparagine residues of three asparagine residues (residues 131, 148 and 239) was
supported by mutagenesis analysis of these positions in a recombinant expression system
(29). The glycosylation data agree with polyclonal antibody binding analyses, which
localized region Glul 60 - Thrl 72 outside neutrophil plasma membrane (35). A complex
epitope bound by monoclonal antibody 7D5 has also been mapped using phage display
analysis (34) and suggests that residues Argl59-Glul64 and Arg226-Gln231 form a
discontinuous epitope on gp91-phox. Further, flow cytometry analysis of the antibody
binding to intact neutrophils reveals that the regions must be located on extracellular
loops of the protein. The described data supports topology predictions of HMMTOP LI,
PHDhtm and TMpred methods that placed the two loops connecting transmembrane
regions III-IV and V-VI (loops E2 and E3 in Figure 2.6, respectively) on the extracellular
aspect of cell membrane.

Cytoplasmic Domain

A number of studies have provided evidence for the cytosolic location of specific
residues of gp91-phox. Polyclonal antibodies raised against peptides mimicking the
carboxy-terminus of gp91-phox and showed intracellular immunostaining of neutrophils
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(35, 75). Phage display library binding analyses revealed three regions of gp91-phox as
sites for interaction with cytosolic protein p47-phox at residues Ser87-Leu94, Phe451Leu458, Phe554-Gln564 (32). Those possible interactions were supported by NADPH
oxidase inhibition in mutants carrying deletions corresponding to residues Arg91 and
Arg92 (31) or addition of synthetic peptides which mimicked regions located at or near
putative p67-phox or p47-phox interaction sites (32, 33, 76, 77, 78, 79). Another peptide
corresponding to amino acid residues Leu420-Tyr425 of gp91-phox and having an
inhibitory effect on the oxidase activity was not shown to be associated with cytosolic
protein binding, but rather interrupted electron transfer from NADPH to oxygen (80).
Indeed, the sequence of the peptide overlaps with one of the predicted NADPH binding
site segments, spanning residue Asp403 to Val423 as predicted by sequence alignment
with known structure of ferredoxin-NADP+reductases (18,19, 27). Additional putative
NADPH binding sites, based on the sequence similarity analyses, appear to involve
residues Phe441-Ala450, Gly504-Arg513, Lys548-Phe570. Apart from these specific
cofactor-binding sites, a general homology with ferredoxin-NADP+reductase family was
shown for the distal 250 carboxy-terminal sequence of gp91-phox. This data provides
evidence that the region around Ser87-Leu94 (loop C2), and carboxy-end residues
starting at approximately Asp403 of gp91-phox must be located in cytoplasm.

Transmembrane Domain
Due to contradicting experimental data and our results of transmebrane
predictions (Table 2.1), the boundary between the carboxyl-most transmembrane region
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and cytosolic domain may not been adequately defined. Alignments of the amino acid
sequence of gp91-phox with previously characterized flavoproteins revealed that there
are three possible binding sites for the FAD cofactor near the middle portion of gp91phox, including regions Ile214-Gln246, Leu335-Ala345 and Phe350-Asp360 (18, 19, 27).
Since a portion of antibody 7D5 epitope Arg226-Gln231 is located on extracellular aspect
of plasma membrane and Asn239 is likely to be glycosylated, as described above, it
excludes region Ile214-Gln246 from potential cytosolic FAD binding sites. With regard
to region Cys369-Val398, contradictory evidence has been presented in the literature.
This region to was characterized to contain an extracellular papain cleavage site (35), and
mutagenesis studies revealed His338 to be critical for FAD incorporation into the oxidase
system (81). Thus, placing a FAD binding region at Leu335-Ala345 to cytosolic aspect of
the membrane, we conclude that the carboxy-terminal cytosolic domain of gp91-phox is
connected to an extracellular loop by a transmembrane helix VI predicted approximately
between residues Pro267(Val274) through Trp289(Cys282). This assignment rules out a
transmembrane helix. VII predicted to lie between Tyr401(Leu406)-Tyr425(Ile419). The
latter hydrophobic segment has been identified as a transmembrane helical domain by
most of computational methods used in this study, yet it must reside in the hydrophobic
core of the cytoplasmic domain.
The Cytb has at least two hemes which are either coordinated by gp91-phox alone
(11, 12) or by the sharing of one heme across subunits (9, 14, 15). Although the location
of hemes in Cyt b558 heterodimer remains unknown, recent models have suggested
residues coordinating hemes are histidines 101, 111, 115, 119, 209, 222 in gp 91-phox
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and His94 in p22-phox. Limited proteolysis data also supports heme placement in the
amino-terminal half of gp91-phox at a transmembrane or extracellular location (13). As
discussed above, the antibody epitopes Argl59-Thrl72, Arg226-Gln231, Lys247Cys257, and potentially glycosylated asparagines 239, 131, 148 are located on noncytosolic loops (Figure 2.6, E2, E3), and residues Ser87 through Leu94 are.cytosolic
(C2). Thus, our model suggests that in gp91-phox, the histidines involved in heme
coordination must be located on two helices (helix III encompassing residues
Leu98(Alal05)-Vall23(Ilel 17) and helix V at Ser200(Tyr207)- Arg229(Ile221)) with
their amino-ends starting in cytosol. This restricts helix IV location to be between the
latter helices at position Leul67(Leul73)-Thrl94(Ilel89).
Although there is a lack of experimental data to evaluate topology of the most
amino terminal region of gp91-phox (residues 1-87), transmembrane helices are quite
likely to an essential component of its structure. The only published data concerning
putative structure of this region describes, inhibition of NADPH oxidase activity with a
synthetic peptide mimicking residues Val27-Leu46, so possible interaction with cytosolic
proteins and thus cytosolic location was suggested for the. region (33). However,
uncertainties exist about the specificity of peptide-protein interactions that reduces the
oxidase activity and without independent evidence, one is never certain that added
peptides are not affecting intra-protein interactions. For example, inhibitory effects of
gp91-phox carboxy-terminus-mimicking peptides were in conflict with results from
mutation analysis of the region that showed a lack of the effect on the NADPH oxidase
acitivity (82, 83). Considering this limitations, the topology of the amino-terminal end of
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gp91-phox in our model model is based on the transmembrane topology predictions,
suggesting high probability for two transmembrane helices I and II formation in regions
Gly9(Ilel2)-Tyr33(Val27) and Leu45(Ala57)-Leu76(Val71). To be consistent with the
experimentally-based topology of our model downstream, we tentatively predict, in
opposition of our anti-peptide antibody binding results discussed above, that the aminoterminus (Cl) of the gp91-phox is located in cytoplasm.

Limited Proteolysis Followed by Mass Spectrometry

To further improve the gp91-phox topological model and identify boundaries between
elements of the protein structure, we proteolytically digested relipidated Cytb and
identified liberated peptides by MALDI mass spectrometry. Results of identification of
solvent exposed domains on native, lipid-reconstituted gp91-phox are summarized in
Figure 2.7. The displayed pattern of proteolytic enzyme cleavage sites is mostly restricted
to hydrophilic segments of the protein. Some of these segments are located on putative
loops connecting transmembrane helices (C2, El, E3) at the amino-terminal half of our
gp91-phox model while others likely represent surface exposed regions on the cytosolic
carboxy-terminal domain (C4). Interestingly, we detected trypsin digest products derived
from regions in predicted transmembrane helices I, II, III and VI, suggesting an
overestimate in the predicted size of the transmembrane a-helices. These residues maybe
located at capping domain of a-helix extending beyond the membrane bilayer, or
possibly located on a integral membrane helical structure with an opening large enough
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Figure 2.7. Soluble peptides and protease cleavage sites on gp91-phox identified by
proteolitic digestion with trypsin (panel A) or endoproteinase Glu-C (panel B) of lipid
reconstituted Cytb and MALDI mass spectrometry analysis. Boxed residues on the gp91phox show potential cleavage sites for protease and the spaces signify detected cleavages.
The identified peptides are shaded. Underlined regions represent putative transmembrane
domains based on mathematical predictions and experimental data.
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to be accessible by trypsin protease. There are also a few cleavage products, resulting
from application of trypsin and endopreoteinase Glu-C, at or near predicted NADPH
binding sites, Gly504-Arg513, Lys548-Phe570, and carboxy-terminal end of Asp403Val423 (residues Lys421, Lys508, Lys548, Glu556, Arg559, Lys567, Glu568). Figure 7
also shows a number of missed cleavage Sites, including residues at the amino-terminal
end of Asp403-Val423 assigned as NADPH binding site or other predicted binding sites
for NADPH at Phe441-Ala450 and FAD at Leu335-Ala345 and Phe350-Asp360
(residues Glu336, Arg356, Glu403, Glu442, Arg446). Some of the protease-cleaved
peptides may not be identified from mass spectrometry data by matching to theoretical
protein digest results because of peptide mass increase due to various post-translational
modifications. Such masking may be the reason for lack of detectable peptides around
potential carbohydrate modified asparagines residues 131, 148 and 239. Additional proof
is required to allow these missed cleavage sites to be characterized as part of sequence
domains sequestered in a membrane or tertiary protein structure as the sites may become
exposed (or hidden) when the protein denatures and possibly aggregates.

Polyclonal Rabbit Anti-peptide Antibodies -

Native protein-reactive antipeptide antibodies have been successfully used to
identify cytoplasmic or extracellular localization of protein segments by assessment of
antibody binding to intact or permeabilized cells using immunofluorescence microscopy
or flow cytometry (35, 84, 85, 86). In this study, six polyclonal antipeptide antibodies
were raised against five different gp91-phox regions located at the amino-terminal part of
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the protein to map its transmembrane topology. The produced antibodies showed various
degree of binding to denatured, detergent-solubilized Cytb (Figures 2.2 and 2.3).
Interestingly, comparison of the binding characteristics of two antibodies KIS-I and KIS2, raised using two identical peptides, shows that a significantly higher specificity
polyclonal antibody could be attained by specific peptide coupling to carrier protein using
bifunctional cross-linker.
Labeling of the intact neutrophil extracellular surface with the specific antibodies
would suggest what regions of gp91-phox are accessible on the extracellular domain on
the native protein in situ. Antibody binding to intact neutrophil suggested an extracellular
localization of epitope regions Metl-Gly9 (MGN), GlulSO-Argl 59 (ESY), Alal 56Glyl 66 (ARK), Lys247-Cys257 (KIS) (Figure 2.4). However, X-Iinked CGD neutrophils
lacking expression of Cytb (used as a negative control) did not indicate significant
differences of polyclonal antibody labeling as compared to normal type cell data. This
result was particularly surprising since antibody YRV (region Tyr30-Lys44) which was
negative in flow cytometry on intact neutrophils was, unlike antibodies MGN, ESY,
ARK and KIS, was also negative when tested with neutrophils from CGD patients. This
result implies that either CGD cells have unusal properties that makes them non-ideal
control cells or that the affinity purified antibodies selectively bind other components of
the neutrophil surface. The results also underscores how cautious one must be in the
application of immunological probes in human blood cells. Because of this uncertainty,
interpretation of gp91-phox topology using the polyclonal antibody binding data must
remain suspect until this ambiguity is resolved.
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Polyclonal antibody KIS-I effect on oxidase activity

An interaction of the two subunits of the Cytb has been shown to be essential for
function of the Cytb (87). Additionally, important interactions between cytosolic and
membrane associated proteins of the NADPH oxidase have been studied showing that
specific sites of interaction must exist on the protein surface. The interaction with
cytosolic components, and possibly direct Cytb-Cytb interactions, may result in
clustering of the molecule or dimerisations of a-(3 heterodimer to a quaternary structural
unit (9, 37, 88). Published immunoelectron microscopy data show aggregates of NADPH
oxidase components in a phagosomal or plasma membrane of neutrophils. Using antiCytb antibodies for immunocytochemical electron microscopy showed that Cytb
translocates from specific granules to the phagosomal membrane in phagocytosing
neutrophils, where the protein appeared to be clustered in discreet regions of contact
between the bacterial and phagosomal membrane interface (75). Later, immunoelectron
microscopy of gp91-phox (89) and other NADPH oxidase proteins, such as p47-phox,
p67-phox and Rac2, revealed cluster formation of about 0.03 - 0.1 pm2 dimensions in a
plasma membrane of adherent neutrophils (90). Aggregation of NADPH oxidase
complexes in neutrophil and the physiological function of this process has been
previously discussed (22). Although other possibilities clearly exist, the hypothesis of
interaction between molecules of Cytb in a cluster might provide an explanation how
antibody crosslinking could effect the superoxide production rate. Location of hemes of
aggregated Cytb molecules might permit not only intramolecular electron transfer, but
also intermolecular electron transfer between the hemes of different cytochrome
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molecules. Such a pathway could involve direct electron transfer between spatially .
overlapping hemes. Alternatively, tunneling pathways along specific structures of the
protein, such as an alpha helix or a beta sheet, could be coupled to heme by an aromatic
side chain of an amino acid in close proximity to the heme, as suggested by Beratan, et al.
(91). By this latter interpretation, an electron donated to the cluster by an FAD could
reduce an oxygen bound to any one of the Cytb molecules in the cluster, making the
electron transport and oxygen reduction process more efficient.
Thus anti-Cytb antibodies might represent tools to cause such clustering
experimentally. Our physiological study on neutrophils revealed that the presence of an
antibody that possibly binds to an extracellular domain of Cytb has a significant positive
effect on the rate of superoxide production (Figure 2.5). Although some increase of
superoxide production was caused by presence of nonspecific IgG antibodies in the
reaction solution, the effect was one fifth the value of the specific anti-peptide polyclonal
antibody effect. The antibody cross-reactivity to components other than Cytb epitopes on
intact neutrophil cells interjects uncertainties about mechanism of stimulation of
superoxide production. However, the results are consistent with the clustering hypothesis
but need still additional investigation that secondary effects of surface protein capping do
not result in similar increases for other reasons.
In summary, computational methods used to predict the transmembrane topology
for gp91-phox identified five to seven membrane-spanning, a-helical domains on the
amino terminal half of the protein. Transmembrane topology model of gp91-phox
containing six transmembrane regions at N-teminal half of tire protein and carboxy- and
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amino-termini located in cytosol was build using computational predictions and
published experimental data. Purified, lipid reconstituted Cytb proteolytic enzyme
cleavage product analysis by MALDI mass spectrometry identified potentially solventaccessible, membrane-embedded or conformationally sequestered regions on gp91-phox.
In addition, rabbit polyclonal antibodies raised against synthetic peptide mimicking gp91phox regions binding to intact neutrophils suggested extracellular localization of the
corresponding regions 1-9 (MGN), 150-159 (ESY), 156-166 (ARK), 247-257 (KIS-1,
KIS-2). Binding of KIS-I antibody to neutrophils also resulted in an increase in the rate
of superoxide production and suggested a possible functional role for Cytb
reorganizations and/or clustering in the active NADPH oxidase. However, because the
antibodies, with the exception of YRV (region 30-44) and preimmune controls, positively
labeled neutrophils from patiens missing gp91-phox, the results also suggested that CGDcells and perhaps normal neutrophils have an unusual crossreactive species in their
plasma membranes.
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ANTI-GP91-PHOX ANTIBODIES (CL5 AND 54.1) AS IMMUNOPROBES FORNOX
FAMILY PROTEINS, GRP58 AND GELSOLIN

Introduction

Human phagocyte flavocytochrome b558 (Cytb) is an integral membrane protein
composed of two polypeptides (gp91-phox and p22-phox) with molecular weight of
91,000 and 22,000 (1,2). Cytb serves as the electron transferase of the NADPH oxidase
complex (3, 4, 5). This membrane localized enzyme plays an important role in the host
defense function of phagocytic cells, including neutrophil granulocytes, monocytes,
macrophages and eosinophils (6, 7). During phagocytosis, macrophages and neutrophils
produce a variety of toxic products that help to kill the microorganisms engulfed into
phagosomes (8, 9). Superoxide anion (CL"") is the common precursor for the production of
such reactive oxygen species and is generated by the NADPH oxidase in the plasma
membrane, phagosOmal membrane and at discrete internal membrane sites.
Homologues of human gp91-phox have been identified in a variety of tissues.
Based on their sequence similarity four different mammalian proteins were identified and
assigned to the Nox family, while two larger proteins were identified and assigned to the
Duox family (10, 11, 12, 13). All of the identified homologues contain a cluster of up to
six putative hydrophobic transmembrane domains similar to the gp91-phox
transmembrane helicies at amino-terminal part of the protein including conserved
histidine residues implicated in heme ligation by gp91-phox. Also, there is significant
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similarity in the carboxy-teiminal domain of Nox/Duox family proteins with consensus
sequences comprising putative flavin- and NAD(P)H-binding sites found in a variety of
FAD-bound redox proteins. Nox5, Duox proteins and homologous plant proteins also
contain a larger hydrophilic N-terminal domain not present in other Nox proteins
(including gp91-phox) (14,15, 16,17, 18). This domain contains two Ca2+-Mnding EFhand motifs possibly involved in regulation of catalytic activity. In addition, Duox
proteins possess a unique, amino-terminal hydrophobic transmembrane a-helix and
putative extracellular domain homologous to peroxidase (14, 15).
Anti-Cytb antibodies have found variety of applications in research related to
NADPH oxidase structure and function. Such antibodies have been widely used for
identification and quantitative analysis in Cytb expression experiments and chronic
granulomatous disease (CGD) studies (19, 20, 21, 22, 23, 24, 25). Due to the absence of
crystallographic data, a variety of experimental approaches have been utilized to explore
structural aspects of Cytb. Biochemical analysis combined with epitope mapping of
monoclonal antibodies has confirmed aspects of transmembrane topology and has
revealed intramolecular interaction features in the tertiary structure of the protein (26, 27,
28, 29, 30). Moreover, such antibodies are finding important application in studies
involving biochemical and physiological assays of Cytb and NADPH oxidase function
(28); (Taylor, RM and Jesaitis, Al, unpublished data).
The structural similarities among Nox family members suggest that anti-Cytb
antibodies may be cross-reactive with some of the other members of this family and
might be of use in their detection. In this study we analysed the potential of two
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monoclonal antibodies for use as immunoprobes for Nox family proteins and detection of
possible short forms of gp91-phox expressed in CGD neutrophils. In addition, the mAh
CL5 epitope was mapped and proteins which specifically cross-react with mAbs 54.1 and
CL5 have been partially purified and identified.

Materials and Methods

Materials
The pBluescript KS+ vector containing the full-length gp91-phox gene insert was
kindly provided by M. Dinauer.
Mouse anti-ERp57 mAb was obtained from Stressgen Biotechnologies
Corporation (Victoria, SC, Canada) and mouse anti-gelsolin mAb was obtained from
Sigma-Aldrich (St.Louis, MO). Alkaline phosphatase conjugated goat anti-mouse IgG
was obtained from BioRad Laboratories.(Hercules, CA). E. coli XLl-Blue, E. coli
BL21(DES) and E. coli BL21(DE3)pLysS strains were obtained from Invitrogen
(Carlsbad, CA), and the expression vector pET-14b from Novagen (Madison, WI).
Restriction enzymes EcoRI, Ndel, BamHI were purchased from New England Biolabs
(Beverly, MA). 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(BCIP/NBT) chromogen was purchased from Kirkegaard and Perry Laboratories
(Gaithersburg, MD). GammaBind Plus Sepharose was obtained from Pharmacia Biotech
(Piscataway, NJ). ProSieve Protein Markers were obtained from BMA (Rockland, ME).
IEF carrier ampholytes pH 3-10 and immobilized pH gradient strips Immobiline DryStrip
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were purchased from Amersham Biosciences (Piscataway, NI). Mass spectrometry grade
trypsin was purchased from Promega Corporation (Madison, WI). Luria-Bertani medium
was purchased from EM Science (Gibbstownr NJ). Acetonitrile and trifluoroacetic acid
were from Mallinckrodt Baker (Philipsburg, NI). Unless otherwise specified, all other
reagents were purchased from Sigma-Aldrich (St.Louis, MO).
Monoclonal antibody CL5 was produced using standard hybridoma technology
(28). Briefly, the X-CGD mutant mouse strain C57 Bl/6JxE129 (Genentech Inc, South
San Francisco, CA) was immunized three times with 50 jag of partially purified Cytb
solubilized in 10 mM HEPES, 10 mM NaCl, 100 mM KC1, pH-7.4, containing 40 mM
octylglucoside. Hyperimmune splenocytes were fused with 3PU1 myeloma cells and
screened for mAh production by ELISA using octylglucoside-solubilized Cyt b.
Hybridoma clones producing anti-Cytb antibodies were cloned twice by limiting dilution
and grown in RPMI-1640 medium containing 5% FBS. Following growth of positive
clones antibody was purified from hybridoma culture supernatant on Gammabind Plus
Sepharose as described by manufacturer and dialyzed against 150 mM NaCl, 10 mM
NazHPCL, pH-7.4. The name of this antibody is derived from the abbreviation C for CGD
mouse strain immunized animal, L for Large Cytb subunit gp91-phox, and 5 for clone
number 5.

Cloning, Transfection, Cell Culture and Preparation
Cloning of the cytoplasmic portion of gp91-phox (residues 293-570) into the E.
coli expression vector pET-14b was conducted as follows. Using the initial pBluescript
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KS+ vector containing the full length gp91-phox gene (inserted into the Bam HI site) as
the source of DNA, the Quickchange Mutagenesis kit (Stratagene, La Jolla, CA) was
used according to the manufacturers instructions to introduce a unique NdeI restriction
site at residue 292 in the gp91-phox gene (5’ mutagenic primer: 5’
GGTTTTGGCGATCTCATATGAAGGTGGTCATCACC 3’; 3’ mutagenic primer: 5’
GGTGATGACCACCTTCATATGAGATCGCCAAAACC 3’). FollowingPCR
mutagenesis, the resulting products were electroporated into E. coli XLl-Blue and
resulting transformants were grown for purification of plasmid DNA using a QIAprep
Spin Miniprep kit (Qiagen, Valencia, CA). Restriction digest analysis with NdeI was
used to screen for transformants which contained the desired mutation. Plasmid
containing the desired mutation was then double digested with Ndel/BamHI and the
resulting fragments of gp91-phox were gel purified using a QIAquick Gel Extraction kit
(Qiagen, Valencia, CA). Since the resulting N- and C-terminal fragments of gp91-phox
co-migrated on agarose gels, the two fragments were simply gel purified together and
then ligated into pET-14b (that had also been double digested with Ndel/BamHI and gel
purified). The ligation reactions were electroporated into E. coli XLl-Blue and resulting
colonies screened for the desired construct. Plasmid DNA was isolated from colonies
containing insert and these constructs were restriction mapped with EcoRI (which
produces a ~0.8 kb fragment for constructs containing the C-terminal portion of gp91phox) for identification of the desired ligation product.
For expression of Nox protein fragments, pET-14b containing the C-terminal
portion of gp91-phox was electroporated into E. coli BL21(DE3)pLysS and pET32a(+)
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vectors containing the C-terminal fragments of of Nox I, Nox3 and Nox4 were
transformed to E. coli BL21(DE3) using One Shot BL21 Star(DE3) chemically
competent cell kit (Invitrogeh, Carlsbad, CA). Colonies resistant to ampicillin and both,
ampicillin and chloramphenicol in case of the E. coli BL21(DE3)pLysS strain, were then
isolated. Transformed cells were grown at 37 °C in Luria-Bertani medium containing the
antibiotics to an OD6oo=0.4-0.6 and then induced for 4 h with I mM IPTG. Following
induction, cells were centrifuged and resuspended in 10 mM HEPES, 10 mM NaCl, 100
mM KC1, pH-7.4 and then disrupted by probe sonication.
The Noxl cDNA cloning from a human colon cDNA library and transfection into
NIH 3T3 cells using the pEF-PAC vector was described by Suh Y.A., et al. (31). The
stably transfected NIH 3T3 cells (American Type Culture Collection, Manassas, VA)
were maintained at 37 0C in 5% CO2 in DMEM medium containing 10% FBS, penicillin
(100 U/mL), and streptomycin (100 pg/mL). Medium for pEF-PAC-Noxl transfected
cells was supplemented with I pg/mL puromycin. For harvesting, cells were detached by
incubating with 0.05 g/L porcine trypsin and 0.5 mM EDTA in 150 mM NaCl, 10 mM
NazHPCL, pH-7.4 for a few minutes and resuspended in growth medium. After washing
with in 10 mM HEPES, 10 mM NaCl, 100 mM KC1, pH-7.4, the cells were incubated 15
min on ice with 2 mM DFP to inactivate serine esterases. The washed cells were then
pelleted by centrifugation and resuspended in membrane resuspension buffer MRB (10
mM HEPES, 10 mM NaCl, 100 mM KC1, I mM EDTA, 0.1 mM dithiothreitol, I mM
PMSF, 10 pg/ml chymostatin, pH-7.4). Membrane fractions were prepared as described
by Parkos et al. (I). Briefly, the cells were disrupted by nitrogen cavitation and unbroken
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cells and nuclei were separated by low speed centrifugation (1,000 x g, 5 min). The
supernatant fraction was then centrifuged in a 60 Ti rotor (Beckman Instruments,
Fullerton, CA) at 114,000 x g for 30 min. The resultant membrane pellet was
resuspended in MRB buffer and the supernatant saved as a cytosolic fraction.
For Nox protein expression in HEK-293H cells gp91-phox gene was subcloned
from EST clone AA996282 to pcDNA3 expression vector and the sequence was
confirmed by sequencing. Nox3 was cloned as described before (32). The HEK-293H
cells were grown to ~40% confluence and were transfected with 5 pg of the pcDNA3
vector without insert or harboring gp91-phox or Nox3 using Fugene 6 (Roche,
Indianapolis, IN) according to the manufacturer’s instructions. After 48 hours, cells were
removed from the plate, washed twice with cold PBS, centrifuged to pellet and stored at 70 0C until use. Cell membrane fractions were separated as described above for NIH 3T3
cells except that the cells were disrupted by sonication.
Human neutrophils were purified from titrated peripheral blood using gelatin
sedimentation followed by lysis of remaining erythrocytes with isotonic ammonium
chloride as described by Henson P.M. and Odes Z.G. (33). The isolated cells were
disrupted and separated into membrane and cytosolic fractions by the method of Parkos
CA. et al. (I).
CGD neutrophil plasma membrane fractions were prepared by density gradient
centrifugation in Percoll (34). The membranes were washed and resuspended in 10 mM
PIPES, 100 mM KC1, 3 mM NaCl, 3.5 mM MgCl2, I mM ATP, 1.25 mM EGTA, 340
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mM sucrose, pH-7.3. The CGD neutrophil membrane samples used in this study
contained mutations in the CYBB gene described in the legend of Figure 3.4.

Phase-display Epitope Mapping

Monoclonal antibody was subjected to epitope mapping as previously described
(35, 36) by selecting peptide sequences that mimic the natural Cyt b epitope from the
J404 nonapeptide library (37). Three rounds of selection and amplification of phage
display peptide library clones were conducted using a mAb CL5 immunoaffinity matrix
as described previously (35, 36). For phage DNA sequencing, 100 pL of phage from the
final column eluate were used to infect starved K91 cells. Serial 100-fold dilutions of
infected cells were used to inoculate LB agar plates containing the appropriate dilution,
which were then incubated overnight at 37 0C. Isolated colonies were used to inoculate 2
mL of 2 x YT (38) containing kanamycin (75 pg/mL), and the tubes were incubated
overnight at 37 0C in a shaking water bath. DNA from the isolated phage was prepared
and sequenced according to the directions of the Sequenase version 2.0 kit (U.S.
Biochemical Corp., Cleveland, OH). An oligonucleotide primer with the sequence 5’GTT TTG TCG TCT TTC CAG ACG-3’ was used to determine the nucleotide sequence
of the unique region of the phage, and audioradiographs were viewed using
Phosphorhnager model 400E (Molecular Dynamics/Amersham Biosciences, Piscataway,
NI).
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Flow Cytometry Analysis of Surface and Intracellular Antigens

To detect surface antigens with mouse monoclonal antibodies, cells were washed
with PBS (10 mM phosphate, 150 mM NaCl, pH-7.4) and incubated with mouse
monoclonal antibody at 30 pg/mL in PBS supplemented with 2% milk protein. After one
hour of incubation, the cells were rinsed by centrifugation and resuspension in PBS. Then
the cells were labeled with FITC-conjugated goat anti-mouse IgG secondary antibody
diluted 1:1000 in PBS with 2% milk protein for one hour, washed twice as before, and
suspended in PBS containing 5 pg/mL propidium iodide. All the incubations were
performed on ice and with solutions pre-cooled to 4 0C.
For detection of intracellular antigen cells were prepared using the same protocol
as described above, except that the PBS buffer was supplemented with 0.1% (w/v)
saponin, and cells were preincubated in the saponin-containing buffer for 10 minutes
prior to addition of primary antibody.
Samples for paraformaldehyde fixation were rinsed twice with PBS by
centrifugation and then incubated with 1% (w/v) paraformaldehyde in PBS for 10
minutes at 22 0C. Fixed cells Were rinsed twice with PBS and then labeled with antibody
as described above for detection of intracellular antigens.
Flow cytometric analysis was performed on 10,000 cells using a Becton
Dickinson FACScan flow cytometer supplied with CONSORT 30 software (Becton
Dickinson Immunocytometry Systems Inc., Franklin Lakes, CA). Data analysis was
performed using WinMDI software (The Scripps Research Institute, La Jolla, CA).
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Propidium iodide staining intensity of the cells was used to identify and gate intact or
permeabilized cells.

Protein Purification

Proteins representing the bands of molecular weights 57,000 and 91,000 (later in
this section indicated by A and B, respectively) on antibody 54.1 (A) and CL5 (B)
immunoblots were partially purified from human neutrophil cytosolic fractions prepared
as described before (I). In both cases, the protein purification procedure included
precipitation with ammonium sulfate followed by chromatographic separation, on DEAESepharOse and Heparin-Sepharose. All procedures for protein purification were
conducted at 4 0C or in an ice hath.
Ammonium sulfate precipitation: Solid ammonium sulfate was slowly added with
stirring to 60% (A) or 40% (B) saturation to 200 mL of the neutrophil cytosol fraction.
The solution was stirred for 10 min and centrifuged at 2,000 x g for I h t o remove
precipitate. Additional ammonium sulfate was then added to supernatant to 80% (A) or
60% (B) saturation and after stirring for 10 min the precipitated protein was centrifuged .
to pellet (2,000 x g for lh). The resulting precipitate was dissolved in 10 mL of low salt
buffer (10 mM HEPES, 20 mM NaCl, pH-7,4) and dialyzed against 200 volumes of the
low salt buffer for 24 h.
DEAE-Sepharose chromatography: Following dialysis the protein solution was
loaded on a column of DEAE-Sepharose ( 1x15 cm) previously equilibrated with low
salt buffer. Proteins were eluted with a 100 mL linear salt gradient from 20 to 500 mM
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NaCl in 10 mM HEPES, pH-7.4. Fractions containing the protein of interest were
identified by immunoblotting with either mAh 54.1 or CL5 as described and pooled
fractions were diluted with 10 mM HEPES,.pH-7.4 to adjust NaCl concentration to
approximately 20 mM.
Heparin-Sepharose chromatography: The diluted protein solution from the
DEAE-Sepharose separation step was loaded on a column of Heparin-Sepharose ( 1x10
cm) equilibrated with low salt buffer. Proteins were eluted and fractions were analyzed
exactly as described above. Pooled fractions were concentrated using Centricon
centrifugal filter devices (Millipore Corporation, Bedford, MA) with molecular weight
cut-off 30,000 (A) or 50,000 (B), then extensively dialyzed against 10 mM Hepes, pH-7.4
containing 0.02% (w/v) sodium azide.

SDS-PAGE Electrophoresis
Protein samples were mixed with an equal volume of SDS-PAGE sample buffer
(3.3% (w/v) SDS, 167 mM Tris-HCl, pH-6.8, 33% (v/v) glycerol, 0.03% (w/v)
bromphenol blue, and 500 mM 2-mercaptoethanol) and boiled for I min. The samples
were separated by SDS-PAGE on 12% or 7-15% Tris/glycine polyacrylamide slab gels
containing 0.1% (w/v) SDS as described (39) and electrophoretic mobility of the sample
proteins was compared to prestained protein standards. Proteins were visualized on slab
gels by staining with 0.125% CoOmassie Blue G 250 in 50% methanol, 10% acetic acid
as described (40), silver stained under basic conditions as described (41) or prepared for
immunoblotting as described below.
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Two-dimensional Gel Electrophoresis

2-DE was performed according to Rabilloud T. et al. (42). For IEF 50 pL protein
sample was mixed with 200 pL of the rehydration solution (8 M urea, 2 M thiourea, 20
mM DTT, 0.4% carrier ampholytes pH 3-10, 4% (w/v) CHAPS, 2% (w/v) ASB-14,
0.03% (w/v) bromphenol blue, ImM EDTA in 50 mM Tris-HCl, pH-8.0 ) and applied to
130 mm immobilized pH gradient (nonlinear gradient from 3 to 10) strips overnight. The
following running conditions were then used in the IEF system (Amersham Biosciences,
Piscataway, NJ): 0 to 500 V in 4 h, 500 V for 3 h, 500 V to 3500 V in 4 h, and 3500 V for
9 h. After the IEF step, the IPG gel strips were incubated at room temperature for 15 min
in 6 M urea, 30% (w/v) glycerol, 4% (w/v) SDS, 13 mM DTT, 50 mM Tris-HCl, pH-6.8.
The following equilibration step in preparation for SDS-PAGE was carried out for 15
min in the above solution, except that DTT was replaced by 2.5% (w/v) iodoacetamine
and 0.03% (w/v) bromphenol blue. The strips were then mounted at the top of the 1.5 x
150 mm vertical 12% acrylamide second-dimension gel with a 10 mm stacking gel.
Electrophoresis was conducted using a vertical slab gel electrophoresis system (Bio-Rad,
Richmond, CA) at 40 V while the bromphenol blue tracking dye migrated through
stacking gel and then at 80 V until the tracking dye reached the bottom of the gel. The
resolved gels were then either silver stained under basic conditions as described (41),
stained with 0.125% Coomassie Blue G 250 in 50% methanol as described (40) for mass
spectrometry analysis, or prepared for immunoblotting as described below.
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Immunoblotting

Following electrophoresis, protein samples were transferred to nitrocellulose
membranes as described previously (I). Monoclonal antibodies were diluted in diluting
buffer (3% (v/v) normal goat serum, 1% (w/v) BSA, 0.2% (v/v) Tween 20, 10 mM
sodium phosphate, 150 mM NaCl, pH-7.4) and incubated with the nitrocellulose
membrane blots for I h at room temperature with continuous rocking. The blots were
then rinsed with wash buffer (250 mM NaCl, 10 mM Hepes, 0.2% (v/v) Tween 20, pH7.4) and incubated with a alkaline phosphatase-conjugated secondary antibody diluted
1:1000 ratio in diluting buffer. The blots then were rinsed three times with wash buffer,
equilibrated in 250 mM NaCl, 30 mM Tris-HCl, pH-8.0, and developed using a
BCIP/NBT phosphatase substrate system.

Protein Identification by MALDI Mass Spectrometry

2-DE separated protein samples were excised from gels and in-gel digested with
trypsin as described (43) with several modifications. The acetonitrile dehydrated gel
slices were rehydrated in 20 pL of 40 mM NH4CC>3/10% (v/v) CH3CN containing 25
pg/ml mass spectrometry grade trypsin. An additional 50 pL of 40 mM NH4CC>3/10%
C H 3CN were added and digestion was carried out at 37 0C for 15 h. The resulting

peptides were extracted with 50 pL of 50% (v/v) CH3CNZl % (v/v) trifluoroacetic acid by
bath sonication for 15 min followed by I h incubation at room temperature. Samples
were diluted at 1:1 ratio in a-cyano-4-hydroxy-cinnamic acid saturated solution and I pL
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was spotted on a MALDI target. MS analysis was performed with a Bruker Biflex III
MALDI-TOF spectrometer (Broker Daltonics, Billerica, MA). Peak masses were
extracted from the generated spectra and used for protein identification using on-line
MASCOT peptide mass fingerprint tool (Matrix Science Ltd., London, UK; URL:
http://www.matrixscience.com) (44). The interrogation was performed against NCBInr
database with restriction to Homo sapiens sp.

Results and Discussion

Monoclonal Antibody Epitope Identification and Characterization of Binding Specificity

A novel mAh, termed CL5, was produced against detergent solubilized Cytb in
gp91-phox deficient mice. Following affinity purification, mAh CL5 was used for
immunoblotting analysis using human neutrophil membrane and cytosol fractions (I) as a
test antigen. Its reactivity was compared to that of mAh 54.1, previously shown to
recognize the peptide region 3 82-PKIAVDGP of gp91-phox (35). The results of the
current study show that mAh CL5 recognizes a broad species similar to that recognized
by mAh 54.1 in the neutrophil membrane fractions (Figure 3.1, lanes 2 and 4).
Interestingly, mAb CL5 also recognizes a strong band with a molecular weight of 91,000
in the cytosolic fraction that is absent on mAb 54.1 immunoblots. Monoclonal antibody

IOl

Figure 3.1. Monoclonal antibody CL5 and 54.1 immunoreactivity to neutrophil cytosol
and membrane fractions. Samples of neutrophil cytosol (lanes I and 3) and membranes
"(lanes 2 and 4) were resolved (at approximately 3x106 cell equivalents per lane) by SDSPAGE and immunoblotting was performed with mAbs CL5 (lanes I and 2) and 54.1
(lanes 3 and 4) at 5 pg/mL concentration as described in Materials and Methods section.
Molecular weight standards are shown in lane 5. The data are representative of at least
two separate analyses.

54.1 recognizes an additional band with molecular weight of 58,000 in both fractions and
a strong band with molecular weight of 25,000 in membrane fraction. The bands with
molecular weight of 91,000 and 58,000 were identified as gelsolin and GRP58, as
described below. The Mr 25,000 band is attributed to a degradation reduction of gp91phox (29). It has been demonstrated that the 54.1 antibody does not bind intact or
permeabilized neutrophils (35). In the current study, flow-cytometry analysis performed
on human neutrophils shows that mAh CL5 does not bind to intact cells (data not shown),
though it displays a positive signal in permeabilized neutrophils (Figure 3.2). This
analysis suggests that mAb CL5 may serve as an important probe for gp91-phox
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detection by immunoblotting but caution need to be exercised in its application since
additional reactivities exist for mAb CL5 and also for mAb 54.1.

o

IO0 IO1 IO2 IO3 1 0 4

Figure 3.2. Antibody CL5 flow cytometry analysis of permeabilized neutrophils. Human
neutrophils were permeabilized by treatment with I % saponin and exposed to mAb CL5
(thick line) or irrelevant control antibody (thin line) at a 30 pg/mL Concentration on ice
for I h before washing and labeling with goat-anti-mouse IgG FITC-conjugated
secondary antibody. The data are representative of at least three separate experiments.

Monoclonal Antibody CL5 Epitope Identified by Phage Display Epitope Mapping

To precisely define the epitope recognized by mAb CL5, phage display analysis
was applied. A total of twenty nine unique peptide sequences were obtained by
sequencing 68 selected phage clones from second and third round immunoselections
(Figure 3.3). In these selections there was an unusually high number of phage clones with
mutations in the constant pill protein region adjacent to the unique peptide sequence
(Figure 3, sequences number 1-5, 14-16, 22, 23, 25, 26, 28, 29) suggesting that the
mutated residues might be important, directly or indirectly, for antibody interaction with
the pill protein. Subsequently, for sequence alignment the unique phage nine residue
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Figure 3.3. Phage-display peptide sequences selected on mAh CL5 affinity matrix
aligned to the identified epitope sequence on gp91-phox. Three rounds of selection on the
antibody column were used to enrich for peptide sequences from the J404 phage-display
peptide library. Phage clones for sequencing were selected after second and third
selection rounds. These sequences were aligned to identify the sequence consensus that
was matched to 135-DPYSVALSELGDR of gp91-phox. Residues of phage peptides
identical to corresponding residues of gp91-phox are shaded. Residues representing
unique peptide sequences on phage pill are shown in bold and those corresponding to
phage pill protein native sequence are shown in italic.
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peptides were extended to include an additional six residues from the pill constant
sequence where most of the mutations were observed. The alignment of the sequences
matched to gp91-phox region 135 -DPYSVALSELGDR and this peptide was identified as
an epitope for mAh CL5.
The identified mAh CL5 epitope is located on the predicted extracellular loop of
30 residues connecting two hydrophobic transmembrane regions of gp91-phox protein.
The extracellular placement of this region has been confirmed by previous independent
studies examining glycosylation and the binding of antipeptide polyclonal and
monoclonal antibodies. Gp91-phox has five potential N-Iinked glycosylation consensus
sites, and glycosylation of three asparagine residues, including Asn 148 located
immediately at the carboxy-terminal end of the identified mAh CL5 epitope, has been
supported by mutagenesis analysis of these positions in a recombinant expression system
(45). Polyclonal antibody binding analyses have previously localized the region GlulbO Thrl 72 of gp91-phox to the extracellular aspect of the neutrophil plasma membrane (30).
In addition, a complex epitope bound by the Cytb-specific mAh 7D5 has been mapped
using phage display analysis (27), and suggests that the discontinuous regions of gp91phox including residues Argl59-Glul64 and Arg226-Gln231 are localized on the
extracellular aspect. Nevertheless, our flow cytometry results with intact neutrophil cells
were negative, suggesting that the CL5 epitope was latent or sequestered on the native
protein structure, contributed possibly by glycosylation. The labeling of saponinpermeabilized cells with mAh CL5 is possibly attributed to the antibody cross-reactivity
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to cytosolic protein gelsolin, identified to contain an epitope for mAb CL5 as described
below.

Truncated Gp91-phox Fragments are not Stably Expressed in CGD Neutrophils

Phagocytic leukocytes (neutrophils, eosinophils, monocytes and macrophages)
affected by the immunodeficiency syndrome, CGD, are unable to activate the NADPH
oxidase and generate the reactive oxygen compounds needed for the killing of
phagocytosed microorganisms (46, 47, 48, 49). More than two thirds of all cases of CGD
are X-Iinked recessive and result from defects in the CYBB gene that encodes the gp91phox subunit. The 30-kb CYBB gene consists of 13 exons located atXp21.1 (50). A
broad distribution of defects in patients with X-Iinked CGD include small and large
deletions, insertions, nonsense and missense mutations, splice-site defects and mutations
in the 5’ regulatory region. (51). Some of the CGD mutations cause premature
termination of gp91-phox synthesis, and expression of stable shorter peptides of the
defective gp91-phox might be possible. Such truncated species might be
immunodetectable using the combination of CL5 and 54.1 mAbs. The mAb 54.1 epitope
is located near the carboxy-terminus of gp91-phox at a region encoded on exons 9 and
10. The mAb CL5 epitope is located relatively close to amino-terminal end of the protein,
on the region encoded on exon 5.
In this study, membranes of CGD neutrophils, carrying different types of
mutations in the CYBB gene, were examined by immunoblotting with mAb CL5 and
54.1. Two of the neutrophil samples contained single amino acid substitution (Arg54Ser)
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or deletion (Lys315) mutations (Figure 3.4, lanes 3 and 8). These latter samples were
reactive to both of the monoclonal antibodies and showed similar gp91-phox glycoform
distribution patterns as control neutrophil samples. However, mAbs 54.1 and CL5 failed
to bind smaller size protein fragments from four samples with translation termination
signals at exons 8 or 9 (lane 5-7, 9), consistent with the idea that the truncated gp91-phox
species are not stably expressed in neutrophils. Similar negative profiles were observed
with the samples containing mutations resulting in exon 2 deletion (lane I), translation
termination in exon 3 (lane 4) or entire gene deletion (lane 10). The bands having
molecular weights similar to those detected on mAh CL5 and 54.1 immunoblots with
neutrophil cytosol or membrane fractions (Figure 3.1) were also detected with varying
degrees in the CGD neutrophil samples. The bands with molecular weight of 91,000 and
58,000 Were identified as gelsohn and GRP58, as described below. We conclude from
these results that there are no stable short-form gp91-phox peptides present in the CGD
patients examined.

Epitope Alignment with Nox Family Proteins

Nox family proteins have a high degree of amino acid sequence similarity to
gp91-phox, with highly conserved regions in cytosolic and transmembrane domains (10).
AU of the identified homologues contain a cluster of up to six putative transmembrane
domains similar to the gp91-phox transmembrane helices in the amino-terminal half of
the protein. This region also includes conserved histidine residues implicated in heme
ligation by gp91-phox. There is also a significant similarity in carboxy-terminal domain
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Figure 3.4. CGD neutrophil membrane immunoblotting with mAbs 54.1 (A) and CL5
(B). SDS-PAGE was used to resolve the samples loaded at 3x106 cell equivalents per
lane. Lane 11 represents control neutrophil samples containing the full length gp91-phox
protein. Samples in lanes 2-10 represent CGD mutations and subsequent mRNA
transcription or translation effects described in parenthesis as follows: 2 - splice site
mutation in intron 2 (exon 2 deletion), 3- G174C (Arg54Ser mutation), 4 - splice site
mutation in intron 3 (not determined), 5 - insertion A after A754 (stop in exon 8), 6 insertion A after A772 (stop in exon 8), 7 - nonsense mutation C880T (stop in exon 8), 8
- AAG955-957 deletion (Lys315 deletion), 9 - nonsense mutation G1151A (stop in exon
9), 10 - exons 1-13 deleted (entire gene deleted). Lanes I and 12 - molecular weight
standards. The data represent at least three similar analyses.
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of Nox family members with consensus sequences comprising putative flavin- and
NAD(P)H-binding sites.
To examine the possibility that mAh CL5 or 54.1 might cross-react with other
Nox family members, and thus provide valuable probes for these proteins, the sequences
of Nox (1-4) were compared. The alignment of the gp91-phox (Nox2) sequence with
those of the three other Nox family proteins revealed regions with sequence
correspondence to the epitopes of mAbs 54.1 and CL5 (Figure 3.5). The 54.1 epitope and
surrounding residues are a part of highly conserved region showing 70% identity for
Noxl and Nox3, and 50% identity for Nox4. A similar comparison of the region
recognized by mAh CL5 shows a three to six residue identity in other Nox proteins.
However, such identities represent only 23 to 46% sequence conservation making it more
likely that the mAh 54.1 would be a better cross-reactive immuno-probe for all of the
analyzed Nox proteins.

Monoclonal Antibody 54.1 Recognizes the Conserved Carboxy-terminal Domain of Nox
Family Proteins in Immunoblots

To assess the suitability of mAb 54.1 as an immUnoprobe for Nox family proteins,
Nox protein C-terminal fragments were individually expressed in E. coli. The fragments
were designed with sequences corresponding to amino acid residue numbers as follows:
Noxl 268-564, Nox2 293-570; Nox3 304-568; Nox4 320-428. Results obtained from

109
A.

Ab 5 4 . 1

g p 9 1 -p h o x
( N O X -2 )

'

D A W K lb K I AVDGP Ie GT AS

H O X -I

:

Q Y S P IP R I E VDGP FG TA S

H O X -3

:

E P W S l P R lA V D G P F G T A l

H O X -4

:

Q S R H Y P K lY ID G P F G S P F

B . Ab C15
g p 9 1 -p h o x

rv h h sjd p y s v a is e ig d r | qhesy

(H O X -2 )
H O X -I

:

R Q A TD G SIA S H S SlS H D E K K G G

H O X -3

:

Q SEE A Q G llA A lS KI G H T P HESY

H O X -4

:

Y S E D F V E lH A A R Y R D E D P R K ------

am

- ;

mm smxmm

Figure 3.5. Sequence alignment of gp91-phox and Nox I, 3 and 4 regions corresponding
to mAb 54.1 (A) and CL5 (B) epitopes identified by phage-display. The alignment
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Figure 3.6. Antibody 54.1 immunoblotting of Nox 1-4 fragments (lanes 1-4,
respectively). Samples of control cells not transfected with Nox protein fragment is
shown in lane 5. Pre-stained protein molecular weight standards are shown in lane 6.
Bacterial cell lysates were prepared, resolved by SDS-PAGE and immunoblotted as
described in Materials in Methods section. Relative amounts of protein loading was not
adjusted and varies depending on Nox protein expression levels in the bacterial cells and
other factors. The data are representative of at least three separate experiments.
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immunoblotting E. coli cell lysates expressing the Nox fragments with mAh 54.1 are
shown in Figure 3.6. Specific bands corresponding to the anticipated molecular weight of
the Nox protein fragments were observed (lane 1-4) with no positive staining of the
control cell lysates (lane 5). The results showed reactivity of mAh 54.1 to epitopes
contained in the primary structure of NoxI, Nox2, Nox3 and Nox4. Since these
recombinant fragments represented only the carboxy-terminal regions of the Nox
proteins, mAh CL5 binding was not examined.

Attempts at Immunodetection of Nox Protein in Membrane Fraction of HEK-293H and
NIH 3T3 Using CL5 and 54.1 on SDS-PAGE and 2-DE Gels.

Membrane fractions of HEK-293H cell lines transfected with Nox3 or gp91-phox
were analyzed by immunoblotting with mAbs 54.1 and CL5 as shown in Figure 3.7 A
and B, respectively. As compared to control cells, transfected with DNA vector without
an insert, gp91-phox was detected by both of the antibodies as a broad band with
molecular weight of 85,000 to 100,000, corresponding to a glycosylated protein form
similar to that observed in neutrophils shown in Figure 3.1. The other broad band, with
molecular weight of approximate 60,000 to 70,000, could be assigned to previously
identified precursor of gp91-phox biosynthesis that contains smaller, high-mannose
carbohydrate chains (lane 2 on panels A and B) (52, 53). A Nox3 translation product was
detected by mAb 54.1 as a relatively sharp band with molecular weight of approximately
35,000 and as heterogeneous species of a possibly glycosylated protein observed at a
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molecular weight ranging between 45,000 and 50,000 (panel A, lane I). The observed
Nox3 molecular weight of 35,000 is considerably lower than theoretical molecular weight
of 66,744. Also, the detected heterogenious forms of the protein with molecular weight of
45,000 to 50,000 are also smaller than the molecular weight of intact protein could be
expected. These results suggest that the mAh 54.1 detected bands represent truncated
forms of the Nox3 protein that contains the mAh 54.1 epitope. Immunoblots with mAh
CL5 do not contain any bands specific for Nox3 expressing cells (panel B, lane I),
suggesting that mAh CL5 does not recognize similar epitope region on Nox3 protein or

1

A

2

3

4

1

2

3

4

B

Figure 3.7. Antibody 54.1 and CL5 immunoblots with HEK-293H cell membrane
samples. Membrane fractions from Nox3-(lanes I) or gp91-phox (lane 2) expressing
HEK-293H cells and control cells carrying only transfection vector (lane 3) were
prepared and resolved by SDS-PAGE at approximately IO5 cell equivalents per lane.
Immunoblotting was performed with mAbs 54.1 (panel A) and CL5 (panel B) at 5 pg/mL
concentration. Pre-stained protein molecular weight standards are shown in lane 4. The
data are representative of two separate analyses.
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that the antibody binding affinity is lower and amounts of the protein expressed in the
HEK-293H cells could not be detected in this assay.
Immunodetection of Noxl with the mAbs 54.1 and CL5 was also analyzed using
the NIH 3T3 cells expressing the Noxl long variant as previously described (31). The
theoretical molecular weight of Noxl long variant is 58,972. The immunoblotting results
shown in Figure 3.8 indicate that mAh CL5 is reactive to a protein band of Mr 91,000
observed in both Noxl expressing and control cells, but otherwise the antibody did not
show reactivity to proteins of other molecular weights (lanes 3 and 4). A similar band
was observed in neutrophil fractions, shown in Figures 3.1 and 3.3. Immunoblots probed
with mAh 54.1 display bands of the same approximate molecular weight in both Noxlexpressing and control cells (lanes I and 2), including a strong band with molecular
weight approximately 58,000, similar to that observed in the neutrophil samples.
Since it has previously been shown that Noxl mRNA is absent in control cells
(31), the immunoblotting result suggested that the antibodies cross-reacted with some
other proteins expressed in NIH 3T3 cells. The Mr 58,000 protein was identified as
GRP58 as described below. Because of the similar molecular weights of Noxl and the
positive band in these immunoblots it is conceivable that the cross-reactive protein might
interfere with binding of 54.1 to N oxl. GRP58 has a theoretical molecular weight of .
56,782 with a pi of 5.98. Noxl on the other hand, has a pi equal to 9.02. Thus a good
separation of the two proteins should be achieved by isoelectrical focusing. This
possibility was examined by employing two-dimensional gel electrophoresis.
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Figure 3.8. Antibody 54.1 and CL5 immunoblots with NIH 3T3 cell membrane samples.
Membrane fractions from Nox I-expressing NIH 3T3 cells (lanes I and 3) and control
cells carrying only transfection vector (lanes 2 and 4) were prepared and resolved by
SDS-PAGE at approximately IO6 cell equivalents per lane. Immunoblotting was
performed with mAbs 54.1 (lanes I and 2) and CL5 (lanes 3 and 4) at 5 pg/mL
concentration. Pre-stained protein molecular weight standards are shown in lane 5. The
data are representative of at least three separate analyses.

The strongly staining species detected by immunoblotting with mAh 54.1 had a pi in the
acidic range that corresponded to pi value of GRP58 (Figure 3.9, panel A). However, the
Noxl with a basic pi could not be detected in this immunoblotting assay. Thus, the
results suggest that the antibody did not recognize the epitope on the immunoblotted, full
length Noxl protein or that the protein expression level is below the detection limits of
the assay used. The immunoblotting assay detection limit for gp91-phox was determined
by serial dilution of purified Cytb at approximately IO and 45 frnole/lane for mAbs 54.1
and CL5, respectively. Assuming that the assay sensitivity with mAh 54.1 would be
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Figure 3.9. Antibody 54.1 immunoblotting analysis with NIH 3T3 cell membrane
samples resolved by 2D-electrophoresis. Membrane fractions from NIH 3T3 cells
expressing Noxl were prepared and IO7 cell equivalents were resolved by IEF and SDSPAGE electrophoresis as described in Materials and Methods. Silver stained gel is shown
in panel B. Samples electrotransfered to nitrocellulose membrane were immunoblotted
with mAh 54.1 at 5 pg/mL concentration (results shown in panel A). Pre-stained protein
molecular weight standards are shown on each side of the gel and immunoblots. IEF pH
non-linear gradient 3 to 10 is oriented from left to right in the figure. The data are
representative of two separate experiments.
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similar for Noxl, due to the strong sequence conservation, the Noxl protein expression
levels in the NIH 3T3 cells could be estimated as being below 10 fmoles/106 cells or
approximately 5,000-10,000 molecules per cell.

Noxl Expression in NlH 3T3 Cells was not Detected by Flow Cytometry

Fluorescence based immunodetection assays are known to be some of the more
sensitive methods for identifying protein expression. We have used fluorescein labeled
immunoprobes and flow cytometry analysis to further explore mAh binding to Noxlexpressing NIH 3T3 cells. We have shown that mAbs 54.1 and CL5 do not recognize
their epitopes in the context of the native gp91-phox protein structure ((35), and Figure
3.2). However, because the identity of the primary sequence of the two proteins gp91phox and Noxl is 56% (31), the possibility remains that the mAbs may show different
immunoreactivity characteristics to Noxl and gp91-phox. In addition, since in chemically
fixed cells antibody epitopes have sometimes been revealed (54), and because fixation
prevents soluble protein redistribution or extraction from native locations during
permeabilization (55), we used paraformaldehyde crosslinking in attempts to modify the
protein structure or interactions and subsequent antibody binding.
By flow cytometry analysis, different fluorescence intensities attributed to mAh
54.1 (Figure 10, histograms A-D) and CL5 (histograms E-F) binding, as compared to
irrelevant antibody, were detected in NIH 3T3 cells. Interestingly, antibody 54.1 labeling
showed higher fluorescence levels in control cells, compared to Noxl expressing cells.
Fluorescence of the mAh 54.1 labeled Nox I-expressing cells was also consistently very
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Figure 3.10. Antibody 54.1 and CL5 flow cytometry analysis of permeabilized NIH 3T3
cells. NIH 3T3 cell expressing Noxl (B5D5F5H) and control cell carrying only
transfection vector (A5C5E5G) samples were permeabilized by treatment with 1% saponin
(A5B5E5F) or fixed with 1% paraformaldehyde and then treated with 0.1% saponin
(C5D5G5H). Cells were exposed to mAh 54.1 (A-D)5CL5 (E-H) or irrelevant control
antibody at a 30 pg/mL concentration on ice for I h before washing and labeling with
goat-anti-mouse IgG FITC-conjugated secondary antibody. Histograms for Abs 54.1 and
CL5 labeled cells are shown in thick lines and irrelevant antibody histograms represented
by thin line. The data are representative of three separate experiments,
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low compared to irrelevant antibody background. When cells were fixed with
paraformaldehyde before labeling, fluorescence increased to similar levels in both cell
types. Similar results were observed for cells labeled with mAh CL5. The Noxlexpressing cells Were less fluorescent than control cells, and the fluorescence increased to
similar levels in both cell types after fixation. Thus, despite increased assay sensitivity
compared to immunoblotting, no significant increase in immuno-fluorescent labeling
could be attributed to the antibody immunoreactivity to the Noxl protein in the fibroblast
cells. This observation may be the consequence of very low Noxl expression levels
and/or an inability of the antibodies to bind to conformationally masked epitopes on full
length translation products or both.

Monoclonal Antibodies 54.1 and CL5 Recognize GRP58 and Gelsolin, Respectively
Proteins with molecular weights of 58,000 and 91,000 cross-reacting with anti
gp91-phox antibodies 54.1 and CL5 could be immunodetected in NIH 3T3 and HEK293H cells, in human neutrophil membranes and in cytosolic fractions as shown in
Figures 3.1, 3.3, 3.7 and 3.8. In neutrophils, the protein band with Mr 91,000 on mAh
CL5 immunoblots overlaps with the peak density of the gp91-phox protein band.
However, varied densities of protein bands with Mr 58,000 (in the case of 54.1) and Mr
91,000 (in the case of CL5) were also observed on immunoblots with membranes from
neutrophils of CGD patients lacking the gp91-phox gene product (Figure 3.4). In order to
more fully characterize the binding properties of mAb 54.1 and CL5, we purified the
proteins with molecular weight of 58,000 and 91,000 from human neutrophil cytosol.
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identified then by proteolytic digestion fragment mass spectrometry analysis, and
confirmed the identification by immunoblotting using antibodies of known specificity.
The proteins with molecular weights of 58,000 and 91,000 immuno-reactive to
mAh 54.1 and CL5 were partially purified by precipitation with ammonium sulfate and
chromatographic separation on DEAE- and Heparin-Sepharose. Detection of the proteins
of interest in purified fractions was conducted by SDS-PAGE followed by
immunoblotting. Analysis of total protein in pooled fractions by SDS-PAGE and silver
staining confirmed an increasing relative abundance of the proteins of interest after each
step of the purification. Further separation by two-dimensional electrophoresis purified
the proteins of interest to a level suitable for protein identification (Figure 3.11).
The proteins with molecular weights of 58,000 and 91,000 were identified by
MALDI mass-spectrometry analysis following in-gel digestion of protein spots excised
from 2DE gels and peptide mass fingerprinting as described by Perkins D.N. et al. (44).
The Mr 58,000 protein was identified as GRP58 (also known as ERp57, ER-60), and the
. Mr 91,000 protein was identified as gelsolin. The peptide mass fingerprinting results
were further supported by immunoblotting of the proteins with molecular weight of
58,000 and 91,000 with mouse monoclonal anti-ERp57 and anti-gelsolin antibodies,
respectively (data not shown).
Analysis of the GRP58 and gelsolin amino acid sequence does not show
significant similarity to that of gp91-phox. A partial match for the phage display
consensus of the mAh 54.1 epitope previously identified by Burritt J.B., et al. (35),
PKXAVDGP, is found at 114-AYDGP region of GRP58. From analysis of the gelsolin
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sequence the mAh CL5 epitope could be assigned to carboxyteraiinal end of the protein
at 771-DPLDRAMAEL which resembles the phage display sequences alignment
presented in Figure 3.3.
Previous studies have shown the presence of GRP58 in the nuclear matrix, cytosol
and in plasma membrane compartment. GRP58 is best known to function as a protein
disulfide isomerase and a chaperone in the lumen of the endoplasmic reticulum (56, 57).
In this context, GRP 5 8 functions in combination with calnexin and calreticulin as a
molecular chaperone of glycoprotein biosynthesis (58, 59, 60, 61), and it is involved in
biosynthesis of MHC I and CDld heavy chain where it is important in forming the
correct disulfide bonds (62, 63, 64, 65). Recently GRP58 was found in association with
STAT family members and gpl30 in plasma membrane compartment of human
hepatoma Hep3B cells (66). This latter study suggested a role for GRP58 in regulating
STATS activity in STAT signalling pathways involved in signal transduction at plasma
membrane raft microdomains.
Gelsolin belongs to a superfamily of actin-binding proteins expressed in all
eukaryotes (67, 68). Gelsolin severs, caps, and in some cases nucleates and bundles actin
filaments. It can be found intracellularly, as well as in a plasma secreted form.The gene
for gelsolin encodes an Mr 83,000 protein that has been shown to migrate as a
polypeptide of Mr 93,000 in SDS-PAGE gels (69).
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Figure 3.11. 2D-electrophoresis analysis of partially purified Mr 57,000 (panel A) and Mr
91,000 (panel B) protein samples. Approximately 11 pg of total protein from Mr 57,000
and 50 pg from Mr 91,000 protein purfication samples prepared as described in Materials
and Methods were resolved by IEF and SDS electrophoresis. Gels were silver stained,
spots (arrow indicated) were excised and used for protein identification experiments.
Protein molecular weight standards are shown on each side of the gel. IEF pH non-linear
gradient 3 to 10 is oriented from left to right in the figure.
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Interestingly, we observed a variation of the GRP58 and gelsolin band staining
intensity on CGD neutrophil membrane sample immunoblots (Figure 3.4). Although
there are no significant differences detected in the protein mRNA expression in CGD
neutrophils (DeLeo, FR, and Kobayashi, SD, unpublished data), the differences revealed
on the immunoblots may be due to differential protein association to the plasma
membrane fractions, as it has been shown that GRP58 and gelsolin are both involved in
plasma membrane associated-protein complexes. We have not investigated this effect
further in this study, and it remains uncertain whether the variations observed are caused
by cell physiological effects or differences in sample preparation procedures. What is
clear, however, is that the appearent abundance of these protein is not the result of
compensatory upregulation of Nox proteins in membranes of CGD cells.
Previously, an increase in superoxide production and morphological change have
been described in N oxl-expressing as compared to wild type NIH 3T3 cells (58). Our
flow cytometry results show important differences of the monoclonal antibody labelling
of the two cell types. As described above, the results show that there is a significantly
decreased binding of both mAh 54.1 and CL5 to Nox I-expressing cells as compared to
control cells. However, these differences are abolished by the paraformaldehide fixation
procedure and it appears that the total amount of each of the proteins is similar in Noxlexpressing and control cells. This result suggests that the mAh epitopes on GRP58 and
gelsolin are less accessible in Nox I-expressing cells due to differences in distribution or
involvement in molecular interactions of the proteins. The fixation procedure possibly
reveals the monoclonal antibody epitopes.
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In conclusion, this study shows that the mAbs CL5 and 54.1 are gp91-phox
specific probes in cytosol-free neutrophil membrane preparations. Immunoblotting
analysis using the antibodies did not detect any stable short-form gp91-phox fragment
expression in the CGD neutrophil membranes examined. Monoclonal antibody 54.1 is a
good probe of recombinant N oxl-4 protein fragments expressed in E. coli. NoxS protein
expressed in HEK293H cells was detected by mAb 54.1 as a band of unexpectedly small
size as a band with Mr 35,000 and heterogeneous species with Mr 45,000 to 50,000. The
results suggest that the bands may represent proteolytic fragments of the Nox3 or the
protein biosynthesis proceeds in unusual way in HEK293H cells. Monoclonal antibody
54.1 is reactive to human and mouse GRP58 and the same type of high specificity was
observed for CL5 binding to gelsolin. The antibodies may be useful as immunoprobes for
these cytosolic proteins. The described purification protocol of GRP58 and gelsolin from
human neutrophil cytosol resulted in significant increase in homogeneity of the proteins.
Low Noxl expression levels in NIH 3T3 cells are suggested by lack of detectable bands .
in immunoblots probed with mAbs 54.1 and CL5 and could be estimated below 5,00010,000 molecules per cell.
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HIGH YIELD, INEXPENSIVE BIOREACTOR PRODUCTION OE RECOMBINANT
HUMAN FLAVOCYTOCHROME B558

Introduction

The phagocyte NADPH oxidase plays an important part in the host defense
function of phagocytic cells - neutrophil granulocytes, monocytes, macrophages and
eosinophils (I, 2). Mutations in any one of four genes encoding subunits of the NADPH
oxidase, gp91-phox, p22-phox, p47-phox, or p67-phox, results in an absence or low
levels of enzyme activity and the inability of phagocytes to kill pathogenic
microorganisms. This immunodeficiency syndrome is characterized clinically by severe
life threatening bacterial and fungal infections (3, 4, 5).
Flavocytochrome b558 (Cytb) is the electron transferase of the NADPH oxidase
that mediates electron transfer from NADPH to molecular oxygen (6). This integral
membrane protein is composed of two polypeptides with molecular weights of 91,000
(gp91-phox) and 22,000 (p22-phox) (7, 8, 9). Gp91-phox is a glycoprotein with a protein
core of 58 kDa (7, 9, 10). Glycosylation of three asparagine residues 131, 148 and 239
has been supported by mutagenesis analysis in a recombinant expression system (I I).
Gp91-phox contains up to six putative hydrophobic transmembrane domains at the
amino-terminal part of the protein including histidine residues implicated in heme
ligation. The carboxy-terminal domain of gp91-phox is located in cytosol and contains
putative flavin- and NAD(P)H-binding sites (12, 13, 14, 15). Little is known of secondary
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structure and transmembrane topological organization of the small subunit, p22-phox.
The primary structure of p22-phox encodes three hydrophobic domain sequences in the
N-terminal two-thirds of the molecule, and a proline-rich domain in the C-terminal
cytoplasmic tail.
Published reports of Cytb function and biosynthesis describe an intricate picture
of the protein heterodimer formation and post-translational modification that is dependent
on the cell type and recombinant expression system used. It has been demonstrated that
the two subunits of Cytb are closely associated and required for the active NADPH
oxidase complex (9, 16). Neither gp9 Iphox alone nor the combination of individual
gp9 Iphox and p22phox subunits, when expressed in COS-7 cell line, are able to replace
the intact gp91/p22 heterodimer in supporting superoxide production in cell-free NADPH
oxidase reconstitution assays, indicating that assembly of the fully functional enzyme
complex requires specific interactions between subunits (9). In myeloid cells, the absence
of p22-phox protein due to genetic defects also results in the loss of gp91-phox
expression and vice versa, indicating that each of these proteins requires the other for
mutual stability (17,18). However, gp91-phox and p22-phox were stably expressed in the
absence of their partner subunit in non-phagocytic cells lines (9, 19).
The importance of heterodimer formation for gp91-phox carbohydrate chain
maturation has also been examined. A putative, mannosylated precursor of 65 kDa was
identified in B lymphocytes from a chronic granulomatous disease patient deficient in
p22-phox by immunodetection with anti-gp91-phox antibodies (20, 21). Introduction of a
p22-phox transgene into the p22-phox-deficient cells resulted in generation of a fully
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processed Cytb heterodimer containing both gp91-phox and p22-phox (21). Later studies
with two non-phagocytic NIH 3T3 and COS-7 cell lines showed that processing of the
gp91-phox carbohydrate side chains from high mannose to complex oligosaccharides is
not dependent on association of gp91-phox and p22-phox, although coexpression of both
subunits appeared to increase the stability of the mature 91-kDa form of gp91-phox (19).
Cytb biosynthesis studies have also demonstrated that the heme incorporation is a
critical step in the assembly of Cytb subunits. PLB-985 myeloid leukemia cells in which
heme synthesis was prevented by addition of succinyl acetone to cell culture medium had
decreased expression levels of both p22-phox and the mature glycosylated form of gp91phox, but not that of the 65 kDa precursor (22, 23). When the histidine residues 101, 115,
209 and 222, putative ligands for the two heme prosthetic groups in gp91-phox, are
replaced by Leu or Arg, p65 is no longer processed and the p65 does not form a
heterodimer with p22-phox, resulting in cells that lack functional Cytb (24).
The complex biosythesis process outlined above suggest that overexpression of
functional Cytb in heterologous expression systems may be problematic. Because of the
specific requirements of membrane lipid composition, chaperones, and post-translational
modifications, the expression of mammalian membrane protein in prokaryotic or lower
eukaryotic systems often leads to misfolding or loss of functionality. It is no surprise
therefore that so far there are no reports of successful Cytb expression attempted in
prokaryotic, yeast or insect expression systems. Expression of the functional Cytb
heterodimer has been described in myeloid leukemia PLB-985, NIH 3T3 murine
fibroblasts and monkey kidney COS-7 cell lines (22, 23, 24). Although mammalian
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expression systems are more expensive and complex in their handling and often yield less
protein per volume of cell culture, they are more likely to provide a source of active
protein suitable for functional analyses or structural studies, especially in cases of
complex proteins such as the Cytb.
In this study we investigated use of the human myeloid leukemia cell line PLB985 expressing recombinant human gp91-phox and endogenous p22-phox (gp91-PLB985) for high level production of Cytb in a 5 .L bioreactor. Adaptation of cells to a
reduced serum medium, combined with a cost-effective serum alternative substitution,
made feasible the large-scale production of relatively high quantities of the Cytbexpressing cells.

Materials and Methods

Materials
X-CGD PLB-985 cell line stably transfected with pEF-PKGpac/gp91-phox construct
(gp91-PLB-985) was kindly provided by Malech, HL.
Detergent n-dodecyl-|3-D-maltopyranoside was purchased from Anatrace
(Maumee, OH); all other reagents were purchased from Sigma-Aldrich (St.Louis, MO).
Spinner flasks were obtained from Coming Inc. (Seattle, WA)
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Cell Culture and Preparation
The cell line of X-CGD PLB-985 stable transfection with gp91-phox construct in
pEF-PKGneo and pEF-PKGpac expression vectors were originally described by L Zhen,
et al. (25,26).
Stationary, spinner flask and bioreactor cell cultures were maintained in RPMI1640 medium supplemented with 2 g/L sodium bicarbonate, 100 mg/L streptomycin
sulfate, 100 kU/L Penicilin G, and serum as indicated for each case. Stationary cell
culture was performed in 10 cm Greiner Bio-one Cellstar cell culture plates (Omega
Scientific, Tarzana, CA) with IOmL medium with 10% fetal bovine serum or 2% horse
serum. Spinner flask and bioreactor cultures were maintained in RPMI-1640 medium
supplemented with 2% horse serum in initial experiments. Glucose and L-glutamine were
added to the final concentration of 3.25 g/L and 0.54 g/L, respectively. The spinner flasks
(250 mL and 1000 mL) were used for scale-up of the process and adaptation of the cells
from stationary to bioreactor culture. The flasks were agitated at 80 rpm in a CO2
incubator with an atmosphere of 5% CO2 and 95% relative humidity.
Process scale-up experiments were performed in a 5 liter CelliGen Plus Cell
Culture System bioreactor with a BioFlo-3000 Console (NewBrunswick Scientific,
Edison, NI). This system was set up with a ring sparger, marine blade impeller and was
operated in batch or continuous culture modes. In the later case a 0.28 m2 hydrophobic
polypropylene hollow fiber membrane filtration device (A/G Technology Corporation,
Needham, MA) was implemented. Cells were cultured at a temperature of 37 0C, a DO of
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40% air saturation, and an agitation of 80-100 ipm. A pH range was maintained at 7.1-7.4
by sparging CO2 gas to sodium bicarbonate buffered medium.
Cell densities were determined using a Neubauer hemocytometer and cell
viability was established by trypan blue dye exclusion. Glucose concentration was
measured using Glucose Hexokinase Assay Mt (Sigma-Aldrich, St.Louis, MO)
Human neutrophils were purified from citrated peripheral blood using gelatin
sedimentation followed by lysis of remaining erythrocytes with isotonic ammonium .
chloride as described by Henson P.M. and Odes Z.G. (27). The cell were separated into
membrane and cytosolic fractions by ultra-centrifugation by the method of Parkos CA. et
al. (7).

Flow Cytometric Analysis
Cells were rinsed with PBS (10 mM phosphate, 150 mM NaCl, pH-7.4) by
centrifugation and resuspention. The cells were incubated with mouse mAh 7D5 solution
at 30 gg/mL in PBS containing 2% milk protein and after one hour of incubation the cells
were rinsed with PBS as before. The cells were then labeled with FITC-conjugated goat
anti-mouse IgG secondary antibody for one hour, rinsed twice with PBS as before and
resuspended in PBS containing 5 pg/mL propidium iodide. All the incubations were
performed on ice and solutions pre-cooled to 4 0C.
Flow cytometry analysis was performed on 10,000 cells using a Beckton
Dickinson FACScan flow cytometer supplied with CONSORT 30 software (Beckton
Dickinson hnmunocytometry Systems Inc., FranMin Lakes, CA). Data analysis was
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performed using WinMDI software (The Scripps Research Institute, La Jolla, CA). To
identify and gate intact cells propidium iodine staining intensity of the cells was used.

Preparation of Cell Membrane Fractions

Cells harvested by centrifugation were rinsed with in 10 mM HEPES, IOrnM
NaCl, IOO mM KC1, pH-7.4 and incubated 15 min on ice with 2 mM diisopropyl
fluorophosphate. The cells were pelleted by centrifugation and resuspended in membrane
resuspension buffer MRB (10 mM HEPES, IOmM NaCl, 100 mM KC1, I mM EDTA,
0.1 mM dithiothreitol, I mM phenylmethylsulfonyl fluoride, 10 pg/ml chymostatin, pH7.4). A membrane fraction was prepared as described by Parkos et al. (7). Briefly, the
cells were disrupted by nitrogen cavitation and unbroken cells and nuclei were then
separated by low speed centrifugation (1,000 x g for 5 min). The supernatant fraction was
centrifuged in a 60 Ti rotor (Beckman Instruments, Fullerton, CA) for 45 min at 100,000
x g. The resulting membrane pellet was resuspended with sonication in MRB buffer.

SDS-PAGE and hnmunoblotting
Cell membrane samples were mixed with an equal volume of SDS-PAGE sample
buffer (3.3% (w/v) sodium dodecyl sulfate, 167 mM Tris-HCl, pH-6.8, 33% glycerol,
0.03% (w/v) bromphenol blue, and. 500 mM 2-mercaptoethanol) and boiled for I min.
The samples were separated by SDS-PAGE on 7-15% Tris/glycine polyacrylamide slab
gels containing 0.1% (w/v) SDS as described (28), and electrophoretic mobility of sample
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proteins were compared to prestained protein standards. Following electrophoresis,
protein samples were transferred to nitrocellulose membrane as described previously (7).
Monoclonal antibodies were diluted in diluting buffer (3% (v/v) normal goat serum, 1%
(w/v) bovine serum albumin, 0.2% (v/v) Tween 20, 10 mM phosphate, 150 mM NaCl,
pH 7.4) and incubated with the nitrocellulose membrane blots for I h at room
temperature with continuous rocking. The blots were rinsed with wash buffer (250 mM
NaCl, 10 mM HEPES, 0.2% Tween 20, pH-7.4) and then incubated with an alkaline
phosphatase-conjugated secondary antibody diluted 1:1000 ratio in diluting buffer. The
blots then were rinsed three times as with wash buffer, equilibrated in 250 mM NaCl, 30
mM Tris-HCl, pH-8.0, and developed using a BCIP/NBT phosphatase substrate system.

Cell Membrane Detergent Extract Preparation and Spectrophotometric Analysis
Cell membrane fractions were prepared as described above, NaCl was added to I
M final concentration and the samples were then centrifuged in a 60 Ti rotor for 45 min
at 100,000 x g. The resulting membrane pellet was resuspended in MRB buffer
containing 0.8% (w/v) n-dodecyl-|3-D-maltopyranoside by homogenization and
sonication. The resulting solution was stirred for I h at room temperature and insoluble
material was pelleted by centrifugation in a 60 Ti rotor for 45 min at 100,000 x g.
Absorption spectra were measured using an Agilent 8453E UV-visible
Spectroscopy Sytem spectrophotometer (Agilent Technologies, Palo Alto, CA ) with I
cm light path cuvette. For reduction of cell membrane detergent extracts, sodium
dithionite was added to final concentration of 10 mM. The reduced-minus-oxidized
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spectrum was recorded and the Cytb concentration calculated using ECgsg=I1,000 JVT1Cm'
1 value (29).

Results

Adaptation to Low Serum Medium
A recommended medium for PLB-985 cell growth is RPMI-1640 containing 10%
FBS (30) . To reduce cost of large-scale cultivation of the cells, we explored the
possibility of FBS substitution with horse serum and reduction of serum concentration
from 10 to 2%. The experiment with simultaneous stationary 10 mL cell cultures was set
up with medium containing 10% FBS and 2% horse serum. Monitoring gp91-PLB-985
cell concentrations and viability indicated that the cells remained more than 95% viable
during the experiment at both of the medium conditions used. The growth rate of the cells
maintained in 2% HS was slower than that of the 10% FBS culture with an average
doubling time of approximately 20 and 16 h calculated for the 2% HS and 10% FBS,
respectively. Both groups of cells were harvested at densities 1-1.5 x IO6 cells/mL and
the Cytb content on the cell surface was analyzed by flow-cytometry using anti-Cytb
monoclonal Ab 7D5 (31). The results displayed in Figure 4.1 showed that serum
concentration and type had no significant effect on Cytb expression.
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Figure 4.1. Flow cytometry analysis of Cytb expression in PLB-985 cells. Stationary
culture cells were grown in medium supplemented with 2% horse serum (panel A) or
10% FBS (panel B). Cytb expression levels were determined by labeling cells with mAh
7D5 (thick line) and are compared to the irrelevant control mAh labeling (thin line). The
results shown are representative of two replicates from two separate experiments.

Batch and Perfusion Bioreactor Cell Cultures
As a first approach for large-scale cultivation of the cells, a 5 L batch-mode
bioreactor was used. The cells were adapted to an agitated culture mode in spinner flasks
and expanded to quantities required to inoculate 5 L bioreactor culture at starting
concentration of approximately 2 x IO5 cells/mL.
Initially a maximum cell density for the bioreactor cell culture was determined.
Also, medium optimization, by supplementation of compounds serving as a major carbon
and/or energy sources, was analyzed. Cells were inoculated and maintained in a standard
RPMI- 1640 medium, and glucose was added periodically during the experiment to
maintain its concentration above I mg/mL. At the same time the medium was
supplemented with L-glutamine in amounts equal to 15% of those for the glucose. The
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experiment was stopped when the number of viable cells dropped to below 90%. A cell
density of approximately 2.1 x IO6 cells/mL was usually attained by that point in time.
During the experiments, a total of 1.25 g/L glucose and 0.19 g/L of L-glutamine were
added to the culture medium which represents about 60% increase to the concentration of
each of these compounds in the RPMI-1640 medium. For the later batch or perfusion
mode experiments, medium was supplemented with the listed amounts of the two
compounds before use.
For high-yield Cytb production, a repeated batch cultivation strategy was used.
An illustration of a representative experiment is presented in Figure 4.2. In this
procedure, cells were grown to approximately 1.7 x IO6 cells/mL, partially harvested and
then the remaining cells were cultivated to a density of 1.8 x IO6 cells/mL. As determined
by mAb 7D5 labeling and flow cytometric analysis, the cells maintained in a batch mode
and harvested at the late logarithmic growth phase showed no significant difference in the
Cytb surface content compared to cells maintained in stationary culture to 1-1.5 x IO6
cells/mL densities (data not shown).
To achieve higher cell densities, we evaluated use of a perfusion system with a
tangential flow filtration device. Medium exchange using the filtration device was started
at cell densities of approximately 1.5-1.7 x IO6 cells/mL. A dilution rate of approximately
0.3 reactor volumes per day was used in the beginning and gradually increased to 0.8 at
the end of experiment. Eventually, the experiment had to be terminated due to excessive
foaming caused by the increase in gas flow rate required to maintain stable medium pH.
Cell densities of greater that 4 x IO6 cells/mL were achieved in the perfusion system
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experiments. The application of tangential flow filtration device for the perfusion
cultivation had no significant affect on cell viability or level of protein expression
analyzed as before (data not shown).
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Figure 4.3. Repeated batch bioreactor culture of PLB-985 cells expressing Cytb. The
cells were inoculated at approximately 2 x IO5 cells/mL in a 5 L stirred reactor and
maintained as described in Materials and Methods. Cells were partially harvested at
density of 1.7 x IO6 cells/mL and approximately 90% of reactor volume was replaced
with fresh medium. Then the cells were grown to density of LSxlO6 cells/mL. Total (A )
and dead (V) cell density, and glucose concentration (Q) curves are displayed in the
figure.
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Analysis of Cytb Expression

Cytb expressed in gp91-PLB-985 cells was compared to human neutrophil Cytb
by immunoblotting of cell membrane fractions with anti-p22-phox and anti-gp91-phox
antibodies. The results displayed in Figure 4.3 show presence of both subunits in gp91PLB-985 cells as well as similar size distribution of gp91-phox glycosylated species. A
protein band at 58 kDa on mAb 54.1 immunoblots is a result of the antibody cross
reactivity to GRP-58.
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Figure 4.3. Immunoblots of gp91-PLB-985 and human neutrophil membrane fractions.
Approximately 5 x IO6 cell equivalents per lane of the mebrane samples were resolved by
SDS-PAGE and immunobloted with anti-gp91-phox mAh 54.1 and anti-p22-phox mAb
44.1 at 5 pg/mL concentration as described in Materials and Methods section. Molecular
weight standards are shown in lane I . Lanes 2 and 3 represent human neutrophil and
gp91-PLB-985 membrane samples, respectively.
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Cytb expression levels were also evaluated in detergent extracts of cell membrane
fractions. Cell membrane detergent extracts from five different batch or perfusion based
cultivation experiments were analyzed spectrophotometrically to determine the Cytb
specific reduced-minus-oxidase absorbance at 558 nm. A representative absorption
spectrum is shown in Figure 4.4. Cytb expression levels were on average 0.78 ± 0.17
nmole per IO9 cell equivalents or approximately 470,000 molecules per cell.
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Figure 4.4. Reduced-minus-oxidase absorbance spectrum of Cytb expressing PLB-985
clone. Cell membrane fractions isolated by ultra-centrifugation were solubilized with
buffer containing 0.8% (w/v) DDM. Reduced and oxidized samples were analyzed
spectrometricaly and Cytb concentration was determined based on the specific protein
absorbance with EC558 = 21,000 M-1 Cm"1. The spectrum is representative of five different
experiments.

145

Discussion

Protein structural biology experiments require high quantities of pure protein.
Therefore development of efficient expression systems as a source of abundant protein is
an important objective, especially for proteins with low abundance in natural sources or
with a restricted availability of the sources themselves. Since mammalian expression
systems are more liable to suite the requirements for overexpression of complex
mammalian membrane proteins such as the Cytb, we used a human myeloid leukemia
cell clone gp91-PLB-985 expressing both Cytb subunits, gp91-phox and p22-phox, to
develop a large scale cell cultivation procedure for functional Cytb expression.
The mutant X-CGD cell line with a gp91-phox gene disrupted by homologous
recombination was originally developed by Zhen L. et al. (25). This and later studies
described a rescue of functional Cytb expression by transfection with wild type gp91phox in pEF-PGKneo or pEF-PGKpac vector constructs (25, 26) and Malech, HL
(unpublished data). The expressed Cytb had shown characteristics comparable to the
protein studied in human neutrophils - the gp91-PLB-985 cells produced superoxide and
the protein displayed similar pattern of glycosyalated species on immunoblots as well as
and immunoreactivity with mAh 7D5 on intact cells. Monoclonal antibody 7D5
recognizes a conformational epitope on the extracellular aspect of gp91-phox and it has
been shown that antibody immunoreactivity is lost after protein denaturation. Thus
positive specific binding by mAb 7D5 is probably indicative of proper folding of at least
the particular Cytb domain (31). As determined in our experiments, the cell membrane
fractions of this PLB-985 clone grown in stirred bioreactor culture contain ~ 0.78 ± 0.17
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nmole CytWlO9 cell equivalents or approximately 470,000 molecules per cell. These
expression levels are comparable to Cytb contents in human neutrophil membrane
fractions, estimated at 2.5 nmole CytWlO9 cell equivalents (7).
There are no previous reports describing the PLB-985 cell line use in stirred
bioreactor applications. However, DNA fingerprinting has shown that PLB-985 is a
subclone of cell line HL-60 (32). Both myeloid leukemia lines represent single, round
cells grown as suspension cultures and could be induced to differentiate to granulocyte or
monocyte phenotype. Previously the HL-60 cell line was used to study shear damage
effects in bioreactor suspension cultures (33), Also, significant progress in characterizing
HL-60 cell growth in biorector systems and effect of the growth conditions on expression
of membrane receptor CD 13 is reflected in studies described by McDowell, CL and
Papoutsakis, ET (34, 35, 36, 37). The studies showed that HL-60 cells tolerate, relatively
well, intense agitation and aeration conditions in stirred bioreactor.
In the present study, cells maintained with moderate stirring and aeration
displayed both a high viability and protein expression levels comparable to that in
stationary cultures. Moreover, use of a hollow fiber filtration device for the perfusion
system does not appear to affect cell growth or protein expression, suggesting that the
perfusion system application has potential as a means to obtain higher cell densities.
Densities of 4 x I O6 cells/mL were attained in the 5 L bioreactor with the perfusion
system. Higher cell concentrations were, however, not possible because of excessive
foam formation at the increased gas flow rates required to maintain stable medium pH.
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Application of antifoaming reagents, different reactor aeration strategies, or medium
buffering systems may have a likely application to obtain higher cell densities.
Culture medium composition may considerably affect recombinant protein
expression in cells. It has previously been demonstrated that increasing FBS
concentration from 2.5 to 10% increased the CD 13 receptor surface content per cell by
100% in spinner flask cultures ofHL-60 cells and by 60% in bioreactor cultures at low
agitation rates (37). Our results show that reduced serum concentration and application of
horse serum instead of FBS had no significant effect on Cytb expression by the gp91PLB-985 clone used. This observation is important when considering effective reduction
of cell cultivation costs.
In summary, our results show that significant amounts of Cytb could be produced
Using gp91-PLB-985 expressing Cytb following cultivation process scale-up. Medium
optimization by reduction of serum content, replacement with an inexpensive serum
alternative and essential carbon/energy source supplementation makes the process costeffective and attractive as an alternative for functional Cytb production.
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FLAVOCYTOCHROME B558 PURIFICATION FROM GP91-PHOXTRANSFECTED PLB-985 CELLS

Introduction

A variety of physical methods have been developed over the years to increase
convenience and precision in the characterization and isolation of proteins. These include
ultracentrifugation, chromatography, electrophoresis, and others. Detergent solubilized,
membrane protein can either be purified via classical chromatographic methods or, more
conveniently, using affinity based methods. Proteins expressed in heterologous systems
have been successfully purified using a single- or two-step affinity chromatography by
employing variety of single or tandem tags fused at N- or C-terminus of the protein. (I).
The specificity and high affinity of the antibody-antigen interaction can lead to the highly
selective absorption of protein using affinity chromatography. By applying a protein
mixture to a suitable antibody immobilized on a resin, washing off unbound or weakly
bound material, and eluting the antigenic protein with appropriate elution agents, one can
achieve both high purification and simultaneous concentration. As a result,
immunoaffinity methods has proven extremely useful for both biochemical laboratory
scale and large scale protein purifications (2, 3).
Flavocytochrome b558 (Cytb) is the electron transferase of the NADPH oxidase
that mediates electron transfer from NADPH to molecular oxygen (4). This integral
membrane protein is composed of two polypeptides with molecular weights of 91,000
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(gp91-phox) and 22,000 (p22-phox) (5, 6 , 1). Previously described schemes for human
neutrophil Cytb purification employ chromatographic separation steps from detergent
solubilized granulocyte whole cell, membrane or granule fractions. In the method
described by Lutter, et al. (8 ), Cytb was extracted with Triton X-100 from homogenized
human PMN pellets. After subsequent chromatography on Blue Sepharose and Sephacryl
S-300 a 170-fold purification with a yield of 2 1 ± 13% was achieved. Pember, et al.
reported a method using the nonionic detergent Triton X-IT4 to separate Cytb from a
large bulk of bovine neutrophil granule proteins (9). This detergent, an effective
solubilizing agent for membrane proteins, forms dispersed micellar solutions only at low
temperatures (e.g. 4 0 C). As the temperature is raised above 20 0C the large micellar
aggregates are formed which could be separated from aqueous phases by centrifugation.
Cytb was partitioned exclusively into the detergent phase and approximately 5-fold
purification was achieved. The partitioned Cytb was chromatographed on hydroxylapatite
and a hydrophobic matrix (N-acetyl-1,12-diaminododecyl Sepharose), allowing a 185fold purification with an overall yield of 15%. In another study, bovine Cytb was
extracted with aminoxide WS35, a non ionic detergent. The purification procedure
included liquid column chromatography on CM-Sepharose, chromatofocusing on anion
exchanger PBE94, and gel filtration on P30 Biogel. A HO fold purification of Cytb was
achieved ( 1 0 ).
In later reports, a neutrophil membrane fraction separation was used to achieve
higher purification degree of Cytb. Method for preparation of membranes enriched in
Cytb by differential centrifugation was described by Parkos, et al. (5). After I M NaCl
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wash, a complete solubilization of the Cytb from the membranes was achieved in
octylglucoside in this study. Wheat germ agglutinin-conjugated sepharose specifically
bound the solubilized Cytb and afforded a three-fold purification. Eluate from the lectin
was further enriched by chromatography on immobilized heparin. The final 260-fold
purification of the Cytb with 20-30% yield was achieved by velocity sedimentation in
sucrose density gradients. In the later study the method was modified by elimination of
the wheat germ agglutinin affinity step to reduce the degree of sample handling, thus
resulting in higher recoveries of Cytb without having an apparent effect on the overall
purity (I I). As a final purification step, after elution from heparin column, the retentate
was subjected to an HPLC size exclusion chromatography step. Similar approaches for
Cytb purification from rabbit (12, 13) or human (14) neutrophils were reported. In the
later study cell membrane fraction was solubilized in n-octyl glucoside and sodium
cholate mixture and separated on DEAE-, CM-Sepharose and then co-aminooctylagarose, followed by chromatography on heparin-Sepharose and HiTrap Q ion-exchange
column.
Recently, a substantially more rapid and effective procedure of human neutrophil
Cytb purification using immunoaffinity purification method was described by Taylor, et
al. (15). A nonionic detergent dodecylmaltoside was used to solubilize Cytb from both
intact human neutrophil cells and isolated plasma membrane fractions. Cytb solubilized
from membrane fractions Was bound to anti-Cytb monoclonal antibody immobilized on a
resin. After washing off unbound material, and eluting the protein with the antibody
epitope mimicking peptide, approximately 46% of extracted protein was recovered. This
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method was unique in that the latter step did not expose protein to chaotropic conditions,
normally used to achieve release of antigen from immunoaffinity matrix. The gentle
nature of the elution step allowed full activity to be recovered from Cytb equivalent to
published values for cell-free reconstitution systems.
In this report we describe an attempt to purify Cytb from the human myeloid
leukemia cell line PLB-985 expressing recombinant human gp91-phox and endogenous
p22-phox (gp91-PLB-985). A new purification strategy was developed by application of
previously described methods and materials used for Cytb purification mainly from
neutrophils.

Materials and Methods

Materials
Alkaline phosphatase conjugated goat anti-mouse IgG were from BioRad
Laboratories (Hercules, CA). ProSieve Protein Markers were from BMA (Rockland,
ME). FastFlow heparin-Sepharose was from Amersham Biosciences (Piscataway, NJ).
SOL-GRADE n-dodecyl-(3-D-maltopyranoside (DDM) was from Anatrace (Maumee,
OH). 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT)
chromogen was purchased from Kirkegaard and Perry Laboratories (Gaithersburg, MD).
Phenylmethylsulfonyl fluoride was from Calbiochem-Novabiochem (La Jolla, CA). All
other reagents were purchased from Sigma-Aldrich (St.Louis, MO).
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Cell Membrane Fraction Isolation

Cell membrane fractions were prepared as described by Parkos et al. (5). After washing
with in 10 mM HEPES, IOmM NaCl5100 mM KCl5 pH-7.4, the cells were incubated 15
min on ice with 2 mM diisopropyl fluorophosphate to inactivate serine esterases. The
washed cells Were then pelleted by centrifugation and resuspended in membrane
resuspension buffer MRB (10 mM HEPES5 IOmM NaCl5100 mM KCl5 I mM EDTA5
0.1 mM DTT5 I mM PMSF510 pg/ml chymostatin, pH-7.4). The cells were disrupted by
nitrogen cavitation and unbroken cells and nuclei Were separated by low speed
centrifugation (1,000 x g, 5 min). The supernatant fraction was then centrifuged in a 60
Ti rotor (Beckman Instruments5 Fullerton, CA) at 114,000 x g for 30 min. The resultant
membrane pellet was resuspended in MRB buffer at 5 x IO8 cell equivalents per milliliter
and was stored at -70 0 C.

Cell Membrane Detergent Extract Preparation and Cytb Purification

Cell membrane fractions were prepared as described above. Ten mL of
membranes at 5 x IO8 cell equivalents/mL were treated with DNase and RNase B at 0.1
mg/mL each, for one hour on ice. Sodium chloride was added to I M final concentration
and the samples were then centrifuged in a 60 Ti rotor for 30 min at 114,000 x g. The
resulting membrane pellet was resuspended in IOmL MRB buffer containing 0 .8 % (w/v)
ti-dodecyl-p-D-maltopyranoside (DDM) by homogenization and sonication. The resulting
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solution was stirred for I h at room temperature and insoluble material was pelleted by
centrifugation in a 60 Ti rotor for 30 min at 114,000 x g.
Cytb was purified by separation on heparin-Sepharose column and then using
immunoaffinity chromatography method described by Taylor, et al (15), with several
modifications. The membrane detergent extract was loaded on heparin-Sepharose column
(1x15 cm) equilibrated with heparin wash buffer (10 mM HEPES, 20 mM NaCl, pH7.4) containing 0,1% DDM. The column was then washed with 3 bed volumes of heparin
wash buffer containing 0.1% DDM, and eluted with I M NaCl in the same buffer. One
milliliter fractions were collected and analyzed spectrophotometrically for heme
absorption at 414 nm wavelength. The peak Cytb-containing fractions were pooled and
diluted With 10 mM HEPES, pH-7.4 containing 0.1% DDM to adjust NaCl concentration
to approximately 150 mM. The mAh 44.1 affinity matrix was prepared by the antibody
adsorption onto protein A-Sepharose resin (15). The diluted heparin eluate was tumbled
with 1.0 mL of the affinity matrix for 2 h at room temperature. After washes with 3 mL
buffer A (10 mM HEPES, 10 mM NaCl, 100 mM KCl, I mM EDTA, pH-7.4) containing
0.1% DDM and then 3 mL buffer A/0.05% DDM, Cytb was eluted by two separate
incubations (10 min per incubation) at 37 0C with ~1.0 mL of buffer A/0.05% DDM
containing I mM elution peptide Ae-PQVRPI-CONHa- For removal of the elution
peptide, the two fractions were concentrated to approximately 0.3 mL using Centricon
100 centrifugal filter devices (Millipore Corporation, Bedford, MA) and then dialyzed
against 1.0 L of 50 mM K2 HPO4 , 150 mM NaCl, I mM EGTA, I mM MgCk, pH-7.4
overnight at 4 0 C.
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Spectrophotometric Measurement of Cytb Concentration

Cytb concentration was calculated based on oxidized heme absorbance at 414 nm,
EC=I 31 TtilVP1Cm'1 (8 ) or reduced-minus-oxidized pyridine hemochrome absorbance at
558 nm using EC=21,000 M-1 Cm' 1 value (16). For sample reduction, sodium dithionite
was added to final concentration of 10 mM. Total protein concentration was estimated
using EC28o=143.2 HiM-1Cm"1. Absorption spectra were measured using an Agilent 8453E
UV-visible Spectroscopy Sytem spectrophotometer (Agilent Technologies, Palo Alto,
CA) with 1.0 cm light path cuvette.

SDS-PAGE and hnmunoblotting
Cell membrane samples were mixed with an equal volume of SDS-PAGE sample
buffer (3.3% (w/v) sodium dodecyl sulfate, 167 mM Tris-HCl, pH-6 .8 , 33% (v/v)
glycerol, 0.03% (w/v) bromphenol blue, and 500 mM 2-mercaptoethanol) and boiled for
I min. The samples were separated by SDS-PAGE on 7-15% Tris/glycine
polyacrylamide slab gels containing 0.1% (w/v) SDS as described (17), and
electrophoretic mobility of sample proteins were compared to prestained protein
standards. Following electrophoresis, protein samples were transferred to nitrocellulose
membrane as described previously (5). Monoclonal antibodies were diluted in diluting
buffer (3% (v/v) normal goat serum, 1% (w/v) bovine serum albumin, 0.2% (v/v) Tween
20, 10 mM phosphate, 150 mM NaCl, pH 7.4) and incubated with the nitrocellulose
membrane blots for I h at room temperature with continuous rocking. The blots were
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rinsed with wash buffer (250 mM NaCl, 10 mM HEPES, 0.2% Tween 20, pH-7.4) and
then incubated with an alkaline phosphatase-conjugated secondary antibody diluted
1:1000 ratio in diluting buffer. The blots then were rinsed three times as with wash
buffer, equilibrated in 250 mM NaCl, 30 mM Tris-HCl, pH-8.0, and developed using a
BCIP/NBT phosphatase substrate system.

Results and Discussion

Transmembrane integral membrane proteins have at least one stretch of amino
acids spanning a membrane lipid bilayer. Integral membrane proteins require high
concentrations of detergent for solubilization and generally are neither soluble nor stable
in the absence of detergent. The hydrophobic portions of the detergent molecules disrupt
the membrane lipid bilayer adsorb onto the apolar surface of the protein, forming in the
process a protein-detergent complex that is soluble In aqueous solvents (18). Purification
processes and stability of the protein itself may be affected by the presence of detergents
(19, 20). An appropiate detergent will selectively stabilize the native structure of the
molecule (21). Suitable detergents for membrane protein purification include nonionic
(e.g., Triton) and weakly acidic types (e.g., cholic acid derivatives) (19, 22). Also, use of
mixtures of detergents were described (23) and novel detergents are being developed for
suitable for membrane protein solubilization (24). In some cases, nondetergent additives
may play critical role to retain solubilized protein in functional state (25). In previously
described studies of Cytb purification variety of detergents were applied, including Triton
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X-IOO (8 , 11) and Triton X-114 (9), dodecylmaltoside (15), amoxide WS35 (10),
perfluoroalkyl detergent (26), n-heptyl p-thioglucoside (27), n-octyl-glucoside (5) and noctyl-glucoside mixture with sodium cholate (14).
It was previously demonstrated that DDM enhances stability of purified Cytb
relative to previously employed solubilizing agents as determined by monitoring the
heme spectrum and assaying resistance to proteolytic degradation following purification
(15). In this study we used dodecylmaltoside detergent for Cytb purification from PLB985 cells, hnmunoblots of 0.8% DDM solubilized and insolubile mebrane fractions
(Figure 5.1, lanes I and 2, respectively) showed that most of Cytb was effectively
extracted.
There are two approaches to isolating a membrane-associated protein. In one
method, the relevant membrane fraction can be first be prepared and then used to isolate
the protein (19). Alternatively, whole cells can be subjected to an extraction that
solubilizes the membranes and releases the cytoplasmic contents as well. Although the
process of purifying the membrane fraction may lead to substantial losses, a greater
degree of purification is needed when whole-tissue extract is used. Purification is
accomplished by isolating the membranes: the specific content of the membraneassociated protein in solubilized membrane fraction will be much higher than in the
whole cell extract.
Our initial attempts at Cytb purification from gp91-PLB-985 whole cell extracts
indicated presence of protein and nucleic acid contaminants in final Cytb purification
fractions (data not shown). So the membrane fraction separation was used as a first
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purification step. Isolated membranes were also treated with DNase and RNase to
eliminate nucleic acids before extraction with detergent. An ion exchange
chromatography step was included, in this procedure, using heparin-Sepharose column
which was previously successfully employed in Cytb purification procedures (5, 11). A
recovery of approximately 65% was observed from the application of the heparin
chromatography step as indicated in Table 5.1. The protein loss may be partially
associated by lower heparin binding affinity of gp91-phox precursor protein with
characteristic molecular weight of approximately 65,000 (p65) (28). The immunoblots of
purification fractions with anti-gp91-phox antibody, displayed in Figure 5.1, show that

Table 5.1. Cytb purification from gp91 -PLB-985 membranes. Amount of Cytb was
calculated based on reduced-minus-oxidised heme absorbance at 559 nm (steps 1-3) or
oxidised heme absorbance at 414 nm (step 4). For recovery calculations 100% value was
assigned to Cytb amount in detergent solubilised membrane fraction. These results are
typical values obtained from at least three separate experiments.
Purification steps
Detergent solubilised membranes
Material eluted from-Heparin-Sepharose
A ffinity column flow-through
Material eluted from affinity column

V olum e, mL

Cytb, nm ole

Recovery, %

20

4.96

100.0

8

3.27

65.9

48

1.83

36.8

2

0.22

4.4
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Figure 5.1. Cytb purification from gp91-PLB-985 membranes. Samples were resolved by
SDS-PAGE and immunobloting was performed with anti-gp91-phox mAh 54.1 (panel A)
and anti-p22-phox mAh 44.1 (panel B) at 5 pg/mL concentration. Lane, I supernatant
following detergent-solubilisation of gp91-PLB-985 membranes; lane 2, detergent non
soluble membrane fraction; lane 3, material not adsorbed to heparin-Sepharose column;
lane 4, heparin-Sepharose elution fractions; lane 5, material not adsorbed on affinity
column; lane 6 , material remaining on affinity column after elution with peptide; lanes 7
and 8 , two fractions of elution from affinity column; lane 9, molecular weight protein
standards. The sample amount loaded in lanes I through 5 is proportional to total sample
volume. Broad distribution of glycosylated gp91-phox species is displayed on 54.1
immunoblots. The Mr 58,000 band in lanes I, 4 and 5 are the result of antibody cross
reactivity to GRP58. The bands with molecular weight of 50-60 thousand and 20-25
thousand in lane 6 on 54.1 and 44.1 immunoblots respectively, are results of secondary
antibody binding to large and small subunits of IgG present in affinity matrix samples.
The data are representative of at least three separate analyses.
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the relatively abundance of p65 is higher in heparin column flow-through fraction (lane
3) than in membrane detergent extract (lane I).
To further purify Cytb, a affinity chromatography with anti-p22-phox specific
monoclonal antibody matrix was used. This method was proved as a effective procedure
of human neutrophil Cytb purification (15). After eluting the protein with the antibody
epitope mimicking peptide, approximately 46% of detergent extracted protein was
recovered. In this study, application of the affinity method to gp91-PLB-985 Cytb
purification resulted in a highly pure protein preparation (Figure 5.2), however recovery
was less than 5% of the Cytb present in cell membrane detergent extract. We suspect that
the high losses were the result of inefficient Cytb binding to affinity matrix, possibly due
to low concentration in the diluted fractions and/or irreversible Cytb aggregation. In
addition, elution with affinity matrix coupled antibody epitope mimicking peptide was
ineffective for the Cytb elution resulting in ~37% of the protein being retained on the
affinity column. Also, this retention could be explained by nonspecific aggregation. Since
some protein aggregation may be caused by freezing of membrane stocks, use of freshly
prepared membranes may be helpful for further method improvement. Also, application
of different anti-Cytb antibody affinity matricies may improve efficiency of the protein
adsorbtion and elution in the immunoaffinity purification step.
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Figure 5.2. Absorption spectrum of purified Cytb. The two peaks represent protein
absorption from aromatic acids at 280 nm (EC= 143.2 mMT'cm"1) and oxidized heme
absorbtion at 414 nm (EC=I31 mM^cm'1).
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SUMMARY
The inability to assign topological information for the human phagocyte
flavocytochrome b558 (Cytb) protein has limited our understanding of how this protein
generates microbicidal superoxide. Computational modeling used to predict the
transmembrane topology for gp91-phox, resulted in the prediction of five to seven
membrane-spanning domains in the amino terminal half of the protein. The current
transmembrane topology predictions and published experimental data were then used to
construct a transmembrane topological model of gp91-phox with the carboxy- and
amino-termini located in the cytosol. To distinguish solvent-accessible and membrane or
conformation sequestered regions on native structure of gp91-phox, a number of
proteolytic enzyme cleavage products on the lipid reconstituted protein were identified as
derived from predicted extracellular, transmembrane and cytoplasmic domains, using
mass spectrometry. Rabbit anti-peptide antibodies were raised against synthetic peptide
mimicking gp91-phox regions: 1-9 (MGN), 30-44 (YRV), 150-159 (ESY), 156-166
(ARK), 247-257 (KIS-1, KIS-2). Peptide affinity purified antibodies recognizing MGN,
ESY, ARK, KIS but not YRV labeled intact neutrophils suggesting extracellular
localization of the corresponding regions. Binding of KIS-I antibody to neutrophils also
resulted in an increase in the rate of superoxide production and suggested a possible
functional role for Cytb reorganizations or clustering in the active NADPH oxidase.
However, because the antibodies, except YRV and preimmune controls, positively
labeled neutrophils obtained from patients missing gp91-phox, the results also suggested
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that CGD-cells and perhaps normal neutrophils have unusual crossreactive species in
their plasma membranes. Additionally, because immunoblot analysis suggested that some
CGD patients strongly expressed protein species at or near the gp91-phox Mr for its
mature and nascent forms, it was imperative to examine gp91-phox homolog expression
in these cells.
Sequence similarities among the gp91-phox homologous proteins (Nox family)
suggest that anti-gp91-phox antibodies maybe cross-reactive with some of the other
members of this family and thus could be of use in their detection. In this study we have
evaluated use of two anti-gp91-phox monoclonal antibodies, 54.1 and CL5, as
immunoprobes for Nox family proteins. Here we report phage display data showing that
antibody CL5 epitope maps to the region 135-DPYSVALSELGDR on the protein.
Epitopes of mAh 54.1 and CL5 in gp91-phox align with nox family proteins N oxl, Nox3
and Nox4 and display identity between 50-70% and 23-46%, respectively. Antibody 54.1
is cross-reactive with these homologous protein fragments expressed in E. coli. Nox3
protein expressed in HEK293H cells was detected by mAb 54.1 as an approximately 35
kDa band and its glycosylated forms were observed at 45 to 50 kDa, however mAb CL5
binding to a similar epitope on the Nox3 was not detected. Noxl expression in stably
transfected NIH 3T3 was examined using mAbs 54.1 and CL5, but there was no
detectible binding to Noxl observed in immunoblotting assays and by flow-cytometry
analysis, suggesting an upper expression limit of 5,000-10,000 molecules per cell. The
antibodies were also used to probe for presence of short forms of gp91-phox expressed in
chronic granulomatous disease (CGD) affected neutrophils with mutations causing
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premature termination of gp91-phox synthesis. Analysis of four samples with translation
termination signals in exons 8 or 9 did not detect any smaller size protein fragments by
immunoblotting, suggesting that there were no stable short-form gp91-phox peptides
present in the CGD neutrophils examined. Finally, two other proteins crossreactive to the
gp91-phox antibodies 54.1 and CL5 were partially purified and identified as GRP58 and
gelsolin, respectively. The mAh 54.1 epitope was assigned to the region 114-AYDGP of
GRP58 and CL5 epitope identified as carboxy-terminus 771-DPLDRAMAEL of gelsolin
based on sequence analysis. The identification of these species was important because
these proteins are universally found in myeloid as well as heterologous cell expression
systems and have molecular weights in the same range as gp91-phox in its mature and
nascent forms.
Studies described in this dissertation also demonstrated that significant amounts
of Cytb could be produced using gp91-PLB-985 expressing Cytb following cultivation
process scale-up. Growth medium optimization by reduction of serum content,
replacement with an inexpensive serum alternative, and essential carbon/energy source
supplementation allowed cost-efficient scale-up of the gp91-PLB-985 cell cultivation
process. Cytb expression level was estimated at 0.78±0.17 nmole per IO9 cell equivalents
(approximately 470,000 molecules per cell) and was comparable to Cytb expression level
in human neutrophils, suggesting the method is an economical and convenient alternative
for Cytb production. Subsequently, purification strategy was developed based on
previously reported methods and materials used for Cytb purification, including cell
membrane isolation, solubilization with dodecylmaltoside detergent, followed by heparin
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and immnnoaffinity chromatography purification. Different characteristics of gp91-PLB985 cells as compared to previously used sources contributed inefficiencies that reduced
overall yield. The purification procedure employed provided means to obtain highly
purified protein, but with less than 5% yield. Further improvements of the method may
involve use of freshly prepared, unfrozen membranes and different anti-Cytb antibody
affinity matricies.
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