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Abstract

The NADPH oxidase of phagocytic leukocytes generates superoxide that plays a critical role in

innate immunity and inflammatory responses. The integral membrane protein flavocytochrome b

(Cyt b1, a.k.a. cytochrome b558/559) is the catalytic core of the complex and serves as a prototype

for homologs important in regulating signaling networks in a wide variety of animal and plant

cells. Our analysis identifies a naturally-occurring Tyr72/His72 polymorphism (p.Y72H) in the

p22phox subunit of Cyt b at the protein level that has been recognized at the nucleotide level (c.

214T>C, formerly C242T) and implicated in cardiovascular disease. In the present study, Cyt b

was isolated from human neutrophils and reacted with chemical crosslinkers for subsequent

structure analysis by MALDI mass spectrometry. Following mild chemical modification of Cyt b

with two pairs of isotopically-differentiated lysine crosslinkers: BS2G-d0/d4 and BS3-d0/d4, the

reaction mixtures were digested with trypsin and purified on C18ZipTips to generate samples for

mass analysis. MALDI analysis of tryptic digests from each of the above reactions revealed a

series of masses that could be assigned to p22phox residues 68–85, assuming an intramolecular

crosslink between Lys71 and Lys78. In addition to the 30 ppm mass accuracy obtained with

internal mass calibration, increased confidence in the assignment of the crosslinks was provided

by the presence of the diagnostic mass patterns resulting from the isotopically-differentiated

crosslinking reagent pairs and the Tyr72/His72 p22phox polymorphisms in the crosslinked

peptides. This work identifies a novel, low resolution distance constraint in p22phox and suggests

that the medically-relevant p.Y72H polymorphism has an invariant structural motif in this region.

Because position 72 in p22phox lies outside regions identified as interactive with other oxidase

1Abbreviations 1: flavocytochrome b, Cytb; α-cyano-4-hydroxycinnamic acid (α-CHC), 2,5-dihydroxybenzoic acid, DHB;
dodecylmaltoside, DDM, chronic granulomatous disease, CGD

© 2011 Elsevier Masson SAS. All rights reserved.
§Address correspondence to Dr. Al Jesaitis, Montana State University, Department of Microbiology, 109 Lewis Hall, Bozeman, MT
59717-3520, phone: (406) 994-4811, FAX: (406) 994-4926, umbaj@montana.edu.
‡Current address: LigoCyte Pharmaceuticals, Inc., 2155 Analysis Drive, Bozeman, MT 59718

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochimie. Author manuscript; available in PMC 2014 July 27.

Published in final edited form as:
Biochimie. 2011 September ; 93(9): 1502–1509. doi:10.1016/j.biochi.2011.05.004.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



components, the structural invariance also provides additional support for maturational differences

as the source of the wide variation in observed reactive oxygen species production by cells

expressing p.Y72H.

Keywords

p22phox; MALDI-TOF; Cytochrome b558; NADPH oxidase; intra-molecular crosslinking; c.
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1.0 Introduction

In the innate immune system, phagocytic leukocytes utilize a multicomponent, NADPH

oxidase complex to generate high levels of superoxide critical for the elimination of

infectious agents [1;2]. The central importance of this enzyme system in host-defense is

apparent from the rare genetic disorder Chronic Granulomatous disease (CGD), where the

lack of a functional oxidase results in severe and recurrent infections [3]. Although critical

for proper immune function, the generation of reactive oxygen species must be strictly

regulated to minimize unwanted host tissue damage that has been observed in a variety of

inflammatory disease states [4;5]. The broader significance of the NADPH oxidase complex

is greatly enhanced by genomic and cell biological evidence of NADPH oxidase homologs

in a wide variety of non-phagocytic tissues across a spectrum of animal and plant species

and by the role of superoxide (and reactive oxygen species derived from superoxide)

generated by the oxidase homologs required for the regulation of diverse signal transduction

cascades [6–8]. Currently, a new research focus centers on the roles of non-phagocytic

NADPH oxidase and ROS generation and their relationship to diseases such as those

affecting gastrointestinal [9;10], limbic [11], and cardiovascular tissues [12;13].

The activated human phagocyte NADPH oxidase is composed of the heterodimeric, integral

membrane protein flavocytochrome b (Cyt b; a.k.a. cytochrome b558/559, flavocytochrome

b558/559) consisting of the subunits gp91phox (a.k.a. NOX2) and p22phox. Cyt b contains the

catalytic site and serves as the membrane anchor for at least four bound cytosolic regulatory

subunits (p40phox, p47phox, p67phox, Rac1/2) [2;14] and Rap1a, whose function in this

system remains unknown [15]. In resting cells, the membrane and cytosolic components are

physically separated to prevent the inappropriate generation of superoxide. Upon cell

stimulation, the oxidase cytosolic factors translocate to the membrane and assemble with

Cyt b to activate superoxide production. Although defects in oxidase components have been

directly linked to CGD, there is now intense interest on second order effects of variants in

other diseases. This interest includes the structural ramifications of single nucleotide

polymorphisms [16]. Although high resolution structure determination of the cytoplasmic

oxidase components has provided important insights into the nature of this enzyme complex

[17], current models of the integral membrane protein Cyt b rely on a combination of

computational and biochemical methods [18–20]. More detailed information on the structure

of the oxidase catalytic component (Cyt b) is required to better understand the molecular

mechanisms of oxidase assembly, activation, and dysfunction.
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While chemical crosslinking has long been recognized as a method for obtaining low-

resolution structure information [21], difficulties associated with the identification of the

crosslinked residues has limited widespread use of this approach. Renewed interest in the

use of crosslinking for structure analysis has been driven by recent advances in mass

spectrometry, computational software, and biochemical labeling/isolation methods that

facilitate the identification of modified peptides [22–26]. The combined use of conventional

and isotopically-labeled crosslinking agents provides a powerful method for confident

identification of even low levels of crosslinked peptides by mass spectrometry. Studies

conducted on model proteins, where the atomic structure is available, have confirmed the

utility of this approach for obtaining both intramolecular and intermolecular structure

information [27;28]. The potential of crosslinking and mass spectrometry to obtain

molecular distance constraints holds particular promise for samples that are refractory to

high-resolution structure determination, including low abundance integral membrane

proteins, multisubunit protein complexes, and proteins that display different conformational

states [22;26;29–31].

The integral membrane protein nature of Cyt b has hampered the elucidation of its structure.

However bioinformatic analyses suggest structures for gp91phox that combine elements of

transmembrane electron transfer proteins, such a mitochondrial or chloroplast cytochrome

bc1 or b6f, and NADPH-FAD oxido-reductases, whose X-ray crystal structures have been

solved [20;32–35]. Very little information can be gained, however, from such a homology

approach for the small subunit of flavocytochrome b, as there are virtually no structural

homologs available to model this protein or its interaction with gp91phox. Previous studies

by our group have demonstrated the utility of mass spectrometry for structure analysis of

Cyt b, following affinity purification from neutrophil membranes [36]. In the present study,

human neutrophil Cyt b has been modified with mixtures of conventional and isotopically-

labeled crosslinking agents for subsequent structure analysis by MALDI mass spectrometry.

Using this approach, an intramolecular crosslink was identified in the Cyt b subunit p22phox

that was derived from a region of the protein that contains the medically-relevant, Tyr72/

His72 (p.Y72H) naturally occurring polymorphism in the human population [37;38]. The

present study provides a novel distance constraint in the small subunit that will facilitate

modeling of the Cyt b structure, describes experimental methods that may also be fruitfully

applied to other complex systems such as the assembled NADPH oxidase complex, and

suggests that the local conformation of the region bearing the Tyr72/His72 polymorphism is

invariant.

2.0 Experimental

2.1 Materials

Extra dry dimethylsulfoxide (supplied over molecular sieves) was obtained from Arcos

Organics. Acetonitrile and trifluoroacetic acid were from J.T. Baker; and α-cyano-4-

hydroxycinnamic acid (α-CHC), 2,5-dihydroxybenzoic acid (DHB) and stainless steel

MALDI plates were from Bruker. The conventional and deuterated crosslinking agents

BS2G-d0, BS2G-d4, BS3-d0, and BS3-d4 were from Pierce; Trypsin Gold was obtained from

Promega; dodecylmaltoside was from Anatrace; PMSF and dithiothreitol were from
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Calbiochem; and GammaBind-sepharose and CNBr-sepharose were from GE Biosciences.

Centricon concentrators and C18ZipTips were purchased from Millipore; and the 50 Sonic

dismembrator probe sonicator was obtained from Fisher Scientific. The epitope-mimicking

peptide for mAb CS9 (Ac-AEARKKPSEEEAA-NH2) was obtained from Global Peptides.

Econo-Pac 10 DG desalting columns (30 × 10 ml) were from BioRad. All other reagents

were obtained from Sigma-Aldrich. Human neutrophil membrane fractions and mAb CS9

were generated in-house by previously-described methods [18;39].

2.2 Purification of human neutrophil Cyt b

The purification of Cyt b from neutrophil membrane fractions was carried out using a

recently described immunoaffinity method [40], with modifications. For purification,

isolated neutrophil membranes were washed with 1 M NaCl and then extracted in 10 mM

Hepes (pH-7.4), 100 mM NaCl, 10 mM KCl, 1 mM EDTA (Buffer A) containing 0.8 %

dodecylmaltoside (DDM) for 50 min at 4 °C. Following centrifugation at 100,000 × g for 30

min to remove insoluble material, the resulting extracts were rotated with mAb CS9-

Sepharose (that binds the p22phox subunit of Cyt b) for 1 h at 4 °C. The affinity matrix was

then washed to remove unbound material, and Cyt b eluted with Buffer A, 0.8 % DDM

containing the epitope-mimicking peptide Ac-AEARKKPSEEEAA-NH2 (200 µM final). To

generate DDM-solubilized Cyt b for crosslinking, the above elution fraction was

concentrated using a 100 kDa Centricon cutoff membrane. Peptide removal and buffer

exchange was carried out by passing purified Cyt b over a 10 DG desalting column

equilibrated in PBS (pH-7.4), 0.1% DDM at 4 °C. The resulting Cyt b fractions were pooled

and concentrated through a 100 kDa cutoff membrane to achieve a final Cyt b concentration

of 1.4 µM. The final, purified Cyt b sample was aliquoted and stored at −20 °C prior to use.

2.3 Chemical crosslinking of Cyt b

The chemical crosslinkers BS2G-d0, BS2G-d4, BS3-d0, and BS3-d4 were individually

prepared at 7.5 mM in dry DMSO, mixed 1:1 in pairs to form the crosslinking stocks

(BS2G-d0/d4 and BS3-d0/d4) and stored in single use aliquots at −80 °C. For structure

analysis of Cyt b, crosslinker stocks were thawed and diluted 20-fold in distilled water

immediately prior to use (350 µM crosslinker working solution in 5% DMSO). A portion of

the above working solution was diluted 3-fold into 5% DMSO to generate a 117 µM

crosslinker working solution. Reactions were then initiated by the addition of 2 µl of the

agent under investigation (BS2G-d0/d4 or BS3-d0/d4 in 5% DMSO) to 8 µl of purified Cyt b

in PBS (pH-7.4), 0.1% DDM (molar ratios of 20:1 and 60:1 crosslinker:Cyt b final). The

resulting mixtures were incubated for 30–75 minutes at room temperature and then

quenched with 40 mM ammonium bicarbonate for 20 minutes prior to SDS-PAGE or tryptic

digestion.

2.4 Preparation of tryptic digests for mass spectrometry

Trypsin Gold was dissolved at 1 mg/ml in 50 mM acetic acid and stored at −80 °C prior to

use. For solution digests, trypsin was diluted 25-fold into PBS (pH-7.4) and 1 µl of this

working solution added to the Cyt b reaction mixtures described above (1:20 trypsin:Cyt b

w/w). Following incubation at 37 °C for 3 h, an additional 1 µl aliquot of trypsin was added

and digests were further incubated for 14–16 h at 37 °C. The resulting samples were reduced
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with 2 mM dithiothreitol for 30 min at 56 °C and then alkylated with 30 mM iodoacetamide

for 30 min at room temperature in the dark. Reduced and alkylated digest samples were then

absorbed to C18ZipTips (equilibrated according to the manufacturer’s instructions), washed

with 10 µl of 5% acetonitrile, 0.1% trifluoroacetic acid, and eluted with 10 µl of 80%

acetonitrile, 0.1% trifluoroacetic acid. Eluted samples were stored at −20 °C prior to mass

analysis.

2.5 MALDI analysis and spectral interpretation

MALDI analysis was conducted on a Bruker BiFlexIII mass spectrometer in reflectron mode

with positive ion spectra averaged over 100–600 laser shots [36]. For MALDI, digest

fractions were diluted 2-fold with a saturated solution of α-CHC in 50% acetonitrile.

Following a brief incubation, 1 µl of sample was spotted on a stainless steel MALDI plate

and allowed to air dry. For these studies, the instrument was calibrated internally, using the

singly protonated monoisotopic masses of angiotensin II and adrenocorticotropin hormone

18–36, that were added to the digests. Theoretical tryptic digests of Cyt b were generated

using the program PeptideMass (http://us.expasy.org/cgi-bin/peptide-mass.pl.) with the

addition of BS2G or BS3 conventional and deuterated adducts for comparison with the

observed masses. The assignment of tryptic peptides was carried out manually, assuming up

to 4 missed cleavage sites, given that crosslinking of two lysine residues will produce a

minimum of two missed tryptic cleavages.

2.6. Molecular modeling

Prediction of the secondary structure element encompassing p22phox residues Lys71 and

Lys78 was carried out by evaluating the entire p22phox primary structure (including the

Tyr72/His72 polymorphism) with the program APSSP2 (http://imtech.res.in/raghava/

apssp/), available at the ExPASy Proteomics Server. Visualization of the residues in a α-

helix or β-strand was performed in Discover 2.0 (Accelrys, San Diego), with energy

minimization at default parameter values for the energy minimization protocols.

3.0 Results

3.1 Modification of human neutrophil Cyt b with mass spectrometry compatible
crosslinking agents

The current lack of a high-resolution structure for Cyt b has greatly hindered a mechanistic

understanding of the control of superoxide production by the phagocyte NADPH oxidase

complex. Cyt b is a relatively low abundance, large integral membrane protein with

significant microheterogeneity [36;41], making it a challenging target for high resolution

structure determination by x-ray crystallography or NMR spectroscopy. Crosslink

localization by mass analysis of tryptic digests of crosslinked species provides an

increasingly powerful approach for obtaining structural information about of integral

membrane proteins or large protein complexes [22;25;26;31]. The current study describes

the use of this approach for structure analysis of human neutrophil Cyt b.

To generate starting samples, Cyt b was isolated from human neutrophil membrane fractions

using our recently-described mAb CS9 immunoaffinity matrix [40]. For modification,

Taylor et al. Page 5

Biochimie. Author manuscript; available in PMC 2014 July 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://us.expasy.org/cgi-bin/peptide-mass.pl
http://imtech.res.in/raghava/apssp/
http://imtech.res.in/raghava/apssp/


purified Cyt b was exchanged into PBS (pH-7.4), 0.1% DDM and then reacted with isotopic

pairs of the crosslinkers BS2G-d0/d4 or BS3-d0/d4. As shown in Figure 1, crosslinking under

these reaction conditions resulted in a relatively minor generation of higher molecular

weight products, as judged by SDS-PAGE. In addition, MALDI analysis of tryptic digests

indicated that the overall intensities of major peaks were largely unchanged in control

(Figure 2A) and modified samples (Figures 2B and 2C). Similar results were obtained for all

reaction conditions used in this study and demonstrate that undesirable excessive

modification of the Cyt b surface did not occur. The relatively short reaction time and low

pH used in modification reactions (pH 7.4) likely played an important role in limiting the

extent of Cyt b surface modification, as primarily deprotonated Lys residues would react

with the amine-reactive crosslinking agents.

3.2 Assignment of an intramolecular distance constraint in the Cyt b subunit p22phox

In the present study, mixtures of conventional and deuterated crosslinking agents were

reacted with purified Cytb. Modified tryptic peptides could then be readily identified by: 1)

the characteristic increase of 96.02 Da and 138.07 Da for the BS2G-d0 and BS3-d0 adducts,

respectively, relative to unmodified Cyt b peptides; 2) a characteristic 4.02 Da mass spacing

between Cyt b peptides modified with conventional (d0) and deuterated (d4) crosslinker; and

3) a characteristic 42.05 Da difference in the molecular weight of the agents BS2G and BS3.

The MALDI spectra in Figures 2A–C indicated that unique masses were readily observed in

the crosslinked samples, demonstrating the anticipated signatures of the pairs of crosslinking

agents in tryptic digests derived from the BS2G-d0/d4 and BS3-d0/d4 reaction mixtures.

Higher resolution analyses in Figure 3 show overlaid MALDI spectra from Cyt b control

samples (red spectra) and the BS2G-d0/d4 or BS3-d0/d4 reaction mixtures (blue spectra). In

Figure 3A, the unique 4 Da spacing of peaks in the BS2G-d0/d4 sample provides a diagnostic

signature for Cyt b tryptic peptides that have been modified by crosslinking agent.

Importantly, in the BS2G-d0/d4 spectra, the masses at 2199.09 Da and 2203.13 Da could be

assigned to p22phox residues 68–85 assuming: 1) 2 missed trypsin cleavage sites (expected

for the presence of two crosslinked lysines in the peptide); 2) a crosslink with BS2G-d0/d4;

and 3) the naturally occurring His72 polymorphism [41;42]. Confidence in this spectral

assignment is greatly enhanced by the masses at 2225.12 Da and 2229.13 Da, that could be

assigned to p22phox residues 68–85 assuming: 1) 2 missed trypsin cleavage sites; 2) a

crosslink with BS2G-d0/d4; and 3) the naturally occurring Tyr72 polymorphism [41;42]. In

the above spectra, mass accuracies were greater than 30 ppm due to the internal mass

calibration, which increased the confidence in the peptide assignments.

To confirm the assignment of MALDI spectra outlined above, purified Cyt b was also

modified with the crosslinking mixture BS3-d0/d4, which has a 42.05 Da higher molecular

weight than the BS2G crosslinkers. Figure 3B shows overlaid MALDI spectra from Cyt b

control samples (red spectra) and the BS3-d0/d4 reaction mixture (blue spectra), where the

masses at 2241.17 Da and 2245.19 Da could be assigned to p22phox residues 68–85

assuming: 1) 2 missed trypsin cleave sites; 2) a crosslink with BS3-d0/d4; and 3) the

naturally occurring His72 polymorphism. Similar to the situation with shown above with

BS2G-d0/d4, confidence in this spectral assignment is enhanced by the masses at 2267.19 Da

and 2271.21 Da, that could be assigned to p22phox residues 68–85 assuming: 1) 2 missed
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trypsin cleavage sites; 2) a crosslink with BS2G-d0/d4; and 3) the naturally occurring Tyr72

polymorphism. In the above spectra, mass accuracies were greater than 20 ppm, due to

internal mass calibration and also enhanced confidence in the assignments.

4.0 Discussion

4.1 Flavocytochrome b light chain: structure/function relationships

The flavocytochrome b light chain, p22phox, remains the least understood subunit of this

human neutrophil integral membrane electron transferase [43], however recent studies are

improving our knowledge. In our earliest studies on the protein, we showed that it was

intimately linked to gp91phox in that it copurified with gp91phox and was easily crosslinked

to gp91phox with either disuccinimidyl suberate or bis[2-

(succinimidooxycarbonyloxy)ethyl]sulfone[44]. Subsequently we, in collaboration with

Dinauer and coworkers, helped to identify it's gene sequence [45] and then showed that we

could co-immunopurify gp91phox in complex with the small G-protein, rap1A, on affinity

purified rabbit anti-p22phox peptide antibodies [15]. We were able to confirm and improve

the immunopurification with the mAbs 44.1 and CS9 [40;46] while also proving the bis

heme stoichiometry of the protein. Our interest peaked in this subunit when we were able to

show that native heme colocalized with both subunits on LDS-PAGE separations at low

temperature [47], a method previously used to identify heme-localization in cytochrome b6f

of thylakoid membranes [48]. We proposed from that study that His 94 of p22phox may help

coordinate one of the hemes of the bis heme molecule, and thus might have important

consequences for its regulation. This conclusion became less likely when it was shown that

gp91phox had been transiently expressed in COS cells without p22phox, while still

coordinating hemes of differing electrochemical potential [49] and when it was also shown

that the p22phox mutations, H94L/Y/M, did not measurably affect superoxide

production[38;50]. However, these findings derived from expression in heterologous cells

and did not address the potential role of the subunit's His94 as a negative regulator of

flavocytochrome b activity.

Detailed structural characterization of part of p22phox was carried out by the Rittinger group

[51], when they used a synthetic p22phox peptide, 149KQPPSNPPPRPPAEARKK166 and co-

crystallized it with the p47 subunit of the NADPH oxidase. This achievement allowed them

to obtain the first physiologically relevant X-ray crystal structure of the p47-bound stretch of

p22phox 151PPSNPPPRPP160, suggesting it has an extended conformation, at least when

bound in the oxidase complex. Burritt et al [52] contributed structural information about

p22phox using a TrNOESY NMR analysis of the bound structure of a peptide recognized by

the p22phox -specific mAb, 44.1, and concluded that it recognized two widely spaced regions

of the p22phox sequence 29TAGRF33 and 183PQVNPI188. The composite peptide

ATAGRFGGGPQVNPI was shown to bind 3 orders of magnitude more tightly to mAb 44.1

than either of its component sequences, with 2.5–3.5 Å proximity of atoms in 33F-185

V, 29T-32 R, 29T-33F, 30A-32R residue pairs established by the TrNOESY NMR ruler. Phage

display of random peptide libraries also showed a preponderance of the consensus peptide

PQVRPI which demonstrated the same inhibitory potential as the above mentioned

composite peptide. These results necessarily implied that both the amino and carboxyl
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terminus of p22phox were intracellular and close to one another, as cells had to be

permeabilized in order for mAb 44.1 to recognize these regions of p22phox [53]

p22phox is an essential component of flavocytochrome b, acting as an important regulator of

structure and function [1] Maturation of flavocytochrome b is dependent on the fidelity of

the p22phox sequence, as certain p22phox -specific missense and nonsense mutations in the

human population result in A22 Chronic Granulomatous Disease [41;54]. A number of

important polymorphisms, especially at positions Y72H and other sites [16], suggest that

these residues have a wider role for the coupling of this subunit with other NADPH oxidase

gp91phox homologs (NOX family of NADPH oxidases [6]) and thus may be responsible for

other diseases [8].

Much has been learned by the molecular genetic manipulation of p22phox in heterologous

systems. Deletion of the amino terminal residues 1MGQIEWAMWAN11, 67RWGQKH72,

and 66ERWGQKHMTAVVKLFGPFTRNYYVR90 prevent Cytb maturation [55], as do lysine

substitutions within 98SVPA101 [35]. Interestingly, the G102K mutation [35] supports

assembly and translocation of both subunits to the plasma membrane in heterologous

CHO-91-47-67 cells, but puts into question the two transmembrane domain folding model

for p22phox [18]. The alternative four transmembrane domain prediction for the p22phox

folding model [35] (http://www.ezim.hu/hmmtop/server/hmmtop.cgi), however, is

incompatible with the binding and functional effects of mAb NS5 (see below). Another four

transmembrane domain model suggested by Pick and colleagues [56] is reflected in the

inhibition of NADPH oxidase activity and cytosolic factor binding observed in p22phox

peptide inhibition studies [56;57], but is also incompatible with mAb 44.1 epitope

placement. Other monoclonal antibodies directed against the p22phox subunit [18] confirmed

the intracellular and protein surface localization of regions 78KLFGPF83 (mAb

NS5), 185VNPIP189 (mAb CS6) 181GGPQVNPI188 (mAb CS8) and 162EARKKPSE169 (mAb

CS9). Furthermore, the suggestion that the 29TAGRF33--183PQVNPI188 complex epitope of

mAb 44.1 appears to be close enough to 162EARKKPSE169 so that their respective antibodies

(e.g. CS9) will inhibit the other's binding (e.g. 44.1). Recent mutational studies [35] have

suggested the 29TAGRFTQ34 to 29TAGKKKQ34 substitution and 171C truncation mutations are

still recognized by mAb44.1, confirming separate recognition of each component of the

complex mAb44.1epitope.

More protein surface topology information was derived from other mAb mapping studies.

We interpreted the lack of recognition and functional effects of NS2 [18] that recognizes

the 131WTPIEPKPR139, as evidence that this epitope was inaccessible to Ab recognition,

however recently Paclet and colleagues [58] showed that mAbs 13D4 and 16G7 could

recognize the same epitope region as NS2 in immunoblots, but were also able to bind

permeabilized neutrophils and to immunoprecipitate the detergent solubilized protein. These

latter two mAbs did not appreciably inhibit reconstituted NADPH oxidase activity, clearly

suggesting that the 130QWTPIEPK137 region is cytosolic and on the protein surface but not

directly involved in function. These investigators also found that mAb 12E6 was weakly

positive for p22phox in immunoblots and mapped to the proline rich region 155PPPRPP160.

mAb 12E6 inhibited oxidase activity and bound much more strongly to in situ
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flavocytochrome b in permeabilized stimulated cells compared to unstimulated cells, as well

binding more strongly in detergent extracts from stimulated cells. One intriguing outcome of

these experiments was the finding that part of the phage peptide library consensus sequence

mapped to 557GPR559 of gp91phox, suggesting that if this 3-residue assignment was correct,

this conformationally-sensitive mAb might span the interface between both subunits in the

stimulated conformation.

4.2 Implications of mass analysis on p22phox structure

In the present study we add another distance constraint, obtained by mass spectrometry and

crosslinking analysis, to our understanding of p22phox structure. We used a combination of

chemical modification and reflectron MALDI mass spectrometry to confidently identify a

tryptic peptide derived from the Cyt b subunit p22phox (residues 68–85) that contained an

intramolecular crosslink with two different isotopically-paired crosslinking agents BS2G-

d0/d4 and BS3-d0/d4. Confident assignments of the derived MALDI spectra were facilitated

by a number of factors including: 1) the extremely high purity of human neutrophil Cyt b

[40]; 2) chemical modification reactions using mixtures of conventional and isotopically-

labeled crosslinking agents; 3) the use of two distinct crosslinking agents of different

molecular weight (BS2G-d0 adds 96.02 Da and BS3-d0 adds 138.07 Da) but similar

crosslinking distances (see below); 4) 30 ppm mass accuracy due to internal calibration of

the reflectron MALDI; and 5) a naturally occurring polymorphism in the p22phox segment

that was identified. In addition, mass analysis was carried out on samples that lacked

extensive surface modification by the crosslinking agents, due to the mild crosslinking

conditions employed (pH-7.4, relatively short reaction times and relatively low

crosslinker:Cyt b molar ratios). A lack of extensive surface modification represented an

important consideration for both preserving native protein structure and limiting the

complexity of the tryptic peptide digests to be analyzed.

Since homobifunctional, amine-reactive crosslinking agents were used in this study, MALDI

assignments identifying the formation of intramolecular crosslinks in p22phox residues 68–

85 provides a novel, molecular distance constraint between Lys71 and Lys78 of p22phox. To

facilitate interpretation of the above results, the program Discover 2.0 was used to generate

models of p22phox residues 68–85 as canonical α-helix and β-sheet secondary structure

elements. As shown in Figure 4A, the epsilon amino groups of Lys 71 and Lys78 are on the

same side of the model α-helix and occur 11.7 Å apart, if the side chains are extended

perpendicular to the helix axis. This proposed structure motif is consistent with the

molecular crosslinking distance expected for both BS2G (7.7 Å) and BS3 (11.4 Å), allowing

for some flexibility in the conformation of the Lys side chains [59]. Support for the above

model was obtained using the secondary structure prediction program APSSP2 (http://

www.imtech.res.in/raghava/apssp2/), which predicts an α-helical secondary structure for the

entire segment of p22phox encompassing Lys71 and Lys78. While the above results cannot

rule out a flexible loop structure for p22phox residues 68–85, the structure model in Figure

4B indicates that a canonical β-sheet structure for this region is unlikely, since that would

produce a 25.9 Å spacing between Lys71 and Lys78. Even allowing for the maximum

flexibility of the lysine side chains, the BS3 crosslinker could not accomplish a crosslink
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between Lys71 and Lys78 with the β-sheet structure for this region, as the distance from α-

carbon to ε-amino nitrogen, for an extended lysine residue, is 6.3Å.

4.3 Significance

The results reported here demonstrate the potential of crosslinking and mass spectrometry as

a tool for augmenting the structural analysis of human phagocyte Cyt b. In addition to this

structural information, the mass analyses described provides the first demonstration of the

naturally-occurring Tyr72/His72 polymorphism, expressed at the protein level in the human

population (information that was previously hypothesized from nucleotide sequence

analysis) [41;42]. The Tyr72/His72 p22phox polymorphism appears to play a relevant role in

human physiology, as individuals homozygous for Tyr72 appear to have diminished

superoxide production by the NADPH oxidase and may be less susceptible to adverse

cardiovascular events [37;38]. Our results also suggest that the local conformation in the

region bearing this polymorphism must be relatively invariant, having minimal effect on the

crosslinking and thus implying that functional differences between the polymorphic forms of

Cytb may result from the amino acid residues directly in contact with this position. Such

interactions could result from intramolecular or inter-subunit interactions. Position 72 is

close to but not within regions shown to mediate interaction with p47phox or p67phox

[56;57] and thus might be more important for maturation of Cytb [55]. Thus although the

polymorphism might have second order effects in the function of the protein, it may have

larger maturational effects in the context of haplotypes such as within the haplogroup C1

that also contains p. V 174A (nucleotide designation c.521T>C) and c.*24G>A (in the

3’untranslated region) as outlined by Bedard [16].

In light of such findings, it will be of interest to better define structural consequences of

these amino acid substitutions on the structure and function of Cyt b[35]. Additional low-

resolution distance constraints provided by crosslinking and mass spectrometry could

greatly facilitate modeling the structure of the NADPH oxidase complex and provide

important independent cross checks for larger structural analysis emerging from molecular

modeling of X-ray crystal solutions to the structure of flavocytochrome b. Therefore current

efforts are focused on the identification of additional intramolecular crosslinks,

intermolecular crosslinks between the Cyt b subunits, and intermolecular crosslinks between

Cyt b and the cytosolic oxidase subunits.

5.0 Conclusions

5.1 Mass analysis of intramolecular crosslinking, using two different crosslinking

reagents, suggest that the epsilon amino groups of Lys71 and Lys 78 of p22phox

are approximately 7 to 12 Å apart.

5.2 The crosslinkers BS2G-d0/d4 and BS3-d0/d4, are good candidates for intra- and

inter-molecular crosslinking mass analyses for other integral membrane proteins

as well as flavocytochrome b.

5.3 The local conformation of p22phox encompassing amino acid residue 72 is

invariant for the p.Y72H polymorphisms
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5.4 Our results support functional differences in ROS generation for certain

haplogroups arising from differences in p22phox expression.
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Figure 1. Chemical modification of human neutrophil Cyt b with mass spectrometry compatible
crosslinkers
Following affinity purification of Cyt b from human neutrophil membrane fractions,

chemical modification was carried out with homobifunctional, amine-reactive crosslinking

agents BS2G-d0/d4 and BS3-d0/d4. In order to monitor crosslinking reactions, quenched

samples were resolved by SDS-PAGE and silver stained as follows: M, molecular weight

standards; Control, Cyt b following incubation with 5% DMSO for 50 min at room

temperature (control sample); BS2G-d0/d4, Cyt b following incubation with a 60-fold molar

excess of BS2G-d0/d4 for 50 min at room temperature; and BS3-d0/d4, Cyt b following
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incubation with a 60-fold molar excess of BS3-d0/d4 for 50 min at room temperature.

Asterisks (*) indicate higher molecular weight species that were shown contain both

gp91phox and p22phox subunits by MALDI mass spectrometry (data not shown).

Qualitatively similar results were obtained for all reaction conditions used in the present

study.
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Figure 2. MALDI analysis of human neutrophil Cyt b following modification with mass
spectrometry compatible crosslinkers
Following chemical modification as outlined in Figure 1, reactions were quenched and

digested with Trypsin-gold. To prepare samples for analysis by MALDI mass spectrometry,

reactions were reduced, alkylated and then purified using C18ZipTips. (2A) MALDI analysis

of Cyt b tryptic digests following incubation with 5% DMSO for 50 min at room

temperature (control sample). (2B) MALDI analysis of Cyt b tryptic digests following

incubation with a 60-fold molar excess of BS2G-d0/d4 for 50 min at room temperature. (2C)

MALDI analysis of Cyt b tryptic digests following incubation with a 60-fold molar excess

of BS3-d0/d4 for 50 min at room temperature. Masses attributed to gp91phox and p22phox

tryptic peptides are labeled with asterisks (Figure 2A–C), calibration peptides are labeled

with text (Calib), while both modified peptides and an intramolecular p22phox crosslink are

designated with text in Figures 2B and 2C. Qualitatively similar results were obtained for all

reaction conditions used in the present study and indicate that the surface of Cyt b was not

extensively modified.
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Figure 3. Identification of an intramolecular crosslink in the p22phox subunit of Cyt b
(3A) Overlaid MALDI spectra for Cyt b tryptic digests following incubation with 5%

DMSO for 50 min at room temperature (red) and Cyt b tryptic digests following incubation

with a 60-fold molar excess of BS2G-d0/d4 for 50 min at room temperature (blue). (3B)

Overlaid MALDI spectra for Cyt b tryptic digests following incubation with 5% DMSO for

50 min at room temperature (red) and Cyt b tryptic digests following incubation with a 60-

fold molar excess of BS3-d0/d4 for 50 min at room temperature (blue). Masses attributed to

gp91phox and p22phox tryptic peptides are labeled numerically in 3A and 3B, and a possible

keratin-derived tryptic peptide is indicated (K) in 3B. The initial mass corresponding to the

do and d4 peak families in the p22phox crosslink is indicated by arrows. Theoretical masses
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of p22phox residues 68–85 modified with crosslinking agent are as follows: BS2G-d0 with

His72-2199.15 Da; BS2G-d4 with His72-2203.17 Da; BS2G-d0 with Tyr72-2225.15 Da;

BS2G-d4 with Tyr72-2229.18 Da; BS3-d0 with His72-2241.20 Da; BS3-d4 with

His72-2245.22 Da; BS3-d0 with Tyr72-2267.20 Da; and BS3-d4 with Tyr72-2271.22 Da.
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Figure 4. Computational modeling of p22phox residues identified by crosslinking and mass
spectrometry
(4A) Model of p22phox residues 68–85 as an α-helix showing a stacked configuration of

Lys71 and Lys78, with a minimized distance between the reactive amines of 11.7 Å. (4B)

Model of p22phox residues 68–85 as a β-strand, showing an elongated distance of 25.9 Å

between the reactive amine groups of Lys71 and Lys78. In both 4A and 4B, the left

structures represent side views of the structure model, while the right structures represent the

amino to carboxy-terminal end views. Colorized solid ribbons showing secondary structure

are blue and red at the amino and carboxy-terminal ends, respectively, with graded color

proceeding in that direction.
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