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Abstract:

Electrospray ionization mass spectrometry (ESI MS) and matrix assisted laser desorption/ionization
mass spectrometry (MALDI MS) have been used extensively to characterize the structural properties of
cytosolic proteins. However, ESI and MALDI have had limited success in determining the accurate
mass of integral membrane proteins, presumably due to interference from the detergents needed to
solubilize them. Therefore, mass spectrometry has had limited applicability in structural studies of
integral membrane proteins.

The integral membrane protein bacteriorhodopsin (BR) was used as a model in the development of a
method for determining the accurate mass of BR solubilized in the detergents cetyltrimethylammonium
bromide (CTAB), octyl-B-glucoside (OG), and CHAPSO by ESI MS. Quality mass spectra were
obtained by means of a phase-separation technique where BR was partitioned into a chloroform-rich
layer after mixing BR solubilized in an aqueous detergent solution with a chloroform:methanol:water
mixture.

Tryptic digestion of the G protein-coupled receptor rhodopsin was used as a test case for mapping the
transmembrane peptides of an integral membrane protein using MALDI MS. Affinity purified
rhodopsin solubilized in OG was digested with trypsin and the resulting proteolytic fragments were
separated using a modified reverse-phase high performance liquid chromatography technique.
Detergent was incorporated throughout the procedure. Transmembrane tryptic peptides were identified
by accurate mass and confirmed by Edman microsequencing.

The heterodimeric integral membrane protein cytochrome b558 from human neutrophils is the central
component of the microbicidal NADPH-oxidase enzyme system. The protein shuttles electrons across
the lipid bilayer via hemes located within the hydrophobic regions of the molecule to generate
superoxide anion. Little is known about the tertiary structure of the protein, including the heme binding
regions. Methods were developed for isolating fragments of purified cytochrome b558 that retained
heme absorbance spectra after partial digestion with either trypsin or endoprotease Glu-C (V8) for
analysis by SDS-PAGE, Western Blotting, and MALDI MS. Evidence from these analyses suggested
that a region of the small subunit containing histidine 94 and regions of the large subunit of cytochrome
b558 is involved in binding one of the hemes.
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Xix
- ABSTRACT

Electrospray ionization mass spectrometry (ESI MS) and matrix assisted laser
desorption/ionization mass spectrometry (MALDI MS) have been used extensively to characterize
the structural properties of cytosolic proteins. However, ESI and MALDI have had limited
success in determining the accurate mass of integral membrane proteins, presumably due to
interference from the detergents needed to solubilize them. Therefore, mass spectrometry has had
limited applicability in structural studies of integral membrane proteins. | |

The integral membrane protein bacteriorhodopsin (BR) was used as a model in the
development of a method for determining the accurate mass of BR solubilized in the detergents
cetyltrimethylammonium bromide (CTAB), octyl-B-glucoside (OG), and CHAPSO by ESIMS.
Quality mass spectra were obtained by means of a phase-separation technique where BR was
partitioned into a chloroform-rich layer after mixing BR solubilized in an aqueous detergent
solution with a chloroform:methanol:water mixture.

Tryptic digestion of the G protein-coupled receptor rhodopsin was used as a test case for
mapping the transmembrane peptides of an integral membrane protein using MALDI MS. Affinity
purified rhodopsin solubilized in OG was digested with trypsin and the resulting proteolytic
fragments were separated using a modified reverse-phase high performance liquid
chromatography technique. Detergent was incorporated throughout the procedure.
Transmembrane tryptic peptides were identified by accurate mass and confirmed by Edman
microsequencing,

The heterodimeric 1ntegra1 membrane protein cytochrome bssg from human neutrophils is
the central component of the microbicidal NADPH-oxidase enzyme system. The protem shuttles
electrons across the lipid bilayer via hemes located within the hydrophobic regions of the molecule
to generate superoxide anion. Little is known about the tertiary structure of the protein, including

- the heme binding regions. Methods were developed for isolating fragments of purified cytochrome
bsss that retained heme absorbance spectra after partial digestion with either trypsin or
endoprotease Glu-C (V8) for analysis by SDS-PAGE, Western Blotting, and MALDI MS.
Evidence from these analyses suggested that a region of the small subunit containing histidine 94
and regions of the large subunit of cytochrome bss'g.is involved in binding one of the hemes.




Chapter 1

INTRODUCTION

Electrospray Ionization and Matrix Assisted Iaser Desovzption/Ionjzation
Mass Spectrometry
Over the past decade mass spectrometry has become established as zw;n essential

analytical technique for use in the characterization of proteins aﬁd peptides. This important
development has resulted largely because eléctrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI) (1-7) that have been able to proVidg gas;phaserions
for accurate mass determination ‘of previously unionizable compounds. Fast atom
bombardment, or FAB, was the first ioﬁization technique that prodUCed high méss (=<
1,000 Da) gas-phdse ions. In FAB, ions are generated from a viscous liquid, usuglly _
glycerol, by bombarding the surface with eﬂergetic atoms'of ions. Tﬁe generation of éas?
phase ions from peptides ;havihg a mass above ‘a few kDa was, hbwevgr., unsucceséfui (8')';;
In spite of the this relatively low upper rﬁass limit, FAB was used extensively for

producing gas-phase ions from a variety Qf biopolymers th'us stan:ing anew field of




2
‘analytical chemistry termed ‘bioanalytical” mass sp'ccfrometfy..

It was not until the mid 1980's that fhe ionization techniques ESI and MALDII _‘
were int'roduced’.‘ In 1985, Fenﬁand céwofkers in the Department of Chemica‘i _ :
Engineeﬁng at Yale University devised a method to :proauce gas bhase ions from 2

| solution at atmospheric pressure for subse(iuén,t ‘analysis by a Quadmp0'le mass
si)ectrometer (9). By applying a high Voltage (~2,660 V) té the tip ofa ‘thin‘capil‘lary, -
connected to a liquid introduction systém, they were able to produce an ‘electrospray’ -
generating um siZéd dropléfs that contained ‘char'ged analﬁe molecules. The‘ generatioﬁ of
a spray induced by a high electric field Was not novel since othéré had reported the :
productioh 6f such ‘elecfrospraysf mﬁch earlier, however, it was not known at thg tiI‘n,e‘ ‘
that gas phase ions were produ;:ed. Yef, Fenn et 2;11,. were thé'ﬁr;St to cbuple an
electroépray source at atmospheric pressure to a heated capillary_bac_:ked bya multi;—,svtage‘
vacuum system. Tiﬁs advance allowed the introduction'vof gas-phase ivon‘s‘produced by th.e,
charged droplets ‘into th¢ mass Spect‘rorﬁet’er Without ~over1<‘>ading" the;high vacuﬁrh Syéfcem. ‘

| The'mechanism‘ for the transfer of ions from solution into the gaé-pﬁase, deri\-f‘,es

from a competition between the Coulqmbic‘repulsi'on of like charges in a droplet and the

surface tension of the .droplét. The charge density oh the surface of the ‘drople'.c increases | .

due to evaporation 6f neutral solvent ions until it reaﬁ;heé_ the Rayléig_h limi"c where
' Coulombic repulsion becomes lafée 'én‘ough ‘té Qvercéme the surfacé tensiéﬁ of the
droplet. At this poi_nt the;droplet‘be‘c'omes unstabie and: decémbqses, producing daugiltér " L -
_ ‘droplets. This prOCess repeats itself until the droble_fs reach a small én‘oﬁgﬁh size such‘t«hét .

the chargé density on the surface induces a field strong enough to desorb the ion from the




3
droplet(10). This field induced desorption ia a ‘soft’ form of ionization that results in |
even-electron ions with low internal energies.

Frequently, clusters of analyte ions with neutral solvent molecules are produced.
qu accurate mass determination of the analyte, the ions must be completely desorbed.
The elimination of clusters is accomplished either through the use of a heated ion transport
capillary or heated counter current gas. Transporting the ions produced by the
electrospray process into the high vacuum region of the mass spectrometer is achived . -
through the use of lenses or small octoboles. Bare analyte ions are focused intd the
quadrupoles yia ion optics then filtered by mass due to the action of the RF and DC .ﬁelds;v
applieci to the quadrupole rods. A méss spectrum is produced by recording the signal from
the detector as t'hg RF and DC Vol’tages on the quadrupoles are Variea from lower to -
higher potential. |

In the case of positively charged proteins and peptides, the extent of multiplé-
charging observed in ESI is dependent upon the number of sites where pfotonatiqn can
occur. A mass spectrum of a protein electrosprayed from an acidic solution will reflect the
number of solvent accessible basic sites. This has been used to probe conformational
structures of proteins under different solvent conditions (11,12). Calculation of the
accurate mass of the analyte is accomplished through the use of algorithms, however, the:
mass can easily be calculated manually. The presence of multiple peaks has the advantage
'of providing a more robust calculation of the accurate mass since the mass calculated for
éach peak ié used to determine an average molecular weight. Multiple charging also has

the advantage of producing ions with low m/z values. Thus, molecules with high _




4
molecular weights (upwards of 100 kDa) may;be observed using standard quadrupole
mass analyzers that have a mass limit of app,foximatel‘y 3,000 Da for singly charge_d‘ ions..

Though multiple charging in electrospray ionization has clear advantages in the
determination of high molecular weight b‘iopolymers, there are also some disadvantages. If
for instance, a sample contains mutiple components, it is often difﬁcult to inferpr'et the
spectrum, since overlépping of charge states from the diﬁ‘erent analytes cah occur.
Deconvoluting algorithms exist to aid in interpretati(;n of cofnplex spectra from
heterogeneous samples. However, liquid chromatography‘ or capillary electrophoresis is
often used ‘in—line" with the electrospray source to help avoid complex ES mass spectra.
Since electrospray is a liquid' phase atmospheric pressure ionization technique, it is'
superbly suited to the coupling of liquid phase separation methods to a mass spectrometer.
Flow rates for routine LC (1-5 ml/min) are well above the flow rates used in electrospray
(0.5-50 wl/miin). Therefore, the LC flow is either split, or chromatography is performed
using a ‘micro’ LC system. LC/ESI or CE/ESI coupled to a tandem mass spectrometér :
offers significant advantages. Tandem instruments aré capable of determining the masses
of daughter ions produced by collisional induced dissociation (CID) of electrospray
generated pseudo-molecular ions. The analysis of daughter .=ions produced by CID is
termed MSS/MS. Mass spectrometers capable of performing MS/MS experiments include
f[riple quadrupoles, ion traps, and FTICR mass spectrometers (13). The amino acid
sequence of a parent or peptide ion cén often be determined from a daughter ion MS/MS
spectrum. MS/MS has been used extensively for sequencing of proteolytic peptides

' ‘(2,5,14-21)‘. This technique also enables sites of post-translational modifications such as
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phosphorylation (22-24) and glycosylation (25-27) to be characterized using mass -
spectrometry. - | |

Matrix-assisted laser desorption/ionization, or MALDL, is the second pﬁrﬁary
ionization technique uéed in bioanalytical mass spectrometry (28-31). In 1988 Karas and
Hillenkamp at the University of Mﬁnstef in Germany, found that ions are produced from a
UV absorbing crystalline matrix When ablated with a UV laser in vacuum (32,33). This |
observation was, by itself, not surpfising. However when analytes such as peptides and
proteins were mixed with the matrix solution prios to crystallization, desorptioh/iorﬁzation
of these analytes also occured. MALDI coupled to a time-of-flight mass spectrofheter
(TOF) is capable of detecting singly charged proteiﬁs w1th masses in excess of 100‘,-000
Da. Singly charged ions of high molecular weight proteins can be observed si’ncé there is
theoretically no upper mass limit for this type of mass analyzer (34). |

The process of desorption/ionization in MALDI is not completely understood.
However, it. is recognized that the matrix used strongly affects the yield, mass resolu,t‘io'n,‘" '
and fragmentation of analyte ions (3,35,36). For eacil new analyte it bécomes eSsen."ci‘al to
try several different matrices. Some of thé most commonly used maticgs are, dihydroxy.
benzoic acid (DHB), Sinapininc acid (SAj, and d-cyano-4-hydro@ cinnamic acid
.(oi-CHCA). All of these matrices afe small (<4OO Da), .conj‘u‘gate_d organic acids having
high extinction coefficients in the UV (37). Samples are ﬁrepared b& combining a saturated
solution of the matrix éll‘owing the mixture to crystallize, |

- Many vaﬁations on this procedure have been reboftéd 1n the liferatﬁre. Iﬁ most

cases homogenéous or uniform crystal morphology upon drying results in more consistent




results. This is evident by the ability to generate analyte ions from‘diﬂ‘erent regions within
the sample. ‘Yet, even with optimuin sample Ii;eparation, "}ivot-spots" on the sample exist
where analyte signal is more intense. In .additioﬁ, supi)ressiOn eﬂ‘ects areaseen for mixtures
of analytes. An_alteinative method to MALDI Iias beeri des‘cribeci}whe,re the ;an,aly‘tei's
mixed with graphite or glycerol to produce wliat is known'as ‘SALDI ‘or sdli‘ace-assisted
laser desorption/ionization (38). This technique has the advant’:zigelof loizv. bacl;groend -
from matrix ions and s.hoWsj promise for aciaptatiori to’liq.uid systems. | |
Despite the problems‘ in sample preparation, MALDI, coupled with TOF, is stilla . -
povsierful technique for the accurate mass determination ef proteins and peptides. Since “ '
MALDI makes use of a solid matrix, samples are infiodliCed irito_ the. eouice region cf a.
~ TOF mass spectrometer eitiler ori ; standard insertion probe thiough a vacuum interlock,
orona ‘sample plate transporte(i -tlirp.ugh a series oi‘_ pumping chairibeis. “Once in the
source, the ~sample is positioneci to align Wi_‘i,h. the'focus cf‘the pulsed l_aSei beam. Ton
extractioil ie obtained by appiying a continuos high electric field evef the sample (~30
kV/cm). Tons produced by the‘i_asér pgiee that have the same polarity as the _potentliel- ‘ -
applied to the sample willlpeiss through the flight tube to the detector. A phofodicd‘e
provides the trigger for the digital oscilloscope tha_t"records the énéldg sighal frcm the
‘ detector. The digital oscilloscope converts ihe enalog signal to a digital sigiial and thores ‘
the spectra that can be dcwnloadedt to a personal cemputer for data rrianipulation. The

~ time-of-flight for a MALDI ion is related to its mass by the formula shcwil.beiow.

9
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where t is flight time, L is the length of the flight tube, m is the mass of the ion, V,__ is the
value of the accelerating voltage, and q is the charge of the ion. The mass resolution in a
linear TOF mass spectrometer is typically a few hundred. Thus an ion having a mass of
300 Da could be resolved from an ion having a mass of 301 Da (1.e. m/am = resolution).
A number of different modifications have been devised for increasing the mass resolution
in MALDI TOF instruments. One of the most cominon modification is the introduction of
a reflector. The reflector, or ion mirror, serves to focus ions of different kinetic energies
by reﬂecﬁng the ions in a potential gradient. Ions with higher kinetic energies will
penetrate deeper into the gradient field and thus travel a longer distance, arriving at the
detector at the same time as ions with lower kinetic energies traveling a lesser distance. A
major breakthrough in the pursuit of iﬁcreased mass resolution fo-rTOF instruments is the
incorp.oration of delayed ion extraction technology (3 9).‘Instead of continuously
extracting ions, the application of fche extraction field is delayed a few us after the laser |
pulse. The result is that the kinetic energies of the ions in the plume are more uniform due
to collisionals within the plume. This uniformity translatgs into mass resolution on the

order of several thousands in a linear TOF.

Comparison of EST MS and MALDI MS of Hydrophobic Proteins and Peptides

ESI and MALDI have their respective strengths and weaknesses that derive from a

number of key differences between the two techniques. Geherally, MALDI is more
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tolerable of buffers, salts, and detergents, used in the purification of proteins and peptides,
than ESI (40). MALDI aléo uses much less material than standard EST to produce mass
spectra of comparable quality. Sample preparétion in MALDI is quite simple, and the
sample stages used in many instruments have multiple sites, therefore s‘creening of a largé |
numbef of samples is less time consuming using MALDI as compared to ESL. However,
the mass accuracy and resolution of ESI quadrupole instruments is superior to that of
linear MALDI TOF instruments without delayed ion extraction, especially for anaiytes
with mass above 2,000 Da. To summarize, thé optimum ionization technique is dependent
upon the amount of sample available and its purity. |

Both ESI and MALDI have been used extensively for the characterization of
protein digests (3,41-48). In addition, a large number of reports have described accurate
mass determinations of intact proteins using both ESI and MALDI (2,4,14). Yet, out of
thousands of publications describing mass spectral analysis of proteins and peptides, very
few (roughly less than 50) involve the mass analysis of hydrophobic samples. Even fewer
articles deal with the mass analysis of integral membrane proteins. The lack of rhass
spectral results for this class of biopolymers is due to the problems associated with sample
handling and ionization. In the case of ESI, it is found that ions must first be solubilized in
solvents that can be electrosprayed before they can be desorbed. Therefore, hyd_rbphobic'
proteins or peptides solubilized 1n aqueous buffers containing high levels of salt and
detergents (>50 mM) must be solubilized. in non-pélar solvents prior to ESI. This reqilires |

the exchange of detergent solubilized proteins and peptides into non-polar solutions

‘without aggregeiting the sample. MALDI on the other hand is a solid-phase technique and
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integrating the sample solubilized in detergent into the matrix is experimentally easier to
accomplish. Thus, MALDI is prefered over ESI since removal of detergent is not a’

prerequisite for ionization.

Intaét Membrane Proteins Analyzed by ESI MS and MALDI MS

Schindler et al. first desribed methods dedi.cated tq the ESI ‘MS analsfsis of
hydrophobic proteins and pepﬁdes (49). Thése ‘autho.rs found‘that mixed polar/non-polar_
solveﬁt systems,‘ such as chloroform:methanol‘:water, Weré able,_:to keep hydroph_obic
proteips and peptides solubilized and were i0ni2able by ESI The repdrt ihcluded the first
published ESI mass spectrum of the integral membrane protein bacteriorhodopsin (m.w.
26,784 Da). The protein was solubilized from purple memBrane USing‘
hexafluoroisopropanol and/or neat formic acid. However, no detergeﬁts,‘were used for

solubilization in this study. The first work to demonstrate the ESI analysis of
bacteriOrhog.iop_sin, solubilized in détergent, Was published by Le Maire et al (‘50). In this | |
cage, the protein was isolated on an SDS-PAGE gel then electréeluted info solufion with
subsequent removal of the detergent before analysis by ESI. MS. Recently, a method was
described by Hufnagel et al. (51) for the isolation éf bécteridrhodopsin_- from purple.
mer,ﬁbfane using a series of non-polar solvent washes to remove excess lipid. Thése :

authors analyzed the protein by ESIMS in the chloroforrﬁ:methanol:wé;per'sb}vent system -
described by Schindler et al. (49). In this study bacteriorhbdopsin soiubilized in detergenf
prior to the solvent wash'was also analyzed successfully by ESI MS.

MALDI MS has also been used to analyze the integral membrane protein
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bacteriorhodopsin. The first report of an accurate mass for this protein, determined by
MALDI MS, was by Beavis and Chait in a paper on the applicability of MALDI 'MS to the
accurate mass determination of proteins (30). The work by Schey et al. ‘demonstrated that |
MALDI MS could be used to determine the accurate mass not only of bacteriorhodopsin,
but also of the G protein-coupled receptor rhodopsin (52). They also demonstrated that
accurate masses could be obtained for the large peptides generated when rhodopsin was
proteolyzed in rod outer'segment membranes.

The samples used by Schey et al. were derived from non-detergent solubilized .
sources and this represents an unusual situation relative to most mernbrane proteins.
Although it is promising that a native membrane protein can be ionized after a brief
treatment with a non-polar solvent the fact remains.that bacteriorhodopsin and rhodopsin
are exceptions, in the sense that most mono-disperse preparations of rnembrane ‘proteins |
are in detergent. Since most membrane proteins must be puriﬁed prior to mass spectral
analysis, any methods used to determine the accurate mass of a protein must i)_e ableto
tolerate the presence of detergent. The most thorough examination on the effect of
different detergents on MALDI MS spectra of membrane proteins is the work by Rosinke
et al. (53). The application of different detergents were examined using the membrane
proteins bacteriorhodopsin, porin and cholesterolesterase. In addition, various matrixes
were evaluated with the best obtained using dihydroxybenzoic acid. The non-ionic
detergents such as octylglucoside (OG) were found to degrade the MALDI spectr-urn toa

lesser extent than ionic detergents, such as sodium dodecyl sulfate (SDS).
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Proteolytic Digests of Membrane Proteins Analvzed by ESI and MALDI

A majority of the peptide mapping experiments involving integral membraﬁe |
proteins have focused on the hydrophilic fragments generated and not on the hydrophobic |
transmembrane fragments. Much of the mapping performed on integral membrane |
proteins, such as the acetylcholine receptor, were performed prior to the emergénce of
ESI and MALDI and instead relied on FAB for ionization of the proteolytic fragments
(54,55). Also, early work on the FAB analysis_of peptides prodﬁced by cyanogen bromide
and chymotryptic digestion of both bacteriorhodopsin and rhodo'psiﬁ were performed
without any prior separation of the peptides (56). This deficiency was primarily due in part
to the formidable diﬂicultieé involved in separating transmembrane peptides.

Attempts to overcome this problem have been made with limited succéés. MALDI
MS was used in a study by Machold to identify a hydrophobic tryptic fragment of the
nicotinic acetyicholine receptor that had been labeled with a radioactive photo-crossliﬁker ‘
-specific for the a-neurotoxin binding site (57). The receptor was isolated by SDS-PAGE
after reacting with the ligand and digested in the gel with trypsin. Small non-
transmembrane fragments were extracted from the gel and isolated using conventional
RP-HPLC. A similar technique was used in the study of sarcoplasmic reticulum Ca™
ATPase by le Maire et al. (50) However, in this case the protein was digested with V8
while in vesicles, and SDS-PAGE was used to isolate ;che fragments that remained in the
membrane after digestion. These authors isolation ;)‘f these relatively large (>9,000 Da)
hydrophobic peptides by electro-tranéferring the fragments into solution from s¢1ecf bands

cut from the SDS-PAGE gel instead of isolating the fragments via RP-HPLC.
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Nonetheless, the fragments, after electroelution from the gel into solution, were treated for

removal of SDS prior to analysis by ESI.

Goals of This Dissertation: Advancement 6f Electrospray Ionizatidn and Matrix-Assisted

Laser Desorption/Ionization Mass Spectrometry Techniques for the Analysis of
Hydrophobic Proteins and Peptides

It is clear from the preceeding discussion that there is a need for the deveIopment '
of methods designed to facilitate the accurate mass analysis .of integral ﬁembrané proteins
and their proteolytic peptides by ESI MS and MALDI MS. Montana State Unversity is
fortunate enough to have both types of ionization techniques available in the form of a
‘home-built” ESI source coupled to a VG TRIO-Z qu’adrupole mass spectrometer (58,59)
and a Perseptive Biosystems Voyager MALDI time-of-flight mass spectrometer. The
characterization of integral membrane proteins is at the forefrontl of research for a number
of groups in the Department of Chemistry and Biochemistry, and the Department of
Microbiology. Thus experiments were designed'to address three questions regarding

transmembrane proteins and their proteolytic fragments:

1) Carn the accurate mass of the integral ﬁembrane protein bacteriorhodopsin be

determined usi_ng electrospray ioﬁization mass spectromet.ry, even in the presence
of detergent?

2) Can transmembrane‘tryptic' peptides from the detergent solubilized G protein-

coupled receptor, rhodopsin, be isolated then analyzed using matrix-assisted laser
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desorption/ionization mass spectrometry without the need for eliminating
detergent?
3) Can these procedures-be applied to transmembrane protein samples of lower

purity?

The first part of this thesis is dedicated to the experiments that were designed to

address the first two questions. The second part of the thesis focuses on the third question.

Human Phagocyte Cytochrome b,

Cytochrome b, from human phagocytes is a heme containing integral membrane
protein found in secretory granules, specific granules, énd plasma membranes of human
neutrophils and macrophages (60-62). The protein functions as the central redqx
component for the 'ﬁlulti-protein enzyme sjrstem knbwn as NADPH oxidase (63). It is
responsible for transferring electrons across the membrane to molecular oxygen to form
superoxide, the high energy electron source fqr the generation éf a number of microbicidal
toxic oxygen compounds (64).

The increase in oxygen consurﬁption by phagocytes expoéed to opsonized bacteria
 is known as the ‘respiratory burst’. When this ‘respiratory burst’ was first observed in
1933 it was thought to involve mitochendrial respiratdry componenté (65). However, in |
1959 it was shown that inhibitors of the redhctioﬁ-oxidatiori centers in the mitochrondrial
system, such as azide and cyanide, were ineffective at disrupting the consumption of

oiygen by activated neutrophils (66). The cyanide-insensitive ‘respiratory burst’ has been
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shown to be a critical component of the host defensive arsenal of vertebrates (67) and
abscence of the ‘respiratory burst’ in humans inflicted with the genetic disorder chronic
granulomatous disease, or CGD, results iﬁ chronic, ‘recurrent, lifé-threatemng infections
for these individuals (68).

Further research found that the substrate for the ehzyme involved in the reduction |
of oxygen to superoxide for production of the ‘respiratory burst’ was either NADH or
NADPH (63). After this discovery, the enzyme involved in the reduction of molecular - |
oxygen at the expense of NADPH was known as NADPH oxidase. The chemistry of t}us |
reaction is summerized by: | |

NADPH +2 0, .= NADP" + H + 2 0,

Prior to the discovery of the NADPH oxidase system in neutrophils,‘ a b-type
cytochrome was found in the cell membranes and specific granules of these cells (69).
Spectral studies of this protein showed that it had a room temperature Soret band at 414
nm in thé oxidized form and a reduced minus oxidized absorbance spectrum with a Soret
band at 426 nm and o- and [3- bands at 558 nm and 528 nm, respectively (69). Data |
coilected on this pfotein suggested that this b-fcype cytochrome was part of the NADPH
oxidase. For example, the protein had a low midpoint redox potenti.al of -245 mV, lower
' than any other mammalian cytochrome b (70) and low enough to participate in the
electron transport chain between NADPH and molecular okygen,ln addition, the kinetics
of superoxide producﬁon mirrored the steady-state reduction kinetics of pytochromé "bssg '
in neutrophil m,em‘branes (70). HoWéver, sdme of the moét cbﬁvinciné data éuggesting that

the protein was indeed involved in the production of superoxide was the fact that its
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spectral activity could not be found in patients haviﬁg CGD (71). The connection between
the genetic disorder CGD and the protein product éytochrome bsss Was finally proven
when cDNA was cloned and sequenced (72) and antisera made against fusion protein of
the gene product were shown to recognize one of the subunits of thé pu.riﬁed protein from
neutrophils (73). Thus cytochrome bsss from the membranes of human neutrophils was
found to be the obligate electron transferase invols}ed' in shuttling high energy electrons
from NADPH to molecular oxygen to form superoxide, and the abscence of cytochrome -

bsss leads to CGD.

Characteristics of Human Cytochrome by,

Cytochrome b, is a heterodimeric iptegral membrane protein found in ‘neu‘tro,phils
at approximately 7 nmol/cell. To purify the protein ‘from/membrane_s, defer_gents such as
Triton X-100 and octylglucoside must be uséd to produce a moﬁomeric distribution of
protein. Also, prudent use of protease inhibitc)rs are required during purification to avoid
degradation of the protein by the abundant endogenous ‘proteases found'in neutrophils.
Isolation of membranes involves the collection of fresh whole blood from normal human -
donors followed by separation of the neutrophils’. These cells are then disrupted .and
membranes are isolated by centrifugation.

Parkos et al. were the first to purify cytochrome bss, from neutrophil membranes
(74). The authors demonstrated that the protéin is a heterodimer cénSisting of a
glycosylated large subunit (a.k.a. gp91-phox referring to glycoprotein 91 kDa ﬁl.w.-

- phagocyte oxidase) and a non-glycosylated small subunit (ak.a. p22-phox) (74). Huang et
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al. later confirmed that the stoichiométry of the subunits is 1:1 (75). When the purified.
protein is observed by SDS-PAGE, the lafge subunit is seen asa broad or ‘fuzzy’ band
beiween 72-110 kDa while the small subunit runs as a naﬁow sharp band at 22 kDa
(74,76,77). Sequencing of the genes for each subunit indicates that the large subunit is
comprised of 570 amino acids Wi’r;h a total molecular weight of 65,291 Da, while the small
subunit is comprised of 195 amino acids with a total molecular weight of 20,957 Da (78).
‘When the protein is deglycosylated by treatment with N-glycosidase F and analyzed using
SDS-PAGE, the large subunit shifts from the broad band at M= 72-110kDa to a single
band at approximately M= 57 kDa while the band for the small subunit does not change.
When the protein is treated with 0.1 N NaOH to remove any O-linked oligosaccharide, no
change in the mass of the large subunit, nor the small subunit, is observed. Therefore it has
been inferred the large subunit contains only N-linked sites of glycosylation at asparigine
residues and that neither the large or the small subunit contains O-linked sites of
glycosylation at serine or threonine residues (74,79). Recently, Wallach et al. have
advocated that the sites of glycosylation on the large subunit are asparagines 131, 148,
and 239 (80). However, this hypothesis was formed from results obtained usiﬁg
incompletely processed large subunit expressed in canine membranes, not whole human
cells. Thus the location of the glycosylation sites in the purified protein has yet to be
detérrhined. ‘ |

The reduced form of the protein displays weak CO binding as evident by the
decrease in the absorbance of the Soret band and the « and B bands in the presence of CO

- (70,81). The absorbance spectrum of the protein is sensitive to excess pyridine, and is
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completely lost by the additiqn of 1M NaCl, or denaturing reagents, thus ihdicating thét o
the hemes are non-covalently bound (74,81). Extinction coefficients for the oxidized 'c;nd_
reduced bands of cytochrome bz have been calculated using the pyxidin¢ hemochrome
_assay (81,82). Values for the reduced minus oxidized A€@ 426 nm range from 106-161
mM™" cm™ while the values for a€@ 558 nm range from 21.7-29.3 mM™* cm™.

'i“he specific heme content of purified cytochrome b, calculated using the
extinction coefficients quoted above, is 20-30 nmol/mg of protein (74). The theoretical
value for a 1:1 protein to heme ratio would result in only 8.9 nmol of heme per milligram
of protein. This observation suggests that thére is more than one heme in the molecule.
Optical absorbance studies on cytochrome bssg done in situ by lizuka ‘et al., found that)at
77 K the ¢ band at 558 nm splits into two distinct peaks when cells ar.e‘stimulated under
reducing conditions (83). Work by Cross et al. showed that there are indeed ‘two non-
identical hemes present in the molecule as evident from the deviations in the redox
titration curves»of normal and mutated forms of cytochrome bss. The mid-point potentials

for the two hemes were determined to be at -225 and -265 mV (84).

Topolo . of Cytochrome b,

No X-ray crystal structure for cytochrome b exists at this time due to difficulties
in purifying large amounts of the protein. Additionally, since it is an integral rhembrane
brotéin it must be kept in detergent to keep it' from aggregating and thus is most likely
difficult to crystallize. Consequently, only low-reéolution'infonnétion on the orientation of
the protein in the membrane is available. Hydropathy analysis of tﬁe cytbchro_me bisg

; .
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suggests that there are five, possibly six, hydrbphob_ic transmembrane spanning regions oﬁ
gp91-phox and three trénsmemf)réne regions on p225ph0x. Extracellular regions on the
large‘ subunit include 19S YL NFARKRIKNPEGGLYL!" and 2‘.'6KISEWGI‘(IKEC256 as
determined by FACS ahalysis _(8‘5)(Bé1rnid§e, uhpublished results). Intracellulzl_r regions on |
the large subunit include % STRVRRQL”, 450 FEWFADLL_QLL 47 |
490 .FAVI-J[HDEEKDVIT(_»}503 , 'énd ‘554ESGPRGVI-‘IFIF 464 asd’etermiped by the inhibition of -
the intéfaction between the cytosolic pro;tein p47 ph‘b;\c with cﬁochrome bssg by p_eptidés
mimician these ‘regions 6 1',8:6,). Smé‘ll siibunit intracellﬁl‘ar regions include
15K QPPSNPPRPPPAE': éﬁd:”SAGGPPGGPQVNPH.’VTDEVVIl” that wer:e. also found :
.uto be binding régions of ‘p47iphox"(86j-88)’. In addition, 'jthé feg_idn be‘tWeen; o
lslGGPQVN:Iﬁ'S' ‘wag found té be intracéllul‘alr'by FACS analysis aftelr ‘i'de‘ntiﬁé::étioniof this - B
. region as the bif\iding site for a'.srf_la.ll s‘ﬁbunitlmonoclonal antibody (89). There aléo is :
' evidehce that sugges:t's, that fhi's ‘ant'il-sma.t_ilhsubur}l_it-_ antibody recognizes not on_ly the region . -
”‘IGGPQVNI188 1;)ut also 2'%I'IXTA_GRI*_"32 as part of a ‘split-epitope’ (Burritt, unpublished
results). B | | | |
| The amino acid .Seqﬁenqe of the pg91-phox anci péZ-ph‘o‘x is listed on the rext pége ‘

taken from the Swiss-Prot protein database.
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Table 1

Amino Acid Sequence of Large Subunit Human Cytochrome b,

SEQUENCE amino acids - 569: molecular weight -'65,204‘ Da; SWISS-PROT #: P04839
VYDIPPKFFY TRKLLGSALA LARAPAACLN

S'FNCMLILLPV CRNLLSFLRG SSACCSTRVR RQLDRNL_.

'NVEWCVNARV NNSDPYSVAL SELGDRQNES YLNFARKRIK NPEGG]

¥ SSTKTIRRSY FEVE

ERIVRGQ TAESLAVHNI

*ITVCEQKISEW GKIKECPIPQ FAGNE WRS QQKVVITKVV.

*'THPFKTIELQ MKKKGFKMEV GQYIFVK.CPK VSKLEWHPFT LTSAPEEDFF SIHIRIVGDW
3“TEGLFI;IACGC DKQEFQDAWK LPKIAVDGPF GTASEDVFSY EVVMLVGAGI GVTPFASILK
“2SVWYKYCNNA TNLKLKKIYF YWLCRDTHAF EWFADLLQLL ESQMQERNNA
“'GFLSYNIYLT GWDESQANHF AVHHDEEKDV ITGLKQKTLY GRPNWDNEFK TIASQHPNTR

*!IGVFLCGPEA LAETLSKQSI SNSESGPRGV HFIFNKENF

Potential Transmembrane Residues

TRANSMEM °*Lto®Y TRANSMEM *T to 2N TRANSMEM %9, to 1*°T

TRANSMEM %Fio A TRANSMEM N to %V

Potential FAD and NADPH Binding Domains
FAD ™Vto*'T ~  NADPH *Gto* Rand ™Ito*F
Know Mutations f.ound in X-linked CGD Patients
VARIANT !“H -> R (IN X-CGD); VARIANT %A ->  T (N X-CGb)
VARIANT 2*H ->Y (IN X-CGD); VARIANT 28C > S (IN X-CGD)
" VARIANT *¥P ->H (N X-CGD);‘ VARIANT *G -> A (IN X—CGD)

VARIANT *“P -> H (IN X-CGD); VARIANT “*D -> G (IN X-CGD)
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Table 2

"Amino Acid' Sequence of Small Subunit Human Cyl,to'c"_:h;r()lnt_:T bess .-

“GSTMERWGQK HMTAVVKLFG PFTRNYYVR _ ACLAIASGIY
*LLAAVRGEQW TPIEPKPRER PQIGGTIKQP PSNPPPRPPA EARKKPSEEE AAAAAGGPPG |

18l GPQVNPIPVT DEVV

Potential TranSmembrane Residues

TRANSMEM ‘W to®T TRANSMEM *Y to“P TRANSMEM - ®A to "'T

Know Mutation§ found in Autosomal Recessive CGD Patients ‘
VARIANT ®R -> Q (IN.AR-CGD); VARIANT H -> R (IN AR-CGD);

VARIANT 7§ ->R (IN AR-CGD); VARIANT '*P .> Q (IN AR-CGD)

" The ahaded regions in the amino acid sequences listed fnr gp91-phnxand p22-
phox denote t-ne potential? transrnembrane regions ‘for the aubuﬁts 'dednced ‘ﬁ*()rn |
| hydrdpathy ana1$lsis.' The rééiduas involvéd in these .prbpoaéd tf“anSmenibrane domains a;e )
~also 11sted Proposed s1tes of glycosylatlon are des1gnated by bold double unde,rhned |
asparaglne re31dues (_) All histidines in both gp91-phox and p22-phox are shown in bold
(H). The residues 1mp11cated in the FAD binding domain, as well as the pe'siduesf of the
proposed NADPH binding sites are listed below the aminoaci.d se;ciuence for gp91-

phox(90-92).
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Location of the Hemes in Cytochrome b,

The exact location of the residues that coordinate the hemes iﬁ cytochrome b, is
not known. There is no clear homology between known hérﬁe bearing proteins and
cytochrome bss; making the assignment of a heme binding domain from sequence data
difficult. Identity profiles indicate that there is a 31 residpe region within the small subunit
that is 39% identical with the known heme bearing region of pélypeptide I from
mitochondrial cytochrome ¢ oxidase (78). There is also evidence from hydropathy .
analysis that this same region is similar to the heme bindiﬁg region of myoglobin (78). -
FRE 1 ferric reductase from the yeast Saccharomyces cerevisiae has been showﬁ to shére
séme horhology with the large subunit of cytochrome by, relative to their histidine ’.
containing hydrophobic regions (94,95). The protein has a reduced minus oxidized
spectrum similar to b-type cytochromes, however it is a monomeric protein. One key point
that aids in narrowing the lécation of the hemes is that the energetics of the electron
transfer function of the protein preclude the existence of a heme center in a water
accessible environment, suggesting that the sités, of hemé- ligation must lie within the
membrane (60). This deduction is supported by the insensitivity of the 'ab‘sorbance’
~ spectrum neutrophil membranés subjected to partfal digestioh (96). '

Electron spin resonance experiments pérformed on purified cytochrome b, and
cytochrome bss, in membranes have suggested that the hemes are bound to the protein
through low spin bis-histidine ligaﬁoh (90,97-103). Radiation inactivation experiments. - |
carried out on cytochrome b, in purified membraneS‘ have also ‘suggested alt'arge't ‘sizg of

~ 21 kDa, implicating the small subunit in the binding of .t-he:hem'e‘s (104) Another
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exp‘eriment aimed at purifiying the heme containing moiety of cytochrome b., resulted in
- the isolation of a single protein component at a molecular weight of ~ 20 kDa (105). This
protein purified separate from the large subunit of cytochrome bss; and displallyed the same
absorbance spectrum as the intact protein. Partial digestion experiments done by Quinn et
al. showed that purified cytochrome b, solubiliéed in Triton X-100 did not lose spectral
activity after digestion with V8 even though the subunits were clearly degraded into ‘
smaller fragments (96). The pfoducts of the digestion were separated by LDS-PAGE at
4°C and stained with tetramethylbenzidine (TMBZ) to detérmirje the location“ of heme in |
the gel. Their ﬁnding-s clearly showed that an immuqéreactive fragment exhibiting heme
staining activity was present at ~ 20 kDa. TMBZ staining éf undigested cytochrome by,
separated by LDS-PAGE showed that both the large and small_ subunits contained heme.
These results indicated that both the large and small subunits of cytochrome bs, are
“involved in heme binding.

The histidines that are marked in Figure 1 represent the possible hydrophobic
locations for the bis-histidinal coordination of the"h‘ermes in cytochrome bss3 based on the
model by Parkos et al. (93). The histidines fouﬁd in transmembrane regions II and IV ét
positions' 100 and-208 (shown with heme attach“ed).have been implicdted in the binding of
heme in porcine neutréi)hil- cytochrdme bsss as determined by Fujii ‘e,t al. (‘100). The
position of the other heme in the figure serves to Si‘lOW andther poésible coordination site.
To date there has been no evidence to completely rule out the possibilify of the small
subunit sharing a heme with the large subunit. Yet it is known that the small subunit is not

capable of coordinating the heme by itself as determined by DNA sequencing of the small
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subunit which displays a polymorphism at H 71 (106). Therefore. The model shown in
Figure 1 functions as a reference in this thesis regarding the possible heme binding

domains of cytochrome b.s;.

Goals of This Dissertation Research: Isolation and Identification of Spectrally Active

Heme Bindin Domains in Human Neutrophil Cytochrome b,

Cytochrome bss, is the terminal component in the NADPH oxidase system
responsible for the production of superoxide in neutrophils, and thus it plays an essential
role in the function of these cells as guardians against host infection (60-62). Without
knowing the complete structure of the cytochrome ., it is difficult to design approaches
aimed at manipulating the inflammatory response by altering the function of the protein.
Knowing the location of hemes in cytochrome bss; would be particularly useful, since
these prosthetic groups are ultimately responsible fof the redox chémistry of thé enzyme.

Therefore, the goal of the second part; of thi_s thesis was to dgvglop ﬁethods aimed
at isolatingmspectrally active heme binding domains from paﬁiélly digested cytochrome
bsss. Experiments were designed to fécilitate the accurate mass determination of the hemé '
bearing fragments obtained by partial digestién to allow for ideritiﬁ_cation from the known
sequence of the protein. Specific proteases combined with‘the accurate mass data, along
with specific immunological probes, would facilitate localization of the heme binding
domain. This appoach can provide direct biochemical evidence as to the primary structures

of the heme binding domain of human neutrophil cytochrome bss.
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Chapter 2

A PHASE-SEPARATION TECHNIQUE FOR THE ANALYSIS‘ OF
DETERGENT S OLUBILIZED BACTERIORHODOPSIN
ELECTROSPRAY IONIZATION MASS SPECTROMETRY

Introduction
The use of mass spectrometry for the accurate maés determinatidh of ihtegral
membrane proteiﬁs has been reported in a nur'nber‘of arti'cle;s. (1-6) with bacterio"rh‘c;dopsin‘,‘ ‘
or BR, being one of thé I“nOSt studied integral membrane proteins. B,R is commonly ﬁsed |
since it is readily available from purplémembrane of the bacterium Halobacterium
halobium in high concentrations (7) and in addition, the protein is ‘e)‘(tremely stable and has
a known seven-transmembrane helical structﬁ'ré (8). These characteristics make it an ideal

model in methods development designed to make the accurate mass determination of
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intact integral membrane proteins a less arduous task.

In most mass épectrometric analyses BR is prepared directly from native
membranes of Halobacterium halobium by solubilizing the protein in solvents such as
h_exaﬂﬁoroisopropanol, tri-fluoroacetic acid (TFA), and formic acid pridr to ionization by
MALDI or ESI. Bec’:ause‘ BR is present in native membranes at a high conceﬁtration
purification is not needed, however, most integral membrane proteins are obtainable in
low concentrations and as part of a complex mixture when taken from native membranes.
Therefore, integral membrane proteins are typically solubilized in detergent, then isolated
using standard purification methods such as ion exchange chromatography, gel filtration
chromatography, and affinity chromatography (9). Since detergent is used in most, if not
all, purification ‘sc’hemes 'iﬁvolving‘ integral membrane proteins, a method that lwould h
tolerate the presence of detergént in the sample is essential for routine use of mass
spectrometry in the analysis of this class of pfoteins.

Examples of studies incorporating detergent include the works by Rosinke et al.,
Hufnagel et al. and Le Maire, where detergent solubilized purple membranes were
analyzed by MALDI and ESI respectively (1,2,5). In the case of Rosinke et al., detergent
solubilized BR was directl;lr mixed with matrix solution and analyzgd ﬁsing MALDL
Hufhagel et al. precipitated the protein from detergent solution, Washgd thé precipitant
with hexane to remove lipid, then solubilized the dried pellet ih |
chloroform/methanol/water formic acid preceding analysis by ESIL. The analysis done by
Le Maire et al., obtained accurate mass on BR separated by SDS-PAGE, where the band -

containing the BR was excised from the gel, and electroeluted into solution. The SDS was
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removed frém the electroelution solution by cold acetone precipitation, thenthe BR wa§
solubilized in acetonitrile/water/formic acid and finally aﬁal‘yzed by ESI-MS. Of the three
preceding examples, 'only the study by Rosinke et al. shows the effect of various
detergents on the quality of the mass spectrum using MALDI MS. To déte no comparison
has been made on the quality of ESI MS mass spectra of BR using different detergents.

BR in an aqueous detergent solution cannot be analyzed using standard
electrospray solvents and detergent concentrations (3). In this paper we present an
approach to the analysis of bacteriorhodopsin solubilized in the deterger.lts?
cetyltrimethylammonium bromide (CTAB), octyl glucoside (OG), and CHAPSO. This
method utilizes the isolation of BR from detergent "solu-‘t,‘ion into a chloroform rich phase
produced when the aqueous detergent solutioﬁ of BRis combined with a tertiary mixture
of chloroform/methanol/water 1% acetic acid. This ‘phase separation’ technique allows
for the isolation of the protein in a solvent that can be easily eleétrosprayed, thus avoiding
the trouble of generating a stable electrospray from an aqueous detergent solution.

The findings presented here show that the phase séparation technique can be uéed
to obtain the accurate mass of bacterioopsin or BO, (M.W. 26,784) solubilized in the
detergents cetyltrimethylammonium bromide (CTAB), octyl glucqsidé (0G) and
CHAPSO. Additionally, the phase separation technique was sﬁccessful at providing fhe B
means for analyzing a synthetic hydrophobic peptide. This pepﬁde was synthesized to
model the transmambrane region of an integral membrane protein and consisted of the
sequence KKAA(FAA),AKK. This' peptide was found to consist of a mixture of peptides

differing by the mass of one alanine when analyzed by ESI-MS using the phase separation
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technique. This finding was confirmed by comparing MALDI MS spectra with ESI-MS

spectra.

Materials and Methods

Sample preparation

Bacteriorhodopein used in this study was obtained from purple membranes isoiated
from Halobacterium hdlobium and further purified by sucrose gradient centrifugatiori. The
final suspension ef membranes contained 30% sucrose in water. A 100 /;1 volume of the
membrane suspension contaming a 370 pmol of bécteriorhodobsin (&ef.ermined |
photometrically) was mixed with 100 w1 of a 1% stock detergent solution of either CTAB,
OG, or CHAPSO. The BR in aqueous detergent solution waé combined with 800 ul of a
2:5:2 v/v/v chloroform/methanol/water 1% acetic acid solution and agitated for 10
seconds in a vortex mixer to create an emulsion. The emulsion was then centrifuged at
10,000 X g for 5 minutes, generating two phases. The lower chloroform rich phase was
then injected into the electrospray source via a Rheodyne HPLC injector.
The lyophilized _synthetic peptide having the proposed seqﬁence
KKAA(FAA),AKK was subjected to the same phase separation process described above.
All solvents and detergents used for the analysis were obtained from commercial sources

and were of analytical grade.
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Mass spectrometry

ESI mass spectra were collected on a VG TRIO;Z (VG, Manchester, UK) With a
mass range of 2,000 Da and a home-built capillary ESI interface (10). Spectra were
collected by scanning from m/z 1000 to 2200 in 5 s with each spectra rebresenting the
average of 10 scans. The scanning rate for the synthetic beptide was 5s over a range of
m/z 200 to 1500 Da with 10 ;c,cans averaged for the spectrum. External calibration was
done using myoglobin (M.W. 16,951 Da). The eléctrospray carrier solvent was the same
as that used by Schindler ét al. (3) consisting of cﬁlproform/methanol/water 1% acet‘icl ‘
acid at a ratio of 2:5:2 v/v/v. The flow rate for the electrospray solvent was.1 w1/ min |
su;tained by a éyrin_ge pump.‘ The Vol.u'me of sample ‘injected for each spectra shown wa§
10 ul. The sample was introduced to the sourcé via a non-coated fused silica capi‘llary
tubihg having _the dimensions 50 um ID. x 150 xm O.D. and a length of ‘SO.cm. The
MALDI data for the synthetic peptide was collected on a PerSeptive Biosystems Voyager
benchtop model time-of-flight mass spectrometer. The syntheﬁc peptide samplé was
solubilized in 1,1,1,3,3,3 hexafluoroisopropanol then mixed 1:1 with a saturated solution
of the matrix oc-cyano-4-hydroxjcinnamic acid (ACHCA). The sample was spotted on a -

sample tray and allowed to air dry before analysis.

Results -
A summary of the structures and physical propefties of the detergents used in this
study is given in Table 3. The non-ionic detergent octyl-B-glucoside is a non-denaturing

detergent with a hydrophobic tail of n-octane and a hydrophilic head of B-D-glucoside. It
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is less denaturing than ionic detergents and also has the benefit of reducing non-specific
interactions between hydrophobic proteins once they are solubilized from the membrane.
' The ionic detergent CTAB used for this study is a quaternéry ammonium salt that has
properﬁes similar to that of the commonly used anionic detefgent sodium dodecyl sulfate . .
(SDS); accordingly it ﬁas a propensity to denature protein&

Mass Spectra of detergent solubilized BR acquired f;rom the chloroform layer after
the phase separation technique, using the detergents described above, are shown in
Figures 3, 4 and 5. Figure 3 shows the spectrum of BR that was solubilized in the
detergent CTAB and analyzed by ESI-MS. The additional peaké at higher mass, that are
not resolved, are thought to represent the precursor forms of mature BR where the leader
éequence is incompletely cleavgd pﬁor to transport to the membrane (11).

'I;he‘ ESI ﬁass spectrum of BR that was solubilized in octy1~B-g1ucoside prior to
phase separation is ‘shown in Figure 4. Thé series of peaks labeled ¢ can be seen slightly
higher in mass than BO. These peaks reprevse.nt either BO with the leader sequencé GVS- |
incompletely- removed or possibly BO with retinal attached. The péaks ther in mass than
the peaks labeled ¢ are better resolved relative to BR run in CTAB and are again likely |
due to BR with.an incompletely cleaved léader sequence, hoWever,‘ a proper centroid
cannot be assignéd to these peaks. |

‘The best resolution was achieved when BR was solﬁf)ilizeci m CHAPSO as shown
in Figure 5. Peaks labeled ¢ are well resolved as are the peaks labeled aand b, Again, t,he.
péaks labeled ¢ ‘represents either BO with the leader sequence GVS- incompletely

removed or possibly BO with retinal attached. Based on the mass assignment for these
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Figure 4. ESI mass spectrum of bacteriorhodopsin (BR) from purple membranes solublhzed in octyl-f3-

glucoside (OG). The spectrum represents the average of 10 scans and approximately 110 pmol of
protein. The sample was derived from the chloroforin phase using the phase separation techniqued
described in the text. The series of peaks labeled ¢ are either from BR or BO with the incompletely

‘cleaved leader sequence GVS-. The unlabled peaks are also presumably due to incompletely processed

forms of BR.
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Table 3

- Calculated and e)iperiméntal ni'asses found for bacterioopsin, baCtefibthdd,psin and precursor forms "

solubilized in detergent

b-l_)Serrv‘ed Masses

_SAMPLE 1% CTAB - 1% OG 1% CHAPSO
Bacterioopsin | 26,800 Da 26,793 Da " 26,795 Da
mw. 26,784 Da error - 0.06% error - 0.04% error - 0.04%
- Bacterio- wa - 27062Da  27,065Da

: r‘hodops'in.'- R P _ _ o ~error-0.01% . -error - 0.01%

_ m.w. 27,068 Da - -
~Bactér'ioofptsi'n- T C n/a - - 727,062 Da , 27,065 Da-
precursor GVS- | . o etror-0.06% ~error - 0.07 %

m.w. 27,044 Da’

Badteridopsin . - ‘wa o
‘precursor TAVEGVS- | Do. o L
mw. 27,444Da

Bdctérioopsin T n/a R n/a
precursor LPTAVEGVSQ-
‘m.w. 27,729 Da

27424Da
error = 0.07%

27,692 Da
~ error - 0.13%

Sb
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peaks, it appears that BR remains intact when sohib_ilized in CHAI_)SO. However, BO with
the leader sequence GVS- incompletely removed has been described by Hufnagel et al. |
‘using ESI-MS and the mass difference between BR and BO-vr(ith the :leader' sequence
GVS-is enly 24 Da. The other peaks labeled a and b are due tethe precursors described
by I\/Iiercke et al. and recently characterized by Hufnagel et al. (1,11). The peaks labeled a
in Figure 5 are within 0.07% of the mass determined for the incompletely processed form
| ef BO having the leader sequence TAVEGVS-. The peaks labeled b in Figure 5 are within
0.13% of the mass determined- for the incompletely processed form .Of BO hav‘ing the
leader seqnence LPTAVEGVS-. Table 4 lists the calculated masseset"n:vd obs‘erved- masses
for BO and BR. It also includes the calculated and observed masses for the incornpletely |
cleaved protein. |

The spectra in Figure 6 represents the results from solubilizing BR in the
electrospray solvent containing 2:5:2 Chloroforrn'methanol‘water 1% acetic acid prior to
analys1s by ESI-MS Clearly the spectra is of lesser quality than those obtained with BR
solubilized in detergent precedlng analys1s ‘This was also the case for spectra obtalned | o
with BR solubilized in 100% formic acid (data not shown) The 50 um I.D. caplllary used
for the experiments became blocked after a short time (~305) d1srupt1ng the electrospray
when chloroform:methanol:water or 100% formic acid was used to solubilize BR. This is
in contrast to BR sOlnbilized in detergent folleWed by isolation using the phase separation
technitiue which did not result in any blockage :of the canillary. o |

The ESI-MS spectrum in Figure 7 represents the heterogenedus mixture of

synthetic peptides produced from the synthesis of the transmembrane peptide mimic
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Flgure 6 . ESI mass spectrum of bacter100ps1n (BO) from purple membranes in water without detergent
isolated by the phase separation method. The sample was derived from the chloroform layer using the phase -
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Figure 7. EST mass spectrum of the synthetic peptide KKAA(FAA),AKK solubilized in
CTAB. The sample was derived from the chloroform phase using the phase separation
technique described in the text. Isoforms representing varying numbers of alanine residues
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8y




49
KKAA(FAA),AKK having a mass of 2,769 Da. The peptide was not soluble in typical
elvectrospray solvents and could not be solubilized in straight formic acid. In addit-ion,_
standard acetonitrile/water gradients in reverse-phase HPLC couid not be uséd to
determine the purity of the ly.ophjlized product so the phase separation technique was
employed to examine the componénts of the peptide sample. The. lyopholized peptid‘e
mixture was solubilized in al% a(iueous solution of CTAB and isolated into the
chléroform layer after nﬁxing with the 2:5:2 chloroform/methanol/water. 1% acetic acid
electrospray solvent. The amount of heterogeneity in the synthesis is clear from the
spectrum, with the most prevalent isoforms having a mass difference of one alanine.
MALDI MS was performéd on the same lyopholized peptide by combining the sample
with 1,1,1,3,3,3-hexafluoro-2-isopropanol and the matrix ACHCA. The spectrum can be
seen in Figure 8 and the resolved ions differ by the mass of an ,alanine-. On comparison of
Figure 7 vs. Figure 8 it is clear that the isoforms are better resolved using ESI ﬁth the

phase separation technique.

Discussion
Evidence for the presence of gas phasé jons of intact BR (with the retipal attaqhed)
is based upon the mass assignments for the peaks labeled‘ ¢ in Figures 4 and 5. There is
the distinct possibility that these peaks are due to another ‘inco.mplpt'ély cleaved form pf
BO where the leader sequence GVS- is not cle_aved. This form of BO has been described
previously by Hufnagel et al. and diﬁ‘ers in mass by 24 Da compared to the mass of BR.

BR is an extremely stable protein functioning under extreme conditions of salt and
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temperature. Thus it is possible fhat the protein retains the retinal even aﬂer exchange
from detergent solution into a non-polar acidic solvent during the pﬁase separation step.
However, with the resolution obtained 'using our instrument, it is not possible to
unequivocally assigﬁ the origin of the peaks labeled % in Figures 4 and 5 Yet, it is
interesting to note that the den‘aturing detergent CTAB (Figure 3) has little if any peaks at
the mass of the peaks labeled ¢ in the Figures 4 and 5, where the less denaturing
detergents OG and CHAPSO were used. This difference suggests that the tertiary.
structure of BR within OG and CHAPSO detergent micelles is main_tain:ed while it is
disrupted in the presence of CTAB. However, it is difficult to conclude if this is a result of
the denaturing effect of the detergent, or the effect of the detergent on the electrospray‘
since the other precursors are of lower intehsity. The difference in resolution between the
different detergents is quite obvious. The réason for the improvement when using
CHAPSO is not .known, however, all the spectra from the three detergents were collected
on the same day‘using. the same BR stock, the same instrument settings for the mass
spectrometer, and new fused silica capillary tubing for each detergent. |

The amount of sample used for each spectrum over the ten écans averaged is
equal to 110 pm§1 of BR. Tt is not surprising that the spectra have good signal to noise for
this amount of protein, however, signal is lost after 60 seconds. The reason for this is not
known, yet BR hgs been shown to be pfese’nt in SDS-PAGE gels performed on the
remaining analyte in the capillary. The interaction of the detergent, protein, and lipid
existing in the capillary is not completely understood and attempts to spfay the chloroform

layer directly from a syringe, with only a short piece of cépillary tubing, have not been
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successful. Currently we are pursuing approaches to de-scn'be, the elution proﬁle of the
detergent relative to the elufi'oﬁ pattern of the analyte. In édditidn, samples of purple
membranes solubilized and sprayed using the 2:5:2 ESI‘ can*i& solvent alone, as previously
. described (3), had signal loss after ~30 seconds (Figure 6). This suggests that
incompletely solubilized lipids play arole in the loss of signal. |

One objective of this technique has been to obtain accurate mass determination of
mammaliaﬁ G-protein céupled receptbrs, such as bovine rhodopsin, and the spectra of BR

represent a good starting point. Eﬁ‘orts to acquire accurafe mass data on rhodopsin
dlrectly from ROS have so far falled using this techmque The large d1ﬂ’erence in the ratio
of lipid to protein in purple membranes of Halobacterzum halobium vs, bovme ROS (3/ 1
vs 20/1) is apparently one obstacle. When the phase separation t‘echnique is applied to
thodopsin in ROS, a precipitate like emulsion is formed between the chlofoform layer and
‘the aqﬁe‘ous layer. This result ‘differ.s significantly from p1.1rp11e membranes whgre the
boundary is well-defined. Currenﬂy we are trying to rembve lipid by solubilizing rhodopéin
from ROS in-OG then isolating the protein from a HPLC gel filtration column.

The ability to generate ions using ESI from a vsafnple contajning detergent has.
pro_veﬁ to be a difficult tésk. While MALDI has shown to be toleraht of many reagents
commdnly used in protéin purification including buffers, salts, and §Ven d‘etgrgent (2,12,
13,14) ESI has had a tendency to be intolerant of these same- reagents. The process in |
which an analyte ion in solution becomes an ion in the gas phase is ﬁ'Jndva_mcntally linked to
the number ‘of total ions in the solution. Thus it becomes difficult to produce .a stéble

electrospray when the concentration of ions in solution is above roughly 10°M (15). When
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detergents are used to solubilize an integral membrane protein, the amount of detergent
used is dependent upon the critical micelle concentration or CMC. Since most ionic
detergents such as SDS and CTAB, have CM?S in the low millirholar range, the resulting -
ions are ét a concentration in solution high ‘enough to disrupt the electrospray. However,
for zwitter ionic detergents and nqn-ioni,c aétergents this is not the cése. Yet, the presence
of zwitterionic detergents and non-ionic detergents creates an unstable eleét‘rospray in
samples that are otherwise easily ionized (16)'. Therefore, the loss of analyte signal in the
presence of detergent is most likely due to modification of the .sol.ution (i.e. surface
tension) énd/or comi)etition of the détergent for the electrospray current.

With this in nﬁﬁd a phase separatioh technique described here Was deéigned to help
eliminate the amount of detergent present.in a sample without losing the sample due to
aggregation. The phase se;;afation technique does not involve excessive samiole handling
and results in a quick approach to alleviating the disruptive effects of detergent in a sample
to be analyzed by ESI-MS. Since the majority of integral membrane proteins are found in
low abundance, they must first be solubilized in detergent prior to puriﬂéat‘ion. Hence a
technique designed‘ to folerate détergent solubilized protein has significant value and

should thus prove useful for analysis of other hydrophobic integrai membrane proteins.
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Chapter 3

IDENTIIFICATION OF
TRANSMEMBRANE TRYPTIC PEPTIDES OF RHODOPSIN
USING MATRIX ASSISTED LASER DESORPTION/IONIZATION |
 TIME-of-FLIGHT MASS SPECTROMETRY

Introductlon

| Integral membrane protems play central roles ina var1ety of cell functions such as
‘signal transduction, cellular homeostasis, cell-cell recogmtion, and host defense. These
protei'nsare deeply imbedded in oily cell membranes and have properties that make
structural analysis considerably more difficult than= for water soluble proteins. The 3-D
lstructures ofa small number of 1ntegra1 membrane protems have been successﬁally |
determined through the use of X-ray crystallography (1 3) Low resolutlon structures .
- have been obtained for bacterlorhodopsm (4) and rhodopsm (5-7) by electron
crystallography and electron microscopy. However, detailed structural informmion is not‘
ayailable for the vast maj ority of | integral membrane proteins. 'l‘ybically, strucrural featu:res
~of ‘iniegral membr'ane ~protein‘s- are inferred fr,om their amino acid seiquences.or ‘stndies VZ :

employing low resolution biochemical metho-ds such as in-situ proteolysis,'chemical
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modification, and epitope mapping (8,9). Cox'/alent _aﬁinity labeling studies have provided
structural and binding site informationvon water soluble proteins (10-12) to a lesser extent,
in membrane.proteir_ls (13,14). The information obtained in covalent labeling studies of
integral membrane proteins has been limited by the difficulty in identifying the hydrophobic
amino acid sequence containing the modified residues.

Sites of covalent labeling in proteins can be idéntified using mass spectrometry by
determining the change in mass of peptide fragments after labeling and by sequencing of
the modified p¢ptides in the mass :speqtr'ometer. However, ;cransmembrane cleavage |
fragments from iﬁtegral membrane prot‘einé present problems for the ionization methods
used in mass spectrometry. This is due to the hydrophobicity of the peptides and to
interference from the detergents employed for solubilization of these peptides. Still,
progress has been repbrted on characterizing both -hydrophilic and hydrophpbic peptide
fragments from a few integral membrane proteins. For example, peptide fragments ;>f the
nicotinic acetylcholine receptér have been identified using mass spectrometry in a number
of studies that focussed on the topography of the subunits (15), the sites of post-
translational modiﬁ;:ations (16), and thé site of a-neurotoxin biﬂding (1‘7). In addition,
chymotryptic peptides from the digestion of the recombinant hepatitis B surface antigen
integral membrane protein have been identified using mass spéctfometry (18). Studies
identifyirig peptides containing complete transmembrane regions include the analysis of
‘cyanogen bromide digests of apobacteriorhodopsin by fast atom bombardment (FAB) -
mass spectrometry (19). Nine of the ten expected cyanogen bromide cleavage fraéments

from apoBR were identified directly from the digest mixture,. FAB MS/MS was
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successful in providing amino acid sequence information on six of the nine pe_:ptide
fragments. The rerﬁaining peptides were too large ( > 3,000 Da) for sequencing using |
FAB MS/MS. A chymotryptic digest of aporhodopsin wés also. e_malyzed in the same
study, but only 5 of the 55 peptides expected (all with masses below 1,500 Da) were
identified and conﬁrrned by sequencing using FAB MS/MS (19). Larger proteolytic
peptides (9,428 Da to 11,860 Da) from sarcoplasﬁﬁc reticulum ‘Ca+2 ATPase, obtained by
digestion in membianes by V8 protease, have been identified by mass spectrometry. The
peptide fragments were isolated by SDS-PAGE, electrbeluted into solution, and analyzed
by electrospray ionization mass spectrometry (20). Thése peptides contained complete
putative transmembrane regions from Ca*? ATPase.
| In this study, we have used MALDI mass spectrometry to identify transmembrane
tryptic pepti.des of bovine rhodopsin. Rhodopsin is an archetype of the large superfamily
of G protéin—coﬁpled receptors and serves as a useful test case. Bovine rhodc;psin was
reduced, alkylated and diges;céd with trypsin, both in situ in ROS membranes and after
affinity purification in the detergent octyl-,B-gluCoside (OG). The detergent OG was
retained through the subsequent RP-HPLC and MALDI MS pfocedures. This approacﬁ
allowed for the mass-based identification of four of the six transmembrane tryptic
fragments of rhodopsin by MALDI MS. The identities of the peptides were confirmed by
Edman sequencing since the pebtides were too large for ‘sequ-encing by post-source decay
in the time-of-flight (TOF) mass spectrometer. The heterogeneity in the glycosylation of
the N-terminal tryptic peptide of rhod.opsin was characterized by MALDI MS, without

modifying the carbohydrate prior to analysis. In summary, we have shown that, by the
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appropriate use of detergent, transmembrane peptides derived from integral membrane

proteins can be analyzed by MALDI MS.

~ Materials and ,Methnd_s' .
Reagents | | |
‘Chemicals and solvents used in the study were either analytical grade or HPLC :

grade. Sequencing grade tryps1n (Type XI) and PNGaseF were obtalned from Boehrlnger
Mannhelm GmbH, Germany. Melittin, concanavahn A-agarose Type: V-B and methyl @
mann051de were obtalned from Slgma Chemlcal Company SDS was obta1ned from BlO- |
Rad Octyl- B glucoside (0G) and lauryldlmethylarmne oxide (LDAO) were- obtamed from

‘ Calblochem. Formic acid was obtained from F’luka (p;a.; 98%). Bovine retinal rod onter
segments were prepared ‘from_: bovine retinas and \yere kindly ;provided ‘by Professor Heidi

Hamm.

- Prep aration of Washed ROS Membranes

ROS were washed by suspendlng themin a delomaed water solution contalmng 1

| | uM EDTA and 0.02 % sodlum a21de The s suspens1on ‘was centrlfuged at 80 000 g for 30
min. The supernatant was removed and the pel_let resuspended by mild som‘c_atlon in fresh ‘
wash solution and cen‘;rifuged aéain. ‘T‘he xnembranes were \yashed and centﬁﬁged a third ‘

time to prepare a pellet of washed ROS mefnbfanes. :
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Preparation of Concanavalin-A Affinity Purified Rhodopsin

All steps in the preparation of thodopsin were carried out in dim red light to avoid
bleaching of rhbdopsin. The washed ROS membrane pellet was‘solubilized in3 % OG in
20 mM PIPES. Rhodopsin was purified by affinity chromatography on concanavalin-A
bound to agdr(;se beads (32). The OG concentration in the purified rhodopsin fractions
was decreased to 0.7 % (w/v) using a 10,000 Da cut-off Centricon concentrator
(Amicon). This procedure also 1.'educed the concentrations of methyl-c-mannoside and
buffer.used in the elution step. Rhodopsin concentrations throughout the procedure were
determined by me;clsuring- the absorbarice at 500 nm in 3 % LDAO‘. Purity Was estimated ‘

to be >95 % by SDS-PAGE.

Tryptic Digest

Samples were removed from Centricon filters and made 4 M in urea to partially
denature rhodopsin. Samples were then reduced and alkylated unless stated otherwise.
The samples were reduced with DTE then alkylated with iodoacetamide (33). The samples
were diluted 2 fold to loWer the urea concentration to 2 M and were digested for 24 hours
at 37°C with sequencing grade trypsin at an enzyme to substrate ratio of 1 :25 wiw. The
digestion was carried out at pH 8.5 in microcentrifuge tubes and stopped by freezing the
samples. Each sample digested contained approximately 100 ug of brotein. AS50pg
sample of melittin was used as a positive control for the digest. The complete loss of
intact melittin was confirmed with RP-HPLC. The efﬁciéncy of the rhodopsin digestion

was followed by SDS-PAGE and by HPLC gel filtration chromatography.
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Reverse Phase HPL.C

Chromatography was carried out on a Hitachi Model L-2500 HPLC system with a
variable wavelength UV detector set at 220 nm (Hitachi Instruments Inc‘.,‘ San Jose, CA).
SDS and formic acid‘ were added to the digest to a final concentration of 20 mM and 2 %
v/v, respectively, to reduce aggregation of peptide fragments prior to RP-HPLC |
separation. The sample was sonicated briefly and centrifuged at 10,000 g for 3 minutes
before injection. The injection vc.)lume was 100‘ ul aﬁd contained approximately 30 ng
(~700 pool) of digested rhodopsin. Sepa_rétion of tryptic peﬁtides was performed on a
Vydac C, 25 x 4.6 mm reverse phase column (The Separations Group, Hesperia, CA)
maintained at 55°C with a column heater. A binary solvent system for the separation of
hydrophobic peptides was used (34). The solvent system was comprised of mobile phase
A) 0.1 % v/v TFA, 0.08 % v/v morpholine and 0.1 % w/v octyl-B-glucoside in water and
mobile phase B) 0.1 % v/v TFA, 0.08 % v/v morpholine and 0.1 % w/v octyl-f- -
glucoside in 2:2:1 v/v/v acetonitrile: lfpropanolzwater. The gradient started at 100 % A,
ramped linearly over 50 minutes to.100 % B, and Waé then held at 100 % B for 15
minutes. The flow rate .was' 0.8 ml/min throughout the run. Fractions were collected into
2.0 ml polyethylene microcentrifuge tubes, concenftrafed 40-120 fol.d using a SpeedVac to
a final volumel éf approximately 10 ul, and sfored at4 °C; I.n‘ order to reduce the
possibility of carfy—over of any poorly solubilized material ﬁom run to run, the HPLC
column was washed between injections using 98 % formic acid. Blank gradients. were run
prior to inj‘ectinga sample to ensure that carry-over was not contributing to the detected

fractions.
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Mass Spectrometry

MALDI mass spectra were obtained on a PerSeptive Biosystems/Vestec Voyager
RP ’l;OF mass spectrometer (PerSeptive Biosystems, Framingham, MA). The instrument
has a 1.3 m linear flight tube, a 4 ns pulsed 33‘7 nm nitrogen laser, a dual stage source, and
a single stage reflector. All samples were run .in linear mode with 28 kV accelerating
voltage, 16.8 kV se(;ondary grid voltage, aﬁd 84 V guide wire voltage. Three matrices
were tried, 2,5-dihydroxybenzoic acid, sinapinic acid, and alpha-cyano-4;hydroxycinnarr1ic
acid. Of these three, alpha-cyano-4-hydroxycinnamic acid gave superior results and was
used in all MALDI experiments presented. The matrix wés prepared as a saturated
solution in 2:1 v/v water:acetonitrile. It was observed that léfger crystals were formed,
and MALDI mass spectra were improved, when a volume of the concentrated peptide
solution was first diluted with an equal volume of a 1:1 v/v ﬁﬁxture of Water:acetonitrile
with 0.1 % TFA. A 0.3 pl aliquot of the resulting solution was then mixed with an equal
volume of tile saturated matrix solution in a sample well and allowed to air-dry before

analysis. Melittin was used as an external standard (2,847 Da) for mass calibration.

Amino Terminal Peptide Sequence Analysis -

Sequencing wés carried out at the Har'vafd Microchemistry Fécility (Cambridgé, : :
MA). Concentrated sample fractions from the RP-HPLC"; described above, wéfe applied |
to the biphasic column of a Hewlett Packard G1005A sequenator (Palo Alto, CA)‘and
subjected to automated Edman sequencing, using the manufacturer’s recommended |

chemistry and protocols (Hewlett Packard Routine 3.0).
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Results

MALDI MS Used to Identify Transmembrane lepti"c Pep- tides of
Rhodop‘sin.‘ '

Figure 9 shov.vs a model of the .tranémcmbrane organiiati‘on of bovine rﬁodopsin, |
based upon the consensus of a large number of G protein-coupled receptor sequences
(4,21). The most hydrophobic amino acids are colored darkugreen, and the less | |
hydrophobic aminb acids are coiored light green. Arrows indicate trypsin élea;/age sités.
Sites of covalent post-translational palmitoylation on C322 and C323 are indicated by bold
zig-zag lines, and the glycosylé.ted sites at residues N2 and N15 are indicate& by chains of
small open circles. The inset to Figure 9 shows the peptides that Were‘ident_-iﬁed‘ by -

- MALDI mass sp.e‘ét;ometry and confirmed by Edma;l nﬁérc;sequeﬁcing (blacAk) as well as
the glycosylated N-terminus identified by MALDI mass spéctrometry (grey). The high
hydrophobicity of the peptides shown in black in the inset can be seen in Figure 9 by the
abundance of dark green hydrophobic residues‘ for the same ‘rie‘gi'ons in the color model.

Tryptic digeétion of reducedfan‘d' alkylated rhodopsin was carried out in room light
on two different types of preparations: affinity purified rhodopsin in OG and rhodopsin in
washed ROS membranes. Peptides generated from the digestions of these different
rhodopsin preparations wére separated by RP-HPLC. Figure 10 -s‘howsRP-’fIPLC B
chromatograms of a tryptic digest of coﬁcanavaliﬁ A purified r-hodoll)sin while Figufe 11is
a tryptic digest of rhodbpsiﬁ in washed ROS membranes. Figure 12 is a blank trypsin‘
 digestion. Fractions were collecte& for every peak iﬁ the cvhrom‘atogram, and each fraction

was analyzed by MALDI MS. Rhodopsin peptides were shown to be present in the
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Table 4

HydrOphobic tryptic peptides from the transmembrane regions of rhodopsin

Position of tryptic - Retentiontime = Hydrophobicity Index Calculated ~ Mass-Obs. N-terminal
'p'épt‘ide’ in sequence (RP-HPLC) (Bull&Breese) o - Mass® ‘_ by MALDI MS | sequence /
amouint © ' o ' o o R
M. 266 = 48.6 min. -' 22,490 | ' 5331Da 5,330 Da SPFEA--
e 70-135  NA | -26,080 © .'7,233 Da  NA | ﬁ/A |
| | #8 148-177 rr 37.3 min. 4160 3,260 Da 3,264 Da ' FGENH.-
e 178-231 '.-  50.6min, -22,620 e Da  65%6Da  YIPEG-
#5 _‘-"_253-_296 o NALL 23320 . .s39Da NA NA :
#5*"249-’296  . 506min 22,580 B 5,531 Da 5,536 Da’ EVTRM

- This ‘pevpt‘i'de includes the ’t,etra‘pep_‘gide EVTR tha_fwa's not cleaved at R 252
5 All masses listed include the alkylation of available cysteines

*© Amoutit refers to the amount of sample estimated by Edman microsequencing data
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Figure 10. Chromatogram of a tryptic digest of concanavalin A purified rhodopsin.
. The peaks labeled with an arrow contain the peptides characterized by MALDI MS.
‘and Edman sequencing. -Symbols above peaks denote fractions that contained
transmembrane peptides that were identified by MALDI MS only
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majority of the HPLC fractions collected lsetween 35 and 55 minutes in‘chromatogran‘ls A)
and B). To assist in the discussion of these results, properties of the transmembrane
tryptic peptides of rhodopsin are listed in Table 5. The table gives the position of th¢
peptides in the sequencs of rhbdopsin, RP-HPLC retention times obtained in this work,

‘ hydrop‘hobicity.f index (22), calculated mol‘ecula'r‘weight (after alkylation of cysteine
residues), observed mass by MALDI MS_,:and 'she N-terminal sequence identified bsl :
Edman microsequencing. We will first discuss the MALDI results for four HPLC peaks in
chromatogram A), selected on the basis of the quality of the mass spectra. We will -
proceed from left to right in the color model, shs)\;vn in Figure 9.

Figure 13 shows the MALDI mass spectrum pbtained' fr‘ém the I-IPLC fraction thas
eluted at 48.6 minutes in Figure 10. Mass peaks are observed at m/z 5,330 Da (&) and |
5,458 Da (b). The lower mass is within O‘.Oi % of the calculated mass of peptid‘e #1 in
Table 5. This peptide, amino-acids 22-66, includes frapsmembrahe helix I of rhodopsin
(Figure 9). The peak labeled b has a mass corresponding to peak a plus an additional
lysine (amino acids 22-67). When there are two conseéu_tive -lysines; as in K66 and K67 in
fhodobsin', it is not unusual for trypsin to skip a "cle'avage site. This results in two peptides
that have the same N-terminus but differ in their carboxy terminus by one lysine, and this
pattern adds confidence to the mass 'spectral‘ interpretation. The identity of this peptide
was cohﬁrmed‘ by Edrhan sequencing as disdussed belsw. l‘

Figure 14 shows the MALDI mass spectrum‘(-)f the HPLC fraction that eluted at
37.3 minutes in Figure 10. The mass of the larger peak at m/z 3,264 is within 0.1 % of ths

calculated mass of peptide #3 in Table 5. As seen in Figure 9, this peptide (amino acids
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Figure 13. MALDI mass spectrum of hydrophobic tryptic peptide #1, described in Table 2,

- isolated from affinity purificd rhodopsin. The sample is from the RP-HPLC fraction cluting at 48.6

minutes and contains transinembrane helix | (shown in Figure 10). The peak labeled a contains

- amino acids 22-66 while the peak labeled b contains amino acids 22-67 indicating incomplete -
" trypsin cleavage. The spectrum is the average of 78 laser shots.
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. Figure 14. M'A-LDl‘ mass spcctnlj11 of hydroplidbic‘(ryptic peptide #3 described in Table 2 isolated from

affinity purificd rhodopsin. The sample is from the RP-HPLC fraction eluting at 37.3 minutes. The
peak at m:z 3,264 represents the mass of amino acids 148-177 and includes transmembrane helix 1V
(shown in Figure 10). The spectrum is the average of 26 laser shots.
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148-177) includes transmerﬁbrane helix IV of .rho‘dopsinj. The peak at m/z '3,264 is seen to
have two distinct shoulder peaks, at 16 and 32 Da higher mass. These are likely to be the
result of oxidation of methionines to sulfoxides (+16) and/or sulfones (+32). The smaller
peak at mass m/z 2,442 iﬁ Figure 14 has not beeﬁ identiﬁed. |

The MALDI mass spe-ctrum of the HPLC fraction that eluted at 50.6 minutes in
Figure 10 is shown in Figure 15. The higher mass‘ peak (b) was identified with peptide #4,
since the measured mass was within 0.1 % of the calculated mass as shown in Table 5.
Peptide #4 consists of amino acids 178-231 and‘ includes transrﬁembrane helix V (Figure
9). The measurea mass for the peak labeled a in Figure 15 was 5,536 Da. ‘This mass is
not close to the calculated mass of any peptide that would result from the complete tryptic
cleavage of rhodopsin. Howeyver, it is within 0.1 % of the méss calculated for amino acids
249-296. This peptide would result from incomplete cleavage by trypsin at R252. As
seen in Figure 9, this peptide includes transmembrane helix VI and part of helix VII and is -
labeled #5* in Table 5. The mass-based identification of this peptide was confirmed by

Edman sequencing, as discussed next.

The Identities of Rhodopsin Tryptic Peptides were Confirmed
by Edman Microsequencing |

The mass—bésed identification of peptides #1, #3, #4, ahd #5* outlined above is
quite convincing. However, with a mass éccuracy of 0._1 %, sequence infc;rmation is
required for unequivocal identiﬁcafion of thé ﬁeptid‘es. For this reason, Edman sequencing

of the first five amino acids was performed.on the samples used to obtain the MALDI
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Figure 15, MALDI mass spectrum ol hydrophobic tryptic peptides #4 and #5*, described in Table 2 isolated .
- - [rom affinity purified rhodopsin. The sample is from the RP-HPLC fraction eluting at 50.6 minutes. The

peak labeled a at mz 6,536 represents the mass of amino acids 178-231 (peptide #4) and includes -

- transmembrane helix V (shown in Figure 10). The peak labeled & at m/z 5535 represents the mass of amino
© acids 249-296 (peptide #5*) and includes transmembrane helix V1 and a portion of lielix VII (shown in

Figure 1). The spectrum is the average of 28 laser shols.
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mass spectra in Figures 13 to 15. All five N-terminal residues were correctly identified for
all of the peptides #1, #3, and #4 in their respective fractions. Hydrophobic tryptic
peptide #5* was identified as a minor sequencé from the HPLC fraction at 50.6 minutes in
Figure 10. In this caée the amino acid assignments were méde with reference to the
sequence of rhodopsin. Two additional minor' sequencés were read from the HPLC
fractions discussed above. The sequence for the tryptic peptide making up the C-terminal
half of the. seventh transmembrane region, starting at threonine 297 (Figure 9), was read
from a fraction that also contained peptide #1. Thé sequenée for the tryptic peptide
starting at asparagine 3‘15,-that contains the sites of palmitoylation at cysteines 322 and
323, was read from a fraction that also contained peptide #3 and frém a second fraction
that also contained peptides #4 and #5*. Both of these minor sequence peptides are
hydrophobic, as shown by a large negative Bull and Breese hydrophoi)icity value (- 5,190)
for the peptide starting at threonine 297 and due to the addition of palmitoyl groups in the
case of the péptide starting at asparagine 315. No mass peaks were found in the MALDI
spectra that could correspond to possible tryptic p-eptide,s starting with these sequences.

Positiye identification of the transmembrane tryptic peptide #2 was not achieved,
either by MALDI MS or by Edman sequencing. The peptide must have been produced in
the digestion, since peptides on either side were positively identified. However, since
peptide #2 is the largest and also the most hydrophobic (T-abl.e 5), the recovery of this
peptide may be considerably lower than for the other peptides. The small hydrophilic
peptides (<1,000 Da) from the ldop regions of rho&opsin and‘the C-terminus Wére not |

detected by MALDI MS. This study focussed on hydrophobic peptides, and it is likely
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that ﬁnder the RP-HPL.C conditions used, these small hj/drophjlic peptides were not
retained by the column but were eluted in the Qoid fraction which was not studied by
MALDI MS. However, the N-terminal glycopeptide was isolated by RP-HPLC, both with
OG and without OG (data not shown). The signal intensities of this peptide in both HPLC
chromatograms and in MALDI spéctra were similar. Therefore, for this particular
hydrophilic pepﬁde, OG did not significantly effect HPLC recovery or MALDI ionization.
Some of the mass sbectra of the fractions from the RP-HPLC of the concanavalin
A purified rhodopsin digest, Figure 10 contaiﬁed mass peaks that could not be identified
(data not shown). Their masseé did not match those of the t‘ryptic‘ peptides of rhodopsin
or concanavalin A. The possibility of chyrﬁotryptic activity by autolyzéd trypsin on
rhodopsin or concanavaliﬁ A, was investigated; however, no matches were found. The
unidentified mass peaks did not originate from trypsin autolysis since they did @ot appear .

in the mass spectra of the HPLC fractions collected in the blank digest, Figure 12.

Tryptic bigestién of Rhodopsin in Washed ROS Membranés

Figure 11 shows the RP-HPLC chromatogram of the tryptic digest of thodopsin in
washed ROS membranes. Peptides that were identified by MALDI MS are listed next to
each corresponding HPLC peak, using the nurﬁbering in Table 5. It is'noteworthy that
exactly the same peptides were identified from HPLC fra&ions at essentially the same
retention times as for thie concanavalin;A purified rhodépsii& The additiohal large peaks |
between 51 and 58 minutes in Figure 11 are due primarily to membrane phospholipids as |

identified by mass (600-800 Da) and mass 28 (-CHZ-CHZ.-) periodicity using MALDI MS.
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When a sample of concanavalin-A purified rhodopsin digest was injected after a run of a
digest of rhodopsin in washed ROS membranes and a routine formic acid column wash, no
phospholipids were detected by MALDI in thg HPLC fractions from 51 to 58 minutes.
Thus, no carry-over of phospholipids was observed.

In addition to trypsin, the more specific protease Lys-C (which cleaves at lysine
only) was used to digest washed ROS membranes. In this digest, the‘hydréphobic
tranémembrane peptide labeled #1 in Table 5 with thre¢ additional amino acids, amino
acids 17-20, was positively identified by MALDI MS and Edman sequencing (data not
shown). This peptide appeared at essentially the same reténtion time as did-peptide #1 in
Figures 10 and 11. TI;e similarity in the results using different sources for rhodopsin and

different proteases demonstrates the reliability of the technique.

Heterogeneity in the Glyéosylation of Rhodopsin Assessed by MALDI MS

The MALDI mass spectrum‘of the HPLC fraction eluting at 19.8 minutes, Figure
10, displayed a number of mass peaks between m/z 4,000 and 5,200. A mass spectrum
with the same mass peaks, 1t.)ut of superior quality, was obtained at a similar HPLC
retention time from a tryptic digest of rthodopsin in washed ROS membranes without -
reduction and alkylation. This mass spectrum is shown in Figure 16. The most intense
mass peak appears at m/z 4,036. It has bgen shown that mannose and N-
acetylglucc;samine monosaccharides are the primary componenfs of the carbohydrate -
portions of thodopsin (23). More recent work has shown that the glycopeptide from the

N-terminal portion of rhodopsin contains 3 mannoses and 3 N-acetylglucosamines
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- Figurc 16. MALDI mass ‘s'p~é'clm'm of the N-terminal tryplié peptide (amino acids 1-16) of thodopsin digésléd in washed

ROS membranes. The peak labeled GP (glycopeptide) at m/z 4.036 rcpresents the predominant glycosylated peptide

_containing the glycosylation sites al N2 and N15 with each site having an oligosaccharide comprised of 3 mannoses and 3 '
- N-acctylglucoseamines. Peaks at higher m-z represenit oligosaccharide heterogeneity and dre labeled by the number of

additional hexose (Hex) and N—accl\lhexosamme (Hexaminc) monomers added to the GP peak as determined: by the -
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attached to each glycosylation site; N2 and N15 (24). Indeed, the 4,036 Da mass in
Figure 1‘6 matches the calculated mass of the tryptic peptide -containiﬂg amino aci_.ds 1-16
with the addition of 6 mannoses aﬁd 6 N-acetylglucosamine monomers. Addit.ional‘
verification that our sample was the glycosylated N-terminus of rhodopsin was achieved
by treating the sample with the glycosidase, PNGase F. The glycosidase reaction was
monitored by MALDI MS. A gradual shiﬁ to lower mass peaks was 6bserved', and after
complete digestion a single peak with the expecfed mass of the non-glycosylated peptide
was observed gt m/z 1,844 (data not shown).

Most of thé ‘higher_mass peaks in Figure 16 match the mass of the 4,036 Da
prfmary glycopebtide with the addition of varying numbers of hexoses and N-
acetylhexosamines. Other higher mass peaks were not identified and may be due to
modifications to the carbohydrate or alte;‘natively to substitutions with other ‘
monosaccharides having different molecular weights. Without carbohydr'ate sequencing
studies, the exact s;cructures of these glycoforms éannot be determined. However, the
MALDI mass spectrum reveals that there are many more rhodopsin glycoforms than had
previously been shown to exist (24-27). This demonstrates that MALDI mass
spectrometry is a simple and powerful approach for asse;sing the heterogeneity of

glycosylation in membrane proteins without derivatization of the carbohydrate.

Discussion
The use of the non-ionic detergent octyl-f-glucoside in the RP-HPLC mobile

phase as well as during the subsequent sample handling procedures was critical to the




79

success of identifying transmembrane tryptic peptides of rho‘dopsi‘n in this work. In similar
experiments, done without detergent, hydrophobic peptides could not be isolated and
identified by MALDI-MS. The detergent kept the hydrophobic "péptides solubilized duﬁng
the safnpl‘e concentration and MALDI matrix crystal formation. On the other hand, the
presence of detergents generally results in degradation of MALDI mass spectra with loss
of sensitivity and mass resolution. The choice of octyl-B-glucoside was therefore
important because this particular detergent was shown to be well tolerated by MALDI
even at the relatively lﬁ,gh concentrations used. This is in agrgemént with recent work that
showed that, while many detergents are incompatible with the MALDI MS analysis of
intact membrane proteins, ocfyl-B-glucoside resulted in only a minor degradation of the
MALDI mass spectra (28).

Peptides that contain transmembrane stretches of integ'ral membrane proteins can
often be produced using trypsin since the cleavage sites, arginine and 1yéine, are typically
. found outside of the hydrophobic membrane regions (1-3,29). Ih this work, the efficiency
.of. digestion was followed by SDS-PAGE and HPLC gel filtration chromatography. It
was found that in order to obtain adequate tryptic digestion of rhodopéin, it.‘wa's necessary
to partially unfold the protein with 4M urea and to reducl:e and alkylate cysteine residues.
Still, approximately 50 % of the total rhodopsin remained intact ‘after 24 hours of
digestion. In contrast, digeSts perfofmed without the use of urea and without reductioh
;md alkylation did not generate detectable hydrophobic peptides.

The detection of the hydrophobiC peptide #5% described in Table 5 shows that '

under the conditions used for denaturation (4M urea and exposure to room light) lysine
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296 is accessible to trypsin. This may seem surprising, because lysine 296 is thought to be
located in the middle of transmembrane helix VII in native rhodopsin, see Figure 9.

Lysine 296, however, serves as the Schiff base linkage site for the highly hydrophobic |
retinal in dark-adapted rhodopsin (30). The retinal Schiff base linkage is hydrolyzed after |
exposure to light, and this results in the formatic;n of the retinal-free form of rhodopsin, or
opsin. The loss of retinal generates a hydrophilic lysine in the middle of the hydrophobic
region of helix VII, and this may well be a factor in the increased sensitivity of opsin to
denaturation and unfolding as compared to rhodopsin (31). Thus, the coﬁditions of the
digests may explain both the observed cleavage at lysine 296 and the observation that only
retinal-free peptide #5* was observed in the MALDI maés spectra.

Aggregation of peptides in the RP-HPLC is a concern since this causes inefficient -
separation. As already mentioned, the presence of octyl-B-glucoside in the mobile phase
served to inhibit aggregation during the chromatography. Hoﬁve{/er, immediately after the
injection onto the RP-HPLC COIUmn; the total concentration of peptides is the highest.
The addition of SDS and formic acid to the sample prior to injection was designed to limit
the aggregation of hydrophobic peptides at this point. Despite these precautions,
however, each of the peptides identified were found in at least two HPLC fr’actioﬁs.
Therefore, it is clear that non-covalent peptide aggregation w-as still a problem during the
RP-HPLC separation. Peptide aggregates were not identified by MALDI MS. Clearly, |
the aggregates dissociated into their peptide components, either during the sample
handlipg preceding-the MALDI analysis or during the MALDI process itself. Whether

peptides that were originally associated in the protein remained associated throughout the
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digestion and the chromatography, or whether detergent solubilized peptides re-
associated, is not known. However, some interesfing patterns in the cpfnbinations of
peptides that co-eluted were observed. Most noteworthy is that peptides #4 and #5* co-
eluted in all cases. The possibility of a non-covalent complex between thes_e peptides is
appealing because they are thought to be associated with eacﬁ other in nétiye rhodopsin
(7,29).

Of the 700 pmol of rhodépsin that was submitted to digestion roughly 350 pool
was actually digested as determined by SDS-PAGE and gel filtration chrdmatography.
Estimates for the amount of peptide recovered from fractions analyzed by Edman
microsequencing range from 25 to 100 pool. The low yield can be partially explained By
the fact that peptide aggregation caused the same peptide to elutg under two or more
HPLC peaks, see above.

When concentrating HPLC ﬁactions in a SpeedVac prior to MALDI analysis, tﬁe ‘
mobile phase evaﬁorated, and the detergent concentration increased to 5 to 10 % w/v,
well above the critical micellar concentration. At the same time, the p‘eptide concentration
increased 40'to 100 fold. It is remarkable that high;quality MALDI mass speétfa were
obtained despite the relatively high detergent concentration in these samples. This
~ circumstance was also fortunate because the high detgrgent concentration presumably

prevented extensive aggregation of fche concentrated hydrophobic peptides, or these would
not have been detected by MALDI MS. There is evidence that suppression of ion signals
| in MALDI was a problem since several peptides were identified by Edman sequencing but

not detected by MALDI MS. Yet, for the peptides that were identified, the MALDI mass -
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peaks were of good intensity for the amount of peptide deposited on the sample stage |
(approximately-l_'-j pmol). |
Itis widely recognized that sample handling and separation of byd‘rophobic
peptides from integral membrane proteins is difﬁ(:ult.‘ Attempts at,,analyzingtrypticdigests s
of rhodopsin by MALDI MS without prior separation of the cleavage p'roducts were. |
unsuccessful. However by employmg a RP-HPLC method des1gned to separate
hydrophob1c peptldes we were able to 1solate the trypt1c peptldes of rhodopsm to a level
that allowed for accurate determmation of the1r masses by MALDI MS St111 there 1 1s
room t’or 1mprovement 1n the chromatographlc condltlons by ﬁthher 1nh1b1t1ng peptlde
aggregation. If peptides could be completely separatedtheir de_tection and strnctural
| cbaracteri'zation ‘by MALDI would be faciiitated' | |
“ A long term goal of th1s work is to establish rehable methods to 1dentify spe01ﬁc
“ sites of covalent modlﬁcatlon of rhodopsm and other integral membrane protems The
present work represents a step towards ach1ev1ng this goal and our.report is the first to
“apply mass spectrometry to 1dent1fy hydrophoblc peptldes from the putatlve |
transmembrane regions of a G-protem-couple_d reCeptor.' We anticipate that these
methods will open theway to more detaile"c‘l interpretation of aﬁinity_iabeling :studies; to
 allow identiﬁcation of important binding sites, and to provide structnral information on

integr_ai membrane proteins.
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Chapter 4 |

CHARACTERIZATION OF RABBIT POLYCLONAL ANTIBODIES
0-ARK AND o-KIS:
SPECIFICITY FOR EXTRACELLULAR DOMAINS

of HUMAN CYTOCHROME b,

Introduction

Western blot analysis is a technique by which a specific protein frorh a
polyacrylamide gel can be identified using antibodies. When a protein is -sepa.rated by
sodium do.decyl sulfate-polyacrylamide gel electrophofesis (SDS-PAGE) and electro-
transferred onto a solid support, antibodies specific fc;r the profein .o.f interest are able to
bind the immobilized protein (1). Primary antibodies which bind the immobilized pfotein
can in turn be labeled by a secc‘)ndary antibody. This approach provides detection
amplification due to multiple secondary antibodies bjndiﬁg fo sites on the primary

antibody. The visualization can be performed using a number of stra"tegies‘ including
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autoradiography, colloidal gold, biotinylation, or more commonly, enzyme conjugated
secondaries. Enzymes-such as hofseradish peroxidase or alk-aline‘ phoséhatase coupled to
the secondgry generate a colo'r change on the electrotransferred band, containing the
specific protein, by reacting with s_ubstrates that produce an insoluble chromogenic
product (2). This technique is most COMOnlyll utilized to determine fﬁe presence of an
intact protein ﬁom a mixture that cannot be u_nambiguousiy identified by -SDS-PA.GE
alone. ‘It_can‘ als§ be used to identify fratgfnents of the protein that confain the epitope
specifically recognized (or bound) by the antibody.

- An antibody specific for a certain épitope ona protein, may or may not recognize .
the epitope When the protein is in a cell, ;ince the epitope may be hidden due t6 steric |
considerations or protein tertiary structure. However, in Western blot ana‘lysis an
immobilized protein is ‘probe‘d‘ after exposure to the denaturing detergent SDS. Thfs
technique generally does not give information of tertiary s’tructu.re since the protein is
unfo]ded. When an antibody is found to be specific for an epitope on a protein using
Western blot analysis the fesults can be compared with flow cyt(_)rhetry &ata. If thé
antibody no longer recognizés the epitope within a cell, it can be assumed that tﬁé epitope
1s no longer accessible to the antibody. This ap,prpach is often used when examining the
topology of integral membrane proteins in cells (3).

This chapter describes the preparation and use of tl.le antiBodies designed to
provide information aboﬁf the cellular‘topolégy of human neutrophil cy,toch‘rome‘ bsss.
Western blot analysis is foutinely used in oi;r laﬁoratory to idéntify both thg large

(gp91-phox) and the small (p22 phox) subunits of cytochrome by, Most of the antibodies
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used in these analyses are specific for the carboxy-terminal portion of gp91-phox and p22-
phox. Additional antibodies were needed for gp91-phox to aid in mapping the topology of
this domain Lising immunofluorescence, and to aid in thé identify of proteolytic fragments
of the molecule.

Using the previqusly publi‘shed primary structure of gp91-phox (4) efforts were
focused on synthetic peptides emulating regions of the large subunit of human neutrophil
cytochrome b, having the sequences "’ ARKRIKNPEGG' and **KISEWGKIKEC?*.
These sequences are thought to be extfacellular and flank the predicteci hefne binding
domain in the large subunit (5,6). Rabbits were immunized with peptide haptens having
the -two sequences shown above (referred to as ARK and KIS) To facilitate the
generation of highly specific rabbit polyclonai antibodies, pure peptide preparations are |
needed and often require additional purification of the crude product from‘the original
peptide .s.ynthesis. Both ARK and KIS were subjected to HPLC and eluting fractions weré
subsequently identified by accurate mass analysis using MALDI-TOF mass spectrometry.
Purified peptides were cross-linked to keyhole limpet hemocyanin and injected into
rabbits. Antibodies were affinity purified using purified peptide coupled .t‘ovCNBr activated
sepharose beads. The specificity. of the antibodies produced was evaluated both by

Western blot and FACS analyses.
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| Maten'als and Methods

Peptide Puriﬁcatio |
Crude lyophlhzed pept1de was solublhzed in water/O l%TFA v/v toa
' concentratlon of 2-5 mg/ml Th1s solutlon was subjected to RP-HPLC us1ng a standard
water/acetomtnle gradrent startrng at 96% Water/4% acetomtnle/O.l%TFA and ending at-
100% acetonitr.il'e/O.‘l%“TFA ramped oVeraper'iod'of 30 nlinutes. The column_used
initially for ARK peptide puriﬁcation Was a .preparath/e size C‘18 column run using a

steeper gradient from 96% water/4% acetonitrile/0.1 %TFA and e‘nding at 100%
acetonitrile/O.'l% TFA over a period of 15 minutes Wi,th a flow rate of 1.5 mi/min. This “
‘ column was changed to a Whatman pams1l 5 analyt1cal size Cyq column for punﬂcatlon of
| the KIS’ peptlde and the final purlﬁcatlon of the ARK peptlde All RP-HPLC was carried
out on a Hitachi Model L-2500 HPLC system Wlth a variable wavelength d'etector set at‘ -
230 nm. Injection volumes were 500 .,ul and the ﬂoW-rate‘ was set.at‘(l.8 ml/min. Fractions | |

were collected manually for major eluted peaks‘ and analyied by MALDI MS. -

Mass. Sp ectrometry _ |
| Samples for‘ MALDI weretaken from HPLC fractions diluied in 50-50 N
water: acetomtnle to within a range of 10-100 pmol/ul estlmated by peak area, or taken
: from a stock derrved from lyophlhzed fractrons A mlcrohter of each fractlon was then
| spotted onto a sample well along w1th one mlcrohter of matnx solution and. mi:ted
E thoroughly The matrrx was a saturated solutlon of a—cyano-4 hydroxyclnnamlc a01d in 2 1. |

v/v water: acetomtrlle 0.1% TFA MALDI mass spectra were obtalned ona PerSeptlve 3
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Biosystems Voyager RP-TOF mass spectrometer as described in Chapter 2. Bradykinin
(Sigma Chemical Co., Sf. L01'1is, MO) was used as an external standard for mass
calibration of the instrument. Fractions having the correct molecular weight for»the peptide

of interest were lyopholized and stored at -20°C for later use.

Antibody Production

| RP-HPLC purified peptide fractions were crosslinked to keyhole limpet
hemocyanin (KLH) using gluteraldéhyde followed by dialysis of excess feagents with PBS.
An emulsified mixture containing 250 ug of KLH crosslinked peptide antigen in 200 ul of
phosphate buffered saline (PBS), 750 w1 Incomplete Freund’s Adjuvant, and 550 ul of
PBS, was used for the immunogen (7,8). Rabbits were bled prior to being immunized for |
use in control experiments. Rabbits were then injected with immunogen foilowing an
established Animal Research Center (ARC) protocol schedule. Serum from prebleeds and
post-inoculation bleeds were prepafed and frozen at -80°C for rabbits injected with the
ARK peptide at Scripp’s Research Institute (La Jolla, CA). Sera from prebleeds and post-
inoculation bleeds from rabbits iMupized witil the KIS peptide were stored at 4°C.
Specificity of antisera against the two peptides were evaluated by Western blots- analysis.
For each procedure the gp91-phox antigen was present from 2% OG solubilized .
neutrophil membranes prepared by the proceduire of Jesaitis et al. (9). Sera containing
antibodies that displayed staining for the large subunit of cytothome bssg Were sel_ected

for further purification.
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Antibody Purification Using Immobilized Peptides Coupled to CNBr Activated Sepharose

To immunopurify én'ti-ARK and anti-KIS peptide antibodies from serum,
approximately 2 ﬁlg of peptide was immobilized onto 1 ml swoilen CNBr activated
Sepharose beads using the protocols providéd by the manufacturer (Pharmacia Biotech,
Uppsala Sﬁveden). A volume of 10 ml of serum was cleared of excess lipid using Seroclear
and allowed to mix with the peptide coupled beads for either 12 hrs at 4°C or 4 hrs. at
room temperature. The Beads were cleared of non—speciﬁc antibodies by washing with 10
column volumes of PBS containing 300 mM high salt. Antibodies specific for the ARK
bound peptide were eluted with either 2 M Glycine pH 2.5 containing 300 mM NaCl and
4 M urea or 0.5 M TRIS pH 11 containing 300 mM NaCl and 4 M urea. The pH of the
| eluate buffer was adjusted to‘pH 8.0 by adding 1 M Tris and diluted 1:1 with glycerol to |
preserve the activity of the antibody. Antibodigs specific for the KIS bound peptide were .
eluted in the éame fashion except that the elu;clte buffer was dialyzed against PBS. The
total yield for amount of antibody recovered was estimated by observing the absorbance at
280 nm and applying the standard ratio of 1 AU being equivalent to approximately 750 J22:4
of antibody. The yield of affinity purified anti'-ARK antibodies from 10 ml of serum from
rabbits immunized with t‘fze ARK peptide coupled to KLH was roughly 500 g while the -
yield of affinity puﬁﬁed anti-KIS antibodies from 10 ml's of serum was on the order of 1.5

mg.

Specificity of Antibodies Assayed by Western Blot analyses

To evaluate the specificity of the antibodies for gp91-phox, Western blots were
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performed using 10 pmol (~1 ug) of cytochrome bssg from crude detergent extract of
. solubilized neutrophil membranes and partially purified cytochrome 5558: Detergent |
solubilized proteins were denatured in sample buffer containing 2% SDS and separated on
a 7-18% gradient SDS-PAGE gel then transferred onto nitrocellulose (1). The |
nitrocellulose with the electrotransferred p.rot,eins was blocked using 5% non fat dr}‘l milk
and 0.2% Tween 20 in PBS pH 7.4, overnight at 4°C or for 3 hours at 37°C to prevent
non-specific adherence of antibodies. Aﬂ"'lnity purified anti-ARK and énti-I(IS'antibodies
were applied to the blots in antibody diluting buffer consisting of 3% normal goat serum,
1% BSA and 0.2% Tween. The dilution used for the anti-ARK antibody was 1:50 while
the anti-KIS antibodies were ﬁsed at a dilution of 1:150. Thése ahtibodies were in.cubated _
for 3 hours at room temperature. Non-specifically bound primary was riﬁsed c_>ff 5 times at
5 minute intervals using wash buffer containing 250 mM NaCl, 10 mM HEPES pH 7.4,
and 0.2% Tween. The secondary antibédy, an alkaline phosphotase ’c‘:onjugated goat anti-
rabbit IgG, was applied at a dilution of 1:1,000 v/v in diluting buffer and incubated for 1
hour at room temperature. After rinsing with a total of 4 washes, a fith wash was carried
out using alkaline Tris-buffered saline pH 8.0 for development with BC]P and NBT
reagents allowirig for a visible precipitate at the sites of alkaline phosphatase-conjugated
IgG. The reéction was halted by rinsing with distilled water. Specificity of the binding was
examined by measuring the loss of staining when the primary anfibociy was mixed with
500 1M of the synthetic peptide used for the immunization of the rabbits.vControls‘Wer_'e

performed using 500 1M of the non-specific peptide bradykinin.
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FACS analysis was carried out by a previously published procedure (8) using

gelatin prepared neutrophils from normal human donors (7). Cells were treated on ice with
the serine protease inhibitor di-isopropylfluorophosphate (DFP) prior to‘ blocking of F,
receptors and incubation with primary antibodies. Cells were washed by centrifugation to
remove excess DFP, isolated by centrifugation, and then resuspended in Dulbecco’s PBS
(DPBS) containing 3 % normal goat serum (NGS) for 30 minutes to blo.ck F, receptors
and non-specific binding sites on the cell surface. 5x 10° cells per sample were then
incubated with either the anti—pep'tide antibody ARK or KIS in DPBS fof 1 hour at 1:50
and 1:150 dilutions, respectively. Unbound primafy antibodies were removed from the cell
suspension by washing with PBS followed by centrifugation. Bound ‘primary antibodies .
were then labeled on ice for 30 minutes with fluorescein isothioéyanate (F ITC)—conjugated :
goat anti-rabbit secondary antibody, Permeabilized cells were treated in the same manner
except 0.1% saponin was present in each to step to ensure that the cells remained
permeabilized. fhe extent of cell labeling was assessed by comparisor.l‘ of cells incubated
with ﬁrebleéd IsG antibodies at the same concentration. The prebleed antibodies; were
isolated from prebleed serum using a Protein A column following the manufacture’s
protocols (Pharmacia Biotech, Uppsala Sweden). The difference in staining between
permeabilized and non-permeabilized cells was also evaluated in order to determine
whether bindihg was intracellular or extracellular. All experiments were run on a Becton

Dickinson FACScan type flow cytometer analyzer equipped with a 15-milliwatt argon
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laser. Data was acquired using CONSORT 30 and analyzed using LYSY'S software

according to the manufacturer’s protocols.

- Results
Purification of Peptide Antigen for Production of Affinity Purified Anfibodics
The preparation of rabbit anti-sera against the synthetic peptide

ARKRIKNPEGGC was carried out by C. Parkos and A. Jesaitis at the Scripp’s Research
Institute as described by Jesaitis et al. (9). The titer of the anti-peptide antibody in the
serum was low and thus its utility in Western blot analysis was limited. Therefore, to
‘prepare highly specific affinity purified antibodies, the peptide was repurified for
derivitization on a new affinity matrix. Figure 17 shows a RP-HPLC chromatogram
obtained from 5 mg of crude lyophilized peptide dissolved in deionized water. The sample
was run on a Iﬁgh capacity C,; column used for cleaﬁ-up of sythesized peptides at the
Peptide Syntl;esis Laboratory located at MSU. A total éf 28 ﬁg of crude peptide was
-injécted onto the column in 4 consecutive runs. The peak labeled ARKRIKNPEGGC-
peptide in Figure 18 is a lyopholized pooled fraction from each of the 4 runs with a final
‘reco‘very of 8 mg or 28%. B‘ecause the resolving capability of the preparative coluﬁin is |
leés than an analytical size RP-HPLC column, the lyophilized péptide was
rechromatographed on an analytical column with a shallower gradien’F. The chrométogram | |
from this experiment is shown in Fi@re 18. It is clear that the majoﬁty of peptide elutes as
a single peak labeled ARKRIKNPEGGC-peptide. This peak was analyzed by MALDI MS

and the resulting mass spectrum is shown in Figure 19. The base peak in the spectfum
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purify rabbit polyclonal antibodies from serum.
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(above 500 Da) is labeled M,H", while the next largest peak is labeled
ARKR_IKNPEGGC-.peptide (MH). These two peaics were the only major‘ions‘ generated |
from the sample and represent the singly charged monomer (MH") and the singly charged
dimer (M,H") of ARKRIKNPEGGC The .observed mass of ‘-t}‘_le peptide waé 1,329.77 Da
which is 2.23 Da highér than the calculated maés. The prevalence of the dimer is most
likely due to a cysteine that was a@ded to the carboxy terminus of the peptide when
synthesized. Although it is ‘po‘ssible that the cyteines formed disulfide bonds linking the
two peptides into a dimer, it is unlikely that the-monomer and dimer would have eluted at
the same time from the RP-HPLC column. The presenc;: of dimers in the mass spectmm-
was not a cc;ncem since the method of péptide coupling to Sepharose beads did not
require the presence of free sulfhydryl.

The peptide KISEWGKIKEC was synthesized at MSﬁ in the Peptide Synthesis‘
Laboratory on a Millipore.ModeI 9050 peptide synthesizer. The synthetic p'épfcide above
was purified following the same procedures described for the peptide ARKRIKNPEGGC -
however, the RP-HPLC was carried out entirely on a Whatman Partisil 5 énalytical size
- Cyg column. Figure 20 shows a HPLC chromatogram from the injection of 2 mg crude
peptide (one of four injections) utilizing the analytical column’s maximum capacity. A
total of 6 mg of crude peptide was applied to the column over 3 runs and a total of 4 mg .
was recovered as determined by weighing the lyoplli_lized"f;actions from the main peak in
each run. This peak is labeled KISEWGKIKEC.-peptide in Fi@re 20. Fractions pf this
peak from consecutive runs were pooled, lyopﬁjlized, then analyzed by MALDI MS. A

mass spectrum of the pooled samples used for making the immunoaffinity matrix is shown
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in Figure 21. The observed mass of the purified pepticie was .1,321.87 ba which is 2.31 Da
higher than the calculated ﬁass. The spectrum also shows a significant pgak at 1,195 Da
resulting from the loss of a lysine from the peptide. If is not known if the lysine was lost
from the peptide during ionization or while the .peptide was being sythesized. The peptide
KISEWGKIKEC also has a‘ cysteine at the carboxy terrninﬁé and fché dimer (M,H") was
also detectable in this mass spectrum (data not shown). The ratio of monomer and dimer
~1:1) Was simila_; to that in the mass spectrum of the beptide ARKRIKNPEGGC. |
Rabbits were immunizéd with the puriﬁed_peptide cross-linked to keyhole limpet

hembcyanin by glutaldehyde as described previously (9) and the serum was examined for
specificity in the recognition of gp91-phox. _The serum containing anti-ARK antibodies
was first screened for specificity using 2% OG soiubilized human neutrophil membranes
by ELISA assays and Western Blots (9). After six weeks and 5 immunizations, the titer for
both the anti-ARK and anti-KIS antibodies was low but detectable. These results indi_cated .
that immuno-purification of the specific antibodiés presenthas needed in order to obtain
better staining. It should be noted that serum from rabbits given an additional boost, 2
- months after the original imumzation schedule, have yet t_d be screened and may have an
even higher titer. |

- Immunoaffinity columns were fnade by coupling free amino groups of the peptides
ARKRIKNPEGGC and KISEWGKIKEC to CNBr activated Sepharosé with a final bead
volume of 1ml. A volume of 10 ml of rabbit serum pre-cleared of lipids by treating the
sample with SeroClear® followed by incubation with the :beadg for 2 houfs at room

temperature. The column matrix was washed with 300 mM NaCl in PBS and eluted with
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either high or low pH buffers containing 300 mM NaCl and 4 M urea. The pH of the
samples was immediately adjusted to 8.0 using 1 M Tris. and diluted 1:1 “ﬁth glycerol.

Figure 22 shows a MALDI mass spectrum of anti-ARK peptide rabbit polyclonal
antibodies eluted from the immunoaffinity column using low pH. Roughly 4 pmol of
antibodies were spotted on the saﬁlple try in this experiment. The mass spe_ct'rum showed
no signs of contamination from other components. The average mass of the intact
antibodies was found to Be 142,900 Da using Bovine serlin‘l‘albumir‘l as an external
standard. Figure 23 is a MALDI mass spectrum of the same anti-ARK antibodies after
reduction and alkylation. This experiment was done to evaluate the hetersgcneity of the
antibodies in the preparation. The base peak in the spe‘ctrusn is the light cf;ain which on
closer inspection clearly shows the presence of three smaller peaks that are unresolved. |
This result suggests that.thefe are a’lc least three species of antibody in the iMunopuﬁﬁed' -
antibody preparation that may have been dérived from different B cell clones. Mass
spectral analysis has yet to,‘be performed on the anti-KIS antibodies or ‘a control of mouse
monoClbnal antibodies where thers should be a single mass fof the heavy and light chains
upon reduction and alkylation.

To evaluate the aBility of the immunopurified antibodies to specifically récognize
gp91-phox, Western blotting analyses were carﬁed out. on human neutrophil membranes
solubilized i in 2% OG. The amount of staining was compared for samples contammg only
purified antibodies vs. samples 500 uM in e1ther peptide ARKR[KNPEGGC or
KISEWGKIKEC added along with the antibodies. If the antibody binds to the peptide,

then the antibody is inhibited from binding to the immobilized protein and the specificity of
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the antibodies is confirmed.

Figure 24 is a Western blot evaluating the anti-ARK antibodies using 2% OG.
solubilized neutrophil tnembr.anes. This blot clearly illustrates the- difference in staining
between lane '1, where no peptide is added, and lane 2 where 500 uM ARKRIKNPEGGC
was added. Lane 3 contains 500 ,LLM bradykinin as an irrelevant peptide that contains no
similarity to ARKRIKNPEGGC where the staining is of the same order as the control in
lane 1. Lane 4 in Figure é4 shows intense staining for purified cytochrome b, indicating
that the anti-ARK antibodies can detect 10 pmol (or 1 1g) of the purified protein. In
addition there is a clear difference in the staining pattern in Lane 1 (crude membranes) vs.
Lane 4 (purified cytochrome bssg). |

Anti-KIS peptide antibodies evaluated in the same fashion are shown in Figure 25.
This Western blot shows the staining of purified cytochrome b in relation to the
presence of the KIS peptide. In Figure 25, Lane 1 with ﬁo peptide added exhibits intense
staining as opposed to lane 2 containing 500 M KISEWGKﬁ(EC Where little or no
staining ‘exvists_,. Lane 3 includes 500 M bradykinin as the control peptide and no red‘uctioﬁ
in staining intensity is observed. The pattern of staining is much different than that found
with immunopurified anti-ARK antibodies. The staining has a somewhat more broad but
clearly bimodai distribution, yet once again the staining for purified cytochrome bssg IS
intense fof the région Between 67.5 kDa and 103 kDa. The reasoriing for the Vériability iﬁ
staining may be attributable to a number of factors discussed below,. nonetheless, inhibition

of this staining indicates that the binding is specific.
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FACS Analysis for Peptide Epitope Location on Intact gp91-ph0.x
To determine the extracellular vs. intracellular topology of the epitopes
1S ARKRIKNPEGG' and 246KISEWGKIKEC256 on gp9 1- phox in permeabilized and -
intact human neutrophils, the immunopurified anti-ARK and anti-KIS ‘epitope polyclbnal
antibodies were used to label cells that were then analyzed by FACS analysis. These

antibodies were shown to be specific for gp91-phox by Western blot analysis, which does

. not address the accessibility of the antibodies to the same epitopes on intact cells since

Western blot analysis is performed on samples that are denatured during SDS-PAGE
separation.

Figure 26 shows the results of FACS analysis on intact fixed neutrophils labeled

with anti-ARK and anti-KIS antibodies. The outlined, or open peaks in Figure 26, show

thé amount of staining observed when the cells are incubated with purified prebleed IgG
antibodies. The shaded_ peaks represent staining observed with aﬁﬁty IgG anti-peptide
antibodies. The upper histogram clearly shows a 25 fold increase in fluorescence intensity
usiﬁg‘th.e anti-ARi( antibodies. The lower histogram shows a 12.5 fold increase in
fluorescence intensity of the anti-KIS antibodies as compared to the prebleed IgG
antibodies. It is worth noting that there is a slighf incréase in the staining betweeﬁ the cells
labeled with prebleéd IgG antibodies from the rabbits injected with the peptide
ARKRIKNPEGG vs. fhe prebleed IgG éntibodiés from the rabbits injected with the
KI-S‘EWGK[KEC peptide. It is not known whether this increase is due to specific binding
of IgG antibodies that were present iﬁ the rabbits injected with fhe KISEWGKIKEC

peptide prior to immunization, or if non-specifically bound antibodies were incompletely
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removed during the staining procedure. |

To exafnine whether the labeling observed in intact cells was increaéed with cells
that were permeabilized,l the detergent saponin was used to treat the fixed cells prior to
labeling with affinity purified antibodies. Figure 27 shows the hjstogr'.arriS from the same
' experiment where anti-ARK antibodiés (upper histogram) and anti-KIS antibodies (lower |
histogram) were incubated with permeabilized cells. The modest increase in fluorescence
intensity from permeabilized cells is most likely due to incomplete remqval of secondary
antibodies frofn the permeabiiized cells.

This evidénce supports the assumption that the epitopes ' ARKRIKNPEGG'®*
and **KISEWGKIKEC*® on gp91-phox are external since exposing the interior of the cell
by treatment with saponin did not appreciably strengthen the ﬂuoresc’ence‘ intensity.
Figure 28 and Figure 29 depict the amount of fluorescence from the two different
unpermeabilized cell types present in the preparations when stained with anti-ARK and -
anti-KIS antibodies, respectively. The scatter plot at the bottom of .Figure 28 and
Figure 29 each have two outlined regions representing neutrophils (region 1) and
lymphocytes (region 2), as established by their forward scattering and side scattering
values. The top of both figures shows the fluorescence intensity for each of these regions.
The difference in fluorescence intensity between region 1 and region 2 plaiﬁl‘_y _
demonstrates that neutrophils display the binding domains ARKRIKNPEGG and
KISEWGKIKEC but lymphocytes do not, in agreement with the low level of cytochrome
bssy expression in lymphocytes (iO); This evidence supports the specificity Qf anti-ARK

and anti-KIS antibodies for an extracellular region on gp91-phox. It also shows that
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membrane proteins common to each cell type are not contributing to the non-sp‘eciﬁ_c

staining.

Discussion

The capability of antibodies to identify proteins in complex mixtures is a property

that is utilized in Western blot analysis as well as other immunological methods. The

former technique has been exploited in situations where limits on the amount of material,

sample purity, or a combination of both, preclude determination by amino acid sequencing.
A goal of this thesis was to identify the heme binding domain in cytochrome b, after

partial proteolytic digestion. Partial tryptic or V8 digestion of Triton X-100 solubilized

| cytochrome b, generates spectrally active fragments ranging in mass from ~ 9 to 20 kDa

as determined by SDS-PAGE aﬁd MALDI MS. Since the masses determined by MALDI |
MS are not accurate enough to unequivocally identify these fragments, and because
glycosylation may confound the mass determination, an additional approach was employed
to aid in the identification. This apf)roach involved the pfoduction of ,anfi-peptide ‘
polyclonal antibodies for both the large and small subnits of cytochréme bss, that might aid
in recognizing the epitope in the vicinity of the propbsed heme binding domain.

Aside from nee;iing additional antibodies to identify fragments of gp91-phox, there
was also a need to map other regions of the pfotein. Several earlier Stﬁdies have provided
structural information on the carboxyl regién of the large subunit of cytochrome b, and
its interaction with‘;:ytosolic components. Kleinberg et al. (11) dis‘éovered that a synthetic

peptide from the carboxy terminus of the large subunit, YR GVHFIF %63, inhibited the
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production of superoxide by NADPH oxidase. By substituting alaniné fc;f e;ach amino acid
along the peptlde they found that each res1due was needed for 1nhlb1t10n except for the
glycme and the h1st1d1ne The disruption in the superoxide generatmg capacity of
cytochrome bssg was attributed to the inhibitory effect of the peptide on the aséembly of gp
91-phox with othér cytosoii‘c componentsﬁ Aﬁélyses‘ by DeLeo ét al,, us}ing phage-display,
reﬁrodUced the findings of Kl‘ein.berg, and showed that the peptide shown to inhibi’;
supéroxide production was i’ndeed a binding site on gp9 f—phox for the cyto‘solid .
component of the NADPH oxidase system, termed §47phox. Additional p47 phox binding
regions on gp91-phox were found in this study and include the epifopes ‘“STRV:RRQL93
and 450FEWFADLL457 (12). Synthetlc peptides mumckmg these reglons were shown to
inhibit the superox1de generating activity of the oxidase.

Together these results suggest that the carboxyl—temlinal portion of gp91-phox is
located on the cytosolic side of thé membrane. Phage-display analysis has bee_na shown by
Burritt et al‘. .to be useful in mapping the topoiogy of gp91-phox (8). The sites of
interaction for mouse monoclonal antibodies against gp9 1‘--phox‘, Wére determined using
the phage-display technique. A consensus found in phage selected fér immobilized anti-
gp91-phoyx antibodies, strongly indicated a region in the middle c;f the protein containing . -
the epitope *PKIAVDGP?**°. Attempts‘ to decipher whether this epitope was intra- or
extra- cellular using FACS scan analysis weré incdnglusivé because the epitope ‘feCOgni’zed“
by the antibody was not accessible in either ﬁ¢rmeabili2ed‘ or unpeﬁneabilized cells.

The approach to producing antibodies whose epitopes are known i_nvolv'eé the

generation of antibodies to a peptide antigen mimicking an epitope on the mature protein.
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Anti-peptide polyclonal antibodies have been shown to be beneficial in éstablishiﬁg the
topography of gp91-phox in humap .neutrqphil memb-ranes. Rabbit anti-peptide polyclonal
antibodies to the epitope *’KQSISNSESGPRG** were shown not to be surface accessible
as examined by electron microscopy and immunbstaining by Jesaitis et al. (10). These
results were later confirmed by thé observations of Imajoh-Ohmi et al. using rabbit
polylfclonal anti-peptide antibodies against the peptide emulating the region |
55"ISNSESGPRGVHFIFI‘\]KENF569 on gp91-phox. ’FACS scan analysis using antibodies
against this peptide shO\.fved that only upon freeze permeabilization of the.cell, did an
increase in fluorescence intensity occur (13). This group tested additional rabbit polyclonal
anti-peptide antibodies against the epitope 15°SYLNFARKRH.<NPEGGrLYLAVTL172 on
gp91-phox in close proximity to the potential glycosjiation sites at N' 131 and N 148. The
antibodies produced against this epitope were found to be extracellulaf when apalyzed by .
FACS scan since the fluorescence intensity did not increase upon freeze fracturing of the
cell.

At present, the antibodies mentioned above constitute the full extent of
topologically relevant antibodies .descn'bed in_ the literature. Other monoclonal and
polyclonal antibodies. havé been used to identify cy'fochroine bssq both by Westem biot
analysis and by immunologicallstaining of neutrophils (14-16). However, these studies
have not determined the exact amino acid sequences of the epitbpes on gp91-phox or p22-
phox where these various antibodies bind, The FACS scan analysis discussed in this

chapter for the rabbit polyclonal antibodies raised against the
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epitopes ' ARKRIKNPEGG'®* and 2KISEWGKIKEC? on gp91-phox, clearly shows
the external aspect of these two sequences. The extracellular location of these epitopes is
not surprising since there are a number of potential glycosylation sites nearby at N131,
N149, and N23 9, that have recently been shown to be glycosylated by mutated cDNA’s
expressed in E. coli. (17). Furthermore, the finding that the epitope
*ARKRIKNPEGG'® is extracellular confirms the work done by Imajoh-Ohmi ( 13). In _'
addition, these antibodies were shown to specifically stain cytochrome Dssg by Western
blot analysis.

The FACS analysis performed using the anfi-peptide antibodies ARK Iand KIS with -
permeabilized and unpermeabilized neutrophils suggest that the epitopes recogniied by
these antibodies are éxtracellular. In addition, the epitopes were fou_nd to be absent from
cells that have low levels of expfession of gp91-phox . Immunohistological examination of
neutrophils probed with the antibody KIS show distinct staining for the membranes of
cells immobilized on coverslips (K. Billings-Sandoval, unpublisheq results). This antibody
may prove to be beneficial for characterization of cytochrome bsg in situ.

These data in combihation with previously published results suggest; 1) Thereis a
transmembrané region between the intracellular p47-phox binding site at *STRVRRQL® |
and the extracellular epitope '*>ARKRIKNPEGG'® recognized by anti-ARK antibodies
and 2) There must be two transmembrane regions between the 1‘”ARKRIKNPEGGI“ and
UK [SEWGKIKEC?S epitopes if the histidines in the primary sequence between these two
regions are indeed involved in'the coordination of heme. These results a}so support the

hypothesis that within the first 170 residues of gp91-phox there are three sites of
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glycosylation, three transmembrane regions, and a number of histidines within
transmembrane regions capable of heme coordination. There is the implication that a
transmembrane domain exists between the epitope *KISEWGKIKEC?* (found to be
extracellular) and the epitope at #OREWFADLL*’ (f;)u'n'd. to be i'n’tracéllﬁlaf). Imajoh-
Ohmi et al. found that cytochrome b, in unpermeabilized cells, proteolyzed by papain
treatment, resulted in the loss of an ~18 kDa fragment from the carboxy-terminus (13).
The authors speculated that the site of cleavage was an extracellular epitope cbntaining
residues 369-398. However, this region has been implicated as being adjécent to an
intracellular flavin binding region by homology to other flavin-binding proteins (18,19).
Due to the ambiguity of the sidedness (intra- or extra- cellular) of the monoclonal antibody
54.1 (binding site **PKIAVDGP?**), and the incompatibility of the Imajoh-Ohmi finding
of an extracellular papain cleavage site in a predicted FAD binding region, the location of
the transmembrane region between the projected extracellular e;-)itope‘
2KISEWGKIKEC?® and the intracellular epitope **FEWFADLL* can only be
interpreted through hydropathy analysis (20, 21).

In conclusion, the anti-peptide polyclonal antibodies raised against gp91-phox have
reinforcéd our current model of the topology of the protein (see Figure 1) (22) énd have
added new insights. Their use in interpreting results frorﬁ the isolation of a homogenous
isoform of cytochrome bssg, and in identifying fragments from pértial digests of the

protein, will be discussed in the upcoming chapters. -
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Chapter

CHARACTERIZATION OF A

CYTOCHROME bsy, ISOFORM IN HUMAN NEUTROPHILS ~ -

| Introducti'on |
Cytochrome b558 isa glycosylated heterodlmenc 1ntegra1 membrane protenn found
in the plasma lemma and specific granule membranes of human neutrophlls The protein
consists. of two polypeptldes the large glycosylated polypeptlde ( 569 res1dues MW=
65 160 Da) and the small nonglycosylated polypeptlde ( 194 res1dues M.W.= 20,956 Da).
~ The large subunit also known as gp91-phox ‘(glycop_roteln -m.w. 9;1;kDa phagocy_te :
oxzdase) contams all the sites of heterogeneous N linked glycosylatlon and does not
contain any apparent O- lmked glycosylatlon (1) The ﬁrst pubhshed reports of the partlally
purified proteln suggested dlﬁ'erent molecular ‘weights for gp91 phox Wthh may have
"been due in part to the heterogeneous nature of the glycosylatlon (1-6) |
The functlon of the glycosylatlon on gp91-phox is unknown However 1f the

'carbohydrate is removed, the deglycosylated proteln is still functlonal though partlally
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impaired(7). The carbohydrate méy participate in cellu‘lar- communication, localization or
targeting, protein bind‘iﬁg, and protecﬁon from proteolysis (8-10). Though the function of
the carbohydrate on gp91-phox is not known, it has been u;cilized in purification and
labeling procedures. Th¢ gp91-phox gene has been clonéd and se(juericed (11,12), yet 1itf_1e
has been done to determine the exact location of the sites of glycosylation on the protein
and the extent of glycosylation at éaéh site.

The first work that was doﬁe to deteﬁnine the fype of carbohydrate linkage (O-
glycosylation refers to carbohydrate bound to a serine or threonine residue vs. N- -
glycosylation that refers to .carbohydrate bound to an asparagine residue) found that the
glycosylati(;n was N-linked and was localized to the large subunit of cytochrome b, (1).
The sites of glycosylation were then projected to be on asparagine residues that were-part
of the known N—glycosyiation motifs -Asn-Xaa-Ser, -Asn-Xaa-Thr and ;Asn-Xaa-Cys.
Recent work has shown that in a model system expressing the large subunit of cytochrome
bssg, incorporating truncated forms of carbohydrate, thfee out of é total of six asparagine;,
N131, N148, and N239, are possible sites for carbohydrate linkage (13). | |

Carbohydrate binding proteins, such as wheat-germ agglutinin, can be used as an
affinity purification matrix for glycosylated proteins. This approach was ﬁfst described by
Cuatrecasas and co-workers and has been épplied tovs-/ards the purification of cytochrome
bssg (14). It has been used subsequently in the J esaitis laboratory for routine purification of
cytochrome by, from neutrophil membranes (1,15). Additional steps in thiS' pﬁfiﬁcation
'procedure include the use of a cation exchange based inte;action of cytochrome bss, with

heparin. Heparin is a sulfonated glycosaminoglycan immobilized on agarose beads. The
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negative charge on the sulfonate group attached to the six-membered ring of the
-carbohydrate introduces a cation binding property that allows for the additional
purification of the cytochrome by, from components retained by ;c.he wheat-germ
agglutihin. By péssing the glycosylated protein mixture over the heparin column, only the
constituents having a positive charge at the pH being ﬁsed will be retained. The retained
material can then be eluted using a salt gradient that further puﬁﬁes the cytochrome by,
from the other proteins in the preparation by taking advantage of tﬁe‘ different degfees of
interaction of the proteins attached to the heparin. The combination of two orthogonal
approaches to purification, lectin affinity and ion exchange, enables‘ a nine fold enrichment
in cytochrome b, relative to 2% octylglucoside solubilized membranes.

Although this purification scheme has been used successﬁjllly.for ten years, the
advent of HPLC columns that drastically reduce the amount of ti.me and materials involved
in protein purification, spawned an attempt at a new approach to thé purification of |
cytochrome bsss. Tandem anion exchange followed by gel filtration was performed
i_socratically with a buffered mobile phase containing de’;ergent and a volatile sait. This
HPLC system enabled the continuous monitoring of the absorbance at 414 nm (the peak
absorbance wavelength for the Soret band éf the molédiile) along with online tr-yptophan ‘
ﬂuofescence detection for total protein detection. Initial experiment.s were designed to
determine whether or not an acceptable purification factor could be obtained aiong with
sﬁ‘fﬁcient recovery. The rational for 'running an anion exchange column was to .retaiﬁ
components of the detergent solubilized me'mbfanes that did not interact with the hepaﬁn

column using the conventional purification scheme since the heparin is a cation exchanger.




o -

125

The cytochrome bss, theoretically should not iﬁteract with the anion exchanger and would
be further puriﬁed by size on the folloWing Vgel filtration column. Also, the use of a
detergent containing mobile phase at physiological pH would facilitate the retention of the
non-covalently bound heme in the protein. Analysis of the HPLC fractions included,
Western blotting, MALDI MS, and LC MS/MS sequencing of proteolytic peptides
derived from an in-gel digest of proteins isolated by SDS-PAGE. The results of these
experiments suggested that a homogeneous form of gp 91-phox, along with the

‘ heterogenéously glycosylated forms, was present in neutrophil membranes in amoﬁnts that
varied with indiviciual donors. Western blot analysis showed that an immunoreactive
isoform of cytochrome bss; was present at 82 kDa and silver stained SDS-PAGE gels
indicate_d that this isoform was a single component at that moiecular weigh‘é. MALDI-TOF
experiments supported this evidence resulting in an accurate mass of 82,054 Da for the

isoform.

Materials and’ Methods
Detergent Solubilization of Cytochrome bss, |
Solubilization of membranes derived from the neutrophils of normal human donors
followed the procedure of Parkos et al. (1). Membranes, frozen at -80°C, were thawed on
ice and salt washed by making the suspension 1 M in NaCl in order to disrupt most ionic
interactions of peripherally-bound membrane proteins. The suspension was vortexed to
ensure mixing of the salt with the membranes, thén centrifuged at 100,000 g for 45

minutes at 4°C.-The clear, green-yellow colored supernatant was removed and the salt
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washing step was repeated to more thoroughly extract any peripherally-bound pro;reins, ‘
primarily myeloperoxidase which is a heme-bearing component of 'azurophil‘ ‘gr'anul‘es (16). N
The tan-colored pellet was suspended in membrane resusoension buffer (MRB) consisting
of relax buffer pH 7.4 with 1 mM EDTA, 0.1 mM DTT, 1 mM PMSF, and 10 ug/ml
chymostatin and 2% oc.tyl'glucoside. somcation was used to disrupt the membranes and
.complete_ solubilization was accomplished by allowirrg the solution to mix at 4°C on ice
for 1 hour. The detergent solubilized membranes were then cen’rﬁﬁgged at 100,000 g for
45 minutes and the amount of cytochrome bssg present"was determined by reduced-
oxidized spectra using an extinction coefficient of 29l.3 mM* cm™ for the alpha 'oand at
558 im or 131 mM cm™ for the oxidizeo Soret band(l,3)l The supernatant from the

centrifugation was used for subsequent anion exchange / gel filtration chromatoéraphy.

Anion Exchange / Gel Filtration HPL.C

All chromatography was performed on a Hitachi Model L-2500 HPLC system w1th '
a Model L-4200 UV/VIS variable wavelength detector set at 414 nm. A H1tach1 Model F- . |
1050 on-line fluorescence spectrophotometer was also used to monitor tryptophan |
fluorescence with excitatiorr at 280 nm and emission monitored at»34’0 nm. The oolumns
utilized for the chromatography consisted ofa Synchrooak AX 500 4mm x 25 cm anion
exchange column (Synchrome Inc.) and a TosoHaas model TSK G3000SW 75mm x 60
cm gel filtration column run in tandem. The buffers used for the runs were; Buffer A:1%
| octylglucoside, 5 mM HEPES pH 7 ;4, 0.02% NaN, and Buffer B:1 M ammonium acetate,

5 mM HEPES pH 7.4, 0.02% NaNj,. The runs were isocratic having 94% Buffer A and
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6% Buffer B injection volumes of 2% OG solubilized membranes were 1ml unless stated
otherwise. The flow rate for Figures 1,2, 8, 20, and 23 was a gradient flow rate starting at
0.4 ml/min and ending with 1 ml/min over a period of 30 minutes. The chromatogram in

Figure 30 shows a typical HPLC run with a constant flow rate of 0.8 ml/min.

SDS-PAGE Electrophoresis

SDS-PAGE was performed using slab gels 1.5 mm x 8 cm x 20 cm having etn
acrylamide gradient of 7-18% and containing 0.1% SDS. Samples were mixed 1:1 v/v
with sample buffer consisting of 1 part 10% SDS, 1 part 0.5 M Tris base pH 6.8, 1 part
glycerol, and 500 mM 2-mercaptoethanol. Samples were then placed on the gel without
boiling and run with standards using 15 or 28 lane combs. Gels were silver stained under

acidic conditions or analyzed by Western blot analysis.

Western Blot Analy.éis

Proteins bands in SDS-PAGE gels were electrophoretically transferred to
nitrocellulose according the procedure described by Towbin (17). The nitrocellulose
containing the blotted proteins was blocked with blockihg buffer, consisting of 5% non fat
dry milk and 0.2% Tween 20 in PBS pH 7.4, overnight at 4°C or for 3 hours at 37°C.
'Primary antibodies were applied to the blots in antibody dituting buffer consisting of 3%
normal goat serum, 1% BSA and 0.2% Tween at the vatious dilutions listed in Table 6.
Primary antibodies were incubated for 3 hours at room temperature Non-spe01ﬁcally

bound primary was rinsed off the blot us1ng wash buffer contalmng 250 mM NaCl, 10 mM




128

HEPES pH 7.4, and 0.2% Tween with étotal .of 5 washes at 5 minute infervals. The

secondary antibody (either an alkaline phosphatase conjugated goat anti-mouse or goat
anti-rabbit IgG) was applied at a dilution of 1:1,000 v/v in diluting buﬂ‘ér and incubated
for 1 hour at room temperature. After rinsing with a total of 4 washes, a fifth wash was
done using alkaline TBS pH 8.0 for subsequent development with alkaline phosphatase

conjugated IgG. The reaction was halted by rinsing with distilled water.

Deglycosylation Experiinents

Removal of N-linked glycosylation was perfonnéd using N-glycosidase F,
Boehringer Mannheim, using the manufacture’s protocols. Safnples were boiled in 0.5%
SDS for 5 minutes, then incubated with enzyme for 12 hours..Samples were then analyzed

using SDS-PAGE and silver staining and Western blot analysis.

Mass Spectrometry

MALDI mass spectra were obtained on a PerSeptive Biosystems / Vestec Voyager
RP IOF mass spectrometer (PerSeptive Biosystems, Framingham, MA) as described in
Chapter 2. Samples were run in linear mode with +28 kV accelerating voitage, +16.8kV
secondary grid voltage, and +84 V guide wire voltage. Sinapinic acid was used in all
MALDI experiments presented. The matrix was prepared as a saturated solution in 1.:1 viv
water:acetonitrile with 0.1% TFA. All samples were concentrated using a‘ nﬁc;rocdn 50
concentrator (Amicon) and diluted 1:1 with purified water to dilﬁte the detergént and salt

concentrations. Samples were typically concentrated approximately 5-10 fold prior to -
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analysis using centrifugation through a membrane having a 30 kDa molecular weight limit.

A microliter of the protein concentrate was mixed 1:1 with water: acetonitrile:0.1% TFA

before adding to the matrix. However, larger ¢rystals were formed and MALDI mass
spectra were improved, when a volume of the protein solution was first diluted with an
equal volume of a 1:1 v/v mixture of water:acetonitrile with 0.1 % TFA prior to mixing

with the sinapinic acid matrix.

UV / VIS Absorbance Measufements
All absorbance measurements on detergent extracts and on isolated fractions of

partially purified protein were carried out using a Hewlett Packard Model 8452A diode

array spectrophotometer. The cuvette used had a 1 cm pathlength and'a minimum of 150

11 sample capacity. Reduced-oxidized spectra were obtained by adding 4 xl of a freshly

made 1 M stock of sodium dithionite to the oxidized solution to fully reduce the sample.

All concentrations were determined by using the extinction coefficients of 131 mM™* cm™
for the oxidized Soret band at 414 nm, 161 mM™ cm™ for the reduced-minus oxidized

band at 426 nm, and 29.3 mM! em™ for the reduced-minus oxidized band at 558 nm (1,3)

Results
Tandem Anion Exchange / Gel Filtration System
Although cytochrome by, from humén neutrophils can be partially purified to a
‘reasonable recovery (~50%) by serial lectin (wheat gérm—aéglutanin) and cation exchange

(heparin) chromatography, the possibility remains that isoforms exist that are not retained
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using these techniques. To examine this possibility, and to e\}alﬁate‘ atlternatiVé ap.proaches
to purification, tandem anion egchangé / gel filtration chrdmatography was apblied to :the
purification of_‘ crude extracts of solubilized neutrophil membraneé. The first runs using the
tandem anion exchange / gellﬁltration‘ chromatdgraphic configuration prodﬁced .
chromatograms containing a number of compénents with diﬂ“eren‘t, sizes, bﬁt each having
absorbance at 414 nm. Only some of these fractions had reduced minus oxidized spectra
charactéristic of cytochrome b, and blotted for intact large and small subunits by
Western blot analysis.

~ The most intriguing obsérvations from these initial experiments were found when |
the anién exchange / gel filtration columns were cleared by the injection of high salt. The
fractions that eluted early from the column had‘absc‘)rban‘ce at 414 nm and also immuno- -
blotted very strongly with anti-large and anti-small subunif antibodies. The band staining
with the large subunit antibody was not only extremely intense, but it va.tlso had a
homogeneoﬁs electrophoretic migration pattern when analyzed b}ll 'S]jS-PAGE, witﬁ a
molecular weight of app‘roximately‘ 82 kDa. This result was surprising since the typical
band for the large subunit of cytochrome b.. is a smeared band at molecular weights

ranging from 80 to 100 kDa.

This unique observation sparked interest to further charactérizc this is‘olated.

protein. Since the protein was most likely being differentially retajned by the anion

exchange column, this potential cytochrome b, isoform may have different glycosylation ~ .

properties relative to c_onventiorially puﬁﬂed cytochrome bs,. Since the pI of the large

subunit is 8.6 without carbohydrate, the glycosylation milst account for the retention by
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the anion exchange column relative to the conventionally purified .form‘. Thus, it was
anticipated thét this form of the protein could provide new ‘in.formation on the
glycosylation of cytochrome bgg,.

. The chromatogram shown in Figure 30 illustrates the a‘bsorbénce profile obtained
at 414 nm for 2% OG solubilized membranes injected onto theltandem anion exchange /
gel filtration columns. The chromatogram typifies one 'of three runs made in séquence each
run containing approxirﬁately 12 ug of cytochrome as estimated by reduced-oxidized
absorbance spectra. Western blot analysis of the peaks at 28.2 minutes and 29.9 minutes
using the antibodies 0-KQS and 44.1 respectively, revealed bands at the correct molecular‘
weight for the large subunit and the small subﬁnit of cytochrome bs»'ss.‘ The peak, at 28.2
minutes had the most intense staining while the staining for the peak at 29.9 minutes was
much less intense. An example of a Western blot from the peak at 28.2 minutes can be
found in the inset to Figure 30. The peak at 33.6 minutes had the highest absofbance at
414 nm of the components injected from the detergent solubilized membranes. However,
the fraction from this peak did not blot ‘for the large sﬁbunit when probed with the anti-
large subunit antibody KQS but did blot for the small subunit using the anti-small éubunit
antibody 44.1. There exiéts the possibility tﬁaf the fraction contained cytochrome by, from
the preceding peak at 29.9 minutés since the peaks were not fully resolved. Silver staining
of fractions separated by SDS_-PAGE,»revealed that the 33. 6 minute fraction was a
composite of a number of discrete proteins since the stained bands did not have the
characteristic dispersed appearance indicative of a glyéosylated protein.

After completing three consecutive injections of 2% OG solubilized membranes
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(45 ug each), the column was flushed with three bed volumes of columin buffer before an
injection of 300 w1 of 5M NaCl to clear the anion exchange column of any retained
proteins. Components eluted by the injection of NaCl were monitdred both for absorbance
at 414 nm and for tryptophan fluorescence. The chromatogram represénﬁng thi_s elution is
shown in Figure 31. The fractions labeled at 23.5 min and 25.8 min stained intensely by
Western blot ahalysis using the immunopurified anti-peptide antibody a-ARK, described in
Chapter 3, made against a peptide mlmlckmg residues 155ARKRIKNPEGGC165 of the large
subunit. Figure 32 shows the blot of the peaks at 23.5 and 25.8 min along with a sﬂver
stained SDS-PAGE gel of the same samples. The blot clearly shows a single band at
approximately 82 kDa and the silver stain shows that this protein is the primary
component at that molecular weight. Westem blots of these same fractions with antibodiés
a-KQS and 44.1 are shown in Figure 33. The antibodies recognized the large and small
subunits in these fractions without the presence of cytochrome b;ss at any other molecular
weight in the gel. The fact the small subunit was present and the only other band in the gel
having large subunit staining was at 82 kDa, s'ugg_ested that the two were associated. Also,
having two separate antibodies blofting af the same molecular weight was good evidence
that the band at 82 kDa was indeed from the large subunit. |

To compare the oc-ARK antibody recognition of both heparin purified cytochfome
bsss and the salt elution peak at 23.5 min, a Western blot was performed with the two
sémples side-by-side as shown in Figure 34. The ability of the anfibody‘ to blot both
samples is clear and the molecular weight of the protein at 82 kDa is w¢11 withir.i‘ ﬁhe

- molecular weight range typically observed for purified cytochrome bsse. In addition, there
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Figure 31. Chromatogram showing the profile of components eluted off the anion exchange / gel filtration
column after injection of 300 .l of 5SM NaCl from the first isolation of the cytochrome bsss isoform. The
material was retained on the column from three prior injections, each 45.g of 2% OG solubilized membranes
. Labeled peaks at 23.5 min and 25.8 min gave intense staining with ARK, KQS, and 44.1 antibodies.
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