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Abstract

Fast photochemical oxidation of proteins (FPOP) has shown great promise in the
elucidation of the regions of a protein’s structure that are changed upon iatevati
other macromolecules, ligands, or by folding. The advantage of this protein footprinting
method is that it utilizes the reactivity of hydroxyl radicals to staibgify solvent
accessible residues non-specifically in a microsecond. The exsitidabeling at sites
assays their solvent accessibility. We have corroborated the predictednaigfshort
timescale of labeling empirically, by FPOP-labeling three oxidagemsitive proteins
and examining their global FPOP product outcomes. The novel test developed to validate
conformational invariance during labeling can be applied generally to any fatgri
methodology where perturbation to protein structure by the footprint labeling is
suspected. The stable modifications can be detected and quantified by the same
proteolysis, chromatography, and mass spectrometry techniques employedompost
studies; however, proteomics software does not automatically report the nesidived
full-sequence-coverage footprint information found in proteomics-like FPOP data. Her
we report the development of software tools to facilitate a comprehensiveiaimhef
analysis of FPOP data, and demonstrate their use in a study of barstamniioided and
native states. We next show that;S©@an serve as an alternative non-specific labeling
agent that can be generated by the FPOP apparatus on the same feaetme€3El.
This demonstrates the tunable nature of FPOP. We have used FPOP to chataeteri

oligomeric structures of three human apolipoprotein E (ApoE) isoforms and a monomeri



mutant in their lipid-free states. Only one isoform of ApoE is strongly edsedaownith
Alzheimer’s disease; unfortunately, the structural reason for this assnds not

known, in part because no high resolution structure exists of any isoform. We find that
the three common isoforms of ApoE are very similar in their solvent accesmlpeirt,

that their oligomeric interactions involve several regions in the C-terminadidpand

that the N-terminal domain of each resembles the monomeric mutant’s Makrm
domain, the truncated form of which has been characterized as a four-helix bundle.
Finally, we find by FPOP that ApoE interacts wittamyloid peptide 1-42 at a specific

site in its N-terminal domain.
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1  Mass Spectrometry-Based Protein Footprinting

1.1 Proten Structure Deter mination

1.1.1 High resolution determination.

The determination of tertiary and quaternary protein structure is thelcesiia
in discovering the mechanisms of protein function. X-ray crystallographg is
preeminent methodology capable of providing high resolution three-dimensional
macromolecular structure. By this method, an electron density map is generatéaefrom
diffraction pattern created by X-rays diffracted by a protein crystag primary
sequence of the protein is modeled to fit this electron density map, resulting inastruc
with atomic-coordinate detail for most of its atom. At lower resolution the
macromolecular shape can be determined. Of the 72,717 structures entered in the protei
data bank (www.pdb.orps of April 2011, 63,322 were determined by X-ray
crystallography.

The limitation of X-ray crystollography is primarily the limitati of protein
crystallization. Some proteins cannot crystallize because their naticeuse is only
stabilized by interaction with other biomolecules, which cannot be sequestered in a
ordered crystal. Many transmembrane proteins fall in this category, thouggh muc
progress has been made in their structural elucidation by crystallograpther proteins
may not crystallize owing to the highly variable conformations parts of theirsegue
visit. The excision of such regions can give truncated protein variants that readi

crystallizé. This strategy is one of several employed in crystallography that entaylp



the structure of the protein from its native conformation. Protein crystalsgiulg hi
protein-concentrated. Due to this property, the determination of the monomer structur
of proteins that have a propensity to oligomerize can be difficult or impossible.

The remaining fraction of high resolution structures in the protein data bank have
been determined by NMR spectroscopy. This method utilizes the magnetic-spin
properties of nuclei to determine distance constraints between the probed atoms of a
macromolecule. These constraints and the primary sequence of the petesedto
construct a high resolution model. The NMR experiment is usually done on proteins in
solution. This has enabled the study of proteins in a dynamic context, including protein
folding®, folding pathwayy and enzyme dynamitsThe structural progression through
such pathways can studied by NMR relaxation dispersion experiments that résolve s
lived intermediate states and conformations of low abundance relative to the dominant
equilibrium conformatiof®.

There are two primary limitations to NMR structural determination. fifétes
that, just as for X-ray crystallography, certain proteins are not wedidstotstudy
because their native conformation is not stable under the conditions of the experiment
NMR typically requires 100s qfg of material and operates on high protein-concentrated
solutions. As well, very flexible proteins may present an ensemble of native
conformations that thereby confounds resolved analysis. The second limitatian is t
proteins <40 kDa are not well assayed by NMR unless they are highly syoysath as
seen with the 900 kDa GroES-GroEL comgle€arbon-13, nitrogen-15, and fluorine-19

labeling of proteins permits NMR experiments that focus on these nuclei. Fainprot



larger than 10 kDa, uniforfiiC and™N labeling is often employed to simplify the
analysis without sacrificing structural resolutionin conjunction with*C and™N
labeling, solid state magic angle spinning NMR (MAS NMRJan reveal the structure of
proteins without the requiring their macroscopic alignrifeby this method the high
resolution structures of membrane proteins have been detetfiihelh proteins that

are intractable to high resolution elucidation by NMigR, can be used to provide lower
resolution information about domain and oligomeric propérties

1.1.2 Low resolution determination.

Other methodologies utilize the physical, nuclear, and electronic structure
properties of the analyte protein to provide structural information about thenpogtei
itself or in the context of an interaction. By themselves, such particlersugtte
spectroscopic and physical methods cannot provide the detail afforded X-rajvi&d N
techniques. Cryo-electron microscopy (cryo-EM) is one method which, whaeariot
determine individual protein structures at atomic resolution, is better suited for
determining the gross structure of large biomolecular assemblies thanxertne
crystollography or NMR spectroscafy’. A common theme for low resolution
techniques like cryo-EM is that the interpretation of the technique’s dhtzowicide
with the incorporation of X-ray or NMR high resolution structures, as components of the
studied system or as a putative model of the system or part of the System

Circular dichroism (CD) spectroscopy has a long history of use akradgee to
characterize the secondary structure content of proteins in solifflamherein the

allowed rotations between neighboring amide groups along the protein backbone are



probed. This spectroscopic method sees the average of all positions in a protein in its
average conformation. For some protein systems, the ensemble of protein conformations
may be broad. This may obscure important macromolecular interactions pmesent
subset of proteins in the ensemble if inherently averaged spectroscopic methaosksla
Fluorescence spectroscopy and Forster (fluorescence) resonanttearestgy
(FRET) have been used to rescue such interactions by allowing for exquistie—e
single molecul&?4—detection of proteins. FRET can provide quantitative distance
information relating to the natural fluorophores tryptophan and tyrosine in thetusaluc
context, as well as strongly absorbing fluorophores like flouroscein and rhodamine when
they are conjugated to the macromolecules or ligands. In fluorescencatmorrel
spectroscopy (FCS), the size and shape of macromolecules can be inferrtdu fRDS-
observed diffusion of a small number of such molecules in a very small volume. From
this geometric model the stoichiometry and subunit orientations of protein cosiplexe
oligomers can be determirféd
Sedimentation and native gel electrophoresis techniques can distinguish prote
complexes and oligomers from monomeric species. Though clearly of low resolution,
such information is critical to the understanding of quaternary structure, wbieh m
resolved methods may not be able to probe. In addition, sedimentation experiments can

be used to assay the shape of the macromolecule or céfplex



1.2 Mass Spectrometry-Based Footprinting

1.2.1 General principles.

An intermediate level of structural information can be realized by mass
spectrometry (MS)-based protein footprintingrotein footprinting is an assay that
monitors protein conformation by selectively labeling or cleaving residuas. T
selectivity is in part a function of the target solvent accessibility,dnumplicit picture
of protein structure is afforded by footprinting. The ways of modifying residees a
diverse and have been in practice for over forty y@atdore recently, the advent of
macro-biomolecular mass spectrometry using ESI and MALDI ionization sobase
enabled the study of proteins in physiologic quantities—though the ionization by these
methods cannot be said to be “physiologic” in most applic&fiGhsCertain
modification strategies are well suited to mass spectrometric enad/they can be
employed under such physiologic conditions: aqueous neutral-buffered salin@nsoluti
with dilute homogenous or mixed protein. As a result mass spectrometry is an mhporta
contributor to the elucidation of protein structure, and to the understanding of protein
intermolecular interaction: identifying partner binding sites, stoicbtoynaffinity, and
dynamic$®.

The standard approach in protein footprinting is to determine which sites or
regions on a protein exhibit a change in solvent accessibility between two ortatese s
of the protein. This has been applied in thousands of studies that have variously
examined protein foldirfg, complexatiof’, membrane orientatidh and other contexts

effecting change in protein structure. As long as the protein system is nob@e hyr



the labeling, the extent of labeling will be attenuated in regions that hatedlian no
solvent accessibility. For example, to map the binding site of a protein witjaitsl)
one applies labeling conditions identically to both apo and holo states, digests time prote
by proteolysis, and examines the extent of labeling visited on each peptidedvy ma
spectrometry. Peptides or residues that have undergone more labeling in tta¢eapo s
may comprise the ligand binding site, though they may instead be distal to ieand ar
protected in the holo state by virtue of an allosteric response to binding. As with othe
methodologies, this strategy is empowereélpyiori knowledge of the apo structure;
mapping the protected regions onto the high resolution structure can help distinguish
binding sites from other regions sensitive to allostery
1.2.2 Global experiments.

When comparing states of a protein system, the overall level of labekaglof
state’s constituents is often informative of the presence of structurajeshauch like
CD spectroscopy, and may provide important thermodynamic information. Hydrogen
deuterium exchange (HDX) is a footprinting technique that probes the solvesdiblze
and hydrogen bonding environment of amide backbone hydr§geBsmmonly HDX
experiments use pepsin proteolysis at low pH immediately after exchéefjadathe
peptide products are then scanned by MS for peptide-resolved analysis. Adkdynbti
skipping the proteolysis step the total protein deuterium uptake can be monitored. Such
global analysis can detect whether protein rearrangement or binding ichasddy
comparison to a control state, for as few as 10 involved residues or fewer stililidgpe

on experiment precision. This is an important tool sensitive to secondary, tertdry, a



guaternary structural change, whereas CD spectroscopy only assaysscimesecondary
structure. For example, by ligand titration the intermediate equilibtreele@ apo and

holo endpoint states scan be examined by HDX to elucidate the binding constant of the
protein-ligand interactioti.

1.2.3 Local experiments.

Ultimately mass spectrometry-based protein footprinting is used tarexam
changes in solvent accessibility at a peptide or residue-resolved levelentismad,

HDX is a prominent choice for peptide-resolved footprinting. The advantage to this
method is that it is non-residue specific in its amide labeling, except fongroli
Moreover, the nature of HDX ensures that solvent-exposed amide hydrogens not
involved in hydrogen bonding will be labeled with 100% efficiency for seconds-to-
minutes exposures. A useful consequence of this is that determining the Isizdting

for a peptide is done by measuring the change in mass of the peptide comparaedre it
labeled theoretical mass. The more solvent-exposed residues a peptide possggse
the HDX exposure, the more its uptake mass will be increased. This makes HDX and
MS natural partners, because the potential ionization biases affectingpeassl
intensity’> are not shared by the m/z measurement.

Until recently, the goal for residue-resolved HDX footprinting could only be
realized for those residues serendipitously overlapped by more than one pepsin
proteolytic peptid®. The collision induced dissociation (CID) fragmentation
experiment, conducted in ion trap mass spectrometers, is used to generate the

characteristic fragment ion spectra of peptides to uniquely identifysbguences. This



experiment cannot be used to locate residue sites of HDX becalisédtcrambling
induced by the multiple collisions of C}b A new method of fragmentation called
electron-transfer dissociation (ET®has been demonstrated to solve this problem in the
MS analysis of HDX-labeled peptid@s In ETD, scrambling is less probable due to the
near vertical electronic transition a peptide undergoes with the addition an electmon, f
which state fragmentation directly proceeds.

If the labeling is stable, identification of the modification sites can be damg us
a proteomics-based “bottom-up” mass spectrometry method8loigythis
methodology, proteolytic peptides are chromatographically resolved anteddatea
hybrid mass spectrometer capable of monitoring their accurate masar{ catios at
high resolving power (ideally). The instrument’s other spectrometer asdnee
characteristic product ion spectra of peptide ions subjected to CID in ameluti
dependent manner. The high-resolution LC-MS intensities provide a quantitative
measure of each peptide, and their product ion spectra, acquired in this tande® MS/M
mode (MS), can indicate their identity and modification site(s). The yield of labeling
a residue or peptide is determined directly from levels of modified and unmodified
peptides. An important aspect of stable (irreversible) covalent labelimgtjsinlike
HDX, protein conformation may be very sensitive to the labeling. If it is semamd its
response occurs on the timescale of the labeling, the footprinting results ldisee by
the sampling of these non-native structures. Sufficient care must be taken in the

experiment and its analysis to avoid such bias.



1.3 Hydroxyl Radical Footprinting

1.3.1 Utility and chemistry

Hydroxyl radical labeling is a class of stable modification fantprg methods,
each differentiated by the means of «OH generation. Hydroxyl radicdlpnebk
solvent accessibility by virtue of their comparable size to water and Fagtivigy to
several amino acid sidechains. The fundamental advantages to this strategycde
(1) While modified protein is subjected to hours or days of handling and proteolysis
before LC-MS/MS acquisition, the primary sequence of modified residuesseryed
by virtue of the stability of the covalent modification. (2) The hydroxyl eddgca
general reactant, affording a higher resolution footprint than covalent appsoahich
target single chemical groups, such as the acetylation of primary amines. XharwkC
have shown in X-ray angray water radiolysis-initiated oxidation studi&&’ that 14 of
the 20 amino acid sidechains and the disulfide bond can be reliably modified when
solvent exposed.

While there are many pathways #@H-mediated labeling on residue sidechains,
the most common net mass shift is the +15.9949 Da incorporation of oxygen in air-
equilibrated solutiorf§*" **** The initial* OH reaction is different for aromatic and
sulfur-containing residues than for aliphatic residues, but the involvement of naolecul
oxygen, the involvement of secondary radical reactions, and the similarityeridhe
products gives credence to examining one pathway; shown is reactioH @fith

leucine (Scheme 1.1). First, hydrogen is abstracted preferentiallyfatahdy- carbon



sites of the sidechalin followed quickly by reaction with £xo give a peroxy radical.

The reaction with @is diffusion controlled in oxygenated soluti8h&®

(-OH O

H()l . o, 5 HO
A, — A, =~ A, — A,

" ) " O " (@) " 0

Scheme 1.1: The partial mechanism of leucine oxidation by hydroxyl radical to form a
hydroxylated product.

There are several pathways by which the peroxy radical ultimatedg giay to a

hydroxyl modification; the other slightly less common product is a carbonyl
modificatiorf®. In these pathways, reaction with radical species is required to return the
protein to an even-electron molecule. The peroxy radical is capable of formmerm di
with other peroxy species such as HG@d Q", which through a cyclic transition state
can give rise to carbonyl produtts Table 1.1 lists the common modifications we have

§8—51

observed in ourtOH-mediated protein footprinting experimefit these are

consistent with the contemporary and preceding work of others in th& field
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Table 1.1: Initial *OH-amino acid sidechain reaction rates and common mass
spectrometry-observed productse©®H-mediated protein footprinting

. . K L
amino acid , " common modifications (D&)
M " sec)
Cys 3.5 x16 -15.9772 +31.9898 +47.9847
Trp 1.3 x10° +3.9949 +15.9949 +31.9898 +47.9847
Tyr 1.3 x16° +15.9949 +31.9898 +47.9847
Met 8.5 x10 —32.0085 +15.9949 +31.9898
Phe 6.9 x19 +15.9949 +31.9898 +47.9847
His 4.8 x18 -23.0160 —-22.0320 -10.0320 +4.9789 +15.9949
Arg 3.5 x10 -43.0534 +13.9793 +15.9949
lle 1.8 x16 +13.9793 +15.9949
Leu 1.7 x18 +13.9793 +15.9949
Val 8.5 x10 +13.9793 +15.9949
Pro 6.5 x18 +13.9793 +15.9949
Gln 5.4 x18 +13.9793 +15.9949
Thr 5.1 x18 —-2.0157 +15.9949
Lys 3.5 x16 +13.9793 +15.9949
Ser 3.2x18 —-2.0157 +15.9949
Glu 2.3x16 —-30.0106 +13.9793 +15.9949
Ala 7.7 x10 +15.9949
Asp 7.5 x16 -30.0106 +15.9949
Asn 4.9x10 +15.9949
Gly 1.7 x10 n.d.

While hydroxyl radicals are non-specific reactants, they do not $atethains

with equal efficiency. The reaction rates@fH with amino acid sidechains is 2000-fold

higher for cysteine, the most reactive amino acid, than glycine, the ledét (I'1). The

second order rates in Table 1.1. pertain to amino acids free in solution, not residues in a

protein. Even so, these rates reflect the inherent reactivity of residues ifullly

exposed protein structural context: the MS-determined residue reactithityQt in

unstructured peptides mirrors Table 1.1, with the exception that Met is second in the

ordef.
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Clearly another potential advantage@H-mediated footprinting is that it is so
fast: the residue sidechain reactivity approaches the diffusion limit fQrivigtTyr, and
Cys residues. Recently Chen and colleatjissl Stocks and Konermainvere able to
probe sub-millisecond protein folding using a methodology, described below, which
takes advantage of inherent reactivity©H to make microsecond “snapshot” footprints
of the proteins.

1.3.2 Methods of «OH-labeling

There are several hydroxyl radical footprinting approaches curianise; a
detailed review has been recently publi§iedmong the first DNA-protein and protein-
ligand binding site footprinting studies have used hydroxyl radicals ged éraie
catalytic Fenton chemist®consuming hydrogen peroxid&® The Fe(ll)-
EDTA/H,;O./ascorbate Fenton system is currently a standard means for studying DNA
and RNA interactiom because it allows for the stoichiometric generatiorOd from
Fe(ll) and HO; at neutral pH without risking Fe(lll) precipitation asGg The
ascorbate is used to make the iron catalytic as it reduces Fe(lll) backi}o Fe(

The synchrotron X-ray and’Csy-ray radiolysis methods generate hydroxyl
radicals as the major reactive products from water radiolysis by highyguiestpns.

The first step irOH formation is the ejection of an electron from water. This high
energy electron ionizes other water molecules, which ultimately geadnadroxyl
radicals and other less reactive oxiddhts These methods have been successfully
applied to footprinting DNA/protein interactions, RNA folding, and large prot&fis

The synchrotron X-ray source produces a high intensity beam such that millisecond
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exposures are sufficient to oxidize protéfnfonger times are typically needed feray
radiolysis as thé*'Cs source is not as intefiSe The benefit to the radiolysis method is
that no additives are needed: water provides the sous€dbf

Ultraviolet light can homolytically cleave 8, to givesOH®>. Sharp and
colleagues first demonstrated this method of footprinting by their oxidatredirlg of
myoglobin, with*OH generated from 5 M 40, irradiated by 254 nm light The
quantum vyield of UV KO, decomposition was first measured af.but a more recent
measurement has, 2> = 0.80 + 0.2,

1.3.3 Fast Photochemical Oxidation of Proteins (FPOP)

Hambly and Gros&®, and independently Aye and coworkers, have developed
the method of fast photochemical oxidation of proteins (FPOP), which generates the
radical from photolysis of hydrogen peroxide with pulsed 248 nnfight 248 nm the
extinction coefficient is 24 citiM™ ®® The KrF excimer laser UV source provides a high
flux of light, minimizing the exposure of protein to peroxide—the standard protocol uses
20 mM peroxide. Glutamine is included as a radical scavenger to limit thectilaef
oxidation. The synchronization of the flow rate through the fused silica reackiovithe
the excimer laser pulse frequency ensures all sample protein is gdadrate, but for a
measurable exclusion fraction.

The primary advantage to FPOP is that the nears@Ml exposure of proteins is
confined to a microsecond window, defined by the 17 ns laser pulse at its start and by the
radical scavenging of glutamine. By one microsecond the 4@dd][is 50,000-fold less

concentrated than at the outset under typical FPOP conditions, according to the pseudo-
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first order analysis of its consumptfdn This timescale of labeling predicts that the
labeling-perturbed conformations of proteins aren’t sampled by the lglelcases
where proteins are structurally sensitive to oxidation. Studies by Chung andkersifor
"L using 2D IR spectroscopy, dispersed vibrational echo spectroscopy, and MD
simulation, showed that the fast-folding response of ubiquitin proceeds witlsinf3an
abrupt T-jump. Although such perturbation is wholly different than chemical
modification, the timescale of ubiquitin response is suggestive of the egidieat
changes we may expect for proteins conformationally sensitive to oxidaitiécation.
In some cases, still faster ns motions in regions of flexibility gsesto larger-scale
slower motions in the protein’s exploration of conformation sffadeis possible that
initial modifications to such regions of high flexibility may alter thermdant structural
progression of larger regions. This should be kept in mind with all stable-modification
footprinting methods, and is why FPOP, with its radical scavenger-tutalgiecale, is
an attractive footprinting method.

1.4 Dissertation Topics

1.4.1 Chapter 2 Validation of the FPOP timescale.

Like other chemical footprinting techniques, FPOP must ensure only the native
conformation is labeled. Although oxidation via hydroxyl radical induces unfolding in
proteins on a millisecond timescale, FPOP is designed to limit «OH exposups tr 1
less by employing a pulsed laser for initiation to produce the radicals andingch
radical-scavenger to limit their lifetimes. We applied FPOP to threetomadsensitive

proteins and found that the distribution of modification (oxidation) states is Poisson when
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a scavenger is present, consistent with a single conformation protein munifroaidel.
This model breaks down when a scavenger is not used and/or hydrogen peroxide is not
removed following photolysis. The outcome verifies that FPOP occurs on a &fae sc
faster than global conformational changes in these proteins. This study has bee
published inAnalytical Chemistry”>,
1.4.2 Chapter 3 Development of efficient and compr ehensive footprinting analysis
software.

Mass spectrometry-based protein footprinting is a powerful method for ungyveili
many kinds of protein interactions that cannot be studied by X-ray crystalogor
NMR spectroscopy. To realize the maximum information a protein footprinting stud
can offer, residue-resolution of the footprinting label is needed for every resiitvee
to the labeling chemistry. Hydroxyl radical-mediated labeling has priavbe a very
informative protein footprinting method, because of the number of solvent accessible
residues that may be labeled4®H. The paradox of such a method is that finding all
*OH-labeling fates in the proteolyzed sample’s LC-MS/MS acquisitiamidataunting
without the help of automated software. While the proteomics field has enjoyed the
concomitant development and refinement of bioinformatics software, these sadiwar
not well suited to the task of assigning most LC-MS features from rekitedfs.C-
MS/MS acquisitions to the modified and unmodified proteolytic peptides of one or a few
proteins that have suffered a broad distribution of modifications. We presentiaseel-
tools developed to facilitate this task, providing a means for achieving a comgivehe

residue-resolved analysis of footprinting data in an efficient manner. To deatenise
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software and the utility ofOH-mediated labeling, we show that FPOP easily
distinguishes the buried and exposed residues of barstar in its folded and unfolded states
1.4.3 Chapter 4 Extension of the FPOP method to new reagents.

The focus of this work is to expand the original design of FPOP and introduce
SOy, generated by 248 nm homolysis of low mM levels of persulfate, as a radical
reactant in protein footprinting. A feature of FPOP is that its design acconenadiaér
reagents, increasing its versatility. The new persulfate FP@&hsisa potent, non-
specific, and tunable footprinting method: 3-5 times less persulfate is neagied the
same global levels of modification seen with FPOP photolysis of hydrogen gheroxi
Although solvent-exposed His and Tyr residues are more reactive wjtht&&h with
*OH, a thorough LC/MS/MS and structural analysis of apomyoglobin and calmodulin
labeled products, shows th&@H can probe smaller accessible areas thaj» S@th the
possible exception of when histidine is modified. This is consistent with the sazger
of the SQ* compared teOH. We find that His64, an axial ligand in the heme-binding
pocket of apomyoglobin, is substantially up-labeled by S®lative tocOH. Finally,
because the kinds of modification and residue selectivity for both FPOP methods are
strikingly similar, we believe the choice for either method should be made camgider
first the physical properties of persulfate and hydrogen peroxide, esp &gl
membrane permeability. This study has been publishadalytical Chemistry*®.
1.4.4 Chapter 5 Application of FPOP: apolipoprotein E oligomerization.

The three common isoforms of apolipoprotein E (ApoE) differ at two sites in their

299 amino-acid sequence but these differences modulate the structure of Apoét to affe
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profoundly the isoform associations with disease. The Agodllele in particular is

strongly associated with Alzheimer’s disease. The study of the salettacts of these
mutation sites in aqueous media is hampered by the aggregation proclivity ofpedeh A
isoform. Hence, understanding the differences between isoforms must rely on lowe
resolution biophysical measurements, mutagenesis, homology studies, and the use of
truncated ApoE variants. In this study, we report two comparative studies ghoke A
family by using the mass spectrometry-based protein footprinting metho&O&f &nd
glycine ethyl ester (GEE) labeling. The first experiment exasrine three full-length

WT isoforms in their tetrameric state and finds that the overall strucugesmilar with

the exception of M108 in ApoE4, which is more solvent-accessible in this isoform than in
ApoE2 and ApoE3. The second experiment provides clear evidence, from a comparison
of the footprinting results of the wild-type proteins and a monomeric mutant, Weaalse
residues 183-205 and 232-251 are involved self-association.

1.45 Chapter 6 Application of FPOP: apolipoprotein E monomeric mutant

structure prediction.

We validate the presumed four-helix bundle structure of the N-terminal domain of
the full length Apolipoprotein E (ApoE) by means of protein footprinting using the
method of FPOP in a new way. The validation of this structure is made by comparison of
the extent of oxidative modifications at the amino-acid level with the cedcula
sidechain solvent-accessible surface area, taken from the most recensaiigtiore N-
terminal domain structure of truncated Apolipoprotein E. We subjected a monomeric

mutant of the Apolipoprotein E3 variant to FPOP footprinting to warrant conclusions
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based on the monomeric structure of ApoE. This study highlights the applicaBiity F
footprinting for structural hypothesis testing when high-resolution stuckasoh
possible, and it points to immediate application towards unraveling the structural
differences between the wild type variants of Apolipoprotein E in lipie-&red —bound
states.
1.4.6 Chapter 7 Application of FPOP: apolipoprotein E-AB42 interaction.
Thep-amyloid peptide 1-42 may be the most important biomolecule implicated in
Alzheimer’s disease pathogenesis. Cerebral plaques comprised of thblam&otillar
form of this peptide are found in all patients diagnosed with Alzheimer’s disehse. T
soluble oligomers gB-amyloid 1-42 are neurotoxic. The amyloid hypothesis suggests
that the clearance of this peptide in the brain is central to affecting thibdibelof
Alzheimer’s disease onset. One protein known to interact with this peptide briltarfi
and soluble forms is apolipoprotein E. Strikingly, the apolipoprotein E4 isoform of this
protein confers a 12-fold greater risk for Alzheimer’s disease for peoplewdtbdpies
of this allele than for people with no copies. The molecular characterizaften of
amyloid interaction with apolipoprotein E isoforms has thus been an important goal of
many studies; owing to the oligomeric properties of both biomolecules, no high
resolution structure of the complex or of ApoE exists. We have used the FPOP method
of mass spectrometry-based protein footprinting to provide an intermediateticasol
picture of this interaction for lipid-free ApoE3 and ApoE4. We find that both proteins
exhibit AB42 binding in their N-terminus domains, involving residues W34 and Y 36.

Arginine 167 also shows significant protection in tH&&-present state. It is not
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contiguous in the N-terminus domain structures of ApoE, and we argue that this site is
protected by a similar allosteric response by both proteins updg Binding. Proline

293 is also involved in a C-terminal domain interaction in ApoE3, but the overall
footprinting signals in the C-terminal domain suggest that this interactrat &s strong

as the N-terminal domain. These results are consistent with several gtatiesve

examined the domain interactions with Adependently.
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2  Fast Photochemical Oxidation of Protein Footprints

Faster than Protein Unfolding
2.1 Introduction

Protein footprinting is an assay that monitors protein conformation by selgctivel
labeling or cleaving residues. This selectivity is, in part, a function datbet protein’s
solvent accessibility; thus, an implicit picture of protein structure isagdtbby
footprinting. Although the ways of modifying residues are diverse, and many have been
in practice for over forty yearsthe advent of biomolecular mass spectrometry,
associated with ESI and MALDI ionization and interfaced to liquid chromatography, now
makes possible highly specific, sensitive, and rapid analysis of modified peptide
proteins®® Thus, we are attempting to establish a marriage of mass spectrometry and
chemical footprinting to afford a tool for the elucidation of protein structure and
dynamics, and for the identification of partner binding sites, stoichiometry fiamitya’

Protein oxidation by hydroxyl radicals is one class of footprinting methods; the
various subclasses are differentiated by the means used to generate the @iyl Hyd
radicals probe solvent accessibility because they have comparable sizen saker
molecules and high reactivity with a significant fraction of amino acid sidashahe
advantages of hydroxyl radical footprinting are twofold. First, the primegyence of
modified residues is preserved by virtue of the stability of the covalent caidhf even
though a protein may be subjected to several hours and even days of handling and
proteolysis following the chemical footprinting step. Second, the hydroxyl tasli@a

reactive reagent, modifying many amino acid residues and affording a baylegage
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footprint than those covalent approaches that target specific residues (e.cpfylatian

of primary amines). Xu and Chandeshowed that in X-ray andray water radiolysis,

up to 14 of the 20 sidechains and cys-cys disulfide bonds can be usefully modified for
footprinting experiments.

As implied above, there are several hydroxyl radical footprinting appesach
currently in use; a detailed review was recently publi§hésnong the first DNA:protein
and protein:ligand binding site footprinting studies have used hydroxyl radicalatgehe
from catalytic Fenton chemistrgonsuming hydrogen peroxid®* The synchrotron X-
ray and-*'Csy-ray methods generate hydroxyl radicals as the major reactive products
from water radiolysis by high-energy photons. These methods were okigiaaéloped
by Chanc&**and coworkers to footprint DNA/protein interactions, RNA folding, and
large proteins. Recently Hambly and Gross, and independently Ayé%t aéported a
method of fast photochemical oxidation of proteins (FPOP) that genetaidsy
photolysis of mM hydrogen peroxide with a pulsed laser (either 248-nm KrF excimer
laser or 266-nm frequency quadrupled Nd YAG). The laser provides a spatally
high flux of light, maximizing the exposure of a small volume of protein solution to
radicals and ensuring all but a small exclusion fraction of the proteindsated only
once (Figure 2.1). In the design by Hambly and Gross, a constituent radical scaveng
limits the timescale of oxidation. During a short timescale of oxidatiQs)~

footprinting occurs at high yield.
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2.5mm laser spot width:
6.09 Hz excimer frequency

0.15 exclusion volume fraction

o

19 uL/min flow fused silica

\ —

Y reacted volume plug
UV transparentregion

Figure2.1: Schematic of the FPOP fused silica reaction in with normal flow, lase
pulse frequency, and laser spot size sett

Here we report the first experimental evaluatiorBOP to test the claim |
Hambly and Gross that it labels a protein fastantits unfolding. Fast las
temperaturgump methos coupled with several spectroscopy techniques masure(
timescales of folding for protein model syste*® Recent studies by Chung a
coworkers®*using 2D IR spectroscopy, dispersed vibrationabesgrectroscopy, ar
MD simulation, showed that the f-folding response of ubiquitin, of breaking nat
contacts in itg>-sheet, proceeds withinus of an abrupt Tump. Although sucl
perturbaion is wholly different than chemical modificatiotie timescale of ubiquiti
response is suggestive of the earliest changesayeerpect for protein
conformationally sensitive to oxidative modificatioSmall in size and tractable 1
analysis f-lactoglobulin g-Ig), apo-calmodulin (ap&aM), and lysozyme (LysC) a
not structurally similar, yet are representativgudteins exhibiting this sensitivi*%?

Therefore, we chose these proteins to tee hypothesis.
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Venkatesh and coworkéfgproposed a method of ascertaining whether hydroxyl
radical reactions sample the native protein conformation or upset the structural
equilibrium during the timescale of exposure. Their approach is appropriate for
continuous-dose methods because they provide a near steady state hydradyl radic
concentration, allowing for a pseudo-first order kinetic model to be%4&&drhe FPOP
method, however, cannot be so evaluated because it is pulsed. A single laser pulse
provides a well defined start, and chemical quenching provides the “shutter” for the
reaction. The 17-nsec laser pulse generates an [*OH ] of approximately WaM
estimate that the presence of glutamine radical scavenger at 20 ettivetiy quenches
radical exposure by ~is; thus, the [*OH ] is not at steady sthte.

The desired test is one for change in conformation induced by FPOP, but only for
change occurring on the labeling timescale. One means of monitoring protein
conformational changes is to track their charge-state distribtftfSriThis approach,
however, has difficulty distinguishing fast and slow FPOP-induced conformation
changes. One might follow Maleknia and cowork&t$ who developed a method of
protein footprinting by generating reactive oxygen species in an ESI source,
accommodating rapid mass spectrometry analysis, but this approach fsoffetise
uncertainty that protein conformation in a charge dense droplet in a high eletdris fi
relevant to solution biology. The special experimental features of FPOlPeraqui

indirect evaluation method.
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211 Test of Hypothesisthat FPOP Oxidizes Protein Faster than its Unfolding.

If an effective radical exposure afid is shorter than a significant structural
response to oxidative modification, and if the probability of modification at essite i
function of its solvent accessibility, it follows that the modification probalkalitgach
site is independent of other incurred modifications for such an exposure. It is also a
function of the site’s inherent chemical reactiVity’ The modification probabilities of
the most sensitive sites can be approximated by an average probability. A binomial
distribution models the outcomes of this approximation. The probability a proteimewill

modified k times is:

P(k; N,p) = (})Pmoa" (1 — Pmoa)¥ ¥ (1)
for N potential modification sites, each wiph,,; probability of modification. AgV
increases, this probability diminishes for any one site, yet the priggl, is invariant.
For example, two proteins, one large and one small, undergoing controlled oxidative
labeling will exhibit the same product distribution only if they are exposed al reaqisa
concentration other things being equal (i.e., the solvent accessibility/sizengtio a
average reactivity of each site). The limiting case of the binomial distmbagN — o
is the Poisson distribution, with a probability mass function:

e~ Apk
= (2)

P(k; A) =
Significantly, this is parameterized by only one facioryhich is the expected number

of events(k) and their variancéc?) — (k)? . In practice folv > 50 andp < 0.02, an

optimal A gives a Poisson distribution matching the binomial, per outcome, to within the
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determination error (inclusive of experimental error and modeling uncejtairany
*OH modification state of a protein.

The dominant product pathway for most residue sidechains reacting with «OH is
the net addition of oxygen (+16 Da) as a hydroxyl group (as substitution of H fd OH).
34 Consequently, the distribution of modified products can be simplified as a 0, +16, +32.
. . addition state distribution, wherein proteins are binned only by the number of
increments in 16 Da they have gained. For a properly controlled FPOP extmiera
hypothesize that the distribution of 0, +16, +3®roducts should be very nearly Poisson
if the footprinting reactions occur more rapidly than any significant protein unépldi
This hypothesis is the basis for our evaluation of the three aforementioned proteins

subjected to varying oxidation conditions.
2.2 Experimental section

2.2.1 Reagents.

Bovine p-Lactoglobulin A, lysozyme from chicken egg white, 30% hydrogen
peroxide L-glutamine L-methionine, catalase, urea, ethylene glycol-bis(2-
aminoethyletherN,N,N’,N'-tetraacetic acid (EGTA), acetonitrile, formic acid, and
phosphate buffered saline (PBS) were purchased from the Sigma Aldrich Chemical
Company (St. Louis, MO). Bovine CaM was purchased from Oceanbiologics (Corvallis
OR). The proteins were used without further purificatitns-(2-Carboxyethyl)
phosphine hydrochloride (TCEP-HCI) was purchased from Pierce Biotechniviogy,
(Rockford, IL). Purified water (18 K) was obtained from an in-house Milli-Q

Synthesis system (Millipore, Billerica, MA).
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2.2.2 Oxidative-modification labeling.
Each 50uL sample was prepared in PBS (10 mM phosphate buffer, 138 mM
NaCl, 2.7 mM KCI, pH 7.4 at 25 °C) with a final protein concentration af i Apo-
CaM samples included 1Q0M EGTA for the chelation of adventitious calcium.
Glutamine was added to a final concentration of 20 mM in normal FPOP samples.
Hydrogen peroxide was added to a final concentration of 15 mM just before FPOP
infusion. The flowing sample solution was collected in a 0.6 mL microcentrifuge tube
containing an additional 26L of 100 nM catalase and 70 mM methionine in PBS, as per
the normal FPOP procedure. The breakdown of peroxide by catalase was conducted by
treating the sample for 10 min at room temperature before freezinghipéesaat -80°C.
FPOP was conducted as described previously, but withdbllD fused silica
(Polymicro Technologies, Phoenix, A¥).The 2.54 mm beam width was measured from
a 30-shot burn pattern on label tape affixed to a temporary beam stop placed in the plane
of the flow cell. Samples with an approximate 15% exclusion volume fraction (EVF)
were infused at a rate of 19.00 + 0i34min, and the excimer pulse frequency was set to
6.00 £ 0.02 Hz. 30% and 60% EVF samples were infused at the same rate but with 4.94
+ 0.02 and 2.82 + 0.02 Hz pulse frequencies, respectively.
2.2.3 Massspectrometry.
Each sample was thawed and Zipiidesalted (Millipore, Billerica, MA) before
ESI MS acquisition on a Waters Ultima Global quadrupole time-of-flightf¢kti] MA),
operating in V mode at 12,000 FWHM resolving power at 838.8 m/zgOBNajNa’

calibrant ion). Some samples were subjected to a 1 h, 37 °C incubation in 8 M urea, 5

30



mM TCEP prior to de-salting. The 1l 50% acetonitrile 1% formic acid elution
solution was diluted 3-fold with 50% acetonitrile prior to direct infusion. The dgpzfc
the 0.6uL bed Ziptip:4 is approximately 3.8.g, so that 180-230 pmol of protein was
infused at a flow rate adjusted to insure accuracy in the time-to-digitakrsion of the
multi-channel plate detector, requiring 80-180 ion counts/scan base peak. Scans
spanning the entire chromatogram were summed to improve the signal to roocsdiyty
60-150 scans depending on the flow rate.

2.2.4 Dataanalysis.

A 20-40m/z spectrum window about the #&harge state of-lg and apo-CaM
and 10 charge state of LysC was fit with a model FPOP product distribution (described
below), for each protein replicate. The window range encompassed all detechect pr
peaks and a 10 m/z region lower than the unmodified peak average m/z for baseline
estimation.

2.3 Mathematical Modeling

The FPOP charge state spectrum model is the weighted sum of thi&getarf-
zero oxygen-addition states [M + O + ZH[M + 2:0 + z-HJ", ..., [M + Noy -O +
z-HF*, together with the unmodified state [M + ZH]Thei™ stateA is represented as
an unresolved isotopic distribution centered on the [M + i-O ¥Zzadgrage m/z; its

contribution is weighted by the coefficiesgt The sum has the form:

Spectrum Model("/;; ag, ay, ..., ay,, ) = Zivz"g a; A;(M/)+E 1)
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The baseline constahtis the average spectrum noise takenrZlower than the
unmodified protein peak in thes charge state. There is no uncertainty in the form of the
isotopic distribution as we know the elemental composition of each oxygen-addition
product. A Mathcad 14 Minimize algorithm was used to fit the model to the spectrum to
determine the coefficient values; these values convey the oxygen-additmn st
distribution and were tested for goodness-of-fit to a Poisson distribution. The solution
convergence tolerance was'£0

We further expand the spectrum model two ways. One motivation is to deal with
the charge state spectrum that is complicated by low abundance startinglraate
electrospray adducts, and other FPOP oxidation products that do not correspond to +16,
+32... We assume that these latter adducts are equally likely to be observedhfor eac
+16, +32.. state, including the unmodified protein, with an important exception
discussed below. ESI MS of control samples, wherein the protein is subjected to
identical sample handling and peroxide exposure but not pulsed laser irradiation, provides
spectra for determining the presence of adducts of the starting protein and other
impurities, ESI-induced losses of ammonia and water, direct hydrogen peroxide
oxidation, and salt complexation. A peak detection algorithm was employed to detect
and pass the mass shifts and relative intensities of these peaks to the moglaiitigral

The low abundance FPOP products that do not correspond to the substitution of H
for OH or the simple addition of an oxygen atom (+16) fall into two categorssves
and unresolved. Resolved peaks corresponding to losses of ammonia, water, and the -30

Da major product of acidic residue oxidation from the zero oxygen-addition stede w
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observable as they are shifted to lower m/z than the major oxygen-addition product
series. Especially for apo-CaM (see Figure 2.4), these peaks wereonspicuous than
in the control and must result from species produced in the FPOP treatment. Additional
control experiments in which hydrogen peroxide was not added showed that the excimer
laser did not contribute to these modifications (data not shown). Other FPOP products
include but are not limited to +14 Da carbonyl incorporation at aliphatic residues, -23, -
22, -10 and +5 Da shifted histidine oxidation products, and -43 Da deguanidination at
arginine® Their low abundance is obscured by the dominant 0, +16, .4@8tribution
and so are unresolved. The distribution of proteins undergoing such reactions and having
i+16 Da additions, was modeled as a normal distribution, whose amplitude, variance, and
centroid displacement from tfi8 oxygen-addition state were set by the algorithm. All of
the parameters that model the complexity of each population of proteins having 0, +16,
+32... mass increments were determined by preliminary empirical modeditige icase
of resolved and control adducts, or for the unresolved adducts, by the same Minimize
algorithm that determines the state coefficients. It is important to notinéisa
parameters are state-invariant, unlike the state coefficients.

The second spectrum model expansion is crucial for determining the distribution
of 0, +16, +32, . . . for its Poisson goodness-of-fit evaluation. Owing to the EVF, only a
fraction of the full contribution of the™ state (i.e., the signal for the unoxidized protein)
should be included in the FPOP product distribution analysis. This fraction represents the

proteins in the irradiated volume that undergo no additions of 16, BRrthermore this
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fraction contributes FPOP adducts other than those in the series corresponding to +16,

+32..., whereas the EVF does not. The model is rewritten as:

Spectrum Model = (1 — f)agA') + faoA, + Z?’z"i‘ a;A; + E (2)

Here theD™ state is split between the exclusion volume portiba f)a,A’., which has

the form of a simple isotopic distribution convolved with those adduct peaks seen in the
control experiments, and the irradiated volume portfegA,, which has a form

identical to all other oxygen-addition states and so contains all complicatimg t&he
parametef is not the irradiation fraction of tHe" state; rather, the adjusted coefficient

fag, is proportional to the™ state peak area attributed to this fraction by definition (eq 2).
The otherg; coefficients are likewise proportional to their +16, +323tate peak areas.

The parameter f is fixed in the modeling algorithm by its relation to the indeménde
measured EVF:

N
EVF-3, %% A;
Ag+EVF-(Ag—Ap)

f(EVF)=1-— (3)

The underscored state variables denote integration over the entire m/z spectrum
encompassing the charge-state product distribution.

A Mathcad 14 Minimize algorithm was also used to fit a Poisson distribution to
the set of 0, +16, +32 state peak aredgAy, A;| i = 1, ..., N,,}. The Poisson
characteristic paramet@rdetermined by this minimization gives the Poisson +16,.+32
addition state expectation value. A second modeling approach was also examined, in
whichf was varied to optimize a Poisson fit, thereby determining the EVF. Tlaghest

corollary of our hypothesis: that an FPOP protein-product distribution well modeked by
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Poisson should provide an EVF corroborating its independent measure—although a
match doesn’t prove the converse. The reader is referred to Supporting Inforimasion f

more detailed discussion of the modeling and Poisson-fitting algorithms.
24 Resultsand Discussion

2.4.2 Argument for Poisson.

Taking that a single conformation protein invariant to FPOP has a large number
of independent sites of low modification probability, the distribution of species feahwhi
the molecular weight has increased by 0, +16, +3hould be well modeled by a
Poisson distribution. The low specificity of hydroxyl radical footprintingangeup to 85
residue sidechains in a 100-residue protein may be modified, depending on «OH
exposure. The frequency of a residue’s modification can be further split among the
atomic sites of the residue (e.g., phenylalanine can be modiftiedap sites). It
follows that there are more than 100 oxidative-modification sites, even for lal8®al
residue protein. The probability of reaction is site-specific, and is detedrby the
site’s inherent reactivity and solvent accessibility. Xu and CRateeved in-ray
radiolysis dose experiments that among 10 of the 12 most reactive amino acidgyroxidat
by hydroxyl radicals spans a 30-fold range of first-order product formatia.rate

While the reactivity at any site is unique, it is well approximated as hawving
average modification probability,,,;. We designed the FPOP experiment so that the
OH radicals have a short lifetime in a properly quenched experiment. Shortening the
radical exposure time reduces the set of reactive sites, thereby ingpttoein

representation of each site as the average—though if too short the semi-resotiuteon
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of the footprint experiment is lost. Replacing 20 mM GIn with 20 mM Phe depletes
[+OH] at a 10-fold faster rat& we observed that >90% of oxidative-modification
products for several proteins are abolished with this change (data not shown).

In the event that the protein partially contorts from its native conformation on the
timescale of radical exposure, the distribution of products from oxygen addition will
change if one or more oxidation targets has a substantially different soleessiadity.

In this case, the resultant distribution cannot be Poisson for two reasons. Firgt, the si
probabilities are no longer independent. Second, the nativepsiateannot describe

the average modification probability for newly exposed sites because theguea time

is shorter. For the simplest example, consider the oxidative modification ofiaerak

two protein conformations, each insensitive to oxidation-induced perturbation and each
with its ownp,,,,4. The oxygen-addition state distribution for each population is ideally
Poisson, but the overall protein population is not; that is, the distribution from the sum of
two Poisson distributions having different means is not itself Poisson.

Although we have not tested that a protein with an invariant conformation
exhibits a Poisson-like oxygen-addition distribution following FPOP, tras&asonable
assumption. Rather, if we find the distribution of products is Poisson or nearly so, we
may conclude the conformation was unaffected during labeling. Thus, the test for
induced FPOP-timescale conformation change requires (1) determinidigttitaution
of products corresponding to substitution of H by OH or by addition of an oxygen atom,
(2) determining its best-fitting Poisson distribution, and (3) evaluatingagbdness-of-

fit.
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We also tested whether changes to the FPOP procedure and to post-labeling
conditions and sample handling affect the product distribution. When the GIn radical
scavenger normally constituent with the sample is removed, the radicaidifisti
determined principally by its self-reaction rate and is 100-timesldfig®
Consequently, we expect that oxidation-sensitive proteins will adopt signicant
different product distributions from a best fitting Poisson because therekedil be a
structural response on this timescale. Furthermore, given that covalentataifi
footprinting can involve days of sample handling, millimolar levels of hydrogesxice
may slowly oxidize proteins especially at exposed Met and*Cyistentionally or
otherwise, buried residues often experience solvent exposure with such handhag), so t
all peroxide-reactive residues are vulnerable. By omitting catafasallowing
hydrogen peroxide to persist following FPOP treatment, we can test thévigrdit
FPOP-treated protein to further peroxide oxidation and long-time (minute-hour)
conformational change.

2.4.2 DataAcquisition and Analysis.

We chose not to model a deconvoluted or de-charged mass spectrum of each
sample, owing to uncertainties in fitting to the output of the Waters MaxEnt1 mmaxim
entropy algorithm supplied with the mass spectrometer data system. astedasingle
charge states instead: thé"Idharge state of-lg and 18 charge state of LysC. These
choices are justified by their match to the charge state-invariant pidtrdiution of
the FPOP-treated protein, determined in an experiment wherein the protelanaasred

by urea prior to ESI-MS (data not shown).
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This integrity of a distribution determined for a charge state is of cohesmause
ESI affords different responses (different charge-state distributionifferent
conformers of a protein. A partially unfolded protein can accommodate more protons
and will have a charge state distribution shifted to higher charge. In fact,ateanpr{>-
Ilg and LysC) exhibited product distributions that were charge-state depetinde is, at
higher charge states, the unmodified peak is significantly diminished, and tke high
+32... states are relatively more populated than at lower charge statestuidenand
reducing -Ig has 2 and LysC 4 disulfide linkages) a portion of each protein following
FPOP treatment just prior to desalting and direct infusion, we could minimize any
dependence of the relative product distribution on charge state. This chagge-stat
dependence indicates that the protein ultimately infused for ESI analistedieas a
mixture of conformers in the un-denatured treatment (an acidic 50% acetonltrilers
does not fully denaturglg and LysC although this may be a function of their intact
disulfide bonds). Venkatesh, Sharp and cowofk&fshowed that the proteins selected
for this study are susceptible to partial unfolding upon oxidation. Our finding that
proteins undergoing multiple +16, +32dditions dominate the higher charge states
corroborates their finding. Although the 8 M urea denaturing solution was freshly
prepared, significant carbamylation (+43 Da) of primary amines was odsarire
unoxidized control sample for both proteins. On this basis, we chose to analyze single
charge states to obtain the distribution of 0, +16, +32ates and eschewed the analysis

of post-FPOP urea-denatured samples.
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On the other hand, apo-CaM, a 16.8 kDa dumbbell-shaped protein with no
disulfide bonds, showed a relative distribution of FPOP products that were invariant of
charge state. Its I'charge state was analyzed because its peaks were the most intense in
the mass spectrum.

24.3 Agreement with a Poisson Distribution.

The optimum model fit to the 15th charge statg-tf sample oxidized under
normal FPOP conditions (Figure 2.2) typifies the fit observed for all threansateder
the same conditions. The spectrum/model relative residuals (normalized todtnerspe
intensity) at each data point are generally in good agreement. The mduaivBter, is
poorer at highem/z the average |relative residual| doubles from 0.042 at to 0.082 at
> 1235 (Figure 2.2a). The higher +16, +32ddition states are more resolved in the
calculated (model) spectrum than in the experimental spectrum. This may be a
consequence of an underestimation of the background contribution in this region. Given
this uncertainty, the states analyzed for Poisson likeness were eéstoi¢he first states,

accounting for at least 95% of the signal.
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Figure2.2: Mass spectrum and model of piin FPOP productsGraph (a) is of th:
ESI-QTOF mass spectrum of the 15th charge state of -treatedg-lactoglobulin anc
its composite model. Graph (b) is of the backgd-subtracted model and its first fi
oxygenaddition state components (hashel). The " state (gray) has a 53
contribution from the exclusion volume fraction {isbown) and a 47% contributic
from the irradiated portion of the sam;

Each 0, +16, +32.state contribution in 2b has two dominant featuaestajor
isotopicdistribution peak with a centroid at , + O + 15H}**, and a broad norm
distribution with an intensity 1.0 + 0.3% that bktmajor peak; this was seen for
proteins and FPOP treatments. The portion 00" state owing to zero oxyge
additionsin the irradiated volume is fixed in the spectrurod®ling by the measure

EVF (eq 3).
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The distribution is affected by changes in EVF, radical scavenger, and [goBt-FP
oxidation protection: Figure 2.3 shows spectrg-t treated with these variations and
again typifies the CaM and LysC spectra (Figure 2.4). Intensity is pletid/e to each
spectrum’s maximum. Exposure for 5 min to 15 mbOkdoes not oxidize the proteins
(Figures 2.3a, 2.4a, 2.4d). In the “normal” FPOP treatment, radical exposure is
controlled with constituent GIn scavenger. Post-FPOP oxidation is minimyzed b
removing any left over pD, with catalase and adding millimolar levels of Nt.
Methionine, a competitive oxidation reagent, was used because the samples were not
analyzed immediately after their treatment. Tuning the EVF from 60 to 15% by
increasing the laser frequency for samples submitted to a properly cahEBI&P
procedure (Figure 2.3b-d) increases the levels of oxidation. Without radicall¢oot
GIn scavenger) and/or removal of peroxide post-FPOP (Figure 2.3e-f), the product
distributions skew significantly to higher oxidation levels. The S/N is alsceywassan
equivalent amount of protein is spread over more states, relative to the othex. spectr

The Poisson fitting to the modeled distributiongdfy samples is shown in Figure
2.5. The state coefficienfga,, a;| i = 1, ..., N,,} determined by the spectrum modeling
are proportional to the ion counts comprising the peak area of each state; thesarealue
normalized to give probability values in the figure. In all casesf faetor was fixed by
the measured EVF, except for the FPOP experiments without the glutaminegscave
The standard error bars are in general small except fo'te@@. This stems from the

sensitivity of the B state to the factor calculation—small changes in the set of
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coefficients can compensate a larger change without unduly

worsening the spectrum model f
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Figure2.3: ESI-QTOF mass spectra of the 15th charge state (g-lactoglobulin
samples subjected to varying FPOP conditions. 8jpadta) is of thecontrol, absent onl
laser irradiation; (b) is of a normal FPOP treattnweith an EVF 60%; (c) is of a norm
treatment with an EVF 30%; -f) are of samples with an EVF of 15%; (d) is ofamal
treatment (all controls); (e) is of a treatmenteatt20 nM GIn; and (f) is of a treatmel
without use of scavenger (GIn), removal of peroXloyecatalase) and control of pc
FPOP oxidation (addition of Me
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Figure 2.4: ESI-QTOF mass spectra (a-c) are of thte dkarge state apo-calmodulin;

spectra (e-g) are of thetiﬁharge state of lysozyme. Spectra (a) and (d) are of the
controls, absent only laser irradiation; (b) and (e) are of samples aftealriciP@P
treatment (i.e., with scavenger and removal of peroxide post FPOP); (c) armedqff) a
samples after FPOP treatment absent the scavenger (20 mM GIn).

Qualitatively, the Poisson distribution fitting to the sample distributionsrodai

by appropriately controlled FPOP at all experimental EVF levels is ioeitér than for

samples submitted to FPOP but without scavenger (GIn) or post-FPOP removal of

peroxide by catalase. This is also realized for the other two proteins, apa+CalMsC.

Table 1 summarizes the Student’s-t goodness-of-fit evaluation for each 0,+16,

+32,...0xidation state. The chi-Squared goodness-of-fit test was not employed because

of the modeling uncertainty in binning large ion counts among oxidation states, and it

does not convey per state residual statistics.
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Figure2.5: The irradiatin volume oxygeraddition state ion counts are modeled for
spectrum of each bovinglactoglobulin sample. The modeling was constrasgch
that the calculated EVF matched the independentigsured EVF. Per condition, sho
with standard error baedong a solid line, are the averages of the nomedlion count:
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nondinear regression best fit Poisson distributiothi® average oxyg-addition state
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distribution. The number of states per sample distribution fit to a Poisson was chosen to
account for at least 95% of protein signal. Plot (a) is for sample submitte®® iR
without the glutamine radical scavenger. When all zero oxygen-addition protein is
assigned to the EVF, its value is 9%, short of the measured 15%. Plot (b) is fa&& sampl
submitted to FPOP but without removal of peroxide post-FPOP, with a 15% EVF. Plot
(c) is for sample FPOP-treated with a 15% EVF. Plot (d) is for sample Eeated with

a 30% EVF. Plot (e) is for sample FPOP-treated with a 60% EVF.

Table 2.1: Student’s t Goodness-of-Fit Statistics of the Poisson Fit to the FPOP 16 Da-
Increment State Distributign

Protein p-Lactoglobulin Apo-Calmodulin Lysozyme
FPOP |\ (1mq Absent Absent d o Norma  Absent Absednt
Condition GlIn CatalaseNOrmal Normal GlIn Normal Gln
EVF | 15% 15% 15% 30% 60% 15% 15% 15% 15%
Poisson Mean 1.6 29 1.3 14 1.1 1.6 2.7 25 3
No. of States|
b 7 10 7 6 5 6 10 7 10
Fit
No. of States,
c 6 2 2 6 5 5 0 5 4
p-value > 0.05
Student’s t p(state)-values
p(0) 0.9 € 0.1 0.9 1.0 0.04 € 0.7 €
p(1) 0.6 0.007 0.00001 0.2 0.3 1.0 0.01 0.02 0.3
p(2) | 0.003 0.1 0.001 0.8 0.5 0.01 0.006 0.5 0.01
p(3) 0.9 0.00010 0.1 0.4 0.2 0.8 0.0002| 0.5 0.01
p(4) 0.1 0.002 0.001 0.6 0.4 0.03 0.003 0.5 0.1
p(5) 0.9 0.4 0.0004 0.2 0.2 0.03 0.2 0.1
p(6) 0.3 0.00005 0.0001 0.3 0.002 | 0.005 0.0009
p(7) 0.00002 0.2 0.001 0.0003
p(8) 0.0002 0.002 0.1
p(9) 0.0004 0.004 0.01

°Each Poisson distribution was fit to the exclusiolume fraction constrained model of a single charg
state Q-TOF spectrum of the FPOP-treated samplarspe

b,
The number of states is inclusive095% of protein signal

“The null hypothesis for each state is that its nlesbnormalized frequency = Poisson distribution
probability for that outcome.

These treatments were analyzed in duplicate; a#irstin quadruplicate.
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For the FPOP experiment in which the EVF was 15% and no scavenger (GIn) was
present, the EVF could not be correctly calculated (Figure 2.5a). Settifidabior to
zero (i.e., the protein in the exclusion volume accounts for all of the zero-additign state
forces the model to give an EVF of 9%. The fraction of unoxidized protein is
significantly less than the measured EVF. A reasonable interpretationretthein
Figure 2.3e is that there is some zero oxygen-addition state contribution from the
irradiated volume; this further depresses the calculated EVF from theexpatue. In
fact, uncoupling the calculated EVF from its measured value by using therRoiss
dependent modeling approach shows that for the FPOP-treated sample without
scavenger, the EVF is less than half 15% (Table 2). This is illustratgddon Figure
2.6. Each normalized distribution is for sample submitted to FPOP with a 15% EVF;
plots a and b clearly show poorer fitting than the plot obtained when the sample is

submitted to FPOP with the correct controls in place (plot c).

Table2.2: Exclusion Volume Fraction (EVF) Determination From the Poisson-
Parameterized Modeling of Spectra

Protein p-Lactoglobulin Apo-Calmodulin Lysozyme
FPOP Normal Absent Absent Absent Normal NormallNormal Absent Absent Normal Absent
Condition GIn Cat All GIn Cat GIn

EVF | 15% 15% 15% 15% 30% 60% | 15% 15% 15% | 15% 15%

Modeled | 0.17 0.070 0.211 0.066 0.30 054 | 0.11 0.060 0.031| 0.11 0.048
EVF | £0.02 +0.004 +0.003 ™ +0.03 +0.01 | +0.01 +0.005 #0.006| +0.01 *0.001
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Figure 2.6: The irradiation volume oxyg-addition state ion counts are modeled for
spectrum of eacls-lactoglobulin sample. A ne«linear regression best fit Poiss
distribution was simultaneously determined; the BAES varied to ojimize the fit. Pe
condition, shown with standard error bars alonglaldine, are the averages of t
normalized ion counts of 4 replicates (b and c3ed@) is singlicate. The number
states per sample distribution plotted accounafdeast 9% of protein signal. Th
diamonds along a dotted line show the Poissonildigion. Plot (a) is for sample FP-
treated without glutamine radical scavenger,-FPOP catalase, or peSPOP
methionine. The best fit exclusion volume was wlaled at €6%. Plot (b) is for sampl
FPOPtreated without glutamine, with a calculated EVHF @ *+ 0.4%. Plot (c) is fc
sample FPORreated with a calculated EVF of 17 £ 2%. In @$es the measured E'
was 15%.

Thus, contrary to the controlled FPOP treatn some of the protein in the E\
is oxidized when the radical scavenger is abs&hts may occur for three reasons:

the radical and protein diffuse from the irradiat®tlime, (2) oxidation is initiated
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diffuse 248 nm light outside the considered reaction volume, and/or (3) one protein is
oxidized by another following laser irradiation. The first mechanism is uplikeven
without considering the hydroxyl radical recombination rate of 5.3Mds?, the
concentration of hydroxyl radical 5 microns into the exclusion volume aftend€iOis
only 0.15% the 1 mM theoretical maximum instantaneous [*OH ] in the irradiated
volume® 3* The «OH diffusion coefficient was estimated by molecular dynamics
simulation to b&.1x10° m* s 1.3 Wwithout any scavenger, protein oxidation in the
excluded volume may be due to lingering radicals created at low levels #©m H
photolysis. Although highly collimated, the incident laser beam edges may exdigénd >
microns beyond the observed irradiation width. Finally, the oxidation by hydroxyl
radicals is not a one-step process. In some protein-hydroxyl radictdbnsasuperoxide
is created. Superoxide has a longer half-life than hydroxyl radical; solftiaining
residues are sensitive to this ROS, although their reaction witls@uch slower than
with *OH.” *® Additionally, some protein-hydroperoxide intermediates may react
intermolecularly instead of following the usual pathways to modificafioRhese
peroxides are formed predominantly at aliphatic residues where a carboredeatkcal
from hydrogen abstraction by an hydroxyl radical is stabilized bg@egimolecular
oxygen>*

The last mechanism of intermolecular oxidation is potentially a problem for all
oxidative-modification footprinting strategies. Yet evidence thus far froneqigis
and MS/MS analysis of constituent peptides shows that the sites of oxidation are

consistent with the residue sidechain solvent accessibilities calculatec-fray
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crystallography and NMR structures of several prot&irts:*® 2% States higher than +8
oxygens are of very low abundance when FPOP is correctly controlled, butehey a
significantly more populated when a radical scavenger is not included. Lateshprot
peroxide oxidation of newly accessible residues may be a millisecond-mpathteay

capable of enriching these higher states without the presence of laegsexof GIn.
2.5 Conclusion

FPOP conducted properly by including control on radical lifetime and minimizing
exposure to peroxide post FPOP provides a means of footprinting proteins without
perturbing unduly their conformation during labeling. Although some proteins
undergoing several oxidations do unfold at longer times (by the time of ESI-MS), thi
unfolding occurs post-FPOP, as established by finding a good fit of the +0, +16, +32
state product distribution to a Poisson distribution under proper conditions. The
underlying assumption is that the Poisson model is applicable to footprinting & protei
population sharing an invariant conformation and having many non-cooperative
oxidation sites. In cases where radical and peroxide controls are not syffloge
product distribution is shifted to higher states of modification, as expected, and is not
well described by a Poisson distribution. The implication that partial unfoldingsocc
during the timescale of modification is consistent with the Poisson model. Thssres
ad-hoc as it holds for three proteins. Moreover, we suggest that the approach is an
appropriate validation of any oxidative-modification footprinting. The global
modification distribution of s«OH-treated proteins larger than 20 kDa can also be

examined for concordance with a Poisson distribution—in fact the Poisson approximation
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of the binomial distribution is improved with more labeling sites. Accurate nmadeli
requires approximately half-height resolution of distinct +16 Da stat@édSHesolution

is needed for proteins as large as BSA (66 kDa). The modification distribution should be
only a function of the native conformation state of a protein. If the native state is
equilibrium mixture of conformations, the distribution will not necessarily be &uisk

this non-Poisson distribution is the product of properly controlled FPOP, then & ssrve
the model distribution for testing conformation change with additional perturbations

(such as denaturant) to the native equilibrium.
2.6 Supplemental Section: Mathematical M odeling

A model of the control spectrum was first determined, providing a set of model
peaks which were overlaid with each 0, +16, +32eak of the oxidized protein sample
spectrum. This reasonably assumes that the adduct peaks owing to inherent protein
modification, ESI losses of ammonia and water, hydrogen peroxide oxidation, and salt
complexation were equally likely for any major 0, +16, +3protein state. These peaks
never comprised more than 5% of the unmodified protein signal in the control spectrum
(see Figures 3a, 4a). Peak detection made use of a filter matched to tHaswatyria
profile component orthogonal to the class of linear functions, first, to identify the
spectrum points that had a filter response that was a fraction of the diffestnezn the
local maximum and minimum as noise, second, to mark the peaks at the local maxima of
the filter response that were above the filter response to the noise pointsydrtad thi
provide the basis for finding the peak edges via mass shifted versions of the filter

followed by peak centroid and area calculation. The parameters passed for subsequent
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modeling are a set of mass sh{fteccommlj| j=1 ...Ncontml}, each with an according

fractionb;, relative tob, = 1 for the basé™ peak a\Xcontror, = 0.

The FPOP charge state spectrum model is the weighted sum of th&/geOof
+16, +32.. statedA5°* (x), 41 (x), ... Ay, (x)}; the set ofy; contribution coefficients

are determined by a non-linear regression fitting to the spectrum (eq 3).
SCi f) = agAF (6 ) + L2y a; Ai(x) + E (3)

The independent variabieis the spectrum m/z; the model is parameterized Byf <

1. The baseline constakitis the average noise 5-7 m/z lower than the unmodified
protein peak of the spectrum about the charge statdhe contribution of proteins
suffering zero +16 Da additions to the spectrum can be split between tianfract
excluded from the reaction volume and the fraction in the irradiated volume escafing +

Da chemistry (eq 4).

AP ) = (1= AT () + fA((x) (4)

The exclusion volume component absent the fadter f) is the sum over control

spectrum peaks, of which the base peal,afcs is dominant.
Ag(x) = Zieomerot by I(cs - x5 %o ) (5)

1(y; y) is the isotopic distribution interpolation function with its centroigt &ta; the

argumenty is supplied as a de-charged mass in Da. The isotopic distribution for a
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protein of known composition is approximated by binning in one Da increments its
isotopes, considering the natural isotope abundances of carbon, hydrogen, nitrogen,
oxygen, and sulfur. The mass differernce y determines the interpolation froM.; the
normalized values of the closest bin nederand closest bin furthé,. define a straight
line whose intersection with — y provides the function value. The centroid (eq 6) is a

de-charged mass centered aboutithe16 Da state, shifted by t}i control mass shift.

Xij = My +cs - Axcongror, + 1+ 16 (6)

Thei™ +16 Da state (eq 7) has an additional compound compoOp&rd (eq 8)

which accounts for low abundance resolved and unresolved FPOP products.

Al'(X) = ZNcontrol b] [I(CS X, 5(.'\1]) + Dl](.X')] (7)

j=1

[x — (& + ﬂ)]z}

D;j(x) = aexp{

2y?
Naux
+ Z Cr (I(cs x; Ry tcese Axauxk)
k=1
[x—(a?--+,8+cs-Ax )]2
+a eXp[ . 272 —*

(8)
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Losses of ammonia, water, and the -30 Da acidic residue FPOP product from the
O state are resolved from the major 0, +16,.+38tates by virtue of a negative m/z shift.
A preliminary peak detection algorithm is employed to detect and pass thehiftsss
Ax gy, @nd relative intensitieg, of Ny, < 2 “auxiliary” resolved peaks to the iterative
modeling algorithm. We model proteins suffering unresolved non +16 Da chemistry and
havingi +16 Da additions as a normal distribution with an amplitudgtandard

deviationy, and with a centroid shifted from th& +16 Da state bg.

As there are many atomics sites for dominant 0, +16,.+8Bemistry, so there
are many for the low yield pathways. We presume the likelihood of dominant clyemistr
at any site is independent of the fates at other sites, as long as the protaimaton is
in stasis; it follows that the low abundance non +16 Da chemistry is also independent of
additional FPOP modification. Consequently the distribution of proteins suffeiyng an
such resolved or unresolved non +16 Da pathway and havihg Da additions, but for
the centroid shifg;; and amplitudex; of the state, is otherwise the same. We further
suppose that any resolved modification has its own set of additional unresolved
“daughter” products with the same normal distribution (we do not imply a lineage of

products).

Substituting equations 5 and 7 into 4 gives equation 9.

Atotal(x f) _ ZNcontrolb I(CS X xO]) +f ZNcontrolb DO](x) (9)
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The parametef isn’t determined a priori but rather is constrained by the independent

measure of the EVF (eq 10).

(1-H)Ag*
(1-)AG* U+ fAg+ENOF A;

EVE(f) = (10)

The integrated 0, +16, +32 spectrum contributions absentoefficients are given
equations 11 and 12. The numerical integration rangg — m/z, spans the entire

charge state and its return to baseline noise.

/
A = f o aidi()dx (12)
/
Agxel = fg/ aoAS (x)dx (12)

The EVF is independently determined from the ID of the fused silica tubing and the
measured flow rate of the infusion, pulse frequency of the excimer lagdrradiation
cross-section width of the beam (see Figure 1). Equation 10 can be rearrangedte gi
explicit constraint orf (eq 13).

EVF-E.% Ay
AFFHEVF-(Ao-AF*)

FEVF)=1-— (13)

The model is fit to the real spectrum in Mathcad 14 by the “Minimize” dlguari
which uses a quasi-Newton nonlinear regression process to determine4Aeet

parameter$a, 8,v,a; | i = 0,1, ..., N, } minimizing the RMSD function (eq 14).

RMSD(AA) = [BX-REOE (14)
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The sum is over alV, data/model pairs; tolerance for RMSD convergence wasif0

all cases. The minimization algorithm is invoked iteratively; eachtiberés
parameterized by, determined in the previous step by eq 13 or by an estimate at the
outset. The modeling is completed whfeconverges to within + 0.0005 of the previous

value.

The same Mathcad 14 Minimize algorithm can be used to fit a Poisson
distribution to the set of 0, +16, +32state abundancégA,, A;| i = 1, ...,N,,}. The

Poisson characteristic parametezan be determined by this minimization of the root

squared deviation function (eq 15).

e lll]

RSD(){) = \/[fAO fAO + ZNox Am)e—/l] + ZNox [ (fA() + ZNox Am)
(15)
As long as the centroid for each peak in each +16 Da state is well within thenddmai

integration, the integrated states absent their contribution coefficiemissgnt (eq 16).

This simplifies the RSD to the form used for our fitting (eq 17).

f,;n//zzol A;(x)dx =G, i=0,..,Ny; m/z0 K Rjj K m/z, (16)

A Noyx Nox e~AAl 2

RSD =G - [[fao = (fao +ZpZ am)e ] + 2 [ i~ (fao + 2,72 am) ]
(17)
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Thus the Poisson fitting determines the set of state coeffidifmisa;| i = 1, ..., N,,}; it
is useful to consider the value each takes on as a scaled ion count. The fit is $b the fir

N, states which comprise95% of protein signal.

In the second modeling approa®fx; f) is constructed as described above. At
each iteration, the model is fit to the spectrum, parameterized by the pgestaf
value. The nexf is determined by the Minimize algorithm on the Poisson fitting
functionRSD (4, f) (eq 15). Unlike the first modeling procedure, here a Poisson fitting is
accomplished in tandem with each model fitting until convergenfesmmet, as defined

above.
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3  Characterization of the M ass Spectrometry-Observed
Hydroxyl Radical Footprint of Barstar in its Native and Cold-
Denatured States, Using a Novel Excel-based Data Analysis
Platform, Commercial LC-M S Peak Detection Software, and
Error-Tolerant Database Sear ch.

3.1 Introduction

The promise of mass spectrometry-based (MS-based) protein footprinting is tha
residue-resolved structural information may be realized for proteins in statesssible
to study by NMR spectroscopy and X-ray crystallograpghyHydroxyl radical-mediated
footprinting’ is one such method that has come to prominence in the last decade for
several reasons. First, all residue sidechains except glycineaative with"OH?,
though at differing rat&s Secondly, most of th@H-mediated products are stable
modifications detectable by M& Finally, the size ofOH is comparable to water. Thus
with proper radical control, the extent of labeling of protein sidechaim®Hyis a
function of their solvent accessibilities. The protein footprinting goal is ystaall
determine which sites exhibit changes in their solvent accessible sudgasg 3ASAS)
upon the protein’s interaction with a ligand, another protein, or folding induction. Where
there is direct interaction, so must the labeling be atterfuafédis, the accurate
determination of the labeling yield at each residue is the central arddgtlenge of
*OH-mediated protein footprinting.

The MS-based detection of footprinting modifications is often done in a “bottom-

up” approach, where the protein(s) of interest are isolated and proteolyzed prior to
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chromatographic (LC) separation and MS detection. This methodology is also emmploye
in proteomics’. Owing to its non-specificity and reactivigpH-mediated footprinting

in particular complicates the LC-MS pattern of a single proteolyzed pyai@ias to
resemble the information content from a more complex biological sample in amprcde
study (Figure 3.1). In such studies, the inference of proteins in the sampedsdoethe
detection of their proteolytic peptides. One means of detecting these peptaesuple

the LC to a hybrid mass spectrometer, capable of determining with ppm i@soluti
peptide “precursor’” masses eluting in time, while in tandem performing émiguion, or
MS? experiments on a subset of these peptides to generate their characteristi
fragmentation spectra. These fPectra, together with their precise precursor masses,
can be identified with a high degree of confidence using such algorithms such as
Mascot! and the appropriate protein database. Automated matching can also determine
the location of modifications, if the appropriate variable modifications are coedioher

the search algorithm.
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Figure3.1: The LC vs. high resolution MS plots for the -MS/MS acquisitions of tw:
complex samples. Plot A shows a 130 min acqursito a proteomics sample fron
biological source (unpublished dé?. Plot B shows an 85 min acquisition for a prc-
footprinting sample, of FPC-treated purified human apolipoprotein E3.

The guantitative analyses of -MS data from proteomics and footprinti
studies are similar. In either case intensities of the same or related precursor
shared by the samples are used in the fold chaegiécirunless an MV spectral countin
method is employed. This usually requires higlolkggon LC-MS monitoring, so the
two or more species with thame nominal mass and charge state can be distireglLis
their elution. Typically the peak area from anragted ion chromatogram (EIC) witt
stated m/z +6 ppm can be attributed to a single ion, thougt? experimentation i
needed for its confirmaih or identification. In quantitative proteomiescomparison i

made between two or more samples, either by a rethstabl-isotope labeling or b

side-by-side labefree quantitation with normalizati'®. If the stableésotope-labeled
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sample is labeled perfectly—that is, at a precisely known frequency—tredldbeled
sample is mixed with the basis sample perfectly, then the only bias remainuegbet
samples is biological. The peptides that exhibit a significant differeradeuimdance
between samples are attributed to the up or down regulation of their associated prote
More care must be taken in the normalization of label-free proteomics satoplesect

for biases in overall protein expression, loss, and column loading. One large potential
source of bias is chromatographic variation—EIC peak alignment is cro@aktre that
the same peptide abundances are compared between samples.

While mass spectrometry-based protein footprinting uses the samecahabgis
and protocols as proteome studies, there are several important distinctiaisnizaely
have motivated the work presented in this study. The first is that the analyte(pyase
known, is often highly purified, and often is not in a biologically complex milieu. In our
footprinting studies, the quantities needed for LC-MS/MS analysis has netdexca
picomolé” ¢ allowing study of protein at sub-micromolar levels if an absence of
interaction is required. This is still very much more than some proteins detected in
complex biological mixtures. The second distinction is that, whereas the aletgfcti
only two unique peptides belonging to a protein are required to declare its presence in a
typical proteomics experimefit the goal of footprinting analysis is to detect all
proteolytic peptides of the analyte protein at levels that enable the detafdiiair
footprinting-modified sibling peptides.

The final distinction between proteomics and footprinting LC-MS/MS: the

comparison is not of the abundances of a single peptide shared by two samples. Rather
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the comparison is inherently normalized, in that per-residue labeling yieldsmpared.
Biases in proteolysis and column loading are unimportant because these shouldnhot affec
yield—what happens to the unmodified peptide happens equally to modified peptide.
Biases in ionization efficiency may not be shared equally between modified and
unmodified peptides, but they should be shared equally among different samples, as long
as the same column and MS source conditions are used within a contiguous time frame.
Biases in labeling are obviated by doing same-day labeling.

These distinctions have several consequences. Full “analytic” coverageore
stringent criterion than full sequence coverage, because regions of the thattbiznve
too few or many intervening sites of proteolysis may give rise to pephideare
detected only at low abundance. Detecting the modified sibling of such peptides can be
problematic. Compensating this drawback isalpeiori knowledge of protein sequence
and possible modification fates. This can be used to program the spectrometer on which
peptides to perform M3xperiments. Low abundant eluting peaks having the right
precursor mass may thus be selected when they would have otherwise beenbignored
the normal decision algorithm. More importantly, knowing all probable outcomes of a
labeling experiment should empower the data analysis to greatly enhancie analyt
coverage.

The software packages now available to analyze quantitative proteomis data
extensive®. These software are tasked, as a first step, with identifying and nmegsuri
peptide levels in a biological samples from the LC-MS/MS raw data. Such psogram

could be used to analyze the same kind of data from a protein-footprinting study.
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Generating a concise and single-protein-centric output, amenable to adyltlssi
guestions of structural change, is not easily accomplished by these largeegaeitag

The goal of analytic coverage, and the providenaepofori knowledge of sample
composition, demands that the highest level of scrutiny be used in indentifying modified
and unmodified peptides. Ultimately this requires the scientist’s inspectspectra.

This also falls out of the normal purview of proteomics studies.  We have written
Excel-based protein-footprinting software with these considerations in minémated
LC-MS peak detection and alignment must still be performed by externabseftand

MS? database searching also done by Mascot (forthcoming versions will allow for
Sequest and OMSSA® searching). Our software accomplishes four things. (1) All LC-
MS species within a certain mass tolerance of putative modified or unmodified peptide
of the analyte protein or proteins are found, and when possible, annotated with their
associated M8Mascot call, in a protein-centric output. (2) Chromatographically
unresolved peptide isomers and discrepant calls are identified and ranked foiovalidat
decisions. (3) Validation can be done systematically and efficiently métM& testing
tools, and by virtue of the organized protein-centric output. (4) The final per-residue
output necessary for hypothesis testing is generated.

As a demonstration of the software and the valu®©bf-mediated protein
footprinting, we present the footprinting results of barstar in its folded and unfolded
states. Barstar is a 10.2 kDa protein, whose function is to inhibit the ribonudtese a
of barnase ifBacillus amyloliquefaciens'®®. We have chosen this protein due to its

peculiar thermal stability: it adopts its native structure at room temyperiaiit is
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unfolded at @C 2 The footprinting method we employed is fast photochemical
oxidation of proteins (FPOBY 23 which createsOH at sub mM levels with the

homolytic cleavage of $#D, by a 17 ns pulse of 248 nm from a KrF excimer laser source.
The protein exposure #®H is kinetically limited to a microsecond by the inclusion of a

radical scavenger, such that only the equilibrium state of the protein is s&mpled
3.2 Experimental Procedures

3.2.1 Reagents.

E. coli-expressed and purified barstar C82A variant was kindly provided by Drs.
C. Frieden and G. DeKoster. HPLC-grade water, 3Q@,H._-glutamine L-methionine,
catalase, guanidinium chloride (GdnCl), and phosphate buffered saline (PBS) were
purchased from the Sigma Aldrich Chemical Company (St. Louis, MO).

3.2.2 Equilibration and FPOP labeling.

Each sample was composed of 10 uM barstar, 1.5 M GdnCl, and 15 mM
glutamine in PBS buffer. The “cold” equilibration solution was incubated at 0 °C and the
“warm” solution at 22 °C room temperature two hours prior to labeling. Cold and warm
sample replicates were drawn from these solutions; to each repligatevbls added by
10-fold dilution to a 20 mM final concentration, two min prior to its infusion through the
FPOP apparatus. The FPOP apparatus was used as previously déSbribedth 150
um i.d. fused silica (Polymicro Technologies, Phoenix, AZ). In addition, for cold
samples, a thermally insulated box with two chambers abutted the FPOP wgppdirad
1% chamber contained an ice batch and copper tubing connected to a compressed air

supply. The # adjacent chamber, into which the copper tubing emptied, was
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constructed to enclose the syringe pump, optics stand, and intervening fused ¢iliea, wi
2 cnt window for laser transmission. Th& 2hamber temperature was kept to less than
3°C by adjusting the compressed air flow through the ice bath.

The KrF excimer laser power (GAM Laser Inc., Orlando, FL) was adjust45
mJ/pulse, and its pulse frequency was set to 5 Hz. The flow rate was adjusted ta ensure
25% exclusion volume to avoid repe@H exposuré. Excess kO, was removed
immediately following FPOP labeling by collecting samples in miarodege tubes
containing 1QuL of 200 fM catalase. This catalase solution also contained methionine to
give a final concentration of 20 mM following collection,(g) was removed from the
samples by centrifugation, and samples were subsequently frozefh)iad stored at -
80°C prior to proteolysis. A control sample was drawn from the same equilibration
solutions and handled identically except that the laser was not used.

3.2.3 Proteolysis.

All samples were proteolyzed with 10:1 protein:trypsin (by weight) &C3for 3
h, then de-salted by Ziptips (Millipore, Billerica, MA) with elution into 10 uL of 50%
acetonitrile 1% formic acid solution. A portion of this was diluted 25-fold with waigr a
0.1% formic acid for autosampler loading.

3.2.3 LC-MS/MSacquisition.

Five microliters of each replicate was loaded by autosampler onto a 20 cm
column with a PicoFrit tip (New Objective, Inc, Woburn, MA), bomb-packed with C18
reverse phase material (Magic, 0.075 mm x 200 mmm 5300 A, Michrom, Auburn,

CA). Peptides were eluted by a 70 min, 260 nL/min gradient coupled to the nanospray
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source of an LTQ-Orbitrap mass spectrometer (Thermo Fisher, Waltham, WeSs

spectra were obtained at high mass resolving power (100,000 for iovis44i0) on the

Orbitrap component, and the six most abundant ions eluting per scan were each subjected
to CID MS experiment in the LTQ component, using a collision energy 35% of the
maximum, a 2 Da isolation width, and wideband activation. Precursor ions were added

to a dynamic exclusion list for 8 s to ensure good sampling of the apex of thieim elut

peaks. Blanks were run between every sample acquisition.
3.3 DataAnalysis

3.3.1 Overview.

The general approach for data analysis is diagramed in Figure 3.2. Sample
replicates are drawn from a stock solution of the equilibrium conditions. Amnalyti
replicates can also created at the time of LC-MS/MS acquisition @&sfypnore than
five-fold of material is present in the de-salted peptide eluent than is nedtedote
that creating analytic replicates may treble again the instrutnestalready long
because of the replicate no-laser controls needed for FPOP. The inclusioicafes
serves more than the purpose of providing statistics. Just as replicatSINCSM
analyses expands the number of identified proteins in a proteomics exp&tiheot
with replicates does the probability of selection for’M8d subsequent identification

improve for low-abundance modified peptides.
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Figure 3.2: The workflow for protein footprinting, L-MS/MS acquisition, and analysi:
Gray boxes signify external software used in thislg, blue boxes signify softwa
developed for protein footprintir
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Good peak sampling is important in both the MS and tt#nains. The abundance of

an ion is determined from its integrated EIC peak area in the high resolutidiomtsn
(Figure 3.3). Automatic gain control, maximum trap fill times, lock-mak=cson, m/z
resolution, and number of M®@xperiments are all parameters that affect the frequency of
the Orbitrap scans; we have striven for a 0.3 Hz frequency to well represent 10-20 se
peak widths. For data-dependent?8lection, precursor ions were added to a dynamic
exclusion list on their first occurrence for 8 s to ensure gootisEt8pling of the apex of

their elution peaks.
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Figure 3.3: Four high MS resolution extraction ion chromatogsash FPOIl-modified
and unmodified tryptic peptides of Apolipoproteid inpublished data). Plot A sho
in red the EIC at 422.74 +/- 0.0021 m/z, and in black 430.7349 30021 m/z. Thes
correspond respectively to the unmodified and or-modified doublyprotonatec
WELALGR peptide. Plot B shows in red the EIC ab&258 +- 0.0043 m/z, and i
black 873.9232 +/0.0043 m/z.These correspond respectively to the unmodified
oxygen-modified doubhprotonated SELEEQLTPVAEETR peptide. In both plbies
relative intensity is determined relative to thenadified peptides’ maximum intensitie
the modified peptides are showna magnified scale. The LEIS acquisition in the
LTQ-Orbitrap cannot continuously monitor each m/z; eatire shown the discre
scansintensities at each m/z. The MS2 spectra assdcath each peak have be
matched by Mascot database searchingbeen validated by manual inspection;
residueresolved +15.9949 Da modifications are indicatedech black EIC whel
possible. The blue underlines convey the-MS peaks tabulated by the Ros¢
Elucidator feature detection and alignment sys
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3.3.2 Featuredetection and alignment.

Accurate LC-MS peak software must be used to automate the accounting of 1000s
of EIC peaks. A feature is tabulated as the sum of all EIC peaks of ions witntbe s
elution time and same (+/- 5 ppm) de-charged monoisotopic mass. Abundant tryptic
peptide features are often the sums of ten or more ion isotopomer intensitiassply
two or more charge states. The features must be listed with their deecharge
monoisotopic mass centroids. The fidelity of peak alignment software is ekgrem
important in footprinting analysis, as it is in label-free proteomics. If the
chromatographic reproducibility is poor, we recommend individually processiciy
data set; this significantly increases the analysis time becausditiaioa step must be
repeated for each occurrence. We have used Rosetta Elucidator (Microdeitjd8e
WA) in our work, though several other free and commercial packages ardkvaifa

Usually oxidative modifications make a peptide more hydrophobic than its
unmodified root, such that it will elute earlier in reverse phase chromatggréaph
solvent-exposed region of a protein may undergo modifications at several neighboring
sites in the protein population. Often the resulting set of peptide isomerdlgerfec
resolve, as is seen in Figure 3.3A for a peptide of FPOP-treated apolipopfbtein E
(unpublished data). Modified residues that exhibit more than one EIC peak arailihe res
of the non-specificity ofOH in hydrogen abstraction or direct addifiorBometimes
these modifications are not well chromatographically resolved (F&j8B), and some

peak detection programs such as Elucidator may tabulate these as breiagpeak.
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The methodology and software presented here helps the user to make consistent,
systematic decisions about such data.
3.3.3 Mascot database sear ching.

The searching must be done on the .dta files created by the feature detedtio
alignment software, which has been parameterized to associate one .dtaMi& pe
spectrum. The IDs assigned by the LC-MS peak software connect thepkiSra to
their parent MS features; each unique feature ID is linked to the exacdlexitates
created by the same LC-MS peak software for the feature’sspt&tra. Other programs
which also extract M&spectra from .raw files as .dta files, should not be used because
they will not follow the precise naming convention of the LC-MS peak software
alignment software.

Currently the software supports the comma separated values (.csv) output of
Mascot’. ForsOH-mediated footprinting, all commonly observed modifications for
residues should be input into the Mascot variable modification database; redundant
entries do not confuse the algorithm. A recent review lists these and their likel
mechanisms of formatidn The set of .dtas created by the LC-MS peak software must be
merged into a Mascot generic file (.mgf) prior to search submission. If .mdf file i
smaller than 50 Mb, a single search against a restricted database &iythggbe most
likely «OH modifications, such as the single and double net oxygen additions to Met, Trp,
Tyr, Phe, and His, and single net oxygen additions to Leu, lle, Val, Gin, Glu, Lys, and

Arg, may be attempted.
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An approach less prone to crashing and more comprehensive in its output, is to do
an “error-tolerant” searéhof the analyte protein after a preliminary search is done
without specifying variable modifications. In this approach the erroraiiecsv output
is used as it contains a large set of modified peptide identifications, manyobf wihi
indicatesOH-mediated product chemistry. The error-tolerant search will also gontai
incorrect assignments in part because thé-mM&tched putative peptide is no longer
required to have a precursor mass within the specified instrument tolerance of the
observed ion. We recommend also using the .csv output of the preliminary search in the
feature-matching program, as some spectra erroneously matched bpthelerant
search will have their true match in the preliminary search. The bendbing error
tolerant searching is that many more Mpectra are discovered, which may be
associated with modified and unmodified peptides of the analyte protein. Then more
features of LC-MS low intensity may be considered. The tradeoff is that mamual
validation is required to accept these calls in the quest for accurate ancafyica
coverage. If two or more proteins are labeled in the experiment, errontdeeaching
should be done for each independently. Any number of .csv reports can be used by our
software.

3.34 Protein-specific theoretical modified peptide list.

To augment the MSMascot-matched list of LC-MS features associated the
analyte protein, a list of proteolytic peptides of the protein together wyth@mbination
of anticipated residue modifications is needed for accurate LC-MS nadsking. The

Excel spreadsheet tool “Unmaodified and modified peptide masses from proteolysis of
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protein” generates such a list. This tool uses the input sequence of the pirtdbite

and may also use optional inputs: user-defined variable and fixed modifications per
amino acid type or per specific residue, sites of known sequence breaks, and proteolyt
sites masked from cleavage. Execution of the “Get_Peptides” macro willtheidser
through choices in proteolytic enzyme, number of modifications to allow, and which
*OH-mediated products to consider, if desired. The output provides the list of putative
peptides for accurate mass matching and a list of protonated ion m/z values for manual
EIC lookup or inclusion list building. For two or more proteins in a single study, gpecif
an abbreviation to append to each peptide corresponding to its protein source.

3.3.5 Featureannotation.

The Excel spreadsheet “Match LCMS features with acc mass and Makgbt ¢
marries the M&Mascot-matched calls with their LC-MS peak software-derived feature
list, and augments these with accurate mass matches from the “Unmodifieddifiddn
peptide masses from proteolysis of protein’-generated theoretical mquiiptidie list.
There are four input worksheets that must be completed before the
“Match_peaks_to peptides” macro can be run. The “input LCMS features” worksheet of
the spreadsheet requires as input, a list of the feature IDs determinedU@+thS peak
software. Their mass and time centroids can also be included, as welleattine f
intensities for each sample by column; this option allows for other kinds of E8@déak
software outputs. In the “input dta list” worksheet the list of all .dta filenamédheir
associated feature IDs and .raw file sources should be provided. The LC-MS peak

software should create .dta filenames for the B{fctra by including in them the name
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of the .raw file from which each MSpectrum originated. The spreadsheet uses this
information to group spectra with their original acquisition names, theredwiagdj
acquisition-specific spectral counting per feature. Into the “input exass hist”
worksheet the theoretical modified peptide list is put.

The “input proteins” worksheet, the fourth and final input worksheet of the
spreadsheet, specifies the precedent order of proteins by the position of theicseque
entry. These sequences are used as the organizing directory for ougnutitated
features. They should be the same sequences used to generate the exett ifm@adst
is to be used, and they must be the same sequences used by Mascot to generate the .CSV
report(s). The protein list is prioritized: a feature having a Mascot dioroexactly
matching a sequence from the first protein will be described as a pepgjtatng from
the first protein, even if a homologous protein lower on the list shares the same sequenc
This is intended. Same sequence peptides from two protein sources share the-same LC
MS properties, so their intensities should be compared in a single output line having one
annotation. The output columns differentiate the peptides’ sources by passindhaiong t
acquisition names.

Execution of the “Match_peaks_to_peptides” macro initiates the dialog for
looking up aligned data files specific to each LC-MS acquisition, if this samtplesity
information was not provided in thé' tvorksheet. A second dialog will ask for the .csv
report(s); these should be placed in the same folder. A threshold can optionally be
employed to filter low intensity data, though this is not recommended for beginning

experiments. We do recommend using a Mascot score threshold of 30 or better, as

75



validating matches deemed poor by Mascot is likely to be challenging or iilvlposs
Finally, the macro will ask for an accurate mass match tolerance; foeFtansform
spectrometers we have used 8-10 ppm.

After execution the two outputs are provided. The “condensed Mascot output”
worksheet is a report of the Mascot-matched spectra exceeding the thresholtcretim
to the proteins on the list. The first eight columns are the same fields found iasbetM
.csv report(s), where each row pertains to a unique Mascot call. Rather thanhepeat t
same entry lower on the list for other matching®pectra, all spectra that match this
entry are listed to the right of the annotation columns, and the best scoring peptide of
these is listed in column 19. Instead of relying on Mascot for the proper protein
annotation, the matched peptide sequence is tested against the protein list provided in the
“input proteins” worksheet. In this way redundant entries in the search database do not
confuse the output annotation. The protein-centric peptide annotation and associated LC-
MS feature ID are provided in columns 9-18. These fields are shared in the second
output described next.

The “annotate LCMS output” worksheet lists the LC-MS features matghed b
Mascot searching or accurate mass matching first by protein, themmits to C-
terminus peptide order, then by elution time. The first 15 columns in the output
worksheet annotate the LC-MS feature; the subsequent columns provide the isfensitie
relative intensities, and spectral counts per feature for each sampletaoqussi
feature's relative intensity per sample acquisition is its absoluteitgtdivéded by the

average of all absolute intensities, at least 0.1% as large as the amgsiisiBximum
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intensity, in the subset of LC-MS peak software features putatively matchiesl t

analyte protein(s) in the “input proteins” worksheet. Table 3.1 shows the annotation
columns for one tryptic peptide of barstar. The theoretical mass is based orstot-Ma
matched call or accurate mass match, and the ppm error is based on the observed mass
difference with the putative theoretical peptide. The “net modified mass ¢hange
determined as the difference between the observed mass centroid and the theoretical
unmodified peptide. Features with the “# supporting MS2 spectra” field blank are
present owing to an accurate mass match with the theoretical modified pisptidée
“potential modification(s)” field reflects one potential combination of modifans

giving rise to the net-modified-mass change for these entries.

3.3.6 Ranked calls.

Sometimes when more than one spectra are associated with a single LC-MS
feature, Mascot-matching will determine that some of the spectra aratinéiof one
peptide, while the other spectra are indicative something else. Thesealsoes arise
for two reasons. The first is the occasional nearly-coincident elution of ntbpéjeide
isomers. In Figure 3.3B, a single LC-MS feature between 33.3 and 34.3 minlis&lea
mixture of three modified peptide isomers that are not resolved to half height. The
second reason is mistakes are sometimes made by error-tolerant Mastotgna
particularly when an MSspectrum is sparse, the modification is in a peptide region
insensitive to CID fragmentation, or multiple modifications are present on thdeefit

has been beyond our scope to construct an algorithm that could resolve these
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discrepancies with high fidelity. Rather a ranking is made of all digotegalls to allow

for systematic decisions as to which calls deserve validation or correcttbwhach are

Table 3.1: Annotation output for barstar tryptic peptide 3-11, from the “Match LCMS

features with acc mass and Mascot galls” spreadsheet.
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3-11_bs AVINGEQIR  1014.54580  1014.5444  -14  15.994 110 1 2 10 0.67 51.2 27.60  44682884_1
3-11_bs AVINGEQIR  1014.54580  1014.5444  -14  15.994 15 2 2 5 0.33 43.4 27.60 44682884 2
3-11_bs AVINGEQIR ~ 1012.53016  1012.5289  -1.2  13.979 14 101 27.68  44682976_1
3-11_bs AVINGEQIR  1014.54580  1014.5437  -2.1  15.993 110 1 1 5 1.00 56.8 2859  44682694_1
3-11_bs AVINGEQIR  1028.56140  1028.5590  -2.3  30.008 N6 1 2 6 0.75 49.1 28.78 44682198 1
3-11_bs AVINGEQIR ~ 1028.56140  1028.5590  -2.3  30.008 G7 2 2 2 0.25 39.9 28.78 44682198 2
3-11_bs AVINGEQIR ~ 1012.53016  1012.5284  -1.7  13.979 14 101 28.83  44683820_1
3-11_bs AVINGEQIR  1014.54580  1014.5442  -1.6  15.993 15 1 2 5 0.63 52.1 20.90  44683417_1
3-11_bs AVINGEQIR  1014.54580  1014.5442  -1.6  15.993 va 2 2 3 0.38 416 20.90  44683417_2
3-11_bs AVINGEQIR  1012.53016  1012.5287  -1.4  13.979 14 101 3123 44684712 1
3-11_bs AVINGEQIR  1028.56140  1028.5593  -2.0  30.008 G7 101 1 1.00 45.7 3126  44683899_1
3-11_bs AVINGEQIR ~ 970.54470  970.5429 -1.9  -28.008 R11 11 14 1.00 65.6 31.44 44681013 1
3-11_bs AVINGEQIR ~ 998.55089  998.5508 0.1 0.000 101 31.81 44682389 1
3-11_bs AVINGEQIR ~ 998.55090  998.5482 27 -0.003 1 1 46 1.00 62.2 31.82  44681205_1
3-11_bs AVINGEQIR ~ 1001.56290  1002.5631 997  4.012 N6 1 1 10 1.00 44.2 31.83  44681370_1
3-11_bs AVINGEQIR ~ 998.58730  998.5865 0.8  0.036 Q9 1 1 33 1.00 62.2 31.86  44681624_1
3-11_bs AVINGEQIR ~ 999.53490  999.5318 31 0981 N6 1 2 50 0.96 70.7 3224  44681006_1
3-11_bs AVINGEQIR ~ 999.53490  999.5318 31 0981 Q9 2 2 2 0.04 37.4 3224  44681006_2
3-11_bs AVINGEQIR ~ 999.53490  999.5319 30 0981 N6 1 2 50 0.88 70.7 33.18 44681251 1
3-11_bs AVINGEQIR ~ 999.53490  999.5319 30 0981 Q9 2 2 7 0.12 43.0 33.18 44681251 2
3-11_bs AVINGEQIR  1012.56650  1012.5649  -1.6  14.014 va 1 2 8 0.62 55.1 34.00 44681184 1
3-11_bs AVINGEQIR  1012.56650  1012.5649  -1.6  14.014 A3 2 2 5 0.38 47.9 34.00 44681184 2

worth deleting. The ranking rule preferences first the number fsdé&tral counts
among all samples that match a call above the specified threshold. Tiestialgmeints
are rank-resolved by the maximum score. The feature entries posshissiagant calls
are listed contiguously in the “annotate LCMS output” worksheet with the besisfiow
rank listed first, and so on. At this stage the sample intensity informatpeserved

among each repeated entry. The “call spectra/all spectra peefdatld is also based
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on the spectral counts associated with calls, and can be used for quick filterigghasin
“Rank_Filter_Output” macro or Excel filtering capability.
3.3.7 Validation.

Depending on the protein system, footprinting chemistry, Mascot search
parameters, and desired level of quantitative resolution, the validation step in data
processing (Figure 3.2) can be nearly a “rubber stamp” step or can requireshdaye
endeavor. This is an intimate step: no computer algorithm is employed to make
decisions. The first step is usually one of filtering. The features impaoot#ms
footprinting experiment should be scrutinized while superfluous features can bealignore
by deletion. The organization of the data in Excel allows the use of severhl Exce
capabilities including filtering and formula entry to assist in thisriite

For FPOP footprinting, where analytic coverage requires finding low abtinda
modifications, the filtering is often as follows. (1) Features with a maximelative
intensity, among all samples, of less than 2% are marked for exclusionofi@aryhese
features did not trigger any M®xperiments in any of the acquisitions. (2) Features with
|accurate mass errors| > 10 ppm and features with spurious modificatioogected,
where possible, using the “Unmodified peptide accurate mass comparison’dekcel t
This spreadsheet is not macro-enabled. Its function is to allow the user to Bigeothe
correct modification calls when Mascot has made a mistake, or fill in missqgence
when a non proteolytic peptide is suggested with a large N- or C-terminaicatdif.

(3) Modification calls associated with deamidation, water loss, ammonia hoketleer

chemistries that show as much abundance in control samples as FPOP samples are
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marked for exclusion. (4) Non-tryptic peptides are marked for exclusion, thoughosome
the time these are born from radical labeling chemistry. (5) Thelehare/feature ID

list prepared for the “Match LCMS features with acc mass and Mascsit spitbadsheet

is used to determine which accurate mass-matched features |acp&tEa; these are
marked for exclusion. The final inclusion list is ready for validation decisions

Without automated software and in the interest of expeditious analysis, a furthe
filtering step based on relative intensity may be necessary for vafidatd completing
the modification annotation of accurate mass-matched features. We hagecussoim
Perl-based correlation program to facilitate this andysimd are working to make this
software available and easier to use. Manual accurate mass-matdidagon and
annotation completion requires using the .raw data browser and any tools for peptide
hypothesis testing or de novo sequencing the user may already have.

The majority of features useful for footprinting should have a putativelgreessbi
Mascot-derived identity. The final decision in the validation step rests \mitthw
features to accept as correct without further validation. This requiresilafay with
the expected sites and yields of modification. For FPOP, a good startingspilaee i
excellent review ofOH-mediated footprinting by Xu and Chanes well as the bottom-
up FPOP-analyses published by the Gross {af°

Features selected for validation can be processed in two ways. Clearlgyise w
by manual inspection. This may be necessary for LC-MS features witghthan 5-10
associated spectra and having more than one probable call, as determinedHroafl’'sac

fraction of feature spectra—if such a feature provides information other
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chromatographically resolved features do not (a new modified residue, perhaps).
Alternatively, two Excel macro-enabled tools can expedite validation anectorr

before undertaking manual inspection. The “UniquelD MS2 spectra extractor”
spreadsheet takes as input the first 15 annotation columns as shown in Table 3.1 for all
selected features needing validation, and uses the “condensed Mascot output” worksheet
of the “Match LCMS features with acc mass and Mascot calls” spreadshgstermine

the best Mascot-matched K§pectra supporting each uncertain feature’s annotation.
These spectra are found either in the folder containing all .dta files fromgaenegnt

or from the merged .mgf file(s) submitted to Mascot. Keeping the latter o fvamet

drive is preferable from a file management standpoint. The x-y data offesathass

output to a worksheet together with the pertinent annotation hypothesis needing testing.
The “MS2 call checker” spreadsheet is used to examine each of the spectyacoe-b

by copying and pasting the desired spectrum and its hypothesis information ifitst the
worksheet and executing the “compare_to MS2_spectrum” macro. An overlay of the
theoretical and observed spectrum can provide definitive validation (Figure 3.4) of the
call, or the user may inspect the “matches” and “missed” worksheets foricalmer
checking. If the hypothesis is wrong, a new one can be made by alterinqukacs
modification location(s), or modification mass in the first worksheet. With elange

or confirmation, update the final footprinting annotations accordingly.
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Figure 3.4: An output match spectrum of the “MS2 call checlsgteadsheet. Tt
theoretical spectrum of barstarmptide Q1L TENGAESVLQVFRys, modified by 16 Dz
at F74, is mapped onto the best Ma-scoring MS2 spectrum associated with this ¢
In this case manual validation clearly confirms kh&scot peptide call, as nearly
observed black peak ions are obed by colored peaks signifying nd t- and related
ions. The modification location is also confirmaetause the observed ion at 1369.4
matches the expected unmodified b13 ion and thatid®32.4 matchethe expected
modified b14 ion.

3.3.8 Per-peptide data processing.

Once the heavy lifting of validation is completeg next steps can be comple
in minutes. The “Annotated Features Combiner” agsbeet uses the final array
validated features and intensities; the format khba preserved from the longer out
list from the “Match LCMS features with acc mass Bfakcot calls” spreadshee
Execution of the “Average_Like_Samples” macro ati#s several dialogs. The u

specifies which samples are replicates for eackredttreatment (protein state, label
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condition, etc.). ForfOH-mediated footprinting samples, a time window can be set about
the major unmodified elution time for each proteolytic peptide. Typically tx&la
modifications make peptides more hydrophilic such that they elute up to 10-15 min
earlier than their unmodified analog in an 80 min gradient (Figure 3.3). s fe
modified peptides eluting in this time window will be grouped with the unmaodified to
determine the “root” or total measured abundance (sum of intensities) of eachypimteol
peptide. From these values the fractions of modified and unmodified peptides are
determined. The last dialog asks the user to decide how to treat featuhes/stdl more
than call. The two most-used treatments are to either (1) ignore all suckedeatui)
include them but multiply their intensities by the fraction of spectral countsaitingg of
each discrepant call. In this latter way important mixture peaks can be ohelitieut
overestimating their contributions.

The Combiner spreadsheet’s “output” worksheet conveys these per-peptide
footprinting results for each replicate and reports their averages and dtarndas, in
addition to each feature’s fractional contribution to its root. The second output warkshee
of the Combiner spreadsheet, “per sample absolute data”, carries throughahalllist
absolute intensities for each feature from the input, and reports each feataoemted
peptide’s total intensity. This output worksheet is needed for the final Excel data
processing spreadsheet. The coloring of peptides by their root group in the output

worksheets does not convey meaning but is meant to allow easier inspection.
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3.3.9 Per-residuedata processing.

Often for radical-based modification strategies, multiple featanesbserved that
indicate modification at a single residue, due to five reasons. (1) Multiplecasdrs of
a residue may be vulnerable to modification, such as the indole ring of tryptopi@ to
attack *° and these isomers separate in chromatography. (2) The product chemaijstry m
be varied at a single site. For example, methionine is easily oxidized to aa+16 D
sulfoxide, and will readily further oxidize to a +32 Da sulfor{8) More than one set of
modified and unmodified proteolytic peptides spanning the residue are used in the
analysis, due to a frequent missed cleavage. Sometimes missed cleagatpesrable
as they expand the region of analytic coverage into sequence regions havingtproteoly
substrate sites every 3-6 residues. (4) The LC-MS peak software has ${litMS
feature into two co-eluting features of the same mass centroid. SométmnpeEsak
software is conservative in its de-charging, such that it does not group thé48 LC-
isobaric and co-eluting component EIC peaks together as one feature. As loggeas t
entries were not deleted in the validation step, their proper inclusion in the per-peptide
and per-residue analysis is guaranteed. (5) Oxidations at the ESI soerdseyto post-
chromatography modifications of eluted unmodified species. These featnies ca
filtered in the validation step by inspection of their elution times and contros|evel
unless one is employing the method®©@H footprinting that utilizes the oxidative
electrochemistry possible at the ESI sotirce

The signals from all same-residue modifications should be incorporated in its

modification yield calculation, according to equation 1.
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. . Y peptide intensities modified at residue;
residue; yield = = - . 1)
Y peptide intensities with same 1° sequence as numerator peptides

Note that this equation will not sum missed cleavage peptides spaesthg in the
denominator if no modifications etsidue are detected for a peptide having the same
missed cleavage sequence. The argument is as follows: The protein modificdtiat a
residue should be recapitulated at the peptide level. Unless there is a modificadiwith
proteolysis, the missed-cleavage peptide will also be modified at the rasithgesame
yield. The lack of detection of the modified missed-cleavage peptide doegaotine
missed-cleavage peptide isn’t modified; rather it is an analytic faikwally owing to a low
frequency of missed cleavages. Therefore the unmodified missed-cleapéige peould
not be included in the yield denominator in this instance. With trypsin proteolysi®©&nd
footprinting, an exception to this rule should be made for features showing degaaordi
(-43 Da) at arginin&. In this case the root total should be adjusted to include the root total
of the shorter proteolytic peptide that shares the most number of residues with the
deguanidination missed-cleavage peptide.

The “per-residue fraction modified analysis” spreadsheet performs thegtue
yield calculations on the “per sample absolute data” output from the Combiner bpetads
with the execution of the “calculate_ratios” macro. If uncertain modifinatannotations
were altered to include “or”, such as “M64 or M68” in the “MS2 1D'd modificatiaeltf
these uncertain calls should be resolved before final per-residue calculatiairb
omission. Alternatively the “read_in_modifications” macro will directubker to fix these
entries before the “calculate_ratios” macro is executed; the “ctdcuddios” cannot

interpret any modification entries that do not follow the 1-letter amino asidue number
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format with comma separations for multiply modified features. The seawfrés used in
the per-residue analysis may be smaller than used in the per-peptidesahaigause
uncertain modification features still accurately convey labeling at {hedpdevel but
should not be used at the residue level.

With the per-residue yields in hand, the analysis of SASA and structure(s)gtan be
For footprinting strategies like FPOP, in which labeling yield depends on themher
reactivity of a residue as well as its SASA, state vs. state compaaisthresper-residue
level will be more discriminating than at the per-peptide level. At the peidpdpvel,
small changes in yield at some sites may be masked by invariant yie&gtdiaring

residues that are more sensitive@, like methionine.
3.4 Resultsand Discussion

34.1 LC-MSfeaturecoverage.

Of the 19,280 LC-MS EIC ion peaks detected among the cold, warm and control
samples, 1,116 are the isotope and charge state contributors to 367 featuresdssociate
with barstar or catalase. The total peak area intensities of these 1,116sds &9@0 of
all EIC peaks. The remaining 18,164 ions are predominantly singly charged or do not
have a discernable charge state, and are very low in abundance. Of the 367 features, 76
were used in the final per-residue analysis of cold and warm barstar Satenty-eight
features were excluded because their relative intensities wetbdes®% the average
intensity for putative barstar features. Eighty-seven featuresameitted because they
were not tryptic peptides of barstar. Most of these features were alsatgrethe

control, indicating a chymotryptic or non-specific enzymatic origin, and 95% less
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than half the average intensity for each sample. This may be more than expected,;
shortening the trypsin proteolysis may diminish the occurrence of these cleaitages
not clear how frequently non-specific cleavage products should be expectes, as t
discovery by error-tolerant searching of non-tryptic peptides is not typaiademinated
in proteomics studies. The remaining exclusions were for features indisatagtares
of modified peptide isomers that could not be accurately split, features whése MS
spectra cannot definitively locate the modification, peptide featurembdarown
sample handling and ESI modifications (e.g. water loss, ammonia loss, deamjdation)
peptide features bearing unexpected modifications shared by control and &RQ&ss
alike (and thus are not FPOP signal), and catalase peptide features.

3.4.2 Analytic sequence cover age.

The sequence coverage of barstar in this study was 100%. All 89 residues were
spanned among the detected unmodified tryptic and non-tryptic peptides of. Jdrstar
analytic sequence coverage of barstar was 63%. The first two lysideag are
invisible by virtue of trypsin proteolysis. The tryptic peptide
ExsLALPEYYGENLDALWDCLTGWVEYPLVLEWR 54 was not detected, but several
low abundance unmodified semi-tryptic peptides spanning this region were detected.
Unfortunately none were of sufficient abundance to warrant looking for their nebdifie
siblings; consequently barstar 23-54 is silent in this study. This illustreteseéd for
more than one proteolysis method when the footprinting study goal is completecanalyti

coverage. Nevertheless, the N- and C- terminal regions of barstar areprediented,
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and we are confident in the structural conclusions drawn from the yield data #r thes
regions.
3.4.3 Barstar folding.

The FPOP data indicates Barstar is folded &C2ihd partially or completely
unfolded at C. Nineteen residues were detected as modified (Table 3.2); of these, I5,
110, L16, L20, T63, V70, L71, V73, F74, 184 are significantly more labeled and hence
solvent accessible in the cold state. E8 and E68 are significantly more pratetied i
warm state. Significance is determined by the Student’s t-test at 95%eradi We
cannot yet make any statistical conclusions for R11 and R75 (they’re both higher in t
cold state) because their modification signals stem solely from -43 Darddmation
missed-cleavage peptides. It is not yet clear if the denominator treateseribed in the
Data Analysis section is appropriate for these modifications sincedlgaames are
positioned in the middle of their missed-cleavage peptides.

Statistical significance does not necessarily convey a larggehasASA. To
approximate the physical change in SASA per residue, we have normalizeddhe
warm vyield difference by the maximum yield measured for residues sathe amino
acid class in Figure 3.5. The maximum yields observed for each amino acid-kind of
residue approximates the inherent reactivity of each residue tyP&itm the FPOP
experiment, because these residues are expected to be the leadysibscafed in their
respective classes. Then for a relative change approaching 100% ofximsimaas

seen for L16, L20, T63, V73, F74, and 184, signifies a large change in SASA, and thus
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Table3.2: FPOP yields per residue for
barstar in two states.

residue 0°C 22°C

15 0.45 +/- 0.01% 0.14 +/- 0.01%

E8 0.005 +/- 0.002% 0.053 +/- 0.004%
110 0.177 +/- 0.003% 0.0354 +/- 0.0008%
R11 0.056 +/- 0.007% 0.022 +/- 0.003%
L16 0.27 +/- 0.01% 0.066 +/- 0.004%
H17 0.42 +/- 0.04% 0.24 +/- 0.06%
T19 0.0025 +/- 0.0005% 0.07 +/- 0.03%
L20 0.204 +/- 0.004% 0.022 +/- 0.002%
E57 0.64 +/- 0.02% 0.65 +/- 0.03%

L62 0.16 +/- 0.03% 0.110 +/- 0.006%
T63 0.11 +/- 0.02% 0.021 +/- 0.003%
E68 0.010 +/- 0.002% 0.047 +/- 0.005%
V70 0.013 +/- 0.001% 0.0033 +/- 0.0002%
L71 0.013 +/- 0.001% 0.0033 +/- 0.0002%
V73 0.10 +/- 0.02% 0.030 +/- 0.002%
F74 2.9 +/- 0.2% 0.86 +/- 0.08%

R75 0.066 +/- 0.007% 0.045 +/- 0.004%
184 1.8 +/- 0.8% 0.3 +/- 0.2%

186 0.6 +/- 0.3% 0.011 +/- 0.004%

may convey complete exposure in the cold state. A clear picture of strutitieances
between states is afforded by mapping the labeled residues onto the montyoettices

of WT barstar (we have used barstar C82A in this study) (Figure 3.6). Residues
determined by FPOP to be buried in the warm state relative to the cold statsoar

clearly buried in the native NMR structure (red residues). E8 and E68 are verydexpose
in the native structure (green residues), and our data suggests they soandase cold
state when. Residues approximately half-exposed in the native struetatscadeemed

statistically equivalent in our analysis (blue residues). Significahtymajority of
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residues assayed as protected in the native se hydrophobic, whereas residues wr
show little change or the opposite trend are hydlitap This segregation in exposure
consistent with thessential role hydrophobresidueglay in the phenomenon of cc
denaturation of proteing which the oss of van der Waals interactions between :

residues in the denatured state is compensatdtebyhydration at low temperatt®.
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Figure 3.5: The difference plot of all modified residues excBfitl and R75. Each cc
— warm Yyield diference is divided by the maximum yield for eaamdkof residue.
Residues with values above tr-axis exhibit more labeling in the cold state. Etars
shown are propagated from the repli-derived standard errors for each s

90



Figure3.6: Four views of the native monomer barstar NMR stretl BTA.pd*®, with
17 residue sidechains@hin in bond depiction. Red residues are signitigamore
labeled in the cold state. Green residues aréfisigmtly more labeled in the warm stat
Blue residues are labeled in both states, but dshraw a statistical differenc

3.5 Conclusion

In this study we have introduced a comprehensiwvgep-footprinting date
analysis method thaan deliver residi-resolved labeling yields for the full complem:
of labelsensitive residues in a protein or protein complékis methodology is be
sened by using high resolution MS hybrid instrumen@n«-flow chromatography

automated LOMS peak detection and alignment software, and Mastol-tolerant
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search capabilities. Each of these things is a prime component of marmnpcste
centers (help with reference). The methodology is applicable to targetedriRlydia
and any protein-footprinting strategy that imparts stable covalent moifisatin
particular, this analysis method well serv®$1-mediated footprinting studies.

The application of this method to the FPOP study of cold-denatured and room
temperature-folded barstar protein shows the utiligQdfl-labeling in identifying sites
sensitive to changes in SASA between protein states. In doing so, we havétedhlig
the means of implementing the data analysis tools, paying particelati@itto aspects
of data validation important to generating high-fidelity residue-reddbteeling yields.

Six of the seven Excel application tools presented here utilize macrtenvimit
visual basic for applications (VBA); the seventh is code-free. We feel Hieseel
transparency of the VBA and capabilities of Excel make these toolseamxtaasources
for the skeptical protein-footprint scientist, as the data flow from one tool teettias
eminently not “black-box” but user-guided. As of now, these tools will be available on
request; we intend to make them freely available online in the coming monthsy,Finall
we acknowledge that the pioneera@H-mediated protein footprinting have also
developed a software platform for the analysis of suchlate have not yet compared

analysis strategies.
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4  Fast photochemical oxidation of proteins (FPOP) by the
sulfate radical anion probes solvent accessibility

41 Introduction

Chemical footprintin§j® of proteins is becoming an efficient alternative and
augmentative method to X-ray crystallography and NMR spectroscoplyef@lucidation
of protein structure and interactions. By mass spectrometric anaykis protein-
footprint products in the presence and absence of ligand, the binding site(s) and induced
changes in protein conformation can be determined, provided that the labeling reactions
in these regions are attenuated in the holo state. The most general and, tmativgfor
chemical reactions currently used for protein footprinting are hydrdget@rium
exchange (HDX)and hydroxyl radical oxidatioh.The methods are complementary in
revealing features of protein structure. Predominantly side chain dxdltyssi sampled
by properly controlledOH reactiofi, whereas HDX samples backbone amide hydrogen
accessibility and secondary structtife.

Hydroxyl radicals probe solvent accessibility because they have botiacainte
size to solvent water molecules and high reactivity with a significarttdracf amino-
acid side chains. One of the advantage®©bf footprinting is that the stability
(irreversibility) of modifications enables a “bottom-up” proteomics methmgobf
proteolysis and online LC-MS/MS for their detection and quantification. Ihieresher
chemical probes that engender similarly stable modifications, incluaénigighly
reactive methylene carbefig, continues to increase, driven by the possibility that
complementary structural information of protein complexes might be obtained with
different chemical selectivity of accessible protein residues.
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We demonstrated that FPOP occurs on the microsecond timescéddifor
labeling reaction$? affording near millimolar levels OH from the homolytic
cleavage of KO, upon irradiation by a 17 ns flash of 248 nM KrF excimer laser.
Constituent GIn acts as a radical scavenger, ensuring the quenching of labédtiisg on t
timescale. The strength of this approach to footprinting is the high yield efrprot
modification byeOH from a profoundly short exposure. A microsecond labeling
timescale avoids the sampling of protein conformation that are altered by the
modification, as ultimately will be the case for timescales that agetoh

Herein we report a new footprinting agent for the FPOP method, an ionitesulfa
radical anion, S¢». The primary reason for choosing £&0s that its reduction potential
at 2430 mV is higher than that @H (1900 mV)'* making it a potentially useful
oxidant for proteins. For example, the formation of protein cross-links can beedgger
by SQ+***® and protein oxidation using $®can occur in the metal-catalyzed
oxidation reactiond’ It is a reasonable expectation thatSdike *OH, oxidizes
proteins very rapidly, which is an advantage of FPOP u€h{y Reactions of SO
with amino acids and some dipeptides in aqueous solution are known albeit on a
continuous timescale rather than pulsed as we demonstrate here. This clurBi&iy
is determined by its very high electron affinity and its capabiityxidize aromatic and
Met side chains to the corresponding radical cations, which subsequently undergo eit
fragmentation or hydratiotf*°® The sulfate radical anion can also oxidize carboxyl
anions including zwitterionic amino acids in agueous solution to acyloxyl radicals

(RCOy), which rapidly decarboxylate to give carbon-centered radi¢&fs Radicals
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formed by S@+ hydrogen abstraction also occur for some amino acids such as Leu and
Ser®

The precursor compound used for the generation gk &he relatively stable
and water-soluble inorganic salt #8a0s. The $Os°” aqueous ion has a UV band
maximum at 215 nm; we measured the extinction coefficient at 248 nm in PBS as 24 M
cm™’. The photolysis of £g°” in water gives S§» radical anions with a quantum yield
of 0.55 at 308 nm:

In the present study, we compared the amino-acid residue reactions-of laser
initiated sulfate radical anion with those of hydroxyl radicals after tuthiegxidation
levels so that they nearly match. The tests were two proteins, apomyoglobinaiadii
Cd*-free calmodulin (CaM), and a mixture of peptides, bradykinin and angiontensin I,
which were subjected to both peroxide and persulfate FPOP. We focused the
proteolysis/LC-MS/MS analysis (1) to identify the types of residue madifics and
their frequency and ascertain whether any subset of residues'®© better sample
than*OH and (2) to determine whether persulfate FPOP exclusively modifies solvent
accessible residues, and on a timescale fast enough to sample native conformation onl

More than any other oxidative-modification protein footprinting method, FPOP is
highly tunable both in yield (by altering starting material levels eingber and labeling
precursor), timescale, and targeted chemistry. Besides hydroxylsaai@ sulfate
radical anions, there are several potential peféand diazirin€® species capable of UV
photolysis to generate either other radicals or carbenes, which maydiedsébe their

physical properties or residue specificity. These opportunities makeaciether
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purpose of this study; that is, to illustrate a method for validating such stenditegials

for developing new methods of protein footprinting by FPOP.
4.2 Experimental Procedures

42.1 Reagents.

Bovine g-Lactoglobulin A (BLG), 30% hydrogen peroxide, sodium persulfate,
angiotensin Il, bradykinir,.-glutamine L-methionine, catalase, urea, ethylene glycol-
bis(2-aminoethyletherN,N,N’,N'-tetraacetic acid (EGTA), acetonitrile, formic acid,
proteomics grade trypsin, and phosphate buffered saline (PBS) were purchased from the
Sigma Aldrich Chemical Company (St. Louis, MO). Bovine CaM was purchased from
Oceanbiologics (Corvallis, OR). The proteins were used without further jtiofic
Purified water (18 MR) was obtained from an in-house Milli-Q Synthesis system
(Millipore, Billerica, MA).

4.2.1 Oxidative-modification labeling.

Each 50uL sample was prepared in PBS (10 mM phosphate buffer, 138 mM
NacCl, 2.7 mM KCI, pH 7.4 at 25 °C), with a final protein concentration QiNMIO The
bradykinin and angiotensin Il components of peptide mixture samples were glacepre
at these concentrations. Apo-CaM samples includeqiDBGTA for the chelation of
adventitious calcium. Glutamine was added to a final concentration of 20 mM in normal
FPOP samples. Hydrogen peroxide op®@gwas added to a final concentration of 15
mM or 3 mM, respectively, just before FPOP infusion except for BLG, whei&8a
was added to 5 mM. The experimental apparatus and procedure for laser flashiphotolys

of samples was detailed previousfyThe laser power was adjusted to 44 mJ/pulse. The
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fraction of sample masked from irradiation was set to 20% by adjusting the infigsion f
rate and laser pulse frequency; this ensured that no protein was doubfe*$hot.

Sample was collected in a microcentrifuge tube containing 2if 70 mM Met,
and immediately purified from excess® or NaS,0g by Millipore Ziptip (Billerica,
MA) 0.6 uL bed solid-phase extraction. C4 tips were used for BLG, aMb, and CaM
samples; C18 tips were used for samples containing peptide mixtures. BdcHiplp
accommodates up to 4& in aspirate with careful pipette action. One slow
aspiration/dispense cycle was sufficient to load the Ziptip with good recadkiery
precaution minimized post-FPOP oxidation (data not shown).

Except for BLG, four treatments per protein or peptide mixture were applied in
triplicate. “Native” samples were solutions of analyte, buffer, and GIn, anel not
laser irradiated. “Peroxide” sample solutions include@xand were subjected to flash
photolysis. “Persulfate” sample solutions included$@gs and were subjected to flash
photolysis. “Persulfate control” sample solutions were prepared identically
“Persulfate” but were not laser irradiated. Their persulfate exposgrémited to 5 min
prior to desalting. BLG samples were processed similarly but at two pé&daifals and
in duplicate.

4.2.2 Global mass spectrometry of FPOP-labeled S-lactoglobulin.

For BLG samples, Ziptip, eluent was diluted 5-fold in 50% acetonitrile and
immediately infused onto a Waters Ultima Global quadrupole time-of-flightofd,
MA), operating in V mode at 12,000 FWHM resolving power at 838.8 m/z

((CFsCOONayNa’ calibrant ion).
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4.2.3 Proteolysisand LC-MSMS

Apomyoglobin samples were trypsin-digested for 18 h &C3TaM samples
were trypsin-digested 6 h at 3C; each was digested at a 1:10 trypsin:protein weight
ratio. The peptides were desalted using ZitiMillipore), and the 1QL eluent was
diluted 20-fold with purified water. A small sampley(R) was loaded by autosampler
(Eksigent nanoLC, Dublin, CA) onto a capillary column with a laser-pulled titiglS
Instruments, Novato, CA), bomb-packed with C18 reverse phase material (Magic,
0.075mm x 200mm, &, 300A, Michrom, Auburn, CaYhe gradient was from 1%
solvent B (97% acetonitrile, 3% water, 0.1% formic acid) to 60% solvent B over 60 min
at an eluent flow of 260 nL/min. The LC was coupled to the nanospray source of an
LTQ-Orbitrap mass spectrometer (Thermo Fisher, Waltham, MA) Mér and peptide
mixture samples, or an LTQ-FT mass spectrometry (Thermo FisheQalr Mass
spectra of eluting peptides were obtained at high mass resolving power (1@0,00@ f
of m/z 400) with the FT mass spectrometer component, while MS/MS experiments on the
six most abundant eluting ions per high resolution scan were performed in the &TQ a
normalized collision energy of 35% of maximum, using a 2 Da isolation width and wide-
band activation. lons submitted to MS/MS were placed in a dynamic exclissifor 8
S. A blank run followed every sample acquisition.
4.2.4 DataAnalysis

The peak alignment algorithm of the Rosetta Elucidator data managentent sys
(Rosetta Biosoftware) was used to generate tables of extracted ioratbgoam
features. Manually validated Mascot error-tolerant search resukspaged to their
tabulated mass spectral features by a custom Excel VBA program, wéocaugimented
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the search results with a 5 ppm threshold mass list of anticipated peroxide arfdteersul
FPOP products not found by Mascot. Augmented hits were included only if a product-
ion spectrum verified the accurate mass match. A third modification discoegnpan
utilized a correlation algorithm to compare unidentified product-ion spectra to exgmpl
CID fragment spectra of unmodified tryptic peptides of aMb, CaM, and oykirad

and angiontensin f*
4.3 Resultsand Discussion

4.3.1 Optimal Sodium Persulfate FPOP Conditions.

Themassspectrum bounding the ¥%harge state gf-lactoglobulin (BLG)
obtained when 15 mM N&Og was mixed with PBS-buffered 10M BLG and
incubated 5 min at room temperature (Figure 4.1a) shows an insignificant amount of
protein oxidation. The base peak corresponds to unmodified BLG; the very low levels of
modified and/or ESI adducts of BLG are superimposable with the mass spectrum of a
stock solution BLG (data not shown). Thus, short-time exposure to low levels of
NaS,0g does not oxidize BLG. Apomyoglobin, CaM, bradykinin, and angiontensin II
also do not show N&,Og oxidation over short-time exposures, although ESI MS
revealed that CaM in its starting state was already oxidized to show +16 and +32 Da
adducts.

Irradiating the flowing solution containing the same level of3\agwith the
KrF excimer laser, however, gives rise to a high yield of modified BLQuU(Ei4.1b).
Two aspects are readily apparent. First, the dominant persulfate radicatatiodi
products correspond to successive +16 Da additions (or #izG®idition for the 18

charge state). This is also the dominant produeDéf reactions in other protein
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footprinting chemistryand is what we observed with 15 mM®4 FPOP (Figure 4.1d).
Second, 15 mM N&,0g FPOP gives a much higher yield of modified protein than the
standard 15 mM D, FPOP treatment. Solely by reducing the concentration £8,0a
to 5 mM, the modification distribution seen in Figure 4.1c is moderated to nearly the
same global protein outcome as with standai@,H-POP. A more rigorous analysis of
this product distribution, presented in the Supporting Information section, showsllit is we
modeled by a Poisson distribution of 0, +16, +32, ... Da states, indicating the labeling has
sampled a single (native) conformatidgstlactoglobulin is known to be conformationally
sensitive to oxidatiof® It follows that 5 mM NgS,03 FPOP labeling, like 15 mM 40,
FPOP, labels faster than most secondary and tertiary protein mitticersd
corroborates the theoretical prediction of sig#htous labeling.
4.3.2 Resdue-Resolved Modification Measurement by LC-MS/MS.

Owing to the stable covalent label imparted by «OH and the high percentage of
solvent-accessible residues that may be labeled, a “bottom-up” protepprosch in
data acquisition for modification identification and quantitation can be employed in
protein footprinting, typically using trypsin proteolysis and online LC-MSAWSe used

this strategy because the global pattern of persulfate modification
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Figure4.1: The ESIQTOF mass spectra of t15" charge state gf-lactoglobulin
subjected to different labeling conditions. Spect(a)is of the 15 mM N,S,O, control,

absent only laser irradiatio(b) is of 15 mM N3S,0, FPOP; (c)s of 5 mM N¢S,0,
FPOP; (d)s of 15 mM k,0, FPOP.

indicates a similar promiscuiin residue reaction as with «OH labeling.

Sitesspecific labeling was established by-MS/MS analysis. The aggregate
all modifications at each site was determined (ésldl.1, Supporting Information Tab
4.1 and 4.2) as a “fracti-modified” metric, and comparisons for amiaoid types using
the data from persulfate and peroxide treatmemtplatted in Figure 4.2The fraction-
modified metric is calculated, per residue, by sung, in the numerat(, signals for all
detectegpeptides having a mdfication at that residue and by summiigthe
denominator, signals fall peptide, modified and unmodified, having the san®

sequences as the numerator set of peptiThe fraction-modifiednetric is implicitly
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normalized across samples because all variations in post-FPOP sampleghandli
proteolysis, de-salting, on-line chromatography, and mass spectrometafféicat
modified peptide’s signal will likely influence signals for its unmodifeend modified
siblings in the same proportion, with the exception of ionization efficiéhcy.

We observed no detectable modifications of proteins in their mass spectra
following control experiments for which no laser irradiation was used, censigtth
global observations (e.g. Figure 4.1a). Furthermore, we found that the fractidiredhodi
levels of persulfate control residues are statistically identical tintdiee” control
(absent peroxo- starting material) fraction modified levels, and withxttepgon of Met
test the limit of detection. These results follow from examination of Tables 4.1 and
Supporting Information Tables 4.1 and 4.2, and they show one general trend necessary
for validating persulfate FPOP as a viable labeling strategy.

4.3.3 Sdlectivity of Na,S,05 FPOP.

From these tables and Figure 4.2, it is clear tha&/lg FPOP is a non-specific
labeling method that samples many of the same residues with comparatétyda
H,O, FPOP. Both methods reliably label over one half of the 20 common amino acids.
Comparing reactivity on a residue-by-residue basis (Figure 4.2a) showetbside
FPOP more readily labels aliphatic residues as well as Phe, Thr, GIn, and Lys
equivalent levels of labeling are expected for 5 mM persulfate vs. 15 mM hydrogen
peroxide, as witnessed at the protein global level, it seems unlikely thatgie la
difference contributors underlying this trend (for example, aMb 121 ineT4ll) are

explained solely by the use of 3 mM48g0g starting material instead of 15 mM.

105



Table 4.1: Apomyoglobin Fraction Modified per Residue

. SASA k.OH . . persulfate
residue 2.b 4 e native peroxide persulfate
(A" (M sec) control
E6 56.1 2.3x19 0 0.13 +/- 0.04% 0.069 +/- 0.007% 0.0003 +/- 0.0002%
W7 15.3 1.3 x14 1.41 +/- 0.09% 13.9 +/- 0.9% 15.3 +/- 0.6% 2.20:2%
w14 6.8 1.3 x14 0.84 +/- 0.06% 12.5 +/- 0.6% 4.6 +/- 0.5% 1.570:07%
E18 65.5 2.3 x10 0 2.07 +/- 0.06% 2.4 +/-0.2% 0.004 +/- 0.002%
D20 65.8 7.5 x10 0 0.20 +/- 0.01% 0.247 +/- 0.009% 0
121 62.1 1.8 x1® 0 0.45 +/-0.03%  0.0573 +/- 0.0001% 0
H24 7.7 4.8 x19 0.0047 +/- 0.0003%  0.70 +/- 0.05% 0.32 +/- 0.02%  0.0060 +/- 0.0004%
Q26 225 5.4 x10 0 0.07 +/- 0.01% 0.07 +/- 0.01%  0.0001 +/- 0.0001%
E27 49.0 2.3 x10 0 0.71 +/- 0.03% 0.24 +/- 0.01%  0.0001 +/- 0.0001%
130 7.9 1.8 x18 0 0.054 +/-0.006%  0.002 +/- 0.002% 0
T34 48.8 5.1 x19 00042 +-0.0009%  0.43 +/- 0.04% 0.08 +/- 0.03% 0.008 +/- 0.001%
H36 54.5 4.8 x1D  0.0023 +-0.0007% 2.4 +-0.2% 1.7 +/-0.8% 0.009 +/- 0.004%
P37 81.9 6.5 x10 0 0.38 +/- 0.04% 0.06 +/- 0.01%  0.0002 +/- 0.0002%
E41 93.5 2.3x10 0 0.105 +/- 0.005% 0.14 +/- 0.04% 0
H64 41.8 4.8x1D  00022+-00003%  0.81 +-0.01% 4.5 +/- 0.6% 0.042 +/- 0.009%
V67 86.1 8.5 x1d 0.00034 +/- 0.0001%  0.41 +/- 0.02% 0.071 +/- 0.009% 0.0003 +/- 0.0001%
T70 79.3 5.1x19D  0.016 +/- 0.006% 0.09 +/- 0.02% 0.03 +/- 0.02% 0.60 0.003%
H81 129.3 4.8x10D  0.029 +/-0.003% 3.9 +/-0.1% 7 +-1% 0.49 +/-3%0
H82 51 4.8x1D  00052+-0.0005%  0.61 +/- 0.04% 0.69 +/- 0.06% 0.011 +/- 0.001%
E83 112.0 2.3x10  0.018 +/-0.002% 0.36 +/- 0.06% 0.73 +/- 0.02% 6.62 0.004%
L86 1.9 1.7 x18 0 0.37 +/- 0.03%  0.0004 +/- 0.0003% 0
L89 43.1 1.7 x1® 0.010 +/- 0.002% 1.06 +/- 0.08% 0.08 +/- 0.02% 0.0077 +/- 0.0005%
Q91 72.9 5.4 x10 0 0.29 +/- 0.02% 0.14 +/- 0.02% 0.04 +/- 0.03%
H93 52.0 4.8 x19 0.0023 +/- 0.0004% 1.9 +/- 0.1% 1.63 +/- 0.07% 0.004 +/- 0.002%
H113 80.6 4.8 x10 0 1.9 +-0.1% 2.0 +/- 0.4% 0.009 +/- 0.004%
H116 63.9 4.8 x10 0 0.2 +-0.1% 1.7 +- 0.5% 0
H119 30.9 4.8 x10 0 0.95 +/- 0.07% 0.55 +/- 0.06% 0
Q128 66.5 5.4 x10 0 0.34 +/- 0.03% 0.018 +/- 0.002% 0
M131 0.9 8.5 x19 3.7 +/-0.3% 25 +/- 1% 24 +/- 3% 5.9 +/- 0.4%
K133 67.6 3.5 x1% 0 0.09 +/-0.01%  0.0001 +/- 0.0001% 0
E136 76.3 2.3x10 0 0.083 +/-0.007%  0.137 +/- 0.006% 0
L137 40.4 1.7 x1b 0 0.27 +/- 0.03% 0.003 +/- 0.001% 0
F138 19.8 6.9 x10 0 0.70 +/- 0.03% 0.141 +/- 0.007% 0.0009 +/- 0.0006%
F151 26.7 6.9 x10 0 36 +/- 2% 7.9 +/- 0.4% 0

* The numerator is the sum all signal of peptidedified at a residue. The denominator is the sum of
all signal of peptides, modified and unmodifiedying the same sequences as the numerator set of

peptides.
b

Solvent accessible surface area (SASA) was cadmliles the sum of non-hydrogen side chainend
carbon areas using the online calculator at hitpiffio.info.nih.gov/structbio/basic.htmusing a 1.4 A
probe®. The myoglobin crystal structure 1WLA.pdb wasdiséth heme atoms omittel

‘ http://allen.rad.nd.edu/browse compil.html.
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Figure4.2: With (a), the relative difference between perselfand peroxide fractic
modified, of CaMaMb, bradykinin, and angiotensin Il residues, atednined pe
residue; these values are averaged per ¢«acid type. The error bsidenote the avera
pairwiseecomparison standard error. In (b) the maximumtivacmodified among a
same-amino acitesidues is plotteBlack bars denote JO, FPOP labeling; diagor-

pattern bars denote M&O, FPOP labeling.

These differences must also arise from the diffegenn the inherent reactivities *OH
and SQ, and from the difference in their sizIn particular, Trp is exceptional
sensitive to both labeling methods; aMb W7 and \&iElequivalently labeled by,0,
FPOP, butW?7 is 3ald more oxidized than W14 with [,S,0g FPOP. The solve-

accessible surface area values are small bi-zero, 15 and 7 A respectively, for W’
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and W14, so that the difference between labeling methods for this residue type anay be
function exclusively of size differences in the reactant probes.

The amino acid labeling levels are listed from left-to-right in both graphs of
Figure 4.2 in order of decreasing observable peroxide reactivity per acishgroup, as
established by the maximum observed fraction modified per residue of each group
(Figure 4.2b). These maximum fraction values should pertain to the most fully solvent
exposed sidechain residues of each amino acid group, and thus allow for a comparison of
the inherent reactivity of SO vs.*OH. The order of S© reactivity is slightly
differentt M>Y=W>F=E=H>S>P>D=T>K=Q>L=V=I. Inheit case,
the most reactive residues are consistent with amino acid rate data arttew@hl t
labeling products from water radioly&iswith the exception of Glu. Persulfate FPOP is
more reactive to His, and Tyr and equally reactive to Met, Trp, Glu, and Ser. eXespit
negative charge of S® and its precursor, no increased affinity for basic residues is
observed except for His. This is probably due to attenuation of electrostatctioie
by the phosphate-buffered saline solution, but trypsin digestion may bias against
detecting modified Lys and Arg.

4.3.4 Chemistry of Na,S,0g FPOP.

With the exception of the +34 Da His modification (Supporting Information)
many modifications discernable for peroxide FPOP were also found among persulfa
FPOP replicates (Table 4.2). Furthermore, these modifications comprissulaé
suspects” inOH labeling by peroxide-initiated and water radiolysis experintefitse
commonality of the sets of modifications produced by each FPOP method suggests that

the dominant chemical pathways of SQabeling are analogous to the better understood
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«OH mechanism¥ A likely explanation for these similar outcomes is that both
processes begin with an initial hydrogen abstraction reaction at aiphas.
Additionally, the transfer of radical to water (equation 1) may be a competingpa
giving rise to the commosOH footprinting products.

SOy + HO > SQF + H" + «OH 1)
There may be other novel products of;S@ot detected in these experiments; that 85%
of all +2 and higher charge state species of significant abundance wereadexgiaMb
modified and unmodified peptides suggests that these putative products are from low-
yield pathways.
4.35 Solvent Accessibility.

In comparing equilibrium states, as is typical for footprinting expamts)

changes in the fraction modified at a residue between states should soletyareflange
in solvent accessibility—all other biases are inherently normalized. Thigagnof
persulfate FPOP labeling to solvent accessibility can be assayed by aagriparsolvent
accessible surface area (SASA) calculated from X-ray and NMBtstes to the per-
residue fraction modified for any same-amino-acid set of residues of anprotes
restriction to same residue types stems from the inhe€d¢hi{and presumably with SO
*) reactivity difference between free amino acid&n analysis of the aMb His
modification levels is illustrative of the promise of this approach (Figure 4.8)firf
that its inherent reactivity is not too low to limit detection of the modificetiand that a
large range of SASA values are spanned by 11 myoglobin His residues. The yeaictivit
His in Na&S,0s FPOP correlates reasonably well with the calculated SASA (theed-ig

4.3b straight-line fit Ris 0.83). Although the Rdoes not indicate perfect correlation,
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one should bear in mind that part and perhaps most of the uncertainty is in the calculated
SASA. When H64, an outlier, is excluded, an even better correlation is obtained. The
motivation for omitting this residue (Figure 4.4) is that it is an axial ligdritde heme

iron. The HO, FPOP correlation of aMb His labeling with SASA is better still, even

with H64 inclusion (plot not shown). We propose th#ds$ or SQ« has an affinity for

the heme binding pocket that® or «OH does not share, such that the local

concentration of labeling agent is higher than that at the bulk. That H64 and H93, the
second heme-ligating residue, are not equally labeled suggests a prefemtation,

such as a chelate bridge, which in turn suggests an affinity model for persulfate

Table 4.2: Observed Residue Modifications
of Persulfate and Peroxide FPOP

A:;ligo Net Modifications (Da)
Asp -44

GIn +16

Glu -44 -30 -28 -18

Gy’ -44

His -23 -22 -10 +5 +16 +32 +34
lle  +14 +16

Leu -2 +16

Lys +14 +16

Met +16

Phe +16 +30 +46

Pro +14 +16

Ser -2 +16

Thr -2

Trp -14 +4 +16 +32 +48
Tyr  +16 +32 +34

Val +14 +16

? Only C-terminus G153 of myoglobin exhibited
carbon dioxide loss.

b
Only observed among persulfate FPOP replicates.

With the exception of Glu, all same-amino-acid residues of a protein show

increasing labeling yield with increasing SASA, though the data@els, Phe, Leu,
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lle, and Thr are too small for proper correlatioralgsis. Their sampling may |
improved wth a different proteolysis methodology, to give eoor longer peptides |
regions of too few or too many trypsin cleavagessithus enabling informative prod-
ion (MS/MS) spectra in these regions. Neverthetlee most compelling correlation
binary: never is a noMet residue labeled that shouldn’t tAlthough Met is extremel
sensitive taxidative labelin, it does not serve as the ideal residue for pgbirange:
in solvent accessibility without careful contr® because its inherent reactivity is hi
even with mild oxidizing ager®® and because it may serve as an oxidation sin

persistent protein hydroperoxides that can arigateaemediates in th
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Figure 4.3: Themodification yielss of aMb Hisresidues are plotted against tt
calculated solvent accessible surface area (SABi#),leas-squares straig-line fits
shown. In plot (b) the myoglobin His64 was omitteds improved the ? fit from 0.63
in (a) to 0.83.The SASA values were calculated from the 1WLA.pdst@l structure o
myoglobin with its heme ignored by the calculatb
http://molbio.info.nih.gov/structbio/basic.html,ing a 1.4 A probe
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Figure4.4: The 1.4 A probe surface rendering of thyoglobin 1WLA.pdb crysta
structure, showing the heme binding pocket, Histd, Phel3:

formation of common oxidati-modification products initiated by fagdR chemistry**
Furthermore, many proteins are isolated with endogs Met oxidation; we found, fi
example, that CaM samples exhibited significant Metlation “out of the box
(Supporting Information Table 4.1, “native” colun

Apomyoglobin F138 labeling signal 50fold lower than that of F151, althou:
the calculated SASA is but 25% less. This calooais based on the myoglobin crys
structure IWLA® with the heme removed. This result qiitatively reproduces th
Hambly and Gross finding thH-helix moves to close the pocket in the apo st
burying F138. This also underscores the potehigsdes of using static high resoluti
solid-state structures to determine dilute aqueous ghrotein residue SASAs. Finall
the myoglobin E18 is dominated by significant, loss (-44 Da) signal in both peroxic
and persulfate FPOP. Other acidic residues alsibigxhis pathway, but their yields a

significantly lower. This may be a consence of local 805 and HO; affinity but
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probably not a consequence of error in SASA estimation as the magnitude of yield
change is so large.
4.3.6 Sodium persulfate vs. hydrogen per oxide FPOP: physical considerations and

future prospects.

Although protein footprinting at physiologic levels of analyte, ionic activitg, a
pH are possible with FPOP, the requirement of peroxy starting matersathzeg
definition of “physiologic”. It is, therefore, advantageous that persulfa@PHRrequires
3-5 fold less starting material than peroxide FPOP to deliver the samedévels
modification (Figure 4.1). On the other hand, exces$&Ma must be removed non-
enzymatically after labeling, and this may introduce another source of unhiesed e
One application of the FPOP method that we would like to pursue is the study of
membrane proteins in micelles, liposomes, lipoprotein particles, and synthetin{prote
wrapped phospholipid bilayer dists.The lipid bilayer permeability of 8g” is in all
likelihood dramatically smaller than that o§®, commonly known to be membrane-
permeabl€®. Marla and coworker¥ showed that ONOQeadily permeates large
unilamellar vesicles composedloi-phosphatidylcholine , stearyl amine, and
cholesterol, but that SO is membrane-impermeable. They argued the high
peroxynitrate permeability may be due to its relatively high basisity£ 6.8%%%°),
whereas sulfate is the conjugate base of a strong acid. Persulfiai®itetanionic
character in PBS-buffered solution and, thus, should be membrane-impermeable. It is
possible that by using#®, and NaS,0g” in tandem FPOP experiments, a footprint may
be acquired of extracellular-accessible and cytoplasmic-accessiolea® in agqueous-

stable membrane particles imbedded with analyte protein. Finally, the tistaiméty
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of S,0¢” relative to HO; is advantageous for any temperature-varied FPOP experiment

up to 50C 44
44 Conclusions

The HO, and NaS,0g FPOP results presented here demonstrate the viability of
persulfate FPOP protein footprinting. The ideal footprinting experiment iatef st
comparisons whereby one seeks differences in labeling yield at idesitigsator two
treatments (e.g., apo vs. holo, native vs. unfolded) to reflect residue protection (or
exposure with signal increase) owing to direct inter- or intramoleculaaatien or
allosteric change from distal binding. If a detailed footprinting picturegisined in
which the “fraction modified” ascribes a solvent accessibility value, aulgbreearch
and replicate quantitation for all FPOP modifications in addition to calibratitmn wi
proteins of known structure will be required. The kinds of modifications with persulfate
and peroxide, with one exception, are identical, and the promiscuity,efiS@milar
and tunable likeOH. The choice for utilizing persulfate FPOP for non-residue-specific
stable modification footprinting is best made considering its physical, ithidoer
chemical properties. Most importantly, this study demonstrates thg afitihe general
FPOP method. That persulfate FPOP works serves as an invitation to try other UV-
sensitive precursor molecules, such as L-photoletitioeto use the sulfate radical
anion to produce other radicals and radical anions (e.g.» €am HCG; or «NO, from
NO,). These approaches may give controllable radical species capablg fafster
labeling, not only sampling native conformations is a non-specific or targeteduway

also expanding the scope of FPOP.
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45 Supporting Information

45.1 Global mass spectrometry of FPOP-labeled B-lactoglobulin.

The capacity of the 0.,6L bed Ziptip-4 was approximately 3.3g, so that 180-

230 pmol samples of BLG were infused at a flow rate adjusted to ensura@cicuthe
time-to-digital conversion of the QTOF multi-channel plate detector, regus®-180

ion counts/scan base peak. Scans spanning the entire chromatogram were summed to
improve the signal to noise, typically 60-150 scans depending on the flow rate.

45.2 plactoglobulin FPOP global product distribution analysis.

A 1216-1245m/z spectrum window centered about the 15th charge state of BLG
was fit with a model FPOP product distribution described previbifslyeach BLG
duplicate. The window range encompassed all detected product peaks, anit a 10
region lower than the unmodified peak averagewas used for baseline estimation. A
Mathcad 14 Minimize algorithm was used to fit a Poisson distribution to the nessiti
of 0, +16, +32.. state abundances.

45.3 Optimal Sodium Persulfate FPOP Conditions.

Tuning the level of radical exposure controls the kind and extent of modifications.
Early footprinting work used Fenton-generat€H radicals to cleave DNA and protein
backbones; absence of a cleavage product was indicative of protection due to
biomolecular interactiof? The ESI mass spectrum of BLG labeled by FPOP with 15
mM NaS,0s and without GIn radical scavenger shows a background in each BLG
charge state m/z regi@gn20% the charge state’s base peak (data not shown). We
attribute this high baseline to the mass-spectral convolution of many protgimefrts

generated by radical-induced cleavage along the protein backbone. Under these
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conditions, too much radical labeling agent has persisted for too long an exposure. The
reactivity of protein side chains is, in general, not high-earbons because steric
hindrance is protective under typical low-exposure condiftdfis Thus, the

identification and quantitation of side chain-modified residuesdmrenger-free

NaS,03 FPOP-labeled protein would not measure the solvent accessibility at these si

in the protein’s native state.

A more difficult problem is that this excessive labeling may also be tleenits
insufficient scavenger or too high a concentration of the radical precurabis,tthe
guenching is not fast enough to stop labeling before side chain modifications cause
protein conformational change leading to misleading labeling. Thereforsadestook
an analysis on the underlying protein product distributions of the Figure 4.1 spectra to
support the hypothesis that 5 mM4Sg0g, 20 mM GIn (Figure 4.1c) is sufficient to label
the native protein state without sampling partially unfolded products.

In a previous study, we provided empirical evidence that FPOP wih lebels
proteins faster than any conformational respons®kbmodifications:> This result was
based on the analysis of the mass spectra of the modified proteins, where a model was
used to digitize signals for FPOP-labeled proteins into bins of primary naidificof O,
+16, +32, ... Da. Simplification of the modification spectrum to a 0, +16, +32, ...
distribution allowed for a comparison to a Poisson distribution. For BLG, CaM, and
lysozyme, a good match occurred only when radical scavenger was preseing foest
Poisson distribution, which should apply for proteins having an invariant single
conformation during labeling and for which there are many sites availatfiito

modification, is an appropriate means of establishing the “snapshot” nature of a
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footprinting method . We employed the same analysis here, using BLG astthe te
protein because it is highly sensitive to conformational changes due to axidatit 5

mM NaS,0s, the modification distribution is approximately Poisson (Supporting
Information Figure 4.1), but when a larger number of sulfate anion radicals areg@oduc
with 15 mM NaS;0g, FPOP labeling gives a distribution that clearly fails this test.
Moreover, modeling the latter spectrum failed to meet a requirement teast20% of
protein signal should contribute to the unmodifidlistate. This requirement stems from
matching the laser pulse frequency, irradiation volume, and sample flow rateite ens
that all labeled protein, and an un-reacted volume that is 20% of the irradiation volume,
vacates the flow cell before the next laser shot. At 5 mb&IDa, the 20% exclusion
fraction can be properly accounted for by the modeling, and the 0, +16, +32, ...
distribution is consistent with a single BLG conformation during labeling. ,Thas
appropriate persulfate level for FPOP labeling 8mM N&S,0g, with 20 mM

constituent Gln and laser and optics parameters set as described in the &xpérim
Procedures section.

45.4 Chemistry of Na,S,0g FPOP.

Comparing the product-formation reactivities of,;S@nd+OH requires
guantitation with good precision of every detectable modification. Supporting
Information Figure 4.2 shows the product-ion mass spectra for two unusual
modifications. Kynurenination (Supporting Information Figure 4.2a, +3.9949) of
tryptophan is not a major oxidation product in water radiolysis labeling of TrS*Nbiit
it is a common metal-catalyzed protein oxidation prodtitt. This modification pathway

significantly contributes to the total Trp modification with botyOgland persulfate
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FPOP methods. A novel His and Tyr modificationyosgen with persulfate FPC
however, is of +33.974 DiSupporting Informatiorrigure 4.2b), which comprises-
90% of the total modification reactions of His lmibf trivial abundance for Tyr. Tt

nature of this modification has not yet been deteeh
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Supporting Information Figure4.1: The 0, +16, +32, ... Da ion counts are modelec

the 15th charge state QTOm/z spectrum ofi-lactoglobulin. Solid linezonnectec
diamonds with standard error bars plot the avechdgiege normalized ion counts f
duplicate FPOP treatments. Dashed-connected circles show the nimear
regression, bedittting Poisson distribution. a) is for FPOP with 15 mM N,S,0O,. (b) is

for FPOP with 5 mM Ns5,0,. The modeling was constrainedstabtrac 20% of total

protein signal from the Ostate because this signal is attributed to thdimteor-masked

h . . . . . .
FPOP volume. In case)( all 0 state signal is attributed to this neactinn fraction but
is modeled as only 7.4% of total protein signahe umber of states per sam
distribution fit to a Poisson was chosen to accdoinat least 98% of protein sigr
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Supporting Information Figure4.2: The LTQ producten spectra of myoglobi

peptides showing uncommeOH modifications. (a): [M + ZHﬁ+ of m/z910.4569. Thi
annotation is fopeaks matching the theoretity- and b-fragment ions o
GLSDGEW*QQVLNVWGK, with W7 modified by a net +4 D&ynurenine) mass shifi
lons labeled in gray boxes carry this modificatibhese spectra were produced in k
peroxide and persulfate FPOP replicatb): [M +2 H]2+ of m/z653.3199. The annotatic
is for LFTGH*PETLEK with H36 modified by a net +33a meéss shift. lons labeled |
gray boxes carry this modification. This spectmvas only observed for persulfe
FPOP replicates.
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Supporting Information Table 4.1: Calcium-free Calmodulin Fraction Modified

per Residue®
residu SASaA _Il('OH b native peroxide persulfate persulfate
e (A9 (M sec) control
T5 55.63 5.1 xldi 0.16 +/- 0.01% 1.25 +/- 0.05% 0.22 +/- 0.01% 0.150402%
19 58.52 1.8 x109 0.026 +/-0.005%  0.159 +/- 0.008%  0.022 +/- 0.007%0.016 +/- 0.004%
F12 7.58 6.9 )(163 0.76 +/- 0.03% 2.9 +/-0.2% 1.19 +/- 0.04% 0.670tD1%
K13 112.84 3.5 )(163 0.20 +/- 0.01% 0.224 +/- 0.004% 0.17 +/- 0.01% G:£7.02%
T28 47.02 51 )(163 0.5 +/- 0.2% 2.6 +- 0.4% 0.13 +/- 0.08% 0.06 +D406
E31 46.21 23 )(16i 2.6 +- 0.4% 9.4 +/- 0.8% 7.8 +/- 0.4% 4 +/-1%
M36  2.44 8.5 x10 13 +/- 2% 35 +- 2% 33 +/- 1% 15 +- 4%
M76  39.87  85x10 24 +/- 1% 49 +/- 3% 62 +- 2% 26 +- 2%
S81 46.75 3.2 )(16i 1.5 +/- 0.2% 4.3 /- 0.3% 3.4 +/- 0.4% 2.3 +/- 0.5%
Y99 10155 1.3 )(10lc 0.33 +/- 0.02% 2.0 +/- 0.2% 2.2 +/-0.1% 0.22 +D2%
M 109 0 8.5 x18 17 +- 2% 46 +/- 5% 45 +/- 3% 25 +/- 5%
M 124 15.55 85 )(163 43 +/- 4% 79 +- 9% 64 +/- 4% 46 +/- 6%
M144 4319  85x10 37 +- 2% 59 +/- 2% 58 +/- 3% 44 +- 4%
M145 10.97 8.5 xlc? 11 +- 1% 49 +- 7% 48 +/- 4% 19 +/- 2%

aAll Table 4.1 footnotes apply except that 1CFC.pdb was used for the calmodulin SASA

calculation (51).

Supporting Information Table 4.2: Peptide Mixture Fraction Modified per

Residue
-1
. k (M : . ersulfate
residue OH_ ", native peroxide persulfate P
sec) control
Y4—An?|' otensn ) 5 1d° 0027 +-0.006% 11 -+/-4% 17.8 +-0.9% 0.8 +/- 0.1%
P7—A”?:Otens'n 6.5 x16 0 17+-04%  0.020 +-0.008% 0
F8 Angiotensin 9 0.0010 +/- 0.0011 +/-
T 6.9 x10 0.0005% 6 +/-1% 1.1+/-0.2% 0.0002%
- 8 0.00015 +/- 0.00007 +/-
F5 Bradykinin 6.9 xlé) 06?(?01(?4:/2_ 7 +- 2% 1.66 +/- 0.05% 0.05 +/- 0.04%
S6_Bradykinin 32x10  0.013 +/- 0.002% 1.9 +-0.7% 0.6 +/- 0.3% 0.3 +-0.1%
- 8 0.0008 +/- 0.00040 +/-
P7_Bradykinin 6.5 x10 0.0003% 3 +-2% 1.2+/-0.3% 0.00001%
- 9 0.0008 +/- 0.0007 +/-

& http://allen.rad.nd.edu/br owse compil.html.
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5  Mass Spectrometry-based Protein Footprinting
Characterizesthe Structures of Oligomeric Apolipoprotein E2,
E3, and E4

5.1 Introduction

Apolipoprotein E is a 34 kDa protein, whose function is to regulate lipid
metabolism and control lipid redistribution in tissue and cells, especially in tine"bra
The three most common isoforms differ at two residues; apolipoprotein E2 (ApoE2) has
cysteines at sites 112 and 158 whereas apolipoprotein E4 (ApoE4) has arginines at the
residue sites. The most common isoform, apolipoprotein E3 (ApoE3), has C112 and
R158. The ApoE4 isoform is strongly associated with Alzheimer's di$éaaed is a
risk factor for several other diseadesThese risk associations, which ultimately stem
from the single mutation C112R, differentiate ApoE4 from ApoE2 and ApoE3 in the
preferred lipoprotein particle structute Structural determinations by X-ray
crystallography and solution NMR of the lipid-free N-terminal domain showedi an
elongated four-helix bundié. Since then, no high resolution structures have been
reported for the wild type isoforms or their C-terminal domains in the lipidstae
owing to the propensity of apoE isoforms to oligomerize.

The three ApoE isoforms each self-associate in a lipid-free solutionnigprmi
predominantly tetramers aM concentratiorf *2 The rate constants for the association-
dissociation process of monomer-dimer-tetramer have been determined bgr@ara
Frieden (8). Based on the most recent high resolution structure determination of the N

terminal domain, Sivashanmugam and Wargroposed a scheme whereby lipid binding
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to the C-terminal-domain induces the N-terminal four-helix bundle to open, thus allowing
further lipid interaction. Potentially affecting this mechanism in a isofgpecific

manner are the lipid-free domain interaction and kinetics of oligomerniza@tearly

high resolution structures of the full-length isoforms would inform these infesebat

no structures of the oligomers are known at the atomic level. Thus, we undertook an
implicit analysis of the full-length WT isoform structures at “residw®lgion” by using
mass spectrometry (MS)-based protein footprinting. The overarching questms&ves
whether the amino acid accessibility of full-length ApoE2, ApoE3, and ApoE4 isoforms
differ in their oligomeric states aM concentrations. We also seek to identify those
regions responsible for oligomeric interactions by comparing the protijoriiots of

WT ApoE3 with those of a monomeric mutant of ApoE3.

MS-based protein footprinting provides peptide and residue-resolved structural
information in the primary sequence dimensioH. The general strategy provides
insight about the difference between the structure of a protein or a protein xamime
or more states rather than resolve their structures in three dimensionxp&btiatson is
that labeling at solvent-accessible residues is attenuated at proégid-tigprotein-
protein interfaces in the complex compared to those residues in the apo state. The
approach is effective and efficient because, if the labeling is stalbificiion of the
modification sites can be done by using a proteomics-based “bottom-up” mass
spectrometry methodology. In this methodology, proteolytic peptides are
chromatographically resolved and detected in a hybrid mass spectromebide cdpa

monitoring their accurate mass-to-charge ratios at high resolving pawer.
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instrument’s other spectrometer acquires the characteristic prodisgdotra of peptide
ions subjected to collisional activation in an elution-dependent manner. The high-
resolution LC-MS intensities provide a quantitative measure of each pepiidiedr
product ion spectra, acquired in this tandem MS mode&\&n indicate their identity
and modification site(s).

An informative chemical footprinting method is hydroxyl radical-mediated
modification of solvent accessible sidechains (for a comprehensive reuviglinde
several methodologies f@DH generation, expected product chemistry, and MS analysis,
see ref’®). Hydroxyl-radical labeling is advantageous because it effectively sampl
solvent accessibility, given th&DH has the same size as water, and it imparts stable
(irreversible) modifications to solvent-accessible sidechains of over hae @bmmon
amino acids®. Here we used the method of fast photochemical oxidation of proteins
(FPOP), as developed by Hambly and Gross with an approach is similar to that of Ay
and coworkers’*2 In the FPOP method, low millimolar levels of®} are
homolytically cleaved by a 17 ns flash of 248 nm light from a KrF excimer $asece.
The resultantOH reacts with the side chains of constituent proteins. An important
feature of FPOP is the reaction time scale can be controlled and in the predice of
scavenger glutamine, the lifetime of the radical is approximatg/ IThe use of a
radical scavenger ensures that only equilibrium conformations are sampletijogny
modification-induced changes to conformation would evolve on a longer timéséale
To corroborate the FPOP results, we also employed a method of acidic-siule-chai

footprinting, using glycine ethyl ester (GEE) and a zero-length tirdear 2922
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5.2 Experimental Procedures

5.2.1 Reagents.

Acetonitrile, acetic acid, formic acid, 30% hydrogen peroXidglutamine,L-
methioninetris(2-carboxyethyl)phosphine hydrochloride (TCEP), catalase, guanidinium
hydrochloride, glycine ethyl ester (GEE), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), 2-amino-2-hydroxymethyl-pnapa, 3-diol
(Tris base), and phosphate buffered saline (PBS) were purchased from Sdigicta A
Chemical Co. (St. Louis, MO). Trypsin, sequencing grade, was purchased frbe Roc
Diagnostics Corp. (Indianapolis, IN). Purified water (18Mvas obtained from a Milli-

Q Synthesis system (Millipore, Billerica, MA).
5.2.2 Protein Expression, Mutagenesis, Purification, and Solubilization.

ApoE2, ApoE3, ApoE4, and ApoE3MM, each expressdel ooli, were kindly
provided by Drs. K. Garai and C. Frieden. All proteins was dissolved in 6 M
guanidinium chloride and dialyzed overnight into phosphate buffered saline (PBS)
solution containing 10QM TCEP disulfide reductant. Protein concentrations were
determined by measuring their 280 nm absorbance usirg 44950 M' cm*. The
resultant solutions were stored as aliquots at&s@after N(l) freezing.

5.2.3 FPOP labding.

The FPOP labeling of ApoE3MM and ApoE3 in the monomer/oligomer

experiment was performed on the same days under the same conditions for both proteins.

Each started with a 3 h, 2€ equilibration of 41M protein containing 20 mM GIn and
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100uM TCEP in PBS. Three replicates were drawn from each of these solutions for
FPOP labeling. Just prior to FPORQ4 was added to each replicate by 10-fold dilution
from a concentrated solution, to give a final concentration of 40 mM. The FPOP
apparatus was essentially the same as originally descfib@tie KrF excimer laser
power (GAM Laser Inc., Orlando, FL) was adjusted to 39 mJ/pulse and its pulse
frequency set to 5 Hz. The flow rate was adjusted to ensure a 25% exclusion volume to
avoid repeatOH exposur¥. Each replicate was collected in a microcentrifuge tube
containing 1QuL of 200 fM catalase and Met to give a final concentration of 20 mM in
the total sample volume. The addition of Met was to mitigate post-FPOP oxidation of
protein®®. Catalase was allowed to oxidize®4 to Ox(g) for 10 min at room
temperature with pipette mixing;»(@) was removed by three centrifugation steps during
the incubation. After 10 min, samples were frozen by immersion(in &hd stored at -
80 °C prior to proteolysis. Control samples were handled in the same manner as those
submitted to FPOP, but they were not laser irradiated; instead, they weratatt for 5
min with H,O,, after which the solution was added to the catalase-methionine collection
volume. The FPOP labeling of WT-ApoE2, ApoE3, and ApoE4 was performed as
described above with the following exceptions: the fingbitoncentration was 20 mM,
and the excimer laser power was measured to be 47 mJ/pulse.
5.24 Carboxylic Acid labeling with GEE.

For the monomer/oligomer experiment, samples were drawn from the same
ApoE3 and ApoE3MM equilibrated solution as was used for FPOP labeling, at

approximately the same time. GEE was added to a final concentration of 50 mM to a
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portion of each equilibrated solution. Samples were drawn from this solution, and EDC
was added to each to give a final concentration of 5 mM. One molar acetic acid wa
added to a final concentration of 0.5 M to quench the reaction after a certain incubation
period starting after the addition of EDC. Instead of running standard controkesdmpl
the GEE labeling, time-dependent data were obtained for GEE/EDC expos@esfitim
1, 3, 6, and 12 min for labeled ApoE3 and ApoE3MM samples, in duplicate, to provide a
data trend. Samples were frozen ifINand stored at -8TC prior to proteolysis.
5.25 Proteolysis.

GEE-labeled samples were thawed and concentrated with Millipore giptipr
to proteolysis; the eluent, 8. 50% acetonitrile acid-free, was diluted to g5 with 250
mM Tris buffer, pH 7.3. FPOP-labeled and control samples were thawed and used as
such for proteolysis. All samples were proteolyzed with 8:1 protein:trypgiwdipht)
at 37°C for 3 h. ESI MS of several control replicates on a Bruker Maxis Q-TOF verified
that the digestion was complete. The samples were concentrated 3-fold by &peedV
drying at 30°C, then immobilized on Millipore Ziptifs de-salted with elution into 10
uL of 50% acetonitrile 1% formic acid solution. A portion of this was diluted 25-fold
with water and 0.1% formic acid for autosampler loading and subsequent analysis.
5.2.6 LC-MS/MSacquisition.

The experiments were not analyzed by LC-MS/MS contiguously; a new golum
was packed for each, and the nanospray source conditions varied slightlyhfor eac
analysis. Five microliters of each replicate was loaded by autosaompéea 20 cm

column with a PicoFrit tip (New Objective, Inc, Woburn, MA), bomb-packed with C18
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reverse phase material (Magic, 0.075 mm x 200 mmm 5300 A, Michrom, Auburn,
CA). Peptides were eluted by a 70 min, 260 nL/min gradient coupled to the nanospray
source of an LTQ-Orbitrap mass spectrometer (Thermo Fisher, Walthajn, Wess
spectra were obtained at high mass resolving power (100,000 for iovis44i0) on the
Orbitrap component, and the six most abundant ions eluting per scan were each subjected
to CID MS experiment in the LTQ component, using a collision energy 35% of the
maximum, a 2 Da isolation width, and wideband activation. Precursor ions were added
to a dynamic exclusion list for 8 s to ensure good sampling of the apex of thieim elut
peaks. Blanks were run between every sample acquisition.
5.2.7 Dataanalysis.

The Rosetta Elucidator data management system (Rosetta Biosoftware3ed
to generate tables of all LC-MS features eluting in time atimigliesolution (= 5 ppm);
all quantitation was based on ion abundances from extracted ion chromatograms.
Usually more than one high resolution feature mapped to a single eluting peptide, owing
to the splitting of its ion signal among multiple charge states and isotopomesicill
features contributed to the measure of total peptide abundance. Most modified and
unmodified peptide features were annotated by error-tolerant Mascot datdraseng
(Matrix Science, Boston, MA), with the comme@H outcomes added to its variable
modification databas€. An Excel visual basic-assisted strategy was employed to
validate questionable Mascot-error tolerant calls. Ultimately thep@dBuct-ion spectra
of over two thirds of all calls were checked manually. Additional featungadnao

Mascot annotations were included if their ions’ m/z matched those of putative tryptic
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ApoE modified or unmodified peptides within 8 ppm, and they had product-ion spectra
that were consistent (manual interpretation) with these calls. This maatidaltion was
assisted by using a custom correlation algorithm that compared thesa spect
exemplary CID fragment spectra of unmodified tryptic peptides of the W¥fdrims and
ApoE3MM?*,

The labeling yield per residue is determined according to equation 1.

ith

. . Y. peptide abundances modified at residue i
i** residue yield = PEp f (2)

Y peptide abundances with same 1° sequence as numerator peptides
Equation 1 avoids a potential underestimation bias by excluding the measured
abundances for large peptides in the denominator, whose modified siblings did not give
CID MS? spectra definitively locating their modification sites. Typicallysth&arge
peptides are those which were not completely cleaved by trypsin. . CompariRgaRBO
control yields shows that, with one exception, there is no evidence that FPOP irgroduce
a proteolytic bias, which could undermine eq 1. We do observe a low abundance of the
«OH-mediated loss of 43 u as a portion of the guanidino-group df;Avg have not
included these low-abundant data because of their clear influence on trypsin pi&teoly
53 Results
5.3.1 DataAcquisition and Processing.

We determined the FPOP footprints of the WT isoforms existing as oligoreers, a
they do at lowuM concentration§ 9% 252§ Supporting Information Table 5.1 presents
the per-residue FPOP yields determined from all validated LC-M8ré&sat In this

residue-resolved analysis, we tracked 266 unmodified and modified tryptic peptides of
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the isoforms, from 1,457 extracted ion LC-MS chromatographic (EIC) ions congprisi
67.8% of all eluting ions. We were able to find peptides from all regions of the protein
after FPOP labeling and trypsin proteolysis except for the region 39-61. Although
peptide 39-61 is detectable as unmodified, it was not well sampled upon FPOP owing to
its low abundance or response. Nevertheless, approximately one in five resadues w
FPOP-modified at 0.1% or greater yield. One of FPOP’s virtues is that, though the
reaction window is short, protein labeling is high yield. Consequently many solvent
exposed residues of marginal reactivity can still be assayed as comparesaiméhiand

of residues in synchrotron radiolysi@H footprinting®’ . Same-day labeling, same-
column separation in LC/MS, and the Rosetta Elucidator peak alignment software
ensured that the same modified and unmodified-peptide features were used in
determining the residue yields for all WT samples. We, therefore, attahyte

significant differences in residue yields to differences in solverdsadde surface areas
(SASA) of the isoforms, as all other sources of bias are shared identically.

The average residue labeling yield per amino-acid type is sibutarot identical
to the known reaction rates @®H with free amino acid®, and to the MS analysis of
«OH —amino amide reaction produéfs We observe Cys > Met > Trp > His > GIn > Tyr
> Phe > Asp > Pro > Glu > Leu > Val > Arg > Lys. Differences between inhanel
observed reactivity are due to the structural context of residues, as theiniramengo
acid-reactivity witheOH is mitigated by solvent accessibility in a properly controlled
footprinting experiment. For example, GIn is less reactive «0tH than is Tyr or Phe as

a free amino acid or amide. Being more hydrophilic than these residues, howevsr, G
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likely to be more solvent-exposed in a protein and so may suffer experience a higher
level of modification than a more reactive amino acid that is protected in some way
(Supporting Information Table 5.1, Q21 yield > Y162 yield).

The results are presented as a difference in labeling yield per rasidue
normalized to the average labeling yield for all residues of the same amithtype
(Figures 5.1, 5.2, and 5.3). A value above the x axis indicates more labeling in the
comparison protein than at the same site in ApoE3. Values below convey the opposite
trend. The extent of labeling is a function of the SASA of a site, and its inherent fully-
solvent-exposed reactivity wisOH. We observe a linear correlation between the SASA
of residues of the same amino acid type and their FPOP vyield (data not shows,) byl
normalizing each residue’s yield by the maximum FPOP yield amosgrak-amino
acid residues, the inherent reactivity dependence is eliminated, and veempaagre the
yields of dissimilar-amino acid residues. Furthermore, the normalizatibe gfeld
difference between isoforms ensures that a departure from near zdmaglab a residue
is not misinterpreted as complete exposure of the residue in one protein state, and
complete concealment in its comparison state.

5.3.2 WT-ApoE2vs. ApoE3vs. ApoEA4.

The extent of modification per residue for WT-ApoE2, ApoE3, and ApoE4 are
very similar, although ApoE4 exhibits more differences with ApoE3 than does ApoE2.
In FigurelA, all detected residues shared by ApoE3 and ApoE4 are shown. Only M108,
Y162, P183, V185, and E266 are significantly different at a 95% confidence by a

Student’s t-test. In Figure 5.2A, all detected residues shared by ApoE3 and ApoE2 a
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shown. Tyrosine 162, E255, and E266 are significantly different. If the uncertainties in
yield measurements were zero, the differences in labeling, and therefoneemt sol
accessibility change, are small for the majority of the residues. Cmy@FgoE4 to

ApoE3, 43 of 56 residues exhibit a change of less than 15% relative to the maximum
SASA of each kind of amino acid in the proteins. Comparing ApoE2 to ApoE3, 49 of 56

residues also exhibit a maximum-amino acid-area-relative changesahlan 15%.
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Figure5.1: Comparison of the trypt-peptide-resolved and residuesolved FPOI
labeling yields for ApoE3 and ApoE4. PaA plots the difference in yield per resid
between isoforms, relative to the maximum vyield residue for all residues of the sa
aminoacid type. Background modification yields obserirethe control experimen
are subtracted from their correspon( FPOP yields before the relative value
determined. Error bars are propagated from thedata errors of the p-residue average
labeling yields for ApoE3 FPOP, ApoE3 control, AgoEPOP, and ApoE4 contr
treatments. Residues M108, Y162, P183, Viand E266, shown in red, €
significantly different between isoforms at 95% fidence by the Student’-test. Panel
B plots the FPOP labeling yield/tryptic peptide ofo&38 in black and ApoE4 in rec
The background modification fraction per peptide been subtracted. The li-blue
areas convey the standard error of each labelirmpanrement. Where peptides exh
very similar labeling levels, the red ApoE4 maysabscure the ApoE3 be

135



=z 1 A
2lE T |
i.l'i - 0.5 H H T
3/ ! TT o |
< 3 Fg i H H H T T x i
e 0 fFfrr=—— ‘!uﬁﬂ—ﬁ%—%ﬁ_ﬁﬁw T T PriThE T T I e T T
e o - N = 4 P
SR L
o~ % V.3
< -1
30% 1 R
g =
g L —
& — T
U; — —
= = E s
= - = = —
5% H — -— || ——
S - L] I
] —— [
0% T T — T —— T T —T T T
1 21 41 681 a1 101 421 141 481 131 201 221 244 261 2841

ApoE residue

Figure5.2: Comparison of the trypi-peptide-resolved and residuesolved FPOI
labeling yields for ApoE2 and ApoE3. PaA plots the difference in yield per resid
between isoforms, relative to the maximum yield ngsidue for all residues of the sa
aminoacid type. Background modification yields aorved in the control experimer
are subtracted from their corresponding FPOP yiedédsre the relative value
determined. Error bars are determined as deschibEidure 5.1. The asterisk
residues Y162, E255, and E266, shown in red, grefsiantly different betweel
isoforms at 95% confidence by the Studer-test. PaneB plots the FPOP labelir
yield/tryptic peptide of ApoE3 in black and ApoE®2red. The background modificati
fraction per peptide has been subtracted. Thé¢-blue areasonvey the standard err
of each labeling measurement. Where peptides gxtgty similar labeling levels, tr
red ApoE2 may bars obscure the ApoE3 |
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We contend that a 15% change in SASA relative to the maximum SASA for the
same kind of residues is small. In absolute square angstroms, a 15% change lessld be
than 5 or more than 30, depending on the type of residue—but relative to fully-exposed
sidechain surface areas, this is a small area. For example, W20 in theettymogein
ApoE3 1-183 has a SASA value of 198 Aetermined by the GETAREA algoritihfor
the 1kc3.pdb NMR structufe The relative SASA change is due to at least two different
protein oligomer conformations. In the simplest scenario one conformation would
exclusively describe AM ApoE3, and the other would exclusively belong to the other
ApoE isoform at 41M. In this case a statistically-significant amino acid-relataleeling
change is directly attributed to a change in the surface areas of eacmatithor If the
change were less than 15% we would conclude the isoform is only slightly more@&xpos
or protected than ApoE3. This is the case for three of the five residues in ApoE4
significantly different from their ApoE3 analogs: Y162 and P183 are slighdhgm
exposed, with same-amino acid-relative changes of 7% and 5%, respectividy:266
is slightly protected, with a relative change of -10%. Two of the thredisantly
different residues in ApoE2 compared to ApoE3, are not substantially so: rebeatnee t
average of all glutamic acid yields, E255 shows a -17% and E266 a -10% change in
labeling.

The extent of modification per peptide between the isoforms is also similar
(Figures 1B and 2B). The analysis at the peptide level affords the inclusion of&8 m
features than the analysis at the residue level. Each added featuretsq@retass is

within 5 ppm of a theoretical ApoE peptide mass, and each had aspd&rum that
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confirmed the identity of the root peptide sequence; however, each added feature’s
modification could not be localized to a single residue by it§ $p8ctrum. The
inclusion of these features provides for the most accurate measure of the pepfide FP
labeling yield. Comparing ApoE4 to ApoE3 (Figure 5.1B), 22 of 29 peptides exhibited
statistically identical labeling yields. Peptides spanning 62-72, 120-134, and 261-274
each exhibit slightly more labeling in ApoE4 than ApoE3, while 104-112 is signtfy
more labeled in ApoE3. Comparing ApoE2 to ApoE3 (Figure 5.2B), only peptide 62-68
is significantly different, with less labeling in ApoEZ2.

The wild-type isoforms are similar in their response to FPOP labeish¢ha
residue-resolved differences are small compared to the average levwalimiga
measured per amino-acid type. The one exception to this trend is M108. It atioahifi
level (5 + 1%) is high for ApoE4,whereas M108 undergoes negligible modification for
ApoE2 and ApoE3. This effect cannot be confirmed with peptide-level analysis because
signals corresponding to modified C112 are included in the consideration of ApoE3 104-
114 but cannot be for ApoE4 104-112 and ApoE4 104-114 tryptic peptides. This
difference suggests a structural difference in the region of ApoE4 witbatet® the
other isoforms. It is also possible that C112, which is missing in E4, outcompetes M108
in ApoE3 or that the MS detection of M108 modification may have been obscured by the
multiple C112 modification fatés

The modification extent for 158-167 of ApoE2 (Figure2B) is also high because its
primary modification is of C158, an amino-acid that is not present in ApoE3 and ApoE4.

The modification extent of Met also distinguishes ApoE 62-72 from the corresponding
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peptides of ApoE4 and ApoE3; in this case, ApoE4 is appreciably less labeled than that
in ApoE3. A pair-wise residue comparison does not resolve this difference at 95%
confidence (M64 p = 0.11), but the modification levels of M64, E66, and M68 together
give rise to peptide signals that are significantly different. This undesstee need to
examine footprinting data at several levels of sequence context. The vanidheeand

Cys modification yields, although large, is not unusual, owing to the high sensitivity of
sulfur-containing residues to endogenous reactive oxygen species and to oxidatign duri
handling before and after the labeling experintént >

5.3.3 ApoE3vs. ApoE3 Monomeric Mutant.

It is clear that in the C-terminal and linker domains the FPOP vyiettie a¢sidue
level of ApoE3MM are higher than those of WT-ApoE3 (Figure 5.3A). This conclusion
is based on analysis of 323 unmodified and modified tryptic peptides of ApoE3 and
ApoE3MM, from 1,182 EIC features comprising 67.2% of all detected features
(Supporting Information Table 5.2). The criteria for inclusion are identical te thos
applied to the WT isoform experiment. One in four residues is detected as modified. The
order of reactivity is nearly identical to that observed @i footprinting of the WT
protein. Figure 5.3A plots only the residues which are significantly difféetmteen
ApoE3 and ApoE3MM, at 95% confidence. A total of 26 residues spanning residues 167
to 299 show significantly greater labeling for ApoE3MM, indicating thess sire more
solvent-protected in the WT protein than the MM. Clearly the C-terminal domain i
involved in WT oligomerization, as was inferred from previous studi&s The high

density of protected sites in regions 183-205 and 232-251 may indicate localine regi

139



of oligomeric interaction in the WT. Other sites in the C-terminal domain carlit be
compared. Sites 257, 264, and 287 were detected as modified in both proteins. These are
three of the four mutation sites (F257A, W264R, L279Q, and V287E) that together
engender monomericity We do not compare their signals because each residue’s
inherentrOH reactivity is different from its analog, no matter their possiblereifiee in

SASA.
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Figure5.3: Comparison of the trypi-peptide-resolved and residuesolved FPOP ar
GEE labeling yields for ApoE3 and ApoE3MM. PaA plots the residi-resolved
significant differences in FPOP yields betweengtweins. Each yield difference
normalized tolte maximum yield per residue for all residues efshme amir-acid
type, averaged from all FPOP experiments. Backgtouodification yields observed
the control experiments are subtracted from thairesponding FPOP yields before
relative valuas determined. Error bars are determined as destin Figure 5.1
Significance was determined at 95% confidence byStudent's-test. PaneB plots
the residueesolved significant differences in 3 min GEE ygelibtween the protein:
Each yietl difference is normalized to the average yieldrpsidue for all acidi
residues, averaged from all 3 min GEE experimeRtsor bars are the normaliz
standard errors for the 3 min measurement. Saamfidifference was defined as at le
2 GEE ldeling time points exhibiting a difference at 95&tftdence by the Student’-
test, and having the same sign. The bottom pédmosVsthe residues along the Apc
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primary sequence exhibiting more labeling in the monomeric mutant. Black-aederl
residues convey the significant FPOP labeling difference; red-undkréselues the
significant GEE labeling difference.
5.34 Glycyl Ethyl Ether (GEE) Footprinting.

To corroborate the findings in the FPOP monomer/oligomer experiment, we
employed a second footprinting approach whereby carboxyl side chainsubendted
to a GEE modification. As with the FPOP data, quantitation was based on unmodified
and modified LC-MS EIC features, with annotation accepted if the precursor iothiis wi
5 ppm mass tolerance of theory and the product-ion spectrd {#4&ceptable. A
control whereby the protein is not submitted to modification is unnecessary fkinthis
of labeling because exogenous background modifications at +85.0528 D are highly
unlikely in the protein prior to modification and do not occur during peptide workup. In
the absence of GEE-induced unfolding, the time-dependence for the modification level
should be monotonic; consequently, we used four GEE exposure times to more reliably
differentiate the labeling yields of the acidic residues (Supportiiogniation Table 5.3).
Two exemplary kinetic plots show that E212 is consistently more modified in ApoE3MM
(Figureda) whereas E109 is labeled nearly identically and at a lovetifde both
proteins (Figure4b). This analysis informs a conservative criterion fgnasgi
difference per acidic residue: by 3 min the pair-wise Student’s t-tesidssioolv a
significant difference at 95% confidence, and this trend should also pertain at 6 and 12
min. By this criterion the significantly different residues are plottedgnriei5.3B,

showing their 3 min labeling yields.
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Figure5.4: Exemplary plots of GEE labeling for 2 residues.e®gircles denot
ApoE3MM GEEmodified yields at 4 time points; solid tngles denote the ApoE
yields. Residue E212 data is shown in |JA. Residue E109 data is shown in [B.

The results from GEE labeling corroborate the figdof the pe-residue FPOP
results. Figure 5.3D shows those residues that are mordisegnmtly labeled by FPOI
(black) or GEE (blue) in the monomeric mutant. Kee of FPOP data at the pept
level conveys the same-terminal domain trend and also shows that ApoE3M3-25
and 33-38 ee slightly though significantly more labeled ththe same regions of ApoE.
The magnitudes of change in FPOP labeling for Ape&RApoE3MM at the residt

level are, in general, more than three times greéhss the changes seen comparing

three WTisoforms, and are more numerous. By virtue ofnyenalization discusse
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above, the magnitude of change measured in the monomer/oligomer experiment is
indicative of a larger SASA change between monomer and oligomer, than is seen

between WT isoforms explored in th& dxperiment.
54 Discussion

5.4.1 Structuresof the ApoE isoforms.

We conclude that the overall structures (mixtures of structures) afg tiear
same for the three ApoE isoforms by invoking a syllogism. (1) FPOP snapdbeis-da
ensemble of conformations and complexes at equilibfidth (2) Of the 56 residues
detected as modified among the isoforms, 95% were modified at statystigailalent
levels for ApoE2 and ApoE3, and 91% were so modified for ApoE3 and ApoE4. (3)
Therefore, the overall structures of the ApoE isoforms as measured bglimg|te are
similar with one exception, to be discussed later.

Garai and Friedérhave modeled the isoform monomer, dimer, and tetramer
concentrations as a function of the total monomer concentration, based on self-
association rate constants for a monomer-dimer-tetramer model detefromeFRET
kinetics measurements. AfdM total protein, their model shows that 84% of proteins
are bound as tetramers, irrespective of the ApoE isoform. A reasonable conclusion f
the similarity in FPOP response among the ApoE isoforms, given the high poevafen
the tetrameric component in the oligomer state studied here, is that the ApoE3, ApoE
and ApoE4 tetrameric structures are highly similar.

Despite the strong similarities in overall structure, the region of Apaitshe

M108 is different from that of ApoE2 and E3. The extensive modification of M108 in
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ApoE4 shows that it is somewhat sol\-accessible, whereas the near lac
modification in ApoE3 and E2 indicates that M10®usied, consistent with the hig
resolution structures of the-terminal ApoE3 domaift *. The exposure of M108 in E
can occur by an intra or intermolecular interacpaitiing on the 5-79 a helix (Figure
5.5). Supporting this model are the M64 and M6®PHRyields, which are slight|
diminished in ApoE4 relative to those for ApoE3n the otler hand, the sensitivity
methionine toOH-mediated modification the overall change in SASA/mat require ¢

substantially different oligomeric structural ma

Figure5.5: ApoE4 24162 X-ray crystal structur@with R61, M64, M68, and M10
sidechains depted by element type and van der Waals ra

5.4.2 Solvent Accessibility of N- vs. C-terminal Regions.

A comparison of thFPOPmodification extents for the Trp residues shows$
the carboxylterminal Trp residues are more solvent exposedttieN-terminal Trp
residues for eacisoformr (Supporting Information Table 5.1For exampl¢ W264 is the
most efficiently modified Trp, followed by W276, V¥Q, and then the -terminus Trp
residues. W39 cannot be detected as modifiedyuitinthis may be e to the lon
abundance of tryptic peptide-61. A similar conclusion was reached Garai et al®

using apoE labeled wif'*F tryptophan . Our conclusion arises framomparison cthe
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FPOP yields for same-amino-acid-type residues from the same protese
comparisons may allow more insightful conclusions about protein structure éh@n vyi
comparisons of same residue in two different protein isoforms. Essengasilyues of
the same type may be ranked in order of their yield; those at the top of thelikt s
have the highest SASA.

5.4.3 Regionsof oligomeric interaction.

This is the first study of only full-length ApoE that shows that the C-teximi
domain is the primary region of self-association in the tetrameric formahvlas long
been the hypothesid®**Westerlund and Weisgrabrshowed in sedimentation
experiments of C-terminal-truncated ApoE3 isoforms that region 267-299 is akgenti
association. This conclusion was reinforced by using several biophysical teghioique
similar truncated ApoE isofornis®> Furthermore, the 10 kDa C-terminal domain itself
oligomerizes*. The choice of ApoE3MM used in our study was determined by the
observation that mutations at F257, W264, V269, L179, and V287 resulted in a
monomeric form in both the C-terminal domain aldhand the full-length apoE3 protein
36 A substantial number of residues in the C-terminal and hinge domains are more
solvent-accessible in the monomeric mutant than in the ApoE3 WT isoform, whereas
modifications of their N-terminal domains are statistically identicabrédver, this
result is demonstrated by two independent footprinting methods, FPOP and GEE labeling
(Figure 5.3), with a high degree of consistency. The FPOP data indicate that,lalthoug
these substitutions demonstrably prevent oligomerization, a larger regidfi of se

association interaction is at play, involving the hinge region (ApoE 192-215%)las w
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That the formation of oligomers requires at least two patches forsseltiation is
consistent with our results identifying multiple regions of oligomerization.
5.4.4 Comparison of GEE and FPOP footprinting.

In general, there is good qualitative agreement between the results frdh FPO
and those from GEE footprinting. An apparent discrepancy is seen for ApoE 181-205.
Although several residues undergo some increased oxidative modificati®tO#y/ iR
ApoE3MM, the levels of labeling by GEE are the same (Supporting Informatlda Ta
5.3). This region contains only two modifiable residues, E186 and E205. Aside from this
low resolution sampling by GEE, there are several other aspects of GEHP &
footprinting germane to discrepancies in their outcomes. Maybe the followgitigsdion
should come earlier. First, the secondary structure of a protein dictatesehabietular
or inter-domain interactions are not shared equally by neighboring residties, as
backbone torsion angles enforce different side-cfagarbons orientations along a
sequence. Therefore, one should not expect neighboring residues to exhibit the same
response when probing the “on” and “off” states of the interaction. Second, théngampl
of acidic residues, by their “priming” by EDC and subsequent reaction with GEE,
requires interaction volumes that are larger than that of the water molebheleaaOH
is a probe much the same size as water. Additionally, the sites of reactiodion aci
residues are different. Whereas thpar of the oxygen conjugate base attack
carbodiimide carbon as a first st€psOH preferentially abstracts hydrogen from the Glu

B andy carbons™*t Thus the relevant solvent accessibilities are different for the same
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residue. Finally, the timescale of labeling is dramatically diffeteietmuch longer
exposure to GEE labeling may sample conformations induced by initial labeéintsev
5.4.5 Comparison of the N-terminal domains of ApoE2, ApoE3, ApoE4, and

ApoE3MM.

We find little difference between the labeling footprints of the N-termina
domains for the WT isoforms and between ApoE3 and its monomeric mutant isoform
(Figures 1, 2, and 4). Thus, the WT isoforms must adopt similar N-terminal steuasure
that of the monomeric mutant. In a separate manuscript examining the ApoE3®M da
we propose that it adopts an N-terminal domain structure much like the most red@nt NM
ApoE3 1-183 structuré With few exceptions, the rank order of yields of ApoE3
residues detected as modified in the first and second experiment are thelthamngh a
the levels of modification are higher in the ApoE3 monomer/oligomer study owihg to t
doubling of HO, starting material. Some of the detected oxidations in the latter case
may be due to secondary protein-peroxy reactions that do not sample the aquilibri
structure®, but such signal cannot account for the overwhelming differences seen

between ApoE3 and ApoE3MM.
55 Conclusions

At 4 uM, WT-ApoE2, ApoE3, and ApoE4 exist in solution as similar structures,
primarily as tetramers, and that our data is consistent with the assigrinagiour-helix

bundle structure in the N-terminal domain of the 299 amino acid monomeric mutant of

ApoE3. Although the overall structures are similar, that of region M108 in E4 is
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significantly different, though its overall change in SASA may be smallvifye of the
per-residue trends drawn from two independent MS-based footprinting data sets of
ApoE3 and ApoE3MM, we conclude that residues spanning 183-205 and 232-251 in the
hinge and C-terminal domains are involved in inter and intramolecular interactions
concomitant with tetrameric self-association in ApoE3. Owing to their seguenc
invariance in this region, we suggest that the same oligomerization tideraccurs for
ApoE2 and ApoE4.

One advantage of MS-based protein footprinting is that it can sample physiologic
mixtures. Thus, future studies will characterize ApoE in the presencg pfoteins both
with and without the context of lipoproteins. This should be possible at high sequence
resolution and may reveal interactions implied in the genetic association ofl ApthE

Alzheimer's diseas®’,
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5.6 Supporting Information

Supporting Information Table5.1: FPOP labeling yield per ApoE residue, WT
experiment

residue ApoE2

ApoE3 ApoE4

residue ApoE2

ApoE3

ApoE4

V2
V6
P10
E13
L14
W20
Q21
W26
W34
M64
E66
M68
Y74
E77
E79
L82
P84
V85
E87
ES8
M108
C112
M125
L126
L133
H140
Y162
L181

0.30 £ 0.05%
0.4 +/-0.1%
0.8 +/- 0.1%
0.31 +/- 0.02%
0.24 +/- 0.04%
3.9 +/- 0.5%
4.1 +/-0.2%
1.08 +/- 0.07%
3.3 +/-0.4%
10 +/- 2%

0.0 +/- 0.4%
2.5 +/- 0.9%
2.8 +/-0.1%
1.47 +/- 0.07%
0.18 +/- 0.02%
0.15 +/- 0.03%
0.29 +/- 0.05%
0.11 +/- 0.03%
0.12 +/- 0.02%
0.30 +/- 0.07%
0.0 +/- 0.7%
22 +/- 5%

10 +/- 3%
0.14 +/- 0.03%
0.11 +/- 0.02%
6 +/- 2%

n.d.

0.21 +/- 0.04%

0.269 +/- 0.005% 0.29 +/- 0.03%P183
0.38 +/-0.01%  0.41 +/- 0.05%|.184
0.74 +/-0.02%  0.81 +/- 0.07%V185
0.32+/-0.01%  0.32 +/- 0.02%R191

0.192 +/- 0.008% 0.18 +/- 0.01%/195

3.6 +/- 0.2% 3.9+-03% L198
3.8 +/- 0.3% 3.4+-02% L203
1.0 +/- 0.1% 0.74 +/- 0.08%E205
2.9 +/-0.2% 3.4+/-04% W210
9.4 +/- 0.9% 6 +-1% M218
0.6 +/- 0.2% 0.2+-05% R226
3.6 +/- 0.6% 2+-1% K233

3.07 +/- 0.04%  3.08 +/- 0.08%.243

1.41 +/-0.04%  1.34 +/- 0.04%E244
0.20 +/-0.02%  0.20 +/- 0.02%Q248
0.13 +/-0.01%  0.13 +/- 0.02%L.252
0.279 +/- 0.009% 0.31 +/- 0.03%E255
0.108 +/- 0.008% 0.113 +/- 0.00$%257
0.12 +/-0.01%  0.12 +/- 0.02%R260

0.31 +/-0.02%  0.33 +/- 0.03%\W264

0.0 +/- 0.5% 5+/- 1% E266
26 +/- 1% D271
12 +- 1% 9 +-2% M272

0.16 +/-0.01%  0.20 +/- 0.02%\W?276
0.102 +/- 0.005% 0.13 +/- 0.01%V287
P293

0.90 +/- 0.02% P295

6.2 +/- 0.5% 7 +-3%
0.75 +/- 0.01%

0.141 +/- 0.002% 0.19 +/- 0.029H299

0.13 +/- 0.02%
0.43 +/- 0.07%
0.20 +/- 0.03%
0.27 +/- 0.03%
0.23 +/- 0.04%
0.45 +/- 0.08%
0.28 +/- 0.04%
0.26 +/- 0.02%
3.4 4+/- 0.3%

1.0 +/- 0.8%

0.12 +/- 0.02%

0.042 +/- 0.007% 0.047 +/- 0.006%

0.09 +/- 0.02%

0.067 +/- 0.009% 0.067 +/- 0.005%

0.14 +/- 0.02%
0.5 +/-0.1%
0.37 +/- 0.01%

0.5 +/- 0.6%

0.034 +/- 0.006% 0.033 +/- 0.001% 0.036 +/- 0.003%

11 +/- 1%
0.38 +/- 0.01%
0.91 +/- 0.06%
6 +/- 3%

6.7 +/- 0.9%
0.15 +/- 0.03%
2.0 +/- 0.6%
0.00 +/- 0.05%

1.2 +/-0.3%

0.091 +/- 0.003% 0.13 +/- 0.01%

0.42 +/- 0.01%

0.43 +/- 0.03%

0.142 +/- 0.003% 0.21 +/- 0.02%

0.283 +/- 0.009% 0.31 +/- 0.01%

0.208 +/- 0.005% 0.25 +/- 0.03%

0.40 +/- 0.02%

0.42 +/- 0.05%

0.249 +/- 0.006% 0.28 +/- 0.03%

0.215 +/- 0.007%
3.5+4/-0.1%
0.8 +/- 0.4%

0.121 +/- 0.003%

0.198 +/- 0.007%

4.2 +/- 0.5%

1.0 +/-0.2%

0.144 +/- 0.009%

0.079 +/- 0.006% 0.09 +/- 0.01%

0.15 +/- 0.01%

0.38 +/- 0.01%

0.30 +/- 0.02%

1.5 +/-0.2%

10.4 +/- 0.4%

0.340 +/- 0.005% 0.299 +/- 0.006%

1.03 +/- 0.09%

9 +/- 3%

5.8 +/- 0.2%

0.15 +/- 0.02%

0.37 +/- 0.01%

0.250 +/- 0.002%

0.9 +/- 0.6%

10.6 +/- 0.6%

0.77 +/- 0.05%

5+/- 2%

5.9 +/-0.3%

0.134 +/- 0.005% 0.13 +/- 0.02%

2.2 +-0.1%

0.08 +/- 0.04%

1.08 +/- 0.06%

1.9 +/- 0.4%
0.02 +/- 0.06%

1.2 +/-0.3%
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Supporting Information Table5.2: FPOP labeling yield per ApoE residue,

oligomer/monomer experiment

residue ApoE3 ApoE3MM | residue ApoE3 ApoE3MM

residue ApoE3 ApoE3MM

K1 2.6 +-0.7% 3.6 +-0.1%
E3 0.4 +/-0.1% 0.47 +/- 0.02%
V6 0.32 4/-0.09% 0.36 +/- 0.01%
E9 0.18 +/- 0.07%  0.24 +/- 0.02%
E19 0.07 +/-0.01% 0.08 +/- 0.01%6
W20 11 +/- 3% 16.0 +/- 0.4%
Q21  0.07 +/-0.01% 0.08 +/- 0.01%

R90
K95
M108
C112
V116

Y118
V122

S22 0.052 +/- 0.006%.070 +/- 0.006% M125

W26 0.8 +/- 0.2% 1.1 +/-0.2%

L28 0.4 +/-0.1% 0.53 +/- 0.05%

L126

L133

R32 0.023 +/- 0.0079%.042 +/- 0.004% H140

w34 11 +/- 2% 14.2 +/-0.2% V161
Y36 1.3+/-0.2% 1.65+/-0.08% Y162
M64 3.4 +/-0.9% 3+-1% Al166
M68 4 +/- 1% 2 +/-1% R167
Y74 4. +/-1.% 3.8 4+/-0.7% S175
E77 0.3 +/-0.2% 0.22 +/-0.02% R180
E79 0.2 +/-0.1% 0.18 +/-0.02%  L181
E80 1.2 +/-0.8% 0.72 +/-0.02%  P183

L82 0.6 +/-0.5% 0.187 +/- 0.006%L184

P84 0.7 +/- 0.3% 0.65 +/- 0.03%
V85 0.9 +/- 0.6% 0.47 +/- 0.04%
E87 0.8 +/- 0.3% 0.99 +/- 0.03%

E88 0.7 +/- 0.3% 0.82 +/- 0.03%

V185
E186
Q187
R189

0.12 +/- 0.06% 58.2/- 0.008%
1.7 +/- 0.6% 2/90.2%
1 +/-3% b. %%
53 +/- 12% +646%
0.24 +/9000 0.37 +/- 0.02%
0.24 +/- 0.09% 70+3- 0.02%
0.2 +/-0.1%0.12 +/- 0.01%
50 +/- 5% 47 +/- 5%
2 +/-1% 2.06:%
0.3 +/- 0.2% .18% +/- 0.0079
1.3 +/-0.4% 2.0 4/-0.2%
0.15 +/- 0.05% 00+2- 0.03%
1.6 +/-0.4% .921+/- 0.05%
0.05 +/- 0.01% 0.6760.0069
0.25 +/- 0.04% 0.4006:01%
0.13 +/- 0.04% 70t2- 0.02%
0.20 +/- 0.05%.36 +/- 0.02%
0.31 +/- 0.0890.55 +/- 0.04%
0.36 +/- 0.08%.62 +/- 0.02%
0.4 +/-0.1% 0.68 +/- 0.049
0.33 +/- 0.08%.58 +/- 0.01%
0.20 +/- 0.05%.36 +/- 0.01%
0.08 +/- 0.0294.54 +/- 0.0089

0.19 +/- 0.04%.34 +/- 0.02%

h R191
V195
S197
L198
Q201
P202
1203
E205
W210

b M218

V232
K233
K242

1243
E244
Q248
1250
R251
E255

5 R260
M272
W276

6 V294

H299

0.2 +/-0.1% 0.60 +/- 0.04%
0.5 +/-0.2% 1.09 +/- 0.04%
0.07 +/- 0.02% 0.083 +/- 0.003%
0.5 +/-0.1% 1.13 +/- 0.04%

0.010 +/- 0.0022016 +/- 0.001%
0.18 +/- 0.05% 0.351 +/- 0.005%
0.7 +/- 0.2% 1.67 +/- 0.05%
0.4 +/-0.1% 0.840:02%
6 +/- 2% 16.4 +/- 0.4%
9 +/- 2% 22 +I- 3%
0.08 +/- 0.03%4.7 +/- 0.6%
0.10 +/- 0.08% 0.389 +/- 0.004%
0.29 +/- 0.08%  0.55 +/- 0.01%
0.05 +/- 0.02%  1.06 +/- 0.06%
0.30 +/- 0.05%  0.49 +/- 0.02%
0.18 +/-0.03%  0.25 +/- 0.02%
0.034/-0.01% 0.68 +/- 0.06%
0.012 +/- 0.0039H27 +/- 0.001%
0.28 +/- 0.07% 0.124 +/- 0%03
0.29 +/- 006 0.26 +/- 0.01%
40 +/- 6% 33 +/- 2%
11 +/- 3% 28.7 +/- 0.8%
0.9 +/-0.2% 0.24 +/- 0.03%

0.9 +/- 0.4% 2.30 +/- 0.05%
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Supporting Information Table 5.3: GEE labeling yield per ApoE residue,
oligomer/monomer experiment

residue (trlnni]r?) ApoE3 ApoE3MM  residue (%Tr?) ApoE3 ApoE3MM
E7 1 5.19 +/- 0.06% 5.1 +/- 0.4% E66 1 0.214 +/-0.008%  0.217 +/- 0.004%
E7 3 6.3 +/- 0.3% 9.0 +/- 0.8% E66 3 0.29 +/- 0.02% 0.34 +/- 0.09%
E7 6 8.5 +/- 0.8% 9.0 +/- 0.8% E66 6 0.44 +/- 0.08% 0.32 +/- 0.05%
E7 12 10.6 +/- 0.3% 129+/-0.7% E66 12 0.6 +/- 0.1% 0.59 +/- 0.04%
E9 1 4.6 +/- 0.6% 4.6 +/- 0.9% E77 1 0.7 +/- 0.3% 0.5 +/- 0.2%
E9 5.91 +/- 0.08% 9.0 +/- 0.2% E77 0.52 +/- 0.02% 2 +/-1%
E9 6 9 +-1% 9.3 +/- 0.8% E77 6 1.1+/-0.1% 0.6 +/- 0.1%
E9 12 10.9 +/- 0.3% 121+-01%  E77 12 1.4 +/-0.1% 1.03 +/- 0.03%
E1ll 1 0.17 +/- 0.04% 0.135 +/-0.006% E80 2.2 +/- 0.6% 2.1 +/-0.3%
E1ll 0.16 +/- 0.01% 0.35+-0.01% E80 2.5 +-0.1% 4.2 +/-0.8%
E1ll 6 0.37 +/- 0.02% 0.41+/-0.01% E80 6 4.9 +/- 0.8% 4.0 +/- 0.5%
E1ll 12 0.9 +/- 0.6% 0.7 +/- 0.3% E80 12 7.3 +/-0.3% 6.3 +/- 0.1%
E13 1 1.67 +/- 0.07% 1.5 +/- 0.2% E88 1 0.08 +/- 0.06% 0.04 +/- 0.04%
E13 1.98 +/- 0.04% 2.92+/-0.07% EB88 0.021 +/- 0.003% 0.2 +/- 0.2%
E13 6 3.2 +/- 0.5% 2.9 +/- 0.3% ES88 6 0.084 +/-0.008%  0.021 +/- 0.009%
E13 12 3.63 +/- 0.06% 4.3 +/- 0.2% E88 12 0.075+/-0.008%  0.041 +/- 0.002%
E19 1 2.9 +/-0.1% 3.2 +-0.2% E96 1 0.26 +/- 0.04% 0.29 +/- 0.07%
E19 4.18 +/- 0.08% 4.1 +/- 0.2% E96 0.405 +/- 0.009% 0.35 +/- 0.07%
E19 6 5.7 +/- 0.4% 4.93+/-0.02% E96 0.55+/-0.09%  0.3043 +/- 0.0003%
E19 12 10 +/- 2% 7.6 +/-0.5% E96 12 0.9 +/- 0.3% 0.35 +/- 0.04%
E27 1 0.3 +/-0.1% 0.26 +/-0.04% E109 1 0.11 +/- 0.01% 0.10 +/- 0.04%
E27 0.30 +/- 0.02% 0.37 +/-0.02% E109 0.21 +/- 0.03% 0.09 +/- 0.09%
E27 6 0.51 +/- 0.02% 0.43 +/-0.04% E109 6 0.13 +/- 0.08% 0.16 +/- 0.07%
E27 12 0.62 +/- 0.02% 0.67 +/-0.07% E109 12 0.37 +/- 0.09% 0.3 +/-0.2%
D35 1 0.07 +/- 0.02% 0.052 +/-0.009% D110 0.11 +/- 0.01% 0.10 +/- 0.04%
D35 3 0.069 +/- 0.003%  0.106 +/- 0.005% D110 0.21 +/- 0.03% 0.09 +/- 0.09%
D35 6 0.16 +/- 0.04% 0.098 +/- 0.006% D110 6 0.13 +/- 0.08% 0.16 +/- 0.07%
D35 12 0.16 +/- 0.02% 0.14 +/-0.02% D110 12 0.37 +/- 0.09% 0.3 +/- 0.2%
E66 1 0.214 +/-0.008%  0.217 +/- 0.004% E186 1 0.75 +/- 0.02% 0.75 +/- 0.02%
E66 0.29 +/- 0.02% 0.34+/-0.09% E186 0.94 +/- 0.02% 0.99 +/- 0.02%
E66 6 0.44 +/- 0.08% 0.32+/-0.05% E186 6 1.3 +/-0.1% 1.22 +/- 0.02%
E66 12 0.6 +/-0.1% 0.59 +/- 0.04% E186 12 1.9 +/-0.2% 1.9 +/- 0.3%
E77 1 0.7 +/- 0.3% 0.5 +/- 0.2% E205 1 0.4 +/- 0.1% 0.5 +/- 0.2%
E77 0.52 +/- 0.02% 2+-1% E205 0.46 +/- 0.03% 1.0 +/-0.1%
E77 6 1.1+/-0.1% 0.6 +/- 0.1% E205 6 0.8 +/- 0.1% 0.93 +/- 0.02%
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E77 12 1.4 +/-0.1% 1.03+/-0.03% E205 12 1.04 +/- 0.05% 1.13 +/- 0.07%
E212 1 0.56 +/- 0.01% 1.7+-03% E255 1 0.302 +/- 0.008% 1.3 +/-0.3%
E212 3 0.97 +/- 0.05% 21+/-02% E255 0.3538 +/- 0.0009% 1.41 +/- 0.07%
E212 6 1.26 +/- 0.08% 25+-03% E255 6 0.404 +/- 0.004% 1.8 +-0.1%
E212 12 1.9 +/- 0.4% 32+4-02%  E255 12  0.523 +/- 0.009% 2.4 +/-0.3%
E219 1 2.2 +/- 0.5% 14 +- 4% E266 1 8 +/- 3% 3.1 +/- 0.4%
E219 4.4 +/- 0.4% 24 +- 3% E266 8.14 +/- 0.04% 5.5 +/- 0.8%
E219 6 4.7 +/- 0.2% 20 +/- 2% E266 6 12 +/- 9% 6.3 +/- 0.2%
E219 12 11 +- 5% 26.2+/-0.8% E266 12 11 +/- 3% 8.23 +/- 0.08%
E220 1 5+-1% 16 +- 6% E270 1 12 +- 8% 1.4 +/- 0.2%
E220 8.4 +/- 0.9% 26 +/- 4% E270 4 +/- 3% 2.4 +/-0.2%
E220 9.5 +/- 0.7% 21 +- 2% E270 6 9 +- 6% 2.8 +/- 0.2%
E220 12 19 +/- 8% 25. +- 1.% E270 12 1.9 +/-0.9% 4.20 +/- 0.04%
D227 1 2.2 +/-0.4% 8 +/- 2% D271 1 0.05 +/- 0.05% 1.40 +/- 0.07%
D227 4.5 +/- 0.5% 17 +/- 5% D271 0.02 +/- 0.02% 2.3+/-0.1%
D227 6 6.0 +/- 0.3% 13 +/- 2% D271 6 0.03 +/- 0.03% 2.8 +/-0.2%
D227 12 12 +/- 5% 17.42 +/-0.04% D271 12 0.2 +/- 0.2% 3.79 +/- 0.07%
E231 1.4 +/-0.3% 10 +/- 3% E281 1 0.97 +/- 0.06% 1.7 +/- 0.2%
E231 3.1+/-0.5% 19 +- 2% E281 1.28 +/- 0.02% 2.3 +/-0.2%
E231 6 5.1 +/- 0.3% 17 +- 2% E281 6 1.70 +/- 0.04% 2.888 +/- 0.006%
E231 12 9 +- 4% 21 +/- 2% E281 12 2.3 +/-0.2% 4.1 +-0.2%
E234 1 32 +/-5% 34 +/- 10% E287 1 0.3 +/- 0.3% 2.2 +/-0.1%
E234 45.3 +/- 0.6% 45 +/- 3% E287 0 2.95 +/- 0.03%
E234 6 52 +/- 3% 39 +/- 3% E287 6 0.01 +/- 0.01% 3.9 +-0.1%
E234 12 64 +/- 8% 454 +/-0.4% E287 12 0 5.9 +/- 0.2%
E238 1 3.8 +/- 0.4% 9.1+-02% D297 1 1.4 +/-0.2% 0.64 +/- 0.03%
E238 5.2 +/- 0.3% 11 +- 2% D297 2.14 +/- 0.06% 0.976 +/- 0.005%
E238 6.4 +/- 0.4% 14.9+/-04% D297 3.49 +/- 0.03% 1.47 +/- 0.08%
E238 12 8.93 +/- 0.05% 18.2+-02% D297 12 5.17 +/- 0.04% 2.315 +/- 0.002%
E244 1 0.086 +/- 0.001% 0.64 +/-0.04% H299 1 0.011 +/- 0.008% 0.22 +/- 0.01%
E244 0.108 +/- 0.009% 0.72 +/-0.02% H299 0.023 +/- 0.005% 0.28 +/- 0.01%
E244 0.129 +/-0.004%  0.930 +/- 0.009% H299 0.042 +/- 0.008% 0.39 +/- 0.02%
E244 12  0.164 +/- 0.005% 1.39 +/-0.08% H299 12 0.2 +/- 0.1% 0.68 +/- 0.05%
E245 0.41 +/- 0.04% 0.91 +/- 0.04%

E245 0.49 +/- 0.02% 1.08 +/- 0.03%
E245 6 0.58 +/- 0.01% 1.24 +/- 0.03%
E245 12 0.69 +/- 0.06% 1.97 +/- 0.04%
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6  Characterization of the Apolipoprotein E3 Monomer
Structure by Mass Spectrometry-based Protein Footprinting.

6.1 Introduction

Apolipoprotein E (ApoE) has three common variants among humans, differing at
two residues in the 299-residue protein. Variant ApoE2 has cysteines at residueg 112 a
158; ApoE3 has a cysteine at 112 and an arginine at 158; and ApoE4 has arginines at
both residues. No high resolution structure of any variant has been determined, owing to
the propensities of the full proteins to oligomerize. ApoE is comprised of two domains
connected by a protease-sensitive hinge régthae N-terminal domain and C-terminal
domain span residues 1-191 and 216-299, respectively. The first X-ray crystalrstr
of ApoExs.16srevealed a four-helix-bundle structure of the N-terminal dof#ie most
recent NMR structure of Apakss expands the high-resolution coverage of this dotnain
Conversely, no high-resolution structure of the isolated C-terminal domain hmas bee
determined, although it is thought that this domain is the primary region for oligome
interactions” >

ApoE4 carries the highest risk of any genetic factor for Alzheimeréades
(AD)®®. This high genetic risk ultimately is owed to the single amino-acid elifter
between ApoE4 and the most common ApoE variant, ApoE3. There is evidence for
several mechanisms of ApoE4-associated AD risk, although there is no consensus on a
single theory*2 Significantly, ApoE4 has a higher preference of forming VLDL
lipoproteins than do the other common ApoE variants, and this has been attributed to a
conformation involving an N-terminal:C-terminal domain interaction enhancegoiA

possibly by a salt bridge between R61 and E?55 Garai and Friedelf showed that
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the oligomerization of lipid-free ApoE is not diffusion-controlled, and that thams
exhibit different rates of association and dissociation. These differarasesnpact the
lipoprotein dynamic equilibrium in the brain. Such studies highlight the need for a
fundamental understanding of the lipid-free ApoE structure, to help unravel the
physiological consequence of mutation C158R.

The central problem inhibiting the structural characterization of ApoE is
oligomerization. Zhang and colleaguésecently engineered two mutants of ApoE3,
existing as monomers to 20 mg/mL and possessing lipid-binding and LDL receptor
binding properties that are similar to those of ApoE3. The two mutants share four
substitutions in the C-terminal domain; one of the mutants has an additional substitution
in this domain. Its NMRH-""N HSQC spectrum in the lipid-free state shows many of
the same spectral features as the spectrum of truncated ApoE3 1-183, suggeshiag tha
four-helix bundle structure is present in the N-terminal domain of the full length
monomeric mutaif. This has been a common presumption in the modeling of ApoE
domain interactions and lipid-binding reorganizatiénWe report here the testing of
this hypothesis with a different method of structural characterization.

Protein footprinting by covalent labeling of solvent-exposed sidechains, with
detection and quantitation by mass spectrometry, is a method of analyastgrstby
compariso®™*® Usually two states of a protein or protein complex are modified under
identical conditions. By virtue of the irreversibility of the modification, theginstcan
be proteolyzed in any appropriate manner, and the resulting peptides analyzed by
chromatography and mass spectrometry to reveal modification sitagrdper

footprinting experiment, the labeling modification yield at a site will delpen the
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inherent reactivity of the residue to the labeling agent and on the siteégasmivent
accessibility in the equilibrium state of interest. Comparing the yielddefing at
identical residues between two states allows for an accurate assesthemntlative
change in solvent accessible surface area (SASA) at the residue af€hwittt
attenuated labeling has lower SASA,; such a result for the holo state in abiganty
experiment reveals the site of direct ligand interaction or of distal@lioshange upon
binding.

One class of protein footprinting utilizes hydroxyl-radical-mediated nmaaditn.
This method has several advantages. <Ot¢ probes aqueous accessibility because its
size is comparable to that of water molecules, and its high reactivitysdiboweliable
sampling of over half of the 20 common amino &ids Additionally, in oxygenated
solutions, an abundant producte@fH-sidechain modification that is common to most
amino acids is the net incorporation of oxyg&ra stable +16 Da modification easily
detected by mass spectrometry. While indiscrimin@el is not an “equal-opportunity”
labeling agent: the reaction rate constant for the most reactive anin&gsj is over
1000 times greater than that for the least reactive?Gly

There are several ways of generas@gd for protein footprinting, including
Fe(ll)-reduction of HO, (Fenton chemistr{j 28 X-ray?®*° andy-ray****radiolysis of
water, and UV homolysis of #, *3. These methods and the various side-chain products
they typically produce are detailed in a recent reffewVe use here the FPOP approach
developed by Hambly and Grd8sand, independently, by Aye and colleagtiésr «OH—
mediated footprinting. We use a KrF excimer laser to provide a 17 ns flash of 248 nm

light to initiate the homolysis of #D, at low millimolar levels. Twenty mM glutamine
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serves as a chemical shutter, effectively scavenging all raditthla vapproximately 1

us 3% This ensures that only the equilibrium conformation(s) of the protein is sampled at
high yield, avoiding potential oxidation-induced conformations that may evolve within
ms of exposuré®.

The hypothesis we test, that the N-terminus of the full length ApoE monomer has
the structure of truncated ApoEs3; requires a different kind of comparison than is
normally employed in a footprinting experiment. We segregate the erfemtlative
modification of residues among their same-amino-acid residue familiesiSecite
FPOP-yield should be proportional to the SASA among residues of the same kind. Thus
an accurate determination of relative exposure is possible. The hypothésistofal
similarity in the N-terminal domain is tested by comparing FPOP-atelicburied and

exposed residues to the calculated SASA of Apak3
6.2 Experimental Procedures

6.2.1 Reagents.

Acetonitrile, formic acid, 30% hydrogen peroxide, L-glutamine, Linogtine,
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), catalase, guanidinium
hydrochloride, and phosphate buffered saline (PBS) were purchased from the Sigma
Aldrich Chemical Co. (St. Louis, MO). Trypsin sequencing grade was puttfrage
RocheDiagnostics Corp. (Indianapolis, IN). Purified water (18)Mvas obtained from
a Milli-Q Synthesis system (Millipore, Billerica, MA). ApoE3MM, expeed irE. coli,
was kindly provided by Drs. K. Garai and C. Frieden. Lyophilized ApoE3MM was
solubilized in 6 M guanidinium chloride and dialyzed overnight into phosphate buffered

saline (PBS) solution containing 10 TCEP disulfide reductant; the protein
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concentration was determined by 280 nm absorbance. The purity of the protein was
confirmed by ESI MS on a Bruker Maxis Q-TOF (Billerica, MA) operatih@0000
resolving power for ions afVz 400, using a Millipore Ziptig, (Billerica, MA) de-salted
aliquot of the stock solution. The stock solution was split among aliquots, frozen by
immersion in N(I), and stored at -8C prior to use.

6.2.2 FPOP labdling.

A solution of 4uM ApoE3MM in PBS and 10QM TCEP was prepared from
thawed stock solutions and thermally equilibrated 2 h at room temperatii@)(22
Glutamine was solubilized to 150 mM in PBS and added to the protein solution to a final
concentration of 20 mM. From this solution, [@5replicates were drawn. Just prior to
FPOP, HO, was added to each replicate to a final concentration of 40 mM, by 10-fold
dilution of a freshly prepared stock solution afd4. The FPOP apparatus was used as
previously describetf but with 150um i.d. fused silica (Polymicro Technologies,
Phoenix, AZ). The KrF excimer laser power (GAM Laser Inc., Orlandows)
adjusted to 39 mJ/pulse, and its pulse frequency was set to 5 Hz. The flow rate was
adjusted to ensure a 25% exclusion volume to avoid rePpéhexposur®. Excess b,
was removed immediately following FPOP labeling by collecting sasmple
microcentrifuge tubes containing LiQ of 200 fM catalase. This catalase solution also
contained Met to give a final concentration of 20 mM following collectiop(g)Qvas
removed from the samples by centrifugation following pipette mixing thresstdaring
a 10 minute room temperature incubation; samples were subsequently froz@h amd\
stored at -80C prior to proteolysis. Control samples were drawn from the same

equilibration solution and handled identically except that the laser was not used.
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6.2.3 Proteolysis.

FPOP-labeled and control samples were thawed and proteolyzed at an 8:1
protein:trypsin weight ratio at 3TC for 3 h. Digestion completion was determined by
ESI MS on a Bruker Maxis Q-TOF by using an extra control replicate. Thgleswere
concentrated 3-fold by SpeedVac drying af@0Qthen Millipore Ziptip1s de-salted, with
eluted into 10 uL of 50% acetonitrile 1% formic acid solution. A portion of this was
diluted 25-fold with water and 0.1% formic acid for autosampler loading.
6.24 LC-MS/MSacquisition.

Each sample replicate was loaded hy.5autosampler (Eksigent nanoLC,
Dublin, CA) injection onto a 20 cm x 48n silica capillary column with a PicoFrit tip
(New Objective, Inc, Woburn, MA), bomb-packed with C18 reverse phase material
(Magic, 0.075 mm x 200 mm,8n, 300 A, Michrom, Auburn, CA). The gradient was
from 1% solvent B (97% acetonitrile, 3% water, 0.1% formic acid) to 60% solvent B over
70 min at an eluent flow of 260 nL/min. The LC was coupled to the nanospray source of
an LTQ-Orbitrap mass spectrometer (Thermo Fisher, Waltham, MA). Massa of
eluting peptides were obtained at high mass resolving power (100,000 for iofzs of
400) by using the Orbitrap spectrometer component. The six most abundant ions eluting
per high- resolving-power scan were each subjected to ClbedM&riment in the LTQ
component, using a collision energy 35% of the maximum, a 2 Da isolation width, and
wideband activation. Precursor ions submitted to af &Beriment were rejected for
repeat experiment within 6 s of their original M&an; this dynamic exclusion setting
enabled good sampling of the apex of most chromatogram peaks, which wereytypicall

12-18 s wide at half maximum. Blanks were run between every sample acquisition.
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6.2.5 Dataanalyss.

A measure of the abundance of a peptide is the sum of the integrated areas of its
extracted ion chromatogram (EIC) features from the Orbitrap MS datardieed at £ 5
ppm about the theoreticalz values of the isotopomer ions. The Rosetta Elucidator data
management system (Rosetta Biosoftware) was used to determii@ tdhkires
aligned in time across all FPOP and control samples. These EIC featuzemwetated
by Mascot (Matrix Science, Boston, MA) error-tolerant searching \Wwehvariable
modification list updated for knowOH sidechain modificatioR4 The feature
annotations were corrected for, or rejected by, errors in mass tolerance| unusua
modifications, and discrepant annotations, using custom VBA software for rfficie
manual M3 inspection. The custom processing also augmented the Mascot results by
identifying peaks not Mascot-annotated but within 8 ppm of a putative FPOP-modified or
unmodified tryptic peptide of ApoE3SMM. These features were included if they had an
associated product-ion spectra that were consistent with their accasdematch. The
interpretation of such spectra was assisted by a custom-developedtmrr@igorithm
that compared these spectra to exemplary CID fragment spectra of unmaoylfied t
peptides of ApoE3MNY.

The yield per residue was determined as the sum of all peptide featuregdodifi
at a residue divided by all peptide features having the same sequencesegditiee
contributors modified at that residue. This definition avoids potential yield
underestimations that occurred, for example, when a tryptic peptide watedetec
modified at a residue but a missed-cleavage peptide spanning this ressdudyva

detected as unmodified. Here is the argument: The protein modificationtygeld a
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residue should be recapitulated at the peptide level. Unless there is a modibcadi

with trypsin proteolysis, the missed-cleavage peptide will also be nabdifithe residue

in the same yield. The lack of detection of the modified missed-cleavageepepts

not mean the missed-cleavage peptide isn’t modified; rather it is an afailytie

usually owing to a low frequency of trypsin missed cleavages. Therefore the umahodifi
missed-cleavage peptide should not be included in the yield denominator in this instance
Except for modifications at lysine and arginine, our data shows trypsin is nohiceétlie

by residue modifications.
6.3 Results

6.3.1 LC-MS/MSanalysis.

When subjected to LC-MS peak-alignment analysis, the proteolytic digests of the
three samples submitted to FPOP and of the three control samples had 10,122 unique ion
features of known charge state eluting during their 70 min LC-MS acquisitionsCAn L
MS feature is a single ion isotopomer in a single charge state fromiasseleting as a
single peak in time. Typically a signal from an abundant tryptic peptidgespegas split
among two or more charge states, often +2 and +3. The Orbitrap mass aeslyked
the isotopomers, so that the measure of abundance of a tryptic peptide was detgrmined b
summing the extracted ion chromatogram (EIC) peak areas for a dozen aromore
eluting features. Owing to the precision of the Orbitrap, LC-MS featuresinguded
for integration as a single species if tHé monoisotopic de-charged masses were
within 5 ppm of the average of all such features co-eluting in time. Thus, the 10,122 ion
features were associated with 3,379 eluting species. Of these, Mascttlersont

database searching and accurate mass-matching software identifiedokeibs, s
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comprising 62.5% of all ion abundances, as ions of ApoE3MM modified and unmodified
peptides. The remaining signal is predominantly associated with very low-abandanc
species of unknown or +1 charge state and tryptic peptides from catalase.

Reporting the extent of the characterization of LC-MS/MS protein footprinting
data is important for conveying the comprehensiveness of the analysis. Whie &e
“bottom-up” MS-based proteomics methodology, we are not quantifying protein levels
from a complex mixture with as few as two characteristic peptidestygsaally done in
proteomics experiments Instead, nearly two thirds of all signal stems from a single
protein made complex by the labeling experiment; our task is to accuraiimohe the
labeling yields localized to many specific sites.

In addition to observing all standa@H sidechain products, we found
chemistries not commonly reported. These include the net loss of 2H at Leu and Val (
2.0157 D); loss of HSCHand gain of OH at Met (-29.9928 D); and the net losses of CO
(-27.9949 D) and C¢&X(-43.9898 D) involving both Asp and Glu residues. In all such
cases, the modifications tracked exclusively with FPOP-labeled sanijtpse 6.1
shows the evidence for Glu205 -44 D modification and is exemplary of FPOP-specific
signal but for one aspect. Typie@H sidechain outcomes make the peptides more
hydrophilic than are their unmodified roots; thus, they elute earlier in repbese
chromatography. Figure 6.1A shows that the peptide ApoE3MM(192-206) elG©s
later than unmodified ApoE3MM 192-206, consistent with the expectation that loss of an

electronegative oxygen increases hydrophobicity.
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Figure6.1: Quantitative and qualitative l-MS/MS data for ApoE392-206. Panels A
and B show two extracted ion chromatograms (EIT%$)e top is of m/.
749.4046%0.0037, the 5 ppm window about the dopbtyonated unmodified peptid
The bottom is of m/227.409+0.0036 the 5 ppm window about the doubly protone
peptide minus C® Panel A is from FPC-labeled sample; panel B is from cont
sample. Panel C shows the ? scan of the CID fragmentation of the modified prsou
from the FPORabeled sample. The labeled ions are consistehtthwe characteristic-
and y-CID fragment ions of thApoE3 192-206 sequenc@ATVGSLAGQPLQEF,

with the CQ loss at E205. lons with an asterisk carry -44 D loss; ions with a dagg
carry a -18 D water loss.
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6.3.2 Per-residuelabeling.

Of ApoE3MM’s 299 residues, 69 were quantifiably detected as modified (Table
6.1). The uncertainties are determined by the propagation of the standard erftas for t
triplicate-averaged FPOP and control levels. The modifications are of thosteddpor
*OH-mediated labeling: +16 Da for most residues; +14 Da for aliphatotuessi+32 and
+48 Da for cysteine, methionine, and tryptophan; +4 for tryptophan; +5, -10, and -23 Da
for histidine; -2 Da for serine and threonine ; -30 Da for aspartic acid arangtuacid;
and -43 Da for arginine. Seventeen other residues (V2, E7, T8, P10, E11, P12, E13, L14,
E27, D35, L174, 1177, L179, A192, E212, L262, and E281) were detected as modified
but were of very low abundance and were either not well chromatographesalyed,
or were of new OH products described above, or both. These residue signals have not
been included for the ApoE3MM self-analysis reported here.

The same-amino acid residue averages for all detected-as-modified sesidue
a trend similar to the reported free amino acid reaction rate@t° and to the MS
analysis oPOH—amino amide reaction productéTable 6.2). Sulfur-containing residues
and aromatic residues are the most sensitive towards FPOP labeling, witbHojaic
residues next. Free cysteine is the m@$i-reactive amino acid, but trails methionine
and tryptophan in Table 6.2. This is probably due to the only cysteine residue, C112,

being significantly buried.
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Table6.1: ApoE3MM FPOP labeling yield

residue FPOP yiefd exposuré residue FPOP vyiefd exposuré
K1 3.6 +/-0.1% exposed R180 0.37 +/- 0.02% NA
V6 0.36 +/- 0.01% L181 0.55 +/- 0.04%
E19 0.08 +/- 0.01% buried P183 0.63 +/- 0.02% exposed
W20 16.0 +/- 0.4% L184 0.68 +/- 0.04%
Q21 0.08 +/- 0.01% V185 0.58 +/- 0.01%
S22 0.070 +/- 0.006%  buried E186 0.25 +/- 0.01%
W26 1.1 +/- 0.2% buried Q187 0.154 +/- 0.008%
L28 0.53 +/- 0.05% R189 0.154 +/- 0.008% NA
R32 0.042 +/- 0.004% NA V195 1.09 +/- 0.04% exposed
W34 14.2 +/- 0.2% S197 0.083 +/- 0.003%
Y36 1.65 +/- 0.08% L198 1.13 +/- 0.04%
M64 1+/-1% buried Q201 0.0160 +/- 0.0006% buried
M68 4 +/-1% buried P202 0.351 +/- 0.005%
Y74 3.8 +-0.7% exposed L203 1.67 +/- 0.05% exposed
ESO 0.25 +/- 0.02% E205 0.84 +/- 0.02% exposed
L82 0.190 +/- 0.006% buried W210 16.4 +/- 0.4%
P84 0.72 +/- 0.04% exposed M218 22 +/- 3%
V85 0.48 +/- 0.04% K233 0.389 +/- 0.004% buried
E87 0.76 +/- 0.02% exposed K242 0.55 +/- 0.01% buried
ES8 0.59 +/- 0.03% L243 1.03 +/- 0.06%
M108 5.+/-1.% buried E244 0.49 +/- 0.02%
C112 7 +- 2% NA Q248 0.25 +/- 0.02% exposed
V116 0.37 +/- 0.02% 1250 0.70 +/- 0.06% NA
Y118 0.37 +/- 0.02% buried R251 0.027 +/- 0.001% NA
V122 0.12 +/- 0.01% buried E255 0.124 +/- 0.003%  buried
M125 47 +/- 5% exposed R260 0.124 +/- 0.003% NA
L126 2.0 +/-0.1% exposed F265 1.88 +/- 0.04% NA
T130 0.39 +/- 0.02% P267 0.124 +/- 0.002%  buried
L133 0.45 +/- 0.02% buried M272 33 +/- 2% exposed
H140 2.0 +/- 0.2% W276 28.7 +/- 0.8% exposed
V161 0.20 +/- 0.03% buried T289 0.85 +/- 0.03%
Y162 1.92 +/- 0.05% V294 0.24 +/- 0.03%
A166 0.076 +/- 0.006% NA P295 0.24 +/- 0.03%
R167 0.150 +/- 0.006% NA H299 2.31 +/- 0.05%
S175 0.27 +/- 0.02% exposed

#Each per-residue yield was determined by subtrg¢tia average yield of the residue from triplicate
control samples from the average yield of the resilom triplicate FPOP samples.

® Residues marked as “buried” are less than 50%ddhmmpared to the average labeling of all
modification-detected residues of the same typesidRies marked as “exposed” are more than 50%
labeled compared to the average labeling of allifitadion-detected residues of the same type.
Arginine residues are marked as NA because thd giglerminations for some Arg residues are biased,
due to their FPOP-mediated loss of the Trypsintsatesguanidinium group. Other residues marked as
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NA were the only of their kind detected as modified

Table6.2: Average
reactivity per amino acid

amino

acid average yield

18.61%
15.27%
6.55%
2.18%
2.17%
1.93%
1.88%
0.92%
0.70%
0.62%
0.43%
0.42%
0.41%
0.15%
0.14%
0.12%
0.08%

>POnmomMm<dA—-rm<IXOSsSZE

6.3.3 Basicresidueyidds.

The average lysine labeling (Table 6.2) is higher than expected from its free
amino acid reaction raté This may be due to a bias imparted by using trypsin for
proteolysis, as seven of eight peptides having a modified lysine are also-trypsed-
cleavage peptides at that lysine (data not shown). Their yield calculatoaach
relative to the measure of the analogous unmodified trypsin-missed-cleze@gke,
whose occurrence is less prevalent due to absence of modification at tloe deawvage
site. A more dramatic example of this bias is R180, whose only detected modifiald si

was the loss of its trypsin-substrate guanidinium group (-43 Da) in peptide
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E17RLGPLVEQGRgg in this case the R180 yield was also re-calculated to include all
fates of Lg;GPLVEQGR g9 as an approximate measure of the total amount of peptide
detected at R180. It is likely that some other arginines have also undergone this
modification, giving rise to peptides that are too large to validate Ky /@&ing to these
uncertainties in yield calculation and modification detection, we will ngtaelthe
arginine data for self-comparison analysis presented here. We note tinabiia gypical
state vs. state experiment, the changes in labeling yield for the sgimeeabetween
states is still a valid, informative comparison.
6.3.4 Normalized labeling yields and relative solvent accessibility.

Of the 69 detected-as-modified residues in Table 6.1, sixteen are sigfyficant
less, and fourteen are significantly more labeled than the average labehegafrie
kind of residue for each outlier. There is an approximately linear response to fas
oxidative-labeling and SASA, incumbent on careful LC-MS/MS andfj&is Without a
full structure for ApoE3MM, the structure cannot be tested by looking for a atorebf
residue yield with calculated SASA. Instead, we have digitized the regalds to
indicate whether each is buried, exposed, or neither. Residues with a high level of
labeling relative to others of the same-amino acid kind are solvent exposed, whereas
residues with a low level of labeling are buried. The exposure annotation in Table 6.1
was determined by normalizing each residue’s yield with the appropvextege amino
acid yield in Table 6.2, then employing a > 50% or <-50% threshold relative to the
average yield to signify relative exposure. The relative levels foesaitlues is conveyed
in Figure 6.2. If we instead compare each residue to the maximum per-residue

modification yield in the appropriate set of same-amino acid residues, thresholds
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>80% and <26% of the maximum exactly reproduceatlerage yiel-determinec

exposed and buried clafications.

=
@

average residust
Lo}
Lan}

1T 21 41 a1 81 101 121 141 181 181 201 221 241 281 281
ApoE3MM residue

Figure6.2: Residuaype-specific normalization of paesidue yields plotted vs. tl
ApoE3MM primary sequence. The average labelinggmh kind of residue (Table 6.
has been used to normalize the residue c-subtracted FPOP vyields. This fractior
shifted by 1 to put residues exhibiting yields close to tlsaim«amino acid residu
average near zero. Residues with less labelingttieir like average are thus below
x axis; residues with more labeling than their lédkesrage are above the x axisuried
and exposed cutoff thresholds are sh as horizontal dashed lines @t5 and 0.5
respectively.

Note that the yaxis of Figure 6.2 does not convey a measure cdlbiselute
SASA at each site. A residue sidechain SASA aimbfstheApoE3,.153NMR structuré
using the GETAREA algorithm with1.4 A diameter pro§é, shows that maximum n-
hydrogen sidechain values vary from 6A2 for alanine to 184.1 Zfor arginine anc
176.58 & for tryptophan. Clearly a residue’s SASA is detiered both by its structur:
context and by its amino acid identity. For tleason the labeling yield was normali:

to the average yield of sa-amino acid residues, thus allowing the determimati

exposure to be amino acid specifi
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6.4 Discussion

6.4.1 LC-MS/MSanalysisof protein footprint data.

This study compares each residue’s labeling, relative to all other detseted
modified residues, for a single protein state. In contrast, in most casesndalhe
footprinting, two states of a protein are studied (e.g., apo vs. holo, native vs. urifolded)
30.41,4395 The burden of accurate detection and quantitation for the self-comparison
experiment employed here is higher than that for the usual state vs. stai@menpen
the latter case, it is not important if some modification fates of a residuwverlooked,
as long as the proteolysis and LC-MS/MS acquisition for each state are done under
identical conditions (i.e., same-day labeling, proteolysis, and contiguous MS taq)jisi
and the same set of ion signals from each sample’s acquisition are used toecthleulat
yield of modification per residue. Then the difference in the measured yeletsidue
between the two states reflects the difference in its solvent acdggsiloiimatter if
some residue modification fates are missed. For example, tryptophan can be
hydroxylated at several positions on its indole ring. We typically see strestural
isomers resolved by reverse phase chromatography (data not shown), but esraeém
or more of the Trp-hydroxylated isomers co-elutes with the same pepticexiated at
a different residue. In the state vs. state experiment, this mixture ERCaqehe
omitted because the same tryptophan residue is compared between statdse gsimgt
modified and unmodified peptide EIC peaks for each state—the mixture peak doesn’'t add
any information the other well-resolved Trp-modified peaks communicate.

In this study’s self-comparison analysis, all Trp-modified EIC peakseaded,

to minimize the bias of underestimation when comparing different tryptophan resfdues
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the single ApoE3MM state. Of course this applies to all kinds of residues. For two co-
eluting peptide isomers, a fraction of the mixture peak’s EIC abundance iseaistig
both peptide isomers, in proportion to the number of Bffctra, or spectral counts,
associated with each peptide isomer. A few mixture peaks have more than t@p isom
components; mostly these are of the common +15.9949 hydroxylation fate. We have not
included this source of signal for any residues in Table 6.1 because of the otycertai
ascribing the appropriate EIC abundance fraction to each component. In addiion, V
E7, T8, P10, and L14 were detected-as-modified, but all of their signal resslesh
isomer-mixture peaks; consequently, they have not been included in the relative SASA
analysis here.

Modification fates can easily be missed in standard proteomics analysd.as
Error-tolerant searching via Mascot ensures that many more spectra Ibkitigpse of
ApoE peptides are included: the error tolerant pass improved the ApoE3MM protein
score to 56,907 from the initial broad database search score of 17,794. Such database
matching can introduce unacceptable errors in annotation, requiring manual MS and MS
inspection for their correction. We have developed a generalized VBA softwdoerpla
to organize and assist in the manual validation of hundreds features supporting the data
reported here, and to determine which EIC peaks are comprised of isomer nartlires
provide their spectral counts.
6.4.2 Comparison of thelabeling yieldsto the ApoE3;.1833D NMR structure.

The FPOP footprint of ApoE3MM supports the hypothesis that the full structure
is comprised in part by an N-terminal domain of similar fold to the Apeg&3olution

phase NMR structufe The primary sequences in this region of ApoE3 and ApoE3MM
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are identical; this invites an analysis of the NMR structure and FPOPRoda# if the
full length monomeric mutant resembles the truncated protein in the 1-183 region.
Residue sidechain SASA values of ApeEgwere calculated by the GETAREA
algorithnt?, using a 1.4 A diameter sphere to approximate the size of water. The
expectation of exact structural concordance between the truncated and full igsrote
unrealistic. For this reason we have not chosen to use all labeled residues for a by-
residue-type correlation analysis with the appropriate Ape&zSASAs. Instead we
reject the hypothesis of similarity if the “outlier” residues, determineBROP to be
buried and exposed, are in fact not in the Apofsstructure. In Figure 6.3A the
ApoE3MM buried residues S22, W26, L82, Y118, V122, L133, and V161 are each
significantly less exposed in ApoEisas well, having SASAs less than 25% of the
maximum SASA for either Ser, Trp, Leu, Tyr, or Val residues. MethionineASAGst
be calculated differently as its product formation starts ¥@H addition to its sulfur
atont>?* thus, the relevant SASA is of this atom only. With this correction, residues
M68 and M108 are also buried in Apok3gs; given the low maximum methionine sulfur
SASA in ApoE3.133 M64 should also be considered buried. In Figure 6.3B, the
ApoE3MM exposed residues K1, E87, M125, L126, S175, and P183 are also
significantly more exposed in ApoEgs whereas Y74 and P84 are not. Sixteen of
nineteen residues of ApoE3MM exhibit FPOP labeling in concordance with the ApoE3
183 Structure; thus the structures may be quite similar with a slight ch&egeng the
three discrepant residues.

The location of the FPOP-determined buried and exposed residues on the.ApoE3

183Show a strong spatial correlation: residues along the four-helix bundle tend to be
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Figure6.3: The ApoE3.ig3protein SASA valuefor the set of residues determined
FPOP to be buried or exposed in ApOoE31.29¢ SASA values aréthe sums of the n«-
hydrogen sidechain atom surface areas determinéueb@ETAREA algorithm of th
ApoE3;.183NMR structure 2kc: The black columnare the individual residue SAS
values; the gray columns are the maximum SASA e residue type, determin
from the set of all such residues detected as neadifGraph A is of buried residue
graph B is of exposed residues. The asterisks nasidues exhibiting good agreem:
with their exposure classificatiol

Y
P84
ES7
M125
L126
S175
P183

buried, and residues at the loop turns comprisied'€nd caps” of the bundle tend to
exposed (Figure 6.4). We propose that this icowmicidental, rather that the ApoE3M
adopts a similar helirundle structure in the-183 region. This suggests a reason
FPOP indicates E19, Y74, and P84 differ in ApoE3Mdmpared to the known structt

of ApoE3 153 In the ApoE;.1g3Structure, these residues are resident in the sant
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cap, from which the hinge and C-terminal domains are attached in ApoE3MM. This end
of the putative four-helix bundle may be more allosterically-sensitive theeshef the
protein to the C-terminal domain intra- and inter-domain interactions absent in the
fragment protein. There are no significant FPOP vs. SASA discrepantieehedhe
structures that suggest a clear region of N- and C- terminal domain ficieras the
observed buried residues are turned inward or otherwise masked in the, Ap0E3
structure. We cannot conclude that there is no domain-domain interaction in the

monomeric mutant.
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Figure6.4: A and B ard@wo views of the ApoE3 183 2kc3 NMR structure, withl
residue sidechains shown in bond and heteroatomtaep Oxygen atoms are re
nitrogen atoms are blue, and sulfur atoms are welldhe green residues exhibited FP
labeling 50% greater thane average observed labeling among same:o acic
residues. The magenta residues exhibited FPORnghess than 50% of the avere
labeling among samamino acid residue

6.5 Conclusion

The FPOP footprinting data of ApoE3MM provide reg-resolvedevidence the
full monomeric structure’s -terminal-domain resembles ApoEg3sstructure. This i
based on a subset of the observed modified resthatare significantly more labeled

less labeled than the average labeling for residbids®e same Ind. The thresholds f
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establishing relative exposure was chosen to maximize the inclusion of resithcas

unduly compromising the meaning of “buried” and “exposed”, relative to the sizelf e
residue’s sidechain. This tradeoff is one reason there is not enough conclusineesvide

to indicate a possible N-teriminal:C-terminal domain interaction, as thetsafdsuried-

and exposed-classified residues does not span enough of the C-terminus. Another is that
observed attenuated labeling at a site cannot distinguish intra-domain pac#iimger-
domain interaction. We propose it is likely the ApoE3MM N-terminal domain has a
structure much like ApoB3s; because the same residues buried in this domain in
ApoE3MM, as determined by FPOP, are oriented away from solvent in the AReE3

NMR structure. FPOP-observed residues buried in the ApoE3MM C-terminal domain
may be so owing to the C-terminal domain’s inherent structure, or may be due ta-an inte
domain interaction.

The utility of FPOP for prediction of structure when one is not known should be
done in a digitized approach as we have employed here, to ensure that only residues tha
are clearly delineated are used to test hypotheses. On the other hand, with a high
resolution structure of a highly homologous protein, a more rigorous analysis could be
undertaken to test a hypothesis of close similarity. Evidence for corrobosasiearn
when the labeling yield correlates in direct proportion to the putative SASAsidues
of the same amino-acid type. In either case, the analysis is based omicgrtingaFPOP
yields of residues of the same-amino acid type. This is a more complex aittzdysis
typically done in proteimOH footprinting experiments, which examine the changes in
protein structure between two states. Whereas tracking one modificatiari éatesidue

can be sufficient to distinguish a SASA difference at that site betweerrttepstates,
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the experimenter must strive to quantitate all FPOP fates of the protewlidlde
judgment is to be made about the relative accessibility of each detegstextidied
residue. WereOH footprinting not so indiscriminate in its atomic-site targeting, this
task would be easier. The benefit to usi® labeling, however, is that 1) they are so
promiscuous, allowing many more sites of a protein to be probed; 2) with proper
chemical control, can sample exclusively native conformations sensitive to

modifications® and 3) are very sensitive to SASA®
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7  p-amyloid 1-42 Bindsto the Same Region in the N-

ter minus Domains of Apolipoprotein E3 and Apolipoproten
E4, Deter mined by FPOP Footprinting and M ass
Spectrometric Analysis

7.1 Introduction

Alzheimer’s disease (AD) is a form of dementia, effecting more thanilBdmm
people worldwid& The consensus of research is that AD is caused by the accumulation
of misfolded proteins in the brain. Certiramyloid (A3) peptides are particularly
susceptible to such misfolding.BAbeptides are 36 to 43 amino acids long and originate
from the sequential proteolysis of amyloid precursor protein, a transmembrane pfotei
unknown function, by andy secretasés Among these, Bqs0 (AB40) and AB1.42
(AB42) are the most abundant components in the insoluble fibrils comprising a central
characteristic feature of advanced AD, the senile plaques found in the extaacglhce
of gray mattet. The “amyloid hypothesis” for AD development is that the dynamic
equilibrium of soluble 840 and A342 is crucial—factors that increasedApeptide
production or inhibit its clearance allow for their accumulation, which initidizsnd
the formation of fibrillar deposits This thinking stems in part from the observation that
the soluble forms of B peptide, especially f42, are known to be neurotoxic

The highest genetic risk for AD is for homozygous carriers of the apolipoprotein
E ¢4 allele, who are twelve times more likely to develop late onset AD than people wit
two copies of the other common isoforms of apolipoprotein E (ABGERpPOE is a 34

kDa protein, whose function is to regulate lipid metabolism and control lipid
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redistribution in tissue and cells, especially in the btaifihe three most common
isoforms differ at two residues; apolipoprotein E2 (ApoE2) has cysteines abpo4il2
and 158; apolipoprotein E3 (ApoE3) has a cysteine at position 112 and an arginine at
158, and apolipoprotein E4 (ApoE4) has arginines at these positions. The protein has two
distinct domains connected by a thrombin proteolysis-sensitive Pegibne N-terminal
(Nt) 1-191 residue domain contains the LDL receptor-binding site, and substantial
fragments of the Nt domain have been characterized by X-ray crystégllggand
solution NMR spectroscopy as having an elongated four-helix bundle stffi¢turéhe
C-terminal (Ct) 216-299 residue domain has not been characterized by higheasoluti
methods because of its propensity to oligoméfiz&his property is shared by all of the
common isoforms of ApoE, and no high resolution structures have been reported.
There are several hypotheses that explain the association of ApoE4 with AD
but there is no clear consensus for a single cause. In the early studpah@idrénis
association, it was discovered that ApoE binds fdricerebrospinal fluid Since then
the hypothesis that ApoE is directly involved in the deposition or clearandgisf A
gaining widespread recognitibh Vital to understanding this mechanism is the
characterization of the ApoEfAInteraction. Many studies have undertaken this goal,
examining the interaction of lipoprotein and lipid-free forms of the common mefof
ApoE and their fragment domains with soluble and insoluble preparatiorg6fand

AB42 and /8 analogs®. Here we focus on delipidated ApoE interactions. Several early

studies showed that lipid-free ApoE binding with solubeidfluences fibrillogenests’

7 The association of lipid-free ApoE with solublf4® can be tight, with a gof 10-
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20 nM, but this depends on the conformation pt°A°. Based on Nt and Ct domain
fragment studies, there are at least two sites of interaction on ApoE sedrageing

these domairf€?®  None of these studies provide a high resolution characterization of
the sites because of the oligomeric properties of both biomolecules.

Mass spectrometry (MS)-based chemical footprinting of proteins igheothéor
providing peptide and residue-resolved structural information, in the primaryneeque
dimensioi*®. A general strategy is to use this information to provide insight about the
difference between structures of a protein or protein complex in two or mag, sédher
than resolve their structures in three dimensions. Labeling that wellesasolvent
accessible residues will be attenuated at protein-ligand or protairpmterfaces in the
complex compared to the apo state. If the labeling is stable, a proteomics-liketbot
up” mass spectrometry methodology can be employed, in which modified proteolytic
peptides from both states are quantified by LC-MS and identified by th&éiCOMB
fragment spectra.

An important chemical footprinting method is hydroxyl radical-mediated
modification of solvent accessible sidechains; a comprehensive revievingesaileral
methodologies fofOH generation, expected product chemistry, and mass spectrometric
analysis has recently been publistfedThe advantages &DH-based footprinting are
that (1) residue solvent accessibility surface areas (SASAs)edireampled, because the
size of*OH is comparable to water; (2) th@H-mediated modifications are stable and
thus amenable to proteolytic peptide-based LC-MS/MS analysis; ar@Hi33amples

residue sidechains non-specifically, detectably reacting with overfithé common
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amino acids in properly controlled experiméhtsVe use the method of fast
photochemical oxidation of proteins (FPOP), developed by Hambly and’&toss
provide the source eDH. This method employs a KrF excimer laser as a pulsed 248
nm source; each 17 ns flash homolytically cleavg3,Hadded to the sample at a low
millimolar level. In the flow cell the resultasfOH reacts with protein sidechains on a
microsecond timescale as added glutamine competitively scavenges. rddis ensures
that only equilibrium conformations are samplec®¥H; any modification-induced
changes to conformation evolve on a slower time&tale

By FPOP labeling and LC-MS/MS we are able to characterize tlseo$ite
interaction of 42 with lipid-free ApoE3 and ApoE4. We have examined this
interaction at the 4M protein level, at which concentration these isoforms are primarily
tetramer?’, and at 100 nM for ApoE3 to probe its putative monomeric interaction with
AB42. We also report the FPOP-characterized interactio340 Avith ApoE-orangutan
because of the concordance of results with the human isoforms.

7.2 Experimental Procedures
7.2.1 Reagents.

Acetonitrile, formic acid, 30% hydrogen peroxitleglutamine,L-methionine,
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), sodium hydroxide, hydrochloric
acid, catalase, sequencing grade trypsin, and phosphate buffered saline/¢RBS)
purchased from Sigma Aldrich Chemical Co. (St. Louis, MO). Purified wh8a¥(2)
was obtained from a Milli-Q Synthesis system (Millipore, Billerica, MApPoES3,

ApoE4, and B42, each expressedhn coli, were kindly provided by Drs. K. Garai and
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C. Frieden. R40 was purchased from American Peptide Company (Sunnyvale, Ca).
ApoE-orangutan was purchased from BioVision (Mountain View, CA).
7.2.2 Stock solution preparations.

Purified ApoE3 and ApoE4, provided as solutions in ammonium bicarbonate,
were dialyzed overnight into PBS. To prevent adventitious disulfide bond formation in
ApoE3, TCEP was added to 20M; ApoE4 also received TCEP to maintain
background composition equality with ApoE3 samples. The purity of dialyzed proteins
was confirmed by ESI MS on a Maxis QTOF spectrometer (Bruker Daltonlteyjd,

MA); disulfide-linked ApoE3 dimer was not observed (data not shown). ApoE3 and E4
solutions were split among aliquots, then frozen wigfi)ind stored at -80C. ApoE-
orangutan was solubilized in PBS and apportioned and stored by the same protocol. For
all ApoE isoforms, stock concentrations were determined by their UV absorbatfice,
€230 = 44,950 M' cmi’. Lyophilized A340 was solubilized at 1 mg/mL in 10 mM NaOH
and apportioned and stored by the same protocol. The stk golution was prepared
from lyophilized material by solubilizing in 10 mM NaOH to 1581 concentration; half

the volume was apportioned to 167 aliquots for the nanomolar experiments. The
remainder volume and aliquots wergIN frozen and stored at -8 prior to use.

Stock glutamine, methionine, catalase, and hydrogen peroxide solutions weredpirepare
PBS on the same days as labeling. Eppendorf Protein LoBind micro tubes (Eppendorf
North America, Hauppauge, NY) were used for all protein stock and sampless|ut

except for de-salting collection that used standard polypropylene micibagatubes.
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7.2.3 Micromolar ApoE3 and ApoE4 experiments.

Equilibration stock solutions were prepared for ApoE3 and ApoE4 to the final
concentrations of 4.4M protein, 22.2 mM glutamine, and for B42-present”
equilibration solutions, 20M AB42. For “A342-free” samples, a volume of 10 mM
NaOH was added equal to th@42 addition in the counterpart equilibration solutions.
A volume of 100 mM HCI equal to 10% of this addition volume was added to all
equilibration solutions to maintain the PBS-buffered pH of 7.4. The equilibration
solutions were stored 2 hr at 22 with no stirring, prior to the first replicate draws for
FPOP labeling. Due to the time needed to complete FPOP labeling of each set of
replicates, the ApoE4 equilibration solution was prepared 1 hr after the ApoBE8rsolut
7.24 Micromolar ApoE-orangutan experiment.

Three equilibration stock solutions were prepared. For each, the final
concentrations of ApoE-orangutan and glutamine wasMPand 22.2 mM,
respectively. The “1:4”, “1:1”, and “1:0” solutions’340 concentrations were 8.89,
2.22, and uM, respectively. 10 mM NaOH was added to the 1:1 and 1:0 solutions to
maintain equivalence with the 1:4 solution, and all solutions were spiked with a 1%
volume of 100 mM HCI to return the pH to 7.4. These solutions were stored 4.5 hr at 22
°C with no stirring, prior to the first replicate draws for FPOP labeling.
7.25 Nanomolar ApoE3 experiments.

The replicate 100 nM samples were each prepared to final concentrations of 111

nM ApoE3, 22.2 mM glutamine, and for p&2-present” samples, 5.0M AB42.
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Equilibration stock solutions were not used because 25 min elapsed between each
replicate’s labeling. During this time the structural state of theraystay change due to
evolving protein-protein, protein-peptide, peptide-peptide, and biomolecule-plastic
surface interactions.

Each replicate sample was processed as follows. (1) At the time pMLB([B42
stock solution preparation, 428 of 23.3 mM glutamine in PBS was added to 1667
aliquots of either 842 in 10 mM NaOH, or 10 mM NaOH for p42-free” samples.
These aliquots were ) frozen and stored at -8€. (2) An aliquot was thawed 12 min
and vortex-mixed. (3) FiveL of 10 uM ApoE3 was added to the sample with vortex-
mixing. (4) The sample was stored 2 hr 5 min at@2with no stirring. (5) Hydrogen
peroxide was added to the sample, and the entire volume was infused through the FPOP
apparatus. The standard FPOP protocol is described below. The collection tabe was
upper compartment of a 10000 MWCO Vivaspin 500 sample concentrator (GE
Healthcare, Waukesha, WI), and containedu@Zatalase in 3G6L 150 mM methionine.
(6) The labeled sample was centrifuged at 13,500 x g for 5 min. The retentatelytypical
10-20puL, was transferred to a LoBind tube and left open for 25 min &€227) The
labeled sample wasll) frozen and stored at -8@ prior to proteolysis.
7.26 FPOP labding.

Just prior to FPOP, 1@, was added to each replicate by 10-fold dilution from a
concentrated solution, to give a final concentration of 20 mM. Replicate drawshizom t

equilibrium stock solutions were 4 for the ApoE3 and ApoE4M experiments and
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90 uL for the ApoE-orangutapM experiment. The FPOP apparatus was essentially the
same as originally describéY using 15Qum ID fused silica. The KrF excimer laser
(GAM Laser Inc., Orlando, FL) was focused to give a 2.54 mm irradiation window on the
silica. The laser power, laser pulse frequency, and syringe pump floweeadjusted

to the following values. For ApoE3 and ApofM experiments, these were 47.6
mJ/pulse, 5 Hz, and 17.9&/min. For the ApoE-orangutarM experiment, these were
45.0 mJ/pulse, 5.5 Hz, and 18 #2/min. For the ApoE3 nM experiment, these were
47.0 mJ/pulse, 10 Hz, and 3uB/min. These flow rate and pulse frequency settings
ensured at least a 20% exclusion volume to avoid repeaexposure. ForuM
experiments, each replicate was collected in a microcentrifuge tubénaogt 2 g of
catalase in 1QL of methionine solution, to give a final concentration of 10 mM Met in
the total collected sample volume. The addition of Met was to mitigate post-FPOP
oxidation of proteirt’. ForuM experiments, catalase was allowed to oxidiz®Ho

Ox(g) for 10 min at room temperature with pipette mixing(ddwas removed by three
centrifugation steps during the incubation. After 10 min, samples wéjdridzen by

and stored at -80C prior to proteolysis. For all experiments, control samples were
handled in the same manner as those submitted to FPOP, but they were not laser
irradiated. All experiments generated three replicates for each sfa@Rand each

control state, with the replicates’ origin preceding the FPOP step.
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7.2.7 Proteolysis.

Micromolar experiment samples were proteolyzed with 8:1 protein:trypsin (by
weight) at 37°C for 7 hr. Trypsin activity was quenched with 10% formic acid addition,
and the samples were SpeedVac-concentrated 30-60 minuta 3amples were de-
salted by Ziptipig (Millipore, Billerica, MA), with elution into 1QuL of 50%
acetonitrile/1% formic acid solution. A portion of each was diluted 33-fold witkrwat
and 0.1% formic acid for autosampler loading in its LC-MS/MS analysis. Naaomol
experiment samples were proteolyzed with @yrypsin at 37C for 9 hr before
guenching with formic acid. They were Ziptijgde-salted without prior SpeedVac-
concentration, eluted directly into autosampler vials containimig @ the elution
solution, and diluted with 50L of water.

7.28 LC-MS/MSacquisition.

Each replicate was loaded by autosampler onto a 20 cm column with a PicoFrit tip
(New Objective, Inc, Woburn, MA), bomb-packed with C18 reverse phase material
(Magic, 0.075 mm x 200 mm,/8n, 300 A, Michrom, Auburn, CA). FarM samples
the load volume was j5L; for nM samples it was dL. Peptides were eluted by an 80
min, 260 nL/min gradient coupled to the nanospray source of an LTQ-Orbitrap mass
spectrometer (Thermo Fisher, Waltham, MA). Mass spectra were obéihiggh mass
resolving power (100,000 for ions wiz 400) on the Orbitrap component, and the six
most abundant ions eluting per scan were each subjected to GIBxX#Siment in the

LTQ component, using a collision energy 35% of the maximum, a 2 Da isolation width
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and wideband activation. Precursor ions were added to a dynamic exclusiondisttb
ensure good sampling of the apex of their elution peaks. Blanks were run betwgen ever
sample acquisition.

7.2.9 DataAnalysis.

Rosetta Elucidator (Microsoft, Bellevue, WA) peak detection and alignment
software was used to generate an aligned LC-MS feature tablesfos@mple
acquisition. Briefly, a feature represents the naturally occurring isactap&Emble of one
molecule eluting in time. A feature’s ion signal is split among its isotopesoametisnes
among several charge states depending on its basicity and the ionization condiktiens at
MS source. A feature’s quantitation is determined by summing the areasuwfhato-
eluting LC-MS extracted ion chromatogram (EIC) peaks that share the same
monoisotopic mass within a high resolution tolerance (5 ppm).

All sample replicates from the same experiment were subjectedrigla si
alignment analysis so that their shared features nearly co-elutingeinvorid have the
same unique ID and aligned elution time in the tables. The alignment program also
associated the all M3pectra with their LC-MS features using the same unique ID
nomenclature. Independent from the Elucidator analysis, tHespBtra were searched
against a restricted database containing the ApoE isoforngeptides, catalase, and
other proteins using Mascot error-tolerant searching. Common OH modification
product$® were included in the variable modification list used by Mascot. A custom
Excel-based VBA program paired the Mascot calls with their LC-MS gigghteatures

using the unique ID handles. This program augmented these LC-MS Mascot annotations
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with putative matches to a theoretical FPOP-modified tryptic peptide lise &poE
isoforms. These putative matches, and over half of the Mascot calls, weresdalidat
corrected, or rejected by manual inspection of their associatégpéstra before their
use in per-peptide and per-residue yield analysis.

Per-residue yields were calculated according to equation 1.

Y peptide intensities modified at residue; ( )

residue; yield = —— — .
Y peptide intensities with same 1° sequence as numerator peptides

Here peptide is synonymous with feature arsdnot the index of summation. The
denominator includes modified and unmodified peptides alike. The denominator
excludes signal from missed-cleavage peptides spanning rasglugh peptides are not
also detected as modified there, because in this case the lack of modificaaiiodes
an analytic failure and does not stem from a true absence of labeling. pRde yeelds

were determined more simply according to equation 2.

Y. modifed peptide; intensities

peptide; yield = (2)

unmodified peptide; intensity+y, modifed peptide; intensities
7.2.10 Utility of per-peptide and per-residue analyses.

The peptide-level survey is warranted because it is the most inclusi@:MSL
feature data, and is easily interpreted. The per-peptide analysis usasdnuoefitide
features whose peptide identity is certain but whose modification residue(s) te
determined by the associated M®ectrum or spectra. Such indeterminateness is
possible when an MSpectrum is sparse, the modification is in a peptide region
insensitive to CID fragmentation, or multiple modifications are present on thdeept

The per-peptide analysis also uses LC-MS features that arey deanprised of modified
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peptide isomers without regard to which modified peptide is the most abundant species in
the mixture peak. For these reasons, the per-peptide analysis provides the unatt acc
measure of region-by-region footprinting yield. On the other hand, the.@idst
reactive residues, especially methionine and tryptophafi** dominate the signal
contribution in peptides bearing them when they are solvent accessible in the. pfotei
per-residue level analysis rescues the SASA insight neighboringelessse residues
may inform, as it provides a primary sequence-resolved analysis of structafie f
residues detected as modified. The drawback of this analysis is that uncertain
modification features and some mixture features cannot be used, though their peptide
sequences are clearly identified.
7.3 Results
7.3.1 Micromolar ApoE3 and ApoE4 experiments.

A survey at the peptide level for both proteins indicates one shared region of
protection, ApoE33-38, in thepX2-present state compared to tH&¥&-free state
(Figure 7.1). This peptide yield, shown as a red bar for ffe2Aree ApoE3 and ApoE4
states, is 50% more labeled than tHilA-present state for both isoforms. The same
modified and unmodified peptide LC-MS features were used in the comparison yield
calculations, and the modifications were created by exact adherehedabeling
protocol repeated within a two hour timeframe. These two facts mean the only
explanations for the differences in FPOP-labeling betwditPAresent and free states

is due to (1) steric protection frof®H by direct interaction with B42 in this region, (2)
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steric protection fromOH by an allosteric response to ApoB4® interaction, or (3)
adverse radical scavenging bp42. The latter explanation is not likely, given the
equivalence in labeling seen for much of the rest of the protein. In particular, the C-
terminal domain does not show regions of interaction at the micromolar level. The
peptide 120-134 is significantly more labeled in the ApolB3Apresent state than the
ApoE3 AB42-free state, but the opposite trend is seen for ApoE (Figure 7.1C).

At the per-residue resolved level, W34, Y36, and R167 are significantly more
protected in the B42-present state than the -free state for both ApoE3 and ApoE4
(Figure 7.2). P293 shows the same trend in ApoE3, while E80 and L252 are less
protected in the B42-present state than the -free state for ApoE4. Once again, we
attribute these differences to the interaction p2 with ApoE, though the effects at
E80 and L252 in ApoE4 are small. The differences plotted in Figure 7.2 are only those
deemed significant by a Student’s t-test at 95% confidence, and they are eaalizedr
to the maximum yield observed in the set of same-amino acid-type of resatlues (
differences are calculated from the per residue yields listed in Sungpimformation
Table 7.1). This is done to lend a significance to the magnitude of the difference,
because amino acids have inherently different reaction rat€s48. The factors
affecting the protein rate of labeling in FPOP, such as laser power anc protei
concentration, can vary between experiments; therefore, normalizatioedsdras
experiment yields and not external standards. We interpret a normalized charige of

approximate full exposure of the residue in the comparison. Thus, at least half of the
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potential SASA of W34, Y36, and R167 is obscured in tid2Apresent state for both
proteins.

Forty-four residues spanning the full length of both proteins show no stéatistica
change in labeling with the addition oA2, consistent with the per-peptide analysis
(Figure 7.2, red marks; Supporting Information Table 7.1). For these regions we
conclude there is not a strong interaction wiffd2&. Two regions are under-sampled in
our analysis. Region 39-61 does not possess any intervening trypsin active sites. The
analytic detection of large peptides of this kind is problematic for online chroraptogr
optimized for smaller proteolytic peptides, and the’’@® fragment spectra of
modified large peptides often can’t resolve the modifications’ residuadosatRegion
135-158 is weakly sampled because the FPOP signal can be split among dozens of small
tryptic and semi-tryptic peptides by virtue of basic residues at positions 136, 142, 143,

145, 146, 147, 150, 157, and 158.
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Figure7.1: Comparison of the trypt-peptideresolved FPOP labeling yields the
wild type isoformsApoE3 and ApoE4 in 342-present and p42free states at uM
protein. The length of each bar confers the serpiangth of the peptide. Peptides |
than 7% of each state’s maximum ApoE peptide aburelare not shown for clarity,
they typically are overlapping miss-cleavage or shogeptides spanning the display
peptides. Pandé plots the FPOP labeling yield - ApoE3 peptides in the 42-present
state in black andree state in red. Standard errors for each yreddsurement al
shown in blue. The background modification fion per peptide has been subtract
All peptide pairs for the peptide states are shaome black bars are obscured by
bars when the peptides have equivalent labelingsziePaneB plots the pe-peptide
ApoE4 A342-present an-free states’ resudf with the same color scheme. PeC
compares the apo/holo differential yield of ApolgBegen) and ApoE4 (orange
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Figure7.2: Comparison of the resid-resolved FPOP labeling yields for ApoE3 ¢
ApoE4 in AB42present and B42-free states at gM protein. Paneh plots the ApoE:
significant differences in FPOP labeling yield beém each state, per residue, normal
by the maximum yields observed among all residdidéiseosame amino acid type
Significance is determined at 95% confidencehe Student’s test. Residues marki
with red were detected as labeled in both statetheir labeling difference was n
significant. PaneB similarly plots the ApoE4 per residue d.

Both W34 and Y36 are resident in the same trypgtioe ofApoE. One
alternative explanation for the FPOP yield deprssif these residues in th¢342-
present state, is that the detection of the unremtigeptideF33WDYLR 3gis attenuated in
the AB42free samples by an ESI bias. This unmodified pefgisignl is the majoi
contributor to the denominator in the yield caltigias for both residues. The EICs

unmodified B3WDYLR3gin sample acquisitions from each state show tle
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unmodified peptide is apparently less abundant in fh¥2Aree state (Figure 7.3A, top
panel), while the +15.9949 Da-modified peptide EICs exhibit the opposite trend (Figure
7.3A, bottom panel). The full MS spectra, averaged from the Orbitrap scans made during
the elution of unmodified sZWDYLR 35, shows that this depression is not owing to ion
suppression, a major source of ES| Biaghis follows because the spectra are highly
similar between states, and no other ions are observed at high abundance (Figure 7.3B
7.3.2 Nanomolar ApoE3 experiment.

Only region16-25 shows a significant attenuation in labeling in fr2Aoresent
state compared to theBA2-free in the 111 nM ApoE3 experiment (Figure 7.4). No other
regions show the opposite trend, though several, including 26-38, are silent in the FPOP
analysis due to the complications of working with very dilute protein solutions. At nM
levels protein adsorption may have a significant effect on the systemisiatgeparate
preliminary experiment we observed tRBaactoglobulin, an 18.3 kDa globular protein,

is depleted 86% by the same sample handling steps described here (data not shown).
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Figure7.3: LC-MS data underlying the yield calculations for W34 and Y36 in thisl4
ApoE3 AB342-present and -free states. In pakethe upper two extracted ion
chromatograms (EIC), at 450.2241+/- 0.0023 m/z, show LC-MS peaks eluting from 51.0
to 51.3 min in the B42-present (black) andpd2-free (red) samples; by their accurate
precursor ion m/z and M3ragmentation spectra, these features are identified as the
unmodified doubly protonated peptidgsWDYLR3s. The lower two EIC, at

458.2216+/- 0.0023 m/z, show several features shared by each sample; these are
identified as isomers of hydroxylategs¥W/DYLR 3g; their residue-resolved sites of
modification are indicated. In all EIC the relative intensity is deiteed relative to the

base peak intensity of the unmodifiegWDYLR 33 AB42-present EIC; the modified

peptide EICs are shown on a magnified scale. In @&reh average mass spectrum is
shown for the 10 high resolution Orbitrap spectra acquired from 51.0 to 51.3 min. The
black trace is for the pd2-present sample; the red trace is for tiidZfree sample.

Peaks at 450.224 and 899.439 correspond to doubly and singly protonated unmodified
F33WDYLRsg, respectively. The zoomed inset of the spectrum about 450.224 shows the
characteristic half-m/Z°’C spacing for doubly-charged ions.

Figure 7.4 presents per-peptide data in a different way than Figure 7.1 ared Figu
7.2, due to an additional limitation imposed by chromatographic variance. Each plotted

value is the average of yield differences, not difference in average, Yoeltlgeen states,
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normalized by the standihdeviation and with control yield levels subtextt The L(-
MS/MS acquisitions of the triplicate samples frdre two treatments (FPOP and cont
of the two states (Ab4@resent an—free, for a total of 12 samples) were segregates
three replicag groups by virtue of their acquisition time. T#ne column was used 1
each sample’s LBAS/MS acquisition, though not consecutively, arghgicant shifts ir
elution times were observed between the sets titaggs. Consequently I-MS peak
alignment and subsequent analysis was employed three.tidesnally, averagini
yields for their comparison between states requisasg the same EIC features for b
states to avoid potential state bias. We cantienthis requirement with thre
independenanalyses, and thus plot the average of theipeddent results at the pept
level. This limits the confidence with which we ymaake conclusions; nevertheless,

ApoE 1625 peptide shows a very compelling increase inlilagpen AB42-free samples.
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Figure 7.4. Significance plot comparing the tryptic peptide FPl@beling yields of 10
nM ApoE3 in A342present and p42{ree states. The average state vs. state pe
yield difference was calculated from three singkcstate vs. state compains; the
quotient of this average with the standard deuneisoplotted. The length of each t
confers the sequence length of the pef
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7.3.3 Micromolar ApoE-orangutan experiment.

EightuM AB40 inhibits the FPOP labeling oluM ApoE-orangutarin several of
the same sites as seen f(342 in nM ApoE3 angiM ApoE3 and ApoE4 experimer
(Figure 7.5). In this preliminary experiment wathomolog of human ApoE, two leve
of Ap40 were tested together with a340 absent state. Residues L14, WW26,
W34, Y74, L82, and W264 were most protected inltideApoE:AB40 state; except fc

W264, the same residues showed intermediate piatdotthe 1:1 ApoE:40 state.

12 -
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0.5
0.6 {7
02 {

0.0 4L
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yield
max per amino acid type

Figure7.5. Residueesolved FPOP labeling yields of the subset ofitessthat exhibit
a significant attenuation trend between three /-orangutan:g840 states. uM ApoE-
orangutan in its f404ree is shown as white specked columiuM AB40 as gra)
columns, and &M AB40 as black columr

7.4 Discussion

7.4.1 ApoE N-terminusdomain-Ap interaction.
The data from the four experiments presented haygest that there is ¢
interaction between the ApoE variants arf (Figures 7.1, 7.2, 7.4,5). All show

significantly lower levels of labeling in theB-present state in thét domain.
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Importantly, various residues in the 16-36 region are protecte@ by all experiments.
Though the full lipid-free structure of ApoE is unknown, it is instructive to map fhe A
present state-protected sites in the Nt domains from the ApoE3, E4, and orangutan
isoforms onto a single structure that models these domains; we have chosen the NMR
solution phase structure of the ApoE3 1-£&8igure 7.6). This choice is warranted for
ApoE3 and ApoE4 because their X-ray crystal structures of their Nt domaineinéggym

are highly similal™*> Moreover, the full length proteins have a similar FPOP footprint

in this region (Figure 7.1), which we’ve reported in a recent study (supplementary
manuscript). In the Nt domain, the 97% sequence homology between ApoE3 and ApoE-
orangutan suggests close structural homology as well.

Sites of protection are located along helix 1 and at its turn towards the N-
terminus, as well as at other sites residing in the loops connecting the foes la¢lthe
same end of their four-helix bundle (Figure 7.6). Residues W26 and Y74 form a surface-
accessible patch on the Nt NMR structure; in the ApoE-orangutan structurecthidses
are clearly protected in theBAO-present state (Figure 7.6, green residues). That this
finding is for residues non-contiguous in sequence lends credence to the structural
interpretation of these footprinting results. Furthermore, the fact thatghosns in
four experiments exhibit a similar response reinforces the conclusiongbgt ¥6-36 is
central to the Nt interaction withpApeptide.

Evidence for this interaction is not unprecedented. Evans and coll&agues
showed that the Nt fragment of ApoE3 inhibits the amyloid fibril formation, and Chan

and colleaguéé observed the ApoE3 NtfAcomplex by dot blot analysis of gel filtration
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fractions. Golabek and colleagfedetermined the separate affinities of the ApoE3 Nt
domain and Ct domain forp¥0, with Kps of ~11 nM and 45 nM, respectively. A recent
MD study suggests thatp40 monomer will form a stable complex with the Nt domains
of ApoE3 and ApoE4, with the interaction region comprising the adjadeamd 4"

helices®.

In this study, Luo and colleagues used the X-ray crystal structures o2 ApoE
ApoE3 and ApoE4 Nt domain fragments, and the SDS-indudeelical structure of

AB40 determined by NMR spectroscdfjyas a starting point in the subsequent energy
minimization, rigid-body docking, and MD simulations. Germaine to our finding is their
conclusion of the interaction region, which clearly involves a direct interactibiMa4

for both isoforms. Y36 may also experience a change, though it is oriented mastowa

the 2% helix of the four-helix bundle in the variant structures. Due to the high number of
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Figure 7.6: Mapping of various p+residue and pepeptide FPOP footprinting resu
onto the ApoEg1g32kc3 NMR dructurd®. This NMR structure is of thtruncated
variant of ApoE3&bsent /3 and is monomericThe red residues exhibited signific:
protection for both ApoE isoforms in theuM ApoE:20uM AB42 statecompared to the
AB424ree state. The green residues exhibited sigmifipeotection in th€ uM ApoE-
orangutan, &M Ap40 state, compared to th3404ree state. Region -25, colored
yellow, shows significant protection for the 100 AoE3:5uM AB42 state, compare
to its AB424ree state. Relative to theB42-free states, region 12(B4, coored blue,
shows more labeling in theuM ApoE3:20uM AB42 state, and less labeling in th

uM ApoE4:20uM AB42 state

basic sites spanning 13%38, there is no resid-resolved FPOP data to confirm 1

interaction with the @ helix. A striking result from their study is thiatthe simulation:
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the ApoE4 Nt domain reorganizes its conformation to accommod&t@,Avhose
orientation is flipped head-to-tail from the ApoE3 Nt domaft¥B complex. Such
reorganization, an indirect consequence of the C112R mutation, may explain the
difference in the f42-induced response we observe at E80 and region 120-134 for
ApoE3 compared to ApoE4.
7.4.2 ApoE C-terminusdomain-Ap interaction.

While ApoE3 P293 is protected in the micromolar ApoB3lA-present state
(Figure 7.2A), most of the modified fates of ApoE3 283-299 show no such trend (Figure
7.1A). Furthermore, the remaining regions of the Ct domain for both ApoE3 and ApoE4
appear to be only slightly affected by the presencefd2An the 4M experiments if at
all (Supporting Information Table 7.1). In particular, W264 and W276 show a concerted
negative change in their modification levels in ti42-present state relative to the —free
state. Taken together these may convey significance, but individuallyrthagta
statistically different. Phu and colleagtfdsave characterized the interaction of ApoE3
201-299 (encompassing part of the thrombin-active hinge region as well as the Ct
domain) and 842 by monitoring the FRET between afi4R-attached fluorophore and
ApoE Trp, and suggested that binding occurs in the vicinity of W264 and W276. In their
study of the Nt and Ct domains of ApoE3, Golabek and colleagues also obspa@d A
complexation, but with 4-10 fold weaker affinity than with the Nt doftaifhese
studies were conducted in the same protein concentration regimeu{2}E% our

micromolar experiments. This allows comparison with our FPOP state chanlie fer
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the ApoE3 and ApoEAM experiments, and we find corroboration: (1) that a strong
interaction region is localized to a region on the Nt domain; (2) a weaker irdenanzy
be present in the Ct domain.
7.4.3 Implications of the ApoE oligomeric state.

At M levels, both ApoE3 and ApoE4 are mostly tetrarhéfs’® %39 |n an
FPOP comparison study of a monomeric mutant of ApoE3 and WT ApoE3, we observed
a significant change in the solvent accessibility of regions 181-221 and 242-290
(supplementary manuscript). Whatever interaction may be favored Wit this
region, we do not observe the kind of changes characteristic of the disruption of
oligomeric structure witnessed in the monomeric mutant. The fact thatli®e Nt
domain is mostly not involved in oligomerization implies that the tetramer akayup
four AB peptides independently, and it motivates our use of the monomeric Nt domain
structure for mapping interaction sites (Figure 7.6). This also predicthi¢hApoE3
monomer should show the samp iteractions in the Nt domain. The 111 nM ApoE3
experiment was conducted to footprint the WT monomgtAinteraction, because at
this concentration ApoE3 is primarily monomé&ficWhile peptide 33-38 is not well
sampled in the experiment owing to post-labeling adsorption, the neighboring peptide 16-
25 shows significant protection. If the underlying interaction wigd2is proximal to

both peptides, our prediction is validated.
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7.4.4 Heterogeneity of participants.

The characterization of the insoluble aggregate or fibrillar contenf42 And
AB40 was not undertaken in the experiments, though a common starting point established
for all replicates. The introduction of342 from a thawed high pH stock solution to a
final concentration of 0.09 mg/mL in PBS atZ2will initiate self associations that
ultimately produce the spectrum of soluble oligomer and insoluble amyloid $Becies
Moreover, the 4M state of ApoE3 and ApoE4 cannot be describe exclusively as
tetrameric, as higher order oligomers are present as"wefl” 3 Probing the
complicated evolving state of the mixture of these biomolecules without emglasyi
artificial simplification—such as using domain fragments, denaturantsjaofihore
labeling—risks missing important interactions whose characteristigeharsignal is
only presented by a subset of the molecules. We have nevertheless undertaken such
experiments, enabled by the sensitivity of FPOP and LC-MS/MS analysig/siologic
SASA. The finding of significant results is more compelling in light of the aiter
complexity of the system.

7.5 Conclusion

ApoE 16-36, and W34 in particular, comprises a region in both ApoE3 and
ApoE4 that is a site of directp¥2 interaction. It may instead be a site of allosteric
protection, induced by M2 interaction elsewhere, but in the same domain only R167
shows a similarly significant protection. We propose that its protectiorher iatiuced

by the interaction of f42 with ApoE16-36, based on a recent MD study of the Nt
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fragment and B40°. This study has focused on the regions of interaction on ApoE3 and

ApoE4 with A3 peptide. Owing to the use of excess levdld2as ligand, we cannot

yet conclude which regions of}42 peptide interact with ApoE3 or ApoE4. Mass

spectrometry-based FPOP footprinting is equally amenable to addrdsgsiggestion,

and is where we turn next in understanding this important interaction.

7.6  Supporting Information

Supporting I nformation Table 7.1: FPOP labeling yieldsor the 4uM experiments

residue ApoE3:Ab ApoE3 ApoE4:Ab ApoE4
V6 0.20 +/- 0.01% 0.207 +/- 0.006% 0.210 +/- 0.007% 196+/- 0.02%
L14 0.097 +/- 0.005% 0.098 +/- 0.005% 0.095 +/- 0.005%  0.098 +/- 0.004%
W20 3.8 +/-0.4% 4 +-1% 2.8 +/- 0.9% 3 +- 2%
W26 0.4 +/- 0.2% 0.4 +/- 0.7% 0.2 +/- 0.6% 0.7 +/- 0.6%
W34 15 +/- 1% 22 +- 1% 17 +- 1% 27 +- 1%
Y36 2.9 +/- 0.2% 3.81 +/- 0.08% 3.2 +/- 0.3% 4.9 +490.
M64 9 +/- 2% 9 +/- 2% 6 +/- 1% 6 +/- 3%
M68 7 +- 2% 7 +- 2% 4 +/- 1% 4 +/- 2%
Y74 3.28 +/- 0.03% 3.4 +/-0.2% 2.8 +/-0.2% 3.3 +19.
E77 0.094 +/- 0.007% 0.075 +/- 0.002% 0.09 +/- 0.01% 078.+/- 0.002%
E80 0.09 +/- 0.01% 0.075 +/- 0.003% 0.093 +/- 0.002% 070.+/- 0.003%
V85 0.085 +/- 0.008% 0.091 +/- 0.003% 0.083 +/- 0.004% 0.08 +/- 0.01%
K95 1.93 +/- 0.03% 1.8 +/- 0.2% 2.9 +/-0.2% 3.6 +119%.
M108 3.4 +/- 0.9% 1+-2% 2 +- 1% 3 +/-2%
M125 10.5 +/- 0.9% 8 +/- 2% 4 +- 1% 7 +- 1%
L126 0.043 +/- 0.007% 0.055 +/- 0.004% 0.050 +/-0.003%  0.066 +/- 0.005%
T130 0.0187 +/- 0.0005% 0.017 +/- 0.001% 0.015 +/- 09601 0.0177 +/- 0.0006%
L133 0.037 +/- 0.001% 0.035 +/- 0.003% 0.031 +/-0.002%  0.035 +/- 0.001%
Y162 0.7 +/- 0.5% 0.5 +/- 0.5% 0.0 +/- 0.3% 0.4 +/- 0.3%
R167 0.1149 +/- 0.0009% 0.156 +/- 0.005% 0.111 +/- 09808 0.20 +/- 0.01%
L181 0.0114 +/- 0.0003% 0.0114 +/- 0.0008% 0.011 +/00% 0.0097 +/- 0.0005%
L184 0.12 +/- 0.02% 0.16 +/- 0.03% 0.17 +/- 0.03% 0.182.007%
E186 0.00 +/- 0.02% 0.04 +/- 0.03% 0.01 +/- 0.03% 0.000102%
Q187 0.038 +/- 0.003% 0.033 +/- 0.002% 0.046 +/- 0.004%  0.042 +/- 0.003%
R189 0.074 +/- 0.004% 0.079 +/- 0.006% 0.073 +/- 0.004% 0.09 +/- 0.01%
V195 0.050 +/- 0.007% 0.056 +/- 0.002% 0.055 +/-0.005%  0.060 +/- 0.006%
S197 0.11 +/- 0.01% 0.111 +/- 0.005% 0.118 +/- 0.005% 120.+/- 0.003%
L198 0.12 +/- 0.02% 0.134 +/- 0.008% 0.135 +/- 0.005% 140:/- 0.01%
Q201 0.023 +/- 0.001% 0.029 +/- 0.003% 0.033 +/-0.003%  0.031 +/- 0.005%
P202 0.049 +/- 0.008% 0.057 +/- 0.008% 0.063 +/- 0.007% 0.06 +/- 0.01%
L203 0.06 +/- 0.01% 0.063 +/- 0.004% 0.060 +/- 0.004% 050.+/- 0.002%
Q204 0.021 +/- 0.003% 0.022 +/- 0.006% 0.025 +/- 0.004%  0.026 +/- 0.005%
W210 0.7 +/- 0.3% 1+/-1% 0+-1% 0 +/- 2%
M218 0 +/- 2% 2 +/- 1% 0.0 +/- 0.3% 1+-1%
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E219 0.0 +/- 0.9% 0.6 +/- 0.3% 0.0 +/- 0.7% 0.5 +/- 0.6%
M221 2 +- 2% 1+/-1% 0.6 +/- 0.6% 0 +-1%
R226 0.044 +/- 0.006% 0.049 +/- 0.002% 0.052 +/- 0.003% 0.05 +/- 0.01%
Q248 0.052 +/- 0.002% 0.052 +/- 0.002% 0.048 +/-0.002%  0.046 +/- 0.004%
L252 0.048 +/- 0.004% 0.043 +/- 0.004% 0.048 +/-0.002%  0.031 +/- 0.005%
E255 0.054 +/- 0.003% 0.051 +/- 0.002% 0.060 +/- 0.003%  0.055 +/- 0.002%
F257 0.24 +/- 0.07% 0.3 +/-0.1% 0.16 +/- 0.04% 0.220t06%
R260 0.107 +/- 0.002% 0.118 +/- 0.006% 0.102 +/- 0.003%  0.116 +/- 0.009%
W264 12.5 +/- 0.6% 14.1 +/- 0.9% 9.0 +/- 0.4% 10.0 +6%
L268 0.9 +-0.1% 0.9 +/- 0.2% 0.5 +/- 0.1% 0.5 +/- 0.1%
M272 14 +/- 2% 14 +/- 2% 10 +/- 1% 11 +/- 3%
W276 4.8 +/-0.2% 5.3 +/- 0.6% 3.4 +-0.7% 4.2 +/- 0.8%
P293 0.200 +/- 0.002% 0.238 +/- 0.009% 0.23 +/- 0.02% 250/- 0.02%
N298 0.12 +/- 0.01% 0.11 +/- 0.03% 0.17 +/- 0.03% 0.040104%
H299 0.26 +/- 0.04% 0.22 +/- 0.02% 0.22 +/- 0.02% 0.1:90102%

*Each residue’s yield was determined by subtradtiegaverage yield among control replicates fromatrerage yield among

FPOP replicates.

7.7 References

1. Querfurth, H. W.; LaFerla, F. M., Alzheimer's Disease. New England Journal of Medicine
2010, 362 (4), 329-344.
2. Hartmann, T.; Bieger, S. C.; Bruhl, B.; Tienari, P. J.; Ida, N.; Allsop, D.; Roberts, G. W.;

Masters, C. L.; Dotti, C. G.; Unsicker, K.; Beyreuther, K., Distinct sites of intracellular production
for Alzheimer's disease AB40/42 amyloid peptides. Nat Med 1997, 3 (9), 1016-1020.

3. Hashimoto, M.; Rockenstein, E.; Crews, L.; Masliah, E., Role of protein aggregation in
mitochondrial dysfunction and neurodegeneration in Alzheimer’s and Parkinson’s diseases.
NeuroMolecular Medicine 2003, 4 (1), 21-35.

4. Hardy, J.; Selkoe, D. J., The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science (New York, N.Y.) 2002, 297 (5580), 353-6.
5. Walsh, D. M.; Klyubin, I.; Fadeeva, J. V.; Cullen, W. K.; Anwyl, R.; Wolfe, M. S.; Rowan, M.

J.; Selkoe, D. J., Naturally secreted oligomers of amyloid 3 protein potently inhibit hippocampal
long-term potentiation in vivo. Nature 2002, 416 (6880), 535-539.

6. Strittmatter, W. J.; Saunders, A. M.; Schmechel, D.; Pericak-Vance, M.; Enghild, J.;
Salvesen, G. S.; Roses, A. D., Apolipoprotein E: high-avidity binding to beta-amyloid and
increased frequency of type 4 allele in late-onset familial Alzheimer disease. Proc. Natl. Acad.
Sci. U.S.A. 1993, 90 (5), 1977-1981.

7. Corder, E. H.; Saunders, A. M.; Strittmatter, W. J.; Schmechel, D. E.; Gaskell, P. C.; Small,
G. W.; Roses, A. D.; Haines, J. L.; Pericak-Vance, M. A., Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer's disease in late onset families. Science 1993, 261 (5123), 921-
923.

8. Mahley, R. W., Apolipoprotein E: cholesterol transport protein with expanding role in
cell biology. Science 1988, 240, 622-630.

210



9. Aggerbeck, L. P.; Wetterau, J. R.; Weisgraber, K. H.; Wu, C. S.; Lindgren, F. T., Human
apolipoprotein E3 in aqueous solution. Il. Properties of the amino- and carboxyl-terminal
domains. J. Biol. Chem. 1988, 263 (13), 6249-6258.

10. Sivashanmugam, A.; Wang, J., A Unified Scheme for Initiation and Conformational
Adaptation of Human Apolipoprotein E N-terminal Domain upon Lipoprotein Binding and for
Receptor Binding Activity. J. Biol. Chem. 2009, 284 (21), 14657-14666.

11. Wilson, C.; Wardell, M. R.; Weisgraber, K. H.; Mahley, R. W.; Agard, D. A., Three-
dimensional structure of the LDL receptor-binding domain of human apolipoprotein E. Science
1991, 252 (5014), 1817-1822.

12. Westerlund, J. A.; Weisgraber, K. H., Discrete carboxyl-terminal segments of
apolipoprotein E mediate lipoprotein association and protein oligomerization. J. Biol. Chem.
1993, 268 (21), 15745-15750.

13. Bu, G., Apolipoprotein E and its receptors in Alzheimer's disease: pathways,
pathogenesis and therapy. Nat Rev Neurosci 2009, 10 (5), 333-344.

14. Carter, D. B., The Interaction of Amyloid-p with ApoE. In Alzheimer’s Disease, Harris, J.
R.; Fahrenholz, F., Eds. Springer US: 2005; Vol. 38, pp 255-272.

15. Soto, C.; Golabek, A.; Wisniewski, T.; Castafio, E. M., Alzheimer's B-amyloid peptide is
conformationally modified by apolipoprotein E in vitro. NeuroReport 1996, 7 (3), 721-725.

16. Wisniewski, T.; Castafio, E. M.; Golabek, A.; Vogel, T.; Frangione, B., Acceleration of
Alzheimer's fibril formation by apolipoprotein E in vitro. Am J Pathol. 1994, 145 (5), 1030-1035.
17. Ma, J.; Yee, A.; Brewer, H. B.; Das, S.; Potter, H., Amyloid-associated proteins a.1-
antichymotrypsin and apolipoprotein E promote assembly of Alzheimer B-protein into filaments.
Nature 1994, 372 (6501), 92-94.

18. Shuvaev, V. V.; Siest, G., Interaction between human amphipathic apolipoproteins and
amyloid B-peptide: surface plasmon resonance studies. FEBS Letters 1996, 383 (1-2), 9-12.

19. Golabek, A. A.; Soto, C.; Vogel, T.; Wisniewski, T., The Interaction between
Apolipoprotein E and Alzheimers Amyloid -Peptide Is Dependent on -Peptide Conformation. J.
Biol. Chem. 1996, 271 (18), 10602-10606.

20. Phu, M.-).; Hawbecker, S. K.; Narayanaswami, V., Fluorescence resonance energy
transfer analysis of apolipoprotein E C-terminal domain and amyloid B peptide (1-42)
interaction. Journal of Neuroscience Research 2005, 80 (6), 877-886.

21. Golabek, A. A,; Kida, E.; Walus, M.; Perez, C.; Wisniewski, T.; Soto, C., Sodium Dodecyl
Sulfate-Resistant Complexes of Alzheimer's Amyloid B-Peptide with the N-Terminal, Receptor
Binding Domain of Apolipoprotein E. Biophysical journal 2000, 79 (2), 1008-1015.

22. Chan, W.; Fornwald, J.; Brawner, M.; Wetzel, R., Native Complex Formation between
Apolipoprotein E Isoforms and the Alzheimer's Disease Peptide AB. Biochemistry 1996, 35 (22),
7123-7130.

23. Evans, K. C.; Berger, E. P.; Cho, C. G.; Weisgraber, K. H.; Lansbury, P. T., Apolipoprotein E
is a kinetic but not a thermodynamic inhibitor of amyloid formation: implications for the
pathogenesis and treatment of Alzheimer disease. Proc. Natl. Acad. Sci. U.S.A. 1995, 92 (3), 763-
767.

24, Hambly, D. M.; Gross, M. L., In The Encyclopedia of Mass Spectrometry: lonization
Methods, Gross, M. L.; Caprioli, R. M., Eds. 2006; Vol. 6.

211



25. Guan, J.-Q.; Chance, M. R., Structural proteomics of macromolecular assemblies using
oxidative footprinting and mass spectrometry. Trends Biochem. Sci 2005, 10, 583-592.

26. Xu, G.; Chance, M. R., Hydroxyl Radical-Mediated Modification of Proteins as Probes for
Structural Proteomics. Chem. Rev. 2007, 107 (8), 3514-3543.

27. Xu, G.; Chance, M. R., Radiolytic Modification and Reactivity of Amino Acid Residues
Serving as Structural Probes for Protein Footprinting. Anal. Chem. 2005, 77 (14), 4549-4555.
28. Hambly, D. M.; Gross, M. L., Laser Flash Photolysis of Hydrogen Peroxide to Oxidize
Protein Solvent-Accessible Residues on the Microsecond Timescale. J. Am. Soc. Mass Spectrom.
2005, 16 (12), 2057-2063.

29. Gau, B. C.; Sharp, J. S.; Rempel, D. L.; Gross, M. L., Fast Photochemical Oxidation of
Protein Footprints Faster than Protein Unfolding. Anal. Chem. 2009, 81 (16), 6563-6571.

30. Garai, K.; Frieden, C., The Association-Dissociation Behavior of the ApoE Proteins: Kinetic
and Equilibrium Studies. Biochemistry 2010, 49 (44), 9533-9541.
31. Xu, G.; Kiselar, J.; He, Q.; Chance, M. R., Secondary Reactions and Strategies To Improve

Quantitative Protein Footprinting. Anal. Chem. 2005, 77 (10), 3029-3037.

32. Xu, G.; Chance, M. R., Radiolytic Modification of Sulfur-Containing Amino Acid Residues
in Model Peptides: Fundamental Studies for Protein Footprinting. Anal. Chem. 2005, 77 (8),
2437-2449.

33. Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, A. B., Critical Review of Rate
Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals (*OH/*O-
) in Aqueous Solution. J. Phys. Chem. Ref. Data 1988, 17 (2), 513-886.

34, Kebarle, P.; Tang, L., From ions in solution to ions in the gas phase - the mechanism of
electrospray mass spectrometry. Anal. Chem. 1993, 65 (22), 972A-986A.

35. Dong, L. M.; Wilson, C.; Wardell, M. R.; Simmons, T.; Mahley, R. W.; Weisgraber, K. H.;
Agard, D. A., Human apolipoprotein E. Role of arginine 61 in mediating the lipoprotein
preferences of the E3 and E4 isoforms. J. Biol. Chem. 1994, 269 (35), 22358-22365.

36. Luo, J.; Maréchal, J.-D.; Warmlander, S.; Graslund, A.; Peralvarez-Marin, A., In Silico
Analysis of the Apolipoprotein E and the Amyloid 8 Peptide Interaction: Misfolding Induced by
Frustration of the Salt Bridge Network. PLoS Comput Biol 2010, 6 (2), e1000663.

37. Coles, M.; Bicknell, W.; Watson, A. A.; Fairlie, D. P.; Craik, D. J., Solution Structure of
Amyloid B-Peptide(1-40) in a Water—Micelle Environment. Is the Membrane-Spanning Domain
Where We Think It Is?T,%. Biochemistry 1998, 37 (31), 11064-11077.

38. Sakamoto, T.; Tanaka, M.; Vedhachalam, C.; Nickel, M.; Nguyen, D.; Dhanasekaran, P.;
Phillips, M. C.; Lund-Katz, S.; Saito, H., Contributions of the Carboxyl-Terminal Helical Segment to
the Self-Association and Lipoprotein Preferences of Human Apolipoprotein E3 and E4 Isoforms.
Biochemistry 2008, 47 (9), 2968-2977.

39. Yokoyama, S.; Kawai, Y.; Tajima, S.; Yamamoto, A., Behavior of human apolipoprotein E
in agueous solutions and at interfaces. J. Biol. Chem. 1985, 260 (30), 16375-16382.

40. Hilbich, C.; Kisters-Woike, B.; Reed, J.; Masters, C. L.; Beyreuther, K., Aggregation and
secondary structure of synthetic amyloid [beta]A4 peptides of Alzheimer's disease. Journal of
Molecular Biology 1991, 218 (1), 149-163.

212



	The Advancement of Mass Spectrometry-based Hydroxyl Radical Protein Footprinting: Application of Novel Analysis Methods to Model Proteins and Apolipoprotein E
	Recommended Citation

	Microsoft Word - $ASQ96808_supp_undefined_946895DA-7FF4-11E0-8D47-D86AF0E6BF1D.docx

