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Abstract

Numerous chemical species are important to theththedl biological systems. Some
species can be beneficial at low doses and haratflligh doses. Other species are highly
reactive and trigger serious cell damage. Imprawethods to detect the presence and activity
of such species are needed. In this work, sewmodbgically important species were studied
using appropriate analytical techniques.

Fluoride is an important species in human physkldg strengthens teeth and gives
protection against dental caries. However, elevatattentrations of fluoride in the body can
lead to health problems such as dental and skdletalosis. Reported fluoride sensors used
fluorescence quenching methods in determining ifi@orconcentration. Our study explored
synthesis and characterization of 1,8-bis(pherglitgido) naphthalenecgmpound 1) as a
fluoride sensing moleculeCompound 1 showed a remarkable 40 fold enhancement in
fluorescence with 5 eq of fluoride additioBompound 1 also showed possibility of visual
colorimetric sensing with fluoride.

Free radical mediated oxidations of biomoleculeg aesponsible for different
pathological conditions in the human body. Supeatexs generated in cells and tissues during
oxidative burst. Moderately reactive superoxideosverted to peroxyl, alkoxyl and hydroxyl
radicals by various enzymatic, chemical, and biaubal processes. Hydroxyl radical imparts
rapid, non specific oxidative damage to biomoleswdach as proteins and lipids. Superoxide
also reacts with nitric oxide in cells to yield prynitrite, which is highly reactive and damages
biomolecules. Both hydroxyl radical and peroxyménieadily react with amino acids containing

aromatic side chains.
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Low density lipoprotein (LDL) carries cholesteroh ithe human body. Elevated
concentration of LDL is a potential risk factor fatherosclerosis. Previous research drew a
strong correlation between oxidized low densitypfiptein (ox-LDL) and plaque formation in
the arterial wall. More importantly, oxidative dageacauses structural changes to the LDL
protein (apo B-100) which might facilitate the umaof LDL by macrophages. In this study
LDL was exposed to various concentrations of hydroadical peroxynitrite and hypochlorite.
Thereafter oxidized amino acid residues in apo B-d6re mapped by LC-MS/MS methods. We

found widely distributed oxidative modificationstime apo B-100 amino acid sequence.

Keywords: fluoride, fluorescence enhancement, ti@au chromogenic sensing, low

density lipoproteins (LDL), Fenton Chemistry, fremdicals, hydroxyl radical, peroxynitrite,

hypochlorus acid, surface mapping, proteomics, LEAMIS, natural variants
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Chapter 1.

Introduction to fluorescence enhancement based flumle sensing

1.1.Fluoride - friend or foe?

Fluoride is one of the most important elementshef periodic table. It belongs to the
halogen family (Group 17) of elements and showegh felectronegativity. American Dental
Association (ADA) and World Health Organization (\@M identified fluoride as one of the
most important elements in maintaining dental ihealt helps in preventing dental caries. It also
gives protection against several other teeth and gelated diseases. Extensive research was
done on the ability of fluoride to prevent and camnagainst dental cariésThis protection can
be achieved by multiple ways. Three chief mechasismere previously reported in the
literature?®

» Inhibiting bacterial metabolism: Bacterial infection in the plaque region reducesiki
of the plague significantly. Fluoride from the pl&qfluid readily combines with Hand
yields HF. HF diffuses through the bacterial celliwacidifies the cell and releases
fluoride ion which inhibits enzymatic activitiesn@ase) inside the cell. The process
becomes cumulative due to the trapped fluotide.

* Inhibiting demineralization of the surface: Dentin or enamel crystals markedly adsorb
fluoride in their crystal surfaces thereby prevessolution of the teeth by acid.
Supplemental fluoride plays a critical role in timsocess. Incorporated fluoride is not
sufficient to prevent dental caries and fluoridp@ament all through out the life span is

necessary* for maintaining dental health.



* Remineralization of the surface:In the cary lesion, fluoride from topical sourdedps

in nucleating and remineralizing the partially deeralized surface by forming

fluorapatite [FAP: Ca(PO4)F,] which is less soluble than carbonated hydroxyismit

However, elevated concentrations of fluoride cad I several physiological symptoms.
Long term exposure to fluoride may cause denta|estl and crippling skeletal fluorosis. In
severe cases it leads to mottled and disfigureith.tédso it increases bone density in case of
skeletal fluorosis. Therefore it makes the bonegileaand susceptible to fracture particularly at
the joints. One of the major problems with fluorideghe physiological system is the inability of
the system to remove fluoride by biochemical patsva

Also, high concentrations of fluoride can initiaiiltiple problems in plants, aquatic and
marine environment. Aluminum fluoride can also ptaitical role in cellular biochemistry of
plants and animafs.

Additional resources provided results that werenew®re alarming and uncomforting.
Ayoob & Gupta’s most informative reviévon fluoride contaminated ground water revealed tha
long term exposure to low level of fluoride (0.57,02.8 ppm) can cause wide geochemical
disease such as fluorosis. An interesting recemeweon a book was published @hemical and
Engineering News™ regarding fluoridation of watér. Unfortunately, the book could not remain
unbiased. It was coined that the book instead wéakng a clear picture took sides in favor of
fluoridation.

In recently published notes, the World Health Orgation (WHO) recommended the
fluoride level of drinking water should be 1.5 mg(ppm)! Interestingly, United States
Environmental Protection Agency (EPA) does not laiguthe addition of fluoride to water.

EPA’s Safe Drinking Water Information System (SDW#stively tracks fluoride concentration



only in water systems with naturally occurring flige level above the established regulatory
limits (>2.0 ppm)*?

The objective of this research, in this regardiasto raise a new debate on fluoride, but
rather to emphasize the fact that the concentratibrfluoride is extremely important in
physiological and environmental systems. Improvedlyical methodology is necessary to

address some of the related problems in fluorideatien.

1.2.Fluoride Detection

Anions are important in physiological and enviremtal system&™’. Various methods
exist for determination of fluoride and other arsidgn solutions> *# **Most commonly used
methods are ion selective electrodes (f8E} and photoluminescence. Photoluminescence
methods are based on absorbance and fluoresceandhisl chapter we will mostly discuss

fluorescence based methodologies over other methods

1.2.1. lon selective electrode based detection of fluoride

Lanthanum fluoride, Lafis widely used as a crystalline membrane electrtote
determining the fluoride ioff. Europium fluoride (Eufj can enhance its semiconductor
property. The mechanism of the development of ftiesensitive response (potential) are very
similar to glass or pH sensitive membranes. In tsharthe membrane interface ionization
creates a charge on the membrane surface as shote bllowing scheme (Scheme 1.1). The
magnitude of the charge depends on the activitynfoonly termed as concentration) of the

fluoride ion in solution.



LaFy == LaF, + F
solid solid soln.

Scheme 1.1. Dissociation of LaFn membrane electrode.

Commercially available Lafelectrodes are rugged and can be operated iratiye rof O
— 80 °C. The response is linear down to microm(lér° M ~ 0.02 ppm) concentratici. The
anionic interferences come from hydroxide ion. @tpelyvalent cations can interfere in the
measurements too by disrupting the chemical eqialitor the fluoride in solution. Basicity of
F can cause problems at lower pH. Thus the measnte for ISE’s are best within the pH
range of 5 — 9. Also, ISE theoretically measurds/iég of the ions in solutions not the actual
concentration.

Fluorescence based anion detection were a popli@anative to ISE in determining
anions in solutions. Both fluorescence and absadanethods are extensively employed to

determine fluoride and other anion affinity towax@sious organic chromophores.

1.2.2. Fluorescence basics

Matter can absorb and re-emit light by the phenamertalled luminescence.
Fluorescence and phosphorescence are the twoedifféypes of luminescence. Fluorescence
involves emission from a singlet excited state singlet ground state. In phosphorescence, the
emission involves a transition from a triplet egditstate to a singlet ground state. Beacause the
spin flip results in a forbidden transition, thietime of phosphorescence is considerably longer
than that for fluorescence. Fluorescence lifetimeee around 18 sec, while those for
phosphorescence are™Lth 1 sec or sometimes even longer. Most intergistitin fluorescence,

the energy of the emitted photons is at longer Vvesgth than that of the absorbed photons.



Some of the absorbed energy of the photons wasneleh into other processes (vibrational
level, phonons, thermal energy). The resulting siois wavelength is therefore longer (lower
energy). The process is detailed in the energyrdimgoelow called Jablonski diagram (Figure
1.1)2% %5

A photon with frequencw and energy &, was absorbed by the ground statg) (S
fluorophore (fluoresceing moiety) (typically $0sec) and reached its singlet excited staterS
S,. At higher energy levels internal conversion ti8ec) occurs when the photons passes from
higher vibronic level to lower vibronic levels (lélaotted arrows). Also non radiative (red dotted
arrows) processes are associated with transfehotops from high energy singlet statg t8
lower energy singlet state;.9n short, the molecule will partially relax andach the excited
state singlet state; St can further relax back to the ground stateebytting a photon of energy
hv; (which is of longer wavelength and lower energwanthhvy) and show fluorescence
(represented by solid green arrow). Stokes shifiescribed as a shift to longer wavelength due
to vibrational relaxation and internal conversituorescence lifetime typically is Gseconds

or shorter.
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Figure 1.1 Jablonski diagram.



In phosphorescence, through an inter system cip<g$8C), a spin conversion of the
molecule from excited state singlet ® its triplet state (1). This transfer represents a spin
forbidden transition. Due to spin-forbidden traimsit phosphorescence (represented by a navy
blue arrow) lifetime is much longer than that afdtescence life time. Chemiluminiscence is a
related emission process in which the excited gtatachieved through a chemical reaction
instead of a photon absorbance. Once formed, #arehic excited state in chemiluminiscence
behaves the same as those observed in fluorescence.

Fluorescence has several different advantagesatkier analytical techniqué®? It is a
non-invasive technique in the first place. The diba limit can easily reach nanomolar to sub-
nanomolar levels. Fluorescence gives at least orikrée orders of magnitude better detection
limits than that of absorbané&Also fluorescence has longer linear dynamic racmapare to
absorbance spectroscopy. Fluorescence is also swleetive because not all compounds

fluoresce. The compounds which show fluorescenee hharacteristic emission wavelength.

1.2.3. Example of typical fluorescence spectra

A fluorescence emission spectrum is obtained byrgog emission wavelength with a constant
excitation wavelength (often at the absorbance mami). An excitation spectrum can be

obtained by scanning the excitation wavelength evkdeping the emission wavelength constant.
An idealized depiction of the excitation and enussspectrum is shown above. The peak-to-
peak distance between excitation and emission marinvas considered as Stokes Shift (Figure

1.1).
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Figure 1.2 An idealized fluorescence spectrum wafi@wvn. Both excitation and emission scans were defgdl.
Stokes shift was also pointed out.



1.2.4. Benefits of fluorescence measurements

Fluorescence measurement exhibits some outstantegefits over absorbance
techniques, primarily because it is based on a dedkground. In a typical fluorescence
spectrophotometer the detector is placed at a B@feaelative to the light source (Figure 1.3),
while in absorbance the setup is 180°. A 90° camégon minimizes the transmission and
reflection of non-fluorescent light reaching thdaei¢or. In other words scattered light does not
interfere with the experimeft.The signal to noise (S/N) ratio is substantiatipha&nced, and an
approximately 10,000 times better detection lindih de achieved with a 90° sefiip?® The
excitation and emission monochromators are wavétersglectors which allow specific
wavelength to pass before and after the fluoresc@vents. Most interestingly, fluorescence
detection is highly sensitive due to a cyclic psxwhich gives the instrument a better detection.
The same fluorophore when excited in a cyclic wag celease thousands of photons during
detection. For absorbance the cyclic method doeyialml any improvements since the detector
is in the same line with the light source.

Several different factors contribute to the fluaessce of a particular moiety. In general,
a rigid structure, extended conjugation and plapanithe fluorescing moiety play a crucial role
for a fluorophore to fluorescd.In addition; excitation and emission spectra alspend upon

the micro-environment and type of solvent uSed.
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Figure 1.3 Schematic of a fluorescence spectrophoteter. A 90° angle between incident light and thenaitted
light was depicted in the picture. Monochromators & wavelength selectors for excitation and emission
beams?
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1.2.5. Fluorescence quenching and enhancement

The Term fluorescence quenching is related to theredse in fluorescence of a
fluorescing moiety by any process. Several diffeymocesses including excited state reaction,
molecular rearrangements, energy-transfer, grouate scomplex formation and collisional
quenching can cause quenching of fluorescencelsigna

Collisional quenching is often termed as dynamiergpuning as it involves the direct
encounter of the excited state fluorophore to tlhengher in a dynamic way. When the
fluorophore interacts very strongly with the quesrcAnd forms a non-fluorescent complex, it is
known as a static quenctérHowever, increase in fluorescence after complerabietween the
fluorophore and the interacting ligand can alsouoc&nd has advantages. Such interactions
improve the signal to noise ratio. A lower limit détection can also be achieved in the case of
fluorescence enhancement compared to quenchingrdsicence reveals pertinent information
about the change in the electronic and moleculafigoration during the fluorophore-ligand

interaction.

1.3.Urea and thiourea in anion sensing

Hydrogen bonding was depicted as one of the maestialrevents in anion sensing with
urea and thioure®: ** ®3Highly electronegative atoms such as oxygen, gémoand fluorine
interact strongly with hydrogen forming a strongateraction than dipole-dipole interactions.
The interaction is however weaker than the regwlaic or covalent bond. Previous researches
revealed the potential hydrogen-bond (H-bond) daapability of urea and thiouré.2® 27 30-32

Both Urea and thiourea make strong H-bonds witlartoxylates and hydrogen phosphates.

Urea based receptors were exploited for variougro#ipplications including anion sensing.
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Stephan and co workérsincorporated urea bond in lipophilic dendrimershieSe unique
dendrimers showed classical host-guest chemistsgjiarating anions from aqueous soluffdns
Xie and co-worker¥ reported a tripodal naphthylurea based moiety wHitoresces selectively

in the presence of dihydrogen phosphatgP@® ). Namet. al.*

explored a calix[4]diquinone
compound where urea is appended in the structureh®f compound. Interestingly, this
compound showed selective affinity towards HSGover HPQ, , CI and CO, . In a
related but slightly different subject, a compleixj4]arene based thiourea compound was

synthesized which showed better efficiency in tpamsng CsCl and KCI than other cation or

anion receptors’

1.4.Fluoride Sensing

Over the past few decades, several different ii@osensing molecules were reported in
the literature?® 1719 2% 37 3Boron, aluminum and calixarene based compoundsvestho
promising results. Yamaguchi and coworkers repodedoron based anthracene compound
where the boromr-orbital accepts electrons from fluorfde(Figure 1.4). The extensively
conjugated boron anthracene compounds were higlolprex. With these compounds,
fluorescence quenching was observed with fluorklso a dramatic color change indicated the
possibility of colorimetric anion sensing. Chétt al. reported another cationic borane which

showed interaction between boron and fluoride viaarding?*".
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R;= R, = 9-anthryl
R1= 9-anthryl, R2= mesityl
R;= R, = mesityl

Figure 1.4 Boron based analogue by Yamaguclet. al.** and aluminum based analogue reported by Badet.
al.®®

Aluminum binds strongly to fluoride. Aluminum ponpin based compounds can be
useful in sensing fluoride in solution. A thin polgr based sensor using aluminum (lll)
octaethylporphyrin was reported (Figure 1.4) thah aletect fluoride in the micromolar to

submicromolar range. This methodology, however, based on absorbance detecfidn.

Figure 1.5 Calixarene based fluoride sensing moletaureported by Kim et. al.*?
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Several different calixarene based molecules fanatized by urea and thiourea moieties
were reported in the last two decades. kral. reported more than one calix[4]arene molecule
which can behave as cation as well as anion seffsdrs 2006, a urea functionalized
calix[4]arene based molecule was synthesized (Eigus) which showed excimer emission as
well as an increase in fluorescence in the preseffieoride** However, it was apparent that
the amount of fluoride added was significantly higlsteban-Gomeet. al. reported urea based
supramolecular compounds which showed color dewvedmp in the presence of various

anions?®

Figure 1.6 Various thioureido analogues reported byGunnlaugssonet. al.*® " *> Both anthracene based
receptors and thalimide based receptors were repoed.

Ureido protons are somewhat acidic in nature. Hididsic anions such as fluoride or
acetate can easily abstract two hydrogen atoms filmenurea bond. Although absorbance
represented poor detection limit compare to fluoeaese, the possibility of chromogenic sensing
had revealed some interesting new sights in ursadsensing. Gunnlaugsson’s pioneering work
in the area of anion sensii’” **incorporating urea and thiourea in supramolecsiiarctures

(Figure 1.6) revealed several interesting factsstMd these urea and thiourea based compounds
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interact strongly with fluoride by strong hydrog&ond formation involving the ureido or
thioureido hydrogens. In the same context theseupgroalso reported several different
naphthalimide based receptors which can be useflumide sensing based on absorbance as
well as fluorescenc¥. These receptors work following the photoinducestebn transfer (PET)
mechanisn® Several anthracene and naphthalimide based uah@urea moieties (Figure
1.6) were studied for fluoride, acetate, hydrogbongphate and other halides. Both absorbance
and fluorescence results were presented for ur@ndbthioureido compounds. The majority of
these compounds showed PET based quenching whishoviginated from fluoride binding

leading to conformational changes in the respeatrapounds?’

HaC, o)
N
/
HaC : HN—NH
}/-—NH
S

2\
N

NO,

Figure 1.7 Thiourea compound reported by Nie and cworkers®. The compound showed fluorescence
enhancement with acetate and fluoride.

Nie and coworkerd over the years reported several phenyl thiouredaompounds
(Figure 1.7) which showed fluorescence enhancemeiguenching in the presence of acetate
even over fluoridé® 3% 3*In most cases a clearly defined isosbestic pbimas observed after
addition of the host. This indicated the changeonformational structure after binding to the
host. Some of these studies showed fluorescencaneament in presence of the analyte.

Detection limit for various hosts lie in the rangfemicromolar to submicromolar range.
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Scheme 1.2 Synthesis of 1,8 bis-(phenylureido) naphlene analogue as presented by Xet. al.*® and Choet.

N//C Q )/-—NH HN—§ @

H2N Dry CH,Cl, O
+ >
H,N Overnight
| 46

Scheme 1.3 Synthesis of 2,3 bis-(phenylureido) naphlene analogue reported by Xiet. al.

Naphthalene is a substantially rigid molecule wétttended conjugation. Chei. al.*’
studied phenylurea immobilization on diaminonaplgha based systems. Their work was
focused on chromogenic sensing of anions. Therdfwreresearch was mostly emphasized on
absorbance measurement while the whole new vidlaafscence remained unexplored. &u
al.*® synthesized phenylurea analogues of 1,8-diamirtbtizalene (Scheme 1.2) and . 2,3-
diaminonaphthalene (Scheme 1.3). 1,8-bis(phenylajaaphthalene showed fluorescence
enhancement with fluoride while the 2,3-analogue bt reveal any promising results. It was
indicated that the presence of fluoride could iredydanarity to the 1,8-analogue to yield
extended conjugation and fluorescence enhancerdese and coworkefsreported urea and
thiourea based anthraguinone compounds (Figure vit83h can act as a fluoride sensing

molecule. A pronounced variation in the absorbasgectra was observed after addition of
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fluoride to the respective ureido and thioureidalagues. However fluorescence behavior of the

mentioned ureido and thioureido analogues werexylbred extensively in Jose’s study.

HN

@) HN/gX
QOO T
0]
X:0,8S

b

Figure 1.8 Anthraquinone ureido and thioureido anabgue reported by Joset. al.*®

Considering the above mentioned approaches we hayathesized 1,8-
(bisphenylthioureido)naphthalefi€Compound 1) as a potent fluoride sensing molecule (Figure
1.9). The compound was characterized by **C NMR and MALDI-Mass spectrometry.
Fluorescence experiments were performed on the eontpin the presence of fluoride and other
halides. Acetate and hydrogen phosphate were dideda A remarkable 40 fold enhancement in
fluorescence signal was observed in the presenbeegfiivalence of fluoride in acetonitrfielt
was selective to fluoride over other halides. Hgdmphosphate and acetate did show
enhancement in fluorescence, but the increaseunrdscence signal was small compared to
fluoride. From the structure it is evident that fdbioureido protons can interact strongly with

fluoride, which is small and has a high charge dgns

In addition,Compound 1 (Figure 1.9) showed promising results (Chapteinahe area
of visual colorimetric chromogenic sensitigThe solution ofcompound 1 changed color (a

bathochromic shift was observed in the absorbapeetsa) upon addition of 10 equivalent of

17



fluoride in acetonitrile. The change in color wasually perceptible at high concentration of

fluoride.

SN

P NN

S NHHN S

Figure 1.9 1,8-bis(phenylthioureido)naphthalene (Cmpound 1).

Binding affinity of fluoride to the thioureido proms were discussed in previously
published article$® ** Plausibly, the twisted structure of naphthaleneytigularly after
isothiocyanate immobilization, could achieve higltergree of planarity in the presence of
fluoride ion. Fluoride being small could gain a thigegree of accessibility to the thioureido
protons thereby enhancing the ability to form sgrdt-bond with the molecule. Remarkable
fluorescence enhancement after addition of fluotmleompound 1 suggests that interaction
with fluoride was forcing the twisted structure decome planar. In ureido compounds energy
minimization calculation (AM 1) supports the confa@tional changes around the naphthalene
ring for better planarity® In anthraquinone based thioureido analogues dosé.*® calculated
relevant energy minimization data (AM 1). Jose’kalation revealed the insight that fluoride,
being the smallest among the halides, will readsen to the thioureido protons. The other

halides being bigger could not fit themselves priype the space near thioureido protons.

Compound 1 gives several advantages over the other reportedride sensing
molecules. While a large number of fluoride sensimgiecule were based upon fluorescence

19, 50 g 51 .
quenching or absorbanc€, °>* compound 1 showed fluorescence enhancement in the

presence of fluoride. No other halides interferghis detection. Very high concentrations of
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acetate or hydrogen phosphate can interfere sfigalthough it can not completely undermine

the detection limit oEompound 1
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Chapter 2.
Fluoride detection based on fluorescence enhancentear

naphthalene thioureido derivative

2.1. Abstract

A novel thioureido naphthalene derivative was sgsthed and characterized. The
compound proved itself as an effective fluoridessgrwith respect to selectivity and sensitivity.
In acetonitrile, the fluorescence intensity inceghgl0 fold with addition of 5 equivalents of
fluoride. Fluorescence intensity did not substdiytiehange with other halides, suggesting that
the thioureido protons interact strongly with flige but not with other halides. The enhanced
fluorescence is due to increased quantum efficieftlye fluoride complex.

Keywords: Fluoride sensing; thioureido compoundgifescence

2.2. Introduction

Anions play various important roles in biologicahda environmental processes in
nature’® Though considerable attention has focused on ¢lestive detection of anions using
visible colorimetric sensors’ less progress has been made with the more poweduhique of
fluorescence. Fluoride sensing is important sifeeride plays crucial roles in dental cafies
and other medical issues such as osteopotbEiscess fluoride however causes fluorééis,a
type of fluoride toxicity that is typically relate an increase in bone density. The important
consequences of elevated and depleted fluorideecdration make effective fluoride sensing an

important tool. Though a series of fluoride sersmmpounds have already been repdrted **
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1517, 2641 hy various researchers, there remains a strongtigmh impetus to improve the
detection at micromolar to submicromdfaievels. In addition past research mainly focused
urea based sens6f$® *'while the whole new vista of novel thiourea basedsor¥” *> 16 3¢ 40

“1 was largely unexplored (Chapter 1). We therefgrehesized (Scheme 2.1) and characterized
1,8-bis(phenylthioureido)naphthalene as a fluoneispeobe for fluoride detection as well as a
chromogenic fluoride sensor. The structure of commgol was confirmed b\H (Figure 2.1) and
3C NMR (Figure 2.2) and mass spectral analysis (€igu3). In the presence of fluoride, this
compound shows a new fluorescence peak (Wmlax = 447.5 nm), as shown in Figure 2.4.
Chloride (Figure 2.5), bromide (Figure 2.6) or meli(Figure 2.7) addition did not cause any

change in the fluorescence intensity or shape.

i A,
Il
-.C
NH, NH N NH HN
2 2
N EtN, RT, 24Hrs S)\NH HN/I%S
e

Scheme 2.1 Synthesis of 1,8-bis(phenylthioureido)plathalene (Compound 1).
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Figu_re 2.1'H NMR spectra for compound 1. Frequency calculationdata can be viewed at the end of the chapter in Isetive data for compound 1
section. DMSO was used as a NMR solvent. Two thiogido protons were missing from the spectra due taapid exchange with the solvent.
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Figure 2.2"%C NMR data for compound 1. Frequency calculation dea can be viewed at the end of the chapter in seta® data for compound 1 section.
DMSO was used as NMR solvent.
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Figure 2.3 MALDI-Mass spectrum of compound 1 in preence of 0.1 (M) AgNQ@ solution. Mass of compound 1 is 428 amu. 535 ammd 537 amu
masses were observed indicating the silver adducirination.
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Figure 2.4 Fluorescence spectra on fluoride additioto compound 1 in acetonitrile. Initial concentraton of compound is 50uM. Fluoride was added in
12.5pM increments. Excitation wavelength = 345 nm; emissn maximum = 447.5 nm.
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Figure 2.5 Effect of chloride on compound 1 (5€10° M). 1 eq chloride per addition. A total of 9 eq of
chloride was added. No perceptible change in thegsial was observed.
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Figure 2.6 Effect of bromide on compound 1 (5€10° M). 1 eq bromide per addition. A total of three eqof
chloride was added.
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Figure 2.7 Effect of iodide on compound 1 (5€L0° M). 1 eq iodide per addition. A total of three ecpf chloride
was added.

However, a fluorescence response to dihydrogenphtesplfégure 2.8) and acetate
(Figure 2.9) has been observed, although the regptonfluoride is substantially higher than that
for these other anions. The fluorescence respansaé equivalents of dihydrogenphosphate is
approximately equal to that observed for one edenteof fluoride. Similarly, nine equivalents
of acetate yielded a fluorescence signal that wasoapnately equal to addition of two
equivalents of fluoride Separate experiments showed that even in themresof 1 mM
dihydrogenphosphate (Figure 2.10) or 1 mM, acefatgure 2.11)compound 1 still showed
enhancement in fluorescence with addition of 0.2bivedent of fluoride. While some
interfering signal may result from the presencehafse anions, the response to fluoride is not

inhibited by their presence.
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Figure 2.8 Effect of dihydrogenphophate (HPO, ) on compound 1 (5€10° M). 1 eq H,PO,  per addition. A
total of ten eq of HPO, was added. Slight increase in the signal was obas.
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Figure 2.9 Effect of acetate on compound 1 (300° M). 1 eq acetate per addition. A total of ten eqfcacetate

was added.
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Figure 2.10 Fluorescence enhancement with fluoride presence of 1mM dihydrogenphophate (PO, ) on
compound 1 (5610° M). 0.25 eq of fluoride per addition. A total of 25 eq of fluoride was added. Significant
fluorescence enhancement after fluoride addition weaobserved.
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Figure 2.11 Fluorescence enhancement with fluoride presence of 1mM acetate (CECOO ) on compound 1

(50x10° M). 0.25 eq of fluoride per addition. A total of 25 eq of fluoride was added. Significant fluorescere
enhancement after fluoride addition was observed.
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A titration experiment’d NMR) showed substantial changes upon addition @frifie.
The thioureido proton signal decreased rapidly larmddened with addition of fluoride (Figure
2.12). No significant changes in the aromatic protignals were apparent. The observed
changes in the thioureido proton NMR signhal sugg#sing H-bonding between thioureido
protons and fluoride ions with exchange on the NMfetscale. Due to its small size and high
charge density, the fluoride ion had a much stromgeraction with the thioureido protons than

the other halides, resulting in the selective enbarent of fluorescence by fluoride.

ppeTT.. - o

© AR il G
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(a) l N J \“ I

z J "\k,, SO e /JJ{MIV‘VJU\VWNM’ \,N.,,J\."\,_v g v;“»”\
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Figure 2.12 : Partial 1H NMR (400 MHz) of compoundl (5 mM) in DMSO-ds upon the addition of
tetrabutylammonium fluoride: (a) O pM, (b) 10 uM, (c) 20 uM, (d) 30 pM, and (e) 40uM.
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Fluorescence intensity increased significantly watthidition of fluoride, while other
halides showed little or no change. An approximalefeld enhancement in fluorescence
intensity at 447.5 nm was observed in the presericé equivalents of fluoride (5QM
compoundl, 250uM F). Furthermore, addition of only 0.25 equivalenflobride (12.5uM F’)
resulted in an approximate 1.5 fold increase inrfgcence intensity at 447.5 nm, indicating that
detection limits in the low to sub micromolar rangre possible. UV-Vis absorbance spectra
(Figure 2.13) were acquired to determinecoimpound 1 can also behave as a chromogenic
sensor. After addition of 10 equivalents of tetrglarhmonium fluoride, a bathochromic shift in
the absorbance spectrum was clearly observable. M/dhde present, the absorbance extended
into the visible region, indicating that detectionfluoride could be carried out colorimetrically,
perhaps even with the naked eye. However, supeei@ction limits exist using fluorescence
methods.

The data in Figure 2.13 indicate an approximatebtliog in the absorbance at 345 nm
upon the addition of excess fluoride. Fluoresceatata (Figure 2.4) illustrate an approximate 40
fold enhancement near saturation (the point whdreahpound 1 molecules are bound to
fluoride). Since fluorescence at low concentratisnproportional to absorbance, these data
indicate that only a small portion of the fluoresce enhancement can be accounted for by
increased absorbance. Consequently, we can conthadehe fluoride complex has a larger
guantum yield than unbourid Based on the absorbance and fluorescence datanttancement
in quantum yield is estimated to be 20 fold. Toiservation is in agreement with previous
reports which suggested improved planatignd lack of relaxation via twisted conformatits

“3 as possible mechanisms for enhanced fluorescangeido derivatives.
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Figure 2.13 Absorbance of compound 1 (50M) before (green trace) and after 50QuM fluoride addition (red
trace).

A novel thiourea based sensor molecule, 1,8-bis@dtieaureido)naphthalene, was
synthesized and characterized. The compound shdwegk$cent enhancement in the presence
of fluoride. This response was selective for flueridvith chloride, bromide, and iodide
producing little or no response. The large enhamerds in fluorescence (40 fold observed in
this study) suggest that this molecule may provideroved analytical characteristics over
previously described molecules, especially sincaynwdher studies have reported molecules that
exhibit either fluorescence quenching in the preseof fluoridé* or show only changes in
absorbancé® 2" 31 3*Compound 1 may also be advantageous since its fluoride come be
excited in the visible region.

The potential practical applications cdbmpound 1 appear to be versatile and include

fiber optic and nanometric sensors for fluoride.rr€mt work focuses on immobilizing
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compound 1lon a solid support (such as a fiber optic or nanoges) for detection of fluoride

in aqueous media.

2.3. Experimental section

All starting materials were purchased and used withather purification. *H and**C
NMR were recorded on a 400 MHz spectrometer operating.4 T. NMR experiments was
carried out in DMSQds with 0.05% v/v TMS. Mass spectra were acquired &itiALDI-TOF
mass spectrometer. Fluorescence experiments wenedcaut in acetonitrile solution with
excitation wavelength of 345 nm and emission rang8786-550 nm with 7.5 nm slit widths.
UV-Vis absorbance experiments were carried out withitguauvettes (path length 1 cm).

2.39 mmol of 1,8-diaminonaphthalene was dissolne2D ml dry tetrahydrofuran. Two
drops of triethylamine was added. This mixture weshtadded drop wise over one hour to 32.5
mmol of phenylisothiocyanate which was dissolved 0nn2L tetrahydrofuran. The system was
kept in a nitrogen atmosphere. The mixture wasestiat room temperature for 24 hours. The
progress of the reaction was monitored by TLC (etuédfo acetonitrile in chloroform). The
mixture of the compound was purified by column chatmgraphy (eluent: 4% ACN in

chloroform). The yield was approximately 20-22%.

2.3.1. Selected data for compound 1

MP: 135-137EC decomposedH NMR (DMSO-de) [0 11.43 (s, 2H), 7.53 (dl = 7.8
Hz, 2H), 7.46 (tJ = 7.8 Hz, 2H), 7.28 () = 7.8 Hz, 4H), 7.21 (d) = 7.9 Hz, 4H), 7.13 () =
7.9 Hz, 2H), 6.67 (d] = 7.8 Hz, 2H), two additional thioureido protons weot observed due to
exchange**C NMR (100 MHz, DMSO-¢g) 5173.7 (q), 140.6 (q), 136.1 (q), 134.8 (q), 12@6

X CH), 129.1 (CH), 122.6 (CH), 119.9 (CH), 119.0 (2 X CH}6.9 (q), 105.4 (CH); matrix
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assisted laser desorption ionization mass spectesr(ldALDI-MS) showed the silver adducts
(*"Ag, 1°°Ag) at m/z = 535, 537 amu, corresponding to the etguemolar mass of 428 amu.
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Chapter 3.
Mapping amino acid oxidations of apolipoprotein B-DO in LDL by

LC-MS/MS and analysis of natural variants: An introduction

3.1.Cardiovascular diseases (CVD) — epidemiology andsk factors

Cardiovascular diseases (CVD) are among the leadauges of death in western
countries. Millions of people die from these dis=asvery year in the United States (Figure 3.1).
Each year the American Heart Association, in conjonctvith several other agencies, publishes
a variety of literature, notes and safe practiagshiealthy living. Some interesting statistical
updates on CVD are furnished below.

* The 2006 overall death rate from CVD (was 262.5 0€,d00. The rates were 306.6 per
100,000 for white males, 422.8 per 100,000 for biackes, 215.5 per 100,000 for white
females, and 298.2 per 100 000 for black femalesmFL996 to 2006, death rates from
CVD declined 29.2%. Mortality data for 2006 show t6&D accounted for 34.3% (831
272) of all 2 426 264 deaths in 2006, or 1 of ex@@ydeaths in the United States.

* On the basis of 2006 mortality rate data, nearly028Mericans die of CVD each day, an
average of 1 death every 38 seconds. The 2007 Ibpezminary death rate from CVD
was 250.4. More than 151,000 Americans who succumbetkath by CVD in 2006
were <65 years of age. In 2006, nearly 33% of dedtiessto CVD occurred before the

age of 75 years, which is well before the averagedifpectancy of 77.7 yedrs.
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Figure 3.1 Deaths from Cardiovascular diseases charA decreasing trend after 1970 could be noted.

Undoubtedly a general mass awareness of cardiovastigkzases is playing a critical
role in decreasing the number of deaths from tlgeate. The data, however, seems to indicate
that it is still a severe threat to public heatitdeveloping and developed countries. According to
the World Health Organizations fact sHea cardiovascular diseases, the annual deatfrdail
this disease is highest compared to any other shsea

An estimated 17.1 million people died from CVD in 2082presenting 29% of all global
deaths. Of these deaths, an estimated 7.2 millior \@ae to coronary heart disease and 5.7
million were due to strokéMost alarmingly, by 2030, almost 23.6 million pésill die from
CVD per year, mainly from heart disease and strdkese are projected to remain the single
leading causes of death. The largest percentagease will occur in the Eastern Mediterranean
Region. The largest increase in number of deatHuwdlr in the Southeast Asia Regfon.

In general, CVD are considered as a group of dissrdefuding coronary heart diseases,
cerebrovascular diseases, peripheral arterial skseaheumatic heart disease, congenital heart

disease, deep vein thrombosis and pulmonary emmbol&everal different behavioral factors
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contribute to the cardiovascular disease risk factnhealthy diet, physical inactivity and
tobacco use are the chief risk factbrs.

It has been understood for many years that diahisssential component to avoid CVD.
Elevated blood cholesterol was implicated as onéhefmajor risk factors for cardiovascular
disease$.  Although a recent survey indicated a downward trenderum cholesterol levels
(Figure 3.2) in people of age 20 and older, eleVatelesterol still poses a considerable threat to

the community health.
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Figure 3.2 Trends in mean total serum cholesterolraong adults of age 20 and older, by race/ethnicitsurvey.
(NHANES: 1988-94, 1999-02. 2003-04, 2005-06)
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3.2.Low density lipoproteins (LDL)

3.2.1. Lipoproteins

A lipoprotein is an assembly of lipid and proteinichéogether (Figure 3.3) by non-
covalent force$.> Low density lipoprotein (LDL) is one major lipopein which is synthesized
in the liver. LDL plays a critical role in cholesté transport in physiological systems (Figure
3.4). The other lipoproteins are chylomicrons, Viewy density lipoprotein, intermediate density
lipoprotein and high density lipoproteins (HDL)! Higher level of HDL helps preventing
cardiovascular diseas&s® ° LDL serves as a representative of serum bloodestefol in

medical conditions and is often termed as “bad’lesterol®

3.2.2. LDL function

Low density lipoproteins consist of three componehte core is made up of cholesteryl
ester and triacylglycerol, the outer layer free lebterol and phospholipids. One single
monomeric protein apolipoprotein B-100 (apo B-160¢ircles the LDL particfe’ (Figure 3.3).
The average molecular weight of LDL particle is apimately 3 million Daltor’. Brown and
Goldstein’s legendary wotk *? on LDL and LDL receptors earned them a Nobel Pirizéhe
1980’s. LDL transports cholesterol through circuat In general, when a cell needs cholesterol,
LDL is transported to the cell (Figure 3.4). Thek®L binds to the LDL receptors (LDL-R)
which are positioned in the cell surface. After bingJithe assembly is taken inside the cell by
endocytosis, forming a coated pit followed by a edatesicle. In the endosome, the assembly
becomes protonated, and LDL receptors break fage ftDL. The LDL enters lysozome and is
degraded to release the cholesterol. The proteakisrdown to amino acids. The LDL receptors

go through the recycling vesicles and return badké surfacé?
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Figure 3.4 Mechanism of LDL uptake by cells in thephysiological systems. LDL was included in the callafter binding to LDL receptors. After going
through Lysosomal degradation, cholesterol is relessed and used in cellular functions.
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3.2.3. Structure of apolipoprotein B-100in LDL

Apolipoprotein B-100 (apo B-100) stays in the outestnside of LDL (Figure 3.3). This
protein is secreted from the liver and is one @& thrgest monomeric proteins in existence
(molecular weight = 550 kDd¥:*° It consists of 4563 amino acids (accession # PO4$1rhe
structure of apo B-100 is still poorly understo@die to the enormous size of this protein, it is
rather difficult to determine the crystal structufethis protein. Also, the protein is lipid bound
hence there could be a possibility of structuraednge if the protein is delipidated during the
structural studies and not represent a true acagfuthe structure. It should be noted that Apo B-
48 which is an isoform of apo B-100 was found in ohyicrons (stop codon at amino acid
AA2180) and are synthesized in the small intestine.

Several attempts were made to elucidate the steiofumpo B-100 in LDL: ** " Despite
some useful information published in the literataver the last two decades, the structure of the
protein is still not lucid. Molecular modeling meth although showing promise, were limited
and speculative in this case particularly due dize of the proteiff: ** *°In homology based
molecular modeling researchers used a putativestorcef apo B-100 known as lipovitellin
found in egg yolk® # This protein showed N-terminal matching up to 20.866 basic local
alignment search tool (BLAST) matching up to 20.8%.

Apo B-100 is amphipathic (contains both hydrophad hydrophilic regions) in nature.
It consists of 3n-helices and tw@-strands in between tree-helices. Generally, the structure is
represented by NH-Bal —pl —a2 —p2 —a3 — COOH 1 2°Most interestinglyp-domains
are associated with the neutral lipid core imparstapility to the LDL structure while the-

helices are flexible and are associated with fléixyjobdf the molecule and their intravascular
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mechanisnf? The amphipathic nature of apo B-100 helps it n@nstrong lipid binding during
transport through the blood.

LDL lipid oxidations and their implication in athesclerosis were studied by various
research groups around the warld® However, limited data exists on protein oxidation &me
resulting changes in LDE:*" It was thus apparent that oxidation of protein associated with
the structural changes in apo B-100. These straictimanges can be crucial for deposition of

LDL in atherosclerotic plague formations.

3.3.Free radicals and other oxidants in physiologicalystems

3.3.1. Reactive oxygen species (ROS): Fenton Chemistry and hydroxyl radical

Free radicals are defined as any atom or molecekity unpaired electrofi$.The
presence of unpaired electrons makes free radatedmically reactive. They can be cationic,
anionic or neutral. In biological systems, oxygedicals are well known for their broad
spectrum reactivity. Ground state molecular oxygas two unpaired electrons. Although it
behaves as an oxidant it is relatively unreactidewever, reduction of molecular oxygen
(addition of electrons) yields a broad spectrumndérmediates which showed high reactivity
towards biomolecule¥.

Although several parts of the human body could bsoarce of free radical formation,
mitochondria are the major source of free radiqaldpction in cells. Leakage from electron
transport chain or oxidative burst can produce supge anion radical’ Also, partially reduced
mitochondrial components and oxygen tension plgyoirtant roles in generating superoxide and
other reactive oxygen speci€sSuperoxide stays in equilibrium with hydroperoxatical. It

can be converted to peroxyl, alkoxyl and hydroxgtical by various pathophysiological
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processe&’ Cytochrome C oxidase converts oxygen to water byeediminating the possibility

of ROS formation in cells. NADPH oxidase, however, praadhe formation of superoxide
from oxygen (Scheme 3.1). Superoxide dismustasgrapsrtionates superoxide to hydrogen
peroxide and oxygen. Also, one electron reductibsuperoxide followed by protonation can
lead to hydrogen peroxide formation. Imbalance yafrbgen peroxide can be counter balanced
by catalase and peroxidases. However metal ions t@n g critical role in decomposing
hydrogen peroxide to yield hydroxyl radi¢alFor example Haber-Weiss reaction is a catalytic
cycle for iron through which hydroxyl radical canpagar from superoxide and hydrogen
peroxide?? * All of these radicals, particularly hydroxyl radicare extremely reactive and can
cause non specific damage to biomacromoleculesh@tidife of hydroxyl radical is fairly low

(nanosecond rang@y.***
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Scheme 3.1 Mechanism of formation and detoxificatioof reactive oxygen species (ROS) in cells.
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In a 1894 article, Henry J. Fenton first describeghique reaction between iron [Fe(ll)]
and hydrogen peroxid8. Haber-Weiss elaborated his method and describemtat@n of
hydroxyl radical from hydrogen peroxide and sup&texanion radicdf' *’ (Equation 3.1). In
short it is a catalytic cycle for iron by which irgenerates hydroxyl radical. Fenton processes

are described as a set of reactions noted B&I&W'"° (Equation 3.2Equation 3.6).

+2 + . _
Fe = + H,0, = Fe 3+ OH +H,0 Equation 3.1
+3 + . + :
Fe + H,0, ——> Fe 2_|_ H02+ H Equation 3.2
+3 . +2 :
Fe ~ + HO} > Fe  + H+ + 0, Equation 3.3
+2 . +3 Equation 3.4
Fe  + HO; — Fe + HO; a -
+2 . +3 .
Fe + HO ——> Fe + OH~ Equation 3.5
H,0, + HO ——— H,0 + HO; Equation 3.6

Equation 3.2 and Equation 3.3 emphasize the catabyicle for Fe. The last two
reactions (Equation 3.5 and Equation 3.6) revealesrging ability of Fe (lI) and hydrogen
peroxide. In physiological systems, sources ofé'frieon are fairly limited. Iron storage proteins
such as transferrin, ferritin and hemoglobin haweertd iron. However, non-transferrin bound
iron can be considered as “free” iron. These inpecges (conc. 10 uM) can bind to citrate or
albumin in blood. Also iron-sulfur clusters can ase iron in pathophysiological conditiofs.
This released iron can play important roles in gatneg hydroxyl radical in cells.

A negative free energy change of a system resultserspontaneity of a reaction. Free
energy is directly proportional to the redox poi@nf the reactant(s). Hence mathematically we

can write Equation 3.7. For spontanel@ must be negative, therefore E should be positife.
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we delve into the redox chemistry of cells we will skat after superoxide is formed all top
down processes were favorable from free energy pbivew (Scheme 3.2). Particularly, water

formation from hydroxyl radical is thermodynamigafvorable>*

AG =-nFE Equation 3.7

WhereAG: Free energy change
n: # of moles electrons
F: Faraday
E: reduction potential of the cell

-0.18 VvV 4094V o +0.38V HO" +2.33V - HO
o,—» 0O, ° »> H,0,————>
? ? +e, 2H" o Me +e, H' i

Scheme 3.2 Electrode potentials depicting the reacity of different ROS. “Me” represents metal cation.
More positive E depicts enhanced spontaneity in theeaction.

3.3.2. Reactive Nitrogen Species (RNS)

Since the discovery of nitric oxide radical as dlutar messenger, vasodilator and
antiatherogenic molecufe™ its reaction with superoxide anion radical yietdiperoxynitrite
became important to explain the cellular toxiciyclleme 3.3). Together nitric oxide and
peroxynitrite are known as reactive nitrogen spe¢RES)?° Reactive nitrogen species in
conjunction with ROS induce cell damage, prolifenatiamd apoptosi¥. Indeed, peroxynitrite is
much more reactive than its predecessor nitricegidd superoxide in physiological systeths.
1t has been implicated that peroxynitrite playgr@nounced role in atherosclerd$i& chronic
inflammatior?* and neurodegenerative disea¥e&® Due to its powerful oxidizing properties it
reacts readily with biomacromolecules in cells. brtigular the damage alters structure and

functions of proteins.
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3.3.3. Peroxynitrite formation and reactions with proteins

Although peroxynitrite can appear in different orgaof the body, it is particularly
important in vascular biology for endothelial dysftion. In endothelial cells, nitric oxide is
synthesized by enzymatic activity of the enzymeogmelial nitric oxide synthase (eNOS).
Endothelial NOS converts L-arginine to L-citrullin@darelease nitric oxide in the process
(Scheme 3.3). Nitric oxide reacts with endotheligbesoxide almost at a diffusion controlled
rate® > (10'° M’s?) (Scheme 3.3). Under physiological conditions, genitrite stays in
equilibrium with its conjugate acid form peroxynimoacid® (ONOOH, pK; 6.8). ONOOH is

relatively unstable and yields nitrite radical dnalroxyl radical by a homolytic fission pathway.

NH 0
H
NH,
L-arginine L-citrulline

N—0O

\

Peroxynitrite o

Scheme 3.3 Synthesis of nitric oxide from L-arginia in vascular endothelial cells and its reaction w#h
superoxide to yield reactive peroxynitrite.

One of the most interesting and biologically reldgvasactions of peroxynitrite in
physiological system is its combination with carbaloxide or bicarbonate to yield
nitrosoperoxycarboxylate (Scheme 3.4). Carbon dexeacts with peroxynitrite with a second
order rate constant &60* M s at pH 7.4 and 37C*’ leading to the formation of the adduct

ONOOCGQ . This adduct, nitrosoperoxycarboxylate, dissosiatéo nitrite radical and carbonate
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radical®’ Carbonate radical reacts readily with the siderclaityrosine residues in proteins to
yield a tyrosyl radical. Reaction between tyrosdical and nitrite radical is fast and yields 3-
nitrotyrosine®> ®® It is therefore conceivable that sulfur containamino acids (cysteine) and
aromatic amino acid side chains will react with pgrottite by various mechanism$.>® %% 7

Peroxynitrite decomposition yields radicals suchhgdroxyl, nitrite and carbonate. The latter
has high reactivity towards the amino acid side rehais well as the protein back bgfe®

Homolytic fission probability of peroxynitrite to gid nitrite and hydroxyl radical is <1%
(Scheme 3.4). Therefore peroxynitrite can reactatlly with biomolecules before homolytic
fission. Although several reactions are feasibleecBg markers for peroxynitrite mediated

oxidations are scarce. In fact, 3-NT and nitrotrixatos are the only definitive markers for

oxidations of proteins by peroxynitrite.
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Scheme 3.4 Various reactions of peroxynitrite werelepicted in the above scheme. Reaction of dissodtat products of nitrosoperoxycarboxylate (a
reaction product of peroxynitrite and carbon-di-oxide) to tyrosine was shown in the inset. Carbonateadical plays important role in the formation of 3-

nitrotyrosine (3-NT).
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3.3.4. Hypochlorusacid (HOCI)

Similar to peroxynitrtite, hypochlorus acid is reofree radical. However it is a powerful
oxidant that can act on macromolecules. Activatemgphytes release hydrogen peroxidedh
and superoxide via a respiratory burst along with ieme enzyme myeloperoxidase (MPD).
MPO catalyzes the reaction betweenOkl and physiologically available chloride to yields
hypochlorus acid? Physiologically hypochlorus acid is used as a dvmside’™ "> However,
excessive and/or off site generation of hypochlacisl causes serious tissue damaged is
believed to be one of the key factors in progressb diseases such as atherosclerosis and

chronic inflammatiory? 33 68 74

3.3.5. Biomacromolecule oxidation with HOCI

DNA bases are a major target for HOCI mediated oxiddfi&Jnstable chloramines are
formed during this reaction which can initiate ftldamage. Cholesterol and unsaturated fatty
acids generate cholorohydrin upon treatment witpolilorus acid which could easily be
detected by GC/MS method$These products, however, were minor since theofafiermation
is relatively slow’®

Proteins are one of the major targets of hypocklaeid® " "®Although oxidation of
side chains of amino acids prevail, peptide backbioagmentation and aggregation in proteins
were also observéll Hypochlorite anion is by far more reactive tham protonated form.
Hypochlorus acid targets the protonated amine gfSup amino acid side chains. Second order
rate constants were reporf&ébr Cys and Met on the order of 1@ s*. Cystein forms sulfonic
acid (cysteic acid) and methionine forms methiorgndoxide during reaction with hypochlorus

acid® Oxidation of Trp (indolic residue) and chlorinatiof Tyr (phenolic residue) are also
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common product®’ Histidine has a slightly higher rate constant 1@ M™s")" than its other
hydrophobic amino acids counterparts. By usingreetic modeling technique, Pattisen al.,
reported that the major targets with a slight exaefls$iypochlorus acid are the side chain
residues of the proteins and not the peptide bawkf5o’® Thee-NH, group of lysine is also one
of the major targets for hypochlorus acid. Monoctibines and dichloramines (with high excess
of HOCI) are formed during the reaction of hypochtoacid and lysine residues. Chloramines
which are mildly oxidizing can transfer chlorine ttte other amino acid side chains (such as
tyrosine) and regenerate the parent amine. In Atzbes disease, a particular tyrosine residue
was found to be chlorinated more than the othefgixresidues in apo A-l. This phenomenon
was attributed to a chlorine transfer mechanism frammearby lysine residue through a
chloramine intermediat®. Recently, Pattisoet. al. researched on proteins such as insulin and
lysozyme to study chloramine transfer reactions enextensively. These proteins have low
levels of Cys, Met and Trp residues thereby theomiginetic targets for HOCI were eliminated

and chloramine pathway for His and Lys was promé&ted.

3.4.Apo B-100 oxidation in LDL

3.4.1. Hydroxyl radical mediated direct oxidation of apo B-100

Free radical mediated protein oxidations were estaddl although not quite well
understood. Since the early 1980’s, Stadtman ansrt@rs have published pioneering work in
the area of free radical mediated metal catalyzedations (MCO) of amino acids, peptides and
proteins>®® These reactions included side chain modificationsamino acids, sometimes
polypeptide backbone fragmentations and cross npki®® Depending upon the degree of

oxidation, the protein can unfold, lose its redtyivand show altered behavior towards
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proteolytic enzymes. Radical mediated damage waayahassociated with pathophysiological
events such as aging, cancer, diabetes, catamettlaerosclerosis.

Oxidized LDL was implicated as a crucial factor &herosclerotic plaque formation in
the arterial waf® 3 #¥°7 LDL can be oxidized by two different ways (Figur&)3 If the radical
site is generated near the protein the radical toroeed could easily access the side chain of the
amino acids. It will therefore modify any amino aithat are in the vicinity. On the other hand,
apo B-100 constitutes 20% of LDL particles and tamaining 80% of LDL is comprised of
lipids.® If the free radical is generated near the lipidaill oxidize the lipids first (Figure 3.5).
During lipid oxidation, several different lipid peddes could form which can be converted to
reactive aldehydes such as acrolein or 4-hydroxgnah (4-HNE}® °® These aldehydes are
unsaturated and are nucleophilic in nature. Moredhe radical such as hydroxyl radical might
be short lived, but secondary reaction product$ siscaldehydes have fairly long life time and
can damage several different amino acids in preféif® *® **©ur main interests, however, lie
in the direct damage caused by the radicals.

Recent studies on oxidation of apo B-100 showet dbarrant apo B-100 can interact
with the arterial proteoglycans and initiate pladioemation in the arterial wafth 1%
Moreover, we strongly believe that the site of theédation of apo B-100 is one of the key
factors in atherosclerotic plaque formation duethte structure-function relationship for the

protein.
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Figure 3.5 Free radical mediated oxidations of ap®8-100 in LDL is shown in the above figure. Proteirdamage by both direct radical attack and lipid
mediated intermediates were depicted.
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Aromatic amino acids such as phenylalanine (Phexyodine (Tyr) were considered as
a sink for hydroxyl radical due to their high reeity towards the radicd® One simple
characteristic reaction of hydroxyl radical is hyxlylation of the phenyl ring. Products of Phe

oxidation are therefore o-, m-, p- tyrosine and DgBgheme 3.5).

HO
H, Y . OH //7////// \ H, / Ho /
c —ch  — C—CH 4+ HO C —CH
\ — \ \
c=—0 Cc=0 C=0

/

Scheme 3.5 Oxidation of side chain of phenylalaninesidue by hydroxyl radical yielding o-, m-, p- tyosine
(+16 Da) and dihydroxyphenylalanine (DOPA) (+32 Da)
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Scheme 3.6 Oxidation of the side chain tyrosine nelsie by hydroxyl radical yielding dihydroxyphenylalanine
(DOPA) (+16 Da).
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Scheme 3.7 Histidine side chain oxidation product feer reacting with hydroxyl radical (+16 Da).
Corresponding ketone is more stable and shown in éhscheme.
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Similarly, Tyrosine predominantly generates 3, dydroxyphenylalanine (DOPA)
(Scheme 3.6) both in aerobic and in non-aerobiditioms. Direct oxidation product of histidine

(His) yields a complex mixture of products incluglihydroxylated (Scheme 3.7), carbonyl and
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ring opening products. Tryptophan (Trp) oxidizeddaom hydroxytryptophan (not shown) and
the ring opening products kynurenine and N-formylkienine (Scheme 3.8).

Reactions of lysine (Lys), arginine (Arg) and pmneli (Pro) with hydroxyl radical is
considerably fast. In all cases a semialdehyddaesiritial product. Oxidation of proline and

arginine leads to glutamic semialdehyde formdfion®®(Scheme 3.9).

HO (0]
H,N 0
‘OH o +
—_— H2N
HO
NH2 (0] o‘/ v H

Kynurenine N-formylkynurenine

Scheme 3.8 Oxidation of tryptophan to Kynurenine (# Da) and N-formylkynurenine (NFK) (+32 Da). These
products appear both in hydroxyl radical mediated xidation as well as in presence of hypochlorus acid

\\\\\\\ 0y

Scheme 3.9 Reaction of proline residue (in a genempeptide) with hydroxyl radical and formation of gutamic
semialdehyde (+16 Da).

Lysine oxidation yields aminoadipic semialdehYd&’{not shown). Oxidation of these
residues was detected by a sodium borohydride tedudollowed by a hydrolysis with
hydrochloric acid. This treatment yielded 5-hydré&¢aminovaleric acid (HAVA) (for Arg and
Pro) and 6-hydroxy-2-aminocaproic acid (HACA) (tors) which could be detected by GC/MS
methodology®®*** Also as depicted by Stadtman and coworkers, catbassay could be a

sensitive technique for detecting glutamic and aadipic semialdehydés.In carbonyl assays,
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classic spectrophotometric methods were used totgate the 2,4-dinitrophenylhydrazine
derivatives of carbonyl compounds. Pietzsch detieigh levels of HAVA during MCO of LDL
oxidationin vitro.**° Also, sensitive and improved GC/MS based methagetocan identify the
increased level of these carbonyls in cells argliis in case of pathological conditions such as
aging’®® ' M2ynfortunately, neither GC/MS nor other assay basethods can detect the
position of the amino acids in a protein that wasliaed by a free radical.

Most importantly all of these chemical changes associated with characteristic mass
changes. These mass changes leave specific fdotprithe proteins. By using suitable mass
spectrometric based methodologies (LC-MS/MS) thecific oxidation sites could be

determined on the proteins.

3.4.2. Oxidation of amino acid via lipid intermediate

As mentioned earlier in these chapter lipids cardmly oxidized by hydroxyl radical to
form aldehydes such as malondialdehyde, acroleid-lbbydroxynonenal (HNE). All of these
species are highly reactive electrophiles thattaeget specific amino acids. Uchida’s pioneering
work on covalent HNE adduct formation with Lys, Hamd Cys residues provides ample
evidence in support of modification of amino acidsLDL.*® ® These modifications are
associated with structural changes in apo B-100.

Michael addition type products (1, 4 addition) gneical in covalent attachment of HNE
to His residues (+156 Da) (Scheme 3.10). Lysineclwhias a reactive-amine group was a
specific target for acrolein. Acrolein forms hetgyolic adducts such as*X3-formyl-3,4-
dehydropiperidino) lysine (FDP-Lys) (+94 Da) of-(8-metheyl pyridinium) lysine (MP-Lys)
(+76 Daf® ® (Scheme 3.11). Sayre discussed 2-pentylpyrrolecddrmation in Lys residues

through a hemiaminal intermediate formation duriegction with HNE™® HNE attaches to
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lysine via a Schiff base adduct (1, 2 additionnfation. The Schiff base adduct formation is
associated with characteristic mass increase o8 Hl:8Band +120 Da (Scheme 3.11). HNE-Lys
adducts were sometimes labifé Previous attempts to identify the HNE-Lys adducpioteins
were mostly unsuccessful when trypsin was usech@gioteolytic enzymes? It is however
apparent that chymotrypsin digestion gives betsult in detecting HNE-Lys residues in protein

oxidation?!®

0 OH N
(NM + O —> <;\| |
HN HN CsHia HN_
4-hydroxynonenal _Hi
Histidine Yoy o HNE-His

OH
Scheme 3.10 4-Hydroxynonenal adduct (4-HNE) adducin histidine residue (+156 Da).

Interestingly, Cu (Il) mediated oxidations of LDhitially yield lipid hydroperoxides
which are converted to reactive aldehydes eventwallising damage in the amino acids of the
protein. Cu (ll) can bind to His residues in apd® in LDL*’and initiate oxidation of the
LDL. Other studies also indicated that Trp residaa act as a binding site for Cu (Il) ions. Trp
residues have a tight-binding spot as well as &wealing spot. However, the position of those
Trp residues in apo B-100 was not discussed inildéfa'*® It seems therefore plausible that
mechanism of Cu (Il) mediated oxidations of apo@-Yary significantly from hydroxyl radical
mediated oxidation of LDL. Hydroxyl radical can ceaapidly with the amino acids that are
radical accessible and damage the protein dire@ly.the other hand in Cu (ll) mediated
oxidations predominantly secondary lipid oxidatiproducts such as aldehydes are generated

and subsequently modify amino acids (Lys and His).
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Scheme 3.11 Lysine (Lys) reacts witlw, p-unsaturated aldehydes (acrolein and 4-HNE) to yidl various
products including MP-Lys (+76 Da), FDP-Lys (+94 Dpand 2-petylpyrrole-Lys (+138 Da and +120 Da).
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3.4.3. Peroxynitrite mediated oxidation of apo B-100in LDL

Peroxynitrite is not a free radical. The unpairézt&on of nitric oxide is paired with the
unpaired electron of superoxide to produce a cowdtend. Nonetheless it is highly reactive.
Peroxynitrite leaves a specific stable footprintstohe chains of amino acids. It directly modifies
three different amino acids: cysteine, methionimel daryptophar® >° Oxidation was also
observed for other aromatic amino acids such assitye, phenylalanine and histidine through
secondary mechanisms (involving carbonate and kytlrcadical). Peroxynitrite mediated
cysteine oxidation in albumin was previously repdrivith a second order rate constanon the
order of 16 M™s®. Cysteine has reactive thiol groups which were veded to the
corresponding sulfonic acids (+48 Da). Methioninatains thiol groups and is fairly susceptible
to oxidation to yield methionine sulfoxide (+16 Dadyyptophan residues are oxidized to form
nitrotryptophafi® ' %% (Scheme 3.13) and N-formylkynurenine (+32 Da) (Sch 3.8).
Interestingly tryptophan can be nitrated (+45 D&ghleme 3.13) as well as hydroxylated (+16

Da) at the same tinté!

@)
N
O __» 0%
ONOO~ T o HN
HO N HO N

Scheme 3.12 3-Nitrotyrosine (+45 Da) formation ongptides from peroxynitrite reaction on tyrosine siag
chain.

Tyrosine nitration (+45 Daj* *#

(Scheme 3.12) in proteins requires special disonss
As nitric oxide cannot directly promote the nitoati reactions in physiological systems,
peroxynitrite appears to be the sole initiator faration. It has become apparent that other

mechanisms of protein nitration exist. For examipéeneperoxidase, hydrogen peroxide and
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nitrite can cause nitration of tyrosife** ***However, it should be noted that protein tyrosine
nitration could happen following this pathway omfiythe enzyme is immediately accessible to
oxygen radical and nitric oxide radical. Directaadion by nitrite radical was minor particularly
since low oxygen tension in tissues made the caieof nitric oxide radical to nitrite radical a
slow process and also nitrite radical will preferaiy attack the thiols due to their higher
reactivity. Alvarezet. al. provided interesting evidence on oxidation of Qgehg human serum
albumin and peroxynitrit&® In the presence of carbon dioxide, cysteine oiddaiecreased and

an increase in tyrosine nitration was observed.

Y

Scheme 3.13 Tryptophan nitration by peroxynitrite (-45 Da), 4, 5, 6-nitrotryptophan are all possible.

Therefore nitration of biomolecules indicates theolvement of nitric oxide radical
derived oxidant species during oxidative damagenséquently, peroxynitrite plays a central
part in protein tyrosine nitration.

Since hydroxyl radical generation from peroxynéiig not unlikely though less probable,
markers for hydroxyl radical mediated oxidation guwots of Tyr and Phe were observed in
peroxynitrite mediated oxidation pathways.

Peroxynitrite mediated oxidation induces changethéamino acid residue and primary
structure of the proteins by changing their cheimécevironment. It oxidizes LDL and initiates

unfolding in LDL protein?*
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3.4.4. Apo B-100 oxidation with hypochlorus acid

127, 128 31-33,

LDL oxidation with hypochlorus acid was observedhbim vitro andin vivo.
12910 the late 1990's chlorotyrosine (+35 Da) (Schedried) was proved as one of the specific
markers for HOCI mediated oxidation in apo B-100y B stable isotope dilution gas
chromatographic-mass spectrometric method, higkeldewf 3-chlorotyrosine deposition in
atherosclerotic plaque was measufred? 3,5-Dichlorotyrosine formation was also observed i
apo A-l when treated with high concentrations of GI&* Lysine chloramines were deemed to
be unstable and difficult to detect in protein sémpdue to cross-linking and carbonyl
formation. By studying model peptides related t® #po A-l1 sequence, Bergt al. was able to
detect monochloramine (+34 Da) and dichloramine8(+#Ba)*® in Lys residues. Most
interestingly, these peptides did not have anyrotbactive amino acids besides Lys and Tyr,
indicating secondary pathways originated from caine hydrolysis® **'Chloramines on Lys
residues hydrolyze to form aldehydes (aminoadi@mialdehyde) which were previously
detected by carbonyl method. Methionine is eas#ydiaable and could form methionine
sulfonic acid (+ 16 Da) (Scheme 3.15). Reactivelthf cystein goes to corresponding sulfonic
acids (+48 D4 (Scheme 3.16). Upon oxidation with HOCI, tryptoplreydroxylation (+16 Da)
occurs in the indole ring (Scheme 3.17). Also, tigto intramolecular radical reaction Trp can
yield the ring breaking products kynurenine (+4 Bajl N-formylkynurenine (+32 Da) (Scheme
3.8). Histidine forms an unstable chloramine ongfe chain which can readily be donated to
other neighboring amino acids (such as Lys) to megee parent His residd®.2? Guanidine
moiety of Arg is susceptible to chloramine (+34 Dfymation upon incubation with
hypochlorus acid. The stability of this chloramre Arg residues are not extensively studied or

known. Unfortunately, only chlorotyrosine appeardé a definitive marker of hypochlorus acid
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mediated oxidations. Other products were unableprimvide specific indication of HOCI

oxidation and could be originated from other oxigarf

0 0 0
cl cl
HOCI
HN T
HN HN
HO ~ HO N HO N
Cl

Tyrosine 3-Chlorotyrosine 3, 5-Dichlorotyrosine

Scheme 3.14 Reactions of Tyrosine and hypochlorugid to form of 3-chlorotyrosine (+34 Da) and 3, 5-
dichlorotyrosine (+68 Da) in peptides and proteins.
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Scheme 3.15 Methionine oxidation to methionine swkide (+16 Da) is most common and can happen even
with ambient oxygen.
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cystein cystein sulfonic acid or cysteic acid

Scheme 3.16 Oxidation of cystein (Cys) to cysteisalfonic acid (+48 Da) in presence of HOCI. This mduct is
also observed previously with peroxynitrite treatedsamples.
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Scheme 3.17 Oxidation of Tryptophan (Trp) to 2-Oxidolic form by HOCI.
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3.5. Atherosclerosis and oxidized LDL (ox-LDL)

Atherosclerosis is a complex cardiovascular disomlRich was correlated with high
levels ox-LDL formation. Although controversy etéon whether circulating plasma ox-LDL
(detected in low concentration in blood) is respolesfor atherosclerosis, recent prospective
reports were more inclined towards a positive datien®> *** ¥*Specific oxidized epitopes on
ox-LDL in blood may trigger atherosclerosis and esttmanifestation®’ LDL can permeate
through vascular endothelial cells and smooth neusells. During this infiltration to arterial
intima, LDL can be oxidized by several reactive gary species (Figure 3.6). Ox-LDL was
removed by immunoglobulin M (IgM) antibodies in tfem of immune complex®®> However,
some of the ox-LDL particle can escape this rem@aahway. The escaped ox-LDL patrticles
will be taken up by macrophages through scavergmantor CD-362°°Inclusion of ox-LDL
inside the macrophage could initiate lipid ladeanfocell formation. Several signaling pathways
such as pro-inflammatory cytokines, TNFand interleukin§* become activated. Foam cells
release more ROS and myeloperoxidase (MPO) whiolddme responsible for generating more
ox-LDL.** Foam cells can also bind to T-cells circulatingolood*® **?(Figure 3.6). Foam cells
adhere strongly to endothelial cells and initiagdtyf streak formation and thereby induce
inelasticity in the arterial wall. This is majorrBaevent of plaque formation.

Interaction of apo B-100 with arterial proteoglysancreases the retention of the LDL in
the arterial intima? 9 192 103,105, 148 qtenglycan obtained from atherosclerotic pasisfibwed
higher uptake of LDL than normal patients. Alsold3L particles are cytotoxic and induce cell
apoptosis> 144 14

Ox-LDL formation in the sub-endothelial cells caacifitate atherogenic progression.

Oxidized LDL limits the biological activity of thendothelium derived nitric oxid®.It was
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apparent that this phenomenon increases entryeahffammatory cells into the arterial wall. In
addition it was discovered that ox-LDL stimulate amaphage expression of peroxisome
proliferator activated receptgr- (PPARY). Scavenger receptor (CD36) expression and
expression of pro-inflammatory genes were showbéaltered by macrophage expression of
PPARy.4®

Several studies described peroxynitrite mediatadation of LDL as an important event
in atherosclerotic plaque formation. Leeuwenbesaghal. emphasized enzyme involvement
(MPO) and formation of tyrosyl radical in oxidatiasf LDL.°® 3-nitrotyrosine (3-NT) was
detected immunocytochemially in macrophages, foaetis cand vascular smooth céfis
Interestingly, 3-NT accumulated even in the present extracellular superoxide dismutase
(SOD), indicating that the formation of peroxyrtiérican outcompete superoxide dismutatitin.
Controversial data were observed on the level NiT3n LDL obtained from human plasma and
arterial intima®® **° vascular hemodynamics could play a crucial roleageumulating 3-NT
through peroxynitrite mediated pathways. Immundasitgtining of coronary arterial bifurcations
reveal the importance of fluid shear stress onpgitrite formation and accumulation in the
arterial intima®°

3-Chlorotyrosine is a known marker of atherogemindition?” 3% 3% 132An increase in
scavenger receptor CD36 uptake of HOCI treated Dk-lwas reported indicating high
probability of lipid laden foam cell formation™ **? Chloramine formation on Arg residues
inhibited endothelial cell nitric oxide synthasetidty. Therefore vascular endothelial nitric
oxide production mechanism was altered which maijpate to endothelial dysfunctiori

Antioxidants play an obvious role in inhibiting thgrogression of atherogenesis.

é54, 155

Ascorbat , urate anda-Tocopherol reduce LDL oxidation. Howeven;tocopherol is
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associated with LDL and played the most importasié in preventing LDL oxidatiofi® in

circulation as well as in sub-intima.

Figure 3.6 Oxidized LDL formation in the endothelid cells and arterial intima. Ox-LDL was taken up by
macrophages through scavenger receptor CD36. Lipithden foam cell formation was depicted in the figug
which showed high adhesion properties for bindingd the arterial wall.

3.6.Targeted proteomics with LC-MS/MS based methodologis

Evolution of the versatile mass spectrometric unsintation in post-genomic era
revealed new horizons in protein mass spectromitayc Wilkins coined the term “proteomics”
in 1994 while working with a 2D-Gel based proteamgples following a notion that all proteins
were expressed from the genomeln biological studies, however, the concept oftpomics
was expanded to a new level in order to answer nooitecal and demanding questions.

Proteomics is no longer confined in protein sequenand profiling but also used to study
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protein post translational modifications and pregeiotein interactions in cells and tissd&%®°
Discovery and development in the field of protemdgpeptide ionization techniques in mass
spectrometry helped the biologists and chemistpetidorm complex protein/peptide mixture
analysis.

Two “soft” ionization techniques were extensivelyed in protein mass spectrometry.
Matrix assisted laser desorption ionization (MALBY)was extensively used in identifying
proteins. In this method the samples are mixed wiipecific matrix (organic compounds such
as sinapinic acid or dihydroxybenzoic acid). A taseam transfers energy to the matrix which in
turn ionizes the peptides or the proteins.

Electrospray ionizatiofi™ *°%is also a soft ionization technique where a hifgitteical
potential is applied to the analyte solution sucht tthe analyte molecule(s) can form charged
droplets (Figure 3.7). Driven by a potential gradias well as a pressure gradient along the ion
passage, the droplets follow a desolvation prodeading to downsizing of the droplets.
Constant evaporation continues until fully desatdaibns are formed.

In one instrument design, the ions then enter ihélinear ion trap (Figure 3.7) (in our
case, a Thermo Finnigan LTQ-ion trap instrumentptedi with HPLC). By a suitable
combination of constant direct current (DC), raffiequency (RF) and oscillating alternative
current (AC) in the ion traps, ions can be stabdiz(precursor ion isolation), fragmented
(collision induced dissociation) and detected. tialiis used as a collision gas in the traps for
damping and cooling of ions (detailed discussioohapter 4).

Liquid chromatography adds physical separation loiéipas in LC-MS/MS based

approach. In a complex mixture of proteins and ipegt the separation before the mass
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spectrometric detection increases the sensitivity specificity of the detection. Overall this

methodology provides a robust and a powerful dete¢h protein sequencing.

3.6.1. Database search

Database search is by far the most crucial paranretdentification of post translational
modifications in proteins. Mass spectrometric databiomacromolecules are complex. Various
algorithms exist to identify the peptides from cdexpbiological mixtures. A full length cDNA
sequence of apo B-100 (accession # P04114) wasogetplin our database search using
SEQUEST algorithm.

When a sequence is added to a database, the sofiivesnretically cleaves the sequence
to peptides (precursor ions). The precursor iores feagmented to its corresponding B-ions
(charge stays with amine terminal) and Y-ions (ghastays with carboxylic acid terminal). In
mass spectrometric data both precursor ion ancegponding B- & Y-ions are observed. The

observed tandem mass spectra were matched withdbeetical B- and Y- ions.

PrimaryXcorr - Secondarycorr Equation 3.8
PrimaryXcorr

ACh =

Where, Primary Xcorr is the best match and secondar Xcorr is the second best match.

The match between the theoretical and experimepittra generates a score known as
X-correlation score which defines goodness of Ai€, score on the other hand indicates the
specificity of the match and mathematically defirresdEquation 3.8. Although there is a certain
degree of uncertainty involved in the databaseckemrethod, improvements are on their Way.
Based on the Xcori)dC, value, identification of peptide was initially tired. The identified
peptides that passed the filter were further vedifmanually by matching the spectra and

theoretically calculating the masses.
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Figure 3.7 Schematic representation of liquid chroratography (LC) — mass spectrometry (MS) setup for ralysis of peptide mixture in positive ion
mode.
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3.6.2. Protein surface mapping by LC-MS/IMS

Protein footprinting®**°® has become popular in the last decade. By usiser llash
photolysis method hydroxyl radical can be genera@zherated hydroxyl radical can react with
amino acid residues in protein and leave a stadmgpfint on them. Kinetics of amino acid side
chain reactions were well documen{&8fiThese stable footprints could be determined byM&-
based methodologies. Aye. al. tuned the laser flash photolysis method and ifledtseveral
surface accessible oxidation sites in model promiiquitin and apomyoglobit?* Hambly and
co-workers worked on laser flash photochemical atiah of proteins (FPOP) and identified
important structural characteristics of apo andohwlyoglobin*®> % Sharpet. al. reported
solvent accessible surface mapping on apomyogldfozyme and3-lactoglobulin A% 170
Hydroxyl radical reactivity towards the side chaif the amino acids depends on the
accessibility of the side chain and reactivity bé tside chain residué' Bridgewater and co-
workers studied amino acid-metal binding interaddighrough metal catalyzed oxidation and
mass spectrometry* "2 3 shcherbakovat. al. proved the usefulness of using inexpensive
Fenton method for generating hydroxyl radical dgrthe footprinting of protein, DNA and

RNA.¢7

3.6.3. LC-MS/MS studieson LDL

Considerable attention was focused on HDL cholektmnd apo A-l oxidatioh ® 8 30
while studies on apo B-100 in LDL was fairly limit&"> *2* Ample evidence indicated strong
positive correlation between oxidation of apo B-H)@ atherosclerosts, 33 3¢ 68130174, 1580
radical mediated oxidations in apo B-100 bringswalmmn-specific heterogeneous changes in the

protein. Heinecke and co-workers have studied deBL and LDL proteins for specific
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footprints by employing various analytical techregé’ 3% 3 77 130 17f aaywenburglet. al. used
advanced GC/MS methodologies to identify oxidapooducts of apo B-108

A great deal of emphasis was exhausted to understan(ll) mediated oxidations of
LDL. Moreover, as discussed earlier Cu (Il) candiim amino acid residues such as His and Trp.
Therefore, it will initiate oxidation in the proteby lipid mediated pathways. Previously, Yang
et. al. identified Cu (1) mediated oxidation of Trp in@B-100 with HPLC followed by a MS
methodology which was robust but required a tedmmplicated follow-up work!” Obamaet.
al. identified Cu (ll) mediated oxidation sites in aBdl00. Inin vitro experiments with apo B-
100, HNE and acrolein, several different bindintesiwere identified by LC-MS/MS based
methodologies!®Oxidation product of Trp (NFK) was quantitativelyeasured by HPLC
method after apo B-100 was oxidized in LBYE.

Butt et. al. detected nitrated proteins by 2D-gel and masstspaetric approach’
Recently, Hamilton and co-workers reported someliagd residues in apo B-100 during LDL
incubation with peroxynitrite. Extensive circulaicklorism and LC-MS/MS methodology were
used to identify the oxidized residd&sn apo B-100.

Effect of hypochlorus acid on LDL was studied esiealy by Mike Davies’s grouf>’ "
82,131, 180, 18lgeyeral interesting mechanistic and kinetic wonkhypochlorus acid and amino
acids, peptides and proteins were published owarfitieen years> @ 82 ¥%However, free
radical based footprinting combined with proteomigsuld render new insights in apo B-100

oxidation.

3.7.Total hydroxyl radical quantitation

The flux of hydroxyl radical and hydrogen peroxigemed in a cellular system varies

significantly depending on the stress conditionsdAlthe flux of HO, can be generated
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periodically in the cells. Chance and co-workerargitated concentration of hydrogen peroxide
in vivo which is on the order of 70to 10° M.*®? In H,0, induced cell apoptosis studies, Antunes
et. al. used 10 to 10° M H,O, which is two to five orders of magnitude higheartthe cellular
concentratiort®®> Complex mechanisms drive hydroxyl radical mediatgitiation of proteins in
cells. Kinetic studies involving hydroxyl radicah icells and tissues yield complicated and
interfering results. However, total hydroxyl radif@med by Fe (ll) and kD, (Fenton method)
can be quantitated by a probe based approach. Besmad can efficiently trap hydroxyl radical
formed to yield hydroxybenzoic acids (o-, m-, p-fopd/benzoic acid).

High performance liquid chromatography (HPLC) (Fig8.8) was extensively used to
identify and quantitate hydroxybenzoic actd5%°If benzoic acid concentration is considerably
high compared to the hydroxyl radical formed, itubbe possible to trap all of the hydroxyl
formed by the Fenton system. This hypothesis howevgood only if other scavengers were
present in low gquantities and/or show lower raditcapping efficiency. Zhowt. al. showed an
effective trapping efficiency of benzoic acid todngxy! radical in aqueous sampf&s Lindsey
et. al. provided an improved analytical methodology toedeiow concentration of p-HBA in
hydroxyl radical trapping experiment with benzoiida® Therefore effective hydroxyl radical
concentrations for LDL exposure were calculatedhis study by benzoic acid experiments.
Hydroxyl radical formed from low micromolar to lomilimolar H,O, was quantitated by

benzoic acid method (for details please see chdpter
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Figure 3.8 A typical High performance liquid chromaography set up for analyte detection.
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3.8. Analysis of natural variants

3.8.1. What are natural variants?

Natural variants are defined as variations in th@na acids in a reported sequence
(canonical sequence) in the sequence database.niCahgequence contains most common
polymorphs or the most conserved orthologus geviasous types of natural variants exist in
proteins. Single amino acid polymorphisms appea ttua single nucleotide change at the
codon level. Disease associated mutations in aramds are also possible in the sequence.
During RNA editing events the protein primary sture changes (changes in the amino acid

sequence).

3.8.2. Mass spectrometry database search on natural variants

Mass spectrometry was not fully exploited in deteing natural variants in low density
lipoproteins. However, various efforts were madedintify natural variants in hemoglobin by
using mass spectrometric methgd'%°

Fifty one natural variants are reported for apo@®-bn Swissprot over last twenty four
yearst® A novel database search method was employed énsthidt to identify some of the
reported natural variants in apo B-100. By slightlyeaking the database search, rapid
identification of reported natural variants was gibke. By simply analyzing tandem mass
spectra it is not possible to differentiate theuralt variants leucine (Leu) and isoleucine (lle)
(m/z: 113). However, these amino acids are traedl&bm different cDNA codons. In database
search, our endeavor was to include those natarants which were reported by other methods

to develop a rapid screening technique for clinsamples. This unique methodology could
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expand the horizon of mass spectrometry to deterramino acid variants in protein clinical

samples.
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Chapter 4.
Mapping oxidations of apo B-100 in human low densytlipoprotein

by LC-MS/MS

4.1.Abstract

Human low density lipoprotein (LDL) is a major ¢bésterol carrier in blood. Elevated
concentration of low density lipoprotein, espegialvhen oxidized, is a risk factor for
atherosclerosis and other cardiac inflammatoryatdiss. Past research has connected free radical
initiated oxidations of LDL with the formation oftteerosclerotic lesions and plaque in the
arterial wall. The role of the LDL protein in thesmciated diseases is still poorly understood,
partially due to lack of structural information. this study, LDL was oxidized by hydroxyl
radical. The oxidized protein was then delipidaéed subjected to trypsin digestion. Peptides
derived from trypsin digestion were analyzed by MG/MS. Identification of modified peptide
sequences was achieved by database search again®-800 protein sequences using the
SEQUEST algorithm. At different hydroxyl radical raentrations, oxidation products of
tyrosine, tryptophan, phenylalanine, proline ansiig were identified. Oxidized amino acid
residues are likely located on the exterior of tH2L particle in contact with the aqueous
environment or directly bound to the free radicalmpeable lipid layer. These modifications
provided insight for understanding the native comfation of apo B-100 in LDL particles. The

presence of some natural variants at the protgal lgas also confirmed in our study.

Keywords: LDL, hydroxyl radical, LC-MS/MS, oxidagvmapping, natural variants.
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4.2.Introduction

Low density lipoprotein (LDL) acts as a major clsiézol carrier in the human body.
LDL consists of a lipid core of triacyl glycerol @rcholesteryl ester and an outer layer of
phospholipids with free cholesterol and apo B-1B@yre 3.3). Apo B-100 was reported as a
single monomeric protein consisting of 4563 aminidl aesidueSencircling the LDL molecule.
This protein plays an intricate role in LDL receptinding? Oxidative modification of LDL
(ox-LDL) is considered as a major risk factor sincplays a critical role in the pathogenesis of
atherosclerosi¥’ During oxidative stress various radicals are gaeer in the human body
which can induce the oxidation of LDL. Thereafte-ldDL can be taken up by macrophages
through scavenger receptors in smooth muscle eefish lead to foam cell formatich® Foam
cells interact with pro-inflammatory cytokines aedhance the adhesion of ox-LDL to the
arterial wall, a major early event of atherosclierpiaque formation (Figure 3.4). In addition, it
was also reported that interaction of aberrant &b00 with proteoglycans induces the
generation of atherosclerotic plagie¥.

The primary source of free radical in the humanybi superoxidé™ *2 By various
physiological mechanisms, less reactive superosid@enverted to reactive peroxyl, alkoxyl and
hydroxyl radicals. The last of this list is known be highly reactive and cause non-specific,
extensive damage to lipids and protéifim vitro studies have shown the generation of hydroxyl
radical by the well established mechanism of Femteemistry** *> The nature of oxidation of
apo B-100 by hydroxyl radical and its implicatiofs atherosclerosfs * is still poorly
understood?® Finding the oxidation sites for apo B-100 is relev and important for its
structure-function relationship. Several atteny¢se made to elucidate the structure of apo B-

100 by 3-D modeling and a pentapartite domain gearent was proposéd.’® However, these
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studies have some uncertainties involved, makimegpttotein structure predictions speculative.
Oxidation of LDL can occur by various pathways. Qyreup of researchers strongly believes
that lipid peroxides (oxidation products of LDL ilig) are involved in the atherosclerotic plaque
formatiorf” ' while other researchers reported oxidation of Beb0O (LDL protein) as the
important step in atherogene$i§®??There are two reported pathways (Table 4.2) fairdwyyl
radical mediated apo B-100 oxidation in LDL. Theedi oxidation pathway of apo B-100
involves the oxidation of amino acid residue byeesive cross-linking, peptide bond cleavage
and also oxidation of side chaifig> ** #! 2> 2*rhe hydrophobic amino acid residues such as
Phe, Tyr, and Trp undergo simple hydroxylation teas. This pathway prevails when the
radical generation site is in close proximity te @po B-100. The indirect oxidation pathway of
apo B-100 involves indirect oxidation through ateimediate lipid reactive species. Several
lipid peroxidation products such as 4-hydroxynomegifNE) and acrolein can form. These
molecules contaimnsaturated aldehydes and are highly reactiverefgutes which can react
with histidine, lysine and cysteine residues tonfo¥lichael and Schiff base adducts. Tdie
amino group of lysine specifically reacts with dem to form N-(3-formyl-3,4-
dehydropiperidino)lysine (FDP-Lys) and™8-methylpyridinium)lysine (MP-Lys}> ?® The -
amino group of lysine also reacts with HNE to yi@dHNE-Lys Schiff base adduct which
readily loses water to yield 2-pentylpyrrole-Lysdadt?’ These two processes result in mass
increases of 138 Da (Lys+138) and 120 Da (Lys+120Qysine residues. Histidine also forms
adducts such as HNE-H{s* %% 28 All of these modified amino acid residues areetisin (Table
4.1). As mentioned earlier, hydroxyl radical medeabxidation of apo B-100 in LDL can be of
two distinct types, namely direct oxidation (hydybxadical must have direct access to the

amino acid residue of apo B-100) and oxidation Mmd intermediates (hydroxyl radical
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oxidizes the lipid and the reactive lipid speciebsequently reacts with the protein). During
oxidative modification of LDL, the variety and matyde of modifications can be substantially
diverse for each LDL particle. Uchidet, al. explored protein modifications in ox-LDL by apo
B-100 hydrolysis and used antibodies to verify fatimn of HNE and acrolein adducts. Those

studies, however, did not elucidate the oxidatitessf apo B-106> %°

Table 4.1 List of oxidatively modified amino acids(hydroxyl radical mediated) previously reported in
literature.

Major Amino acid Oxidation Products Reported inekitture

Amino Acid Direct Oxidation Oxidation via Lipid Pathway

Dihydroxyphenylalaning™* “°(DOPA)
Tyrosine N.D.
(Y+16), Dityrosine

Phenylalanine o-/mrtyrosing® 13 %0 N.D.

5-/7-Hydroxytryptophan, Kynurenine, N
Tryptophan N.D.
formylkynureniné®*4 2

Michael & Schiff Base addud

—

Histidine 2-Oxohistidin& ™+ 2
formatiort® 242
Michael & Schiff Base addugt
Lysine Aminoadipic semialdehytfe?® *2
formationt* 242
Arginine Glutamic semialdehyéfe?* 2 N.D.
Proline Glutamic semialdehytfe® > N.D.

N.D. Not determined
Mass spectrometry (MS) is one of the most poweduls to identify post translational

modifications of proteins. LC-MS/MS based studiagpooteins were demonstrated previously as
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powerful techniques in determining the stable otigaproducts in protein€: 2**?Research has
been done on oxidative modifications of apolipopmotA-1 (30 KDa protein) in high density
lipoprotein (HDL) by Heinecke and coworkers3* Bolgar, et al. identified HNE adducts of
histidine by MS/MS for the first tim&. Several different approaches were taken by various
researchers to follow the oxidation pattern of &b00 in LDL. Karlssongt al. *® used 2D-CE
and MS analysis, and Hellezt al. *’ utilized SDS-PAGE followed by MS analysis. However
these studies were focused on small apolipopratdihe determination of oxidation sites is
complicated since the modifications are non-speaifinature. Recently Obamet,al. identified
some oxidized amino acid residues using polyviryliel (PVDF) membran&g by incubating
LDL with Cu** ion. Obama’s method showed improved efficiencyeémoving the lipid from
apo B-100 for LC-MS/MS analysis. Also, in PVDF meaates, digestion with trypsin showed
greater peptide recovery. The current study focasedxidative mapping of amino acid residues
including those with hydrophobic side chains sushPae, Pro, and Trp. Several other amino
acid residues were found to be oxidized with vdeatoncentrations of hydrogen peroxide
mixed with Fe (I1).

Amino acid residues in the human apo B-100 sequesamreetimes differ from the
reported sequence (P04114Jhese changes in the amino acids are known asahatriants.
Apo B-100 has been shown to contain several nata@nts in its sequenc&?’ Often times
these variants were attributed to polymorphism a@ndiseasé’ Fifty-one natural variants were
reported so far in the cDNA or expressed sequeage(EST) of apo B-108.In addition to
oxidative mapping, the presence of some reportédralavariants in the LDL was revealed in

this study from direct protein analysis via LC-MS3Mxperiments.
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4.3.Materials and methods

Human low density lipoprotein (LDL) was purchaseani VWR chemicals. Each batch
of LDL was acquired from a single, healthy humaijsct. LDL was stored with 150 mM
ethylenediaminetetraacetic acid (EDTA) and was kefrstgerated (4 °C). Iron sulfate (Fe5®
H,0), disodium ethylenediaminetetraacetic acid fN&aTA), and all solvents were purchased
from VWR. Micro-dialysis tubes and floats were afmachased from VWR. High purity (99%)
4-hydroxybenzoic acid (4-HBA), ammonium bicarbong#BC), dithiothritol (DTT) and
iodoacetamide were purchased from Sigma-Aldrich (Siuis, MO, USA). Trypsin was
purchased from Promega (Madison, WI, USA). In apeximents, purified water was obtained

by deionization and UV irradiation.

4.3.1. Quantitation of hydroxyl radical

High performance liquid chromatography (HPLC) wagdito quantify the total amount
of hydroxyl radical formed. In this approach, gthioading of benzoic acid (10 mM) was added
in order to scavenge all radical that was formextgited method described elsewh&é9. The
reaction between benzoic acid and hydroxyl radieal a known second order rate constant and
forms a characteristic product, 4-HBA. The amouht4eHBA formed during the reaction
between hydrogen peroxide andFaas determined. In short, 4¢Q of 50 mM FeSQ (final
concentration 1 mM), 40QL of 50 mM NaEDTA (final concentration 1 mM), and different
concentrations of hydrogen peroxide (final concaimans 9uM, 90 uM, 900 uM, 4500uM and
9000 uM) were added to 20 mL of 10 mM benzoic acid (dg)these experiments hydrogen
peroxide was added as a bolus addition. The reaetas carried out for 25 minutes and was

guenched by addition of 2QQ. of methanol and acidified with 2 drops of concated HCI. The
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sample was loaded onto a 1.5 mL loop. An Alltechcirb C18 (4.6 mm 1.D., and ODSfn)
column was used for separation of 4-HBA from thact®n mixture with detection by UV
absorbance at 234 nm. The elution gradient wasrveaidified to pH ~ 2.5 with trifluoroacetic
acid (A) and acetonitrile (B): 0-3 min 10% B; 3-t&in linearly to 44% B; 12-13 min linear to
100% B. The analytes were pre-concentrated on aolimthe first 3 minutes, and then were
eluted by increasing the solvent strength. A catibn curve was formulated from peak area
under the HPLC trace daily {R0.99) with 4-HBA standards (at least 2 replicates)
concentrations of 0.pM, 10 uM and 25uM. Oxidized benzoic acid samples were injectedgisin
at least 3 replicates for each concentration of rdryyen peroxide exposure. Peak area
corresponding to 4-HBA in the reaction mixture veasnpared to that of the standards used in

calibration (Figure 4.1).

4.3.2. Oxidative modification of LDL

Ten microliters of LDL (5.3 mg/ml) was diluted t@QuL with purified water to yield a
concentration of 0.58g/uL of apo B-100. Eight samples were placed in seéparacro-dialysis
tubes (MW cut off 3500 Da) and were then dialyzgdiast 500 mL ABC buffer (pH = 7.4, 25
mM) for 24 hrs at 4 °C. The dialyzed LDL samplesreveollected and placed in small micro-
centrifuge tubes. Each exposure was carried odupticate. Hydroxyl radical was generated by
adding 2uL of 50 mM NgEDTA, 2 uL of 50 mM FeSQ@7HO (aq) and 6uL of aqueous
hydrogen peroxide (0.15 mM, 1.5 mM or 15 mM). Imnagely after addition and mixing, the
concentrations of the added hydrogen peroxide @eid, 90 uM or 900uM. The reaction was
carried out for 25 minutes at room temp in an Epjpeh Thermomixer R in the dark with
constant shaking at 800 rpm. Control experimenth wd peroxide addition were carried out at

about the same time when hydrogen peroxide expssueee performed. Immediately after the
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reaction period the treated samples were placethioro-dialysis tubes for dialysis against
acetone (24 hrs at 4 °C) to remove lipids and othglrophobic molecules. Then the treated
samples were further dialyzed against methanol@gué0 mM ammonium bicarbonate (3:2)
for 24 hrs at 4 °C. Samples were collected in pldabes and were placed in boiling water for 5-
10 minutes for partial denaturation of the protdihirty molar excess dithiothritol (DTT) was
added and samples were incubated for 30 minutés &€ to cleave the disulfide linkages. Next,
30 molar excess iodoacetamide was added and Ietfoee®0 minutes at 37 °C for alkylation of
the cysteinyl residues. Tryptic digestion was eatut overnight following previous methots.

®1 The tryptic peptides were quenched with liquidtagen, vacuum dried, and reconstituted in
5% aqueous formic acid with 5% acetonitrile for MS/MS analysis. Samples were stored at -

80 °C until analysis.

4.3.3. LC-MS/MS analysis of apo B-100

The peptide mixture obtained from the procedureethohbove (maximum amount
equivalent to 3ug protein) was first loaded onto a reversed-pheage ¢olumn, and then washed
with 3% acetonitrile and 0.1% formic acid (aq) tsdlt the sample. After the wash/desalt step,
the trap column was switched into a gradient fl®&® (inutes, water with 3% acetonitrile and
0.1% formic acid at the beginning and 65% acetibaitvith 0.1% formic acid at the end) to
elute peptides to ajganalytical column before introduction into a linéeapping quadrupole

(LTQ) mass spectrometer.

4.3.4. MS setup

Mass spectrometry analyses were performed on a hid@3s spectrometer (Thermo

Electron, San Jose, CA) equipped with a nano-fla@0¢500 nL/min) electrospray source. The
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peptides were ionized via electrospray and recond@dull scan mass spectrum in a positive ion
mode. For each full MS scan, the top 3 most intgresgtide precursor ions were selected and
fragmented via collision induced dissociation (CIRpw pressure helium was employed as
damping (for ion storage and isolation) and cadlis{fragmentation of activated ions) gas. The

instrument was operated in a highly automated dependent acquisition mode.

4.3.5. Database search

The database search was performed on an in-hoasghsengine (Bioworks 3.3, Thermo
Electron) using the SEQUEST algorithm. Apo-B seqesn(P04114) and seven other sequences
that include reported natural variants were conagpite a small database for searching (Table
4.2). Peptides with MW of 600-3500 Da were chosanidentification. All modifications were
defined as differential (unmodified peptides welsoasearched) and are listed in (Table 4.2).
Trypsin was selected as the proteolytic enzyme,thaddatabase search included identification
of one missed cleavage of Lys or Arg. An Xcorr scaras generated from the matching of
experimental spectra to the theoretical specti@ofB-100 peptides. A charge state-Xcorr score
filter was applied to all MS/MS spectra. Singly aped peptides with Xcorr score less than 2,
doubly charged peptides with Xcorr score less th&n and triply charged peptides with Xcorr

score less than 3.0 were considered as false yeEs@ind removed from the final report.

4.4.Results

Reaction of hydroxyl radical in cells follows congated pathways making it difficult to
understand the underlying mechanisms and kinefit® total amount of hydroxyl radical
reacted can however be calculated. This informatias helpful to determine the total hydroxyl

radical generated during hydrogen peroxide incobawith LDL. We have quantified the total
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8, 49

amount of hydroxyl radical™ *”that was formed after a bolus addition of hydrogeroxide to

aqueous iron in the presence of EDTA.

4.4.1. Total hydroxyl radical quantitation using benzoic acid with HPLC

LDL was exposed to hydroxyl radical at three déf@r doses obtained by varying
hydrogen peroxide concentration in the oxidatioepstQuantitation of the total amount of
hydroxyl radical formed at each of these peroxiger/bxyl radical doses was carried out by
reaction with excess benzoic acid. Hydroxyl radiegction with benzoic acid yields several
products, including 2-hydroxybenzoic acid, 3-hydioenzoic acid and 4-hydroxybenzoic acid.
4-Hydroxybenzoic acid makes up approximately 1/6 toé total products formed: *°
Consequently, the total amount of benzoic acid teaicted with hydroxyl radical can be
calculated by measuring only the amount of 4-HB&rfed and then multiplying this amount by
a factor of 6% The total amounts of hydroxyl radical formed aff& minutes of reaction at
different peroxide concentrations were calculatedoé 0.78 £ 0.03 micromoles, 1.7 £ 0.3
micromoles and 3.1 + 0.04 micromoles fop, 90 uM, and 900uM H,0O, doses, respectively
(95% confidence limits). These data are presemtdeéigure 4.1. The total radical formed was
also quantitated for 4.5 mM and 9 mM hydrogen pgl®xoncentrations, but the total amount of
hydroxyl radical produced did not increase beydmat bbserved for 90(M peroxide (Figure

4.1).
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Figure 4.1 Total hydroxyl radical produced by addirg different hydrogen peroxide concentrations to 10nM benzoic acid in the presence of 1 mM
FeSQ.7H,O and 1 mM N&EDTA in water.
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4.4.2. Sequence coverage

As mentioned earlier tryptic peptides were searcgainst a full length cDNA sequence
of apo B-100 protein (P04114) listed in the IPI-famuatabaseusing the SEQUEST algorithm.
For large proteins such as apo B-100 it is dificalget high sequence coverage via LC-MS/MS
analyses of the peptides derived from trypsin diges® We achieved (48 + 1) % (2 samples)
sequence coverage from untreated LDL samples (Eigw#t). For the sample with no peroxide
added and for the LDL treated withu# H.O, (both with 1 mM F&" and 1 mM NgEDTA) the
recovery was (45 + 2) %. These results are compmrébd earlier worlé? With high
concentrations of }D, (90 uM and 900uM), however, our recovery decreased to (33 + 2t a
(26 * 3) %, respectively. The decrease in the setpieoverage is plausible since high hydroxyl
radical concentrations would result in substanpabtein degradation including lysine and
arginine modifications and additional unknown maifions of amino acid residues. Such
highly degraded peptides would be unlikely to maddtatabase search based on the unmodified
protein sequence. A figure (Figure 4.2) indicatihg@ sequence coverage for all samples is

presented to indicate the regions of matching eteskepeptides to those in the cDNA sequence.
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Figure 4.2 Sequence coverage was represented bylg®l region in apo B-100 sequence (P04114). Aminoiécdl through 4563 was shown in the above figure. “A
represents sample without HO, treatment (Blank). This sample was run twice andhe sequence coverage data for both run was furnistie“B” represents low peroxide
concentration exposure to LDL (9uM) (duplicate experiment). “C” represents intermediate peroxide concentration (90uM) (duplicate experiments). “D” represents
exposure to high peroxide concentration (90gM) (duplicate experiments). Sequence coverage deases with increase in peroxide concentration.
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4.4.3. Oxidation of amino acid residues

As mentioned above, tryptic peptides were analyred C-MS/MS. The peptides were
first eluted according to their hydrophobicity imdmtely followed by introduction to the mass
spectrometer. Individual ions were then selected dollision induced dissociation (CID).
Resulting fragment ions (b and y ions) were usedetermine the peptide sequence and possible
modifications to the original peptide sequeéhc&mino acids with aromatic side chains such as
Phe, Trp, and Tyr were previously observed to feltel6 Da mass chang&s>? All amino acid
modifications observed in this study are listedrable 4.3 from duplicate analyses. Oxidations
that were observed in both unoxidized controls @ndxidized samples were omitted from the
table, so all entries in this table indicated pagsi that were oxidized by the hydroxyl radical
treatment. In the exposure with the lowest peroxadmcentration (9uM), six different
phenylalanine residues (Figure 4.3) were oxidizg@ddition of one oxygen atom. Under these
conditions, eight Tyr residues also underwent Gtand(Table 4.3 and Figure 4.4).

Direct oxidation of Trp yields kynurenine and Nifoylkynurenine. 3898Trp was found
to be oxidized to N-formylkynurenine (+32 Da) (Takl.3). Trp+16 oxidation product was not
observed. Also, three directly oxidized His resslueere observed (Table 4.3 and Figure 4.6).
Under direct hydroxyl radical attack, arginine grdline both take similar pathways and form a
characteristic product, glutamic semialdehyde (Fégd.7). It should be noted that widely
reported formation of 5-hydroxy-2-aminovaleric afidm arginine and proline was previously

observed in other studies only if a strong reducaggnt (NaBk) was present in the reaction

* All positively matched peptides were listed in Apglix A from Table A-1 through Table A-5. Corresginy
Xcorr value and\C, values were also listed.
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medium> In our studies, ten oxidized Pro, and no Arg nesi&were observed in the low

peroxide experiments.
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Figure 4.3 MS/MS spectra of tryptic peptide 3996-421 from low peroxide concentration depicting modiftation of 4019Phe (Phe+16 Da).
Corresponding B- and Y- ions are shown. Unmodifiegheptide was not observed.

113



b3 b4 b5 b6 b9 b10b11b12 b13 b14 b15 b16 b21 b22 b23

S

QR

e 0 e e

»*

y22 y20y19y18 yl4 yl2 y11y10y9 y8 y7 y6 v4 y3y2
iy +2 HO,
) b15
L
> 880.28 2
I b16+ HO
Te} +1
> bs +3 1929.12 +2
100 T 208.30 754.73 21 P20
i 809.41 .. 1148.69 Oxidized Tyrosine
] +1 10 b2 [Tyr+16]
o 4 )z 1138.66 22 0y™2
g 545.33 ot 126934 133304
= 983,51 /
3 ol
< . Y3
2 41628
C_U = +2 +1
& - y2+1 b1 by bt
130321 690.65 1380.81 16;; 20 big"™
1l \ \ 1657.71
O S T T R M ‘\mMH\HM“‘\“H\H“HHM‘M“HH‘M‘\M\ \H‘HM“MH\M \H M ‘ “ ‘\‘ ‘ ‘ H\‘ | \‘ \MH ‘ ‘ \‘H \H\H‘ H\‘m“ \‘H‘\H \‘\ it ‘ M‘ ‘M ‘MH\ i ‘Hm wal 1 ‘ Il
T T 7 T 7 T T T T 7 T T T \ [T 1 T T
400 600 800 1000 1200 1400 1600 1800

m/z

Figure 4.4 MS/MS spectra of tryptic peptide 1001-24rom low peroxide concentration depicting modificaion of 1020Tyr (Tyr+16 Da). Corresponding
B- and Y- ions are shown. Unmaodified peptide was @lerved and compared with.
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B- and Y- ions are shown. Unmodified peptide was @lrved and compared with.

115



L K N

R IR

A X 0 /
Y19 y18y17 yl16yl5 y13 yoy8 y7 y6y5 vy4 y3 y2 AN
Direct modification of histidine

100 — to oxidized histidine [His+16]

B Y13 P v

— 835.46 o Q b2o
8 y7 I| 1209.74
‘gf‘ B 879.35 2
>
Qo
< » 974.35
2 Ye 1
g 716.41 Yo
2 4 ya 't Y5 1105.47

. b, 502.30 603.55

s [l

O N u\ M \\l ‘\\M\Hl\‘\\\\u} ‘\ Il U\ I \‘ ‘ ‘ ‘\ ‘
400 600 800 1000 1200 1400 1600
m/z

Figure 4.6 MS/MS spectra of tryptic peptide 4520-4@om low peroxide concentration depicting modificdion of 4529His (His+16 Da). Corresponding
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Figure 4.7 MS/MS spectra of tryptic peptide 655-6%rom low peroxide concentration depicting modificaton of 663Pro (Pro+16 Da). Corresponding B-
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Figure 4.8 presents a map of all 4563 amino aadsapo B-100. The distribution of
oxidized amino acids is depicted. The figure repnts the presence of directly oxidized amino
acids (upward line) and amino acids oxidized inttlsevia a lipid radical pathway (downward
line). In addition different colors indicate oxidats observed at low (red), intermediate (blue),
and high (green) peroxide concentrations, respagtivOther colors (black, turquoise and
yellow) represent amino acids that were oxidizedwn or more different concentrations (for
example black represents low and high, turquapeesents intermediate and high and yellow
represents the amino acid was oxidized with lowtermediate and high peroxide
concentrations). The red, upward lines indicate namacids that are most likely solvent
accessible in the intact LDL particle. Becauseitsmlthl oxidations only occurred at higher
concentrations of peroxide, at which there wasewe for loss of protein structural integrity, it
is unclear whether the blue and green lines reptesglvent accessible amino acid residues.
These amino acid residues could be solvent acdedsili resistant to oxidation (e.g. nearby
residues or lipids might scavenge radicals), orytleeuld be isolated from the aqueous
environment in the protein’s native state, whichyrhave been disrupted by excessive protein

damage.
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Figure 4.8 Plot of observed apo B-100 oxidized anonacids by sequence number [P04114]. Lines indicate
locations of amino acid modification by direct oxiétion (upward line) and indirect oxidation/lipid mediated
oxidation (downward line). Red, blue and green lies indicate observed oxidations at low, moderate drhigh
peroxide concentrations, respectively. Black lineindicate oxidations observed at (low + high), turqoise
represents (intermediate + high) and yellow represgs (low + intermediate + high) hydrogen peroxide
concentration. Numbers indicate amino acid residué the apo B-100 sequence.
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At the intermediate peroxide concentration (8@), only two Phe, no His and one Tyr
residue were found to be oxidized by addition of @Qnatom (Table 4.3). The number of
observed oxidized amino acid residues was smalteiingermediate and high peroxide
concentrations compared to the low peroxide comagah. At intermediate or high
concentrations of hydroxyl radical, amino acid niiedtion pathways become more complicated
and result in unknown structural changes. Due ¢octtmplexity of protein damage, the method
suffers from a decreased ability to identify apd®3 peptide fragments by LC-MS/MS.

At high peroxide concentrations (9QM), oxidations were observed at seven Phe
residues, two Tyr residues, and no Trp residue IETAIB). Interestingly, a double modification
of 2307Phe (dihydroxyphenylalanine) (Figure 4.9swadserved. Three Pro modifications and
no Arg modification were observed at high peroxzdacentration.

Oxidized residues were found to be widely distrdautin the protein sequence as
represented in Figure 4.8. In the LDL receptor diomg3130-60 and 3259-679,3262Pro
oxidation (Figure 4.7) was observed at low peroxégosure. This oxidation may lead to
alteration of LDL uptake by LDL receptors in thdlc&he wide distributions of oxidation sites

indicate that solvent accessible amino acid residue spread throughout the protein.
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Figure 4.9 MS/MS spectra of tryptic peptide 2296-28 from high peroxide concentration depicting moditation of 2307Phe (Phe+32 Da).
Corresponding B- and Y- ions are shown. Unmodifiegheptide was observed and compared.
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4.4.4. Amino acid residues undergoing oxidation via lipid oxidation route

Oxidation of lipids produces stable,p-unsaturated aldehydes (acrolein or 4-
hydroxynonenal). These products are hydrophilinature and therefore increase the polarity of
some parts of the apo B-100 protein. HNE is pranestict with histidine residues to produce a
mass increase of 156 Da. We did not observectiasacteristic mass increase in the oxidized
LDL. However, HNE also attacks tleeNH, group of lysine to yield a Schiff base adduct (813
Da) followed by a water loss and 2-pentylpyrrolelact formation (+120 D&Y, At low and
intermediate concentrations of peroxide, no HNE-ladduct was observed, while at high
concentrations of peroxide, 2195Lys and 2208Lysn&d HNE-Lys (Figure 4.10). Previous
attempts were made to identify HNE-Lys adducts porayoglobin and apo B-100 by tryptic

digestion method without succeds’” >*
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4.4.5. Analysisof natural variants

Seven modified apo B-100 amino acid sequences wa@mstructed to include fifty-one
natural variants and compiled in a small amino aeiguence database (Table 4.2) along with the
apo B-100 sequence (P04114) obtained from the humkdatabase. Using tryptic digestion
followed by LC-MS/MS, unique peptides representingptal of four natural variants*® 4° °°
were observed in this study (Table 4.4). Mass sakevidence for the presence of the natural
variant with 2092Leu instead of Val is depictedFigure 4.11. These natural variants were
confirmed by manual verification of the high qualtandem mass spectra that matched the
variant containing sequences. So far, differentlisti reported the presence of the natural
variants of LDL based on nucleotide sequence. Hewemo previous research has directly
identified the presence of these variant amino a@sidues in LDL samples via mass

spectrometric data analysis.
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Table 4.2 Reported natural variants were compiled i seven small subsequence databases modified fronubtished sequence (P04114)
[http://srs.ebi.ac.uk/srshin/cgi-bin/wgetz?-e+[UNIFRROT:APOB_HUMAN]+-newld]. In order to efficiently id entify the reported natural variants by
MS/MS, these databases were constructed by incorpating a small group (3-10) of amino acid variantsnito the P04114 sequence. The sequence
modification table given below demonstrates the s@equences [Seq mod 1, seq mod 2, and so on] credmddatabase search. The natural variants
observed by MS/MS in our LDL experiments are indicéed by an asterisk (*).

Seqmod 1 Seq mod 2 Seq mod 3 Seq mod 4 Segqmod5 eqm&l6 Seq mod 7
103 Tyr>His 741 Thr>Asn | 618 | Ala>Val 273 Asn>Lys 145 Pro>Ser | 733 Val>Ile 98 Thr>Ile
490 Arg>Trp | 3527 | Arg>Gln 1128 | Arg>His 730 Val>Ile 554 Pro>Leu | 3182 His>Asn 408 | lUe->Thr
1086 | Gly>Ser 4181 | Lys>Glu 2299 | Asp>His 1218 Glu>GlIn 1113 Asp>His | 3558 Arg>Cys 877 | Pro>Leu
1437 | Phe>Leu 2739| Pro>Leu | 2092* | Val>Leu | 1914 | Asn>Ser | 3964* | Phe>Tyr | 1388 | Arg>His
1923 | His>Arg 3427 | Lys>Thr 2680* | Gln>Leu | 2365 Thr>Ala 2566 | Glu>Lys
2456 | Ala>Asp 3949 | Leu>Phe 3294 Ser>Pro 2785 Asn>His 3319 | His>Asp
3121 | Ala>Thr 4481 | Ala>Thr | 3732* | Thr>lle | 3279 | Ser>Gly 3921 | Val>lle
3432 | Glu>Gln 3945 Thr>Ala 3638 Arg>Gln 4394 | Val>Ala
3801 | Ser>Thr 4338 | Asn>Ser | 4128 | Val>Met
4270 | Arg>Thr 4484 Thr>Met
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Figure 4.11 MS/MS spectra of tryptic peptide 2086-Bfrom untreated sample depicting presence of 2092 as a natural variant. Corresponding B-
and Y- ions are shown. Ammonia loss from b5, b6, hH8, b9 was observed in the MS/MS spectra.
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4.5.Discussion

45.1. Methionine modification

Methionine can be easily oxidized to methionindesutle even by simple exposure to
ambient oxygen (Scheme 3.15). We frequently obskemwethionine modifications. These
oxidations were not reported because they wereapget/in control experiments which made it
difficult to verify that the oxidation was the rdisaf treatment with hydroxyl radical.

Some observed oxidized peptides contained both iometie and another oxidizable
residue (e.g. phenylalanine, tryptophan and tyejsinin these cases, the mass spectral data was
manually checked to determine which of these residuas actually oxidized. These peptides
are identified in Table 4.3 with an asterisk. Nafi¢hese peptides showed methionine oxidation
in control experiments (no peroxide added), sugggsthat these methionine residues were
resistant to oxidation. Methionine modificationdlsaracterized by a loss of GSOH (-64 Da)
from the precursor ioff In F€*/peroxide treated LDL, no major peaks in product spectra
confirmed this loss. Hence there is no convincingdence that treated apo B-100 had
methionine oxidations. The presence of inaccessid¢hionine residues indicates that some
parts of the protein retained their structure dyrinydroxyl radical exposure. Also, in peptide
2523-34 (observed in high peroxide dose and blaBgkp6Met was oxidized and 2523Met
remained intact. Hence it was perceived that sorathionines such as 2523Met were in the
hydrophobic pockets of the proteins which are ieasible to both ambient oxygen and hydroxyl

radical.
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45.2. LDL oxidation

It is well recognized that ox-LDL is one of the miafactors in promoting atherogenesis.
In vivo formation of ox-LDL and atheroma was extensivemibnstrated by several different
studies® > 7 & >"Our focus was to study apo B-100 oxidation in Liblthe presence of hydroxyl
radical in order to identify the positions of aminoid residues that undergo oxidations under
these conditions. Upon exposure to hydroxyl radidte most commonly observed modification
was addition of an oxygen atom (e.g. hydroxylatjavhich resulted in a mass change of +16 Da.
It is expected that the location of these oxidasadas reveals solvent accessible portions of apo
B-100 in LDL. Sharpet al. and other researchéts®" % **demonstrated the usefulness of
hydroxyl radical mapping techniques in model prmesuch as lysozyme afidactoglobulin A.

In short, the solvent accessible amino acid resicdifehe protein, particularly those containing
aromatic side chains, react readily with the hygteadical and form an aromatic alcohol. These
are stable markers that can be determined by npassremetric studies.

Addition of two oxygens to 2307Phe from low peraxidose and addition of two
oxygens to 3923Phe from high peroxide dose (Figu®¢ depicts extensive reactions in some
protein regions. Most observed oxidations wereréisellt of direct hydroxyl radical attack on the
amino acid residues, and only a small portion efdbserved oxidations were representative of
lipid mediated oxidation (i.e. involving a lipidde&cal). The overwhelming majority of direct
oxidation products suggests that at the lowestcehdioncentration used in this study, little
indirect oxidation occurred in the time frame oéslk experiments, which was likely too short to
exceed the lag peridd. ®* Furthermore, peptide sequence coverage by LC-MSiMS
unchanged between LDL not exposed to oxidants dbd éxposed to low concentrations of

hydroxyl radical. This result indicates that loencentrations did not cause enough structural
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damage to interfere with the analysis. However, Hmgher radical concentrations, dramatic
decreases in sequence coverage were observedtinglitzat the higher radical concentrations

resulted in extensive protein damage.
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Table 4.3 Modifications of amino acids observed iDL exposed to three different hydroxyl radical corcentrations. Numbers represent the position of
the amino acid in the apoB sequence (P04114). Alperiments were done in duplicate. The positions dhe oxidized amino acids were compared with
the control. The table includes only oxidations notilso appearing in control experiments (no peroxidadded). All modifications from each replicate
were listed.

Modifications Low Peroxide concentration Intermediate peroxide High Peroxide concentration

Observed concentration

F+16 680, 883, 2665, 2845, 4019, | 1193, 2419 680, 883, 1193, 2307, 2419
4531 2665

F+32 3923 N.D. 2307

Y+16 56, 144, 276 1020, 3295 3926, 4510 2568, 4380
4380, 4451

W+32 583 N.D. N.D.

H+16 596, 2507, 4529 N.D N.D.

P+16 65, 145, 663, 1007, 2620, 2659| 4004 663, 3281, 4004
3262, 3293, 3310, 3593

K+120 N.D. N.D. 2208

K+138 N.D. N.D. 2195

*These peptides contained a methionine residuéfer@ntiation between methionine oxidation and axioh of another amino acid in
the same peptide is difficult. However, charasteriloss of 64 Dalton from oxidized methionine wet observed, so methionine
oxidation was ruled out.
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Previously, FDP-Lys (Lys+94) and MP-Lys (Lys + 965 oxidation products were
observed in samples exposed to hydroxyl radicatoAdcrolein forms as a lipid oxidation
product from hydroxyl radical mediated oxidatiomattlean react with amino acid residues such as
Lys and His. FDP-Lys is the result of these oxinfast® ° Uchida’s pioneering work in this area
already revealed that by MS/MS methods, these pitsduere extremely difficult to identify due
to extensive cross-linking. In previous work, odlynolecules of FDP-Lys/molecule of apo B-
100 were formed during hydroxyl radical mediateitlaions?> *° FDP-Lys was not observed in
our studies. It is apparent that in our experimethies lipid mediated pathway is not predominant.
In previous researches the abundance of MP-Lys-BBRand HNE-His formation from Cu (1l)
mediated oxidations were substanffalndicating that Cu (1) mediated pathways oxidibe
protein in a substantially different way comparedlirect hydroxyl radical attack.

Exposing LDL to three different hydroxyl radicalrmentrations showed concentration-
dependent oxidation. At low hydroxyl radical contations (low peroxide doses), amino acid
oxidations were observed, but no extensive prat&inctural damage was observed. At higher
hydroxyl radical concentrations, apo B-100 was rfiedi extensively and loss of its native
structure was observed. Durimg vivo oxidative stress, a lag phase is generally obseive
which the cell or the tissue can recover from thmage by means of its defense mecharfisms
®L such as antioxidants and repair processes. Nelest) oxidative stress in the lag phase can
still induce some damage to apo B-100. In our lgrbxyl radical concentration experiments,
apo B-100 was partially oxidized, but based onf#ioe that sequence coverage remained high, it
is not likely that extensive structural damage oczilt The low hydroxyl radical dose in this
study is likely representative of the lag phasel sntherefore more relevant ito vivo systems.

The in vitro studies reported here with different peroxide em@tions are significant since
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physiological concentrations of hydroxyl radica¢ dow, but during oxidative burst, neutrophils
generate micromolar amounts of peroXfda the cells. The choice of low, intermediate &igh
concentrations of hydrogen peroxide elucidated imgrdegrees of protein damage as a function
of hydroxyl radical concentration.

Ox-LDL uptake by CD-36 into macrophages is a coogiéd process and not yet
completely understodd Recent research has correlated the uptake ofizexidphosphatidyl
choline by the scavenger receptor CO®3@However, dose dependent formation of oxidized
epitopes in apo B-100 can play a crucial role ircmphage uptake and thereby pathogenesis of
atherosclerosis.

Natural variants were previously reported for helobop with the help of mass
spectrometric dat¥{: ®® Natural variants in apo B-100 were previously obee by other
researchers based on cDNA and expressed sequendatéa The peptide sequence for apo B-
100 is extremely complex bearing two alleles in gleae, both of which can be expressed. Gene
expression from two alleles can lead to more thae form of protein or even a mixture of
proteins. The presence of a large number of nauaaants could be a result of this complex
gene expression. For our work, all previously régbrnatural variants were incorporated in
seven small sequences and added to the main datdyagpo B-100 for peptide searching in
mass spectral data. The search results againssniadl databases revealed unique peptides
depicting the presence of natural variants in thragin itself. A total of four different amino
acids were found to be present as natural variantise LDL sample used in this study. These
natural variants can possibly be attributed to palgphism, mutations or disease state of apo B-

100 genes.
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Table 4.4 List of natural variants observed in natve and ox-LDL from LC-MS/MS experiments, for native
LDL a total of two samples was analyzed. For ox-LDlsix samples were analyzed and tabulated.

Natural variants Natural variants
observed native LDL observed in ox-LDL
2092Leu 2092Leu
2680Leu 2680Leu
3964 Tyr 3732lle

3964 Tyr

4.6.Conclusions

In LDL protein several amino acid residues werenfbuo be oxidized directly or
indirectly by hydroxyl radical. The mass changeg do the oxidation of amino acid residues
such as phenylalanine and tyrosine were analyzddbWS/MS. Oxidized amino acid residues
were distributed widely throughout the apo B-10§usnce. At the lowest radical concentration
used in this study, protein modifications were miremough to allow successful MS/MS
mapping, and the results suggest that this corat#onr is effective for mapping solvent
accessible amino acid residues. Higher radicakeoimations, however, resulted in lower
recovery of recognizable peptides, indicating satsal structural damage may have occurred to
the protein. Consequently, these higher conceotrmtare not as reliable for mapping solvent
accessibility. The vast majority of peptide maochfiions observed in this study were from direct
hydroxyl radical attack, indicating that our metea@present probing of protein damage in the
lag phase before substantial concentrations ofrelng radicals can be formed. Because natural
defenses against free radicals are preisevivo, the lag phase is most likely representativenof
vivo conditions. Consequently, the method reportec lemoids complications arising from
oxidation under conditions that are too aggres&ivg. Cd* mediated oxidation). Modification

of 3262Pro was observed in the receptor bindingpresy” ®° of apo B-100 (3130-60 and 3259-
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67), indicating that hydroxyl radical can causeediroxidation in this important region. The
identity and location of the solvent accessibletigleys, as well as their oxidation products, will
be helpful in understanding the mechanismeofivo LDL oxidation. Furthermore, the protein
modifications identified here may allow studiesttBlucidate the impact of these modifications

in model systems.
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Chapter 5.
Hypochlorous acid and peroxynitrite treated apo B-D0 in LDL: A

study of the oxidized regions of LDL protein

5.1.Abstract

Low density lipoproteins (LDL) act as a major clatérol carrier in the human
physiological system. Oxidized LDL (ox-LDL) has Imefund to be pro-atherogenic by several
previous studies. Free radical mediated oxidatmingpo B-100 (LDL protein) plays a critical
role in early stages of plague formation in thesigat wall. The structure of apo B-100 is still
poorly understood, although this structure mayroeial in identifying the role of the protein in
atheroma formation. In this study we mapped theliagd regions of apo B-100 in human LDL
using peroxynitrite and hypochlorous acid as proliesa separate experiment, tyrosine was
exposed to peroxynitrite in PBS buffer spiked wiibarbonate. The resultant reaction mixture
was analyzed by reversed phase HPLC and the coatientof 3-nitrotyrosine was calculated.
This result was correlated with the effective corication of peroxynitrite for protein damage.
LDL was incubated with various concentrations oflism hypochlorite in bicarbonate buffer.
Previously, we treated LDL with hydroxyl radicaldcaidentified oxidized amino acids of apo B-
100. We employed the same method to identify pmssti at which peroxynitrite and
hypochlorous acid oxidizes apo B-100. After expesio peroxynitrite and hypochlorous acid,
LDL was delipidated and dialyzed against methanatew followed by a treatment with DTT
and iodoacetamide to break disulfide linkages. Tdwmlting solution from peroxynitrtie was

digested with trypsin to yield peptides. Trypsirdgronase both enzymes were used separately
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in hypochlorite treated samples. The peptides hem tanalyzed by LC-MS-MS to identify

modifications in the protein. Nitrotyrosine andrattyptophan, along with hydroxylated amino
acids, are specific markers for peroxynitrite mestlaoxidations in proteins. Chlorotyrosines
were specific markers for hypochlorous acid mediatamage in proteins. By employing dose
dependent oxidations of peroxynitrite and hypoabilsr acid we have identified site specific
oxidations caused by the oxidants in apo B-100aata with intact LDL particle. Oxidative

mapping of apo B-100 will reveal solvent accessiklgions of apo B-100 and provide valuable

protein structural information related to oxidatw®tein damage.

Keywords: LDL, ox-LDL, apo B-100, peroxynitrite, pgchlorous acid, oxidative

mapping, LC-MS/MS, trypsin, pronase.

142



5.2.Introduction

Low density lipoproteins (LDL) are cholesterol tsporters in physiological systems.
LDL particles are comprised of three components: iDL core has cholesteryl esters and
triacylglycerol, the outermost layer contains phuspids and free cholesterol, and a single
monomeric protein apo B-100 (4563 amino acids)reles the lipid assembly (Figure 3.3) and
is partially exposed at the surface of LBE.A variety of strong oxidants can damage LDL and
induce formation of oxidized LDL (ox-LDL). Patholmgl implication of ox-LDL in body is
severe and could be attributed to atherosclefdsidtherosclerosis is a complex disease
involving plaque formation in arterial intima. Plag renders inelasticity in arteries and causes
complicated symptoms in cardiovascular diseases.

Oxidants can damage LDL in a bidirectional fashiOmidative stress renders formation
of lipid peroxides and highly reactive aldehydesichhare known to disrupt the protein
structure’™* Oxidized apo B-100 could also be a key factorlaype formation. This hypothesis
was supported by the observation that elevated esurations of the oxidized protein were
accumulated in the atherosclerotic lesidrté.**Post translational modification of this protein by
free radical or enzymatic processes may be a kegnpeter in initiating plaque formation.
Current methodologies are inadequate to complaialyerstand the tertiary structure of this
protein. Molecular modeling, although very usefulsome cases, becomes speculative for this
protein®*® and requires additional information to predict #teucture (4563 amino acids and
550 KDa). Due to lipid association, it would be everder to crystallize this protein. Previously
we observed that liquid chromatography coupled witiss spectrometry (LC-MS/MS) could be
a useful approach in understanding the structureLDf protein!’ Oxidatively and/or

enzymatically modified LDL particles are inflammatoand activate cytokines and monocyte
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adhesion moleculé$§?® Generally, LDL particles are internalized by LDéceptors which are
expressed ubiquitously in cells. However, oxidatmedification in apo B-100 in endothelial
cells promotes binding and uptake of ox-LDL by smayer receptor CD-36%° in macrophages.
This phenomenon becomes more relevant in endothdlafunction and initiation of
atherosclerotic plagues.

Due to the enzymatic activity of endothelial nitdgide synthase (eNOS), L-arginine is
converted to citrulline, releasing nitric oxidetire proces$’ % Nitric oxide works as a signaling
molecule and helps in vasodilatidh? In vascular endothelial cells, peroxynitrite (ONOYQis
formed (Scheme 3.3) due to the reaction of nitsile and superoxid€:** Peroxynitrite is a
very strong oxidant and cause nitration in LEL3* 3*Indeed peroxynitrite can adapt multiple
pathways (Scheme 3.4) to damage the profBiBne of the key reactions of peroxynitrite is
nitration of tyrosine residues to form 3-nitrotyires (3-NT)° (Table 5.1) in LDL proteiri’
Myeloperoxidase (MPO) can catalyze this reaction foyming intermediate complexes.
Bicarbonate or dissolved carbon dioxide play andrtamt role in forming tyrosyl radical and
enhance reaction between tyrosyl radical and aitridical to form 3-NT° Tryptophan
oxidation products were also reported in proteimguding changes in the phenyl ring and
nitration in the phenyl ring (Table 5.1). Other amacids can undergo hydroxylation reaction by
this pathway since hydroxyl radical is also invalhas a dissociation product of peroxynitfite.

During respiratory burst, phagocytes release supdgoand hydrogen peroxide. In the
presence of the heme enzyme myeloperoxidase, hgdrpgroxide reacts with physiological
concentrations of chloride to form reactive hypocbus acid (HOCIf® Also, HOCI can be
generated in an extracellular matrix which can eadamage to circulatory LDL in blood

plasma. The damage arising out of hypochlorous emidd be substantially diveré&.** It can
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cause side chain oxidation, peptide bond fragmiemt@ind aggregation of proteifs**A range
of amino acid oxidation products were previousiplmhed in literature and some of them are
listed in Table 5.2. Controversial results existedthe more susceptible oxidizable regions of
LDL; however, Hazell and co-workers proved that moniacids in apo B-100 are more
oxidizablé* ** by HOCI compare to its lipid counterpart. It wdewn that initial oxidation in
protein apo B-100 can oxidize the lipids and leadthhe formation of cholesteryl ester
hydroperoxide. Hazemt. al. depicted tyrosine chlorination in LDL to form chbbyrosine in
atherosclerotic lesiorf$.An increase in oxidation of LDL particles incredsbe uptake of ox-
LDL by scavenger receptor CD36, which in turn ineldidoam cell formatioA™ ? These steps
are considered to be major early events in plaguedtion in the arterial wall.

Bergt et. al. presented valuable information on chloramine fiemseactions between
HOCI in apo A-1 and high density lipoprotein (HDt)This reaction was coined as one of the
key reactions in hypochlorite mediated damage tepns. Interestingly, Bergt's quantitative
work showed that the MPO/B,/CI system chlorinated Tyrl92 to a greater exlean that
observed for the other six Tyr residues in the ggrotThese results indicate that the protein
structure influences the chlorination reactiéh€ystein, methionine and lysine react directly to
hypochlorous acid. Cys vyields corresponding sutfoacid (Cysteic acid, +48 Da) while
methionine forms methionine sulfoxide (+16 D&)Chloramine transfer reactions at thélH
group of Lys was important since this chloramina transfer chloride to a nearby Tyr residue
(+34 Da) and go back to its native st&teAlso, aromatic amino acid such as histidine can
participate in transferring the chloramine by mlitside chain oxidation. Tryptophan can give
oxidation products of the indole residue (+16 fFa)The extent of chlorination with

MPO/H,O,/CI and reagent hypochlorous acid sometimes agpety be controversial.
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Although it was proposed that under physiologiaaiditions MPO binds directly to the amino
acids in the proteins and induces reactions, rdaggoochlorous acid had produced similar
extent of chlorination in Tyr residués.>

Yanget. al. presented pioneering work by modifying apo B-19@.DL with HOCI. His
methodology was tedious but nonetheless effecfiidis methods involved purification and
isolation of tryptic peptides from apo B-100 bydid chromatography after HOCI or MPO
treatment followed by analysis with mass spectroimemethod (ESI-MSY® Recent
developments in LC-MS/MS based methodologies arepafamount importance since it
attenuated analysis time and prodigious samplelimanskills >* >

Free radicaf™® and non-free radicit *® mediated oxidations leave permanent footprints
in the side chains of amino acids of proteins (€abll and Table 5.2). By identifying these
footprints, the solvent accessible paff8 (rather aqueous accessible regions) could be
identified. Previously we have shown usefulnessL&-MS/MS based methodologies in
determining oxidative post translational modificat (with hydroxyl radical) in apo B-130.n
this article we have assessed the site specifidatiwins of apo B-100 in LDL with oxidant
peroxynitrite and hypochlorous acid. We hope tlesutt will help us to understand the solvent

accessible residues in apo B-100, the structurthefprotein in LDL and important oxidation

products.
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Table 5.1 Reported amino acid oxidations from liteature and associated structural changes after oxidi@n by peroxynitrite.

33, 35, 60-62

Amino acid Modified amino acid Associated mass
change
Tyrosine 3-Nitrotyrosine NO, +45 Da
[ OH
Ha ( >
l® OH
Ho
Tryptophan Nitro-tryptophan NO, +45 Da
h
-l C ~
Ha \ NH —C
H \ NH
Tryptophan Hydroxylated OH +16 Da
tryptophan 2 I \
-l C <
Ha \ NH —ac
Ha \ NH
Cystein <CHZ—SH Cysteic acid i3| +48 Da
2
—=l C — S = OH
Hz I
¢}
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Table 5.2 List of amino acid oxidations by hypochlmus acid.3® 46 48 50 63-66

Amino acid Modified amino acid Associated mass
change
Tyrosine 3-Chlorotyrosine Cl +34 Da
-
e aVa
Ha
Tyrosine 3,5-Dichlorotyrosine Cl +68 Da
|
H>
Cl
_OXi 4 4
Tryptophan 2-oxindole H, HyC +16 Da
O mon == () =0
<C
Hy \ NH
Cystein <g—SH Cysteic acid i3| +48 Da
2
—=i C — S = OH
Ha I
¢}
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5.3.Materials and methods

Human low density lipoprotein (LDL) was purchaseohi VWR chemicals. Each batch
of LDL was acquired from a single, healthy humajsct. LDL was stored with 150 mM
ethylenediaminetetraacetic acid (EDTA) (pH 7.4) avas kept refrigerated (4 °C). Pronase was
purchased from VWR chemicals. Micro-dialysis tulzasl floats were also purchased from
VWR. Sodium nitrite (NaN@), hydrogen peroxide (30%) and all solvents wenelpased from
Sigma-Aldrich (St. Louis, MO). High purity (98%) Dtyrosine, sodium hypochlorite (NaOCI)
(15% chlorine content), ammonium bicarbonate (ABfoymic acid, dithiothritol (DTT) and
iodoacetamide were purchased from Sigma-Aldrich (Siuis, MO, USA). Trypsin was
purchased from Promega (Madison, WI, USA). In ajpeximents, purified water was obtained

by distillation, deionization, carbon filtration @tJV irradiation.

5.3.1. Synthesisof peroxynitrite

Peroxynitrite was synthesized by using two petistapbumps. This is a slight
improvement to the conventional metHdd® In short 0.60 (M) NaN@solution was mixed with
0.65 (M) KO, (in HCI) at 29ml/min. This mixture was added dwise to a constantly stirred 3
(M) NaOH solution for quenching. Since, peroxynéris extremely unstable in acidic medium
(half life <1 ms) it is necessary to quench thectiea without any delay. The yellow colored
solution indicates the existence of peroxynitrmtesolution. This reaction is exothermic in nature
therefore NaOH solution was placed over ice. Exd#£3, was degraded by transferring the
mixture to a beaker containing MpBubbles issuing from the solution indicated degteon of
peroxide. Solutions were transferred to 2 mL cérge tubes and stored at -80 until further

use.
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5.3.2. Characterization of peroxynitrite and quantification of 3-nitrotyrosine

Each day one centrifuge tube of peroxynitrite wageh out from the freezer and thawed
over ice. A pinch of Mn@was added to ensure residuall removal from the solution. 23
of this solution was diluted to 3 ml in 0.1 M NaCdid absorbance measurement was taken.
Concentration of the said peroxynitrite solutionsvealculated from its absorbance at 302 em (
= 1670 M* cm?).%®

High performance liquid chromatography (HPLC) wasdito measure the amount of 3-
nitrotyrosine (3-NT) formed after reacting peroxyité with DL-tyrosine (0.5 mM) in phosphate
buffer saline (PBS at pH 7.4) and 25 mM ammoniurnatiionate. Initially peroxynitrite
concentration was estimated by previously descriabdorbance methdd. Three different
peroxynitrite concentrations (1M, 100 uM and 1000uM) (duplicate experiments) were used
for exposure. Reactions were stirred for 30 minusesdified and injected into the HPLC to
measure the amount of 3-NT formed. A total of simples were analyzed.

An Alltech 150 mm Gg (5 p particle size, 1.D. 4.6 mm) column equipped withhGO pl
loop was used in the HPLC. An isocratic solventesys 95% water (0.1% Trifluoroacetic acid)
and 5% acetonitrile was used as eluent with a tienute run time. 3-Nitrotyrosine was injected
as an external standard and a calibration curvefovasulated from peak area under HPLC trace

everyday (R > 0.99) with three 3-nitrotyrosine standards anedyin duplicate.

5.3.3. Reagent hypochlorite characterization

Sodium hypochlorite was stored aC4until use. Absorbance of NaOCl was measured in

0.01 M NaOH. Concentration was calculated from meldinction coefficientd = 350 M* cmi

150



1) at 292 nnf? Hypochlorite solution was diluted to desired carteation with 0.01 M NaOH

and stored over ice until addition to LDL.

5.3.4. LDL oxidation

Stock protein concentration was 4.10 mg/mL. Forheaample, 12.1uL LDL was
diluted to 100uL with ammonium bicarbonate buffer (pH adjusted’td) and placed in micro
centrifuge tubes. A total of eight samples wereduseeach set of experiments. Each exposure
was carried out in duplicate. Three microliterspefoxynitrite (stock concentration 0.273 mM,
2.733 mM or 27.33 mM) was added to exposed sammbgataining the final concentration of
peroxynitrite in LDL sample as 1JiM, 100 uM and 1000uM respectively. Three microliters of
0.1 M NaOH was added as blank.

Sodium hypochlorite exposure to LDL was carried siatilarly. 12.19ul NaOCI stock
was diluted to 100ul by ammonium bicarbonate (pH 7.4). Three microditeof NaOCI
(concentration 0.343 mM, 3.43 mM and 34.3 mM) wddeal to each LDL sample to start with
the concentration 1M, 100 uM and 1000uM respectively. 3ul 0.01 M NaOH served as
blank. Again each exposure was carried out in dafsi

The micro centrifuge tubes are transferred to goerature controlled shaker (Eppendorf
Thermomixer R). At 37C and 900 rpm the reaction was shaken for 10 msnéte additional 3
pl of peroxynitrite/NaOCI solution was added andkdrafor another 10 minutes. FinallyuBof
peroxynitrite/NaOCI| was added again and shakererAf0 minutes these reaction mixtures were
transferred to previously labeled microdialysisesib

The samples were then dialyzed against 500 mL methaluene:methylene chloride

(3:1:1) (v/v) for two hours at 4C for delipidation. The dialysis float was transésf to another
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500 mL solution containing 300 mL methanol with 200 water for another two hours of
dialysis. The cloudy protein solutions were cokettind transferred to micro-centrifuge tubes.
BCA assay method was used to estimate the protaicentration at this stage. The protein
solution was boiled in water for 10 minutes to iat# denaturing. Thirty molar excess
dithiothritol was added, and samples were incubdted30 minutes at 37 °C to cleave the
disulfide linkages. Next, 30 molar excess iodoavéda was added and let react for 90 minutes
at 37 °C for alkylation of the cysteinyl residu@syptic digestion (one blank and three exposed
samples) was carried out overnight following prexianethods’” ™' "?The tryptic peptides were
guenched with liquid nitrogen, vacuum dried andedauntil further use.

Pronase digestidtt “*was carried out on one batch of NaOCI (exposetiotpM, 100
MM and 1000uM) treated samples. The enzyme was dissolved iremiatmediately before
addition to protein samples that were exposed tOGlgone blank and three exposed samples).
The protein to pronase ratio was calculated bygusie enzymatic digestion of bovine serum
albumin (BSA) and optimized as 50:1 (protein:enzynf@ata not shown). Based on the
estimated LDL protein concentration, required psenaas added and samples were incubated at
37 °C for 24 hours. ful formic acid (99%) was added to the samples tonghethe reaction
followed by boiling for five minutes. The reactianixture was then evaporated and dried
peptides were stored at -8C. Dried peptides were reconstituted in 5% aqudousic acid

with 5% acetonitrile for LC-MS/MS analysis. Sanwgpleere stored at -20 °C until analysis.

5.3.5. LC-MS/MS of apo B-100 peptides

The peptide mixture obtained from the procedureethohbove (maximum amount
equivalent to 3ug protein) was first loaded onto a reversed-phage ¢olumn, and then washed

with 3% acetonitrile and 0.1% formic acid (aq) tsdlt the sample. After the wash/desalt step,
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the trap column was switched into a gradient fl®@® (inutes, water with 3% acetonitrile and
0.1% formic acid at the beginning and 65% acetibaitvith 0.1% formic acid at the end) to
elute peptides to aiganalytical column before introduction into a linégeapping quadrupole

(LTQ) mass spectrometer.

5.3.6. MS setup

Mass spectrometry analyses were performed on an DEQs spectrometer (Thermo
Electron, San Jose, CA) equipped with a nano-fla@0¢500 nL/min) electrospray source. The
peptides were ionized via electrospray and recomedfull scan mass spectrum. For each full
MS scan, the top 3 most intense peptide precursas were selected and fragmented via
collision induced dissociation (CID). Low pressumelium was employed as damping (for ion
storage and isolation) and collision (fragmentatodractivated ions) gas. The instrument was

operated in a highly automated data dependent sitiqunimode.

5.3.7. Database search

The database search was performed on an in-hoasghsengine (Bioworks 3.3, Thermo
Electron) using the “SEQUEST” algorithm against lamP| database for apo B-100 (accession
# P04114)Y° Peptides with MW of 600-3500 Da were chosen foentification. All
modifications were defined as differential (i.eethmino acid residue may or may not be
modified) and are listed in Table 5.1. An Xcorr scavas generated from the matching of
experimental spectra to the theoretical specti@ofB-100 peptides. A charge state-Xcorr score

filter was applied to all MS/MS spectra. Singly oed peptides with Xcorr score less than 2,
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doubly charged peptides with Xcorr score less th&n and triply charged peptides with Xcorr

score less than 3.0 were considered as false peEsiind removed from the final regort

5.4.Results and discussion

5.4.1. Quantification of 3-nitrotyrosine with HPLC

In vitro nitration of tyrosine using reagent peroxynitritelldwed a complicated
mechanism. In physiological systems, the heme eeaywyeloperoxidase and other artifacts may
facilitate 3-nitrotyrosine formation in proteing. was important to know the concentration of
peroxynitrite added to the sample. Therefore cotiveal absorbance method (for peroxynitrite)
and HPLC method (quantitation of 3-NT) were useddnfy the consistency between the results
obtained from both of these methods. We have medsamounts of 3-nitrotyrosine (duplicates)
in three different reactions containing three défg concentrations of peroxynitrite. For
estimated 1@uM, 50 uM and 100uM peroxynitrite exposures, we calculated the tarabunts
of 3-NT as (1.1 0.1)x10"° moles, (5+ 1) x 10*° moles and (1% 2) x10*° moles. This data is
presented in Figure 5.1. 3-NT formation was a mesasi nitrite radical formation through
nitrosoperoxycarboxylate pathway after reaction péroxynitrite and carbon dioxide
(bicarbonate) (detailed discussion in chaptert33hould be noted that the actual yield of 3-NT

in this reaction is only1L0% compare to the total peroxynitrite added tor&aetion mixture.

* All positively matched peptides were listed in Apglix B from Table B-1 through Table B-6. Corresgiog
Xcorr andAC,values were also included.
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Figure 5.1 3-Nitrotyrosine formation from three different concentrations of peroxynitrite. An increasein 3-NT formation with increasing peroxynitrite
concentration is apparent. Errors are represented & one standard deviation.
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5.4.2. Modification of apo B-100 by peroxynitrite

Identification of the presence of 3-NT in atheresctic lesions indicated involvement of
peroxynitrite in the oxidation of proteifié Previous research connected nitration of amind aci
residues in LDL to peroxynitrite activity. Eiserioft. al.”® and Kettleet. al.* suggested
involvement of MPO in protein tyrosine nitration. éAhowever worked in an enzyme free
environment and explored nitration through nitraopycarboxylaté pathway. Previously
Alvarez et. al. depicted nitrotryptophan formation by reacting gemitrite directly with
tryptophan®! Yamakuraet. al. emphasized on formation of 6-nitrotryptophan fotiorain Cu,
Zn-superoxide dismutase with peroxynitfiteFrom our experiments with reagent peroxynitrite,
we have rarely observed nitration products on Tggidues. Tryptophan nitration was not
observed at all in the three different peroxyretdopses.

In low peroxynitrite dose (1AM), we have observed peptide 1830-52 which reptesen
both 1840Tyr nitration and 1831Tyr hydroxylationgifire 5.2) from low peroxynitrite exposure.
Three hydroxylated tryptophans were observed. Qixideof Cys1505 to cysteic acid (Figure
5.3) was also observed (Table 5.3).

With intermediate peroxynitrite concentration, natratyrosine was observed.
Hydroxylation of the phenyl ring in tryptophan wabviously easier compared to nitration,
although it was mediated through the formation wdroxyl radicaf® by homolytic fission of
peroxynitrit€. It seems plausible that some of the peroxynitiit®lecules escape the

nitrosoperoxycarboxylate pathway and simply follo@amolytic fission even though the reaction

% Due to the enormous volume of data tyrosine arehplalanine hydroxylation was not exclusively coesed at
this stage. Hydroxylation of both the amino acidsuws if hydroxyl radical pathway is prevalent. Wave mapped
hydroxyl radical mediated oxidations in apo B-10@yously. Due to similar reason this databasecbearas
focused on hydroxylation of the phenyl ring in tigphan and not on the ring dissociation productsukgnine and
NFK.
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is slower. Trp2248 (Figure 5.4) and Trp3970 oxiolatwere observed, which is consistent with
the samples treated with the low peroxynitrite do&ystein oxidation at intermediate
peroxynitrite concentration revealed interestingrgs. Hamiltoret. al. reported modification of
Cys1112 to its corresponding sulfonic acid by pgnitxite treatmenf’ We have observed
modification of the same amino acid without perakyte treatment. It could be possible that
Cys1112 is highly susceptible to oxidation by ambiexidants. Three different peptides 1100-
18, 1101-18 and 1001-15 confirmed this modificatiewealing both +2 and +3 charge state of
the peptides. We have not observed the unmodifegatige in the untreated sample. It will
therefore difficult to be claimed as a modificatiamginating from peroxynitrite in our case.

Due to paucity of the nitrated peptides in our higoxynitrite experiments, another set
of 1000 uM peroxynitrite exposure experiments were carried keeping all parameters the
same (Table 5.3). Four tyrosine residues appearduk tnitrated, of which Tyrl602 was not
reported previously. Two products for modificatioh Tyr2524 were observed. One modified
peptide was nitrated at this position (+45 Da) (F&5.5) and the other was hydroxylated (+16
Da) (Figure 5.6). It should be noted here that jmey experiments with hydroxyl radical always
showed oxidation of Tyr2524.

Although Protparameter analy&iof apo B-100 sequence showed the presence of 151
Tyr residues in the apo B-100, very few of them aveitrated. Hamilton and coworkéfs
reported nitration of tyrosine residues in LDL whbth reagent peroxynitrite and SIN-1 (nitric
oxide and superoxide donor). Their observationsuded nitration of 10 Tyr residues in the
presence of 1 mM peroxynitrite. However, it must raed that physiological peroxynitrite
concentration even in severe conditions could yartdunt to such a high level. Thus our initial

intention was to look at dose dependent nitratibmpn B-100 which might reveal important
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aspects of peroxynitrite mediated nitration in LOMrom the results it was apparent that at low
peroxynitrite local concentrations, tyrosine niwwas are not highly favorable. Also peroxynitrite
stays in equilibrium with peroxynitrous acid (ONODHf the tyrosine residues are not
completely exposed to the solvent, peroxynitritedggnitrous acid will be unable to access
them. In addition, site specific generation (closéo certain amino acids) of
nitrosoperoxycarboxylate could be harder evemiitro system. If the Tyr residues are close to
lipid associated domains lipid nitrite formationliwbe facilitated which will minimize the
possibility of formation of 3-NT in LDL.

Furthermore, in all most all of our experiments satce coverage had decreased
dramatically (data not shown) which could be attréal to severe aggregation and cross-linking

in the protein following peroxynitrite mediated dations followed by digestion with trypsin.

5.4.3. Hypochlorous acid mediated oxidations of apo B-100

In vivo flux of hypochlorous acid was attributed to phagmcactivity in and out of the
cells. LDL in circulation can be oxidizEtby HOCI. In vascular endothelial cells, HOCI indsc
damages to various reactive amino acid residuesid®y chain oxidations, fragmentation and
cross-linking®™ ® The actual species which induces protein damagehypochlorite are
controversial. The physiologically relevant modgktem is related to the MPO catalyzed
reaction between peroxide and chlori€’® The amount of hypochlorous acid generation can
vary significantly depending on different artifacts

In this study we have explored dose dependentspiéeific oxidation of apo B-100 in
LDL by reagent hypochlorite. Two different enzymesre used to cleave apo B-100 in LDL.
Trypsin digest only reve&lb0% of the sequence in the peptide matching. Thergironase was

used as an alternative proteolytic enzyme. Pronasked well on bovine serum albumin (data
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not shown). However, it was not substantially effexin the case of apo B-100. Pronase could
cleave the protein into smaller fragments due to-sygecificity making it difficult to be detected

by MS/MS methods (Table 5.4).

159



|
o
o

|

Relative Abundance

b3 b4 b5 b7 b8 bl0 bl2b13bl14HiEr b18 b20 b21

LA LRSS
Ve Zohﬁﬁ AN

y14y13 y12y11y10y9y8 y7 y6 y5y4 y3 y2
0O

10.
y +1 |(|)
10 -O'QD/Y‘\ Tyr+45 Da
4.,
984.33 N .
y?+1 y11+1 HO © Tyr+16 Da
739.24 HO N

o

/ N
+1 Yy 1
Ys 1168.43
Y+l 555.29
=122 ol
mnll,lm‘i".Muln‘m“lm “HMH ! H all] H\’\H i HM"Mn'l.inm...||,,.|iu,,u A
500 1000 1500

m/z

Figure 5.2 MS/MS spectra from tryptic peptide 183062. Tyr1840 was nitrated while Tyr1831 was hydroxyted.
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All observed oxidations in peptides of apo B-10Gaoied after pronase digest were
listed in Table 5.4. At low and intermediate hyplocite concentrations no chlorotyrosines were
observed. At the higher concentration of hypockéoriyrl053 and Tyr1200 (Figure 5.7) were
chlorinated. These chlorinations could be fac#itaby chloramine transfers from Lys1251 and
Lys1202 respectively. Interestingly Trp4022 and4R3@6 (Figure 5.8) residues were oxidized to
2-oxindolic form at the intermediate hypochloriteséd. Although these modifications were
observed after digestion with pronase, they werteabserved in the tryptic digests. With the
moderate hypochlorite dose, peptides 4010-22 a®%-28 showed tryptophan hydroxylation.
However, due to batch to batch variability with pase digestion, these peptides were not
observed in the low or high hypochlorite doses.nfFq@ronase digested peptides, cysteic acid
formation could not be confirmed although literatustudy stated a considerably high rate
constant with hypochlorous adidl.

Pronase is a useful enzyme in protein digestiorwéder, the non-specific nature of the
enzyme might be detrimental for its usage in diggskarge proteins such as apo B-100 which
can be cleaved to very small fragments. Neverteeles could be able to identify some of the
regions containing the modified tyrosine and trybtan residues which did not appear in tryptic
peptides. Particularly indolic ring oxidation pradts (Figure 5.8 and Table 5.4) were not
identified before in apo B-100 peptides.

Tryptic peptides were compared between treated wartckated samples. Only those
peptides are listed which did not appear in theaated sample (Table 5.5). In low hypochlorite
exposure (1QuM) Tyr3295 was chlorinated (Table 5.5). At high bgplorite concentration, this
residue was chlorinated twice, indicating thatstreadily susceptible to chlorination in the

presence of hypochlorous acid. However, dichloramatof the tyrosine residues were not
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observed at low hypochlorite concentration. Trp356@s also observed to yield the

corresponding 2-oxindolic residue in the side chhlia Cys oxidation was observed.
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Figure 5.7 MS/MS spectra from pronase peptide 1198202 from high hypochlorite exposure. Tyr1200 washtorinated was (+34 Da). Notable factor in
this peptide is presence of Lys1202 which can faitélte chloramines transfers.
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Figure 5.8 MS/MS spectra from pronase peptide 43898 from high hypochlorite exposure. Trp4396 was oglized to corresponding 2-oxindole (+16 Da)
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Figure 5.9 MS/MS spectra from tryptic peptide 375462 from intermediate hypochlorite exposure. Cys376ivas converted to cysteic acid (+48 Da).
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Figure 5.10 MS/MS spectra from tryptic peptide 44064 depicting chlorination of Tyr443 from high hypodlorite exposure. Tyrd52 was not modified
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Figure 5.11 MS/MS spectra obtained from tryptic pefide 4447-61 depicting dichlorination of Tyr4451. his peptide was observed in high hypochlorite
exposure.
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Figure 5.12 MS/MS spectra of tryptic peptide 3293-31L1 indicating monochlorination of Tyr3295 (+34 Daddition).
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Figure 5.13 MS/MS spectra of tryptic peptide 3292-&11 depicting dichlorination of Tyr3295 (+68 Da). his peptide has even better match compare to
the monochlorinated peptide.
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Figure 5.14 MS/MS spectra from tryptic peptide 25359 depicting oxidation of Trp2553 and 2554 from lgh hypochlorite exposure. Corresponding B-
/Y- ions are observed.
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Table 5.3 Observed amino acid oxidations and assatéd mass changes from three different peroxynitrié exposures on LDL were tabulated. Trypsin

was used as the proteolytic enzyme. All these maidifition are unique in nature. Sequence coverage waswv in all experiments (data not shown).

Modified amino acids | Low peroxynitrite (10 | Intermediate High peroxynitrite High peroxynitrite
pHM) peroxynitrite (10QuM) concentration (100QM) | concentration

(1000pMm)

Y+45 1840 - - 413, 1602, 2524,
3295

W+45 - - - N.D.

W+16 583, 3970 1461, 2248, 3970 3970 N.D.

C+48 1505 - - N.D.

N.D. Not determined. [Data was not searched for B/¥4+16 and C+48].
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Table 5.4 Oxidation of amino acids with three diffeent hypochlorous acid concentrations. Enzymatic djestion of apo B-100 was carried out by
pronase. Results in the treated samples were compat with an untreated sample (blank containing no hgochlorous acid) were listed here.

Modified amino acids Low hypochlorous acid (Lthtermediate hypochlorous High hypochlorous acid
HUM) acid (100uM) (1000uM)

Y+34 - - 1053, 1200

W+16 - 4022, 4396 -

C+48 - - -
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Table 5.5 Oxidations of amino acids in presence tiiree different concentrations of hypochlorous acid All modifications from duplicate experiments
were included. Trypsin was used as a proteolytic egme in these experiments. Amino acids that appeateonly in treater sample were listed here

(compared with a blank containing no hypochlorite).

Modified Low hypochlorous acid (1aM) Intermediate hypochlorous acid (10@ligh hypochlorous acid (10Q@M)
amino acids uM)
Y+34 3295 - 144, 276, 443, 666, 1200, 1999,

3139, 3295, 3771, 4509/11534
Y+68 - - 148, 3295, 4451, 4509/10
W+16 3563 721, 1461, 2131, 2495, 2553/54, | 2553, 2554,3153, 4058

2686, 3594, 4058

C+48 - 1112, 3761, 4217 3761

# MS/MS is not conclusive enough to pinpoint omge amino acid oxidation in this case. Tyrosiresypartially modified to

monochloro and dichlorotyrosine

t:  Two modified tryptophan residues appeared msingle peptide.
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Figure 5.15 Mapping oxidized amino acids of apo B@D in LDL with peroxynitrite (downward line) and
hypochlorite (upward line). Pink represents oxidaton from low peroxynitrite where as yellow and turqwise
represents oxidation from intermediate and high peoxynitrite. Orange represents oxidized amino acids
appearing both in low and intermediate peroxynitrite. Green, blue and red represents oxidized amino ids
from low, intermediate and high hypochlorite exposee. Black represents oxidized amino acids appearinm
both low and high hypochlorite. Plum represents oxlized amino acids appeared both in intermediate and
high hypochlorite exposure. Special characters * mesents oxidized amino acids observed both in
hypochlorite and hydroxyl radical mediated oxidations. Special character ~ represents oxidized aminocal
was observed both in peroxynitrite and hydroxyl radcal treated samples. Special character T coins akted
amino acid appearing in peroxynitrite and hypochloite treated samples. Special character § coins oxed
amino acid was observed in all three treatments.
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For experiments at intermediate hypochlorite cotregion (100uM), Tyr-chlorination
was confirmed. Eight tryptophan and three cystesidues were oxidized. No dichlorination
products were observed (Table 5.5).

In high hypochlorite dose experiments, eleven Tgsidues were monochlorinated and
four Tyr residues were dichlorinated. Tyr443 morodhation was depicted in Figure 5.10.
Tyr4451 dichlorination (mass increase of +68 Da}tmnother hand was depicted in Figure 5.11.
Interestingly Tyr3295 appeared in both monochldedaFigure 5.12) and dichlorinated (Figure
5.13) form indicating partial modification of thaid residues. Cys3761 oxidation was observed
(Figure 5.9) by hypochlorous acid in our samplesb(& 5.5).

Positions of the all modified amino acids in apd @ was presented in Figure 5.15. The
said figure (Figure 5.15) depicted modification nfroboth peroxynitrite and hypochlorite
including three different oxidant doses. It wasdewvit that the number of chlorination sites
increased with high concentration of hypochloritgs and histidine in the nearby sites can
facilitate the chloramine transférto Tyr residues. For example peptide 3292-3311 #&as
histidine residue at 3308. This peptide belongshto amphipathi@, strand which has a well
established barrel structuteéTherefore, His3308 could undergo initial chloripatand take part
in chloramine transfer to chlorinate Tyr3295 (Figuw.12 and Figure 5.13). Chlorination of
Tyr276 occurred during high hypochlorite exposuree N-terminal amino acid for this peptide
was 275Lys, which can easily participate in chlarartransfer reactions. Tyr443 (Figure 5.10)
had been one of the most interesting chlorinatesktyes, which was part of peptide 440-54 and
in close proximity to His447. No evidence was oledrin support of 452Tyr chlorination which
was right beside 453His and 454Lys. Probably whgiobhlorite was added; it was placed right

beside the His residue which took part in chlorantiansfer to Tyr443. Peptide 440-54 belongs
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to pa; domain of apo B-100, which assumes an intermedtateture between helix and bartél.
Tyr1999 is in close vicinity of C-term Lys2002 whican help chlorinating the Tyr residue.
4509/10 is an interesting special case where theehmia extremely comparable in MS/MS
between the Tyr residues placed side by side. Hewelrawing exclusive conclusion about
dichlorination of one of Tyr4509 or Tyr4510 residadifficult just with MS/MS since they are
adjacent to each other. A possibility of monochiation on both Tyr4509 and Tyr4510 cannot
be overruled. Also model peptidic study involvingptide LQDFSDQLSDYYEK could reveal
mechanistic details about the tyrosine chloring8pnn the protein.C-term Lys4512 could be
involved in chloramine transfer reactions. One bése residues was also found to be
dichlorinated with a very high score, indicatingtlchlorination reaction is facile in this region.
Again in peptide140-57 two Tyrl44 and Tyrl53 (closelLys157) were present, although only
Tyrl44 was found to be chlorinated. It was appatbat Lys148 is closer to Tyrl44 and
facilitating the chloramine transfer reactions witipochlorite. MS/MS spectra obtained from
peptide 4447-61 contained Tyr4451 which was dichéded in the presence of high
hypochlorite concentration. An excellent matchhe product ion spectra was observed (Figure
5.11).

Previously, we have identified 5 and 7-hydroxytogitan residues which were
associated with hydroxyl radical addition to theepyl ring. However hypochlorite induced
oxidation of tryptophan renders favorable attacktlos indole ring to yields a 2-hydroxyindole
residue which stays in its resonance form 2-oxiafbOxidation of tryptophan increased as the
concentration of hypochlorite increased. Also, mpt2535-59 in intermediate hypochlorite
mediated oxidations have some interesting featdfremm the MS/MS data it was difficult to

conclude whether Trp2553 or Trp2554 was modifiedgyfe 5.14). In high hypochlorite
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exposures, we have again observed peptide 2535e3%inly both Trp2553 and Trp2554
oxidations. Intermediate hypochlorite contained TA®1 oxidation, which was part of peptide
1451-74. The same peptide contained Met1465. Hom&4d;SOH loss, which is common for
methionine oxidations, was not observed in the MS/Mpectra. MS/MS matching for
Metl1465+16 is comparable to Trpl461+16. Hence methe modification can not be
completely ruled out in this case.

Cystein oxidation was observed for intermediate high hypochlorite concentration.
Cys3761 was oxidized to the corresponding sulf@uic in presence of intermediate and high
concentrations of hypochlorite (Figure 5.9). Obsédreoxidations at high hypochlorite dose were
lower than that of the intermediate dose, whichlddoe attributed to several reasons including
the lack of accessibility of the same region bysin.

It was perceived that high concentration of hypodted can bring about various changes
to a protein including peptide bond fragmentatidu. this point it would be difficult to
exclusively depict whether apo B-100 is fragmenrgchypochlorite. Rigorous data mining are
under current investigation to identify peptidesiachhshows fragmentation by hypochlorous
acid. Conceivably, hypochlorite could induce pegptidond fragmentation in apo B-100. 1-D
SDS-Gel electrophoresis data might be useful, afihgprevious attempts by other researchers
were not quite successful. Several issues wer@daisdicating difficulties associated with
loading the protein in the gé&l.

Hydroxyl radical mediated oxidative mapping anddative mapping from peroxynitrite
and hypochlorite showed some similarities (Figur&5h Tyr2524, Tyr3295 and Trp583 were
oxidized in hydroxyl radical mediated oxidations vasll as peroxynitrite. Where as Tyrl44,

Tyr276, Tyr3295, Tyr4451 and Tyr4509/10 were obednboth in hypochlorite mediated
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oxidations and hydroxyl radical mediated oxidatio@sxidation of same amino acid residues
using different oxidants emphasizes the fact thet tesidues are solvent accessible and would
get damaged readily during oxidative stress. Atsone of these amino acids such as Tyr413,
Tyr2524 and Tyr3295 were previously observed to niteated with peroxynitrit€’ Dose
dependent oxidations with peroxynitrite and hypooblis acid to identify the site specific
oxidation emerge as a novel technique which coaldseful in identifying the solvent accessible
residues in apo B-100. Although observed oxidatiwite peroxynitrite were not overwhelming,
we were able to identify Tyrl1602 nitration whichsuaot reported before. Yang et. al. produced
interesting work in identifying oxidation sites &apo B-100°* however, extensive concentration
dependent mapping experiments with hypochloroud a@s not carried out by any research
group® It also revealed several different oxidation siteapo B-100 which was not previously
identified. We hope site specific oxidations datid help us comprehend the structure of the

protein in intact LDL.
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Chapter 6.

Conclusions and future directions

6.1. Accomplishments

Thiourea based fluoride sensing using luminescenethods were investigated in the
initial part of my research. In this context, 18{phenylthioureido)naphthaleneompound 1)
was synthesized and characterized (Chapter 2)jtarflioride sensing behavior in acetonitrile
was investigated. This compound was highly selectowards fluoride compared to other
halides, acetate and hydrogen phosphate. A remark@kfold enhancement in fluorescence was
observed in the presence of only five equivalerftgetrabutylammonium fluoride (fluoride
donor). Mechanistic studies indicated strong hydro@ponding formation between thioureido
protons and the fluoride ion. The compound preskeitself as a chromogenic sensor in the same
solvent. Fluoride bound species showed 20 fold dérigluantum yield than the unbound species
at the same emission wavelength indicating a supeniitivity. Theoretical detection limit was
in the range of submicromolar level, which providesa ppm detection of fluoride.

LDL protein oxidations and their implications inhatosclerotic plague formation is an
important aspect to understand cardiovascular sésesk factors. In this research we have
produced ample data to support the hypothesidrimatradical mediated oxidations of apo B-100
in LDL is site specific. Extensive oxidations howeewmight induce irrevocable changes in the
protein. Metal catalyzed oxidations with variabtencentrations of hydrogen peroxide revealed
substantial oxidations in the proteins. Severafed#int oxidation sites in apo B-100 were

identified by using LC-MS/MS based methodologiebdfter 4). These sites were distributed all
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throughout the apo B-100 sequence. We have alstifiéd some reported natural variants by
using a novel database search method (Chapter 4).

Furthermore, we have also used the oxidants peroignand hypochlorite to identify
oxidation sites in LDL. Different side chain oxidats in amino acid residues were observed
(Chapter 5). It appears that peroxynitrite is vegjective in nitrating the amino acids while
hypochlorite could chlorinate several tyrosine dass in apo B-100. The nitration and
chlorination in amino acid residues in LDL indudrustural changes in apo B-100 which might
be critical to its function. How these structurdlanges are directly propagating the plaque to

cause disease advancement are still to be unddrstoo

6.2. Future directions

Over the years fluoride remained as a fascinatngd the scientists and researchers due
to its critical behavior in health and environmérdgabjects. Fluorescence enhancement based
fluoride sensing gives better detection than thiatflaorescence quenching based fluoride
sensing. Urea and thiourea based naphthalene wpreted as an excellent candidate primarily
due to improve planarity? after binding to fluoride and also due to lackeifixation via twisted
conformation$ * Our success in detecting micromolar to submiclamtevels of fluoride by
compound 1 revealed several new vistas of rese@ifehproposed research is furnished below:

s Synthesis and characterization of similar thiouseghalogues and exploitation of their
binding behavior towards fluoride. Synthesis ofstn@nalogues is complex and requires
exploration of improved synthetic routes. Changimg substituents in the phenyl ring as
well as in the naphthalene ring might bring aboupartant changes in the electronic
configuration of the molecule, consequently chagdlnoride detection and the binding

properties of the molecules. Previous articlesppsed 1:1 binding between fluoride and
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anthracene thioureido compounds. However, naphtbal@ourea could be a completely
different case. In our studies, we observed evidefwr the presence of 1,8-bis(4-
methoxyphenylthioureido)naphthalene during the tieacof 1,8-diaminonaphthalene
and 4-methoxyphenylisothiocyanate. However, puatfan did not yield sufficient
quantity of product to carry on with fluoride semgiexperiments.

Immobilization of naphthalene thiourea based anssgo a nanopatrticle or a fiber optic
to enable detection of the fluoride in aqueoustsmig. This approach could resolve the
water solubility issue of naphthalene thiourea eagats. Kim et. al. were able to
immobilize anthraquinone based receptors to meswosilica and silica particles
Immobilization of these sensing molecules on salighports will expand the use of
thiourea based sensing molecules to detect fluondegueous media where interfering
effects could be minimized.

Low density lipoprotein is of major interest to easchers due to its implications in

atherosclerosis. Protein surface mapping is a @nitgchnique for identifying oxidatively
modified surface amino acids in proteins. Idendfion of these sites reveals important structural
information of the proteins. In our research, salvexidized amino acid residues were identified
in LDL protein resulting from oxidants such as hyxyl radical, peroxynitrite and hypochlorous
acid. Some of the new and improved approachessaee lbelow which could allow us to expand
the boundary of the current research. Additionaltg following approaches could also help us
answer critical issues associated with current LiBkearch and the importance of LDL in

atherosclerosis. The recommendations are:

% The oxidation sites from then vitro LDL experiments provided us the insight that

hydroxyl radical mediated oxidations occur to thasaino acids which are solvent
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accessible or close to lipid permeable layer. \Werefore, would like to map the surface
of this protein on LDL samples acquired from patsemwith different levels of
atherosclerosis (assuming that they went throughkivo oxidative stress) and match
those site specific oxidations with our vitro data. Dr. Jim Oates of MUSC, South
Carolina kindly has consented to provide us LDL gl for this research.

Oxidation of peroxynitrite was done so far with geat peroxynitrite. A second nitric
oxide donor 3-morpholinosydnonimine hydrochloriddN-1) (releases peroxynitrite in
situ) should be used along with peroxynitrite inil@gse dependent fashion to verify the
site specific oxidations of apo B-100. Peroxykgtris a potent oxidant and can cause
fragmentation of the peptide backbone. SDS geltrelphoresis data will be useful in
identifying these fragments from LDL protein. Alsoxidized LDL samples obtained
from patients could again be very useful in validgtthe data obtained fromm vitro
experiments.

In vitro hypochlorite addition showed site specific chlation and other oxidations in
the LDL protein. However, peptide backbone fragragah was not largely explored in
our current experiments. Hypochlorite being anexely strong oxidant showed protein
fragmentations in other model systémsAgain SDS gel electrophoresis data should
reveal important aspects of variable hypochloritediated oxidation of apo B-100 in
LDL.

In a related but slightly different subject, myatopxidase, hydrogen peroxide and
chloride should be used to initiate more physiaalfy relevant hypochlorous acid

oxidant system to oxidize LDL. This system will é&xsvely provide evidence on
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whether there are any differences in site speoifidations between reagent hypochlorite
and MPO/HO,/CI".?

All through our LDL work we have perceived thetf#ltat enzymatic digestion is a key
factor in identifying peptides by LC-MS/MS basedhriques. Trypsin was an enzyme of
choice owing to its broad applicability and easeisé. However, other enzyme systems
could also be useful. Use of pronase was part@tlored in hypochlorite mediated
oxidation of LDL. With slight modifications in theigestion protocol, prona%e® could

be considerably useful in generating substantiabuarts of peptides from apo B-100,
particularly due to its non-specific nature. Aldoymotrypsin should be explored for the
same reasonCombination of enzymes might also increase thaber of peptides from
apo B-100, which in turn could be useful for matchthem with the database.

To address the problems associated with tryptiedign and recovery of peptides after
digestion, enzyme immobilization in microfluidicipi**®or other device$*®could be a
powerful alternative approach. Microfluidics involg in-line digestion coupled with
LC-separation and tandem mass spectrometry witigbabout revolutionary changes in
the complete aspect of the proteomics researcltiassd with large proteins such as apo
B-100.

Natural variant identification by novel databasarskh method could be useful as a rapid
screening method in identifying modifications irof@ins. We believe this methodology
will provide significant support in early screenirgf samples for disease related

mutations in proteins.
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The strong practical impetus for LDL research isoagated with human health and our
future research will definitely provide answersstame long standing questions associated with

risk factors in cardiovascular diseases.
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Appendix A

Table A-1 List of peptides depicting various modiftations observed in tryptic peptides (unique positie match) Jobtained from apo B-100 after low
peroxide exposure (sample 1).

AA Dta # Peptide AA sequence for the peptide Chg X, AC,
modification State
F+16 1722-28 3996-4021 GISTSAASPAVGTVGM*DMDEDDDE’SK +3 4.60 0.24
2354-68 877-96 PSVSVEBVTNMGIIIPDFAR +2 4.42 0.27
2674 670-95 ESMLKTTLTAE GFASADLIEIGLEGK +3 3.48 0.23
2734-36 2645-69 FSTPEFTILNTFHIPSFTIBEVEMK +3 3.70 0.27
3033 4520-40 LIDLSIQNYHTE*LIYITELLK +3 3.83 0.07
F+32 2624 3906-35 ADYVETVLDSTCSSTVGOELEY***ELNVLGTHK +3 3.54 0.47
Y+16 1750-52 52-71 YTYNY’EAESSSGVPGTADSR +2 5.66 0.78
2624 3906-35 Same precursor ion as 2624 in F+32
2877-81 4359-85 FNEFIQNELQEASQELQQIHGYIMALR +3 6.30 0.57
H+16 2498-2504 591-613 NFVASPAANILNSEELDIQDLKK +3 3.25 0.39
3033 4520-40 LIDLSIQNYFPPTFLIYITELLK +3 3.84 0.26
P+16 1678-80 52-71 YTYNYEAESSSGVPGTADSR +2 3.54 0.63
2655 3292-3311 VPSYTLILPSLEEPVLHVP 'R +2 3.48 0.24
2772-78 3254-76 PVVNVEVSPFTIEMSAFGYVFPK +2 3.50 0.34
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Table A-2 List of peptides depicting various modiftations observed in tryptic peptides (unique positie match) obtained from apo B-100 after low

peroxide exposure (sample 2).

AA modification | Dta # Peptide | AA sequence for theppde Chg. Xec AC,
State

F+16 1885-92 3996-4021] GISTSAASPAVGTVGM*DMDEDDDESK +2 3.42 0.67
2403-11 877-96 PSVSVEEBVTNMGIIIPDFAR +2 4.25 0.25
2827-34 2645-69 FSTPEFTILNTFHIPSFTIBEVEMK +3 3.61 0.25

Y+16 1940-47 276-87 Y°*GMVAQVTQTLK +2 3.09 0.54
2211-16 1001-24 LELELRPTGEIEQYSVSATY¥ELQR +3 5.22 0.03
2223 140-57 QVFLY”PEKDEPTYILNIK +3 3.44 0.04
2392 4447-61 NIQEY™'LSILTDPDGK +2 3.57 0.58
2623 3292-3311| VPSY°TLILPSLELPVLHVPR +3 6.08 0.50

W+32 2159 577-90 IVQILPWEQNEQVK +2 3.13 0.34

H+16 2889-94 2489-2509  ITLIINWLQEALSSASLAFI™MK +3 3.39 0.42

P+16 2211-16 1001-24 LELELR® TGEIEQYSVSATYELQR +3 5.21 0.56
2223 140-57 QVFLYBPEKDEPTYILNIK +3 3.47 0.78
2231 3587-3603] ATLELSP"WQMSALVQVH +2 3.79 0.67
2303-06 655-69 IEGNLIFDBNNYLPK +2 3.73 0.06
2439 2610-25 ATFQTPDFIVIPLTDLR +2 3.34 0.03
2623 3292-3311] VB¥SYTLILPSLELPVLHVPR +3 5.56 0.09
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Table A-3 List of peptides depicting various modiftations observed in tryptic peptides (unique posiie match) obtained from apo B-100 after
intermediate peroxide exposure (sample 3). Duplicatrun (sample 4) did not reveal any unique peptide.

AA modification | Dta # Peptide AA sequence for tlepfde Chg. Xe AC,
State
F+16 1510 1188-1202] KMTSNE"PVDLSDYPK.S +3 3.23 0.09
2433-38 2411-25 TFIEDVNKFLDMLIK +2 3.33 0.59
Y+16 1577 4499-4512 LQDFSDQLSDYYEK +2 4.94 0.01
P+16 1331-33 3996-4021 GISTSAASPAVGTVGM“"DMDEDDDFSK +3 3.35 0.34
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Table A-4 List of peptides depicting various modiftations observed in tryptic peptides obtained (unige positive match) from apo B-100 after high
peroxide exposure (sample 5)

AA modification | Dta # Peptide AA sequence for tlepfde Chg. Xe AC,
State
F+16 1621-27 1189-1202 MTSNFPVDLSDYPK +2 3.11 0.73
2323-27 2645-69 FSTPEFTILNTFHIPSFTIBEVEMK +3 3.93 0.22
Y+16 2417-23 4359-85 FNEFIQNELQEASQELQQIH&AMALR +2 4.94 0.01
P+16 1367-73 3996-4021 GISTSAASPAVGTVGM ““DMDEDDDFSK +3 3.35 0.34
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Table A-5 List of peptides depicting various modiftations observed in tryptic peptides (unique positie match) obtained from apo B-100 after high

peroxide exposure (sample 6)

AA modification

Dta # Peptide | AA sequence for treppde Chg. Xec AC,
State
F+16 2113 2296-2309] VLLDQLGTTISEER +2 3.12 0.52
2301 877-96 PSVSVEFVTNMGIIIPDFAR +2 3.27 0.20
2591-99 670-95 ESMLKTTLTAE'GFASADLIEIGLEGK +3 4.30 0.02
2799-2802 | 2411-25 TFIEDVNKFL.DMLIK +2 3.42 0.63
F+32 2107-11 2296-2309 VLLDQLGTTISEER +2 4.94 0.01
Y+16 2131-37 2560-75 NLTDFAEQY*SIQDWAK +2 4.40 0.07
P+16 1965 327791 AVStP***'SFSILGSDVR +2 3.87 0.65
K+120 2732 2195-2210 FAAIANIDEIEK %K [2208Lys] +3 3.05 0.01
K+138 2732 2195-2210 FAIANIDEIEK “%LK [2195Lys] +3 3.05 0.01
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Appendix B

Table B-1 List of peptides depicting various modiftations observed in tryptic peptides (unique posiie match) obtained from apo B-100 after low,
intermediate and high peroxynitrite exposure. All natched peptides were listed in the following table.

AA modification | Dta # Peptide | AA sequence for theppde Chg. Xec AC,
State

Y+45 4151 1830-52 AY'QNNEIKHIY "**AISSAALSASYK [1831 hydroxylation of Y] +3 3.53 0.09

W+16 4569-76 577-90 IVQILPWEQNEQVK +2 3.32 0.55
4413-18 3953-73 DFSAEYEEDGKFEGLQEWEGK +3 3.45 0.76
4120 577-90 IVQILPRPEQNEQVK +2 3.36 0.49
8726-30 3953-73 DFSAEYEEDGKFEGLQEWEGK +3 3.28 0.68
8846-50 3953-73 DFSAEYEEDGKFEGLQEWEGK +3 3.28 0.70
5398-5405 | 2241-55 SGSSTASWAQNVDTK +2 3.62 0.64
8158-62 1451-74 GLLIFDASSSWW'GPQMSASVHLDSK +3 3.54 0.66
5562 3953-73 DFSAEYEEDGKFEGLQEW®EGK +2 2.60 0.71

C+48 8571-76 1499-1513 GTYGLSEQRDPNTGR +2 3.08 0.66
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Table B-2 List of peptides depicting various modifiations observed in tryptic peptides (unique positie match) obtained from apo B-100 after another
high peroxynitrite exposure. Unlike the last time dur nitrotyrosines were nitrated. Relevant peptidesvere listed below.

AA modification | Dta # Peptide | AA sequence for threppde Chg. Xec AC,
State
Y+45 1382 2523-34 NPZY 22 QM>>*DIQQELQR +2 4.52 0.69
2213-19 3292-3311 VPSY¥°TLILPSLELPVLHVPR +3 6.34 0.61
2807-13 401-27 VHANPLLIDVVTY LVALIPEPSAQQLR +3 4.29 0.31
1328 1600-10 SE¥"QADYESLR +2 2.68 0.50
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Table B-3 List of peptides depicting various modiftations observed in pronase digest (unique positiveatch) obtained from apo B-100 after low,
intermediate and high hypochlorite exposure. All psitive matches from duplicate experiments were shawbelow.

AA modification | Dta # Peptide AA sequence for tlepfde Chg. Xe AC,
State

Y+34 2300-06 1051-67 FKY>NRQSM™*TLSSEVQIP +3 3.57 0.29

2619-34 1193-1202] FPVDLSOY%PK +2 3.04 0.47

2492-95 1193-1204 FPVDLSOYPKSL +2 3.26 0.43

W+16 2405 4010-22 G’ DM**DEDDDFSKW"# +2 3.63 0.57

2268 4385-98 REEYFDPSIVG#TV +2 3.09 0.66
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Table B-4 List of matched peptides after low hypodorite treatment followed by a trypsin digestion ofapo B-100. All peptides from duplicate analyses
were shown.

AA modification | Dta # Peptide AA sequence for tlepfde Chg. Xe AC,
State

Y+34 2440-43 3292-3311 VPS¥°TLILPSLELPVLHVPR +3 3.26 0.34

W+16 1702 3559-68 IYSLWSEHSTK +2 3.06 0.38
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Table B-5 List of matched peptides after intermedite hypochlorite treatment followed by a trypsin digestion of apo B-100. All peptides from duplicate
analyses were shown.

AA modification | Dta # Peptide | AA sequence for threppde Chg. Xec AC,
State

W+16 2026 2118-33 LPQQANDYLNSFNWTER +2 4.84 0.61
2098 3587-3603| ATLELSPWQMSALVQVH +2 4.89 0.54
2188 4056-71 VNWEEEAASGLLTSLK +2 4.40 0.62
2271 2675-94 TIDQMQNSELQW*PVPDIYLR +2 2.70 0.42
3031 2489-2509| ITLINW*LQEALSSASLAHMK +3 3.04 0.17
3405-23 2535-59 YLSLVGQVYSTLVTYISDW W=>TLAAK [could be either] +2 4.33 0.04
4768 1451-74 GLLIFDASSSYF'"GPQMSASVHLDSK +3 3.43 0.54
1690-95 720-32 YWVNGQVPDGVSK +2 3.33 0.61

C+48 1537 1102-18 ITEVALM™GHLSC""DTKEER +3 5.22 0.68
1621 1101-18 KITEVALM'*GHLSC"""DTKEER +3 5.05 0.60
1820-27 4214-22 EELE"TM*"FIR +2 2.51 0.55
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Table B-6 List of matched peptides after high hypddorite treatment followed by a trypsin digestion d apo B-100. All peptides from duplicate analyses

were shown.
AA modification | Dta # Peptide | AA sequence for theppde Chg. Xec AC,
State

Y+34 1834-41 276-87 YGM*AQVTQTLK +2 3.85 0.48
1877-83 440-54 ATLY”ALSHAVNNYHK +3 431 0.62
1925 1985-2002] TQFNNNEYSQDLDAYNTK +2 5.44 0.22
1929-46 3763-72 LDFREIQ¥"K +2 2.71 0.25
2127 4499-4512| LQDFSDQLSOY®*EK [could be either one] +2 4.97 0.11
2145 1189-1202| M®TSNFPVDLSDY*PK +2 3.61 0.65
2249-53 3137-48 LPY¥*TUTTPPLK +2 3.77 0.59
2299-2307 | 140-57 QVFLYPEKDEPTYILNIK +3 413 0.21
2441-50 655-69 IEGNLIFDPNN¥SLPK +2 3.57 0.48
2693-97 3292-3311 VPSYTLILPSLELPVLHVPR +2 451 0.58
3009-14 4520-40 LIDLSIQNYHTFLIY*1TELLK +3 5.72 0.49
2202-08 3137-48 LP¥TITTPPLK +2 3.95 0.58

Y+68 2195-97 4499-4512 LQDFSDQLSDOYY M EK +2 5.16 0.09
2345 140-57 QVFLY®PEKDEPTYILNIK +3 3.73 0.19
2588 4447-61 NIQEY*'LSILTDPDGK +2 4.04 0.69
2734 3292-3311] VPSY*TLILPSLELPVLHVPR +3 4.85 0.60

W+16 2459 3137-55 LPYTITTPPLKDFSLWEK +3 3.95 0.51
3398 2335-59 YLSLVGQVYSTLVTYISDWP W > TLAAK [both oxidized)] +3 4.28 0.25
1901 4056-66 VNWEEEAASGL +2 3.02 0.65

C+48 1958 3754-66 TDLQVPSEKLDFR +2 3.06 0.44
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