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Abstract 
 
 

The Impact of Cigarette Smoking on HDL Composition and Function 
 
 

Katie Thomas 
 
 

Chair of the Supervisory Committee: 
 

Jay Heinecke, MD 
 

Department of Medicine 
 
 

It has been known for decades that cigarette smoking is associated with atherosclerosis; however, 

the specific mechanisms for this association remain unclear. High density lipoprotein (HDL) is 

known to play a key atheroprotective function by removing excess cellular cholesterol, thereby 

reversing atherosclerotic lesion formation. Here, we investigate whether smoking causes 

oxidation of HDL proteins, leading to loss of function. We utilized three separate study 

populations to interrogate HDL function, protein modification, particle size, and protein cargo—

each of which provides distinct information about HDL and its potential roles in biological 

processes. We observed altered HDL function, particle subpopulations, and protein cargo in 

smokers. Notably, HDL levels of alpha-1 antitrypsin, an acute phase protein, were positively 

associated with smoking status. These observations have implications for a role of smoking in 

generating modified forms of HDL that promote atherosclerosis. 
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Chapter 1 
 

Introduction 
 
Cholesterol Homeostasis Under Physiological Conditions 
 
 Cholesterol plays an integral physiological role; it regulates cell membrane fluidity and is 

a synthetic precursor for bile acids and steroid hormones(1-3). It is obtained from the diet though 

consumption of animal products and is also synthesized endogenously through the mevalonate 

pathway(4; 5). Due to its lipophilic nature, it traverses the circulation associated with 

lipoproteins, macromolecular assemblies of lipid and protein. 

 There are several excellent reviews covering the topic of lipoprotein metabolism(6-8). 

Figure 1.1 illustrates some of the key steps in this process. Briefly, dietary cholesterol taken up 

from the gut enters the circulation associated with chylomicrons, which are the largest 

lipoproteins, ranging from 50 to 200 nm in diameter. The primary function of the circulating 

chylomicron is to deliver dietary triglycerides to the periphery, while the cholesterol cargo of 

chylomicrons remains relatively fixed. The liver takes up triglyceride-depleted chylomicron 

remnants and breaks them down(9). The cholesterol component is processed and re-secreted as a 

very low density lipoprotein (VLDL) particle which contains cholesterol and triglycerides(10). 

Some of the VLDL particle cholesterol cargo is synthesized endogenously in the liver via the 

mevalonate pathway. Circulating VLDL particles undergo enzymatic hydrolysis of their 

triglyerides with the release of free fatty acids and glycerol; they also exchange their triglyceride 

cargo with tissues and other lipoproteins. Through loss of triglyceride cargo, the particles 

become increasingly denser, transforming first to intermediate density lipoproteins (IDL), then 

low density lipoproteins (LDL). LDL particles deliver some of their cholesterol cargo to 

peripheral cells before returning to the liver. LDL is taken up via receptor-mediated endocytosis 
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through the LDL-receptor (LDL-R)(11). LDL-R gene mutations that lead to reduced or absent 

LDL-R expression result in elevated circulating LDL particles. Persistent circulating LDL 

particles are eventually phagocytosed and/or endocytosed by macrophages, forming 

atherosclerotic lesions and skin lesions termed xanthomas. This condition is known as familial 

hypercholesterolemia and is associated with early-onset cardiovascular disease.(12) Although 

wild type mice are naturally resistant to developing atherosclerosis, LDL-R deficient mice are 

susceptible to lesion formation(13; 14). 

  

 Figure 1.1: Basic lipoprotein metabolism. From (7). 



 3 

 

 

Figure 1.2: Reverse cholesterol transport. From (15) 

 While LDL particles transport cholesterol from the liver and gut to the periphery, high 

density lipoprotein (HDL) particles transport cholesterol from the periphery to the liver, where it 

is secreted as bile, in a pathway known as reverse cholesterol transport (RCT) (Figure 1.2)(16). 

Nascent HDL is secreted by the liver and enterocyte as lipid-free apolipoprotein A-1 (apoA-I). 

Upon entering the circulation it interacts with the membrane protein ATP-binding cassette A1 

(ABCA1), thereby making the release and subsequent acquisition of membrane phospholipid and 

cholesterol energetically favorable(17). One study reports that this initial interaction prevents 

apoA-I from interacting with ABCA1 again, presumably due to a conformational shift.(18) This 

interaction alone generates a population of particles with a heterogeneous size distribution that 

then continue to take up more cholesterol through interaction with other lipid transporters such as 

ABCG1 and SR-B1(19; 20). Because free cholesterol and phospholipids are amphipathic 

molecules, initially these HDL particles take on a discoidal shape wherein apoA-I encircles the 
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sides and the two planar faces consist of phospholipid and cholesterol. The plasma protein 

Lecithin:Cholesterol Acyl Transferase (LCAT) associates with HDL to convert its amphipathic 

cholesterol molecules to hydrophobic cholesteryl esters, which then migrate to the core of the 

HDL particle, causing it to become spherical(21-24). As the HDL particle circulates it receives 

more cholesterol cargo from the periphery and grows larger in diameter. The HDL particle may 

also exchange its cargo with other lipoproteins; cholesteryl ester transfer protein (CETP) 

facilitates the exchange of triglycerides from LDL or VLDL particles for the cholesteryl esters 

from HDL particles. Some HDL-associated proteins are exchangeable as well. Finally, the HDL 

particle returns to the liver where it interacts with Scavenger Receptor B-1 (SRB1) in a process 

known as selective uptake, in which HDL cholesterol is selectively transferred to the liver for 

disposal. 

 Numerous detailed reviews of atherosclerosis exist(25-29). In summary, atherosclerosis 

is an inflammatory disease that results from the culmination of decades of damage to the artery 

wall. Sites of hemodynamic stress are most prone to lesion initiation, in which LDL permeates 

the artery wall and becomes trapped in the subendothelial space. LDL infiltration in turn 

stimulates nearby cells to secrete monocyte chemotactic protein-1 (MCP-1) and other 

chemokynes(30; 31). The buildup of LDL and chemokynes attract monocytes, which 

subsequently become macrophages and release pro-oxidative species that modify the LDL. 

These macrophages take up this LDL via the oxidized LDL receptor. In response to this 

inflammation, vascular smooth muscle cells undergo a transformation from a quiescent 

phenotype to one that is marked by proliferation, migration, and synthesis. There exists evidence 

that these cells are capable of transdifferentiation into macrophages, accounting for a portion of 

the macrophages present in lesions(32). Macrophages that are overloaded with oxidized LDL are 
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known as foam cells. In a self-perpetuating cycle, they release more inflammatory cytokines as 

they fill with an increasing amount of toxic oxidized LDL. Eventually foam cells die, which 

contributes to the necrotic core of an advanced lesion. As the lesion grows in size it expands 

toward the arterial lumen, protruding into the arterial channel. The narrowed space only 

exacerbates the hemodynamic stress at the site of the lesion, ultimately resulting in plaque 

rupture and thrombosis. HDL has the ability to remove cholesterol from foam cells, which 

reverses the progression of lesions in the artery wall(33). HDL can also slow foam cell formation 

through its anti-oxidative and anti-inflammatory properties.(34) 

High Density Lipoprotein 

 The name “High Density” lipoprotein refers to the fact that HDL was historically defined 

as the fraction of ultracentrifugally separated human plasma floating in the density range of 

1.063-1.21 g/ml, while other lipoproteins have lower densities(7; 35). The difference in density 

is a result of differing relative protein amounts; while HDL contains about 50% protein by 

weight, LDL contains only about 21% protein and IDL/VLDL contain even less. HDL particles 

themselves vary widely in terms of size and lipid content, so can thus be divided into subclasses. 

The majority of HDL subclasses have alpha electrophoretic mobility (same mobility as α-

globulins), but some have pre-beta mobility (between α– and β- globulins)(36; 37). HDL2 

particles are large and cholesterol rich, contributing to a large proportion of HDL cholesterol 

(HDL-C) levels in blood. HDL3 and pre-beta particles are smaller and denser, containing less 

cholesterol. In patients with acute coronary syndrome (ACS) or coronary artery disease (CAD), 

HDL2 levels are lower, while HDL3 levels are higher(38), which further supports the inverse 

relationship between HDL-C and cardiovascular risk. It is important to note that HDL subclasses 

are not static; a plasma sample should be seen a snapshot of the proportion of HDL particles at 
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specific points in the RCT pathway. Throughout this pathway, HDL particles exist in different 

phases of maturation, contain different levels of cholesterol, and therefore have different sizes 

and electrophoretic mobilities. 

 ApoA-I is the predominant HDL-associated protein, comprising approximately 70% of 

the protein cargo by weight(39). Every HDL particle contains at least one ApoA-I molecule. 

Mature ApoA-I is 243 amino acids long and has a molecular weight of 28 kDa. Its structure is 

moderately conserved across species(40). The double belt (Figure 1.3, top) and trefoil (Figure 

1.3, bottom) structural models of apoA-I account for the HDL particle’s dynamic ability to 

expand as it acquires more lipid cargo (41-44).  

 

Figure 1.3: Double-belt (top) and trefoil (bottom) structural models of apoA-1 on HDL. 
From (41). 
 

 ApoA-II is the second-most abundant HDL protein, making up approximately 20% of the 

protein cargo. In spite of being positively associated with HDL-C levels, apoA-II is also 

associated with lesion progression.(45) The remaining 10% of the HDL protein mass consists of 
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a wide variety of proteins involved in distinct biological functions including lipid metabolism, 

protease inhibition, complement regulation, and acute-phase response(46). To date, over 80 

proteins have been identified by more than one laboratory in HDL. The protein cargo across 

HDL particles is heterogeneous, indicating that HDL particles could have distinct functional 

subpopulations. The presence of specific proteins on HDL particles is strongly associated with 

the presence of other proteins; for example, clusterin and PLTP tend to be present on the same 

particles.(47) The HDL proteome can also reflect different disease states; for example, HDL 

from subjects with end-stage renal disease have elevated Serum Amyloid A, making this HDL 

more pro-inflammatory than that of a healthy control(48). 

 The Framingham Heart Study is an ongoing multi generational study aimed to identify 

genetic and behavioral risk factors for cardiovascular disease. Over 5,000 men and women living 

in Framingham, Massachusetts enrolled in the initial cohort in 1948. Later, many of the children 

and grandchildren of these subjects enrolled as well. This study was the first to establish that 

LDL-C levels are positively associated with an individual’s risk for heart disease, while HDL-C 

levels are negatively associated with this risk(49-52). These findings have prompted decades of 

therapeutic efforts to lower LDL-C and raise HDL-C (consequently causing LDL-C to be known 

in layperson’s terms as “bad cholesterol” and HDL-C as “good cholesterol”). 

 Statins are a class of drugs that have been used since the 1980s to inhibit HMG-CoA 

reductase, the enzyme that catalyzes the rate-limiting step of cholesterol synthesis(53-55). By 

blocking the mevalonate pathway, these drugs heavily reduce endogenous cholesterol synthesis, 

which causes dietary absorption to be the predominant source of cholesterol. Thus, statins reduce 

the levels of circulating cholesterol in hypercholesterolemic individuals, reducing susceptibility 

to athersclerotic plaque buildup. Furthermore, statins significantly reduce total mortality rates in 
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subjects with hypercholesterolemia(56). Statin treatment generally results in decreased LDL-

cholesterol (LDL-C) and increased HDL-cholesterol (HDL-C). However, subjects that have 

undergone statin therapy still have a wide range of HDL-C levels. It is tempting to assume that 

statin therapy is less efficacious in subjects with lower HDL-C post-therapy, but differential 

HDL-C levels post-therapy may not account for the residual cardiovascular risk in these 

individuals(57; 58). 

 Recent clinical attempts to decrease CAD risk by way of pharmacologically increasing 

HDL-C levels have yielded only modest success, and only in subjects that were not treated with 

statins.(59-63). In the AIM-HIGH study, subjects undergoing statin therapy were randomly 

assigned to niacin or placebo. In spite of having significantly elevated HDL-C and significantly 

lowered LDL-C and triglycerides, the niacin group had no reduction in coronary events(59). 

Another strategy to increase HDL-cholesterol utilized a class of drugs that inhibited CETP. In 

spite of increasing HDL-C levels, the CETP inhibitor torcetrapib actually raised blood pressure 

and increased risk of cardiovascular events.(64-66) Another CETP inhibitor, dalcetapib, 

increased HDL-C, but failed to mitigate cardiovascular risk.(67) Although the failure of 

torcetrapib is now attributed to adverse off-target effects, these studies underline the fact that 

HDL-C is a limited lens through which to view HDL.  

 These studies support the notion that not all HDL particles are necessarily functionally 

equivalent. The functional differences could arise from differences in HDL protein cargo or from 

modification of the HDL itself. This “dysfunctional” HDL is associated with disorders such as 

diabetes, CAD, and renal disease. It is unclear whether dysfunctional HDL falls in the causal 

pathway or is the result of these disorders. Recent studies have sought novel ways to characterize 

HDL in order to compare healthy and diseased groups. For example, the Rader group developed 
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a cell-based cholesterol efflux assay that measures the capacity of HDL to remove labeled 

cholesterol from a macrophage cell line. They have thus demonstrated HDL macrophage 

cholesterol efflux capacity to be a better predictor of CAD status than HDL-C or LDL-C.(68) 

The cholesterol efflux capacity obtained via this assay is presumed to be proportional to the 

efficacy with which a subject’s HDL removes cholesterol from a macrophage foam cell, 

reversing plaque formation in the artery wall. 

 Additionally, HDL particle number has been shown to be a predictor of residual vascular 

risk in subjects that have already undergone statin therapy. For every 1 standard deviation 

increase in HDL particle concentration, the hazard ratio for cardiovascular disease is 0.73(69). 

These results suggest that additional HDL metrics such as particle number and efflux capacity 

can account for residual cardiovascular risk across equivalent HDL-C levels, providing a more 

complete picture of cardiovascular health. It is possible that therapies that raise HDL-C levels 

have been ineffective at fully mitigating CAD risk because HDL-C is not the only clinically 

relevant characteristic of HDL. 

Myeloperoxidase: A Mechanism for Loss of HDL Function? 

 The protein myeloperoxidase (MPO) is a heme enzyme that is predominantly produced 

by neutrophils, as well as monocytes and some populations of macrophages. It resides in the 

azurophilic granules, where it is a major component of the neutrophil, making up approximately 

5% of its dry weight(70). When secreted into the pericellular environment it plays a role in 

innate immunity, as it generates reactive species that are toxic to microbial pathogens(71). 

However, these species are also capable of damaging host tissues. Like other proteins in the 

peroxidase family, MPO uses hydrogen peroxide as a substrate. MPO utilizes the hydrogen 

peroxide generated by neutrophil NADPH oxidase during the respiratory burst and in vivo 
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concentrations of chloride ion to produce hypochlorous acid (HOCl)(71). Hydrogen peroxide 

reacts with the ferric iron of the heme group to generate the catalytic form of MPO, which has an 

oxygen atom bound to the heme group. MPO then goes on to react with chloride in a two-

electron reduction to generate HOCl(70). 

 HOCl reacts with tyrosine residues with a rate constant of 44/(M*s) to form the product 

3-chlorotyrosine(72). Although HOCl reacts more readily with other amino acids, 3-

chlorotyrosine is significant because it is stable and it is an MPO-specific product. For instance, 

MPO can oxidize methionine and tryptophan residues, but other pathways can generate these 

products. Thus, 3-chlorotyrosine is the only modified amino acid residue that specifically implies 

MPO-mediated damage.  

 The activated phagocytes in an atherosclerotic lesion express MPO. ApoA-I of HDL 

isolated from carotid lesions has elevated levels of 3-chlorotyrosine(73). Although the HDL is 

only transiently present at the lesion as it effluxes cholesterol, it can be damaged by MPO as 

well. Indeed, individuals with atherosclerosis have elevated apoA-I levels of 3-

chlorotyrosine(74). Chlorinated tyrosine residues of apoA-I serve as more than a marker for 

MPO activity; this HDL has impaired ability to efflux cholesterol(75). Thus, the MPO pathway 

is one mechanism by which dysfunctional HDL is generated. 

 Human apoA-I has seven tyrosine residues, but site-specific modification studies using 

tandem mass spectrometry have demonstrated that not all are equally susceptible to modification 

by MPO. For example, Y192 is the most susceptible tyrosine residue in apoA-I to chlorination. 

Over 20% of Y192 residues are chlorinated after 1 hour at 37°C in the presence of 50 nM MPO 

and 0.1 M NaCl with 25M H2O2 /mol apoA-I(76). Y192 resides adjacent to K195 in an alpha 

helix, in a so-called YxxK motif, which could increase the propensity for generation of 3-
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chlorotyrosine at this site(77). HOCl reacts with the amino group of lysine at a faster rate than it 

does with tyrosine; the rate constant for this reaction is 5000/(M*s)(72). However, this reaction 

generates lysine chloramine, an unstable intermediate that may facilitate the formation of the 

more stable 3-chlorotyrosine. Two of the other tyrosine residues of apoA1 are in YxxK motifs, 

but are less chlorinated, which could result from being shielded from the surface or by protection 

via adjacent methionine residues which react with HOCl more readily than any other amino acid 

side chains. In one study, a mutant with a methionine residue at position 189 (adjacent to Y192) 

was generated(78). The presence of this residue drastically reduced the susceptibility of Y192 to 

chlorination in vitro by MPO and HOCl. It is plausible that methionine residues could prevent 

chlorotyrosine formation in YxxK motifs that exist in vivo. ApoA-I mutants containing 

additional YxxK motifs were also generated. The tyrosine residues in the artificially created 

YxxK motifs of these mutants were more susceptible to chlorination than wild-type apoA-I. 

Mutation of K195 to arginine drastically reduced chlorination at Y192, indicating that the 

adjacent lysine residue promotes chlorination at this site. Therefore, it is plausible that the YxxK 

motif plays a role in promoting site-specific chlorination in vivo. 

 In a study aligning the sequences of apoA-I across 31 animal species, both Y192 and 

E191 are completely conserved, suggesting that this region is critical to the function of apoA-

1(40). This was the only consecutive pair of amino acids in apoA-1 found to be completely 

conserved in this study. It is likely that chlorination of these conserved residues could affect 

HDL function. It has been proposed that this region acts as a hinge domain of apoA-I that is 

crucial for the protein’s ability to change conformation in response to cholesterol loading. MPO 

could impair cholesterol efflux by impeding the ability of this region to act as a hinge (Figure 
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1.4). In total, five of the seven tyrosine residues in apoA-I are conserved, meaning that tyrosine 

residues are likely of functional importance to HDL(40).  

 

Figure 1.4: Y192 of human apoA-1 resides in a putative hinge domain, which may be 
necessary for the conformational shift that occurs upon ABCA1 association. Adapted 
from Shao, et al(75). 
 

 To determine the functional implications of the chlorination of Y192, one study 

compared wild type human apoA-I with a mutant that replaced Y192 with phenylalanine. Both 

forms of apoA-I were oxidized in vitro using a system of MPO + H2O2 + HOCl. There was no 

observed chlorination at the mutated site. Furthermore, mutation of Y192 to phenylalanine 

partially rescued the protein’s cholesterol efflux capacity(78). Therefore, chlorination at this 

position likely results in reduced efflux capacity of apoA-I. 

 MPO activity can also result in the production of reactive nitrogen species, which react 

with tyrosine to form 3-nitrotyrosine, although unlike chlorotyrosine this product is not specific 

to MPO. Site-specific nitration is thought to occur independently of YxxK motifs, but may 

instead preferentially occur at solvent-accessible tyrosine residues(79). 
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 MPO promotes oxidation of methionine residues as well, but like nitrotyrosine, 

methionine sulfoxide is not an MPO-specific product. Nevertheless, there is evidence that 

methionine oxidation is also deleterious to apoA-I function. ApoA-I that had been exposed to 

MPO or HOCL in vitro had markedly greater efflux capacity when methionine oxidation was 

subsequently reversed with PilB, a bacterial methionine sulfoxide reductase(78). Additionally, 

M148 is suspected to play a role in the ability of apoA-I to activate LCAT. Mutant apoA-I with a 

leucine residue replacing M148 had a greater capacity to activate LCAT than wild-type apoA-I 

after exposure to MPO or HOCl in vitro(80).However, mutating either of the other methionine 

residues to leucine failed to restore LCAT activation ability under these conditions. A decrease 

in LCAT activation ability would prevent esterification of surface cholesterol, thereby stunting 

HDL particle maturation and reverse cholesterol transport. 

Smoking 

 Smoking is associated with an increased risk of many diseases including heart attack, 

stroke, chronic obstructive pulmonary disorder, and lung cancer. It is the single greatest cause of 

preventable deaths worldwide, responsible for over 5 million deaths per year(81). It is estimated 

that given current trends this number will increase to 8 million by the year 2030. In the United 

States, 25% of deaths between ages 35 and 69 are attributable to smoking(82). As many as half 

of all tobacco users worldwide will eventually die of a tobacco-related disease. Despite the 

advent of campaigns to increase awareness of the dangers of smoking, it is still prevalent. The 

developing world in particular has experienced an increase in the number of smokers, due to 

rapid population growth and aggressive tobacco advertising coupled with limited awareness of 

the dangers of smoking. These individuals are at an increased risk of mortality due to inadequate 

healthcare. In the developed world, less educated individuals are less likely to be aware of the 
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range of diseases caused by smoking(83). Smoking drastically reduces life expectancy; adjusting 

for educational level, alcohol consumption, and adiposity, smoking reduced life expectancy by 

11 years for females and 12 years for males(82). In this model, while 70% of female and 61% of 

male never-smokers lived 80 years or more, only 38% of female and 26% of male current 

smokers lived this long. However, smokers can recover life expectancy by cessation. Cessation 

early in life recovers the most years, but even cessation in the 6th decade of life yielded a 4 year 

increase in life-expectancy compared to individuals who continued to smoke. Post-cessation 

circulating levels of inflammatory markers such as white cell count, C-reactive protein and 

fibrinogen remain persistently elevated, only approaching never-smoker levels by 20 years after 

cessation(84). 

 The mechanism by which smoking causes lung cancer is well established. Smoke itself 

contains a multitude of carcinogenic compounds including polycyclic aromatic hydrocarbons 

(PAH) and nitrosamines, which compromise genomic integrity by forming DNA adducts(85). 

Smoking also introduces reactive oxygen species into the airspace, both as a component of 

smoke, and endogenously produced by activating the body’s innate immune system. Smoking 

promotes extensive neutrophil activation in the lung; upon smoking a cigarette, pulmonary 

retention of neutrophils increases(86; 87). There is also a dose-dependent relationship between 

number of cigarettes smoked and neutrophil levels(88). The influx of activated neutrophils to the 

lung causes significant damage to the host tissues by way of MPO. MPO activates smoke 

carcinogens such as the PAH benzo[a]pyrene(89). The significance of MPO in the development 

of lung cancer is evidenced by the fact that lower MPO expression is associated with decreased 

lung cancer risk. One study that included smokers and nonsmokers found that individuals 
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homozygous for a polymorphism in the MPO promoter resulting in reduced gene expression 

significantly decreases the odds of developing lung cancer(90). 

 In contrast, the mechanism by which smoking promotes CVD and stroke remains unclear. 

In a large prospective study of over 30,000 members of the German workforce, certain 

consequences of smoking, such an altered lipid profile and increased clotting factors accounted 

for some, but not all, of the increased risk(91). In a meta-analysis of 54 studies, smoking was 

demonstrated to significantly associate with increases in total cholesterol, VLDL-C, LDL-C, and 

triglycerides, and a decrease in HDL-C. Smokers have lower body mass indices (BMI) than 

nonsmokers, and former smokers have higher BMIs than never smokers. These observations are 

attributable to the role of nicotine as an appetite-suppressant. However, smoking results in an 

altered body fat composition; smokers have a higher waist to hip ratio than nonsmokers, 

indicating increased abdominal adiposity(92). This altered fat distribution has been attributed to 

the observation that smokers have elevated fasting cortisol levels, which could promote 

abdominal adiposity. Additionally, smokers have higher fasting glucose levels and an increased 

insulin response to an oral glucose load(93). These changes in lipid homeostasis could also 

manifest as altered lipid metabolism in the artery wall, potentially resulting in atherogenic 

consequences. 

Protease-Antiprotease Imbalance 

 Neutrophil activation also damages the lung through the action of proteases secreted by 

the neutrophil. The proteases neutrophil elastase, proteinase 3, and cathepsin B are present in the 

azurophilic granules; their release coincides with the release of MPO(94; 95). Elastase degrades 

elastin in the lung, allowing the neutrophil to traverse the connective tissue(96). Under normal 

conditions, the serpin protease inhibitor alpha-1 antitrypsin (A1AT) regulates the proteolytic 
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activity of elastase. Like other serine protease inhibitors (SERPINs), A1AT forms a complex 

with its target protease and forces it to adopt an unstable conformation, inactivating it and 

resulting in its degradation(97). This in turn limits the location of elastin degradation; it is 

localized to the areas surrounding the neutrophil, which have superphysiological levels of 

elastase. However, prolonged neutrophil activation in the lungs leads to extensive elastin 

degradation, causing the tissue to lose its contractile ability over time(98; 99). The long-term 

presence of activated neutrophils in a smoker’s lung is responsible for emphysema, a 

manifestation of chronic obstructive pulmonary disorder (COPD); approximately half of lifetime 

smokers develop this condition. Emphysema is caused by the irreversible degradation of lung 

elastin, trapping air in the lungs and resulting in shortness of breath. Ephysema progression is 

determined by measuring the amount of air that can be forced out of the lungs following a deep 

breath, known as the forced expiratory volume (FEV). As emphysema progresses, the lungs lose 

their elasticity, and the FEV is increasingly lower. 

 Thus, the proteases in the lung are tightly controlled by the lung’s antiproteases. 

Protease-antiprotease imbalance occurs when this control is lost. Prolonged neutrophil activation 

triggers recruitment of pro-inflammatory cytokines, which in turn leads to an influx of additional 

leukocytes. This tips this balance toward the proteases, resulting in degradation of lung 

connective tissue. In addition to being pro-inflammatory, oxidative species are also capable of 

inactivating antiproteases(100; 101). Antiprotease deficient individuals are more susceptible to 

protease-antiprotease imbalance. 

 A1AT is a 394 amino acid protein encoded by the SerpinA1 gene. Although bronchial 

epithelial cells produce the A1AT that is found in the lung, hepatocytes produce the majority of 

A1AT in the body(102; 103). In addition to being present in the lung, it is the most abundant 
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protease inhibitor in the blood. As an acute-phase protein it becomes elevated within hours of an 

inflammatory stimulus and is a biomarker for acute coronary syndrome(104). The main function 

of circulating A1AT is thought to be to prevent excessive connective tissue damage at sites of 

inflammation. This in turn prevents a self-perpetuating cycle of inflammation that can arise when 

the immune system damages host tissues. A1AT has been identified as an HDL-associated 

protein by tandem mass spectrometry and 2-D SDS-PAGE(46; 105). Shotgun proteomics of 

HDL showed no significant difference in A1AT levels between healthy controls and smokers, 

although the CAD subjects showed a trend of having higher levels. In a study involving a mouse 

model of elastase-induced emphysema, a HDL-A1AT complex was more effective at mitigating 

elastin degradation than either HDL or A1AT alone(106). This suggests that HDL-associated 

A1AT is more bioavailable than free-circulating A1AT. A1AT has no reported function in lipid 

metabolism, highlighting the fact that HDL and its bound proteins are involved in other distinct 

physiological roles. 

 There are two well-characterized SerpinA1 mutations that result in reduced circulating 

A1AT: the Z allele and the S allele. The Z allele results in A1AT that is prone to polymerize 

within the hepatocyte, forming aggregates that are never secreted, and eventually result in 

cirrhosis(107). The S allele has reduced stability compared to wild-type A1AT, meaning that it 

has a reduced circulating half-life(108). Smokers with A1AT deficiency are at increased risk to 

develop emphysema, although this deficiency is rare, affecting only about 1 in every 2,000 

individuals of European ancestry(107). 

Alveoli and Pulmonary Surfactant 

 The pulmonary alveoli are the site of gas exchange, in which the carbon dioxide in 

venous blood is exchanged for oxygen. To facilitate gas diffusion, the alveolocapillary 
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membrane is extremely thin, consisting of only one layer of alveolar epithelium and one layer of 

capillary endothelium. Type I alveolar cells, which are branched squamous epithelial cells that 

are responsible for gas exchange, comprise the majority of the luminal alveolar surface area. 

Type II alveolar cells are columnar cells that are responsible for the secretion of pulmonary 

surfactant; and for the general maintenance of the alveolar space. They are also the progenitors 

for type I alveolar cells(109). Pulmonary surfactant forms a monolayer that lowers the surface 

tension in the alveoli, which prevents them from collapsing after expiration. Pulmonary 

surfactant is about 95% lipid and 5% protein, technically making it a lipoprotein. The majority of 

the lipid portion is phosphatidylcholine; other phospholipids such as phosphatidylglycerol and 

phosphatidylinositol are also present(110). The phospholipids are synthesized in the type II cell. 

Additionally, cholesterol plays an important role in maintaining the fluidity of the surfactant 

layer. Type II cells are capable of endogenous cholesterol synthesis but this is supplemented by 

cholesterol from circulating lipoprotiens(111). Type II cells store surfactant in lamellar bodies, 

specialized compartments which are derived from the Golgi apparatus(112). Lamellar bodies 

fuse with the luminal membrane when more surfactant is needed, generating a tubular myelin 

structure. Throughout life, surfactant components are re-absorbed into the type II cell and 

recycled(113).  

 Efflux of excess cholesterol from alveolar macrophages is primarily mediated by the 

ABCG1 transporter. ABCG1 deficient mice fed a normal diet experience progressive pulmonary 

lipidosis due to cholesterol accumulation in Type II cells and alveolar macrophages(114). They 

also consequently contain excess surfactant. Like the macrophage foam cells of the artery wall, 

these lipid loaded macrophages trigger a chronic inflammatory state(115). LDL-R deficient mice 

with ABCG1 deficient macrophages or total-body ABCG1 deficiency have increased 
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atherosclerotic lesion size(116). Furthermore, myeloid-specific ABCG1 deficiency is sufficient 

to trigger pulmonary inflammation, demonstrating the role of alveolar macrophages in 

pulmonary cholesterol efflux(117). 

 Type II cells also synthesize the four surfactant proteins, named A-D based upon the 

order in which they were discovered. Surfactant proteins A (SFTPA) and D (SFTPD) are 

hydrophilic while proteins B (SFTPB) and C (SFTPC) are hydrophobic. SFTPA and SFTPD are 

in the collectin family and play a role in innate immunity through acting as an opsonin for gram-

negative bacteria(118). Only SFTPA is necessary for bacterial killing, but both proteins are 

necessary for modulation of cytokine production(119). SFTPA also facilitates the conversion of 

lamellar bodies to tubular myelin(120). SFTPB and SFTPC play a role in surfactant lipid 

dynamics by further lowering alveolar surface tension. SFTPB also plays a role in tubular myelin 

formation. 

 Pulmonary surfactant protein B is a hydrophobic 79 amino acid protein that exists as a 

homodimer(121). Like other saposin-like proteins, it contains seven cysteine residues, six of 

which form three intramolecular bridges, and one that forms an intermolecular bridge. It is 

necessary for proper lamellar body formation, a crucial step in the secretion of lung surfactant. 

Immature SFTPB is 381 amino acids long. SFTPB undergoes extensive proteolytic processing 

on its way from the Golgi apparatus to the lamellar bodies, and in turn is crucial for the fusion of 

multivesicular bodies and lamellar bodies(122). The N-terminal amphipathic alpha helix readily 

interacts with phospholipid head groups, disrupting phospholipid bilayers, resulting in membrane 

fusion(123). SFTPB is also necessary for appropriate post-translational processing of 

SFTPC(124). The processing steps and intermediate forms are currently not completely 

established, however Napsin A and Cathepsin H are known to play a role in this process(125). 
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SFTPB deficient humans and mice die postnatally due to a lack of functional surfactant, resulting 

in alveolar collapse(122). The type-II alveolar cells of SFTPB deficient mouse embryos have 

multivesicular inclusion bodies in contrast to the properly formed lamellar bodies present in their 

hemizygous littermates. Lethal mutations of SFTPB may prevent vesicle maturation entirely, 

thereby precluding the release of surfactant to the alveolar lumen.  

 Trace amounts of SFTPB are observable in the circulation, even in healthy individuals. 

The exact mechanism by which this protein enters the circulation is unknown, however these 

levels are higher in individuals with heart disease or lung inflammation, implicating increased 

alveolocapillary membrane permeability as a possible explanation(126). The concentration of 

SFTPB in the alveolus is 1500 times that in the plasma; permeable alveoli would enable SFTPB 

to diffuse down the concentration gradient(127). In a recent cross-sectional study of individuals 

aged 30-65 years, smokers were observed to have 5-fold higher circulating levels of SFTPB than 

nonsmokers, and these levels were proportional to lifetime smoking exposure(128). Additionally, 

circulating SFTPB levels were a significant predictor of aortic plaque levels and all-cause 

mortality in current smokers, adjusting for cardiovascular risk factors. These correlations have 

unclear implications; to date there is no known mechanistic relationship between the presence of 

circulating SFTPB and cardiovascular disease. SFTPB has been previously reported to associate 

with HDL; its levels are elevated in subjects with end-stage renal disease(48). 

 Numerous reactive species are inhaled on a regular basis. Another function of pulmonary 

surfactant is to shield pneumocytes from these damaging species. Vitamin E plays an important 

role in surfactant as an antioxidant; it protects surfactant lipids from oxidation(129). HDL 

delivers Vitamin E to the type II alveolar cells, which are reported to take up the HDL 

holoparticle via the cubilin and megalin receptors(130). Thus, in addition to removing excess 
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lipids, HDL also delivers Vitamin E to the lung, which further demonstrates that HDL has 

antioxidative and anti-inflammatory properties. Oxidative stress in the lung such as hyperoxia 

causes a higher vitamin E turnover rate(131). Provided that HDL is the sole source of Vitamin E 

to the lung, it follows that oxidative stress in the lung would lead to an increased uptake of HDL. 

ApoA-I levels were observed to be elevated in the bronchoalveolar lavage fluid of patients 

suffering from mustard gas exposure and acute respiratory distress syndrome(132; 133). ApoA-I 

is not expressed in pneumocytes, which means that circulating HDL is a likely source of apoA-I 

in BAL fluid. Currently the mechanism for this increase in apoA-I concentration is unknown, but 

it could be due to increased alveolar permeability or be due to increased HDL uptake by type II 

cells. 

Cigarette Smoking as a Possible Mechanism for Generating Dysfunctional HDL 

 A recent in vivo study demonstrated that atherosclerosis is associated with increased 

oxidation of apoA-I(74). Subjects with stable coronary artery disease or acute coronary 

syndrome (ACS) had significantly higher chlorinated Y192 and oxidized M148 than healthy 

controls. Additionally, these two modifications were highly correlated, indicating that MPO was 

likely responsible for much of the oxidation at M148. Oxidation of apoA-I also correlated with 

ABCA1-mediated cholesterol efflux capacity in these subjects. Chlorination of Y192 was 

independent of the majority of traditional CAD risk factors; it had no association with age, sex, 

hypertension, total cholesterol, LDL-C, or triglycerides. It was negatively associated with HDL-

C and positively associated with diabetes and smoking status. However, from this study, it was 

unclear whether there is a causal relationship between smoking and chlorination of Y192, as the 

majority of the control group was nonsmokers (Figure 1.5); smokers with ACS and CAD drive 
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the trend of increased chlorination at Y-192. The four smokers from the control group do not 

appear to have increased chlorination at this site compared to nonsmokers. 

  

Figure 1.5: Smokers have significantly higher chlorination at Y192 than nonsmokers 
(two-tailed P < 0.005; nonsmoker n = 30; smoker n = 29). Adapted from Shao et al(74). 
 

 There is little information to date regarding the impact of smoking on HDL, other than 

the observed tendency for smokers to have lower HDL-C than nonsmokers(134; 135). The above 

study prompted interest in determining how (if at all) smoking status relates to HDL 

characteristics. This dissertation approaches this question by addressing several key aspects of 

HDL. It utilizes three different study populations with unique clinical characteristics in order to 

reduce the possibility of confounding. Due to the dearth of previous information regarding the 

ways in which smoking may affect HDL, we utilized the initial set of subjects to test the 

hypothesis that smoking is associated with increased apoA-I chlorination and decreased sterol 

efflux capacity, as well as to generate hypotheses regarding the effect of smoking on HDL 

particle subpopulations and protein cargo. The subsequent two analyses served to validate 

findings from the initial analysis.  
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Chapter 2 

Materials and Methods 

HDL Isolation 

 HDL was isolated from plasma in a two-step density gradient ultracentrifugation process.  

In the first centrifugation step, lipoproteins (d < 1.21 g/ml) were separated from other plasma 

components (d > 1.21 g/ml). 335 µl of EDTA plasma (assumed density 1.006 g/ml) was brought 

to a final density of 1.21 g/ml through the addition of 108.7 mg solid KBr. 150 µl of 1.21 g/ml 

KBr was added to a thick walled polycarbonate ultracentrifuge tube. 350 µl of the adjusted-

density plasma was added below the KBr solution using a Hamilton syringe. To separate 

lipoproteins from denser plasma components, the samples were spun in a 120.1 rotor (Beckman 

Coulter) at 120K RPM (513,000 × g) at 5° C for 4.5 hours. The lipoprotein fractions were 

removed as the top 125 µl in the tube after the spin. 

 In the second centrifugation step, the HDL fraction (1.063 g/ml < d < 1.21 g/ml) was 

separated from the LDL/VLDL fraction (d < 1.063 g/ml). 120 µl of the lipoprotein fraction from 

the first step was transferred to a new centrifuge tube. 239.2 µl normal saline and 140.8 µl KBr 

(d=1.063 g/ml) was added. The samples were spun in a 120.1 rotor at 120K RPM (513,000 × g) 

at 5°C for 2 hours. The LDL/VLDL fraction was collected by removing the top 57.5 µl. The 

HDL fraction was collected by removing the bottom layer using a Hamilton syringe with a 

Chaney adaptor set for 125 µl. 

 The collected lipoprotein fractions were then dialyzed against a 300x volume of 20 mM 

potassium phosphate/100 µM DTPA and stored at -80˚C until ready for use. 
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Trypsin Digest of HDL 

 HDL proteins were digested with trypsin in order to generate peptides for mass 

spectrometric analysis. 10 µg of each UC-isolated HDL fraction was plated into 500 µl V-bottom 

96-well plates (Axygen). The volume in each well was brought to 40 µl with 20 mM potassium 

phosphate, pH 7.4. 0.5 µg of 15-N labeled human apoA-I and 100 µg RapiGest surfactant 

(Waters) was added to each well. The remainder of the digest took place in the presence of 100 

mM ammonium bicarbonate. Disulfide bonds were reduced with 5 mM dithiothreitol (DTT) 

(Bio-Rad) at 37°C for 1 hour. Cysteine thiol groups were alkylated in the presence of 15 mM 

iodoacetamide (Bio-Rad) for 30 minutes at room temperature in the dark. Unreacted 

iodoacetamide was scavenged with 2.5 mM DTT for 15 minutes at room temperature. 0.5 µg 

trypsin (0.1 µg/µl in 1 mM HCl) was added to each well. pH was verified to be >7.5 and plates 

were incubated at 37°C. After 2 hours, 0.5 µg additional trypsin was added to each well. pH was 

once again verified to be >7.5 and samples remained at 37°C overnight. Rapigest was cleaved by 

adding 9 µl 10% trifluoroacetic acid in water. pH was confirmed to be <2 and plates were 

incubated at 37°C for 45 minutes. Digests were dried down in a vacuum concentrator and stored 

frozen at -80˚C prior to reconstitution for mass spectrometric analysis. Samples were 

reconstituted in 0.1% formic acid one day prior to analysis. 

Liquid Chromatography-Mass Spectrometry 

 The coupling of liquid chromatography and mass spectrometry (LC-MS) allows for 

detection and quantification of specific compounds in complex mixtures. Like other 

chromatographic methods, liquid chromatography separates a mixture of samples based upon 

their affinity to the stationary phase. However, the liquid chromatography in all of the following 
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experiments was reverse-phased, so called due to the use of a hydrophobic stationary phase 

(historically, stationary phases were made of a hydrophilic material such as silica). For the 

following experiments, peptides were loaded onto a column containing C18-bonded silica 

packing material. In the presence of a polar mobile phase, peptides readily bind the packing 

material. However, acetonitrile (which is nonpolar) was then added to the mobile phase in 

increasing concentrations, causing peptides to elute off the column once they were surpassed in 

nonpolarity by the mobile phase. Thus, the most polar peptides elute off the column first. 

 The peptides enter the mass spectrometer through the electrospray ionization source. The 

tip of the capillary column is highly charged, transforming the eluting peptides into a spray of 

charged droplets consisting of peptide ions solvated in the mobile phase. Some of the solvent 

evaporates, resulting in smaller droplets. Eventually, the droplet ions are forced into close 

enough proximity to result in columbic repulsion, which prompts droplet fission. Ions at the 

surface of the droplets are ejected into the gas phase, into the sampling skimmer cone of the 

instrument. 

 A quadrupole mass analyzer is a set of four parallel metal rods. Each pair of opposing 

rods is electrically connected, and an RF voltage superimposed with a DC current is applied to 

each pair in an alternating fashion. The ion will oscillate within the quadrupole; the amplitude of 

its oscillation depends on its mass to charge ratio (m/z). If an ion oscillates with an amplitude 

exceeding the width of the interior of the quadrupole, it will strike the rods. If its amplitude of 

oscillation does not exceed this size, it will pass through the quadrupole. The applied voltages 

can be changed such that amplitudes will also change, making it possible to select which ions 

pass through the quadrupole at a given time. 
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 A quadrupole can also be used as a collision cell, used to generate product ions by 

fragmenting precursor ions for tandem mass spectrometry (MS/MS). In this instance, only an RF 

voltage is applied, but the chamber contains an inert gas such as argon. As the ions migrate 

across the quadrupole, they collide into these atoms, which results in their fragmentation.  

 Ion traps are another type of mass analyzer. They are electrode chambers in which ions 

oscillate with a stable trajectory, preventing them from hitting the sides. The oscillation of each 

ion once again depends on its m/z and changes with the voltage applied. Ions of specific m/z can 

be ejected from the trap by changing the electrode system potential. This generates unstable ion 

trajectories, causing them to be ejected from the trap. Ion traps exist in several configurations, 

but all are essentially chambers that store ions and eject them according to their mass. For 

example, an orbitrap is an ion trap that consists of a hollow electrode encasing a spindle-like 

inner electrode. As reviewed by Scigelova(136), it uses an electrostatic field to trap ions in a 

complex orbit-like motion about the inner electrode. Due to the complexity of the motion, a 

Fourier transform must be performed to de-convolute the m/z. These analyzers have extremely 

high mass accuracy, often less than 2 ppm, even in complex mixtures. They also have high 

resolving power, which is advantageous when working with complex mixtures. 

 Once the ions have been separated by the mass analyzer, they are sent to the detector. 

Detectors typically employ an electron multiplier in order to magnify the ion signal. Essentially, 

a single ion bombards a material that facilitates secondary emissions, or the emission of 

additional electrons. The electron multiplier is configured such that these emitted electrons 

subsequently encounter another emissive surface, prompting further electron emission. This 

emission cascade continues for several cycles until the voltage generated is large enough to be 

read as total ion current and interpreted by a computer. 
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 The basic mass spectrometry workflow consists of three steps: ionization, separation by 

mass analyzer, and detection of the ion signal. MS/MS features a fragmentation step after the 

initial mass analysis, followed by a second round of mass analysis of the products of 

fragmentation. In this way, it is possible to discern structural information about the analyte by 

comparing the m/z of a precursor ion to those of the product ions generated. 

Tandem Mass Spectrometry Applied to Proteins 

 The field of proteomics utilizes tandem mass spectrometry to identify specific peptides 

and detect modifications of amino acid side chains. Fragmentation of peptides occurs at distinct 

places along the backbone to generate characteristic product ions(137). These different 

fragmentation products are specified by a letter, which designates the cleaved bond in the 

backbone and the side of the cleavage where the charge is retained. A, B, and C ions result from 

charge retention in the amino terminal fragment and X, Y, and Z ions result from charge 

retention in the carboxy terminal fragment. A and X ions result from the cleavage of the bond 

between the α-carbon and the carbonyl carbon, B and Y ions from the cleavage of the peptide 

bond, and C and Z ions from the cleavage of the bond between the nitrogen and the α-carbon.  

The ions are also numbered based upon the position of fragmentation; the ion number is 

equivalent to the number of side chains present in the ion. For example, a b-5 ion would be 

fragmented 5 amino acids away from the N-terminus of the peptide.  

 B ions and Y ions are the most commonly used peptide fragment ions in proteomics and 

result from lower-energy collision techniques. Fragmentation does not occur evenly throughout 

the peptide bond; for instance, peptide bonds located N-terminally to proline residues are 

particularly prone to y-ion formation(138). The relative abundance of specific peptide product 

ions can be predicted based on these rules or base upon previously observed data. Peptide Atlas 
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is an example of a database of peptide MS/MS data that can be used to predict future 

fragmentation patterns(139). Peptide fragmentation can be used to map the presence of side 

chain modification. In Figure 2.1, the upper spectrum shows an unmodified peptide of apoA-I, 

while the lower spectrum shows a peptide with a nitrated tyrosine residue. All of the fragments 

that contain tyrosine in the lower spectrum have masses that differ from those in the upper 

spectrum by 45. 

 

Figure 2.1: Tandem mass spectra of unmodified peptide (upper) and nitrated peptide 

(lower). 
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Shotgun proteomics 

 Shotgun proteomics was used in order to generate candidate proteins for quantitative 

analysis. This technique uses data-dependent scanning of the most abundant peptides, and is 

therefore a semi-quantitative technique. It has been used to determine relative differences in 

protein levels among groups(140), but with the advent of more advanced technologies it should 

be viewed as a hypothesis generating method.  

 Samples were set into the rack of a Michrom Paradigm AS1 HPLC system coupled to a 

Thermo Finnigan LTQ 2d linear ion trap mass spectrometer.  The mass range was set to 300-

2000 m/z. The instrument was in data-dependent scanning mode, meaning that the instrument 

selected ions to scan based on relative ion abundance. It made one full MS scan followed by nine 

MS/MS scans. In between every sample run, angiotensin/neurotensin was injected. This served 

two purposes: to monitor instrument performance over time, and to reduce carry-over from 

sample to sample. 

 The system was set up without a trap column; the de-salted samples were loaded directly 

onto the analytical column. The stationary phase was a Magic C18 AQ column (150 x 0.15 mm, 

5 µm 200Å, Michrom BioResources, Inc). The flow rate was 1 µl/min. Mobile phase A was 

0.1% formic acid; mobile phase B was 0.1% formic acid in 90% acetonitrile,  

 Each sample run yielded a RAW file, which was converted to mzXML format, then 

searched against the UniProt human database using SEQUEST(141). Search results were 

processed using the Trans-Proteomic Pipeline(142), then uploaded to CPAS, wherein 

comparisons in peptide abundance across samples could be addressed(143). In order for a protein 

to be considered present in a sample, two unique valid peptides had to be observed. Peptide 
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validity was determined using the statistical algorithm Peptideprophet(144); its cutoff value was 

set to ≥ 0.9. 

Targeted Proteomics 

 10 µg HDL digests were injected into a nanoACQUITY UPLC system (Waters) coupled 

with a TSQ-Vantage mass spectrometer (Thermo). The stationary phase was a 5 µm, 100 Å 

Magic C18 column (Michrom) packed in-house to 15 cm in a 75 µm fused silica capillary tube 

(Polymicro); mobile phase A was 0.1% formic acid and mobile phase B was 0.1% formic acid in 

90% acetonitrile. The flow rate was 0.6 µl/min, the run time was 2.5 hours. The instrument 

operated in SRM mode. For a complete list of transitions used, see Appendix. Data was 

analyzed using Skyline(145). 

Total Modified Tyrosine Analysis 

 Because MPO is capable of modifying tyrosine residues on any protein, the overall 

amount of modified tyrosine residues on HDL was also measured.  

 UC-isolated HDL samples underwent an initial delipidation process adapted from that of 

Wessel and Flügge(146). 15 µg HDL protein (as measured by Bradford protein assay) was 

brought to a final volume of 185 µl in H2O with 27% methanol and 30% chloroform in a 

borosilicate glass autosampler vial insert (Microliter). Samples were vortexed until completely 

opaque, then centrifuged at 3,000 x g at 4ºC for 15 min. The chloroform layer was removed and 

400 pmol of [15N1, 13C9]-tyrosine, 10 fmol [13C6]-3-Cl-Y, and 10 fmol [13C6]-3-NO2-Y, were 

added to the delipidated samples. Samples were dried in a vacuum concentrator. 

 For acid hydrolysis, 20 µl of 0.1% phenol (w/v) in 6 M HBr was added to each sample. 

Oxygen was purged from samples with three iterations of flushing with argon, freezing with 

liquid nitrogen, and thawing under vacuum. Samples were hydrolyzed at 100 ºC for 17 hours, 
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then dried in a vacuum concentrator. For modified tyrosine quantification, samples were 

resuspended in 30 µl 0.1% formic acid. For tyrosine analysis, resuspended samples were 

subsequently diluted 1:100 in 0.1% formic acid. 

 Hydrolyzed HDL was submitted to HPLC/MS/MS analysis on a Xevo-TS-Q mass 

spectrometer (Waters). The stationary phase was a 2.6 µm, 100 Å C18 column (Kinetex); mobile 

phase A was 0.1% formic acid and mobile phase B was 0.1% formic acid in methanol. The flow 

rate was 0.3 ml/min. The run time was 15 minutes for 3-Cl-Y and 3-NO2-Y and 2.5 minutes for 

unmodified Y. The mass spectrometer operated in SRM mode, monitoring the following 

transitions: 216170, 222163, and 226179 for Cl-Y; 22718, 233216, and 233216 

for NO2-Y; and 181136 and 192145 for tyrosine. 

PEG Precipitation of plasma 

 Plasma samples were PEG-precipitated in order to generate serum for cholesterol efflux 

assays. This process removes the majority of apoB containing lipoproteins(147). Plasma was 

rapidly thawed in a 37°C water bath. 100 µl was added to a 0.6 ml microcentrifuge tube. 1 µl 2.5 

M CaCl2 was added to each plasma sample and dispersed by inversion. Tubes were incubated at 

room temperature for one hour. Any formed clots were pushed to the bottom of the tube with a 

pipet tip. To each tube, 40 ul 20% PEG (8 kDa) in 200 mM glycine, pH 7.4, was added and 

immediately mixed with a pipet tip. Samples were incubated at room temperature for 20 minutes. 

Then, samples were spun for 30 min at 10,000 x g and 4 °C. 100 µl was transferred from the 

supernatant to a 1.7 ml microcentrifuge tube. 

Cholesterol Efflux Assays 

 These assays provide a surrogate measure for HDL atheroprotective function by 

measuring the ability of apoB-depleted serum to remove cholesterol from cells. Cholesterol 
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efflux was measured using two different cell lines: J774 murine macrophages (ATCC) and BHK 

cells expressing ABCA1 under a mifepristone-inducible promoter(148) (kindly provided by 

Chongren Tang, University of Washington). The purpose of using two different cell lines was to 

differentiate ABCA1 mediated efflux from other efflux mechanisms. As a macrophage cell line, 

the J774 cells efflux cholesterol to HDL through a variety of mechanisms: ABCA-1, ABCG-1, 

SR-B1, and passive diffusion. Both cell types were cultured in DMEM high glucose medium + 

10% FBS + 1% Penn-Strep. BHK cells were split 1:5 three times a week; J774 cells were split 

1:2 three times a week. Cells were incubated at 37°C, 5% CO2, 90% humidity. 

 J774 cells were plated in 48-well plates at 200,000 cells per well in 0.25 ml culture 

medium. BHK cells were plated at 150,000 cells per well in the same volume of culture medium. 

After 24 hours, medium was removed and replaced with fresh DMEM containing 10% fatty 

acid-free albumin (FAFA) + 0.5 µCi/ml [1,2-3H(N)]-cholesterol (Sigma). J774 cell medium 

additionally contained 0.1% Sandoz 58-035 (Sigma), which prevents internal esterification of 

labeled cholesterol by inhibiting Acyl-CoA Cholesterol Acyltransfrase (ACAT). After another 

24 hours, the medium was replaced with fresh DMEM + FAFA. J774 cells once again received 

Sandoz 58-035 and also 1% 8-(4-Chlorophenylthio)adenosine 3′,5′-cyclic monophosphate 

(Sigma). BHK cells received 1% mifepristone. Each of these treatments stimulated the 

expression of cholesterol transport proteins in their respective cell types. After 24 hours, medium 

was replaced once more, this time with 7.5 µl PEG-precipitated serum in 45 µl of medium. To 

control for baseline cholesterol efflux in the absence of stimulation, cells that had not been 

stimulated to express transport proteins were also treated with serum. To control for the amount 

of cholesterol loaded in the cells at the time of serum treatment, some cells were treated with 

plain medium that lacked serum. Medium was collected after 4 hours and passed through Acro-
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Prep™ Advance 96 Filter Plates (Pall). Cholesterol that remained in the cells (non-effluxed) was 

extracted using hexane-isopropanol. Filtered medium and cell-lipid extracts were then 

transferred to scintillation vials containing 4 ml Ecolume liquid scintillation cocktail (MP 

Biomedicals). 3H-cholesterol was measured using scintillation counting. 

 These assays were performed in duplicate and the total counts per minute (CPM) in the 

effluxed medium was given as the sum of these two values. Baseline corrected efflux values 

were determined by subtracting CPM values from non-stimulated cells from the CPM values in 

stimulated cells. Percent efflux was given as the baseline corrected efflux value divided by the 

non-serum-treated cell CPMs. 

LCAT activation assay 

 LCAT activation is another function of apoA-I, and there is evidence that site-specific 

oxidation of M148 is associated with impairment of this function(80). This assay measures HDL 

LCAT activation through the conversion of radiolabeled cholesterol to cholesteryl ester as 

previously described(149). 2 µg UC-isolated HDL was equilibrated with 0.08 µCi [1,2-3H(N)]-

cholesterol (Sigma) in 12.5 mM Tris-HCl, 175 mM NaCl, 1.25 mM EDTA, pH 7.4 at 37°C. 

After one hour, 2-mercaptoethanol and BSA were added for final concentrations of 4 mM and 5 

mg/ml, respectively. Samples were incubated for another hour at 37°C before adding 100 ng 

recombinant human LCAT (kindly provided by John Parks, Wake Forest University). After 2 

hours at 37°C, the reaction was stopped with 800 µl absolute ethanol. 

 Cholesterol and cholesteryl esters were separated by thin layer chromatography. First, 

lipids were extracted into 12 x 75 mm borosilicate glass culture tubes (Fisher) with two 

applications of 1.7 ml hexane. To facilitate visualization of bands, 50 µg unlabeled cholesterol 

and 25 µg unlabeled cholesteryl oleate were spiked into each sample. The solvents were removed 
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under airstream. The sidewall of the tube was washed with 500 µl choloroform, then dried under 

airstream. Finally 110 µl chloroform was added and gently vortexed. Samples were loaded onto 

a TLC silica plate (Whatman) using a Thin-Layer Chromatography Multi-Spotter (Analytical 

Instrument Specialties). The plates were developed in a TLC tank containing Hexane:Ethyl 

Ether:Acetic Acid (108:30:1.2) for 30 minutes. Plates were dried for 10 minutes under airstream. 

Bands were visualized in a TLC tank containing iodine, then cut from the plate and placed in 

scintillation vials containing 4 ml Ecolume liquid scintillation cocktail (MP Biomedicals). 

 LCAT activation was expressed as percent cholesterol esterified, which was calculated by 

dividing the CPM for cholesteryl ester by the sum of the CPM for cholesterol and cholesteryl 

ester. 

HDL/LDL particle analysis 

 Lipoprotein particle populations were analyzed to determine the relative abundance of the 

different size subspecies, described in detail by Hutchins, et al(150). Briefly, 57 µl of the plasma 

lipoprotein fraction (d < 1.21 g/ml) was dialyzed against 5 mM NH4OAc, pH 7.2 in a constant 

flow dialysis apparatus. The dialysis occurred at a flow rate of 5 ml/min at 4°C for 4 hours. After 

dialysis samples were diluted 500x initial plasma concentration in 5 mM NH4OAc, pH 9.2. 150 

µl from this final dilution was transferred to an autosampler plate. Purified glucose oxidase was 

diluted to 10, 5, 2.5, and 1.25 µg/µl in 5 mM NH4OAc, pH 9.2 to generate a standard curve.  

 The IMA device utilizes three steps that are akin to those of a mass spectrometer: 

ionization, separation, and detection. While a mass spectrometer separates on the basis of m/z, 

the IMA separates based upon particle size. Samples were injected into an HPLC system set to a 

flow rate of 100 nl/min. The HPLC was coupled to an electrospray apparatus, which ionized the 

lipoprotein particles. The particles then entered an ion mobility chamber with a current set to 400 
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nanoamps and voltage set to 2.3 kV. Particles were detected by laser light scattering and 

enumerated. Raw data was imported to Fityk curve-fitting software and curves were generated 

for the 3 distinct HDL particle populations: small HDLP, medium HDLP, and large HDLP; and 

LDLP (8.1, 8.9, 10.5, and 20.8 nm diameters, respectively)(151). Particle concentrations were 

determined by integrating each of the curves. 

Protein Assay 

 BSA (Pierce) was serially diluted from 1 mg/ml to 15.6 µg/ml in 20 mM potassium 

phosphate/100 µM DTPA to be used as a standard. 5 µl of each sample or standard was added in 

duplicate to 96-well plates. Then 150 µl of Coomassie reagent (Pierce) was added to each well. 

Plates were mixed for 30 seconds, and then incubated at room temperature for 10 minutes. 

Absorbance was measured spectrophotometrically at 595 nm using a microplate reader 

(Molecular Devices).  

SDS-PAGE 

 The constituent proteins of lipoprotein fractions were separated via SDS-PAGE. 5 µl 

NuPage LDS Sample Buffer (Novex) and 2 µl NuPage Sample Reducing Agent (Novex) were 

added to 3 µg (as measured by Bradford) of each sample and were brought to a final volume of 

20 µl. Samples were reduced at 75°C for 10 minutes, then loaded into a 4-12% Bis-Tris Protein 

gel (Novex). Gels were run at 130V in MES buffer for 1 hour in an XCell SureLock Mini Cell 

Electrophoresis System (Life Technologies). 

Immunoblotting 

 Immunoblotting was used to validate the proteomics results, and to determine which 

specific processing intermediates were present. Transfer buffer was made by adding 20% 

methanol to 1x Novex Transfer Buffer. The gels were soaked in transfer buffer for 20 minutes 
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prior to transfer. Polyvinylidene fluoride membrane was cut to the dimensions of the gel, wetted 

in methanol and soaked in transfer buffer. Filter paper sheets (BioRad) were soaked in transfer 

buffer prior to transfer. Proteins were transferred in an OWL-Hep1 Semidry Electroblotting 

System (Thermo) at 100 mA. Membranes were blocked for 2 hours in blocking buffer (1x PBS +  

0.1% Tween + 5% milk powder). They were then incubated overnight with 3.3 µg Rabbit-Anti-

SFTPB (Abcam) diluted into 10 ml blocking buffer. Membranes were washed for 1 hour in 

PBS/Tween. Membranes were incubated for 1 hour with HRP-conjugated Donkey anti-Rabbit 

diluted 1:10,000 (1 µl antibody in 10 ml blocking buffer). Membranes were once again washed 

for 1 hour in PBS/Tween. 1 ml ECL Western Blotting Substrate (Pierce) was then pipetted 

evenly over the membrane. Bands were visualized after 30 min using a BioRad imager in 

chemiluminescence mode. 

CLEAR subjects 

 Plasma samples were kindly provided by Dr. Gail Jarvik at the University of Washington. 

Subjects were selected from participants in the Carotid Lesion Epidemiology and Risk (CLEAR) 

study, an ongoing case-control study aimed to identify predictors of coronary artery disease and 

atherosclerotic plaque instability(152; 153). Inclusion criteria were HDL-C< 90 mg/dl, TG < 225 

mg/dl, LDL-C < 200 mg/dl, and age 50-90. No subject was diabetic or had abnormal 

coagulation. Subjects were defined as cases if they had >15% angiographically confirmed carotid 

stenosis and controls if they had <15% carotid stenosis. The discovery analysis compared 30 

smokers and 30 nonsmokers in the control (non-stenotic) group; one of the validation analyses 

compared 67 smokers and 58 nonsmokers in the case (stenotic) group. 

The unit of measure for lifetime cigarette exposure is the “pack year,” which is 

equivalent to the cigarette exposure from 20 cigarettes (one pack) per day for a year. To avoid 
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potential confounding by residual effects of smoking in former smokers(154), subjects were only 

classified as nonsmokers if they had never smoked and only classified as smokers if they 

currently smoked at time of sample collection. One weakness in using this classification for these 

subjects was that there was a large variance in lifetime cigarette exposure among smokers, 

ranging from 0.75 to 110 pack years; lifetime exposure was therefore included in the analysis as 

a covariate. 

Although the exclusion and inclusion criteria yielded no significant differences in initial 

characteristics between smokers and nonsmokers in the absence of CCVD, there were marked 

differences in several of the variables in the presence of CCVD. Between smokers and 

nonsmokers with CCVD, smokers were significantly younger, had lower apoA-I and HDL-C, 

higher LDL-C, and lower BMI. It is also possible that the smaller sample sizes in the CCVD 

absent set precluded the ability to detect differences between groups; LDL in particular had a 

trend to be lower in this group. Table 2.1 outlines the subject characteristics for the two studies: 

 CCVD Absent        _ CCVD Present 
 Nonsmoker Smoker P Nonsmoker Smoker P 
n 30 30  58 67  
n female 18 (30%) 18 (30%)  14 (24%) 9 (13%)  
n Statin User 0 (0%) 0 (0%)  45 (78%) 45 (67%)  
Age (years) 67 (4.5) 66 (4.2) 0.23 76 (8.0) 67 (7.9) <0.001 
ApoA-1 (mg/dl) 150 (28) 150 (25) 0.52 150 (21) 140 (29) <0.01 
HDL-C (mg/dl) 56 (14) 53 (15) 0.37 53 (11) 48 (14) 0.05 
VLDL (mg/dl) 20 (8.4) 23 (8.7) 0.24 22  (8.6) 24 (8.9) 0.29 
LDL-C (mg/dl) 130 (28) 120 (35) 0.30 89 (30) 99 (25) 0.05 
Triglycerides (mg/dl) 100 (42) 110 (44) 0.22 110 (43) 120 (44) 0.28 
HBA1C (%) 5.6 (0.34) 5.6 (0.42) 0.56 5.7 (0.38) 5.7 (0.46) 0.83 
BMI (kg/m2) 26 (3.9) 26 (5.0) 0.91 28 (4.0) 26 (4.5) 0.03 
Yr smoking - 38 (16) - - 47 (11) - 
Pack years - 34 (28) - - 46 (28) - 

 
Table 2.1: CLEAR subject characteristics, represented as mean (sd) unless otherwise 
noted. 
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Each sample was assigned a position on a randomly generated list and experiments were 

carried out according to this order. Every individual handling the samples was blinded to the 

corresponding subject characteristics. Investigators became un-blinded in order to analyze data 

only once the experiments were complete. 

Smoking cessation subjects 

 These plasma samples were kindly provided by Dr. Richard Bruno from The Ohio State 

University. These subjects were relatively healthy excepting their smoking status. Subjects were 

normotensive males and females, with an age range of 18-40 years. They had fasting glucose 

levels of <100 mg/dl and fasting total cholesterol levels of <200 mg/dl. They had a BMI range of 

18.5-30. They had not used dietary supplements for at least 2 months prior to the study. EDTA- 

plasma was collected from each subject at the beginning of the study and after one week of 

abstention from smoking. During the abstention period, half of the subjects took a supplement 

once daily containing 500 mg γ-tocopherol, 62 mg α-tocopherol, 24 mg β-tocopherol, and 6 mg 

δ-tocopherol and half received a placebo containing 0.07 mg α-tocopherol and 0.18 mg γ-

tocopherol. Additionally, half of the subjects quit smoking with no assistance while half received 

a Nicoderm CQ patch that delivered 20 mg nicotine/day(155). Urinary naphthol, a metabolite of 

naphthalene, which is a polycyclic aromatic hydrocarbon (PAH) in cigarette smoke(156), was 

measured in order to assess compliance to cessation. 4 of 60 subjects were dropped from the 

study due to lack of compliance. 

Statistical Analysis 

Differences between smokers and nonsmokers were assessed using a two-tailed unpaired 

t-test. If normality assumptions were violated, Mann-Whitney tests were used. Differences pre- 

and post- smoking cessation were assessed using a two-tailed paired t-test. P values of less than 
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0.05 were considered significant. Graphics were generated using the ggplot2 R package(157). 

Proteomics data was corrected for multiple comparisons using Bonferroni’s method. Correlation 

coefficients were calculated according to Pearson. Data are given as boxplots with the thick line 

representing the median, the box representing the IQR, and the vertical line as 1.5 x IQR. Power 

calculations based on preliminary data indicated that n = 30 per group would have 80% power to 

detect 10% changes in sterol efflux capacity at α = 0.05. Sterol efflux assays were performed in 

duplicate; all other experiments were performed once per subject. 
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Chapter 3 

A Discovery Analysis of the Impact of Cigarette Smoking on HDL 

Overview 

 The goals of this study were to test the hypothesis that cigarette smoking causes oxidation 

of HDL proteins and alters its protein cargo, leading to loss of function; and to generate 

hypotheses regarding the impact of smoking HDL protein cargo and particle size. In order to 

minimize confounding by other cardiovascular risk factors, these subjects lacked CCVD and 

were nondiabetic. Groups were matched for sex, age, body mass index (BMI), and lipid levels. 

Matching the groups thusly raised the possibility of observing differences between groups that 

were truly attributable to smoking. However, given the lack of vascular disease after years of 

smoking, one caveat is that the smokers in this analysis do not represent the majority of long-

term smokers. 

HDL Oxidation 

 3-chlorotyrosine was used to detect MPO-mediated damage since it is a specific product 

of MPO—its presence implies MPO activity. While chlorotyrosine is an MPO-specific product, 

MPO also generates nitrotyrosine, which is generated through other pathways as well, so should 

be viewed as a general marker for oxidative stress. Site-specific chlorination and nitration of all 

seven tyrosine residues in apoA-I were measured by LC-ESI-MS/MS analysis.  

 Because cigarette smoke activates neutrophils and MPO is a major product of activated 

neutrophils, we hypothesized that smoker HDL would incur more MPO-mediated modifications 

than nonsmoker HDL. Furthermore, the recent observation of a positive correlation between 

smoking and chlorination at Y-192 underlined this key initial hypothesis(74). Due to previous 

data indicating that Y192 is the most chlorination-prone tyrosine residue in apoA-I(75), we 
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anticipated that it would exhibit the most marked uptick in chlorination. Additionally, we 

measured total HDL chlorotyrosine in this population. While this method is unable to yield 

information about the location of modification, it is advantageous because it provides an 

overview of tyrosine chlorination in all HDL proteins. 

 

 Figure 3.1: Chlorination of Y192 of apoA-1 (left) and total HDL chlorotyrosine (right). 
 (n = 30 per group). 
 
 We did not observe a significant difference between chlorination of Y192 of apoA-1 in 

smokers and nonsmokers in this population (Figure 3.1, left). In both groups, the median was 44 

µmol/mol, although the mean for smokers was higher (44.8 µmol/mol in nonsmokers vs 54.3 

µmol/mol in smokers), skewing the distribution for smokers toward the higher values. No 

significant difference was observed between total chlorotyrosine in smokers and nonsmokers in 

this population (Figure 3.1, right). Nonsmokers had mean HDL chlorotyrosine levels of 4.3 
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µmol/mol (median 3.9 µmol/mol); smokers had mean levels of 5.1 µmol/mol (median 3.5 

µmol/mol). Once again, the distribution for smokers was more skewed toward higher values.  

 Taken together, these results indicate that Y192 is over 10 times as prone to chlorination 

as other tyrosine residues found in HDL. One smoker was a clear outlier in both analyses with 

Y192 chlorination exceeding 200 µmol/mol and total chlorotyrosine exceeding 20 µmol/mol. 

This individual was also severely underweight, which suggests that they may have been suffering 

from a disease. 

 Site-specific chlorination was observed in 5 out of the 7 tyrosine residues in apoA-I. Of 

all the tyrosine residues of apoA-I, Y192 was the most susceptible to chlorination and nitration. 

There were no significant differences between smokers and nonsmokers regarding chlorination 

or nitration of any of the measured tyrosine residues of apoA-I (Table 3.1). 

Modification Residue Y18 Y29 Y100 Y115 Y166 Y192 Y236 

Nonsmoker 20.2 2.8 NA NA 0.38 44.8 2.6 

Smoker 22.0 1.8 NA NA 0.53 54.3 2.0 

Chloro 
(µmol/mol) 
 

P 0.52 0.08 NA NA 0.10 0.21 0.19 

Nonsmoker NA 7.5 1.9 10.1 7.45 28.0 5.6 

Smoker NA 8.2 1.7 6.2 6.08 21.4 6.9 
Nitro 
(µmol/mol) 

P NA 0.74 0.28 0.65 0.33 0.40 0.40 

Table 3.1: Mean levels of site-specific chlorination and nitration of apoA-I tyrosine 
residues in smokers and nonsmokers. (n = 30 per group) 
 

 Although methionine sulfoxide is not a specific MPO product, oxidation of two of the 

three methionine residues of apoA-I was also measured as a non-specific marker of oxidative 

stress. Methionine reacts with HOCl more readily than does tyrosine, meaning that 

proportionally more methionine than tyrosine residues would be damaged by MPO, and hence 

would be more likely to have functional ramifications. Methionine residues may also oxidize 

through improper sample handling; although some of this artifactual oxidation was controlled for 
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during digestion by addition of excess free methionine, some oxidation may have occurred prior 

to receipt. 

  

 Figure 3.2: Site-specific oxidation of M148 (n = 30 per group). 

 We observed smokers to have significantly more oxidation at M148 than nonsmokers 

(Figure 3.2; nonsmoker mean = 31 mmol/mol; smoker mean = 43 mmol/mol; P = 0.025). 

However, site specific oxidation of M112 did not significantly differ between smokers and 

nonsmokers (nonsmoker mean = 57 mmol/mol; smoker mean = 60 mmol/mol; P = 0.9). 

Methionine 148 has been observed to be less susceptible to oxidation than the other methionine 

residues of apoA-I(80). This experiment agreed with this observation; M148 had less oxidation 

than M112 in smokers and nonsmokers. It is possible that M112 is more prone to artifactual 

oxidation ex vivo, which could mask any potential differences in oxidation that could exist in 

vivo. Previous observations demonstrated that in vitro oxidation of M148 using the MPO + Cl 

system is partially responsible for impairment of apoA-I LCAT activation ability; we 

hypothesized that in this study, HDL from smokers would activate LCAT less than HDL from 
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nonsmokers. Because methionine oxidation is not necessarily a result of MPO, these 

observations provide no definitive indication that the elevation of M148 oxidation in smokers is 

a result of increased MPO activity. 

  Since methionine residues are susceptible to artifactual oxidation in storage, we next 

determined whether there was an association between M148 oxidation and time that sample had 

been stored. We did not observe a strong association between oxidation at this site and time that 

the sample had been frozen (Figure 3.3; Pearson’s R = 0.13). The lack of association suggests 

that the majority of M148 oxidation occurred prior to sample storage. 

 

 Figure 3.3: Methionine oxidation is not associated with time frozen. 

HDL Function 

 Because oxidation of M148 causes HDL to lose its ability to activate LCAT, we next 

tested whether the HDL from smokers in this study had reduced ablity to activate LCAT. We did 

not observe any significant difference in LCAT activation between these two groups (Figure 
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3.4). Both groups had a median of 3.6% cholesterol esterification after 2 hours; although 

insignificant, the mean was higher in smokers. The percent esterification in the smokers showed 

a distribution that was more skewed to higher values than nonsmokers, indicating if anything a 

trend toward increased cholesterol esterification in smokers. Thus, it appears unlikely that 

oxidation of M148 has any funcitonal bearing on LCAT activation ability. Additionally, we did 

not observe any correlation between M148 oxidation and LCAT activation in these samples 

(Figure 3.4, right), contrasting our expectation. 

 

Figure 3.4: LCAT activation (left) and % cholesteryl ester vs site-specific oxidation of 
M148 (right). (n = 30 per group) 

 
 This assay gives LCAT activation by measuring the amount of cholesteryl ester generated 

by UC-isolated HDL in the presence of recombinant human LCAT and radiolabeled cholesteryl 

ester. One caveat is that this method does not account for the activity of the endogenous LCAT 

bound to the isolated HDL. In addition, this method had not been previously used to measure in 

vivo differences in LCAT activation. It is unclear how sensitive this assay is, but possible that 

while it detects large functional changes brought on by in vitro oxidation, it is unable to resolve 

small differences in LCAT activation ability that arise biologically. Additionally, this assay only 
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determines the LCAT activation in HDL, but gives no information regarding overall LCAT 

activity in vivo; it is possible that compensatory mechanisms exist to enable individuals with less 

HDL LCAT activation to sustain normal cholesteryl ester levels. 

 LCAT activity itself is not an optimal surrogate measure for cardiovascular health or 

normal lipid homeostasis. Although in some study populations LCAT-deficient individuals are at 

increased risk for premature atherosclerosis(158; 159), other studies have not observed any 

atheroprotective benefit of functional LCAT(160). Furthermore, LCAT deficiency was 

atheroprotective in mice fed an atherogenic diet (161). 

 We also assayed HDL cholesterol efflux capacity, another aspect of HDL function. For 

these experiments we used PEG-precipitated serum rather than UC-isolated HDL, as per the 

method developed by the Rader group(68). We performed the assays in each of two different cell 

types: J774 murine macrophages and ABCA1-inducible BHK cells. J774 efflux cholesterol 

through all proposed pathways: the ABCA1, ABCG1, and SR-B1 transporters, as well as passive 

diffusion. BHK cells do not have innate cholesterol efflux mechanisms, but as this cell line 

expresses ABCA1 under a mifepristone-inducible promoter, these cells efflux through the 

ABCA1 transporter in the presence of mifepristone.  

 We did not observe any difference in cholesterol efflux capacity between smokers and 

nonsmokers; both groups had a mean percent total efflux of 6.2 (Figure 3.5, left). Additionally, 

there was no significant difference in ABCA1 efflux capacity between smokers and nonsmokers 

(Figure 3.5, right). There was a trend toward smokers having increased ABCA1 mediated efflux; 

the mean percent efflux was 8.6 in nonsmokers and 9.3 in smokers. 
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Figure 3.5 Total Sterol Efflux (left) and ABCA1-specific efflux (right). (n = 30 per group) 

 These results provide no indication that smoking impairs HDL lipid metabolism through 

its ability to activate LCAT or to efflux cholesterol from cells. However, since the lipid 

characterisitcs (e.g. HDL-C, LDL-C, triglycerides) did not significantly differ between smokers 

and nonsmokers, it is possible that these subjects did not have altered lipid metabolism and thus 

had normal HDL funciton. Therefore it is possible that we would have observed significant 

differences in HDL function in a set of subjects whose lipid profiles differed between smokers 

and nonsmokers in a more expected fashion. 

HDL Particle Concentration 

 Because smoking alters lipid metabolism, we determined whether smokers and 

nonsmokers differed regarding concentration of three different sized HDL particle 

subpopulations. This technique provides a snapshot of the relative amounts of different sized 

HDLs present in an individual at a given time, which gives an approximation of the patricle 
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maturation state. We observed smokers to have significantly more small HDL paticles (diameter 

= 8.1 nm) than nonsmokers (Figure 3.6). There was no significant difference between smokers 

and nonsmokers in medium (diameter = 8.9 nm) or large (diameter = 10.5 nm) particle 

concentrations. There was also no significant difference in total particle concentration. 

  

Figure 3.6: Total HDLP (top left), small HDLP (top right), medium HDLP (bottom left), 
and large HDLP (bottom right). (n = 30 per group) In order to overcome the violated 
normality assumption of equal variances between groups, P values are reported for Mann 
Whitney’s U. 

 
 The HDL particle subpopulation concentrations are a distinct measurement from HDL-

cholesterol. The majority of HDL cholesterol is found in the large HDL particles; it is consistent 
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with the fact that HDL-C and large HDL particle concentration are indistinguishable in these 

subjects. The observed elevation in small HDL particle concentration in smokers indicates that 

smoking may somehow stunt HDL particle maturation by rendering some HDL particles unable 

to grow larger. It is also possible that the increased small particle concentration is the result of an 

increase in secretion of nascent HDL particles, although this would fail to explain why smokers 

characteristically have lower HDL-C than nonsmokers. 

HDL Proteomics  

We also sought to determine the effect of smoking on HDL’s protein cargo. This workflow 

involved an initial shotgun proteomic analysis, which served to identify which proteins 

comprised the HDL proteome of these samples, and provided a semi-quantitative view of relative 

protein abundances (Figure 3.7). After such proteins were identified, we then performed a 

targeted SRM analysis of these proteins to determine any quantitative differences between the 

groups. 

 The shotgun proteomics analysis identified several well-established HDL proteins, as 

well as some less commonly observed on HDL. These less commonly observed proteins such as 

SFTPB (pulmonary surfactant protein B) and LPLUNC1 (Long PLUNC1) were added to the list 

of protein targets for the subsequent SRM analysis. We also used the shotgun proteomics data to 

semi-quantitatively analyze whether any proteins were relatively more or less abundant in 

smokers. To do this, we calculated the previously described spectral index for each protein(140). 

Essentially, this figure uses a protein’s number of spectral counts in each subject to determine the 

degree to which the protein level under a certain condition deviates from control levels. It 

accounts for the total number of spectral counts present, as well as the number of samples in 

which the protein is present. It assigns each protein a value between -1 and 1, with negative 
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values indicating greater prevalence in the controls, positive values indicating greater prevalence 

in the cases, and zero indicating no difference between cases and controls. Translated to a 

statistical perspective, a P value < 0.01 corresponds with a SPI with an absolute value of ≥ 0.75. 

 

Figure 3.7: Spectral Indices of HDL-associated proteins in smokers and nonsmokers 
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 Although no protein’s SPI had an absolute value exceeding 0.75, SFTPB came the 

closest, with a SPI of 0.51. SFTPB spectra were observed in 26 out of 30 smokers and only 

14/30 nonsmokers. Thus, we strongly suspected that smokers would have higher levels of HDL-

associated SFTPB than nonsmokers. We chose the two peptides that appeared the most 

consistently in the shotgun analysis to target in the SRM analysis. 

  

Figure 3.8: Targeted proteomics of Surfactant Protein B (left), Alpha-1 Antitrypsin 
(middle), and ApoA-II (right). (n = 30 per group; AU = arbitrary units)  

 
 SRM analysis confirmed that SFTPB is enriched in smokers (Figure 3.8, left). The 

median SFTPB level in smoker HDL was three times that in nonsmoker HDL; the mean was 2.4 

times higher in smokers than in nonsmokers. Furthermore, the 25th percentile level in smokers 

exceeded the 75th percentile in nonsmokers; over 75% of smokers had higher SFTPB levels than 

75% of nonsmokers. The median level in smokers was 3 times that of nonsmokers. The mean 

level in smokers was 2.4 times higher than the mean level in nonsmokers. (P < 0.05 after 

Bonferroni’s correction) This result is not surprising, given that SFTPB is a lipophilic protein 

and previous studies observed circulating SFTPB to be enriched in smokers and individuals with 

atherosclerosis(128). 
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 Additionally, we observed smokers to have higher levels of HDL-associated A1AT 

(encoded by the SERPINA1 gene) than nonsmokers, although this difference was less marked 

than that of SFTPB (Figure 3.8, middle). A1AT is an acute phase protein that is released in 

response to activated neutrophils; its elevated presence in smokers suggests a regulatory response 

to increased neutrophil activation or perhaps smoking-induced systemic inflammation. The 

median level in smokers was 1.2 times that in nonsmokers. The mean level in smokers was 1.5 

times that in nonsmokers. This trend appears to be primarily driven by the highest quartile in the 

smoker group; the bottom three quartiles of smokers have A1AT levels in a range that is similar 

to that of all quartiles of nonsmokers. This raises interest in determining if the top quartile of 

smokers differs from the other subjects in any additional ways. This result was not significant 

after using Bonferroni’s method for multiple comparisons correction. However, because the 

experiment was conducted with the intent to generate hypotheses, this result spurred interest in 

A1AT in confirmatory analyses. 

 Although SFTPB had a relatively high spectral index of 0.51, the spectral index of A1AT 

(SERPINA1) was only 0.14, which was less than or equal to many proteins that showed no 

significant different in quantitative SRM analysis. Additionally, the spectral index of apoA-II 

was 0.007, which was indicative of no change, but by SRM apoA-II was significantly higher in 

smokers than in nonsmokers (Figure 3.8, right). It is possible that spectral counting did not 

identify the change in apoA-II because it barely reaches significance at the 0.05 level (and is not 

significant following multiple comparison correction). It is also possible that the spectral 

counting technique is more reliable with lower-abundance proteins; ionization patterns and 

instrument scan settings could conflate information about protein abundance obtained via 

spectral counting. 
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 By nature, a hypothesis generating set of experiments tests a large number of hypotheses. 

This introduces the problem of multiple comparisons: when simultaneously making several 

statistical inferences, random chance may result in one or more false-positive results. For 

example, accepting significance at P = 0.05 is equivalent to accepting a 5% chance of a false 

positive result. This means that if 20 inferences are simultaneously made, one false positive 

result is expected to arise. Therefore, the P-values must be adjusted when making multiple 

comparisons. Bonferroni’s method, which multiplies the P-value by the number of comparisons 

made, is the most conservative adjustment for multiple comparisons. In a hypothesis generating 

experiment, it is likely that even true positive results may be masked after adjustment for 

multiple comparisons. In the above proteomics experiments, the elevation in SFTPB was the 

only result that remained significant after multiple comparisons adjustment. 

 Because there are few reports of HDL-associated SFTPB, our next step was to validate 

this result by immunoblot. We also were interested whether HDL was the primary carrier for 

circulating SFTPB. We ultracentrifugally separated plasma from two subjects: a nonsmoker with 

low HDL-associated SFTPB levels and a smoker with high HDL-associated SFTPB levels. We 

set aside the bottom fraction after the first spin (d > 1.21g/ml, non-lipoprotein associated plasma 

proteins) and the HDL and LDL fractions after the second spin, and determined protein 

concentration via the Bradford protein assay.  
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Figure 3.9: SFTPB immunoblot. Lane 1 BAL fluid; lane 2 nonsmoker HDL; lane 3 
smoker HDL; lane 4 nonsmoker LDL; lane 5 smoker LDL; lane 6 nonsmoker non-
lipoprotein plasma; lane 7 smoker non-lipoprotein plasma; lane 8 nonsmoker whole 
plasma; lane 9 smoker whole plasma.  
 

 We separated 3 µg protein per fraction via SDS-PAGE, and immunoblotted for SFTPB 

(Figure 3.9). BAL from a healthy human was run as a positive control for SFTPB. We observed 

several different SFTPB processing intermediates: fully mature SFTPB (42 kDa), two processing 

intermediates (approximately 25 and 16 kDa), and mature SFTPB (8 kDa). These processing 

intermediates existed at different relative amounts in the various fractions. We only observed 

fully mature SFTPB in the BAL fluid, suggesting that fully processed SFTPB is absent from the 

circulation. In both lipoprotein fractions, we observed the intermediate bands. It appeared that 

the LDL fraction was particularly enriched for SFTPB. In the non-lipoprotein and whole plasma 
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fractions, we observed the mature SFTPB and some higher molecular weight bands possibly 

corresponding with dimmers. That we only observed the mature form in whole plasma indicates 

that the majority of circulating SFTPB exists in a non-lipoprotein associated, unprocessed form. 

The amount injected per well was based total micrograms protein; the plasma fraction has the 

highest protein concentration and the LDL fraction has the lowest protein concentration. Per 

particle, LDL contains less protein than HDL, suggesting that LDL particles are enriched in 

SFTPB compared to HDL. Because lung surfactant itself is a lipoprotein, it is unclear whether 

any circulating SFTPB is bound to HDL and LDL particles or whether it is associated with other 

components of lung surfactant and floats at the same densities as lipoproteins. 

 The presence of lipoprotein-associated SFTPB raises the question of how the surfactant 

protein entered the circulation. One possibility is that the pulmonary vasculature becomes more 

permeable under conditions that stress the lung, such as smoking. Because surfactant proteins are 

lipophilic, it would not be surprising for them to associate with lipoproteins in the circulation. 

Type-II alveolar cells have also been proposed to take up HDL particles; perhaps these HDL 

particles form associations with SFTPB in the alveolar cell, and are subsequently released into 

the circulation. Because exchange of lipid cargo occurs between HDL and LDL particles, it is 

possible that SFTPB could be transferred from one lipoprotein subclass to another. 

 We wondered whether the altered protein cargo of smoker HDL could impact HDL 

particle maturation, leading to the observed elevation in small HDL particle concentration. We 

performed simple linear regression with SFTPB, A1AT, or apoA-II as predictors and small HDL 

particle concentration as the outcome (Figure 3.10). We did not observe a significant 

relationship between HDL SFTPB levels and small HDL particle concentration. While small 

HDL particle concentration significantly associated with A1AT and apoA-II, each protein 
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accounted for less than 10% of the variation in small particle concentration. ApoA-II is known to 

affect HDL particle maturation by inhibiting association phospholipid transfer protein (PLTP), 

preventing HDL particle growth(162; 163). 

 

Figure 3.10: Small HDL Particle concentration (µmol/L) vs SFTPB (left), A1AT 
(middle), and apoA-II (right). (AU = arbitrary units; R = Pearson’s R; red points = 
smoker; blue points = nonsmoker) 

 
Conclusions 

 This analysis did not provide strong evidence in support of our hypothesis that smoking is 

associated with elevated HDL protein oxidation and compromised HDL function. Site-specific 

and total apoA-I chlorotyrosine levels did not significantly differ between smokers and 

nonsmokers, but smokers had significantly higher Met(O)148 levels than nonsmokers, 

suggesting that smokers had elevated oxidative stress that was not specific to MPO. Smoking 

was not associated with impairment of HDL’s efflux capacity or LCAT activation ability, 

although there was evidence for a trend of elevated ABCA-1 specific efflux in smokers. These 

results do not provide evidence that healthy smokers have less functional HDL than nonsmokers. 

 This analysis also enabled us to generate hypotheses regarding the effect of smoking on 

HDL protein cargo and particle subpopulations. We observed elevated small HDL particles, but 

no change in medium, large, or total HDL particle populations. We also observed elevation of 
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three proteins in smoker HDL: apoA-II, A1AT, and SFTPB. Although we observed apoA-II and 

A1AT to weakly associate with small HDL particle concentration, we did not observe SFTPB to 

associate with HDL function or particle subpopulations. 
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Chapter 4 

Validation Analyses of the Impact of Cigarette Smoking on HDL 

Overview 

 The objective of these experiments was to confirm the hypotheses generated in the 

previous chapter. We used two different sample sets that were markedly different from one 

another in order to broadly test the hypotheses. Based on the results from the initial analysis, we 

determined that our subsequent two analyses would not be adequately powered to detect 

significant inter-group differences in tyrosine modification or apoA-I LCAT activation ability. 

Addressing fewer hypotheses also had the advantage of minimizing the multiple comparisons 

made. Therefore, our measure of HDL function was serum cholesterol efflux in J774 cells (total 

efflux) and BHK cells (ABCA1-specific efflux). We also measured concentrations of all 3 HDL 

subpopulation concentrations, as well as that of LDL. The only site-specific oxidation product 

we measured was Met(O)148 of apoA-I. We measured the levels of apoA-II, A1AT, and SFTPB, 

all of which were significantly different or trending in the exploratory study. 

 One group of subjects was from a smoking cessation study in which young healthy 

smokers with relatively low pack year histories refrained from smoking for one week. We used 

two samples from every subject that completed the study: plasma collected immediately prior to 

cessation and plasma collected after one week of cessation. Due to the paired nature, our null 

hypothesis for each measured variable was that the difference between pre- and post- cessation 

HDL would be equal to zero.  

 The other group of subjects was like the initial group of subjects from the exploratory 

analysis in that it too was a made up of smokers and nonsmokers from the CLEAR cohort. 
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Unlike the first subjects, however, these subjects had CCVD, as indicated by >15% 

angiographically measured carotid stenosis. The motivation for using these samples was to 

attempt to determine whether smoking had the same effect on HDL in subjects with vascular 

disease as it did on subjects without vascular disease. Because these samples were unpaired, our 

null hypothesis was that there was no significant difference between the smoker and nonsmoker 

groups. 

 Cholesterol Efflux 

 In the previous analysis, overall cholesterol efflux did not significantly differ between 

smokers and nonsmokers. However, ABCA1-specific efflux showed a trend of being increased 

in smokers. In this analysis, smokers with CCVD had significantly higher ABCA1-specific 

efflux than nonsmokers with CCVD; the mean efflux was 20% in nonsmokers and 21% in 

smokers. However, there was no significant difference in overall cholesterol efflux (mean for 

both groups 15%) (Figure 4.1). The implication of this observed elevation in ABCA1 efflux in 

smokers is paradoxical; since smoking is atherogenic, it is unexpected for it to cause an increase 

in ABCA1-specific efflux. Although this implies that smoking does not impair cholesterol efflux 

in terms of HDL function, it does not mean that the other components of the pathway (such as 

the ABCA1 transporter) are fully functional. Thus, it cannot be inferred that the in vivo process 

of ABCA1-specific cholesterol efflux is elevated in smokers. Since the smokers had significantly 

lower HDL-C than the nonsmokers, we wondered whether smoker HDL might more readily 

participate in ABCA1-specific cholesterol efflux due to presumably having less cholesterol 

initially bound. However, simple linear regression did not suggest any relationship between 

HDL-C and ABCA1 efflux (Figure 4.2).  
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Figure 4.1: Total sterol efflux (left) and ABCA1-specific efflux (right). (nonsmoker n = 
58; smoker n = 67) 
 

  

 Figure 4.2: ABCA1 Efflux vs HDL-C (R = Pearson’s R; red points = smoker; blue  
 points = nonsmoker) 
 
 In contrast, we observed no significant change in overall or ABCA1-specific cholesterol 

efflux after one week of smoking cessation (Figure 4.3). Nicotine treatment status and γ-
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tocopherol treatment status were not significant predictors for cholesterol efflux capacity. Table 

4.1 provides means and medians for groups under each set of conditions. It is possible that 7 

days of smoking abstention was not long enough to witness a significant change in the ABCA1 

efflux in the cessation subjects; the half life of an HDL particle is 3 to 4 days, indicating that 

many of the HDL particles from pre-cessation would still be present after one week. 

 γ-tocohperol  Nicotine 
 - + P - + P 

mean 0.18 0.14 0.11 0.22 
Total Efflux 

median 0.32 0.16 
0.88 

0.32 0.16 
0.71 

mean -0.30 0.23 0.23 -0.31 ABCA1 
Efflux median -0.31 0.26 

0.17 
0.51 -0.14 

0.16 

Table 4.1: Efflux capacity across treatment groups 

 

 

Figure 4.3: Change in total (left) and ABCA1-specific (right) cholesterol efflux capacity 
after one week of smoking cessation (n = 56 per visit) 
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HDL Particle Concentration 

 Our preliminary analysis generated the hypothesis that smokers had a higher mean small 

HDL particle concentration than nonsmokers. Once again, due to the half-life of HDL particles, 

the possibility remained that subjects from the smoking cessation study may not have had a long 

enough abstention interval to observe any marked change in particle concentrations. However, 

we expected the confirmatory analysis of CLEAR subjects to have sufficient power to detect 

differences between smokers and nonsmokers. 

 

Figure 4.4: Total HDL particle concentration (top left), small HDL particle concentration 
(top right), medium HDL particle concentration (bottom left), and large HDL particle 
concentration (bottom right). (nonsmoker n = 58; smoker n = 67) 
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 We did not detect a significantly higher small HDL particle concentration in smokers 

with CCVD (Figure 4.4, top right). However, smokers in this population had a significantly 

lower medium HDL particle concentration (Figure 4.4, bottom left); the mean medium particle 

concentration was 6.9 µmol/L in nonsmokers, and 5.8 µmol/L in smokers. It is possible that 

these subjects differed from those in the exploratory study due to the presence of CCVD. 

Interestingly, CCVD is associated with lower medium HDLP concentration(150), indicating that 

smoking may augment this effect. In the previous analysis, the medium HDL particle 

concentration in subjects without CCVD (smokers and nonsmokers) did not significantly differ 

from that of the nonsmokers with CCVD in this analysis. Large HDL particle concentration 

(Figure 4.4, bottom right) and total HDL particle concentration (Figure 4.4, top left) did not 

significantly differ between groups. 

 We did not observe any differences in the concentrations of HDL particle subpopulations 

or total HDL-P after one week of smoking cessation (Figure 4.5). This may in part be due to one 

week being too short a cessation interval for HDL particle subpopulations to markedly change. 

Additionally, the mean change in LDLP was 0.18 µmol/L, a small but significant increase 

(Figure 4.5, bottom left). This result was unexpected, since LDLP is highly correlated with 

LDLC; smokers characteristically have higher LDLC levels than nonsmokers and LDLC levels 

have been previously reported to decrease after smoking cessation(164). Furthermore, the half 

life of a circulating LDL particle is 5 days—longer than that of an HDL particle. This increase 

was independent of γ-tocopherol treatment or nicotine replacement therapy. There is a lack of 

previous studies addressing the short term effect of smoking cessation lipid levels; it is possible 

that this result is a temporary phenomenon that disappears in the longer term. It is also possible 

that smoking cessation caused changes in dietary habits, which led to this increase. Lipid panel 
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values are currently unknown for these subjects; it will be of interest whether LDLP correlates 

with LDLC.  

  

Figure 4.5: Concentration of Small HDL particles (top left), medium HDL particles (top 
middle), large HDL particles (top right), total HDL particles (bottom left), and LDL 
particles (bottom right). (n = 56 per visit) 
 

  γ-tocopherol treatment status did not associate with significant differences in the net 

changes of any HDL particle subpopulations. However, we observed the net change in small 

HDL particle concentration to differ significantly based upon nicotine status; subjects that 
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underwent nicotine replacement had a more negative net change in small particle concentration 

than those that did not undergo nicotine replacement (Figure 4.6, left; Table 4.2). 9 out of 30 

non NRT-treated subjects had a net decrease in small HDL particle concentration, while 16 out 

of 26 NRT-treated subjects had a net decrease in this measure (Figure 4.6, right). Additionally, 

we observed nicotine treated subjects to have a trend of a more positive net increase in medium 

HDL particles than subjects without nicotine treatment. This suggests that nicotine may be 

associated with decreased small HDL particle concentration and therefore likely isn’t the 

component of cigarette smoke that contributed to elevated small particle concentration in the 

initial study.   

 

Figure 4.6: Net change in Small HDL particle concentration (left) and direction of 
change in small HDL particle concentration (right) (NRT  = nicotine replacement 
therapy; NRT n = 26; no NRT n = 30) 
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γ-tocohperol  Nicotine 
 

- + P - + P 
mean -0.24 0.00 0.61 -0.94 

Small HDLP 
median 0.19 0.16 

0.67 
0.50 -0.80 

0.005 

mean 0.51 0.29 -0.03 0.89 
Medium HDLP 

median 0.18 0.25 
0.68 

-0.11 0.50 
0.08 

mean 0.28 0.08 0.24 0.10 
Large HDLP 

median 0.20 -0.03 
0.47 

0.07 0.16 
0.63 

mean 0.56 0.37 0.82 0.05 
Total HDLP 

median 0.49 0.36 
0.81 

0.78 -0.09 
0.31 

mean 0.24 0.11 0.20 0.15 
LDLP 

median 0.25 0.12 
0.19 

0.25 0.14 
0.63 

 Table 4.2: Particle subpopulations across treatment groups 

HDL Proteomics 

 In the validation proteomics analysis, we only addressed three proteins with differences 

that were either significant or trending in the exploratory analysis: SFTPB, A1AT, and apoA-II. 

Targeting fewer proteins enabled us to minimize loss of significance after multiple comparisons 

adjustment. Once again, we were unsure whether the cessation interval would be sufficiently 

long to observe changes in the HDL protein cargo. It is likely that not all proteins associate with 

an HDL particle during the entirety of its existence, which could make it possible to observe 

changes after shorter time intervals. Proteomics of the CCVD subjects is underway. 

 Of the three proteins examined, we observed median HDL levels of A1AT after one 

week of smoking cessation to significantly decrease (Figure 4.7, middle). The mean HDL-

associated A1AT post-cessation was approximately 85% that of pre-cessation levels. This 

decrease probably indicates a reduction in acute-phase response, and general neutrophil 

activation following smoking cessation. In the preliminary study, the mean A1AT level in 

nonsmokers was approximately 70% of that in smokers; it is exciting to observe that a mere 

week of smoking cessation was associated with a decrease of approximately half this magnitude. 
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 The median level of HDL-associated SFTPB was lower after one week of cessation 

(Figure 4.7, left); however, the distribution of the net changes showed that the majority of 

subjects had very little change in their SFTPB levels with an extremely narrow interquartile 

range, and a minority with clear net negative or positive changes. The net negative changes were 

greater in magnitude than the net positive changes. This observation may be partially due to the 

fact that the average baseline SFTPB peak areas for these subjects were close to an order of 

magnitude lower than the average SFTPB peak areas for the smokers in the exploratory analysis. 

One possible explanation is that these subjects had shorter smoking histories and were younger 

and healthier than those in the exploratory analysis. While A1AT may be a marker for acute lung 

inflammation, SFTPB may be a marker for long-term lung damage. 

 Due to the trend in the preliminary study toward higher apoA-II levels in smokers, we 

expected apoA-II levels to drop following cessation. However, the net change in HDL apoA-II 

levels did not significantly differ from zero (Figure 4.7, right). It is possible that one week was 

not a sufficiently long time of cessation to observe changes in apoA-II levels.   

 Neither γ-tocopherol treatment nor nicotine replacement therapy was significantly 

associated with the net change in these proteins. Because the γ-tocopherol treated group was 

reported to have a larger net decrease in MPO and TNF-α, we hypothesized that this treatment 

would result in a greater reduction in A1AT(155). That the treatment groups did not significantly 

differ in net change of A1AT suggests that there are other factors that govern the release of some 

acute-phase proteins. 
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Figure 4.7: HDL-associated SFTPB (left), A1AT (middle), and apoA-II (right). (n = 56 
per visit) 

 

M148 Oxidation 

 We also measured whether there was a change in site-specific oxidation of M148 of 

apoA-I. In the preliminary study, we observed smokers to have 28% more oxidation at this 

residue than nonsmokers, leading us to hypothesize that oxidation at this residue would decrease 

after smoking cessation. We did not observe a significant change in M148 oxidation after 

smoking cessation. (Figure 4.8) Notably, these subjects had overall lower levels of M148 

oxidation than those in the exploratory analysis. While in the latter study the median levels of 

oxidized M148 were 2.9% in nonsmokers and 3.7% in smokers, in this study the median level of 

oxidation was 2.1%. That the subjects in the confirmatory analysis had lower M148 oxidation 

than those in the exploratory analysis suggests that increasing age and smoking history may lead 

to reduction in endogenous defenses against oxidative damage. This absence of observed change 

after cessation could be due to either the short cessation interval or alternatively to low baseline 

oxidation levels. 
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Figure 4.8: The net change in M148 oxidation does not significantly differ from zero. 

Conclusions 

 In these validation analyses, we did not observe higher SFTPB levels in HDL from 

smokers than in that from nonsmokers, in spite of this being one of the primary hypotheses. We 

did observe lower A1AT levels in smokers, implicating this protein as a marker for smoking-

related inflammation. We did not observe any significant difference between smokers and 

nonsmokers regarding overall cholesterol efflux, but did observe ABCA1-specific efflux to be 

significantly higher in smokers. In the discovery analysis, we observed smokers to have a higher 

small HDL particle concentration than nonsmokers. In the validation analysis, we did not repeat 

this observation, but observed lower medium HDL particle concentration in smokers and 

increased total LDL particle concentration following one week of smoking cessation. We also 

did not confirm that M148 oxidation is significantly higher in smokers. 
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Chapter 5 

Discussion 

 This discussion will highlight some of the biological implications of these findings. It 

will compare these findings to those in recent literature and will describe potential future 

directions worthy of exploration. It will also address some apparent discrepancies in the findings 

from this work and propose explanations for these observations. 

 These experiments were initially motivated by the hypothesis that smoking would lead to 

loss of HDL function as a result of MPO-mediated protein damage. This hypothesis was 

prompted by a post-hoc analysis of a group of subjects that had stable CAD, ACS, or were 

healthy, in which the smokers had higher site-specific chlorination at Y-192 of apoA-I, a 

definitive product of MPO(74). However, in this population, smoking was also correlated with 

cardiovascular disease, making it possible that this observation was a result of CAD status rather 

than smoking. If this observed relationship was only a result of smoking being a covariate with 

CAD status we would expect there to be no difference in Cl-Y192 levels between smokers and 

nonsmokers of same CAD status. Indeed, this is the result we observed in this analysis: Cl-Y192 

levels did not significantly differ between smokers and nonsmokers that lacked CCVD. 

Therefore, it seems likely that Cl-Y192 levels are a predictor of CVD, but that smoking status 

does not promote HDL chlorination. We also failed to observe a difference in total HDL 

chlorotyrosine levels between smokers and nonsmokers, demonstrating no evidence of elevated 

MPO oxidation products in smokers. 

 As Y192 of apoA-I exists in a functionally critical hinge domain, chlorination at this site 

could hinder the protein’s ability to function. However, since the proportion of chlorinated Y192 

residues is at most approximately 1:10,000, it seems unlikely that relatively few dysfunctional 
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molecules would result in a marked functional impairment. Although this chlorination reaction 

occurs at a relatively slow rate in vivo, its presence could be indicative of oxidation of residues 

with which MPO reacts more readily. Therefore, relatively high Cl-Y192 could be indicative of 

biologically relevant levels of modifications nonspecific to MPO at other sites on the HDL 

particle. Another possibility is that these oxidized proteins are cleared more rapidly than their 

unmodified counterparts, which would make the relative proportion of oxidation at this site 

appear lower than it really is. Lipid-free apoA-I is rapidly cleared from the circulation, meaning 

that if modification precludes apoA-I lipidation, modified apoA-I could be cleared more quickly.  

In order to explore the possibility that smoking alters HDL clearance rate, future studies could 

compare clearance of labeled HDL particles between smokers and nonsmokers. 

 An additional possibility is that the pseudohalide thiocyanate (SCN-), a product of 

inhaled cyanide, could be competing with chloride. Previous studies indicate smokers to have 

approximately threefold higher circulating thiocyanate levels than nonsmokers(165; 166). 

Furthermore, circulating thiocyanate levels are negatively associated with HDL-C(167). Cl- is a 

less favorable MPO substrate than Br- or SCN-, but Cl- is the most abundant circulating halide, 

causing MPO to react with it in vivo(168-170). At 100 mM Cl- and 100 µM SCN-, 

approximately 40% of the H2O2 consumed forms HOSCN(168). Since smokers have plasma 

SCN- levels exceeding 100 µM, it is likely that close to half of the H2O2 consumed generates 

HOSCN. However, MPO is not saturated at these concentrations, suggesting that Cl- and SCN- 

do not compete as its substrate. In future studies it would be prudent to measure levels of 

circulating SCN- and associated HDL adducts in addition to chlorotyrosine. 

 Although we observed smokers to have higher oxidation at M148 of apoA-I in the 

discovery analysis, we did not observe this result in the validation analysis. As the discovery 
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analysis made many comparisons regarding site-specific modifications, and the P value was not 

highly significant (0.025), it is possible that this observed difference was a false positive result. 

 Due to our hypothesis of increased protein modification, we also hypothesized that 

smokers would have less functional HDL than nonsmokers. Because the ability to efflux 

cholesterol from cells—particularly macrophages—is a key cardioprotective function of HDL, 

we measured sterol efflux to determine HDL function. Using Rader’s efflux assay we did not 

observe the sterol efflux capacity of smokers and nonsmokers to differ significantly. One 

potential flaw with Rader’s method for measuring total cholesterol efflux is that it uses a murine 

macrophage cell line. Human apoA-I shares only 70% sequence homology with murine apoA-I, 

and the two proteins differ vastly in terms of tertiary structure(40; 171). This assay measures 

function as interaction of human HDL with murine cells, which does not necessarily translate to 

its function with human cells. However, it could be argued that since this assay is a robust 

predictor of CAD status, it is irrelevant whether human HDL interacts with mouse macrophages 

and human cells similarly.  

 The ABCA1-specific efflux assay used BHK cells expressing human ABCA1 under 

mifepristone stimulation. Because these cells do not ordinarily express any of the known 

cholesterol exporters (including ABCA1 and ABCG1), ABCA1 is the only efflux mechanism 

when the protein is induced in the cells by mifepristone. By this assay, we observed smoker HDL 

to promote significantly higher levels of efflux than nonsmoker HDL. This result was 

unexpected, given that sterol efflux is atheroprotective, while smoking is atherogenic, suggesting 

that impaired HDL efflux capacity is not playing a role in the accelerated atherosclerosis in 

smokers. However, reverse cholesterol transport could be impaired independently of this HDL 

function. For instance, dysfunctional ABCA1 would also result in decreased ABCA1 efflux. 
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Mulya et al report that after the initial lipidation by ABCA1, maturing HDL particles interact 

with ABCA1 less readily than those particles that have not previously interacted with 

ABCA1(18). Therefore, if ABCA1 is less functional (or less prevalent) in smokers, it is possible 

that proportionally fewer HDL particles in smokers would have previously interacted with 

ABCA1, and would therefore undergo ABCA1 efflux more readily in the efflux assay. It is also 

possible that previous interaction with human ABCA1 would not preclude HDL from interaction 

with murine ABCA1, which would explain the lack of difference in efflux capacities using the 

J774 cells. It would be difficult to test in vivo ABCA1 function in smokers, since cells expressing 

ABCA1 also undergo other efflux mechanisms. However, it would be possible to measure 

ABCA1 modifications—since smoking generates reactive carbonyls, these products are possible 

candidates for protein adducts. It would also be possible to measure ABCA1 expression in vivo 

using qPCR to assess gene transcription and using antibody-based techniques to detect protein 

expression.  

 We did not observe any trend toward change in total or ABCA1-specific cholesterol 

efflux capacity after one week of smoking cessation. However, although there was no universal 

tendency for efflux capacity to change in a specific direction, in several individuals the 

magnitude of the change was >1%, a substantial change since the mean total efflux was 8.6% 

and the mean ABCA1 efflux was 17%. There is little known about inter-individual changes in 

efflux capacity; it is unclear whether these individual changes in efflux capacity across one week 

are a normal characteristic of this measure.  

 In the future, it would be ideal to optimize the LCAT activation assay, since the current 

assay used in the exploratory analysis has a few major flaws. For example, LCAT is bound to 

HDL in vivo, meaning that endogenous LCAT could also be carrying out the esterification 
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reaction, and observed differences in cholesteryl ester production could be due to different levels 

of bound LCAT. In order to account for bound LCAT activity, esterification could be measured 

in the presence and absence of recombinant LCAT. However, doing this for every sample would 

double the number of reactions required. Additionally, because the assay involves radiolabeled 

cholesterol, there are limited automation options available. This technique is acceptable for the 

small sample size that is typical of in vitro assays, but is unsuitable as a high-throughput method 

for large clinical sample sets. It would be ideal to develop a method involving a fluorescent 

cholesterol homolog that could serve as a labeled LCAT substrate. Potential problems with such 

substrates include weak signal, causing a high limit of detection. 

 For future studies it would also be prudent to develop additional assays of HDL 

functions, since HDL plays other known physiological roles, such as acting as an antioxidant. 

This is a complimentary approach to measuring oxidation of apoA-I; high levels of oxidative 

stress would modify HDL proteins such as apoA-I, which could potentially quench HDL’s 

ability to act as an antioxidant. While the RCT function is thought to primarily involve apoA-I, 

additional HDL functional assays would present information about the function of other HDL 

proteins. Assays of additional HDL functions, such as its anti-inflammatory effects on 

macrophages and endothelial cells, would likewise be a useful complement to HDL protemoics 

studies, potentially enabling the elucidation of the functional roles of particular HDL-associated 

proteins(172-174). 

 Our preliminary proteomics study suggested that smokers have higher HDL-associated 

SFTPB than nonsmokers. Although the elevation of SFTPB in smokers was highly significant in 

the discovery analysis, it existed at markedly lower baseline levels in the smoking cessation 

study, and was undetectable by immunoblot in the CCVD subjects. One possible explanation for 
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this discrepancy is inter- HDL prep variation; SFTPB could be a contaminant from the denser 

plasma proteins fraction that is present in trace amounts in some HDL preps. It is also possible 

that the antibody is cross-reacting with a different lipoprotein-associated protein since this 

antibody was tested in pulmonary tissue but not plasma and SFTPB shares structural similarities 

to apolipoproteins. A previous study described elevated circulating levels of SFTPB in smokers, 

but did not established which plasma fraction contains it(128). It is also possible that SFTPB is 

unstable and sensitive to storage conditions, which could make it prone to degradation. To date, 

there is only one publication reporting SFTPB as an HDL-associated protein; it was enriched in 

subjects with end stage renal disease(48) Although the elevation of SFTPB levels in smokers was 

highly significant in the exploratory analysis, we remain skeptical of this result since it was not 

validated in the confirmatory study. It is also possible that this protein is only elevated in 

smokers in certain populations; additional studies will be required to form conclusions.   

 The discovery analysis also suggested a trend for higher A1AT and higher apoA-II in 

smokers. We observed smokers to have elevated A1AT in the validation analysis, but we did not 

observe elevated apoA-II in the validation analysis. The mean level of HDL-associated A1AT in 

never smokers was 65% that of the level in current smokers. After a mere week of smoking 

cessation, the mean level of HDL-associated A1AT decreased by 85%, indicating this protein to 

be a current indicator of acute-phase response. The elevation of A1AT in smokers is likely a 

marker for neutrophil activation; evidence exists that neutrophils store A1AT and release it when 

activated(175). As an inhibitor of proteolysis, there is also evidence that HDL-bound A1AT 

inhibits vascular ECM degradation and other hallmarks of endothelial dysfunction(176). Thus, it 

is likely that HDL-bound A1AT is atheroprotective. A1AT has three N-linked glycosylation sites 

and several different glycan groups have been observed at each site(177). These variable 
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modifications could impact biological function, as well as stability. However, we did not observe 

any variably sized A1AT bands by immunoblot to suggest a variety of A1AT glycoforms bound 

to HDL. This suggests that A1AT secretion likely determines HDL-associated A1AT levels. 

 The population in the smoking cessation study is markedly different from that in the 

discovery analysis. For example, the mean age in the former was 21 years; the mean in the latter 

was 67 years. Some differences in the HDL proteomes of healthy young and elderly subjects 

have been described; the elderly have lower levels of apoE and higher levels of acute phase 

proteins such as A1AT(178). That our study populations were extremely different from one 

another has detrimental and beneficial aspects. It is detrimental in that our inability to validate 

some observations may be a result of the differences in populations, but could be validated with 

a more similar population. Conversely, because the populations are extensively different, any 

results that are consistent in both analyses likely indicate an association with smoking status, 

rather than with another factor. 

 All three groups of subjects showed different relationships between lipoprotein particle 

subpopulations and smoking. In the exploratory analysis, smokers had a higher small HDL 

particle concentration than nonsmokers; in the smoking cessation study, there was no change in 

HDL subpopulations, but an increase in LDL particle concentration after cessation, and a 

possible trend for nicotine treatment to be associated with a reduction in small HDL particles. 

The LDL result is most likely due to dietary alterations following smoking cessation. The 

potential association of nicotine treatment and small HDL particles is more difficult to explain; 

since smoking delivers nicotine, it is surprising that there would be a large net change in subjects 

undergoing nicotine replacement. This result should be approached cautiously since it was not 
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part of the initial hypothesis; conclusions could only be drawn if it were validated with another 

smoking cessation study.  

 Since the half life of an HDL particle is 3-4 days, it is likely that one week was not a long 

enough cessation interval to observe significant decreases in HDL particle subpopulation 

concentrations. However, there exists the possibility that smoking status influences the half life 

of certain particles. That we observed a significant increase in the LDL particle concentration 

within this interval indicates an increase in LDL biogenesis. Although previous studies have 

reported LDL-C and LDL size to remain at the same level following smoking cessation(179), it 

is possible that there is an increase in LDL particle concentration immediately after quitting, 

potentially due to metabolic changes. It is also important to make the distinction between LDL 

particle concentration and LDL-C; it is possible that LDL-C did not change, but subjects had 

more LDL particles, each of which contained less cholesterol. 

 In the validation analysis with CCVD subjects, smokers had a lower concentration of 

medium HDL particles. These seemingly discrepant results could underline potential interactions 

between HDL particle concentration and disease status. It is interesting that in CCVD subjects, 

smokers had fewer medium HDL particles than nonsmokers; in a separate study, CCVD status 

was associated with fewer medium HDL particles(150). This indicates that smoking and CCVD 

may have additive effects on medium HDL particle concentration. 

 A longitudinal study design is the ideal strategy to control for inter-individual variation in 

lipoprotein metabolism. However, a recurring concern with the described smoking cessation 

study is that the cessation interval wasn’t adequately long to detect changes in HDL.  It would be 

most effective for such a study to span several years after smoking cessation. Because intra-

individual changes HDL measures remain largely unknown, it would be prudent to include 
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healthy nonsmoking controls in such a study. In a long enough study, these individuals would 

also enable adjustment for the effects of aging. It would be ideal to measure not only the effect of 

smoking cessation but of smoking initiation as well; due to the known hazards of smoking, a 

study of this nature would be ethically unsound. The obvious drawbacks in longitudinal studies 

are expense and time. Additionally, a significant proportion of subjects in a long term smoking 

cessation study would likely be unsuccessful at continued smoking abstention. 

 These studies did not provide strong evidence that dysfunctional HDL is the mechanistic 

link between smoking and heart disease. We did not observe evidence that smoking is associated 

with elevated MPO-induced protein modification, nor that it is associated with impaired sterol 

efflux capacity. Thus, we found no evidence in favor of our hypothesis that smoking promotes 

HDL protein oxidation and dysfunction. However, these studies succeeded in discovering HDL 

proteins that are associated with smoking status. It is possible that these proteins are key to some 

of the many biological functions of HDL. It is also possible that these proteins are biomarkers for 

smoking-induced stress, such as pulmonary injury. Future studies will be needed to address these 

possible roles.
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Appendix: Transitions Used For Exploratory Proteomics Analysis 

precursor 
m/z 

product 
m/z peptide protein ion charge 

Modificat
-ion 

618.35 736.42 DLATVYVDVLK apoA-I y6 2+ n/a 

618.35 835.49 DLATVYVDVLK apoA-I y7 2+ n/a 

618.35 936.54 DLATVYVDVLK apoA-I y8 2+ n/a 

618.35 1007.58 DLATVYVDVLK apoA-I y9 2+ n/a 

618.35 762.4 DLATVYVDVLK apoA-I b7 2+ n/a 

618.35 877.43 DLATVYVDVLK apoA-I b8 2+ n/a 

624.33 743.4 DLATVYVDVLK 15N apoA-I y6 2+ n/a 

624.33 843.47 DLATVYVDVLK 15N apoA-I y7 2+ n/a 

624.33 945.51 DLATVYVDVLK 15N apoA-I y8 2+ n/a 

624.33 1017.55 DLATVYVDVLK 15N apoA-I y9 2+ n/a 

624.33 769.38 DLATVYVDVLK 15N apoA-I b7 2+ n/a 

624.33 885.41 DLATVYVDVLK 15N apoA-I b8 2+ n/a 

635.35 770.42 DLATVYVDVLK apoA-I y6 2+ Y+34 

635.35 869.49 DLATVYVDVLK apoA-I y7 2+ Y+34 

635.35 970.54 DLATVYVDVLK apoA-I y8 2+ Y+34 

635.35 1041.58 DLATVYVDVLK apoA-I y9 2+ Y+34 

635.35 796.36 DLATVYVDVLK apoA-I b7 2+ Y+34 

635.35 911.39 DLATVYVDVLK apoA-I b8 2+ Y+34 

640.85 781.42 DLATVYVDVLK apoA-I y6 2+ Y+45 

640.85 880.49 DLATVYVDVLK apoA-I y7 2+ Y+45 

640.85 981.54 DLATVYVDVLK apoA-I y8 2+ Y+45 

640.85 1052.58 DLATVYVDVLK apoA-I y9 2+ Y+45 

640.85 807.39 DLATVYVDVLK apoA-I b7 2+ Y+45 

640.85 922.42 DLATVYVDVLK apoA-I b8 2+ Y+45 

641.31 777.36 DLATVYVDVLK 15N apoA-I y6 2+ Y+34 

641.31 877.43 DLATVYVDVLK 15N apoA-I y7 2+ Y+34 

641.31 979.47 DLATVYVDVLK 15N apoA-I y8 2+ Y+34 

641.31 1051.51 DLATVYVDVLK 15N apoA-I y9 2+ Y+34 

641.31 803.34 DLATVYVDVLK 15N apoA-I b7 2+ Y+34 

641.31 919.37 DLATVYVDVLK 15N apoA-I b8 2+ Y+34 

646.82 788.39 DLATVYVDVLK 15N apoA-I y6 2+ Y+45 

646.82 888.45 DLATVYVDVLK 15N apoA-I y7 2+ Y+45 

646.82 990.5 DLATVYVDVLK 15N apoA-I y8 2+ Y+45 

646.82 1062.53 DLATVYVDVLK 15N apoA-I y9 2+ Y+45 

646.82 814.37 DLATVYVDVLK 15N apoA-I b7 2+ Y+45 

646.82 930.39 DLATVYVDVLK 15N apoA-I b8 2+ Y+45 

700.84 661.35 DYVSQFEGSALGK apoA-I y7 2+ n/a 

700.84 808.42 DYVSQFEGSALGK apoA-I y8 2+ n/a 

700.84 1023.51 DYVSQFEGSALGK apoA-I y10 2+ n/a 

700.84 1122.58 DYVSQFEGSALGK apoA-I y11 2+ n/a 

708.32 669.33 DYVSQFEGSALGK 15N apoA-I y7 2+ n/a 

708.32 817.39 DYVSQFEGSALGK 15N apoA-I y8 2+ n/a 

708.32 1035.48 DYVSQFEGSALGK 15N apoA-I y10 2+ n/a 
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708.32 1135.54 DYVSQFEGSALGK 15N apoA-I y11 2+ n/a 

717.84 661.35 DYVSQFEGSALGK apoA-I y7 2+ Y+34 

717.84 808.42 DYVSQFEGSALGK apoA-I y8 2+ Y+34 

717.84 1023.51 DYVSQFEGSALGK apoA-I y10 2+ Y+34 

717.84 1122.58 DYVSQFEGSALGK apoA-I y11 2+ Y+34 

725.3 669.33 DYVSQFEGSALGK 15N apoA-I y7 2+ Y+34 

725.3 817.39 DYVSQFEGSALGK 15N apoA-I y8 2+ Y+34 

725.3 1035.48 DYVSQFEGSALGK 15N apoA-I y10 2+ Y+34 

725.3 1135.54 DYVSQFEGSALGK 15N apoA-I y11 2+ Y+34 

723.34 661.35 DYVSQFEGSALGK apoA-I y7 2+ Y+45 

723.34 808.42 DYVSQFEGSALGK apoA-I y8 2+ Y+45 

723.34 1023.51 DYVSQFEGSALGK apoA-I y10 2+ Y+45 

723.34 1122.58 DYVSQFEGSALGK apoA-I y11 2+ Y+45 

730.81 669.33 DYVSQFEGSALGK 15N apoA-I y7 2+ Y+45 

730.81 817.39 DYVSQFEGSALGK 15N apoA-I y8 2+ Y+45 

730.81 1035.48 DYVSQFEGSALGK 15N apoA-I y10 2+ Y+45 

730.81 1135.54 DYVSQFEGSALGK 15N apoA-I y11 2+ Y+45 

626.81 513.25 VQPYLDDFQK apoA-I y8 (2+) 2+ n/a 

626.81 765.38 VQPYLDDFQK apoA-I y6 2+ n/a 

626.81 928.44 VQPYLDDFQK apoA-I y7 2+ n/a 

626.81 1025.49 VQPYLDDFQK apoA-I y8 2+ n/a 

633.29 518.24 VQPYLDDFQK 15N apoA-I y8 (2+) 2+ n/a 

633.29 773.35 VQPYLDDFQK 15N apoA-I y6 2+ n/a 

633.29 937.41 VQPYLDDFQK 15N apoA-I y7 2+ n/a 

633.29 1035.46 VQPYLDDFQK 15N apoA-I y8 2+ n/a 

643.81 530.25 VQPYLDDFQK apoA-I y8 (2+) 2+ Y+34 

643.81 765.38 VQPYLDDFQK apoA-I y6 2+ Y+34 

643.81 962.44 VQPYLDDFQK apoA-I y7 2+ Y+34 

643.81 1059.49 VQPYLDDFQK apoA-I y8 2+ Y+34 

650.28 535.22 VQPYLDDFQK 15N apoA-I y8 (2+) 2+ Y+34 

650.28 773.35 VQPYLDDFQK 15N apoA-I y6 2+ Y+34 

650.28 971.38 VQPYLDDFQK 15N apoA-I y7 2+ Y+34 

650.28 1069.43 VQPYLDDFQK 15N apoA-I y8 2+ Y+34 

649.31 535.75 VQPYLDDFQK apoA-I y8 (2+) 2+ Y+45 

649.31 765.38 VQPYLDDFQK apoA-I y6 2+ Y+45 

649.31 973.44 VQPYLDDFQK apoA-I y7 2+ Y+45 

649.31 1070.49 VQPYLDDFQK apoA-I y8 2+ Y+45 

655.79 540.73 VQPYLDDFQK 15N apoA-I y8 (2+) 2+ Y+45 

655.79 773.35 VQPYLDDFQK 15N apoA-I y6 2+ Y+45 

655.79 982.4 VQPYLDDFQK 15N apoA-I y7 2+ Y+45 

655.79 1080.45 VQPYLDDFQK 15N apoA-I y8 2+ Y+45 

651.33 239.11 THLAPYSDELR apoA-I b2 2+ n/a 

651.33 352.2 THLAPYSDELR apoA-I b3 2+ n/a 

651.33 423.24 THLAPYSDELR apoA-I b4 2+ n/a 

651.33 879.42 THLAPYSDELR apoA-I y7 2+ n/a 

651.33 950.46 THLAPYSDELR apoA-I y8 2+ n/a 

651.33 1063.54 THLAPYSDELR apoA-I y9 2+ n/a 

659.3 243.1 THLAPYSDELR 15N apoA-I b2 2+ n/a 

659.3 357.18 THLAPYSDELR 15N apoA-I b3 2+ n/a 
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659.3 429.22 THLAPYSDELR 15N apoA-I b4 2+ n/a 

659.3 889.39 THLAPYSDELR 15N apoA-I y7 2+ n/a 

659.3 961.43 THLAPYSDELR 15N apoA-I y8 2+ n/a 

659.3 1075.51 THLAPYSDELR 15N apoA-I y9 2+ n/a 

668.31 239.11 THLAPYSDELR apoA-I b2 2+ Y+34 

668.31 352.2 THLAPYSDELR apoA-I b3 2+ Y+34 

668.31 423.24 THLAPYSDELR apoA-I b4 2+ Y+34 

668.31 913.38 THLAPYSDELR apoA-I y7 2+ Y+34 

668.31 984.42 THLAPYSDELR apoA-I y8 2+ Y+34 

668.31 1097.5 THLAPYSDELR apoA-I y9 2+ Y+34 

676.28 243.1 THLAPYSDELR 15N apoA-I b2 2+ Y+34 

676.28 357.18 THLAPYSDELR 15N apoA-I b3 2+ Y+34 

676.28 429.22 THLAPYSDELR 15N apoA-I b4 2+ Y+34 

676.28 923.35 THLAPYSDELR 15N apoA-I y7 2+ Y+34 

676.28 995.39 THLAPYSDELR 15N apoA-I y8 2+ Y+34 

676.28 1109.47 THLAPYSDELR 15N apoA-I y9 2+ Y+34 

673.82 239.11 THLAPYSDELR apoA-I b2 2+ Y+45 

673.82 352.2 THLAPYSDELR apoA-I b3 2+ Y+45 

673.82 423.24 THLAPYSDELR apoA-I b4 2+ Y+45 

673.82 924.41 THLAPYSDELR apoA-I y7 2+ Y+45 

673.82 995.44 THLAPYSDELR apoA-I y8 2+ Y+45 

673.82 1108.53 THLAPYSDELR apoA-I y9 2+ Y+45 

681.8 243.1 THLAPYSDELR 15N apoA-I b2 2+ Y+45 

681.8 357.18 THLAPYSDELR 15N apoA-I b3 2+ Y+45 

681.8 429.22 THLAPYSDELR 15N apoA-I b4 2+ Y+45 

681.8 934.38 THLAPYSDELR 15N apoA-I y7 2+ Y+45 

681.8 1006.41 THLAPYSDELR 15N apoA-I y8 2+ Y+45 

681.8 1120.49 THLAPYSDELR 15N apoA-I y9 2+ Y+45 

416.22 185.13 LAEYHAK apoA-I b2 2+ n/a 

416.22 218.15 LAEYHAK apoA-I y2 2+ n/a 

416.22 355.21 LAEYHAK apoA-I y3 2+ n/a 

416.22 518.27 LAEYHAK apoA-I y4 2+ n/a 

416.22 647.31 LAEYHAK apoA-I y5 2+ n/a 

416.22 718.35 LAEYHAK apoA-I y6 2+ n/a 

421.22 187.13 LAEYHAK 15N apoA-I b2 2+ n/a 

421.22 221.15 LAEYHAK 15N apoA-I y2 2+ n/a 

421.22 361.21 LAEYHAK 15N apoA-I y3 2+ n/a 

421.22 525.27 LAEYHAK 15N apoA-I y4 2+ n/a 

421.22 655.31 LAEYHAK 15N apoA-I y5 2+ n/a 

421.22 727.35 LAEYHAK 15N apoA-I y6 2+ n/a 

433.22 185.13 LAEYHAK apoA-I b2 2+ Y+34 

433.22 218.15 LAEYHAK apoA-I y2 2+ Y+34 

433.22 355.21 LAEYHAK apoA-I y3 2+ Y+34 

433.22 552.27 LAEYHAK apoA-I y4 2+ Y+34 

433.22 681.31 LAEYHAK apoA-I y5 2+ Y+34 

433.22 752.35 LAEYHAK apoA-I y6 2+ Y+34 

438.22 187.13 LAEYHAK 15N apoA-I b2 2+ Y+34 

438.22 221.15 LAEYHAK 15N apoA-I y2 2+ Y+34 

438.22 361.21 LAEYHAK 15N apoA-I y3 2+ Y+34 
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438.22 559.27 LAEYHAK 15N apoA-I y4 2+ Y+34 

438.22 689.31 LAEYHAK 15N apoA-I y5 2+ Y+34 

438.22 761.35 LAEYHAK 15N apoA-I y6 2+ Y+34 

438.72 185.13 LAEYHAK apoA-I b2 2+ Y+45 

438.72 218.15 LAEYHAK apoA-I y2 2+ Y+45 

438.72 355.21 LAEYHAK apoA-I y3 2+ Y+45 

438.72 563.27 LAEYHAK apoA-I y4 2+ Y+45 

438.72 692.31 LAEYHAK apoA-I y5 2+ Y+45 

438.72 763.35 LAEYHAK apoA-I y6 2+ Y+45 

443.72 187.13 LAEYHAK 15N apoA-I b2 2+ Y+45 

443.72 221.15 LAEYHAK 15N apoA-I y2 2+ Y+45 

443.72 361.21 LAEYHAK 15N apoA-I y3 2+ Y+45 

443.72 570.27 LAEYHAK 15N apoA-I y4 2+ Y+45 

443.72 700.31 LAEYHAK 15N apoA-I y5 2+ Y+45 

443.72 772.35 LAEYHAK 15N apoA-I y6 2+ Y+45 

693.86 782.39 VSFLSALEEYTK apoA-I y6 2+ n/a 

693.86 853.43 VSFLSALEEYTK apoA-I y7 2+ n/a 

693.86 940.46 VSFLSALEEYTK apoA-I y8 2+ n/a 

693.86 1053.55 VSFLSALEEYTK apoA-I y9 2+ n/a 

700.34 789.37 VSFLSALEEYTK 15N apoA-I y6 2+ n/a 

700.34 861.41 VSFLSALEEYTK 15N apoA-I y7 2+ n/a 

700.34 949.44 VSFLSALEEYTK 15N apoA-I y8 2+ n/a 

700.34 1063.52 VSFLSALEEYTK 15N apoA-I y9 2+ n/a 

710.84 816.35 VSFLSALEEYTK apoA-I y6 2+ Y+34 

710.84 887.39 VSFLSALEEYTK apoA-I y7 2+ Y+34 

710.84 974.42 VSFLSALEEYTK apoA-I y8 2+ Y+34 

710.84 1087.51 VSFLSALEEYTK apoA-I y9 2+ Y+34 

717.32 823.33 VSFLSALEEYTK 15N apoA-I y6 2+ Y+34 

717.32 895.37 VSFLSALEEYTK 15N apoA-I y7 2+ Y+34 

717.32 983.4 VSFLSALEEYTK 15N apoA-I y8 2+ Y+34 

717.32 1097.48 VSFLSALEEYTK 15N apoA-I y9 2+ Y+34 

716.35 827.38 VSFLSALEEYTK apoA-I y6 2+ Y+45 

716.35 898.42 VSFLSALEEYTK apoA-I y7 2+ Y+45 

716.35 985.45 VSFLSALEEYTK apoA-I y8 2+ Y+45 

716.35 1098.53 VSFLSALEEYTK apoA-I y9 2+ Y+45 

722.83 834.36 VSFLSALEEYTK 15N apoA-I y6 2+ Y+45 

722.83 906.39 VSFLSALEEYTK 15N apoA-I y7 2+ Y+45 

722.83 994.42 VSFLSALEEYTK 15N apoA-I y8 2+ Y+45 

722.83 1108.5 VSFLSALEEYTK 15N apoA-I y9 2+ Y+45 

642.29 580.31 WQEEMELYR apoA-I y4 2+ n/a 

642.29 711.35 WQEEMELYR apoA-I y5 2+ n/a 

642.29 840.39 WQEEMELYR apoA-I y6 2+ n/a 

642.29 969.43 WQEEMELYR apoA-I y7 2+ n/a 

649.27 587.29 WQEEMELYR 15N apoA-I y4 2+ n/a 

649.27 719.33 WQEEMELYR 15N apoA-I y5 2+ n/a 

649.27 849.37 WQEEMELYR 15N apoA-I y6 2+ n/a 

649.27 979.41 WQEEMELYR 15N apoA-I y7 2+ n/a 

650.29 580.31 WQEEMELYR apoA-I y4 2+ 
W+16, 
M+16 

650.29 711.35 WQEEMELYR apoA-I y5 2+ W+16 
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650.29 727.34 WQEEMELYR apoA-I y5 2+ M+16 

650.29 840.39 WQEEMELYR apoA-I y6 2+ W+16 

650.29 856.39 WQEEMELYR apoA-I y6 2+ M+16 

650.29 969.43 WQEEMELYR apoA-I y7 2+ W+16 

650.29 985.43 WQEEMELYR apoa-I y7 2+ M+16 

657.29 587.29 WQEEMELYR 15N apoA-I y4 2+ 
W+16, 
M+16 

657.29 719.33 WQEEMELYR 15N apoA-I y5 2+ W+16 

657.29 735.32 WQEEMELYR 15N apoA-I y5 2+ M+16 

657.29 849.37 WQEEMELYR 15N apoA-I y6 2+ W+16 

657.29 865.36 WQEEMELYR 15N apoA-I y6 2+ M+16 

657.29 979.41 WQEEMELYR 15N apoA-I y7 2+ W+16 

657.29 995.4 WQEEMELYR 15N apoA-I y7 2+ M+16 

664.78 625.29 WQEEMELYR apoA-I y4 2+ Y+45 

664.78 756.33 WQEEMELYR apoA-I y5 2+ Y+45 

664.78 885.38 WQEEMELYR apoA-I y6 2+ Y+45 

664.78 1014.42 WQEEMELYR apoA-I y7 2+ Y+45 

671.76 632.27 WQEEMELYR 15N apoA-I y4 2+ Y+45 

671.76 764.31 WQEEMELYR 15N apoA-I y5 2+ Y+45 

671.76 894.35 WQEEMELYR 15N apoA-I y6 2+ Y+45 

671.76 1024.39 WQEEMELYR 15N apoA-I y7 2+ Y+45 

516.26 416.21 LSPLGEEMR apoA-I y7 (2+) 2+ n/a 

516.26 621.27 LSPLGEEMR apoA-I y5 2+ n/a 

516.26 734.35 LSPLGEEMR apoA-I y6 2+ n/a 

516.26 831.4 LSPLGEEMR apoA-I y7 2+ n/a 

522.25 421.19 LSPLGEEMR 15N apoA-I y7 (2+) 2+ n/a 

522.25 629.24 LSPLGEEMR 15N apoA-I y5 2+ n/a 

522.25 743.32 LSPLGEEMR 15N apoA-I y6 2+ n/a 

522.25 841.37 LSPLGEEMR 15N apoA-I y7 2+ n/a 

524.26 424.2 LSPLGEEMR apoA-I y7 (2+) 2+ M+16 

524.26 637.26 LSPLGEEMR apoA-I y5 2+ M+16 

524.26 750.35 LSPLGEEMR apoA-I y6 2+ M+16 

524.26 847.4 LSPLGEEMR apoA-I y7 2+ M+16 

530.24 429.19 LSPLGEEMR 15N apoA-I y7 (2+) 2+ M+16 

530.24 645.24 LSPLGEEMR 15N apoA-I y5 2+ M+16 

530.24 759.32 LSPLGEEMR 15N apoA-I y6 2+ M+16 

530.24 857.37 LSPLGEEMR 15N apoA-I y7 2+ M+16 

960.48 1474.79 GECVPGEQEPEPILIPR AMBP y13 2+ n/a 

960.48 737.9 GECVPGEQEPEPILIPR AMBP 
y13 
(2+) 2+ n/a 

960.48 934.57 GECVPGEQEPEPILIPR AMBP y8 2+ n/a 

960.48 1063.61 GECVPGEQEPEPILIPR AMBP y9 2+ n/a 

855.14 1132.58 WYNLAIGSTCPWLK AMBP y10 2+ n/a 

855.14 543.33 WYNLAIGSTCPWLK AMBP y4 2+ n/a 

855.14 948.46 WYNLAIGSTCPWLK AMBP y8 2+ n/a 

855.14 1061.54 WYNLAIGSTCPWLK AMBP y9 2+ n/a 

1175.55 1436.67 EPCVESLVSQYFQTVTDYGK apoA-II y12 2+ n/a 

1175.55 583.27 EPCVESLVSQYFQTVTDYGK apoA-II y5 2+ n/a 

1175.55 783.39 EPCVESLVSQYFQTVTDYGK apoA-II y7 2+ n/a 

486.75 659.37 SPELQAEAK apoA-II y6 2+ n/a 
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486.75 788.41 SPELQAEAK apoA-II y7 2+ n/a 

486.75 443.24 SPELQAEAK apoA-II y8 (2+) 2+ n/a 

488.26 617.33 ISASAEELR apoA-IV y5 2+ n/a 

488.26 704.36 ISASAEELR apoA-IV y6 2+ n/a 

488.26 775.39 ISASAEELR apoA-IV y7 2+ n/a 

704.36 631.34 LGEVNTYAGDLQK apoA-IV y6 2+ n/a 

704.36 794.4 LGEVNTYAGDLQK apoA-IV y7 2+ n/a 

704.36 1009.49 LGEVNTYAGDLQK apoA-IV y9 2+ n/a 

817.92 537.27 SELTQQLNALFQDK apoA-IV y4 2+ n/a 

817.92 835.43 SELTQQLNALFQDK apoA-IV y7 2+ n/a 

817.92 948.51 SELTQQLNALFQDK apoA-IV y8 2+ n/a 

601.28 523.29 EWFSETFQK apoC-I y4 2+ n/a 

601.28 652.33 EWFSETFQK apoC-I y5 2+ n/a 

601.28 739.36 EWFSETFQK apoC-I y6 2+ n/a 

601.28 886.43 EWFSETFQK apoC-I y7 2+ n/a 

643.8 620.3 ESLSSYWESAK apoC-II y5 2+ n/a 

643.8 870.4 ESLSSYWESAK apoC-II y7 2+ n/a 

643.8 957.43 ESLSSYWESAK apoC-II y8 2+ n/a 

518.27 265.12 TYLPAVDEK apoC-II b2 2+ n/a 

518.27 658.34 TYLPAVDEK apoC-II y6 2+ n/a 

518.27 771.42 TYLPAVDEK apoC-II y7 2+ n/a 

858.93 1144.55 DALSSVQESQVAQQAR apoC-III y10 2+ n/a 

858.93 502.27 DALSSVQESQVAQQAR apoC-III y4 2+ n/a 

858.93 887.47 DALSSVQESQVAQQAR apoC-III y8 2+ n/a 

598.8 753.38 GWVTDGFSSLK apoC-III y7 2+ n/a 

598.8 854.43 GWVTDGFSSLK apoC-III y8 2+ n/a 

598.8 953.49 GWVTDGFSSLK apoC-III y9 2+ n/a 

850.39 607.32 DGWQWFWSPSTFR apoC-IV y5 2+ n/a 

850.39 694.35 DGWQWFWSPSTFR apoC-IV y6 2+ n/a 

850.39 880.43 DGWQWFWSPSTFR apoC-IV y7 2+ n/a 

850.39 1027.5 DGWQWFWSPSTFR apoC-IV y8 2+ n/a 

536.8 289.16 ELLETVVNR apoC-IV y2 2+ n/a 

536.8 388.23 ELLETVVNR apoC-IV y3 2+ n/a 

536.8 588.35 ELLETVVNR apoC-IV y5 2+ n/a 

536.8 717.39 ELLETVVNR apoC-IV y6 2+ n/a 

646.8 518.24 MTVTDQVNCPK apoD y4 2+ n/a 

646.8 860.39 MTVTDQVNCPK apoD y7 2+ n/a 

646.8 961.44 MTVTDQVNCPK apoD y8 2+ n/a 

712.38 439.23 NPNLPPETVDSLK apoD b4 2+ n/a 

712.38 985.52 NPNLPPETVDSLK apoD y9 2+ n/a 

712.38 493.26 NPNLPPETVDSLK apoD y9 (2+) 2+ n/a 

824.4 1163.57 GEVQAMLGQSTEELR apoE y10 2+ n/a 

824.4 919.45 GEVQAMLGQSTEELR apoE y8 2+ n/a 

824.4 1032.53 GEVQAMLGQSTEELR apoE y9 2+ n/a 

810.9 1152.53 VQAAVGTSAAPVPSDNH apoE y12 2+ n/a 

810.9 569.23 VQAAVGTSAAPVPSDNH apoE y5 2+ n/a 

810.9 765.35 VQAAVGTSAAPVPSDNH apoE y7 2+ n/a 

849.43 726.41 SGVQQLIQYYQDQK apoF b7 2+ n/a 

849.43 681.32 SGVQQLIQYYQDQK apoF y5 2+ n/a 
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849.43 972.44 SGVQQLIQYYQDQK apoF y7 2+ n/a 

849.43 1085.53 SGVQQLIQYYQDQK apoF y8 2+ n/a 

668.82 479.21 SYDLDPGAGSLEI apoF b4 2+ n/a 

668.82 594.24 SYDLDPGAGSLEI apoF b5 2+ n/a 

668.82 743.39 SYDLDPGAGSLEI apoF y8 2+ n/a 

668.82 858.42 SYDLDPGAGSLEI apoF y9 2+ n/a 

796 1324.53 
ATFGCHDGYSLDGPEEIECT
K apoH b12 3+ n/a 

796 662.77 
ATFGCHDGYSLDGPEEIECT
K apoH 

b12 
(2+) 3+ n/a 

796 1005.46 
ATFGCHDGYSLDGPEEIECT
K apoH y8 3+ n/a 

796 1062.48 
ATFGCHDGYSLDGPEEIECT
K apoH y9 3+ n/a 

886.99 1352.79 FICPLTGLWPINTLK apoH y12 2+ n/a 

886.99 685.42 FICPLTGLWPINTLK apoH y6 2+ n/a 

886.99 871.5 FICPLTGLWPINTLK apoH y7 2+ n/a 

886.99 1041.61 FICPLTGLWPINTLK apoH y9 2+ n/a 

1244.13 1136.61 
EFLGENISNFLSLAGNTYQLT
R apoL-I y10 2+ n/a 

1244.13 1223.64 
EFLGENISNFLSLAGNTYQLT
R apoL-I y11 2+ n/a 

1244.13 952.48 
EFLGENISNFLSLAGNTYQLT
R apoL-I y8 2+ n/a 

1244.13 1023.52 
EFLGENISNFLSLAGNTYQLT
R apoL-I y9 2+ n/a 

815.9 1091.5 VTEPISAESGEQVER apoL-I y10 2+ n/a 

815.9 1301.63 VTEPISAESGEQVER apoL-I y12 2+ n/a 

815.9 651.32 VTEPISAESGEQVER apoL-I 
y12 
(2+) 2+ n/a 

815.9 933.43 VTEPISAESGEQVER apoL-I y8 2+ n/a 

589.74 845.35 NQEACELSNN apoM b7 2+ n/a 

589.74 334.14 NQEACELSNN apoM y3 2+ n/a 

589.74 447.22 NQEACELSNN apoM y4 2+ n/a 

795.9 648.33 WIYHLTEGSTDLR apoM y6 2+ n/a 

795.9 878.42 WIYHLTEGSTDLR apoM y8 2+ n/a 

795.9 991.51 WIYHLTEGSTDLR apoM y9 2+ n/a 

852.3 989.98 
SNFLNCYVSGFHPSDIEVDLL
K B2M 

y17 
(2+) 2+ n/a 

852.3 1047 
SNFLNCYVSGFHPSDIEVDLL
K B2M 

y18 
(2+) 2+ n/a 

852.3 1103.55 
SNFLNCYVSGFHPSDIEVDLL
K B2M 

y19 
(2+) 2+ n/a 

852.3 1177.08 
SNFLNCYVSGFHPSDIEVDLL
K B2M 

y20 
(2+) 2+ n/a 

574.78 696.36 VEHSDLSFSK B2M y6 2+ n/a 

574.78 783.39 VEHSDLSFSK B2M y7 2+ n/a 

574.78 920.45 VEHSDLSFSK B2M y8 2+ n/a 

574.78 460.73 VEHSDLSFSK B2M y8 (2+) 2+ n/a 

531.75 763.34 ADIGCTPGSGK C3 y8 2+ n/a 

531.75 438.72 ADIGCTPGSGK C3 y9 (2+) 2+ n/a 

531.75 445.24 ADIGCTPGSGK C3 y5 2+ n/a 

531.75 546.29 ADIGCTPGSGK C3 y9 2+ n/a 
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939.99 687.86 EYVLPSFEVIVEPTEK C3 
y12 
(2+) 2+ n/a 

939.99 744.4 EYVLPSFEVIVEPTEK C3 
y13 
(2+) 2+ n/a 

939.99 815.45 EYVLPSFEVIVEPTEK C3 y7 2+ n/a 

939.99 1374.72 EYVLPSFEVIVEPTEK C3 y12 2+ n/a 

998.42 1263.52 WTPYQGCEALCCPEPK C4BPA y10 2+ n/a 

998.42 1320.54 WTPYQGCEALCCPEPK C4BPA y11 2+ n/a 

998.42 1448.6 WTPYQGCEALCCPEPK C4BPA y12 2+ n/a 

998.42 854.86 WTPYQGCEALCCPEPK C4BPA 
y14 
(2+) 2+ n/a 

735.91 416.26 LSLEIEQLELQR C4BPA y3 2+ n/a 

735.91 545.3 LSLEIEQLELQR C4BPA y4 2+ n/a 

735.91 915.49 LSLEIEQLELQR C4BPA y7 2+ n/a 

735.91 1028.57 LSLEIEQLELQR C4BPA y8 2+ n/a 

937.5 1296.75 LFDSDPITVTVPVEVSR Clusterin y12 2+ n/a 

937.5 686.38 LFDSDPITVTVPVEVSR Clusterin y6 2+ n/a 

937.5 785.45 LFDSDPITVTVPVEVSR Clusterin y7 2+ n/a 

937.5 886.5 LFDSDPITVTVPVEVSR Clusterin y8 2+ n/a 

772.06 1300.6 
VTTVASHTSDSDVPSGVTEV
VVK Clusterin b13 3+ n/a 

772.06 1014.58 
VTTVASHTSDSDVPSGVTEV
VVK Clusterin y10 3+ n/a 

772.06 507.8 
VTTVASHTSDSDVPSGVTEV
VVK Clusterin 

y10 
(2+) 3+ n/a 

772.06 830.5 
VTTVASHTSDSDVPSGVTEV
VVK Clusterin y8 3+ n/a 

815.42 1203.68 DSHSLTTNIMEILR FGA y10 2+ n/a 

815.42 1290.71 DSHSLTTNIMEILR FGA y11 2+ n/a 

815.42 989.54 DSHSLTTNIMEILR FGA y8 2+ n/a 

815.42 1090.59 DSHSLTTNIMEILR FGA y9 2+ n/a 

760.87 652.3 GLIDEVNQDFTNR FGA y5 2+ n/a 

760.87 780.36 GLIDEVNQDFTNR FGA y6 2+ n/a 

760.87 894.41 GLIDEVNQDFTNR FGA y7 2+ n/a 

760.87 993.47 GLIDEVNQDFTNR FGA y8 2+ n/a 

884.9 1197.56 DNENVVNEYSSELEK FGB y10 2+ n/a 

884.9 855.41 DNENVVNEYSSELEK FGB y7 2+ n/a 

884.9 984.45 DNENVVNEYSSELEK FGB y8 2+ n/a 

884.9 1098.49 DNENVVNEYSSELEK FGB y9 2+ n/a 

893.4 589.78 NYCGLPGEYWLGNDK FGB 
y10 
(2+) 2+ n/a 

893.4 608.25 NYCGLPGEYWLGNDK FGB b5 2+ n/a 

893.4 1178.55 NYCGLPGEYWLGNDK FGB y10 2+ n/a 

893.4 1348.65 NYCGLPGEYWLGNDK FGB y12 2+ n/a 

645.87 1062.62 DIAPTLTLYVGK HP y10 2+ n/a 

645.87 531.81 DIAPTLTLYVGK HP 
y10 
(2+) 2+ n/a 

645.87 991.58 DIAPTLTLYVGK HP y9 2+ n/a 

645.87 496.29 DIAPTLTLYVGK HP y9 (2+) 2+ n/a 

673.3 857.44 SCAVAEYGVYVK HP y7 2+ n/a 

673.3 928.48 SCAVAEYGVYVK HP y8 2+ n/a 

673.3 1027.55 SCAVAEYGVYVK HP y9 2+ n/a 
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673.3 1098.58 SCAVAEYGVYVK HP y10 2+ n/a 

448.24 499.3 NPANPVQR HPR y4 2+ n/a 

448.24 613.34 NPANPVQR HPR y5 2+ n/a 

448.24 684.38 NPANPVQR HPR y6 2+ n/a 

448.24 391.22 NPANPVQR HPR y7 (2+) 2+ n/a 

772.36 1125.5 VGYVSGWGQSDNFK HPR y10 2+ n/a 

772.36 610.28 VGYVSGWGQSDNFK HPR y5 2+ n/a 

772.36 795.36 VGYVSGWGQSDNFK HPR y7 2+ n/a 

772.36 1038.46 VGYVSGWGQSDNFK HPR y9 2+ n/a 

1060.49 1078.46 
TYIYDHGFPYTDPVGVLYED
GDDTVATR LCAT y10 3+ n/a 

1060.49 1241.53 
TYIYDHGFPYTDPVGVLYED
GDDTVATR LCAT y11 3+ n/a 

1060.49 1354.61 
TYIYDHGFPYTDPVGVLYED
GDDTVATR LCAT y12 3+ n/a 

1060.49 949.42 
TYIYDHGFPYTDPVGVLYED
GDDTVATR LCAT y9 3+ n/a 

646.31 712.35 TYSVEYLDSSK LCAT y6 2+ n/a 

646.31 841.39 TYSVEYLDSSK LCAT y7 2+ n/a 

646.31 940.46 TYSVEYLDSSK LCAT y8 2+ n/a 

646.31 1027.49 TYSVEYLDSSK LCAT y9 2+ n/a 

749.34 639.31 NPDAVAAPYCYTR LPA b7 2+ n/a 

749.34 859.38 NPDAVAAPYCYTR LPA y6 2+ n/a 

749.34 930.41 NPDAVAAPYCYTR LPA y7 2+ n/a 

749.34 1001.45 NPDAVAAPYCYTR LPA y8 2+ n/a 

521.76 333.18 GTYSTTVTGR LPA y3 2+ n/a 

521.76 432.26 GTYSTTVTGR LPA y4 2+ n/a 

521.76 533.3 GTYSTTVTGR LPA y5 2+ n/a 

521.76 634.35 GTYSTTVTGR LPA y6 2+ n/a 

662.34 735.39 ALGFEAAESSLTK Lplunc1 y7 2+ n/a 

662.34 806.43 ALGFEAAESSLTK Lplunc1 y8 2+ n/a 

662.34 935.47 ALGFEAAESSLTK Lplunc1 y9 2+ n/a 

662.34 1139.56 ALGFEAAESSLTK Lplunc1 y11 2+ n/a 

998.54 701.35 DALVLTPASLWKPSSPVSQ Lplunc1 y7 2+ n/a 

998.54 829.44 DALVLTPASLWKPSSPVSQ Lplunc1 y8 2+ n/a 

998.54 1015.52 DALVLTPASLWKPSSPVSQ Lplunc1 y9 2+ n/a 

998.54 1383.73 DALVLTPASLWKPSSPVSQ Lplunc1 y13 2+ n/a 

1056.99 1246.59 EQLGEFYEALDCLCIPR ORM2 y10 2+ n/a 

1056.99 933.43 EQLGEFYEALDCLCIPR ORM2 y7 2+ n/a 

1056.99 1046.51 EQLGEFYEALDCLCIPR ORM2 y8 2+ n/a 

1056.99 1117.55 EQLGEFYEALDCLCIPR ORM2 y9 2+ n/a 

580.8 480.26 WFYIASAFR ORM2 y4 2+ n/a 

580.8 551.29 WFYIASAFR ORM2 y5 2+ n/a 

580.8 664.38 WFYIASAFR ORM2 y6 2+ n/a 

580.8 827.44 WFYIASAFR ORM2 y7 2+ n/a 

883.99 1058.53 IAIIGAGIGGTSAAYYLR PCYOX1 y10 2+ n/a 

883.99 451.27 IAIIGAGIGGTSAAYYLR PCYOX1 y3 2+ n/a 

883.99 614.33 IAIIGAGIGGTSAAYYLR PCYOX1 y4 2+ n/a 

883.99 1001.51 IAIIGAGIGGTSAAYYLR PCYOX1 y9 2+ n/a 

588.33 546.32 LVCSGLLQASK PCYOX1 y5 2+ n/a 
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588.33 716.43 LVCSGLLQASK PCYOX1 y7 2+ n/a 

588.33 803.46 LVCSGLLQASK PCYOX1 y8 2+ n/a 

588.33 963.49 LVCSGLLQASK PCYOX1 y9 2+ n/a 

526.62 432.28 AGPHCPTAQLIATLK PF4V1 y4 3+ n/a 

526.62 545.37 AGPHCPTAQLIATLK PF4V1 y5 3+ n/a 

526.62 658.45 AGPHCPTAQLIATLK PF4V1 y6 3+ n/a 

526.62 786.51 AGPHCPTAQLIATLK PF4V1 y7 3+ n/a 

519.27 615.35 GAFFPLTER PLTP y5 2+ n/a 

519.27 762.41 GAFFPLTER PLTP y6 2+ n/a 

519.27 909.48 GAFFPLTER PLTP y7 2+ n/a 

519.27 455.25 GAFFPLTER PLTP y7 (2+) 2+ n/a 

388.22 375.24 TGLELSR PLTP y3 2+ n/a 

388.22 504.28 TGLELSR PLTP y4 2+ n/a 

388.22 617.36 TGLELSR PLTP y5 2+ n/a 

388.22 674.38 TGLELSR PLTP y6 2+ n/a 

819.93 1282.68 EVQPVELPNCNLVK PON1 y11 2+ n/a 

819.93 844.43 EVQPVELPNCNLVK PON1 y7 2+ n/a 

819.93 957.52 EVQPVELPNCNLVK PON1 y8 2+ n/a 

607.85 1016.6 PTVLELGITGSK PON1 y10 2+ n/a 

607.85 804.45 PTVLELGITGSK PON1 y8 2+ n/a 

607.85 917.53 PTVLELGITGSK PON1 y9 2+ n/a 

745.38 1218.58 IFLMDLNEQNPR PON3 b10 2+ n/a 

745.38 643.32 IFLMDLNEQNPR PON3 y5 2+ n/a 

745.38 985.47 IFLMDLNEQNPR PON3 y8 2+ n/a 

745.38 1116.51 IFLMDLNEQNPR PON3 y9 2+ n/a 

906.96 959.45 LLNYNPEDPPGSEVLR PON3 b8 2+ n/a 

906.96 1195.6 LLNYNPEDPPGSEVLR PON3 y11 2+ n/a 

906.96 1309.64 LLNYNPEDPPGSEVLR PON3 y12 2+ n/a 

906.96 854.47 LLNYNPEDPPGSEVLR PON3 y8 2+ n/a 

575.62 1074.49 GKEESLDSDLYAELR PPBP b10 3+ n/a 

575.62 417.25 GKEESLDSDLYAELR PPBP y3 3+ n/a 

575.62 488.28 GKEESLDSDLYAELR PPBP y4 3+ n/a 

575.62 651.35 GKEESLDSDLYAELR PPBP y5 3+ n/a 

528.76 555.29 ICLDPDAPR PPBP y5 2+ n/a 

528.76 670.32 ICLDPDAPR PPBP y6 2+ n/a 

528.76 783.4 ICLDPDAPR PPBP y7 2+ n/a 

528.76 472.22 ICLDPDAPR PPBP y8 (2+) 2+ n/a 

498.74 406.19 EANYIGSDK SAA1 y4 2+ n/a 

498.74 519.28 EANYIGSDK SAA1 y5 2+ n/a 

498.74 682.34 EANYIGSDK SAA1 y6 2+ n/a 

498.74 796.38 EANYIGSDK SAA1 y7 2+ n/a 

775.87 418.2 SFFSFLGEAFDGAR SAA1 y4 2+ n/a 

775.87 565.27 SFFSFLGEAFDGAR SAA1 y5 2+ n/a 

775.87 822.37 SFFSFLGEAFDGAR SAA1 y8 2+ n/a 

775.87 935.46 SFFSFLGEAFDGAR SAA1 y9 2+ n/a 

1089.49 1117.5 
FFGHGAEDSLADQAANEWG
R SAA2 y10 2+ n/a 

1089.49 1317.62 
FFGHGAEDSLADQAANEWG
R SAA2 y12 2+ n/a 

1089.49 931.44 FFGHGAEDSLADQAANEWGR SAA2 y8 2+ n/a 
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1089.49 1046.46 
FFGHGAEDSLADQAANEWG
R SAA2 y9 2+ n/a 

728.86 1089.53 GPGGVWAAEAISDAR SAA2 y10 2+ n/a 

728.86 632.34 GPGGVWAAEAISDAR SAA2 y6 2+ n/a 

728.86 832.42 GPGGVWAAEAISDAR SAA2 y8 2+ n/a 

728.86 903.45 GPGGVWAAEAISDAR SAA2 y9 2+ n/a 

924.93 1200.55 AYWDIMISNHQNSNR SAA4 y10 2+ n/a 

924.93 956.43 AYWDIMISNHQNSNR SAA4 y8 2+ n/a 

924.93 1069.51 AYWDIMISNHQNSNR SAA4 y9 2+ n/a 

465.26 516.26 FRPDGLPK SAA4 b4 2+ n/a 

465.26 686.36 FRPDGLPK SAA4 b6 2+ n/a 

465.26 244.17 FRPDGLPK SAA4 y2 2+ n/a 

699.87 769.46 CVAELGPQAVGAVK SCGB3A1 y8 2+ n/a 

699.87 826.48 CVAELGPQAVGAVK SCGB3A1 y9 2+ n/a 

699.87 939.56 CVAELGPQAVGAVK SCGB3A1 y10 2+ n/a 

699.87 1068.6 CVAELGPQAVGAVK SCGB3A1 y11 2+ n/a 

673.39 611.33 LLLSSLGIPVNHLIEGSQK SCGB3A1 
y11 
(2+) 3+ n/a 

673.39 696.39 LLLSSLGIPVNHLIEGSQK SCGB3A1 
y13 
(2+) 3+ n/a 

673.39 752.93 LLLSSLGIPVNHLIEGSQK SCGB3A1 
y14 
(2+) 3+ n/a 

673.39 896.5 LLLSSLGIPVNHLIEGSQK SCGB3A1 
y17 
(2+) 3+ n/a 

508.31 418.25 SVLGQLGITK SERPINA1 y4 2+ n/a 

508.31 716.43 SVLGQLGITK SERPINA1 y7 2+ n/a 

508.31 829.51 SVLGQLGITK SERPINA1 y8 2+ n/a 

508.31 415.26 SVLGQLGITK SERPINA1 y8 (2+) 2+ n/a 

917.46 1030.54 VFSNGADLSGVTEEAPLK SERPINA1 y10 2+ n/a 

917.46 1258.65 VFSNGADLSGVTEEAPLK SERPINA1 y12 2+ n/a 

917.46 1386.71 VFSNGADLSGVTEEAPLK SERPINA1 y14 2+ n/a 

917.46 943.51 VFSNGADLSGVTEEAPLK SERPINA1 y9 2+ n/a 

871.46 1163.53 VVPLVAGGICQCLAER SFTPB y10 2+ n/a 

871.46 1234.57 VVPLVAGGICQCLAER SFTPB y11 2+ n/a 

871.46 772.39 VVPLVAGGICQCLAER SFTPB 
y14 
(2+) 2+ n/a 

871.46 936.4 VVPLVAGGICQCLAER SFTPB y7 2+ n/a 

681.9 1112.7 YSVILLDTLLGR SFTPB y10 2+ n/a 

681.9 674.38 YSVILLDTLLGR SFTPB y6 2+ n/a 

681.9 787.47 YSVILLDTLLGR SFTPB y7 2+ n/a 

681.9 900.55 YSVILLDTLLGR SFTPB y8 2+ n/a 

697.81 474.18 AADDTWEPFASGK TTR b5 2+ n/a 

697.81 606.32 AADDTWEPFASGK TTR y6 2+ n/a 

697.81 735.37 AADDTWEPFASGK TTR y7 2+ n/a 

697.81 921.45 AADDTWEPFASGK TTR y8 2+ n/a 

456.26 611.86 GSPAINVAVHVFR TTR 
y11 
(2+) 3+ n/a 

456.26 408.24 GSPAINVAVHVFR TTR 
y11 
(3+) 3+ n/a 

456.26 558.31 GSPAINVAVHVFR TTR y4 3+ n/a 

456.26 941.53 GSPAINVAVHVFR TTR y8 3+ n/a 

823.91 1076.54 DVWGIEGPIDAAFTR Vitronectin y10 2+ n/a 
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823.91 1246.64 DVWGIEGPIDAAFTR Vitronectin y12 2+ n/a 

823.91 890.47 DVWGIEGPIDAAFTR Vitronectin y8 2+ n/a 

823.91 947.49 DVWGIEGPIDAAFTR Vitronectin y9 2+ n/a 

835.41 1107.54 SIAQYWLGCPAPGHL Vitronectin y10 2+ n/a 

835.41 423.24 SIAQYWLGCPAPGHL Vitronectin y4 2+ n/a 

835.41 591.32 SIAQYWLGCPAPGHL Vitronectin y6 2+ n/a 

835.41 808.38 SIAQYWLGCPAPGHL Vitronectin y8 2+ n/a 

       
 

 


