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Preface

Proteins, the major functional macromolecules of life, are composed of long chains

of L-α-amino acids linked by amide bonds between the α-caboxyl group of one

residue and the α-amino group of the next. Although proteins contain several

dozens to thousands of amino acid residues, only the 20 canonical coded amino

acids, including two that contain sulfur—cysteine and methionine—are involved.

Many diseases originate from mutations or modifications in proteins that affect

their structure and cause a loss of function.

Recent studies provide evidence that in humans and animals, the noncoded

sulfur-containing amino acid homocysteine (Hcy) becomes a constituent of proteins

via two mechanisms: (a) protein N-homocysteinylation by Hcy-thiolactone

and (b) protein S-thiolation in thiol–disulfide exchange reactions. Protein

N-homocysteinylation is absolutely specific for Hcy because Hcy-thiolactone, the

actual agent creating the modification, can only arise from Hcy in any cell type.

In contrast, protein S-thiolation is not limited to Hcy but occurs with other thiols as

well, generating a variety of S-thiolated proteins such as S-glutathionyl-protein,
S-cysteinyl-protein, and S-cysteinyl-glycyl-protein, in addition to S-Hcy-protein.
Thus, while N-Hcy-protein is unique, S-Hcy-protein is a quantitatively minor

component of the total S-thiolated-protein species. Furthermore, as described in

this book, physiological responses to N-Hcy-protein are also unique and distinct

from the responses to S-Hcy-protein.
In the first sections of this book, I have described fundamental aspects of protein-

related chemical biology of Hcy and emphasized the importance of Hcy-thiolactone-

mediated protein N-homocysteinylation in Hcy pathobiology. Of many known

naturally occurring Hcy species, only the thioester Hcy-thiolactone, a product of

an error-correcting reaction in protein biosynthesis, canmediate the incorporation of

Hcy into proteins via stable isopeptide bonds. Protein N-homocysteinylation creates

altered proteins with newly acquired interactions. With the development of novel

analytical methods within the last few years, studies of the role of Hcy-thiolactone

and protein N-linked Hcy in humans and experimental animals became possible. So

far, these studies have identified about three dozens of individual N-Hcy-proteins
and specific sites ofN-homocysteinylation in some of them. These studies also show
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that the genetic or dietary hyperhomocysteinemia greatly elevates levels of Hcy-

thiolactone and protein N-linked Hcy in humans and mice. Other studies provide

evidence that N-Hcy-proteins are immunogenic in humans and experimental

animals. In humans, N-homocysteinylation causes the formation of neo-self

Nε-Hcy-Lys epitopes in proteins, which induce an adaptive immune response,

manifested by the generation of anti-N-Hcy-protein IgG autoantibodies. Levels of

these autoantibodies are elevated in stroke and coronary artery disease (CAD)

patients and thus may play an important role in atherosclerosis. Other data show

that N-homocysteinylation of fibrinogen by Hcy-thiolactone contributes to

thrombogenic effects of elevated plasma tHcy levels in humans. Furthermore,

these studies also show that primaryHcy lowering by B-vitamin therapy is beneficial

in that it improves fibrin clot properties and lowers the levels of anti-N-Hcy-protein
autoantibodies in healthy individuals. In contrast, secondary B-vitamin intervention

appears to be ineffective: although it lowers plasma tHcy, it does not affect anti-N-
Hcy-protein autoantibody titers in CAD patients. Finally, roles of Hcy-thiolactone-
detoxifying enzymes, paraoxonase 1 and bleomycin hydrolase, as well as urinary

Hcy-thiolactone elimination are discussed.

The final sections of this book are devoted to protein S-homocysteinylation.

About a dozen of individual proteins are described that have been shown to be

susceptible to S-homocysteinylation in vitro, and some of them are also found to be

S-homocysteinylated in vivo. S-homocysteinylation, or more generally S-thiolation,
causes profound changes in protein structure and function, but the physiological

significance of these changes is not fully understood. The function of several

proteins has been shown to be affected by Hcy and other thiols in vitro, and some

of them are also affected in cultured cells and in vivo.

Newark, NJ Hieronim Jakubowski

January 2013
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Chapter 1

Introduction

That homocystine itself might be present in proteins is a
possibility that should be borne in mind and will be worth
investigating
—Vincent Du Vigneaud, 1955 Nobel Prize in Chemistry
laureate

In living organisms, homocysteine (Hcy) is a universal intermediate in the meta-

bolic pathways of two other sulfur-containing amino acids: cysteine and methio-

nine. Relative to cysteine, Hcy has in its side chain an extra methylene (–CH2–)

group that makes it a higher homolog of cysteine. Compared with methionine, Hcy

is missing a methyl (CH3–) group and thus is a lower homolog of methionine.

Methionine and cysteine are two canonical coded amino acids that are incorporated

by the ribosomal biosynthetic apparatus into polypeptide chains of protein at

positions specified by AUG and UGU/UGC codons, respectively. In contrast,

Hcy does not normally participate in protein biosynthesis (there is no codon triplet

for Hcy) and is considered to be a nonprotein amino acid.

The disulfide cystine, the first sulfur-containing amino acid to be discovered,

was originally isolated from a urinary calculus by Wallastone in 1810 and, by the

end of nineteenth century, established to be a major component of proteins [1].

Since the mid-1800s accumulating experimental evidence from the Liebig’s labo-

ratory and from other investigators indicated that cysteine does not account for all

the sulfur present in proteins [1]. The nature of this non-cystine protein sulfur has

been clarified in the 1923 studies of Mueller which led to the isolation of a new

sulfur-containing amino acid, methionine, from protein hydrolysates [2].

Hcy, the last of the three major sulfur-containing amino acids, was first obtained

in 1932 in the oxidized disulfide form—homocystine—by the demethylation of

methionine with sulfuric acid [3]. Three years later, in 1935, Hcy was prepared by

reduction of homocystine with metallic sodium in liquid ammonia [4]. Subsequent

studies clarified the physiological role of Hcy as an intermediate in the metabolism

of methionine and cysteine via the classical remethylation and transsulfuration

pathways, respectively [5].

Elucidation of the genetic code and of the ribosomal protein biosynthesis

mechanism established that Hcy is not a coded amino acid. However, because of

H. Jakubowski, Homocysteine in Protein Structure/Function and Human Disease,
DOI 10.1007/978-3-7091-1410-0_1, © Springer-Verlag Wien 2013
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its close structural similarity to the coded amino acid methionine, Hcy does enter

the first step of protein biosynthesis. In fact, the active site of methionyl-tRNA

synthetase (MetRS), in addition to activating the cognate substrate methionine and

forming Met-AMP, also activates Hcy and forms homocysteinyl adenylate (Hcy-

AMP). Met-AMP proceeds to form Met-tRNA, which then donates Met to growing

peptide chains in the ribosomal protein biosynthetic apparatus. In contrast, the Hcy-

AMP intermediate is converted to Hcy-thiolactone by an editing mechanism of

MetRS, which prevents the attachment of Hcy to tRNAMet and thus precludes Hcy

from entering the genetic code [6, 7]. The editing mechanism of MetRS is universal

and is responsible for the biosynthesis of the thioester Hcy-thiolactone in all

organisms, from bacteria to human. The conversion to Hcy-thiolactone, catalyzed

by MetRS, initiates a novel pathway of Hcy metabolism in humans and animals

(Fig. 1.1).

Methionine, one of the eight essential amino acids that must be provided in the

form of dietary protein, is the only source of Hcy in the human body (Fig. 1.1).

Under normal circumstances, Hcy does not accumulate because it is metabolized to

methionine and cysteine. However, the inability to metabolize Hcy via the classical

remethylation and transsulfuration pathways, caused by certain genetic or

nutritional deficiencies, leads to Hcy accumulation, which is associated with

numerous pathological conditions in humans. Over the past two decades, studies

of Hcy have experienced unprecedented growth fueled primarily by the desire to

understand its role in cardiovascular and neurological diseases in humans [8–10].

Early studies have shown that high-protein diets can be harmful to experimental

animals. Subsequent studies of individual dietary amino acids have led to the

conclusion that methionine, the ultimate metabolic precursor of Hcy (Fig. 1.1),

ingested in excess, is the most toxic amino acid [11–13]. Excessive consumption of

methionine leads to elevation of Hcy levels (hyperhomocysteinemia). In fact, animals

fed with high-methionine diets are often used as models of experimental hyperhomo-

cysteinemia [14]. For instance, female rats fed with a diet containing 5 % methionine

have no successful pregnancies [15], while animals fed with high-protein or high-

methionine diets for 2 years develop hyperhomocysteinemia and vascular disease

[16, 17]. Apolipoprotein E-deficient mice fed with a high-methionine diet (2.2 % or

Fig. 1.1 Schematic

representation of human

homocysteine metabolism
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4.4 % methionine) experience accelerated atherosclerosis (at 3 months), start to lose

weight, and die prematurely (48 % animals die at 8 months) [18]. Chicks fed with

a high-methionine (2 %) diet develop hyperhomocysteinemia, neurological seizures,

and severe aortic pathology resulting from aberrant assembly of elastic fibers [19].

Elevation of Hcy in body tissues, further exacerbated when intake of B vitamins and

folate (cofactors of Hcy-metabolizing enzymes; Fig. 1.1) is inadequate, contributes to

the toxicity of methionine excess [20]. Conversely, methionine restriction increases

life span in rats [21] and inhibits age-related disease processes [22], including cancer

[23]. The administration of Hcy itself is often used to study mechanisms underlying

the pathology of hyperhomocysteinemia in experimental animals [18, 24, 25].

In humans, the administration of methionine at a dose of 0.1 g/kg body weight is

used to test for deficiencies in Hcy metabolism and to study relationships between

elevation of plasma Hcy and cardiovascular and neurodegenerative diseases. The

oral methionine loading test is generally very safe [26, 27]. However, a larger dose

of methionine may cause severe, potentially lethal cerebral effects: one case of

death of a control subject participating in a study of relationships between Hcy and

Alzheimer’s disease has been reported to result from a substantial overdose of

methionine (80 g instead of the usual 8 g) [28].

Inborn errors in human Hcy metabolism due to mutations in the cystathionine

β-synthase (CBS), 5,10-methylenetetrahydrofolate reductase (MTHFR), or methi-

onine synthase (MS) genes (Fig. 1.1) cause severe hyperhomocysteinemia and

homocystinuria as well as pathologies in multiple organs, including the cardiovas-

cular system and the brain, and lead to premature death due to vascular

complications, usually thromboembolism in affected arteries and veins [20,

29–32]. Observations of advanced arterial lesions in children with inborn errors

in Hcy metabolism have led to a proposal that Hcy causes vascular disease [33].

Severe hyperhomocysteinemia is rare. For example, CBS deficiency occurs at an

estimated worldwide frequency of 1 in 300,000, with higher frequency in Ireland

(1 in 65,000) and Qatar (1 in 1,800). In contrast, mild hyperhomocysteinemia is

quite prevalent in the general population (some estimates indicate a frequency as

high as 1 in 10) and is also associated with an increased risk [34] of cardiovascular

disease and mortality [35–37], neurological complications [38], pregnancy

complications and birth defects [39], and osteoporosis [40]. Although associations

alone do not prove causality, preponderance of experimental evidence indicates that

it is biologically plausible that excess Hcy can damage and impair normal cellular

and physiological function and cause disease [9, 41].

Atherosclerosis is a disease of the vascular wall and is initiated by endothelial

damage [42, 43]. Endothelial dysfunction, immune activation, and thrombosis,

characteristic features of vascular disease [42, 43], are all observed in hyperhomo-

cysteinemic individuals [20] and experimental hyperhomocysteinemia in animals

[14, 44, 45]. The degree of endothelial function impairment in hyperhomocys-

teinemic organisms is similar to that observed in subjects with hypercholesterol-

emia or hypertension [44].

The strongest evidence that elevated Hcy plays a causal role in atherothrombotic

disease comes from studies of severe genetic hyperhomocysteinemia in humans and
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the finding that Hcy lowering by B-vitamin supplementation significantly improves

vascular outcomes in CBS-deficient patients [20, 29, 30]. For instance, while

untreated CBS-deficient patients suffer one vascular event per 25 patient-years

[46], B-vitamin-treated CBS-deficient patients suffer only one vascular event per

263 patient-years (relative risk 0.091, p < 0.001) [30]. Hcy-lowering therapy

initiated early in life also prevents brain disease from severe MTHFR deficiency

[31, 47]. Furthermore, studies of genetic or nutritional hyperhomocysteinemia in

animal models also provide a strong support for a causative role of Hcy [14, 44, 48].

In humans, lowering plasma Hcy by B-vitamin supplementation improves cog-

nitive function in the general population [49] and leads to a 21–24 % reduction of

vascular outcomes in high-risk stroke patients [50, 51], but not in myocardial

infarction patients [51, 52]. Meta-analysis of Hcy-lowering trials provides evidence

that folic acid supplementation can significantly reduce the risk of stroke in primary

prevention, provided that the intervention lasts >3 years and results in tHcy

lowering >20 % [53]. Among possible reasons cited for the failure of B-vitamin

intervention trials to prevent adverse vascular outcomes is that the beneficial effect

of B-vitamin therapy in lowering plasma Hcy is counteracted by adverse effects of

high B-vitamin levels on the cardiovascular system [10].

As demonstrated by a post hoc subanalysis of the VITATOPS trial [54], benefits

of B-vitamin therapy to lower Hcy are offset by concomitant use of antiplatelet

therapy. Combined analyses of two randomized Hcy-lowering B-vitamin trials, the

Norwegian Vitamin Trial (NORVIT) and the Western Norway B Vitamin Inter-

vention Trial (WENBIT), suggest that cardiovascular risk prediction is confined to

the fraction of Hcy that does not respond to B vitamins [55]. Hcy lowering by

B-vitamin treatment slows the rate of accelerated brain atrophy [56] and cognitive

decline [57] in mild cognitive impairment patients, which may slow or prevent the

conversion to dementia and Alzheimer’s disease.

Although it is a common metabolite in all living organisms, Hcy in excess of

basal levels can be extremely toxic to human [58–61], animal [62], yeast [63–65],

and bacterial cells [66, 67]. Why Hcy is toxic is not entirely clear and is a subject of

intense investigations, particularly in the context of human pathophysiology [41,

44, 68–71].

Hcy is one of the most reactive amino acids and participates in at least seven

reactions in biological systems [68]. In addition to its elimination by remethylation

to methionine, transsulfuration to cysteine (via cystathionine), and oxidation to

disulfides, Hcy is also metabolically converted to other, potentially toxic,

metabolites (Fig. 1.1), such as Hcy-thiolactone, N-Hcy-protein, Nε-Hcy-Lys [72],
AdoHcy, homocysteic acid, or S-nitroso-Hcy; these conversions can be greatly

enhanced in genetic or nutritional deficiencies in Hcy metabolism. Possible

mechanisms accounting for the toxicity of specific Hcy metabolites have been

proposed. However, because of parallel changes in the concentrations of Hcy

metabolites under most clinical and experimental circumstances, it is often difficult

to unequivocally assign the observed toxicity to a specific Hcy metabolite.

As discovered at the end of 1990s, two of these metabolites, Hcy-thiolactone

[73, 74] and S-nitroso-Hcy [75, 76], mediate Hcy incorporation into protein [77].

4 1 Introduction



Hcy-thiolactone-mediated Hcy incorporation affects the protein’s structure/func-

tion and leads to protein damage [7, 68]. Accumulating evidence, discussed in the

following chapters in this book, strongly suggests that Hcy-thiolactone and N-Hcy-
protein contribute to the pathophysiology of hyperhomocysteinemia.

It is interesting to note that in his 1932 article describing the discovery of

homocystine [3], the 1955 Nobel Prize in Chemistry laureate Vincent Du Vigneaud

stated “That homocystine itself might be present in proteins is a possibility that
should be borne in mind and will be worth investigating.” This possibility has

turned into reality in a more recent times [73, 78], and Hcy is now known to be a

component of proteins [79]. Mechanisms of Hcy incorporation into protein and

chemical biology of Hcy-containing proteins, with emphasis on mechanisms by

which such Hcy-proteins could contribute to human cardiovascular and neurologi-

cal diseases, are the subjects of this book.
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Chapter 2

An Overview of Homocysteine Metabolism

Mammals, in contrast to bacteria and plants, cannot make their own methionine

(Met). Thus, in humans and animals, Met is an essential amino acid that is provided

in the form of proteins ingested as food. In our digestive tract dietary proteins are

hydrolyzed to amino acids. Met released from dietary proteins is taken up by the

epithelium of the digestive tract and transported in the blood to cells of various

organs. In every cell of the body Met is metabolized by two major pathways

(Fig. 1.1): (1) as a building block to make new proteins in the ribosomal protein

biosynthetic apparatus and (2) as a precursor of S-adenosylmethionine (AdoMet), a

universal donor that provides methyl groups for biological methylation reactions

and propyl groups for polyamine biosynthesis (both derived from Met). In meta-

bolic pathways (1) and (2), Met is activated by reactions with ATP, albeit in a

pathway-specific manner: the carboxyl group of Met is activated in pathway (1),

while the thioether sulfur atom is activated in pathway (2).

It is the Met utilization pathway (2) that eventually leads to Hcy [20] (Fig. 1.1).

As a result of the transfer of its methyl group to an acceptor, AdoMet is converted to

S-adenosylhomocysteine (AdoHcy). The reversible enzymatic hydrolysis of
AdoHcy is the only known source of Hcy in the human or animal body. Levels of
Hcy are regulated by remethylation to Met, catalyzed by the enzyme MS, and a

two-step transsulfuration to cysteine, the first step of which is catalyzed by the

enzyme CBS, while the second step is catalyzed by cystathionine γ-lyase (CSE).

The remethylation catalyzed by MS requires vitamin B12 and 5,10-methyltetrahy-

drofolate (CH3-THF), generated by MTHFR [31] (Fig. 1.1). An alternative

remethylation pathway is catalyzed by betaine–Hcy methyltransferase (BHMT)

[80]. The transsulfuration requires vitamin B6. While remethylation by MS occurs

in every organ of the body, remethylation by BHMT and transsulfuration by CBS

are limited to the liver and kidneys. Hcy can also react oxidatively with other thiols,

mainly sulfhydryl groups of extracellular proteins, to formmixed disulfides (S-Hcy-
protein) [78, 79, 81].

A fraction of Hcy is also metabolized by methionyl-tRNA synthetase (MetRS in

Fig. 1.1) to the thioester Hcy-thiolactone [68, 69, 82, 83]. The flow through the

Hcy-thiolactone pathway is increased by a high-Met diet (the ultimate precursor of
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Hcy), inadequate supply of CH3-THF, or impairment of remethylation or transsul-

furation reactions by genetic alterations of enzymes, such as CBS, MS, or MTHFR.

Hcy-thiolactone is neutral at physiological pH (pKa ¼ 6.67, [84]) and thus

accumulates mostly in the extracellular fluids.

Hcy-thiolactone is metabolized by two pathways: (1) a hydrolytic pathway that

affords Hcy—this pathway is catalyzed by intracellular and extracellular Hcy-

thiolactonases, otherwise known as bleomycin hydrolase (Blmh) [85] and

paraoxonase 1 (Pon1) [81], respectively; and (2) a synthetic pathway in which

Hcy-thiolactone reacts chemically with protein lysine residues, forming N-Hcy-
protein [78, 79, 81] (Fig. 1.1).

Proteolytic degradation of N-Hcy-protein affords Nε-Hcy-Lys (Fig. 1.1), first

discovered in a biological system when N-Hcy-hemoglobin was incubated with

liver extracts [72]. The isopeptide Nε-Hcy-Lys is present in human and mouse

plasma. Its levels increase in renal disease and CBS deficiency in humans. Genetic

deficiencies in folate and Hcy metabolism and a hyperhomocysteinemic high-Met

diet cause elevation of Nε-Hcy-Lys in mice. The plasma levels of Nε-Hcy-Lys are
positively correlated with the nitric oxide synthase inhibitor asymmetric

dimethylarginine [86], which is consistent with their common origin as products

of protein turnover [72].

2.1 Homocysteine Metabolite Levels

In addition to the free thiol (reduced) form, i.e., free Hcy-SH, several other Hcy

species are present in human and animal plasma (Table 2.1) [87]. These include the

disulfide homocystine Hcy-S-S-Hcy identified in the urine of patients with

homocystinuria [88]; a mixed disulfide of Hcy and Cys, Hcy-S-S-Cys, first

described in patients with cystinuria [89] and then in patients with homocystinuria

[90]; and a mixed disulfide of Hcy with plasma protein, S-Hcy-protein [91, 92], as

well as species with substituted carboxyl groups, such as Hcy-thiolactone [64, 76,

93–95], N-Hcy-protein [76, 79, 96], and Nε-Hcy-Lys [72]. Other known Hcy

metabolites include AdoHcy, cystathionine [97, 98], homocysteine sulfinic acid,

and homocysteic acid (Table 2.1) [20, 99].

S-Nitroso-Hcy is a potential metabolite that has been first detected in bovine

aortic endothelial cells incubated with exogenous Hcy [100]. Treatment of these

cells with the nitric oxide synthase inhibitor N-nitro-L-Arg prevents nitric oxide

generation and the formation of S-nitroso-Hcy. Increasing nitric oxide generation

by overexpression of the inducible nitric oxide synthase in endothelial cells results

in a significant increase in the formation of S-nitroso-Hcy [101]. That human

endothelial cells produce S-nitroso-Hcy has also been inferred from its ability to

mediate translational incorporation of Hcy into protein [75] that is observed in these

cells [68, 76, 83]. However, the presence of S-nitroso-Hcy in humans or animals

remains to be documented.
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2.1.1 “Total Homocysteine”

The sum of free thiol (reduced) and disulfide-bound Hcy (oxidized) species,

obtained by the treatment of a sample with a reducing agent, is called “total Hcy”

(tHcy) and serves as a plasma marker in clinical studies of relationships between

Hcy metabolism and human disease [102]. Unfortunately, the term “total Hcy” is a

misnomer because it does not include a host of important Hcy congeners (discussed

in the following sections). Normal tHcy levels of about 10 μM increase to several

hundred μM in genetic deficiencies in Hcy, folate, or vitamin B12 metabolism, both

in mice and humans. In normal human plasma, S-Hcy-protein comprises ~80 % of

tHcy, homocystine Hcy-S-S-Hcy and homocysteine-cysteine mixed disulfide Hcy-

S-S-Cys comprise 20 %, while free thiol Hcy comprises just ~1 % of tHcy

(Table 2.1) [87].

In healthy humans, tHcy concentration in plasma (~10 μM) is ~twofold higher

than in urine [95]. In mice, however, plasma tHcy (3.5 μM) is 15-fold lower than

urinary tHcy (Table 2.1) [93]. While in humans urinary tHcy clearance is insignifi-

cant (~1 %), in mice a significant fraction of tHcy (~38 %) is eliminated by urinary

excretion [93]. It should be noted, however, that because the reduction of the

disulfide bonds in the commonly used tHcy assays is carried out at alkaline pH,

one of them—Hcy-thiolactone—most likely contributes to the tHcy pool.

2.1.2 S-Homocysteinyl-Protein

Plasma protein S-linked Hcy is carried on albumin [103] and γ-globulin [79] and in
smaller quantities on transthyretin [104, 105], α1-acid glycoprotein, and high-

density lipoprotein (HDL) [106]. Each of those proteins, except ApoA1 in HDL,

Table 2.1 Concentrations of Hcy metabolites in normal human and mouse plasma and urine

Hcy metabolite Concentration (nM) in human Concentration (nM) in mouse

Plasma Urine Plasma Urine

tHcy 12,000 2,500 3,000 45,000

Hcy 250

Hcy-S-S-Hcy + Hcy-S-S-Cys 1,940

S-Hcy-protein 9,810

Hcy-thiolactone 0.2 168 3.7 136

N-Hcy-protein 490 1,900

Nε-Hcy-Lys <100 <100 400 <100

AdoHcy 15 490

Homocysteic acid 186

Homocysteine sulfinic acid 677

Cystathionine 126 350–49,900 2,479

Concentration values are from references discussed in the text
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possesses a cysteine residue with free –SH group that is capable of forming a

disulfide bond with a low molecular thiol.

In addition to S-linked Hcy, albumin, γ-globulin [107–109], transthyretin [104,

105, 110], α1-acid glycoprotein, and HDL [106] are known to carry S-linked
cysteine, CysGly, and glutathione (GSH) in vivo. In normal human plasma the

concentration of protein S-linked Hcy (10 μM) is lower than the concentration of

protein S-linked Cys (165 μM) and CysGly (17 μM), but higher than the concentra-

tion of protein S-linked GSH (1.5 μM) [111]. In erythrocytes the bulk of blood

S-GSH-protein occurs as S-GSH-hemoglobin, which, with a concentration of

130 μM, comprises 14 % of erythrocyte GSH content [112].

The presence of S-Hcy-protein has also been reported in the liver, kidney, and

brain tissues from a patient with MTHFR deficiency at autopsy, but not in tissues

from three subjects who died of unrelated causes [91]. Much higher levels of

S-Hcy-protein accumulate in the brain (403.1 pmol/mg protein) than in the liver

(76.1 pmol/mg protein) and kidney (55.2 pmol/mg protein) of the MTHFR-defi-

cient patient. The level of liver S-Hcy-protein in the MTHFR-deficient patient

(76.1 pmol/mg protein) [91] is lower than the level of liver tHcy in Mthfr�/�

mice (184 � 71 μM, n ¼ 7) [113].

In rodents, tHcy concentrations in tissues and plasma are similar, in the micro-

molar range [114]. Significant pools of Hcy bound to intracellular proteins by

disulfide linkages (S-Hcy-protein) exist in rodent tissues and plasma [114]. For

example, S-Hcy-protein comprises ~42 % of tHcy in rat liver, kidney, heart, and

lung. In rat cerebrum and cerebellum S-Hcy-protein constitutes 30.4 % and 5.3 %,

respectively, of tHcy.

2.1.3 Homocysteine-Thiolactone

In normal humans and mice, plasma Hcy-thiolactone concentrations are in the

subnanomolar to low nanomolar range, whereas urinary Hcy-thiolactone

concentrations are ~100-fold higher (Table 2.1) [93–95]; >95 % of the filtered

plasma Hcy-thiolactone is cleared by the kidney [93, 95]. Plasma Hcy-thiolactone

is elevated 59- to 237- and 72-fold in human MTHFR and CBS deficiency,

respectively, and 14-fold in mice fed with a high methionine diet.

2.1.4 N-Homocysteinyl-Protein

N-linked Hcy is carried on all blood proteins that have been examined, including

hemoglobin, albumin, γ-globulin, fibrinogen, transferrin, antitrypsin, LDL, and HDL
[79]. In normal human and mouse blood, N-Hcy-protein concentrations are in the

submicromolar to low micromolar range (Table 2.1) and increase 10–20-fold in

genetic or dietary hyperhomocysteinemia [79, 113, 115]. The levels ofN-Hcy-protein
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in mouse liver are 50–160 pmol/mg protein and increase 4- and 12-fold in Pcft�/�

and Cbs�/� animals [113].

2.1.5 Nε-Homocysteinyl-Lysine

The isopeptide Nε-Hcy-Lys, discovered in vitro as a product of a facile reaction of

Hcy-thiolactone with lysine [73], forms in vivo during proteolytic turnover of

N-Hcy-protein [72]. Nε-Hcy-Lys is undetectable in normal human plasma

(<0.1 μM) and increases to 0.17 and 0.42 μM in patients with renal disease and

CBS deficiency, respectively. In normal mouse plasma, Nε-Hcy-Lys level is 0.4 μM
(Table 2.1) and increase up to tenfold in hyperhomocysteinemic animals.

2.1.6 S-Adenosylhomocysteine

AdoHcy, an immediate precursor of Hcy (Fig. 1.1), occurs in human cells at

micromolar concentrations, while in plasma, it is present at nanomolar

concentrations (Table 2.1) [116, 117]. AdoHcy concentrations are 33-fold higher

in human urine than in plasma, consistent with its significant fractional excretion

(39 %) [117].

2.1.7 Cystathionine

Normal human plasma level of cystathionine, an intermediate in the transsul-

furation pathway converting Hcy to Cys, is 126 nM. Cystathionine concentrations

are much higher in urine, reaching millimolar range (Table 2.1). The urinary

clearance of cystathionine is 50.9 % of the clearance of creatinine [98]. In mice,

normal plasma cystathionine concentration is 2,479 nM [118], 20-fold higher than

in normal human plasma.

2.1.8 Homocysteic Acid and Homocysteine Sulfinic Acid

Other oxidized Hcy metabolites have been reported in humans and experimental

animals: homocysteine sulfinic acid (HSA) and homocysteic acid (HCA). However,

the mechanism of biological formation of HSA and HCA is not known. Normal

human plasma concentration is 677 � 210 nM for HSA and 186 � 38 nM for HCA

(Table 2.1) [99]. Elevation of Hcy and HCA occurs in cerebrospinal fluid of
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children after methotrexate treatment [119]. HSA and HCA are both identified in

urine from CBS-deficient patients but not in urine from normal individuals [120].

Extremely high HCA concentrations are reported to be present in plasma (up to

23 μM) and in urine (up to 25 mM) of Alzheimer’s disease patients, whereas in

control individuals, the HCA levels are somewhat lower (by 40 %) [121]. Such

HCA concentrations are 100–10,000-fold higher than HCA values reported by

other investigators. Unfortunately, Hasegawa et al. [121] do not discuss these

discrepancies and give only a very limited experimental detail for their assay,

which prevents any rational explanation of their data.

In rats, oral administration of Hcy increases plasma HCA from an undetectable

level to 2.0 μM [122]. Methotrexate treatment elevates both HSA and HCA in rat

cerebrospinal fluid [123]. HCA is also reported to be present in mouse brain and

urine, at 2.3 μM and 22.5 μM, respectively [124].

HCA has been reported to arise by spontaneous oxidation of Hcy [125]. It can

also form by the radiolytic degradation of methionine and methionine-containing

peptides [126] and from photooxidation of methionine peptides induced by hydro-

gen peroxide and UV laser light [127]. Analysis of archived samples from a

previously unreported 1958 Stanley Miller’s origin of life experiment shows that

HCA and other sulfur amino acids are generated in spark discharge experiments

designed to imitate primordial environments [128]. Prebiotic formation of methio-

nine in spark discharges in a simulated primitive earth atmosphere containing CH4,

N2, NH3, H2O, and H2S or CH3SH has been reported in 1972 [129].

2.2 Toxicity of Homocysteine Metabolites

Acute exposure of living cells and organisms to excess Hcy is known to cause

cellular toxicity [7, 68]. The presence of multiple molecular Hcy species raises a

question regarding whether any of those species could be more harmful than the

other. Numerous clinical and animal studies have established that chronic elevation

of plasma tHcy is associated with cardiovascular and neurological abnormalities

[34, 36, 37], most severely manifested in genetic deficiencies in Hcy (CBS) [20],

folate (MTHFR, PCFT) [31, 130], and cobalamin (cblC) [131, 132] metabolism.

However, it should be noted that tHcy is a composite marker, comprised of at least

five different Hcy species [87, 102], each of which could exert a distinct biological

effect. Moreover, tHcy does not encompass other Hcy metabolites present in the

human blood, such as Hcy-thiolactone [94, 95], N-Hcy-protein [79, 115], Nε-Hcy-
Lys [72], AdoHcy, cystathionine, and homocysteic acid [68]. Thus, a contribution

of an individual Hcy species to cardiovascular risk or mortality is likely to be

obscured by using tHcy as a marker [133]. Indeed, in a few studies that addressed

this issue, plasma AdoHcy [116] and anti-N-Hcy-protein autoantibodies [134, 135]

turned out to be much more sensitive indicators of human cardiovascular disease

than plasma tHcy.
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2.2.1 Free Reduced Homocysteine

There is some evidence suggesting that the free thiol Hcy (reduced form) is more

harmful than the disulfide Hcy species (oxidized forms). For example, in two studies

that examined the toxicity of individual Hcy species, the free thiol Hcy was associated

with endothelial dysfunction in humans, whereas much more abundant disulfide Hcy

species were not [136, 137]. The toxicity of free thiol Hcy most likely results from its

metabolic conversion to Hcy-thiolactone, which occurs in cultured human and rodent

cells [68, 73, 77, 138, 139] and in human [64, 76, 94, 95] and mouse bodies [93, 113].

Furthermore, Hcy-thiolactone is known to be more toxic than Hcy to cultured human

endothelial cells [61] and to mice [140, 141]. That the metabolic conversion of Hcy to

Hcy-thiolactone is responsible for Hcy toxicity is further supported by studies with rat

embryos, which show that L-Hcy-thiolactone, D- Hcy-thiolactone, and L-Hcy are toxic,

whereas metabolically inactive D-Hcy (which is not recognized by methionyl-tRNA

synthetase and thus cannot be metabolized to Hcy-thiolactone) is not [142]. Plasma

levels of the free thiol Hcy are maintained low by its oxidation to disulfides, mostly

with the major plasma proteins albumin [81, 103] and γ-globulins [79, 106].

2.2.2 S-Homocysteinyl-Protein

There is no evidence that any of the disulfide species of Hcy that occur in the

plasma is harmful to the human body [143]. In fact, only free reduced Hcy,

comprising 1–2 % of tHcy, but not any of the more abundant disulfide forms of

Hcy, including S-Hcy-protein, comprising 80 % of tHcy, is associated with dimin-

ished vascular function as measured by flow-mediated dilatation [136, 137]. How-

ever, that some S-Hcy-proteins may be harmful is suggested by findings showing

that treatments of human endothelial cells with in vitro-prepared S-Hcy-ApoB-100
reduce cell proliferation and viability [144].

In a mouse model of dietary hyperhomocysteinemia, Hcy appears to inhibit

vascular fibrinolysis in vivo by forming a disulfide bond with annexin A2 thiol

[145]. Annexin A2, an endothelial cell surface co-receptor for plasminogen and

tissue plasminogen activator, accelerates the catalytic activation of plasmin, the

major fibrinolytic agent in mammals. Thus, derivatizing annexin A2 by Hcy

contributes to prothrombotic effects of hyperhomocysteinemia [145].

Whether the formation of intracellular S-Hcy-protein in humans could be

harmful has been addressed in an ex vivo study, which suggests that Hcy binding

to metallothionein, an intracellular zinc-binding protein, causes elevation of intra-

cellular free zinc levels and oxidative stress in cultured human endothelial cells

treated with exogenous Hcy [146]. Unfortunately, whether the proposed Hcy

binding involves a disulfide bond formation with metallothionein has not been

confirmed with purified protein. Although these effects were ascribed to the forma-

tion of a putative S-Hcy-metallothionein disulfide, the authors’ observations that
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Hcy binding is not affected by 10 mM glutathione and that cysteine does not form a

disulfide with metallothionein [146] suggest that Hcy may bind to metallothionein

by another mechanism, possibly N-homocysteinylation. In fact, Hcy-thiolactone

and protein N-linked Hcy are major Hcy species formed in human endothelial cells

[74]. Similar to other proteins [78], metallothionein contains numerous lysine

residues and is expected to be a target for N-homocysteinylation by Hcy-

thiolactone.

2.2.3 Homocysteine-Thiolactone

Because of its high solubility, relative stability, and odorless character, Hcy-

thiolactone has been often used instead of Hcy to produce experimental

hyperhomocysteinemia in animal models. Early studies, beginning in 1974, well

before biological significance of Hcy-thiolactone was established, have shown that

chronic treatments of animals with Hcy-thiolactone cause pathophysiological

changes akin to those observed in human genetic hyperhomocysteinemia. For

example, continuous Hcy-thiolactone infusions in baboons for 3 months produced

patchy desquamation of vascular endothelium, appearance of circulating endothe-

lial cells, and arterial thrombosis [24]. All Hcy-thiolactone-infused animals devel-

oped typical arteriosclerotic or preatherosclerotic intimal lesions composed of

proliferating smooth muscle cells averaging 10–15 cell layers surrounded by

large amounts of collagen, elastic fibers, glycosaminoglycans, and sometimes

lipid [147]. (Note: That Hcy-thiolactone has been used in Harker et al.’s

experiments [24, 147] is clarified in Mudd et al. [148].) More recent experiments

show that Hcy-thiolactone-supplemented diet for 7 weeks produces atherosclerosis

in rats [149].

In contrast, rabbits are resistant to the detrimental effects of Hcy-thiolactone

infusions [150, 151]. The inability to generate atherosclerosis in rabbits is most

likely due to their high levels of serum Hcy-thiolactonase/PON1, ~tenfold higher

than in humans or other animals. Thus, rabbits turn over serum Hcy-thiolactone

much more efficiently than other animals [81, 152, 153]. Hcy-thiolactone infused

into rabbits is quickly cleared from the blood (within <15 min) [150].

Chronic treatments with Hcy-thiolactone cause developmental abnormalities in

chick embryos [154]. Remarkably, these abnormalities include optic lens disloca-

tion [155] that is identical to the ocular phenotype (ectopia lentis) prevalent in

human CBS deficiency [20, 29, 30]. This finding suggests that ectopia lentis is

caused by elevations of Hcy-thiolactone that are in fact observed in CBS-deficient

patients [93].

Acute treatments with Hcy-thiolactone are also known to cause toxicity in

experimental animals. For example, intraperitoneal infusions of Hcy-thiolactone

into mice or rats, which are used as a model to study mechanisms of epilepsy, cause

seizures and death within minutes [156–159]. Exposure of mouse [160] or rat [142]

embryos to Hcy-thiolactone causes lethality, growth retardation, and
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developmental abnormalities. In one study Hcy-thiolactone was reported to be non-

teratogenic in mouse embryos, but the maximum dose used in that study [160] was

lower than those used in other studies, so that a teratogenic dose has not been

reached.

Rigorous studies in mice using the intraperitoneal injection model show that

plasma Hcy-thiolactone is cleared with a half-life of 5.0 min [140, 141]. Studies

with Blmh�/� and Pon1�/�mouse models that have diminished ability to hydrolyze

Hcy-thiolactone led to a conclusion that bleomycin hydrolase (Blmh) and

paraoxonase 1 (Pon1) protect the animals against neurotoxicity induced by intra-

peritoneal injections of L-Hcy-thiolactone [140, 141]. Similar to other harmful

products of normal metabolism, endogenous Hcy-thiolactone is also eliminated

by urinary excretion, as demonstrated both in humans and mice [93, 95].

Treatments with Hcy-thiolactone inhibit proliferation and can be toxic to

cultured human and animal cells [143]. For instance, short-term pretreatment

(10 min) of cultured rat hepatoma cells with Hcy-thiolactone leads to the inhibition

of insulin signaling by preventing tyrosine phosphorylation of the β-subunit of the
insulin receptor and its substrates IRS-1 and Sam68 [161]. Furthermore,

pretreatment with Hcy-thiolactone inhibits the interactions of the insulin receptor

β-subunit and its substrates with the regulatory subunit p85 of phosphatidylinositol

3-kinase, which in turn inhibits the kinase and blocks the insulin-stimulated glyco-

gen synthesis [161]. Hcy-thiolactone also prevents phosphorylation of GSK-3 and

p70S6K catalyzed by mitogen-activated protein kinase, as well as insulin-mediated

growth and proliferation [162]. The addition of GSH 5 min before the pretreatment

with Hcy-thiolactone restores insulin signaling, suggesting that Hcy-thiolactone-

induced oxidative stress might be involved [161, 162]. Much longer (24 h)

treatments with higher Hcy concentrations (0.1–1 mM) induce insulin resistance

by reducing tyrosine phosphorylation of insulin receptor and IRS-1 in rat

adipocytes [163]. Treatments with 0.3–1 mM Hcy (lower concentration is ineffec-

tive) also induce resistin, a peptide hormone linked to insulin resistance, after

8–24 h (no induction after 4 h) [163]. Taken together, these findings suggest that

Hcy-thiolactone is more effective than Hcy in inducing insulin resistance in

cultured cells and thus is likely to contribute of insulin resistance associated with

hyperhomocysteinemia in humans and experimental animals.

Hcy-thiolactone is also known to induce endoplasmic reticulum (ER) stress and

unfolded protein response (UPR) in retinal epithelial cells [60], as well as apoptotic

death in cultured human vascular endothelial cells [61, 164], promyeloid cells

[165], and placental trophoblasts [166]. For example, human umbilical vein endo-

thelial cells (HUVECs) treated with 50–200 μM D,L-Hcy-thiolactone for 24 h show

15–40 % apoptotic cell death quantified after labeling with the fluorescent probe

DiOC6(3) and flow cytometry analysis (Table 2.2) [154]. The magnitude of apo-

ptosis in HUVECs treated with 200 μM D,L-Hcy-thiolactone corresponds to about

2/3 of apoptosis observed in the cells treated with 5 μg/mL staurosporine or serum-

free medium as positive controls (Table 2.2). In contrast to apoptosis induced by

staurosporine, apoptotic cell death induced by Hcy-thiolactone in HUVECs is not

accompanied by the induction of caspase activity and is not prevented by caspase
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inhibitors. However, the cell death induced by Hcy-thiolactone is accompanied by

phosphatidylserine exposure in cell membranes, characteristic of apoptosis [154].

Control experiments show that 200 μM D,L-Hcy, D,L-homocystine, or L-Cys do not

induce apoptosis in HUVECs (Table 2.2), thus indicating that the induction of

apoptosis is specific to D,L-Hcy-thiolactone. However, Hcy-thiolactone does not

induce apoptosis in transformed cell lines such as HL60 leukemic cells and EA.hy

926 endothelial cells, indicating that the sensitivity to Hcy-thiolactone is cell type

dependent [154].

Although the treatment with Hcy, similar to the treatment with Hcy-thiolactone,

induces apoptosis, much higher Hcy concentrations are required [58, 61],

suggesting that Hcy-thiolactone is more potent than Hcy in causing apoptotic cell

death [60, 61, 164]. These findings confirm early studies in which treatments with

Hcy-thiolactone caused greater cytotoxicity to endothelial cells than treatments

with Hcy [167]. In those studies the toxicity of Hcy-thiolactone is manifested as

gross changes in endothelial cell morphology and lysis of 42 % cells during a

16-h exposure. Similar exposure to Hcy produces no changes in cell morphology

and only 2 % cell lysis [167].

2.2.4 N-Homocysteinyl-Protein

Plasma N-Hcy-protein levels are elevated in patients with CBS or MTHFR defi-

ciency [115], or coronary artery disease (CAD) patients, compared with normal

healthy individuals [168]. Preponderance of evidence links N-Hcy-protein with the

pathology of these diseases. As will be discussed in a greater detail in the following

sections of this book, N-Hcy-protein is harmful because of its ability to induce

inflammation [169], cell death [170, 171], and an autoimmune response [134, 135,

172, 173] and to interfere with blood clotting [174, 175].

Table 2.2 Hcy-thiolactone induces apoptosis in human endothelial cells (adapted from [154])

Treatment (24 h, 37 �C) Apoptotic cells (%)

D,L-Hcy-thiolactone (200 μM) 30 � 5

D,L-Homocysteine (200 μM) 1 � 2

D,L-Homocystine (200 μM) 3 � 4

L-Cysteine (200 μM) 4 � 2

Staurosporine (5 μg/mL) (positive control) 58 � 20

Confluent human umbilical vein endothelial cells (HUVECs) in complete M199 growth medium

are treated with indicated thiocompounds or staurosporine. The cells are labeled with the fluores-

cent probe DiOC6(3) (10 μg/mL) and analyzed by flow cytometry to quantify apoptotic cells
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2.2.5 Nε-Homocysteinyl-Lysine

There is no direct evidence that Nε-Hcy-Lys is toxic. However, similar to other Hcy

metabolites, Nε-Hcy-Lys levels are elevated under pathological conditions, such as
human CBS deficiency, renal disease, cardiovascular disease, as wells as in Cbs�/�

and Mthfr�/� mice [72, 86]. Plasma Nε-Hcy-Lys levels are higher in mice than in

humans, most likely reflecting higher Hcy-thiolactone [93] and protein N-linked
Hcy [113] levels in mice compared with humans.

2.2.6 S-Adenosylhomocysteine

Experimental evidence suggests that the accumulation of AdoHcy could be harm-

ful. For example, treatments with Hcy and adenosine deaminase inhibitors elevate

intracellular AdoHcy and inhibit cell growth in cultured human endothelial cells

[176]. Human uremic patients have hyperhomocysteinemia and elevated AdoHcy

levels. The elevated AdoHcy exerts epigenetic effects on gene expression by

interfering with cellular methylation reactions and changing DNA methylation

patterns in peripheral mononuclear cells [177]. Folate therapy, a common method

to reduce hyperhomocysteinemia, lowers AdoHcy, restores DNA methylation to

normal levels, and corrects the patterns of gene expression. Plasma AdoHcy is

highly correlated with plasma tHcy, whereas increased plasma and lymphocyte

AdoHcy levels are associated with decreased DNA methylation [177, 178]. Fur-

thermore, an increase in plasma AdoHcy is a much more sensitive indicator of

human cardiovascular disease than an increase in plasma tHcy [116].

In mice, effects of elevated AdoHcy on DNA methylation appear to be tissue

specific. Cbs+/� mice fed with a high-methionine diet develop hyperhomocys-

teinemia, elevated levels of AdoHcy, and lower AdoMet/AdoHcy ratios

(p < 0.001) in the liver and brain [179]. Plasma tHcy correlates positively with

AdoHcy in most tissues, except the kidney [180], and negatively with DNA

methylation, as one would expect, in the liver. On the other hand, paradoxical

increases in DNA methylation occur in the brain and the aorta of hyperhomocys-

teinemic animals [179].

Methylation patterns of the imprinted genes H19 and insulin-like growth factor

2 (Igf2), important for their regulation, are affected by hyperhomocysteinemia in a

tissue-specific manner. For example, hyperhomocysteinemic Cbs+/� mice have

decreased H19 methylation in the liver, whereas in the brain increased H19

methylation and decreased ratios of H19/Igf2 transcripts are observed. In the

aorta, hyperhomocysteinemia produces an increase in H19 methylation and a

2.5-fold increase in expression of H19 transcripts. Levels of H19 transcripts in

aorta correlate positively with plasma tHcy concentration. These findings suggest

that factors other than the methylation capacity can influence DNA methylation

patterns.
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2.2.7 Cystathionine

There is no indication that cystathionine is toxic [20]. Although it accumulates

under pathological conditions, such as cystathionase deficiency or cancer,

cystathionine seems to be benign. However, the lack of cystathionine synthesis

has been shown to be responsible for liver steatosis and kidney injury in mouse

models [181].

2.2.8 Homocysteic Acid

HCA is an analog of the neurotransmitter glutamate. Because of this, HCA is a

selective agonist of glutamate receptors [182]. In tissue cultures, supplementation

with HCA is toxic to human [183] and animal [184] neuronal cells.

Elevation of HCA from undetectable levels to 119 � 20 μM that occurs in

cerebrospinal fluid of children after methotrexate treatment is associated with

neurological toxicity [119]. Persistent cognitive deficits in rats are induced by

intrathecal methotrexate treatment and are associated with elevated concentrations

of HCA (and HSA) in the cerebrospinal fluid [123]. These deficits are reversed by

intraperitoneal injections of dextromethorphan, a noncompetitive antagonist of the

N-methyl-D-aspartate receptor (NMDA). These findings are consistent with a

known agonist role of HCA at glutamate receptors. Overstimulation of the

NMDA receptor by HCA has been suggested to contribute to the central nervous

system pathology observed in patients with homocystinuria [185]. Consistent with

this suggestion, HCA is present in homocystinuric patients (at ~7 μM in plasma

[186] and in urine [120]). However, it is not known whether HCA accumulates in

CNS of these patients.
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Chapter 3

Homocysteine-Thiolactone

3.1 Chemical Synthesis

3.1.1 Demethylation of Methionine

Hcy-thiolactone was discovered by serendipity in 1934 as a by-product of an early

assay for the quantification of methionine in proteins [187]. The assay involves

boiling with hydriodic acid (128 �C, 3 h). This causes demethylation of methionine

with the formation of methyl iodide, whose quantitative recovery (99.5 � 2.0 %)

by absorption in alcoholic solution of silver nitrate was the basis of the methionine

assay. The residue from methionine that remains in the acid has been identified by

elemental analysis as Hcy-thiolactone. The recovery of Hcy-thiolactone from

methionine digestion is also quantitative (97.0 � 2.1 %) [187].

Recent studies have found that during hydriodic acid digestion, L-methionine is

racemized to D,L-Hcy-thiolactone (Reaction 3.1 and Fig. 3.1). Although no longer used

as a methionine assay, the hydriodic acid digestion procedure became a convenient

method for the preparation of D,L-[35S]Hcy-thiolactone for biological studies [188].

Enzymatic digestion with bleomycin hydrolase (which exhibits essentially absolute

stereoselectivity for L-Hcy-thiolactone) [85] resolves racemic D,L-[35S]Hcy-thiolactone

to L-[35S]Hcy and D-[35S]Hcy-thiolactone (Fig. 3.1) [188].

In contrast to hydriodic acid, the digestion with hydrochloric acid is ineffective

in demethylation of methionine [3]. For example, during incubation with 6 N HCl at

135 or 120 �C, the rate of conversion of methionine to Hcy-thiolactone is 1,000- and

10,000-fold slower than that observed with hydriodic acid [79]. Concentrated

sulfuric acid (18 N) also causes demethylation of methionine at 125–135 �C.
However, due to oxidative properties of sulfuric acid, homocystine (in 42.5 %

yield) is obtained in this case [3].

H. Jakubowski, Homocysteine in Protein Structure/Function and Human Disease,
DOI 10.1007/978-3-7091-1410-0_3, © Springer-Verlag Wien 2013
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3.1.2 Acid-Dependent Cyclization of Homocysteine

In the presence of hydrochloric acid, L-Hcy undergoes intramolecular condensation

to L-Hcy-thiolactone (Reaction 3.2) [4]. The rate of ring closure depends on the acid

concentration and temperature. For example, in 0.1 N, 0.6 N, or 6 N hydrochloric

acid at 100 �C, 50 % of ring closure condensation occurs in 3 h, 15 min, or <5 min,

respectively [68]. Because Hcy-thiolactone, in contrast to Hcy, absorbs ultraviolet

light (Fig. 3.2), the conversion to Hcy-thiolactone has been exploited in the first

spectrophotometric assay for Hcy [189]. The acid-dependent conversion to Hcy-

thiolactone followed by its quantification by high-performance liquid chromatog-

raphy (HPLC) is now used as a convenient procedure for the determination of Hcy

in biological samples [64, 79, 93–95, 190].

3.2 Physicochemical Properties

3.2.1 UV Spectrum

Differences in physicochemical properties of Hcy-thiolactone and Hcy are

highlighted in Table 3.1. Similar to other thioesters, Hcy-thiolactone absorbs

ultraviolet light with a maximum at 240 nm and ε ¼ 5,000 M�1cm�1 in water

(Fig. 3.2) [68]. The ability to absorb at 240 nm is also a characteristic property of a

deprotonated sulfhydryl group [191, 192]. Monitoring absorbance at 240 nm

facilitates studies of nucleophilic [73] and electrophilic [84] reactions involving

Hcy-thiolactone as well as quantification of Hcy-thiolactone in biological samples

[64, 67, 190, 193, 194].
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Fig. 3.1 Absorption spectra

of L-Hcy-thiolactone�HCl
(0.2 mM in water, 25 �C).
D,L-Hcy (0.2 mM), shown for

comparison, does not

appreciably absorb UV light

above 220 nm (Reproduced

from [68])
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Reaction 3.1 The hydriodic

acid-dependent conversion of
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Fig. 3.2 Synthesis of D,L-Hcy-thiolactone and its enantiomeric resolution (with HTL representing

Hcy-thiolactone in the figure). (a) Time course of the synthesis of D,L-Hcy-thiolactone from

L-Met. Here 30-μl aliquots of 0.1 M L-Met in 57 % hydriodic acid/1 % hypophosphorous acid
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O

NH2

OH
HCl, 100oC

-H2O

Reaction 3.2 The

hydrochloric acid-dependent

conversion of Hcy to Hcy-

thiolactone (Reprinted from

[68])
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Table 3.1 Physical–chemical properties of L-Hcy-thiolactone and L-Hcy [68]

Property

L-Hcy-thiolactone

S

O

NH2
L-Hcy

HS COO-

NH3
+

Chemical character Aminoacyl-thioester Mercapto amino acid

UV spectrum Yes, λmax ¼ 240 nm,

ε ¼ 5,000 M�1 cm�1
No significant absorption at

λ > 220 nm

Stability at

37 �C, t0.5
Phosphate-saline ~30 h ~2 h

Human serum ~1 h ~2 h

pKa of amino

group

6.67a 9.04, 9.71b

9.02, 9.69 (thiol group)b

Chemical reactivity � Acylates amino groups of

protein lysine residuesc

� Reacts with aldehydes to

afford tetrahydrothiazinesa

� Resistant to oxidation

� Base-hydrolyzed to Hcy

� Condenses to form

Hcy-thiolactone

� Reacts with aldehydes

to afford

tetrahydrothiazinesa

� Oxidized to disulfides

� Reacts with nitric oxide

to afford S-nitroso-Hcyd

a[84]
b[463]
c[73, 78]
d[75–77]

Fig. 3.2 (continued) (Sigma-Aldrich) were incubated in 1-ml ampoules (Wheaton) at 128 �C.
Reaction mixtures were lyophilized and dissolved in 0.15 mL of 0.15 M K2HPO4, and Hcy-

thiolactone was extracted with 5 volumes of a chloroform/methanol (2:1, v/v) mixture. Hcy-

thiolactone, recovered from the organic phase (0.6 mL) by re-extraction with 0.15 mL of 0.1 N

HCl, was lyophilized and dissolved in 80 μL of water. An 8-μl aliquot of each sample was buffered

with 3 μL of 0.5 M Na2HPO4 and treated with bleomycin hydrolase (1 μL of 100 μM solution) for

30 min at 25 �C. Bleomycin hydrolase-treated and bleomycin hydrolase-untreated samples were

diluted with 0.5 mL of water, and Hcy-thiolactone was quantified by measuring absorbance at

235 nm (filled circle). L-Hcy-thiolactone (open circle) and D-Hcy-thiolactone (multiplication sign)
stereoisomers were distinguished by their susceptibility and resistance, respectively, to enzymatic

hydrolysis by bleomycin hydrolase. (b–e) two-dimensional thin-layer chromatography analyses

of the L-[35S]Met/hydriodic acid digestion mixtures. (b) L-[35S]Met before digestion. (c) Crude
D,L-[35S]Hcy-thiolactone obtained by digestion of L-[35S]Met (4 h, 128 �C). (d) Purified D,L-[35S]

Hcy-thiolactone preparation. (e) Treatment with bleomycin hydrolase resolves D,L-[35S]Hcy-

thiolactone to L-[35S]Hcy and D-[35S]Hcy-thiolactone. Autoradiograms of the two-dimensional

thin-layer chromatography plates (6.7 cm � 5.0 cm) are shown. Origin (marked with multiplication
sign) is at the lower left corner, the first dimension is from bottom to top, and the second dimension

is from left to right (Reproduced from [188])
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3.2.2 pKa value

The α-amino group of Hcy-thiolactone has an unusually low pKa value of 6.67 [84],

much lower than a corresponding value for Hcy (pKa ¼ 9.04 and 9.71) (Table 3.1)

[192]. The lowering of pKa of an α-amino group upon esterification of a carboxyl

group is a characteristic property of other α-amino acid esters such as leucine

methyl ester, leucyl-tRNA (pKa ¼ 7.8, [195]), or valyl-tRNA (pKa ¼ 7.5, [196]),

but the magnitude of the effect is less than that observed for Hcy-thiolactone.

Under physiological conditions Hcy-thiolactone exists as a neutral base form

(Reaction 3.3), while α-amino group of Hcy exists in a positively charged acid

form. Because of this Hcy-thiolactone can freely diffuse through cell membranes.

In fact, in cell cultures, most of Hcy-thiolactone produced inside cells is found

extracellularly in culture media [63, 64, 67, 73, 74, 138, 190, 193, 194, 197], while

in humans and mice, most of Hcy-thiolactone produced in tissues accumulates in

the urine [93, 95].

3.2.3 Stability

The hydrochloric acid salt of Hcy-thiolactone is odorless and stable; it can be stored

at room temperature essentially indefinitely. In contrast, Hcy has a pungent sulfhy-

dryl odor, is less stable, and has to be stored in a freezer at �20 �C. In solutions at

physiological conditions (pH 7.4, 37 �C), the intramolecular thioester Hcy-

thiolactone has a half-life of ~25 h [73, 198] and is substantially more stable than

intermolecular aminoacyl-thioesters, such as methionyl-S-CoA, which hydrolyzes

with a half-life of 2.25 h [199]. The hydrolysis of Hcy-thiolactone to Hcy is much

faster in alkaline solutions. For example, in 0.1 M NaOH, Hcy-thiolactone hydro-

lysis is completed in 15 min at room temperature [75, 200].

The rate of Hcy-thiolactone hydrolysis depends on the ionization status of

its α-amino group (Fig. 3.3a) [84]. The positively charged acid form of Hcy-

thiolactone is hydrolyzed 186 times faster than the neutral base form (Table 3.2).

Different susceptibilities to hydrolysis of different ionic forms are characteristic of

other esters: for instance, the fully protonated form of valyl-tRNA is hydrolyzed 90

times faster than the un-protonated form [196].

S

O

NH3
+

- H
+

pKa=6.67 S

O

NH2

+ H
+

Reaction 3.3 Acid and base

forms of Hcy-thiolactone

(Reprinted from [84])
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Fig. 3.3 Effects of pH on reactions of Hcy-thiolactone with electrophiles and nucleophiles. Panel

(a), pH dependence of the second-order rate constant for the hydrolysis of Hcy-thiolactone

(k ¼ kobs[OH
�]�1). Panel (b), pH dependence of the pseudo-first-order rate constant for the

reaction of Hcy-thiolactone with lysine (k ¼ kobs[Lys base]
�1). Panel (c), pH dependence of the

pseudo-first-order rate constant for the reaction of Hcy-thiolactone with human serum albumin

(k ¼ kobs[Albumin]�1). Panel (d): pH dependences of the third-order rate constants (k ¼
kobs[OH

�]�1[aldehyde]�1) of the reactions of HTL with formaldehyde (open circle) and acetalde-
hyde (open square). The solid lines in each panel are theoretical lines for the reactions of acid and
base Hcy-thiolactone forms calculated from the equation k ¼ (kHTL

+)(1�α) + (kHTL
0)α, where α

is the fraction of Hcy-thiolactone in the base form, calculated at indicated pH using a pKa ¼ 6.67.

Panels (a) and (d)—reproduced with permission from [84]; panels (b) and (c)—H. Jakubowski,

unpublished data

Table 3.2 Apparent rate constants, k, for reactions of base (HTL0) and acid (HTL+) forms of Hcy-

thiolactone with aldehydes, hydroxide anion [84], free lysine base, and human serum albumin

(H. Jakubowski, unpublished data)

Reactants kHTL
0 kHTL

+

HCHO, OH� 44 � 106 M�2 min�1 3.5 � 109 M�2 min�1

CH3CHO, OH
� 11 � 106 M�2 min�1 0.8 � 109 M�2 min�1

OH� 37 M�1 min�1 6.9 � 103 M�1 min�1

Lysine base 1,500 M�1 min�1 11,900 M�1 min�1

Albumin 4 M�1 min�1 765 M�1 min�1

Kinetics of the reactions with lysine and albumin are linear, whereas nonlinear kinetics are

observed for the reactions with aldehydes
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3.2.4 Reactivity Toward Amino Groups

Well before biological relevance of Hcy-thiolactone has been established, it was

recognized that “the S-C bond of homocysteine thiolactone is that of a thioester, and
its reactivity, particularly in the peptide bond formation, deserves investigation”
[201]. Early studies have shown that at alkaline pH values, Hcy-thiolactone in

concentrated solutions (0.1–1 M) reacts with itself to form N-homocysteinyl-Hcy-

thiolactone, which then converts to diketopiperazine of homocysteine, which in turn

oxidizes to insoluble polymeric adducts [202]. (These reactions do not occur in

diluted Hcy-thiolactone solutions.) To prevent these reactions, Hcy-thiolactone was

acetylated with acetic acid anhydride, and the resulting N-acetyl-Hcy-thiolactone
was used in studies of its reactivity toward amines. In 1956 it was found thatN-acetyl-
Hcy-thiolactone can react with amines and amino acids in alkaline solutions

(pH > 9) with the formation of a peptide bond [203]. In 1960s, a few studies

examined the reactivity of N-acetyl-Hcy-thiolactone with a goal of introducing

sulfhydryl groups into proteins [204]. However, because N-acetyl-Hcy-thiolactone
ismuch less reactive thanHcy-thiolactone, these studies required long reaction times,

relatively high pH [205], or the presence of silver ions as a catalyst [205, 206].

Nevertheless, N-acetyl-Hcy-thiolactone has been used to introduce a thiol function-

ality into small molecules and macromolecules, including aminoglycosides, amino

lipids, muramyl dipeptide, cell-surface carbohydrates, human serum albumin,

lactoglobulin, enzymes, and oligonucleotides for a variety of applications [207].

Another Hcy-thiolactone congener, γ-thiobutyrolactone, is used in the synthesis of

pH-responsive polymeric hydrogels for biomedical applications [208].

For example, a report published in 1991 describes the modification with

N-acetyl-Hcy-thiolactone as a facile method to introduce a thiol group at the

50-end of an oligonucleotide, which, in contrast to other methods, does not require

the deprotection step [209]. An oligonucleotide is synthesized using the

phosphoramidite method, and an amino group is introduced using the amino

modifier II. The oligo is purified and reacted with 5 mg of N-acetyl-Hcy-thiolactone
in 0.5 mL pH 8 phosphate buffer for 3 h, after which the reaction is >95 %

complete. The thiol-substituted oligonucleotide is then labeled with a thiol-specific

reagent, such as N-(4-dimethylaminoazobenzene-40)-iodoacetamide or fluorescent

N-(3-prenyl)-maleimide. In this way, oligonucleotides containing a desired dye are

prepared. The presence of the dye attached to an oligonucleotide is confirmed

by UV/vis and fluorescence spectral analyses [209].

Strong incentives to examine the reactions of Hcy-thiolactone with proteins

under physiological conditions appeared in 1990s after Hcy-thiolactone has been

discovered in living cells and the mechanism of its biological formation elucidated

[63, 138, 197, 210] and when elevated Hcy has been recognized as a risk factor for

cardiovascular and neurodegenerative diseases [211]. Subsequent studies demon-

strate that the thioester bond of Hcy-thiolactone is highly susceptible to reactions

with nucleophiles under physiological conditions, particularly with the side chain

amino group of protein lysine residues (Table 3.3). For example, at pH 7.4 and
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temperature 37 �C, Hcy-thiolactone modifies proteins by forming N-Hcy-protein
adducts, in which Hcy is N-linked to the ε-amino group of protein lysine residues as

shown in Reaction 3.4 [68, 73, 78]. Other amino acid side chain groups in protein do

not appreciably react with Hcy-thiolactone. Indeed, N-linked Hcy is found in

albumin [78, 96, 212, 213], hemoglobin [214], fibrinogen [116, 215], and cyto-

chrome c [136] only on lysine residues. In proteins, the reactivity of side chain

lysine ε-amino residues is much greater than the reactivity of the N-terminal amino

group [78]. In free lysine, the ε-amino group exhibits threefold greater reactivity

with Hcy-thiolactone than the α-amino group of lysine (second-order rate constants,

kobs/[Lys], are 3.8 M�1 h�1 and 1.2 M�1 h�1, respectively, at pH 7.4; Table 3.3).

These studies were facilitated by the availability of radiolabeled [35S]Hcy-

thiolactone of high specific activity [78], prepared as illustrated in Fig. 3.2.

Table 3.3 Second-order rate constants, k, for reactions of Hcy-thiolactone with proteins and

lysine derivatives (pH 7.4)

Protein (kDa) or lysine derivative k at 25 �C (M�1 h�1) k at 37 �C (M�1 h�1)

α2-Macroglobulin (725) 400

Low-density lipoprotein (500) 150

Fibrinogen (340) 101

γ-Globulin (140) 112

Transferrin (80) 150 560

Albumin (68) 128 466

Hemoglobin (64) 84 600

MetRS (64) 60

α-Crystallin (36) 10

DNase I (37) 9

Trypsin (24) 9

Myoglobin (16) 40

Cytochrome c (12.5) 36 150

RNase A (12.5) 3

Poly-Lys (150) 6,700

LysLys 26

LysAla 3

Lysine 1 5

α-N-acetyl-lysine 3.8

ε-N-acetyl-lysine 1.2

Linear kinetics observed in a wide range of reagent concentrations (compiled from [78, 84])

Reaction 3.4 Chemical modification of a protein lysine residue by Hcy-thiolactone (Reprinted

from [68])
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The characteristic UV absorption at 240 nm disappears during the reaction of

Hcy-thiolactone with amines, which facilitates studies of the N-homocysteinylation

reaction. The rate of Hcy-thiolactone reaction with lysine at pH 7.4, measured

spectroscopically at 240 nm, is first order with respect to both Hcy-thiolactone and

lysine. The rate increases with increasing pH, consistent with the lysine base form

(with uncharged amino groups) being the reacting species. The second-order rate

constant’s dependence on pH (Fig. 3.3b) is consistent with ionization of Hcy-

thiolactone with pKa ¼ 6.67 and suggests that the positively charged acid form of

Hcy-thiolactone is more reactive with lysine (kobs/[Lys base] ¼ 11,870 M�1 h�1)

than the neutral base form (kobs/[Lys base] ¼ 1,500 M�1 h�1) (Table 3.2). The

reaction of Hcy-thiolactone with purified human serum albumin exhibits similar pH

dependence (Fig. 3.3c) and indicates that the acid form of Hcy-thiolactone is

191-fold more reactive with the protein than the base form (764.0 vs. 4.0 M�1 h�1,

Table 3.2).

3.2.5 Reactivity Toward Carbonyl Compounds

The α-amino group of Hcy-thiolactone is highly reactive toward electrophiles, such

as formaldehyde, acetaldehyde, pyridoxal phosphate, o-phthalaldehyde, or strepto-
mycin (Tables 3.2 and 3.4) [68, 84]. Corresponding 1,3-tetrahydrothiazine-4-car-

boxylic acids are formed as products of these reactions (Reaction 3.5) [84]. The rate

of condensation of Hcy-thiolactone with a large molar excess of formaldehyde or

acetaldehyde, measured spectrophotometrically at 240 nm, is first order with

respect to Hcy-thiolactone. The dependence of the pseudo-first-order rate constant

on aldehyde concentration is more complex: at low concentration of aldehyde, the

rate constant increases linearly with the aldehyde concentration, but at high

concentrations, the rates level off and are less dependent on aldehyde concentration.

Such kinetic behavior indicates formation of an intermediate (Reaction 3.5). A

similar reaction between the α-amino group of Hcy-thiolactone and the

tyrosylquinone cofactor of lysine oxidase in vitro causes irreversible inactivation

of the enzyme [216].

Changes in pH affect the ionization status of the α-amino group of Hcy-

thiolactone and the rate of its reaction with aldehydes (Fig. 3.3d). For example,

the positively charged acid form of Hcy-thiolactone reacts with formaldehyde and

acetaldehyde 79 and 73 times faster, respectively (Table 3.2), than the neutral base

form (structures of the acid and base forms are shown in Reaction 3.3) [84]. At

physiological pH ¼ 7.4, second-order rate constants for the reaction with

aldehydes are 1,200–8,648 M�1 h�1 (Table 3.4) more than 200 times faster than

for the reaction of Hcy-thiolactone with lysine (Table 3.3).

The facile formation of tetrahydrothiazines from Hcy-thiolactone and aldehydes

(Reaction 3.5) raises an interesting possibility that the endogenous Hcy-thiolactone

formed in the human body may be inactivated and disposed of in the form of
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metabolically inactive tetrahydrothiazine via the kidneys. This possibility is

supported by findings showing that acetaldehyde [217] and other aldehydes are

formed in the human body [218] and that in rats injected intraperitoneally with

radiolabeled 1,3-tetrahydrothiazine-4-carboxylic acid, 55 % of the administered

compound is excreted in the urine and only 6 % is expired as carbon dioxide [219].

However, to what extent the formation of tetrahydrothiazines contributes to meta-

bolic flows of sulfur-containing amino acids in animals and humans remains to be

examined.

The reaction of Hcy-thiolactone with o-phthalaldehyde (OPA), generating a

fluorescent adduct, is exploited in sensitive assays for Hcy-thiolactone quantifica-

tion. For example, Hcy-thiolactone separated by HPLC on a cation exchange

column is quantified by monitoring fluorescence after post-column derivatization

with OPA/NaOH [93–95]. An alternative method involves HPLC on a reversed-

phase C18 column, on-column derivatization using an OPA-containing solvent, and

quantification by fluorescence [220] (see the following section).
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Reaction 3.5 The mechanism for the formation of 1,4-tetrahydrothiazine form Hcy-thiolactone

and formaldehyde (R¼H) or acetaldehyde (R¼CH3). The initial product of the reaction of Hcy-

thiolactone with aldehydes is carbinolamine in a chemical equilibrium with imine. The formation

of the carbinolamine greatly destabilizes the thioester bond by facilitating anchimeric assistance

by the carbinolamine group, which makes possible an intramolecular attack of the oxygen on the

thioester bond to form a five-membered lactone. This leads to the liberation of the thiolate group.

Subsequent attack of the thiolate on an aldehyde-derived carbon leads to rapid formation of the

six-membered ring of the tetrahydrothiazine and lysis of the lactone (Reprinted from [84])

Table 3.4 Second-order rate constants, k, for reactions of Hcy-thiolactone with aldehydes

Aldehyde k at 25 �C (M�1 h�1)

Formaldehydea 8,648

Acetaldehydea 2,496

Streptomycinb 1,200 (2,000 at 37 �C)
aData recalculated from [84]. Nonlinear kinetics observed suggest the formation of an intermediate
bH. Jakubowski, unpublished data
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3.3 Quantification Methods

3.3.1 Assays Based on Radiolabeling

The discovery that Hcy-thiolactone is formed biologically in living cells relied on

the use of radiolabeled precursors such as [35S]sulfate [63], [35S]cysteine [197],

[35S]methionine [73, 138], and [35S]homocysteine [73, 74] as tracers. After

incubating cultured cells with any of those precursors, the labeled media and cells

are collected separately. The labeled cells are extracted with formic acid. [35S]Hcy-

thiolactone is separated from other [35S]-labeled metabolites present in cell extracts

and culture media by two-dimensional thin-layer chromatography (TLC) using as

little as 5 μL sample and cellulose or silica gel plates as small as 5 cm � 4 cm. The

first-dimension solvent is butanol/acetic acid/water (4/1/1, v/v), while isopropanol/

ethyl acetate/water/ ammonia (12/12/1/0.12, v/v) is the second-dimension solvent.

[35S]Hcy-thiolactone is visualized by autoradiography using Kodak BioMax X-ray

film and quantified by scintillation counting. An illustration of the two-dimensional

TLC separation of the radiolabeled Hcy-thiolactone is shown in Fig. 3.1. The

radiolabeling methods have an excellent reproducibility and sensitivity (allowing

detection of <100 femtomoles of Hcy-thiolactone) and have been used extensively

to elucidate Hcy-thiolactone metabolic pathways in microorganisms such as

Escherichia coli [193, 197] and the yeast Saccharomyces cerevisiae [63, 221],

plants [190], as well as in a variety of cultured human and rodent cells [73, 74, 138].

3.3.2 Assays Based on Direct UV Monitoring

Similar to other thioesters [189], Hcy-thiolactone absorbs ultraviolet light with the

maximum at 240 nm and ε ¼ 5,000 L mol�1 cm�1 in water [68]. Spectral monitor-

ing at 240 nm has been used for direct quantification of Hcy-thiolactone in bacterial

cultures [193, 194]. Because of its limited sensitivity (the limit of detection is

0.1 mM), the use of this method is limited to experimental systems in which high

concentrations of Hcy-thiolactone are generated.

3.3.3 High-Performance Liquid Chromatography-Based
Assays

Nonradioactive HPLC-based assays have subsequently been developed and are

available for Hcy-thiolactone quantification in biological samples, including

plasma, urine, and tissues. The assays are based on HPLC coupled with UV

absorbance or fluorescence detection.
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3.3.3.1 High-Performance Liquid Chromatography with UV Detection

The first HPLC-based method for the determination of Hcy-thiolactone in

biological samples exploited the ability of Hcy-thiolactone to absorb in UV [64].

Sample preparation procedures for HPLC analyses of Hcy-thiolactone levels in

bacterial or yeast cultures are fast and simple: after removal of cells by short

centrifugation, culture media are injected into an HPLC column. Sample prepara-

tion for the human plasma Hcy-thiolactone assay requires deproteinization by

centrifugation in Millipore 10-kDa cutoff ultrafilters and extraction with charcoal

or chloroform/methanol, followed by lyophilization. In order to monitor recovery,

radiolabeled [35S]Hcy-thiolactone is included in plasma samples as a tracer. Chro-

matographic separation is achieved on a reversed-phase C18 or a cation exchange

polysulfoethylaspartamide (PSEA) HPLC column, and the quantification is by

monitoring UV absorption at 240 nm, the wavelength at which the Hcy-thiolactone

spectrum has a maximum (Fig. 3.1). The method allows detection of 5 pmol Hcy-

thiolactone with 6 % reproducibility. The procedure works well for Hcy-thiolactone

determinations in diverse cell cultures, including the bacteria E. coli andMycobac-
terium smegmatis, the yeast Saccharomyces cerevisiae [64], the plants [190], and

human vascular endothelial cells [64]. This assay allowed the discovery of Hcy-

thiolactone in human plasma [64], which provided the first evidence that the

metabolic conversion of Hcy to Hcy-thiolactone—Hcy editing—is conserved in

evolution from bacteria to man.

3.3.3.2 High-Performance Liquid Chromatography with Fluorescence

Detection

That thiols can be quantified by a reaction with OPA was first reported in 1966,

when it was found that a reaction of glutathione with OPA generates a fluorescent

product. This finding allowed the development of a highly sensitive and specific

assay for reduced glutathione when carried out at pH 9–12 [222]. Similar reactions

have been described subsequently for Hcy and Hcy-thiolactone and shown to yield

maximal fluorescence when carried out at pH � 13 [223]. The fluorescence due to

glutathione is greatly diminished at pH � 13, while Hcy and Hcy-thiolactone give

strong fluorescence signals. These findings provide basis for the development of

fluorescent Hcy-thiolactone and Hcy assay [223]. The assay utilizes a C30

reversed-phase HPLC column, post-column derivatization with OPA/NaOH, and

fluorescence detection. In alkaline solutions (pH � 13), Hcy-thiolactone is quickly

hydrolyzed to Hcy, which reacts with OPA to form a relatively stable fluorescent

derivative, quantified by using excitation at 370 nm and emission at 480 nm. The

assay has a sensitivity of 0.2 pmol for Hcy-thiolactone and 0.1 pmol for Hcy but so

far has had very limited application, being used only for Hcy-thiolactone and Hcy

quantification in Hep G2 cell cultures [223] and for in assays of Hcy-thiolactonase

activity of Pon1 [224].
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The first universal HPLC assay that allows analysis of Hcy-thiolactone in any

biological samples, including human and mouse plasma [94], urine [95], and tissues

[140, 141], has been developed by using a cation exchange PSEA column, post-

column derivatization with OPA, and fluorescence detection (excitation at 370 nm,

emission at 480 nm). The plasma Hcy-thiolactone assay involves ultrafiltration on

Millipore 10-kDa cutoff device to remove protein followed by selective extraction

of Hcy-thiolactone from the deproteinized sample. A crucial step in sample prepa-

ration is chloroform/methanol extraction, which is more selective than the charcoal

extraction [64] for plasma samples. Further purification and quantification are

achieved by HPLC on a cation exchange PSEA column and fluorescence detection

after post-column derivatization with OPA/NaOH. The limit of detection is

0.36 nM. As little as 25 fmol Hcy-thiolactone in a sample can be detected and

quantified [94, 95]. Examples of HPLC analyses of human plasma and urinary Hcy-

thiolactone are shown in Fig. 3.4. Using this assay, Hcy-thiolactone concentrations

in plasma from normal healthy human subjects (n ¼ 60) were found to vary from

<0.1 to 34.8 nM, with an average of 2.82 � 6.13 nM. In 29 of the 60 human plasma

samples analyzed, Hcy-thiolactone levels were below the detection limit. This

method has also been successfully used in the first studies of human urinary Hcy-

thiolactone excretion, which found that the bulk of Hcy-thiolactone formed in the

human body is cleared by the kidney [95]. Charcoal extraction is a crucial step

in the determination of urinary Hcy-thiolactone. Hcy-thiolactone concentrations

in human urine (11–485 nM; n ¼ 19) are 100-fold higher than in plasma
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Fig. 3.4 Determination of Hcy-thiolactone by cation exchange HPLC. Detection is by fluores-

cence emission at 480 nm (excitation at 370 nm) after post-column derivatization with OPA. Left
panel: plasma Hcy-thiolactone. Analyses of samples prepared from human plasma containing 6.7

and 2.8 nM Hcy-thiolactone are illustrated by trace 1 and trace 2, respectively. Hcy-thiolactone is

absent in plasma samples treated with NaOH before HPLC analysis (trace 3). Hcy-thiolactone

standard (100 fmol) elutes at 8 min (trace 4). A peak eluting in a void volume is due to Hcy present

in plasma samples. Right panel: urinary Hcy-thiolactone. Samples prepared from human urine

(containing 538 nM Hcy-thiolactone) before (middle trace) and after 5-min treatment with 0.1 M

NaOH (top trace). Lower trace (labeled STD) was obtained with a standard sample containing

0.5 pmol Hcy (peak 1), 200 pmol histidine (peak 2), 1 pmol Hcy-thiolactone (peak 3) (Reproduced

from [94, 95])
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(<0.1–22.6 nM; n ¼ 20) and are negatively correlated with urinary pH. This assay

is now routinely used in studies of the role of Hcy-thiolactone in human [93], mouse

[93, 113, 140, 141], and bacterial [67] physiology.

An alternative method for urinary Hcy-thiolactone determination utilizes a solid-

phase extraction on C18 cartridges, an on-column derivatization with OPA, and

fluorescence detection [220]. The on-column derivatization results in narrower

peaks and shorter run times (3 min), compared with the post-column derivatization

method. The limit of quantification is 20 nM. Using the on-column derivatization,

Hcy-thiolactone concentrations in human urine from 15 subjects were found to vary

from 25 to 297 nM (mean 103 � 89 nM), similar to the values reported previously

using the post-column derivatization method [95].

3.3.4 Gas Chromatography/Mass Spectrometry Assay

Plasma Hcy-thiolactone can also be assayed by a gas chromatography/mass spec-

trometry (GC–MS) method with deuterated d4-Hcy-thiolactone as an internal

standard [225]. Hcy-thiolactone is extracted from the plasma using silica solid-

phase and then derivatized with heptafluorobutyric anhydride. The derivatized

sample is analyzed by GC–MS in NCI mode with methane as the reagent gas and

Hcy-thiolactone ion [M(–)[bond]HF] and the d4-Hcy-thiolactone standard are

quantified in a single-ion monitoring mode. The calibration line shows a dynamic

linear range up to 40 nM. Within-day precision (n ¼ 20, nominal concentration

5.2 nM) was 0.96 %, and between-day precision was 3.9 %, with a detection limit of

1.7 nM and quantification limit of 5.2 nM. This procedure has had a very limited

application, being used with only two human plasma samples, in which Hcy-

thiolactone concentration was found to be 18 and 25 nM.

3.3.5 Gold Nanoparticle Homocysteine-Thiolactone Sensor

Gold nanoparticles are known to interact with thiols [226, 227], including Hcy

[228], which results in appearance of new absorption maxima at 610–660 nm.

This principle has been exploited to develop a method for detection and quantifica-

tion of Hcy-thiolactone. For this purpose fluorosurfactant (FSN)-capped gold

nanoparticles (AuNPs) are used as aminothiol removers [227] and as sensors

[229]. Hcy-thiolactone does not bind to the surface of the FSN-AuNPs in the pH

range of 4.0–10.0. In contrast, under these pH conditions, the FSN-AuNPs are

aggregated by Hcy and cysteine. Thus, FSN-AuNPs are effective sorbent materials

for Hcy and cysteine, but not for Hcy-thiolactone. When added to a solution

containing thiols and Hcy-thiolactone, FSN-AuNPs bind >98 % Hcy and >99 %

cysteine. Subsequent removal of FSN-AuNPs particles by centrifugation leaves

Hcy-thiolactone in the supernatant. Treatment of the supernatant with NaOH
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converts Hcy-thiolactone to Hcy, which is then detected by its ability to induce

aggregation of the FSN-AuNPs, quantified by measurements of absorption ratios at

610 and 550 nm, A610/A550. The selectivity of the gold nanoparticle probe is

significantly higher for Hcy-thiolactone than for aminothiols. The sensitivity of

FSN-AuNPs toward Hcy-thiolactone can be further improved by optimizing the

AuNPs concentration. The lowest detectable concentration of HTL is 100 nM. This

approach has been validated by quantification of Hcy-thiolactone in human urine

samples [229].

3.4 Biosynthesis

3.4.1 The Involvement of Methionyl-tRNA Synthetase

The first indication that Hcy-thiolactone is likely to form biologically in living

organisms came with the 1981 discovery of the enzymatic conversion of Hcy to

Hcy-thiolactone in error-editing reactions of aminoacyl-tRNA synthetases

(AARSs) [210]. AARSs are responsible for quality control [65] in the flow of

information from a gene to protein and carry out two basic functions in protein

biosynthesis: (a) provide chemically activated amino acids (in the form of

aminoacyl-tRNA) and (b) mediate the transfer of genetic information [6]. The

chemical activation involves a reaction with ATP, generating a high-energy inter-

mediate, AARS•AA-AMP (Reaction 3.6), which subsequently reacts with tRNA to

form a high-energy ester bond between the carboxyl group of an amino acid and a

hydroxyl of the 30-terminal ribose of tRNA (Reaction 3.7).

The genetic information transfer involves matching amino acids with

corresponding tRNAs according to the rules of the genetic code. This in effect

translates the words from the nucleic acid language into the words in the protein

language. Thus, each of the twenty canonical AARSs translates its own set of

nucleic acid words (triplets of bases) into a protein word (amino acid). For example,

methionyl-tRNA synthetase (MetRS) translates the word “AUG” in the nucleic acid

language as “methionine” in the protein language. Similarly, CysRS assures that

words “UGU” and “UGC” in the nucleic acid language mean “cysteine” in the

protein language.

High accuracy of an AARS in the tRNA aminoacylation reaction is achieved by

preferential binding of a cognate amino acid and a quality control step in which

non-cognate amino acids are edited [6, 230]. Editing is used to achieve high

selectivity when the differences in binding energies of amino acids to AARSs are

inadequate [65, 231].

Because of its similarity to the protein amino acid methionine, during protein

biosynthesis, the nonprotein amino acid Hcy is often incorrectly selected in place of

methionine by MetRS. (The major role of MetRS is, of course, to catalyze the

synthesis of methionyl-tRNAMet, with Met-AMP as an intermediate.) Thus, in the

3.4 Biosynthesis 33



presence of Hcy and ATP, MetRS catalyzes the formation of homocysteinyl-

adenylate (Hcy-AMP).

That Hcy is a substrate for MetRS was first found in in vitro studies with purified

E. coli and Bacillus stearothermophilus enzymes [232, 233]. However, in contrast

to the cognate methionine which is transferred from Met-AMP to tRNAMet, the

misactivated Hcy is not transferred from Hcy-AMP to tRNAMet [233].

Instead, Hcy-AMP is edited by the conversion to Hcy-thiolactone in an intramo-

lecular reaction in which the side chain thiolate of Hcy displaces the AMP group

from the carboxylate of the misactivated Hcy (Reaction 3.8) [210]. Thin-layer

chromatography (TLC) shows that a new compound forms when MetRS is

incubated with Hcy and ATP but is absent in incomplete reaction mixtures missing

any of the three components. This new compound is identified as Hcy-thiolactone.

It separates from Hcy on cellulose or silica gel TLC plates and is visualized under

UV and by staining with ninhydrin. It cochromatographs with an authentic Hcy-

thiolactone standard, absorbs UV light, and gives the same yellow color with

ninhydrin as the standard [210]. Two pages from the author’s laboratory notebook

describing the original experiment in which the formation of Hcy-thiolactone

during Hcy editing by MetRS has been discovered are shown in Fig. 3.5.

In the Hcy editing reaction, 1.03 mol ATP is hydrolyzed per mol of Hcy-

thiolactone formed, which indicates that the cyclization by intramolecular thioester

bond formation, rather than hydrolysis, is a favored reaction of Hcy-AMP [234].

The Hcy editing reaction is not affected by tRNAMet [210].

The Hcy-thiolactone formation reaction corrects an error in amino acid selec-

tion, prevents Hcy from accessing the genetic code for methionine [6, 7], and is

conserved in evolution from bacteria to human beings [64, 93, 197]. Hcy editing,

one of a few error-correcting reactions that can be directly examined in living

organisms, is a textbook paradigm of in vivo editing reactions in the translation of

the genetic code [235, 236].

The involvement of MetRS in the biosynthesis of Hcy-thiolactone in vivo was

first reported in microorganisms, such as E. coli [197] and the yeast Saccharomyces

Reaction 3.8 The formation of Hcy-thiolactone catalyzed by MetRS

Reaction 3.6 The formation of aminoacyl adenylate catalyzed by AARS

Reaction 3.7 The aminoacylation of tRNA by AARS
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cerevisiae [63]. The evidence that MetRS is responsible for Hcy-thiolactone bio-

synthesis in mammalian cells, including human, came from studies of Hcy-

thiolactone metabolism in cultured human cervical carcinoma (HeLa), mouse

adenocarcinoma (RAG), and Chinese hamster ovary (CHO) cells [138]. Subsequent

studies have demonstrated that the rice Oryza sativaMetRS expressed in E. coli has
the ability to catalyze the conversion of Hcy to Hcy-thiolactone and that MetRS is

involved in Hcy-thiolactone biosynthesis in the plant Lupinus luteus [190].
Extensive cell culture and whole organism studies have established that Hcy-

thiolactone formation during Hcy editing catalyzed by MetRS is universal and

occurs in all organisms and cell types investigated from bacteria [64, 193, 194,

197], yeast [63, 64], and plants [190] to mice [93] and humans [64, 93–95]. Hcy-

thiolactone synthesis during the Hcy editing reaction is also catalyzed by E. coli
leucyl-tRNA and isoleucyl-tRNA synthetases, both in vitro [210] and in vivo [193].

The evidence that Hcy editing is part of MetRS-catalyzed tRNA aminoacylation

with Met in living organisms is summarized below. Also discussed below is the

Fig. 3.5 Pages from the author’s laboratory notebook describing the discovery of Hcy-thiolactone

formation during Hcy editing by MetRS (December 11, 1980). Hcy-thiolactone, formed in the

reaction mixtures containing Hcy, [14C]ATP (the radiolabeled form is used as tracer to follow ATP

hydrolysis to AMP during Hcy editing), tRNA, and MetRS, is separated from Hcy by thin-layer

chromatography on a silica plate and detected by staining with ninhydrin (yellow). The original

TLC plate is Scotch-taped in the upper right of the second page. The staining has faded since then,

but the round pencil traces outlining the Hcy-thiolactone spots are visible in the middle of the

plate. The slower migrating elongated spot is Hcy (originally stained red with ninhydrin)
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evidence showing that enhanced Hcy-thiolactone biosynthesis is linked to patho-

logical conditions.

(a) Cells expressing MetRS variants defective in the Met-binding site of the

enzyme are also defective in Hcy-thiolactone synthesis as shown in Chinese

hamster ovary (CHO) cells [138], the yeast Saccharomyces cerevisiae [63], and
E. coli [197]. For example, Met-1 CHO cells expressing a temperature-sensitive

(ts) MetRS variant do not produce Hcy-thiolactone at the nonpermissive tem-

perature (39.5 �C), while they support Hcy-thiolactone biosynthesis at the

permissive temperature (34 �C), albeit to a lesser extent than wild-type cells

(Table 3.5) [138]. Control experiment with Arg-1 CHO cells expressing a ts
ArgRS variant shows that a mutation in unrelated aminoacyl-tRNA synthetase

does not prevent Hcy-thiolactone synthesis.

(b) Conversely, increasing the expression of MetRS in growing cells also leads to

proportional increases in Hcy-thiolactone synthesis as demonstrated for E. coli
[197], yeast [63], and rice [190] enzymes. A relationship between cellular

MetRS levels and the rate of Hcy-thiolactone synthesis in E. coli is illustrated
in Fig. 3.6.

(c) Biosynthesis of Hcy-thiolactone in human endothelial cells is directly propor-

tional to Hcy concentration in culture media and inversely proportional to Met

concentration (Fig. 3.7), consistent with the involvement of MetRS. Supple-

mentation with folic acid decreases Hcy-thiolactone biosynthesis by lowering

Hcy and increasing Met concentrations in endothelial cells [74].

(d) Hyperhomocysteinemia caused by genetic or nutritional deficiencies in Hcy or

folate metabolism in all studied organisms, including human [93], mouse [93,

113], plant [190], yeast [63], and E. coli [197], leads to greatly increased

biosynthesis of Hcy-thiolactone. Comparisons of plasma Hcy-thiolactone

levels between cystathionine β-synthase (CBS)-deficient or methylenetetrahy-

drofolate reductase (MTHFR)-deficient patients and unaffected control

individuals [93] are illustrated in Tables 3.6 and 3.12.

Table 3.5 Hcy-thiolactone levels in cultures of wild-type and temperature-sensitive aminoacyl-

tRNA synthetase mutants of Chinese hamster ovary (CHO) cells (data from [138])

CHO cell line

Hcy-thiolactone, pmol/107 cells

34 �C 39.5 �C
Wild type 2.0 3.7

1.6 16.4

Met-1 0.3 <0.1

0.5 <0.1

Arg-1 3.0 5.8

7.6 21.3

Hcy-thiolactone levels were measured at 34 �C and 395 �C after 6 h and 12 h of labeling with

10 μM [35S]methionine (0.1 mCi mL�1, l04 Ci mol�1; 1 Ci ¼ 37 GBq) in αMEM medium

supplemented with 5 % fetal bovine serum, 10 μg mL�1 adenosine, and 10 μg mL�1

deoxythymidine
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Similarly, treatments with the antifolate drug aminopterin (which prevents

remethylation of Hcy to Met by Met synthase) cause hyperhomocysteinemia

and increase Hcy-thiolactone levels in cultured human cells and in the plant

Lupinus luteus [63].
Experiments with mouse renal adenocarcinoma cells [138], human breast

cancer cells [73], and oncogenically transformed human endothelial cells [64]

show that oncogenic transformation increases Hcy levels and leads to increased

Hcy-thiolactone biosynthesis [237].

(e) Supplementation of growth media with methionine, the natural substrate of

MetRS, competes Hcy out of the MetRS active site and completely abolishes

the biosynthesis of Hcy-thiolactone in E. coli [197] and yeast [63]. Supplemen-

tation with other amino acids does not affect Hcy-thiolactone biosynthesis.

Similar inhibition by methionine of Hcy-thiolactone biosynthesis catalyzed

by MetRS has been recapitulated in vitro [210]. Supplementation with Met

inhibits Hcy-thiolactone biosynthesis also in human endothelial cells [74].

Taken together, these findings provide genetic evidence that MetRS is involved

in Hcy-thiolactone biosynthesis, establish a substrate–product relationship between

Hcy and Hcy-thiolactone in ex vivo cultured cells and in vivo in intact organisms,

suggest that Hcy editing occurs at the active site (whose major role is providing

Met-tRNA for protein biosynthesis), and show that Hcy editing is universally

conserved from the bacteria to humans and is greatly enhanced under pathological

conditions in humans and experimental animals.

3.4.2 Molecular Mechanism

3.4.2.1 The Synthetic/Editing Active Site of Methionyl-tRNA Synthetase

Although studied in several biological systems, molecular mechanism of Hcy

editing is best understood for E. coli MetRS. The Hcy editing reaction occurs in

Fig. 3.6 A relationship

between the cellular levels of

MetRS and Hcy-thiolactone

synthesis in E. coli cells.
Different cellular MetRS

levels are produced by

manipulating the expression

of the MetRS gene cloned in a

plasmid under the control of

β-galactosidase promoter

(Reproduced from [197])
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Fig. 3.7 Hcy-thiolactone and N-Hcy-protein formation in cultured human endothelial cells.

Confluent cultures of human umbilical vein cells are labeled with [35S]Hcy (330 to 5,000 Ci mol�1)

for 48 h. Panels (a) and (b): Levels of N-Hcy- protein (filled square) and protein-Met (filled circle)
in intracellular (a) and extracellular (b) proteins as a function of [35S]Hcy concentration. Panels (c)

and (d): levels of Hcy-thiolactone as a function of [35S]Hcy (c) and Met (d). Panels (e) and (f):

Autoradiograms of two-dimensional TLC separations of [35S]amino acids liberated by acid
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the synthetic/editing active site [238], whose major function is to carry out the

synthesis of methionyl-tRNA for protein biosynthesis [239]. Whether methionine

or Hcy completes the synthetic or editing pathway, respectively, is determined by

the partitioning of its side chain between the specificity and thiol-binding subsites

of the synthetic/editing active site [240]. A subsite that binds carboxyl and α-amino

groups of methionine or Hcy does not appear to contribute to specificity [238].

Methionine completes the synthetic pathway because its side chain is firmly bound

by the hydrophobic and hydrogen bonding interactions with the specificity subsite

(Fig. 3.8, top panel).

The crystal structure of E. coli MetRS•Met complex reveals that hydrophobic

interactions involve side chains of Tyr15, Trp253, Pro257, and Tyr260; Trp305

closes the bottom of the hydrophobic pocket but is not in the contact with the

methyl group of the substrate methionine. The sulfur atom of the substrate methio-

nine makes two hydrogen bonds: one with the hydroxyl of Tyr260 and the other

with the backbone amide of Leu13 [239]. Crystal structures of E. coli MetRS

complexed with analogs of methionine and methionyl adenylate show that residues

Tyr15 and Trp253 play key roles in the strength of the binding of methionine and of

its analogs and thus determine the specificity of the enzyme for methionine. Full

motions of these residues are required to recover the maximum in free energy of

binding: in the closed conformation (MetRS•Met complex), Tyr15 interacts with

the amino nitrogen of the methionine substrate by forming a π–π bond, and Trp253
maintains hydrophobic interaction with methionine (assisted by a π–π bond

between Trp253 and Phe300) [241], whereas in the open conformation (free

MetRS), Tyr15 and Trp253 flip over to the other side of the active site pocket.

Residue Tyr15 also controls the size of the hydrophobic pocket where the amino

acid side chain interacts. In addition, His301 appears to participate to the specific

recognition of the sulfur atom of methionine [242].

The active site residues Trp253 and Tyr15 that control the conformational

flexibility of MetRS are highly conserved in the MetRS sequence of all species,

�

Fig. 3.7 (continued) hydrolysis from dithiothreitol (DTT)-treated cellular (e) and extracellular (f)

proteins from HUVEC cultures labeled with [35S]Hcy are shown. N-linked Hcy liberated from

proteins during acid hydrolysis is converted to Hcy-thiolactone (HcyT in the figure) (Reproduced

from [74] and [139])

Table 3.6 Plasma Hcy-thiolactone levels are elevated in human genetic hyperhomocysteinemia

(Data from [93])

Patient genotype (n)

Hcy-thiolactone (nM) Hcy (μM)

Mean � SD Range Mean � SD Range

Unaffected (9) 0.2 � 0.14 0.1–0.4 7.2 � 0.9 6.0–8.6

CBS�/� (14) 14.4 � 30.4 0.1–100.8 36.1 � 25.8 15–93

MTHFR�/� (4) 11.8 � 8.8 2.9–22.2 50.1 � 15.1 23–68

MTHFR+/� (6) 0.5 � 0.3 0.1–1.0 7.8 � 2.8 5.2–12.2
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including human [241]. Similarly, Asp52, which is responsible for the recognition

of the amino nitrogen of the methionine substrate, is also conserved in the protein

sequence of all species. Along with these, Tyr260 is also conserved in the primary

structure of all species. The variations in the MetRS active site residues among

different species are shown in Table 3.7.
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Fig. 3.8 Reactions catalyzed by MetRS. From top to bottom: the aminoacylation of tRNA with

Met, the synthesis of Hcy-thiolactone during Hcy editing, the synthesis of methionyl thioesters, the

aminoacylation of tRNA with S-NO-Hcy (Reproduced from [76])
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The non-cognate substrate Hcy, missing the methyl group of methionine, cannot

interact with the specificity subsite as effectively as the cognate methionine does.

This allows the side chain of Hcy to move to the thiol-binding subsite, which

promotes the synthesis of the thioester bond during editing (Fig. 3.8, middle panel).

Mutations of Tyr15 and Trp305 affect the ability of MetRS to discriminate between

Hcy and methionine [238]. The active site residue Asp52, which forms a hydrogen

bond with the α-amino group of the substrate methionine, deduced from the crystal

structure of the MetRS•Met complex [239], is involved in the catalysis of both

synthetic and editing reactions but does not contribute to substrate specificity of the

enzyme. The substitution Asp52Ala inactivates both the synthetic and editing

functions of MetRS [75, 238, 240].

3.4.2.2 The Thiol-Binding Subsite of Methionyl-tRNA Synthetase

The thiol-binding subsite is responsible for the ability of MetRS to catalyze the

thioester bond formation between a thiol and the cognate methionine (Fig. 3.8,

middle panel). The intermolecular thioester bond formation reaction mimics the

intramolecular thioester bond formation reaction during Hcy editing and is dubbed

editing in trans [243]. With CoA-SH or cysteine as a thiol substrate, MetRS

catalyzes the formation of Met-S-CoA thioesters [199] and Met-Cys dipeptides

[240], respectively, while the reaction with pantetheine generates Met-S-pantetheine
thioester. The formation of Met-Cys dipeptide proceeds via a Met-S-Cys thioester
intermediate, which spontaneously rearranges to the Met-Cys dipeptide. The forma-

tion of Met-Cys dipeptide as a result of editing in trans is as fast as the formation of

Hcy-thiolactone during Hcy editing.

Although MetRS (as well as IleRS, ValRS, and LysRS) uses the thiol-binding

site for Hcy editing, such site also appears to be present in aminoacyl-tRNA

synthetases that do not edit Hcy but catalyze the aminoacylation of thiols, such as

ArgRS, AspRS, and SerRS [199, 234, 244, 245]. The thiol aminoacylation reactions

are analogous to pantetheine thiol aminoacylation by the multienzyme complexes

responsible for nonribosomal peptide synthesis. This analogy suggests that the two

Table 3.7 Comparison of active site residues of MetRS from different organisms (Adapted from

[241])

Organism

Residue number

12 13 14 257 259 260 297 301

Homo sapiens Ala Leu Pro Thr Gly Tyr Asn His

Saccharomyces cerevisiae Ala Leu Pro Thr Gly Tyr Asn His

Escherichia coli Ala Leu Pro Pro Gly Tyr Ile His

Pyrococcus furiosus Ala Leu Pro Pro Gly Tyr Asn His

Methanocaldococcus jannaschii Ala Leu Ala Pro Gly Tyr Ile His

Thermus thermophilus Pro Ile Tyr Leu Asn Tyr Ile His

Mycobacterium smegmatis Pro Ile Ala Leu Asn Tyr Ile His
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fundamentally different peptide-synthesizing systems have a common evolutionary

origin. This suggestion is further supported by findings showing that several

bacterial species express SerRS homologs that aminoacylate phosphopantetheine

prosthetic group of carrier protein with glycine or alanine but do not aminoacylate

tRNA [246]. These SerRS homologs and the thiol-aminoacylating ability of

aminoacyl-tRNA synthetases may represent molecular fossils linking coded ribo-

somal protein synthesis with noncoded nonribosomal peptide synthesis [199].

3.4.2.3 S-NO-Hcy Is Transferred to tRNA and Participates in Protein

Biosynthesis

In the model of the synthetic/editing site of MetRS [240], the side chain of the

cognate substrate methionine is bound exclusively in the specificity subsite

(Fig. 3.8, top panel), while the side chain of the non-cognate substrate Hcy

partitions between the specificity subsite and the thiol-binding subsite of MetRS

(Fig. 3.8, middle panel). This is due to 88-fold weaker interaction of Hcy, relative to

methionine, with the specificity subsite (Table 3.8). Thus, by enhancing the binding

of the side chain of Hcy in the specificity subsite, one could prevent editing and

allow Hcy transfer to tRNAMet. This, in fact, has been achieved by exploiting

nitrosothiol chemistry in vitro and in vivo in E. coli [75] and can occur naturally

in nitric oxide (NO)-producing cells, such as human endothelial cells [76].

Hcy is quantitatively converted to S-NO-Hcy using equimolar amounts of

NaNO2 in 0.1 M HCl [188]. It is found that S-NO-Hcy is a better substrate for

MetRS than Hcy in the aminoacyl adenylate formation reaction, mostly due to 14.3-

fold lower Km value [75]. The kcat/Km value for S-NO-Hcy is 6.7-fold higher than

for Hcy, indicating stronger binding of S-NO-Hcy to the specificity subsite

(Table 3.8). This stronger binding to the specificity subsite essentially prevents

binding to the editing subsite. As a result, S-NO-Hcy is not edited, but, instead, is

transferred to tRNAMet forming S-NO-Hcy-tRNAMet (Fig. 3.8, bottom panel) at a
significant rate (Table 3.8) [75].

S-NO-Hcy-tRNAMet is as stable as Met-tRNAMet—both are deacylated with a

half-life of 26 min. In contrast, Hcy-tRNAMet (prepared by de-nitrosylation of

S-NO-Hcy-tRNAMet) is the least stable aminoacyl-tRNA known (deacylation

half-life of 15 s). Hcy-thiolactone and free tRNAMet are the products of deacylation

of Hcy-tRNAMet [75].

S-NO-Hcy-tRNAMet, similar to Met-tRNAMet, is a substrate for ribosomal pro-

tein biosynthesis [75]. For example, E. coli cells unable to metabolize Hcy to Met

due to the inactivation of the metE gene utilize S-NO-Hcy for protein biosynthesis.

When cultures of E. coli metE mutant cells expressing mouse dihydrofolate reduc-

tase (Dhfr) protein are supplemented with S-NO-Hcy, the synthesized Dhfr

protein is found to contain Hcy. Globin and luciferase produced in an in vitro

mRNA-programmed rabbit reticulocyte protein synthesis system supplemented

with S-NO-Hcy-tRNAMet contain Hcy at positions normally occupied by methio-

nine [75].
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Hcy-containing Dhfr, globin, and luciferase are indistinguishable from the

native Met-containing proteins on SDS-PAGE gels [75]. This shows that Hcy

incorporation into protein in place of Met does not lead to breakage of peptide

bonds and that Hcy is compatible with protein structure. Other studies have shown

that Hcy can be incorporated in place of cysteine by chemical synthesis into

peptides such as the hormone oxytocin [247] and the isopenicillin precursor δ-L-
α-aminoadipoyl-L-homocysteinyl-D-valine (AhCV) [248]. Resulting Hcy-

containing peptides are chemically stable. While Hcy-oxytocin is devoid of

biological activity of normal oxytocin [247], AhCV is a substrate for isopenicillin

synthase, which oxidizes AhCV to a δ-lactam, a higher homolog of the γ-lactam
arising from the oxidation of the natural cysteine-containing precursor [248].

Translational incorporation of Hcy into protein occurs in cultured human vascu-

lar endothelial cells (Table 3.9) [76, 83] that are known to produce nitric oxide and

Table 3.9 Translational and posttranslational incorporation of Hcy into protein in cultured human

endothelial cells (Data from [76])

Labeling conditions

Translational Posttranslational

[35S]Hcy-protein (%) [35S]Met-protein (%) N-[35S]Hcy-protein (%)

[35S]Hcy, 80 μM 57 19 24

[35S]Hcy, 40 μM 47 20 33

[35S]Hcy, 10 μM 37 25 38

[35S]Hcy, 10 μM + folate,

10 μM
<1 >98 <1

[35S]Hcy, 10 μM + Met,

20 μM
12 76 12

[35S]Hcy, 10 μM + HDL,

1 mg mL�1
68 25 7

Control, εN-[35S]Hcy-
Lys-protein

<4 0 >96

Human umbilical vein endothelial cells (HUVECs) are maintained on Met-free M199 culture

medium, supplemented with dialyzed 15 % fetal bovine serum, bovine endothelial cell growth

factor, heparin, and indicated concentration of [35S]Hcy (50 μCi mL�1), in the absence and

presence of exogenous folate, HDL or Met. [35S]Met-protein and protein-[35S]Hcy (total

incorporation of Hcy into protein) are determined by acid hydrolysis of extracellular proteins

followed by thin-layer chromatography. [35S]Hcy-protein (translationally incorporated Hcy) and

N-[35S]Hcy-protein (posttranslationally incorporated Hcy) are distinguished the susceptibility to

Edman degradation: N-[35S]Hcy-protein is sensitive to Edman degradation, while [35S]Hcy-pro-
tein and [35S]Met-protein are resistant. Relative distribution (%) of the [35S]radioactivity among

indicated chemical species observed under each experimental condition is shown

Table 3.8 Relative binding, editing, and tRNA aminoacylation under steady-state conditions by

E. coli MetRS (Compiled from [65, 75, 210])

Amino acid Binding Rate of editing Rate of tRNA aminoacylation

Methionine 100 1 100

S-nitroso-Hcy 7.63 <1 1.2

Homocysteine 1.13 60 <0.0001a

aHcy is not transferred to tRNA
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S-NO-Hcy [100]. NO is generated by endothelial nitric oxide synthase and regulates

diverse functions in the endothelium, including ion channel activity, anti-oxidative,

anti-apoptotic, and anti-inflammatory responses. NO diffuses from the endothelial

cells to the vascular smooth muscle cells, where it mediates vasorelaxation. These

functions are mediated by protein S-nitrosylation [249]. Overexpression of the

inducible nitric oxide synthase by transfection of endothelial cells with an adenovi-

rus vector carrying the iNOS gene increases nitric oxide generation and results in a

significant increase in the formation of S-NO-Hcy [101]. While the biological

activities of NO are well established, the role of S-NO-Hcy is unclear, but, by

becoming a constituent of proteins, it can cause protein damage and thus contribute

to the pathophysiology of hyperhomocysteinemia.

Incubation of human umbilical vein endothelial cells (HUVEC) with [35S]Hcy

results in incorporation of the radiolabel into cellular proteins [76]. Compositional

analysis shows that 35S-protein from HUVEC + 10 μM [35S]Hcy contains 75 %

[35S]Hcy and 25 % [35S]Met (third row, Table 3.9). Because the transsulfuration

pathway is absent in endothelial cells, no radioactivity is found in cysteine. When

the endothelial cell 35S-protein is subjected to one cycle of Edman degradation,

38 % of 35S is released as a phenyl-thiohydantoin (PTH) derivative of Hcy. Edman

degradation of N-[35S]Hcy-albumin (positive control; prepared by the modification

of human serum albumin with [35S]Hcy-thiolactone—see Sects. 3.2.4. and 5.1.)

shows that>96 % of posttranslationally incorporated Hcy is released as a PTH-Hcy

(last row, Table 3.9). These results suggest that posttranslationally incorporated

Hcy (N-[35S]Hcy-protein) represents about a half (38 %) of total protein N-linked
[35S]Hcy (75 %, third row). Of the 62 % of 35S-protein resistant to Edman

degradation, translationally incorporated Hcy ([35S]Hcy-protein) represents 37 %

(25 % is [35S]Met-protein). The fraction of [35S]Hcy-protein increases (second

column in Table 3.9), and the fraction of [35S]Met-protein decreases (third column)

with increasing Hcy in culture media (row 1 and 2). This suggests that the

translational incorporation is more important at higher Hcy concentrations.

In cultures supplemented with folic acid, all [35S] recovered by acid hydrolysis

of protein is associated only with Met (forth row in Table 3.9). This is due to

facilitation by folic acid of the remethylation of Hcy to Met catalyzed by Met

synthase, which uses methyltetrahydrofolate as a cofactor (Fig. 1.1). Supplementa-

tion with Met, which competes with Hcy and S-NO-Hcy for the active site of

MetRS and thus prevents both the formation of S-NO-Hcy-tRNA and the conver-

sion of Hcy to Hcy-thiolactone, decreases the incorporation of Hcy into protein (5th

row). However, the supplementation with HDL does not inhibit translational

incorporation of Hcy into protein but inhibits the posttranslational incorporation

because of Hcy-thiolactone-hydrolyzing activity of the PON1 protein carried on

HDL (see Sect. 3.5.1.).

Taken together, these findings indicate that Hcy can gain an access to the genetic

code by S-nitrosylation-mediated invasion of the methionine-coding pathway.

However, whether S-nitroso-Hcy is generated in mammalian organisms and is a

component of human or animal proteins remains to be investigated.

44 3 Homocysteine-Thiolactone

http://dx.doi.org/10.1007/978-3-7091-1410-0_5#Sec00051_5
http://dx.doi.org/10.1007/978-3-7091-1410-0_1#Fig00011_1


3.5 Turnover

Early experiments show that Hcy-thiolactone infused into rabbits is cleared from

the blood within <15 min [150]. In wild-type mice, intraperitoneally injected Hcy-

thiolactone is quickly hydrolyzed to Hcy, and only a small fraction (6.3 % of the

injected dose) shows up in the plasma [141]. The mouse plasma Hcy-thiolactone is

cleared with a half-life of 5 min [140, 141]. Elevated plasma Hcy-thiolactone in

mice fed with a high-methionine diet is normalized to a basal level after the animals

are shifted to a standard chow diet [113]. Hcy-thiolactone is cleared from the tissues

and blood by specific enzymes and by urinary excretion.

3.5.1 Enzymatic Turnover

Two enzymes are known to hydrolyze Hcy-thiolactone in humans and animals.

Extracellular hydrolysis is catalyzed by paraoxonase 1 (Pon1) [81, 152, 250], while

intracellular hydrolysis is catalyzed by bleomycin hydrolase (Blmh) [85, 141, 251].

Recent data show that Pon1 and Blmh contribute to Hcy-thiolactone hydrolysis in

the mouse brain [140, 141]. Enzymatic hydrolysis of Hcy-thiolactone to Hcy

facilitates its removal by the classical remethylation and transsulfuration pathways.

3.5.1.1 Paraoxonase 1

Pon1, named for its ability to hydrolyze the organophosphate paraoxon, is a 45-kD

calcium-dependent enzyme synthesized exclusively in the liver and carried on high-

density lipoprotein (HDL) in the blood, although recent studies suggest a wider

expression pattern, including the brain [252]. Pon1 protects against high-fat diet-

induced atherosclerosis in mice [253] and humans [254, 255]. Pon1-deficient mice

are more susceptible to high-fat diet-induced atherosclerosis than wild-type

littermates but do not develop atherosclerosis on a control chow diet [253]. Pon1

is also involved in and affected by Hcy metabolism and thus provides a link

between metabolism of lipids and Hcy [256, 257].

In humans, PON1 is also implicated in Alzheimer’s disease. For example, low

serum PON1 activity is a risk factor for dementia [258] and Alzheimer’s disease

[259, 260]. Hcy, a risk factor for Alzheimer’s disease [56, 57], is a negative

determinant of PON1 activity [261, 262].

In vitro, human HDL and the purified PON1 protein have the ability to hydro-

lyze Hcy-thiolactone [81] and to protect against protein N-homocysteinylation in

serum [152] and cultured human endothelial cells [74]. The in vivo levels of N-
Hcy-protein in human serum are inversely correlated with Hcy-thiolactonase

activity of PON1 [250]. This relationship is recapitulated in in vitro N-homocystei-

nylation experiments with [35S]-Hcy-thiolactone. In Chinese patients with type
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2 diabetes, plasma Hcy-thiolactone concentrations are negatively correlated with

HDL levels (r ¼ �0.223, P ¼ 0.037) [362], consistent with the ability of

HDL-associated PON1 protein to hydrolyze Hcy-thiolactone [81]. Taken together,

these results provide evidence that PON1 has the ability to protect proteins against

N-homocysteinylation both in vitro and in vivo in humans.

PON1 is the only enzyme known to metabolize Hcy-thiolactone in human and

other mammalian sera, with the highest levels observed in rabbits, which have six

times higher Hcy-thiolactonase/PON1 activity than that present in an average

human serum [153]. However, serum Hcy-thiolactonase activity is absent in

birds, including chicken [81, 153], which makes chicken embryos particularly

sensitive to Hcy-thiolactone toxicity [154, 155].

Substrate specificity studies of purified human serum Hcy-thiolactonase/PON1

show that L-Hcy-thiolactone is a preferred natural substrate [81]. D-Hcy-thiolactone

and γ-thiobutyrolactone are hydrolyzed at a rate fourfold slower and 5.5-fold faster,
respectively, than L-Hcy-thiolactone by the enzyme [85]. The artificial substrates

phenyl acetate and paraoxon (hydrolyzed 2,800 and 3.3 times faster than L-Hcy-

thiolactone) are noncompetitive inhibitors of the Hcy-thiolactonase activity

suggesting that Hcy-thiolactone, phenyl acetate, and paraoxon are hydrolyzed at

different sites of the enzyme [81]. This suggestion is supported by structure/

function studies showing that specific active sites mutations have different effects

on arylesterase, paraoxonase, and lactonase activities of the PON1 protein [263,

264]. Other inhibitors of the Hcy-thiolactonase activity such as isoleucine and

penicillamine are also noncompetitive, suggesting the presence of a distinct

amino acid-binding effector site on PON1 [81]. Hcy-thiolactonase and paraoxonase

activities are strongly correlated in various populations [152, 250, 261], indicating

that the artificial paraoxonase activity is a good surrogate for the natural Hcy-

thiolactonase activity of the PON1 protein.

Hcy-thiolactone metabolism is impaired in Pon1�/� mice. For example, serum

Hcy-thiolactonase activity is absent in Pon1�/� mice [81, 140, 153]. Pon1�/� mice

have significantly elevated brain Hcy-thiolactone and excrete more Hcy-thiolactone

in urine compared with Pon1+/+ littermates [140]. Furthermore, significantly less

plasma Hcy is generated from intraperitoneally injected Hcy-thiolactone in Pon1�/�

mice than in Pon1+/+ animals.

Pon1�/� mice are more susceptible than wild-type littermates to neurotoxicity

induced by intraperitoneal injections of Hcy-thiolactone (Table 3.10) [140]. Fol-

lowing intraperitoneal injections of Pon1�/� mice and Pon1+/+ littermates with

convulsant doses of L-Hcy-thiolactone (3,700 nmol g�1 body weight), all mice

become somnolescent within 5–10 min. Convulsions, characterized by spontaneous

tonic–clonic, grand mal seizures (kangaroo position, extension of fore and hind

limbs and tail, status epilepticus), and running fits, occur within 50 min [140]. The

incidence of seizures is significantly increased in Pon1�/� mice compared with

Pon1+/+ animals (52.8 vs. 29.5 %, P < 0.042) (Table 3.10). Seizure latency (i.e.,

time to first seizure) is significantly decreased for Pon1�/� mice compared with

Pon1+/+ animals (33.8 min vs. 41.2 min, P ¼ 0.019). While only one mouse out

of the 44 Pon1+/+ mice (2.3 %) dies (at 61 min) after L-Hcy-thiolactone injection,
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the incidence of death is somewhat increased for Pon1�/� mice (to 3 out of 36

Pon1�/� mice, 8.3 %). Pon1�/� mice have elevated postinjection levels of N-Hcy-
protein in the brain, compared with wild-type Pon1+/+ littermates, which suggest

that the mechanism of Hcy-thiolactone-induced neurotoxicity involves N-
homocysteinylation of brain proteins. Although in this experimental model Hcy is

also generated, postinjection Hcy levels are not significantly different in Pon1�/�

and Pon1+/+ mice and thus do not explain the increased toxicity in Pon1�/�

animals. Taken together, the experiments with Pon1-null mouse model provide

the first direct evidence that Hcy-thiolactone, rather than Hcy itself, is neurotoxic

in vivo [140].

Human PON1 has genetic polymorphisms, e.g., PON1-M55L and PON1-
R192Q, which affect PON1 function [265, 266], including Hcy-thiolactonase

activity [152, 261]. For example, high Hcy-thiolactonase activity is associated

with PON1-L55 and PON1-R192 alleles, whereas low Hcy-thiolactonase activity

is associated with PON1-M55 and PON1-Q192 alleles [152, 261]. Purified serum

PON1-R192 allozyme has 2.5-fold higher Hcy-thiolactonase activity than the

PON1-Q192 allozyme [267], which explains the association of high activity

with PON1-R192 allele.

However, several studies have found that PON1 phenotype (Hcy-thiolactonase

or paraoxonase activity) is a predictor of cardiovascular disease, but the PON1-
R192Q or PON1-M55L genotypes are not [255, 265, 266, 268, 269]. For example,

Hcy-thiolactonase activity is found to be significantly lower in a group of 128 coro-

nary artery disease patients with angiographically confirmed atherosclerotic

lesions, compared to a control group of 142 individuals who have no lesions

[255]. A negative correlation is found between the severity of atherosclerotic

lesions and Hcy-thiolactonase activity in the patients. Moreover, the natural Hcy-

thiolactonase activity is a more significant predictor of the disease than the artificial

paraoxonase activity [255].

Furthermore, Hcy is a negative regulator of Pon1 expression in mice [270],

whereas Hcy-thiolactonase activity of PON1 is negatively correlated with plasma

Hcy in humans [261]. Negative effects of Hcy on PON1 expression or activity most

likely contribute to the proatherogenic role of Hcy [256, 257].

Table 3.10 Blmh�/� and Pon1�/� mice are more susceptible to Hcy-thiolactone neurotoxicity

than wild-type littermates. The mice are injected intraperitoneally with L-Hcy-thiolactone

(3,700 nmol g�1 body weight) and monitored for neurological manifestations for 90 min (Adapted

from [140, 141])

Genotype (n)

Incidence of

seizures, % (n)
Incidence of death,

% (n)
Seizure latency

period, min

Death latency

period, min

Blmh�/� (32) 93.8 (30)* 46.9 (15)* 33.1 � 10.1*** 46.6 � 15.1

Pon1�/� (36) 52.8 (19)** 8.3 (3) 31.8 � 11.6**** 50 � 30

Wild type (44) 29.5 (13) 2.3 (1) 41.2 � 10.8 61

*, **, ***, ****Significantly different from wild type—Fisher exact test *P < 0.001,

**P ¼ 0.042 vs. wild type; T test ***P ¼ 0.012, ****P ¼ 0.019 vs. wild type
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3.5.1.2 Bleomycin Hydrolase

Blmh, named for its ability to hydrolyze the anticancer drug bleomycin, is ubiqui-

tously expressed in mammalian tissues, but its expression level is tissue dependent,

as shown in mice [271, 272], rats [273, 274], rabbits [271, 275, 276], and humans

[277], and is also present in other species [278, 279]. Blmh is studied in the context

of Hcy toxicity [85, 251], cancer therapy [277, 280], Alzheimer’s disease

[281–284], Huntington’s disease [285], keratinization disorders [286], and protein

breakdown [285, 287]. The human genetic polymorphism BLMH-Ile443Val is

associated with an increased risk for Alzheimer’s disease [282].

Human and yeast Blmh have almost identical molecular structures, similar to the

20S proteasome, and belong to a family of self-compartmentalizing intracellular

cysteine proteases [278, 288]. Its evolutionary conservation and wide distribution

suggests that Blmh has a conserved cellular function.

Its physiological function was unknown until 2006 when it was shown that Blmh

is a major Hcy-thiolactonase in humans and yeast and that it protects against Hcy

toxicity in yeast [85]. Recombinant human and yeast Blmh proteins, expressed in E.
coli, exhibit Hcy-thiolactonase activities similar to those of native purified

enzymes. Active site mutations, C73A for the human Blmh and H369A for the

yeast Blmh, inactivate the Hcy-thiolactonase activity. Furthermore, yeast Blmh-null
strains are deficient in Hcy-thiolactonase activity, produce more Hcy-thiolactone,

and exhibit greater sensitivity to Hcy toxicity than wild-type yeast. These results

show that Blmh protects cells against Hcy toxicity by hydrolyzing Hcy-thiolactone

[85].

Substrate specificity studies of purified human Blmh show that the enzyme

exhibits absolute stereospecificity for L-Hcy-thiolactone, the preferred natural sub-

strate [85]. Methyl esters of L-Cys and L-Met, but not of other L-amino acids, are

also hydrolyzed. However, D-Hcy-thiolactone, D-Met methyl ester, γ-thiobutyr-
olactone, and L-homoserine lactone are not hydrolyzed by Blmh [85].

Hcy-thiolactonase activity of Blmh is significantly reduced in brains from

Alzheimer’s disease patients compared with unaffected brains [251]. This finding

suggests that diminished functional Blmh activity could contribute to the pathology

of the disease.

Blmh is highly stereoselective and hydrolyzes the L-stereoisomer of Hcy-

thiolactone, while the D-stereoisomer is not hydrolyzed (Fig. 3.2) [85]. Comparative

studies of D-Hcy-thiolactone vs. L-Hcy-thiolactone clearances in mice suggest that

Blmh participates in Hcy-thiolactone clearance in vivo [141]. For example, when

wild-type mice are intraperitoneally injected with D-, or D,L-Hcy-thiolactone, 88 %

and 47 % of the injected dose of D- and D,L-Hcy-thiolactone, respectively, is

recovered in mouse plasma (Table 3.11). The amounts of recovered D- and D,L-

Hcy-thiolactone are 14- and 7-fold higher, respectively, than the amount L-Hcy-

thiolactone of recovered in mice injected with the L-stereoisomer (6.3 % of the

injected dose). However, half-lives of plasma D-, D,L-, or L-Hcy-thiolactone

are similar (Table 3.11). These findings provide evidence that stereoselective
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Hcy-thiolactone-hydrolyzing enzyme(s), such as Blmh, is responsible for the

metabolism of Hcy-thiolactone during its transition from the intraperitoneal cavity

to the bloodstream in mice. In contrast, clearance of Hcy-thiolactone from the

bloodstream is non-stereospecific [141].

To study the physiological role of Blmh, a mouse model with inactivated Blmh
gene has been generated [272]. Blmh�/� mice are found to be more sensitive to

bleomycin toxicity than wild-type littermates, as expected. In addition, Blmh�/�

mice have somewhat lower body weight (by ~10 %), produce fewer pups in a litter

(60 % compared to wild type), and are prone to tail dermatitis [272].

The Blmh-null mouse model facilitated examination of the role Blmh in Hcy-

thiolactone metabolism and in the pathology caused by acute hyperhomocys-

teinemia. It was found that metabolic conversion of Hcy-thiolactone to Hcy is

impaired in Blmh-null mice. For example, Blmh�/� mice have elevated brain and

kidney Hcy-thiolactone levels and excrete more Hcy-thiolactone in urine, com-

pared with wild-type Blmh+/+ littermates [141]. These findings suggest that the

kidneys and the brain are major sources of increased urinary Hcy-thiolactone

excretion in Blmh�/� mice.

Furthermore, significantly more of intraperitoneally injected L-Hcy-thiolactone

is recovered in the plasma of Blmh�/� mice relative to wild-type animals (14.4 %

vs. 5.9 %, P < 0.0001). This means that, during its transit from the intraperitoneal

cavity to the bloodstream, L-Hcy-thiolactone is metabolized less efficiently in

Blmh�/� mice compared with Blmh+/+ animals. The i.p.-injected Hcy-thiolactone

is hydrolyzed to Hcy, which accumulates in the blood immediately after injection,

but is subsequently cleared with a half-life of about 30 min. However, less Hcy is

generated in Blmh�/� mice, compared with wild-type Blmh+/+ littermates [141].

Blmh�/� mice are also found to be more susceptible to Hcy-thiolactone neuro-

toxicity than wild-type littermates [141]. For example, when Blmh�/� and Blmh+/+

mice are i.p. injected with convulsant doses of L-Hcy-thiolactone (3,700 nmol g�1

body weight), seizures occur within 50 min. The incidence of seizures is signifi-

cantly increased in Blmh�/� mice compared with Blmh+/+ animals (93.8 %

vs. 29.5 %, P < 0.001) (Table 3.10). Seizure latency (i.e., time to first seizure) is

Table 3.11 Turnover of D-, D,L-, and L-Hcy-thiolactone in the mouse

Hcy-thiolactone

stereoisomer

HTL recovered in plasma,

% injected dose Plasma HTL t0.5, min

L- 6.3 � 0.2 5.0 � 0.9

D- 88 � 3 5.7 � 0.3

D,L- 47 � 4 5.5 � 0.2

Wild-type C57BL/6J mice are injected intraperitoneally with L- (n ¼ 6), D- (n ¼ 3), or D,L-

stereoisomers (n ¼ 6) of Hcy-thiolactone at a dose of 150 nmol g�1 body weight. Plasma Hcy-

thiolactone (HTL) levels are assayed at time points up to 30-min postinjection. Plasma

concentrations at time zero (HTL0) and half-lives (t0.5 ¼ 0.69/k) are calculated from plasma

concentrations at time t (HTLt) according to the equation [HTLt] ¼ [HTL0]·e�k·t, where k is a

first-order rate constant. Hcy-thiolactone recovery calculations are based on assumptions that the

i.p.-injected Hcy-thiolactone, being mostly neutral (pKa ¼ 6.67), distributes uniformly throughout

the body and that blood constitutes 8 % of the mouse body weight (Data from [141])
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significantly decreased for Blmh�/�mice compared with Blmh+/+ animals (33.1 min

vs. 41.2 min, P ¼ 0.012). While only one mouse out of 44 Blmh+/+ mice (2.3 %)

dies (at 61 min) after L-Hcy-thiolactone injection, the incidence of death is signifi-

cantly increased for Blmh�/� mice (to 46.9 %, P < 0.001) (Table 3.10) [141].

Although in the i.p. injection experimental model Hcy is also generated, Hcy levels

are decreased by the inactivation of the Blmh gene. Thus, in this model, neurotox-

icity can be assigned to Hcy-thiolactone, but not to Hcy. Taken together, the

experiments with Blmh-null mouse model provide direct evidence that Hcy-

thiolactone, rather than Hcy itself, is neurotoxic in vivo [141].

3.5.2 Urinary Excretion

In humans and mice endogenous Hcy-thiolactone is also eliminated by urinary

excretion [93, 95]. Hcy-thiolactone concentrations in urine vary from 11 nM to

485 nM and are 100-fold higher than in plasma. Urinary Hcy-thiolactone accounts

for 2.5–28 % of urinary tHcy. Relative renal clearance of Hcy-thiolactone is 0.2–7.0

of creatinine clearance, while clearance of tHcy is only about 0.001–0.003 [95].

Efficient urinary elimination of Hcy-thiolactone is typical for the waste or toxic

products of normal human metabolism.

Calculations based on a normal human glomerular filtration rate of 180 L/day

and a free plasma Hcy concentrations of 3 μM indicate that 99 % of filtered tHcy is

reabsorbed [289]. A similar calculation for Hcy-thiolactone (0.12–2.4 nM in plasma

and 286–415 nmol/day eliminated with urine) indicates that only 0.4–3.8 % is

reabsorbed and >95 % of filtered Hcy-thiolactone was excreted in humans [95].

Urinary Hcy-thiolactone levels are negatively correlated to urinary pH

(Fig. 3.9a). In contrast, urinary pH is not correlated to urinary tHcy levels

(Fig. 3.9b). A possible mechanism facilitating the accumulation of Hcy-thiolactone

in urine and explaining the pH dependence of urinary elimination of Hcy-

thiolactone involves a gain of positive charge by Hcy thiolactone, which prevents

its reabsorption by the renal tubules. Hcy-thiolactone has a pKa ¼ 6.67 [84] and

exists in the positively charged acid form and the neutral base form (Reaction 3.3).

Thus, at pH 7.4 in the blood, Hcy-thiolactone exists in the mostly neutral base form,

whereas at pH 5–6 in the urine, the positively charged form predominates. Urinary

acidification apparently maintains low fractional concentration of the uncharged

base form of Hcy-thiolactone inside tubular lumen. This sustains continuous Hcy-

thiolactone diffusion from the tubular cells (with high fractional concentration of

the base form) into the lumen (with low fractional concentration of the base form).

In mice fed a normal chow diet, urinary Hcy-thiolactone concentration is

140 nM [93], similar to urinary Hcy-thiolactone value in humans [95]. However,

in mice fed a hyperhomocysteinemic high-Met diet, urinary Hcy-thiolactone

increases 25-fold, compared to mice fed a normal diet. The distributions of Hcy-

thiolactone between plasma and urine in mice fed a normal diet and humans are
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similar: much higher Hcy-thiolactone concentrations accumulate in urine than in

plasma (the urinary/plasma Hcy-thiolactone ratio is 37 in mice [93] and 100 in

humans [95]). This shows that urinary clearances of Hcy-thiolactone in mice and

humans are similar and that in mice, similar to humans [95], >95 % of the filtered

Hcy-thiolactone is excreted in the urine. Furthermore, significantly higher urinary/

plasma Hcy-thiolactone ratios are found in mice fed hyperhomocysteinemic high-

Met diet than in the animals fed a normal diet, which suggests that efficiency of

urinary Hcy-thiolactone clearance increases in hyperhomocysteinemia.

Renal excretion removes a large fraction of Hcy-thiolactone [95] that would

otherwise cause protein N-homocysteinylation and damage. Thus, urinary excretion

is an important route of Hcy-thiolactone elimination, and intact renal function is

important for Hcy-thiolactone detoxification in humans and mice.

3.6 Clinical Significance

As discussed in Sect. 2.2.3, numerous ex vivo studies with model cellular systems

show that Hcy-thiolactone is cytotoxic, much more than Hcy itself (e.g., Table 2.2).

Other studies have found that Hcy-thiolactone is associated with pathological

conditions. For example, plasma Hcy-thiolactone is elevated under conditions

predisposing to atherosclerosis and neurodegenerative diseases, such as caused by

genetic CBS or MTHFR deficiencies in humans [93]. A basal Hcy-thiolactone level

of 0.2 nM in unaffected individuals increases to 14.4 nM and 11.8 nM in CBS�/�

and MTHFR�/� patients, respectively (Table 3.6). Although in these patients tHcy

and N-Hcy-protein are elevated as well, the relative increase in Hcy-thiolactone

significantly exceeds the increases in other Hcy metabolites (Table 3.12).
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Fig. 3.9 Urinary concentrations of Hcy-thiolactone (a), but not tHcy (b), are negatively correlated

with urinary pH (Reproduced from [95])
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In a study of 120 Chinese patients with type 2 diabetes and 40 healthy controls,

tHcy and Hcy-thiolactone levels are associated with the development and progres-

sion of diabetic macrovasculopathy (MAVP) [362]. Plasma tHcy and Hcy-

thiolactone are found to be significantly elevated in the patients (tHcy [25th and

75th quartiles]: 9.28 [7.51–11.82] vs. 5.64 [5.17–8.00] μM, P ¼ 0.01; Hcy-

thiolactone: 3.38 [2.94–4.73] vs. 2.91 [2.77–3.08] nM, P < 0.05). Plasma tHcy

and Hcy-thiolactone levels in patients with MAVP are significantly higher com-

pared with patients without MAVP (Hcy: 10.36 [7.67–12.45] vs. 7.85

[6.76–10.52] μM, P < 0.05; Hcy-thiolactone: 4.27 [3.02–5.11] vs. 3.12

[2.63–3.77] nM, P < 0.05).

Furthermore, plasma Hcy-thiolactone concentrations are positively correlated

with urinary excretion of albumin/creatinine (Alb/Cr; r ¼ 0.285, P ¼ 0.007),

duration of diabetes (r ¼ 0.249, P ¼ 0.019), age (r ¼ 0.233, P ¼ 0.028), and

fibrinogen levels (r ¼ 0.289, P ¼ 0.034). However, plasma Hcy-thiolactone

concentrations are negatively correlated with HDL levels (r ¼ �0.223,

P ¼ 0.037) [362], consistent with the ability of HDL-associated PON1 protein to

hydrolyze Hcy-thiolactone [81]. Binary logistic regression shows that Hcy-

thiolactone, tHcy, smoking, serum triglyceride, and urinary Alb/Cr are significantly

associated with the risk of diabetic MAVP (P < 0.05) [362]. Taken together, these

findings suggest that Hcy-thiolactone provides a plausible chemical mechanism for

explaining the toxicity of hyperhomocysteinemia to the human vascular endothe-

lium discussed in a greater detail in Chapter 6).

An ongoing study under the direction of the author of this book is examining

determinants of Hcy-thiolactone excretion in human urine in patients with coronary

artery disease, with a major goal to evaluate the prognostic effect of urinary Hcy-

thiolactone on the risk of subsequent myocardial infarction and mortality. The study

is using urine samples from the Western Norway B Vitamin Intervention Trial

(WENBIT) [55]. Another goal is to analyze how urinary Hcy-thiolactone levels are

affected by B-vitamin supplementation. Also being analyzed are associations of

Hcy-thiolactone levels with subsequent myocardial infarction (cardiovascular

death, nonfatal myocardial infarction) and mortality. The usefulness of Hcy-

thiolactone as a predictor of these outcomes will be determined. Associations of

Hcy-thiolactone with CVD history, gender, smoking, hypertension, diabetes,

Table 3.12 Human genetic hyperhomocysteinemia: Mutations in MTHFR or CBS gene increase

plasma Hcy-thiolactone and N-Hcy-protein (Recalculated from [93, 115])

Genotype (n)

Fold increase relative to unaffected individuals

N-Hcy-protein Hcy-thiolactone tHcy

MTHFR�/�, before therapy (1) 31.4 237 31.0

MTHFR�/�a (4) 9.0 59 7.5

MTHFR+/� (6) 2.2 2.5 1.2

Unaffected (9) 1 (0.49 � 0.08 μM) 1 (0.2 � 0.14 nM) 1 (6.7 � 1.9 μM)

CBS�/�a (29) 6.2 72 7.2

CBS�/�, noncompliant (1) 24.7 43.9
aMTHFR�/� and CBS�/� patients were on an Hcy-lowering therapy

52 3 Homocysteine-Thiolactone



microalbuminuria, MTHFR 677C->T polymorphism, plasma B vitamins, betaine,

tHcy, glomerular filtration rate (GFR), and circulating inflammation markers (CRP,

neopterin, and KTR (kynurenine/ tryptophan ratio)) are also being investigated.

When completed, these studies will generate new information regarding the link

between Hcy-thiolactone and CVD. The expected results will provide new diag-

nostic tools and will lead to new insights into the prevention and/or treatment of

CVD.
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Chapter 4

Discoveries of Protein S- and
N-Homocysteinylation

In early studies, Hcy was identified in plasma and urine from patients with CBS or

MTHFR deficiency [290, 291], but was undetectable in normal individuals. What

was surprising in those studies was the inability to detect Hcy in tissues from CBS-

or MTHFR-deficient patients [292, 293]. This suggested that a significant quantity

of Hcy must have escaped detection by the conventional methods of amino acid

analysis [294], possibly because Hcy was bound to protein via disulfide bonds and

removed during the deproteinization step.

Indeed, a simple treatment with the disulfide-reducing agent 2-mercapto-

ethanol led to the discovery of Hcy in normal individuals and revealed that

most plasma and tissue Hcy is linked to protein via disulfide bonds [91]. It

was also demonstrated that exogenous Hcy added to plasma quickly becomes

protein bound and can be quantitatively released by the 2-mercaptoethanol

treatment. These findings provided the first evidence for a redox reaction

of Hcy with plasma proteins that is now called protein S-homocysteinylation

[41, 295]. Subsequent studies have identified albumin [103] and IgG [79] as

the major carriers of S-linked Hcy in plasma. Albumin also carries most of

plasma Cys [111], which forms a disulfide bond with the conserved Cys34

thiol [108, 296].

Protein N-homocysteinylation was first discovered in studies of Hcy-thiolactone

metabolism in cultured human cells using [35S]Met and [35S]Hcy as tracers. Those

studies demonstrated that fibroblasts from CBS-deficient patients and the

oncogenically transformed cells from breast cancer patients produce more Hcy-

thiolactone and N-Hcy-protein than normal cells from unaffected individuals [73].

The treatment of cells with the antifolate drug aminopterin increases N-Hcy-
protein levels, in addition to increasing Hcy-thiolactone and Hcy. In human

endothelial cells, the extent of protein N-homocysteinylation increases with

H. Jakubowski, Homocysteine in Protein Structure/Function and Human Disease,
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increasing Hcy concentration (Fig. 3.7) and decreases with increasing levels of

folic acid (which lowers Hcy levels) and HDL (which hydrolyzes Hcy-thiolactone)

(Table 3.9) [74].

Subsequent studies have revealed that the incubation of human serum with

[35S]Hcy-thiolactone results in a progressive incorporation of the [35S] radiolabel

into protein (Fig. 4.1a). At 3 h, most of the [35S] becomes protein bound and is

precipitable by trichloroacetic acid. Treatment with dithiothreitol (DTT) of the

[35S]Hcy-thiolactone-modified serum protein releases only �30 % of the

incorporated [35S] as free [35S]Hcy, which suggests two modes of Hcy binding

to protein [78, 81]. [35S]Hcy in the DTT-resistant fraction of the [35S]-protein

adducts is bound to a side chain amino groups of protein lysine residues [78, 96].

Similar fractions of N-[35S]Hcy-protein and S-[35S]Hcy-protein adducts are

obtained with [35S]Hcy-thiolactone concentrations ranging from 10 nM to 1 mM

[78].

Control experiments, with separately prepared S-[35S]Hcy-protein, confirm

that DTT treatment releases all disulfide-bound Hcy from the protein.

For example, incubation of exogenous [35S]Hcy with human serum results in a

progressive formation of S-[35S]Hcy-protein adducts that are precipitable with

trichloroacetic acid. The treatment with DTT renders essentially all [35S]Hcy

from the S-[35S]Hcy-protein adducts trichloroacetic acid soluble (Fig. 4.1b).

Polyacrylamide gel electrophoresis under nonreducing conditions demonstrates

that S-[35S]Hcy-albumin represents most (>95 %) of S-[35S]Hcy-protein in

human serum [81].

Fig. 4.1 Reactions of Hcy-thiolactone and Hcy in human serum. (a) Kinetics of protein

N-homocysteinylation (filled circles) and protein S-homocysteinylation (filled squares) in the

presence of 12 μM [35S]Hcy-thiolactone. (b) Kinetics of protein S-homocysteinylation (filled
squares) with 12 μM [35S]Hcy. At the point indicated by an arrow, 10 mm DTT was added

(Reproduced from [81])
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These findings demonstrate that Hcy-thiolactone undergoes two major reactions

in serum: (1) protein N-homocysteinylation and (2) enzymatic hydrolysis to Hcy,

followed by protein S-homocysteinylation. The enzymatic hydrolysis to Hcy is

catalyzed by serum Hcy-thiolactonase/PON1 [81]. Structures of N-Hcy-protein and
S-Hcy-protein adducts are illustrated in Fig. 4.2a, b, respectively.

Fig. 4.2 Schematic structures of N-Hcy-protein and S-Hcy-protein adducts. (a) N-Hcy-protein:
the carboxyl group of Hcy forms an amide bond with the side chain amino group of a protein lysine

residue (Lys525 in human serum albumin). (b) S-Hcy-protein: the thiol of Hcy forms a disulfide

bond with the side chain thiol of a protein cysteine residue (Cys34 in human serum albumin). The

ovals represent protein molecules (Reproduced from [81])
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Chapter 5

N-Homocysteinyl-Proteins

5.1 Synthesis In Vitro

During Hcy-thiolactone biosynthesis, a high-energy bond of ATP is conserved in

the thioester bond of Hcy-thiolactone (Reactions 3.7 and 3.8). This high-energy

thioester bond is responsible for the chemical reactivity of Hcy-thiolactone toward

amino groups in proteins [73, 78, 139].

When [35S]Hcy-thiolactone is added to human plasma, it disappears with a half-

life of ~1 h at 37 �C [78], 25-fold faster than expected from the rate of spontaneous

Hcy-thiolactone hydrolysis [73]. After 3 h most of the radioactivity from [35S]Hcy-

thiolactone is incorporated covalently into protein [73, 78]. Reduction with DTT

releases 30 % of the incorporated [35S] radiolabel as free reduced [35S]Hcy. The

DTT-resistant fraction of the [35S]Hcy-protein adducts is also resistant to

treatments with reagents or enzymes that destroy ester or anhydride bonds, such

as NaOH, hydroxylamine, or rabbit esterase. These findings indicate that protein

amino groups form stable adducts with Hcy-thiolactone while protein hydroxyl and

carboxyl groups are not involved. That protein lysine residues are involved is

supported by the finding that Hcy-thiolactone reacts preferentially with free lysine

forming an N-Hcy-Lys adduct that can be separated from unreacted lysine and Hcy-

thiolactone by thin-layer chromatography [73]. Subsequent NMR studies have

established that the adduct’s structure is that of the isopeptide Nε-Hcy-Lys [72].
In vitro reactions of Hcy-thiolactone with lysine (Fig. 3.3b) and serum albumin

(Fig. 3.3c) exhibit similar dependences on pH, which suggests that a similar

mechanism is involved in both reactions. Furthermore, of the two ionic species of

Hcy-thiolactone (Reaction 3.3), the positively charged acid form, less abundant at

physiological pH ¼ 7.4, is much more reactive than the more abundant neutral base

form, both toward free lysine and protein lysine (Table 3.2).

Polyacrylamide gel electrophoretic analyses under reducing conditions show

that in serum incubated with [35S]Hcy-thiolactone, each serum protein becomes 35S

labeled. Bands corresponding to major serum proteins, such as albumin (67 kDa),

γ-globulin (50 and 25 kDa), fibrinogen (47, 56, and 67 kDa), transferrin (80 kDa),
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and α2-macroglobulin (189 kDa), are the most heavily 35S labeled [78]. Overall,

each serum protein is N-homocysteinylated proportionally to its abundance

(Fig. 5.1, left panel).

Individual N-Hcy-proteins are prepared in vitro by incubating a desired protein

with Hcy-thiolactone at physiological pH and temperature. The N-homocystei-

nylation reaction is completed in 4 h at 37 �C; the reaction is ten times slower at

25 �C [78, 139]. Second-order rate constants for reactions of Hcy-thiolactone with

individual purified proteins are listed in Table 3.3.

The number of lysine residues is the major determinant of protein’s reactivity

toward Hcy-thiolactone. For proteins that vary in size from 104 to 698 amino acid

residues, there is a very good correlation (r ¼ 0.97) between protein’s lysine

content and its reactivity with Hcy-thiolactone (Fig. 5.1, right panel) [78, 139].

Larger proteins, such as fibrinogen (3,588 amino acid residues) and low-density

lipoproteins (LDL) (~5,000 amino acid residues), react with Hcy-thiolactone ~six-

fold less efficiently than expected from their lysine contents (Table 3.3), suggesting

great differences in lysine residues reactivities, possibly due to their different

exposures to the solvent. Indeed, subsequent mass spectroscopic studies show

that protein lysine residues exhibit different reactivities toward Hcy-thiolactone.
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Fig. 5.1 The concentration of a protein and its lysine residues content are major determinants of

N-homocysteinylation. Left panel: Individual proteins present in serum are susceptible to N-
homocysteinylation. Human sera from three donors (lanes 1–3 and 5–7) and rabbit serum (lanes

4 and 8) are incubated with 10 μM (lanes 1–4) or 100 μM (lanes 5–8) [35S]Hcy-thiolactone for 4 h

at 37 �C and analyzed by SDS-PAGE on 4–20 % gels under reducing conditions. After electro-

phoresis, the gel was stained with Coomassie Blue, dried, and autoradiographed using Kodak

BioMax MR X-ray film. The patterns of Coomassie blue-stained protein bands and 35S-labeled

bands are identical. An autoradiograph of the gel is shown. Right panel: A relationship between

lysine residues content and protein’s reactivity with Hcy-thiolactone. Second-order rate constants

measured at 25 �C are plotted as a function of a number of lysine residues per mole of the

following proteins: trypsin, RNase A, DNase I, cytochrome c, myoglobin, MetRS, hemoglobin,

serum albumin, and transferrin (Reproduced from [78])
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For example, Lys525 is a predominant site of N-homocysteinylation in human

serum albumin [96], while in human fibrinogen α-Lys562, β-Lys344, and

γ-Lys385 are predominant sites for N-homocysteinylation [215].

Studies with human serum albumin show that the rate of protein N-homocystei-

nylation is first order with respect to Hcy-thiolactone and protein concentration.

The pH dependence of pseudo-first-order rate constant of N-homocysteinylation

(Fig. 3.3c) is consistent with the ionization of Hcy-thiolactone with pKa ¼ 6.67

(Reaction 3.3) and suggests that the positively charged acid form of Hcy-

thiolactone is more reactive with protein (k ¼ 764 M/h) than the neutral base

form (k ¼ 4 M/h) (Table 3.2). The structures of the acid and base forms of Hcy-

thiolactone are illustrated in Reaction 3.3. The reaction of Hcy-thiolactone with free

lysine exhibits similar pH dependence (Fig. 3.3b).

Hcy is quantitatively recovered (as Hcy-thiolactone in the presence of a reducing

agent) from N-Hcy proteins only by acid hydrolysis [78, 79]. In fact, this principle is
a basis for quantification of N-linked Hcy content in proteins [297].

Analysis by Edman degradation of a sample of N-homocysteinylated human

serum albumin, containing 3 mol Hcy/mol protein, shows that two major products

are released in the first cycle (as a phenylthiohydantoin, PTH, derivative): PTH-

Hcy and PTH-Asp. This outcome indicates that a free amino group is present on

N-linked Hcy and that the α-amino group of N-terminal aspartic acid residue is not

susceptible to N-homocysteinylation; if free amino groups were absent, no PTH-

Hcy and PTH-Asp derivatives would have been recovered [78].

Mass spectrometric analyses have also identified that only ε-amino groups of

internal lysine residues, but not α-amino group of the N-terminal amino acid, are

targets for Hcy-thiolactone modification in human serum albumin [96, 212, 213],

hemoglobin [68, 214], cytochrome c [298], fibrinogen [175, 215], and dynein [299].
So far, specific lysine residues susceptible to N-homocysteinylation are known

for several proteins. In addition to the predominant Lys525 residue [96], six other

lysine residues in human serum albumin are susceptible to the modification by Hcy-

thiolactone in vitro: Lys4, Lys12, Lys137, Lys159, Lys205, and Lys212 [212, 213].

Seventeen lysine residues in human fibrinogen susceptible to the modification by

Hcy-thiolactone have been identified [215]: five in α-subunit [Lys562 and Lys52

(major), Lys70, Lys81, and Lys129 (minor)], five in β-subunit [Lys344 and Lys396
(major), Lys148, Lys217, and Lys298 (minor)], and seven in γ-subunit [Lys385,
Lys266, and Lys373 (major), Lys85, Lys95, Lys170, and Lys273 (minor)]. Three of

these residues, α-subunit Lys52 and Lys129 and β-subunit Lys298, have originally
been found to be susceptible to N-homocysteinylation in vitro by other investigators

[175]. Fourteen sites in hemoglobin susceptible to the modification by Hcy-

thiolactone have been identified [214]: seven in α-subunit (Lys7, 11, 16, 56, 90,
99, and 139) and seven in β-subunit (Lys8, 17, 59, 61, 66, 82, 95, 120, and 144). In

cytochrome c, 4 lysine residues (Lys8 or -13, Lys86 or -87, Lys99, and Lys100) are
susceptible to N-homocysteinylation in vitro [298].
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5.2 Biological Formation

Biological formation of N-Hcy-protein has originally been discovered in tissue

cultures of human cells (Fig. 3.7) [73, 74] and subsequently demonstrated to occur

in humans [115] and mice [113]. The biological mechanism involves two steps. In

the first step, Hcy is metabolically converted to Hcy-thiolactone by methionyl-

tRNA synthetase (Reactions 3.7 and 3.8). In the second step, Hcy-thiolactone reacts

with protein lysine residues, affording N-Hcy-protein (Reaction 3.4). These

reactions have also been demonstrated in in vitro studies with purified components.

Evidence supporting this mechanism includes precursor–product relationships

between Hcy, Hcy-thiolactone, and N-Hcy-protein, observed both in ex vivo tissue

culture studies and in vivo in humans and mice. The observations that mutations

in genes encoding enzymes that participate in Hcy metabolism lead to increases in

N-Hcy-protein levels add further support for this mechanism. Additional supporting

evidence comes from the identification of specific N-Hcy-lysine residues in human

serum albumin [96, 212, 213] and fibrinogen [215] in vivo.

5.2.1 N-Hcy-Protein Levels In Vivo

The demonstration that protein N-homocysteinylation occurs in intact organisms

in vivo came with the discovery of N-linked Hcy in human plasma proteins, first

reported in 2000 [139]. Subsequent studies have confirmed this finding and

established that normal human plasma contains 0.49 � 0.08 μM [79, 115, 220],

0.51 � 0.11 μM [300], and 0.35 � 013 μM [301] protein N-linked Hcy. Several

genetic and dietary factors that affect the levels of N-Hcy-protein in humans and

mice have been identified. In humans, these include mutations in the CBS and

MTHFR genes, polymorphic variations in the PON1 gene. In mice, known

determinants of N-Hcy-protein include Cbs, Mthfr, Pcft, Pon1, and Blmh genes,

as well as the diet.

Protein N-linked Hcy increases significantly in hyperhomocysteinemia. For

example, in CBS- and MTHFR-deficient patients, plasma protein N-linked Hcy

levels are elevated up to 31.4-fold (Table 3.12). Furthermore, CBS-deficient
patients have also up to ninefold higher plasma levels of prothrombotic N-Hcy-
fibrinogen than normal subjects [115].

Genetic or nutritional disorders in Hcy or folate metabolism increase protein N-
homocysteinylation also in experimental animals [113]. For example, the inactiva-

tion of Cbs, Mthfr, or the proton-coupled folate transporter (Pcft) gene causes

10–30-fold increase in plasma N-Hcy-protein levels (Tables 5.1 and 5.2). Liver

N-Hcy-protein is elevated 3.4-fold in severely hyperhomocysteinemic Cbs-
deficient mice, 11-fold in extremely hyperhomocysteinemic Cbs-deficient mice,

and 3.6-fold in severely hyperhomocysteinemic Pcft-null mice. However, liver N-
Hcy-protein levels are similar in Mthfr-null mice (49.8 � 38.2 pmol/mg protein)
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and wild-type littermates (34.7 � 12.7 pmol/mg protein). In folate metabolism

deficiencies (Mthfr, Pcft), N-Hcy-protein levels increase much more in the plasma

than in the liver or other organs, while in Hcy metabolism deficiency (Cbs),

similar increases in N-Hcy-protein are observed in both the plasma and the liver

(Tables 5.1 and 5.2).

Protein N-homocysteinylation is reversibly modifiable by a diet (Table 5.3).

For example, plasma N-Hcy-protein increases 11.6-fold in mice fed a high-

methionine diet for 2 weeks, compared with animals fed a normal chow diet

[113]. The increase in N-Hcy-protein reflects 36-fold and 14-fold increases in

plasma tHcy and Hcy-thiolactone levels, respectively. After replacing the high-

methionine diet with a normal chow diet, plasma N-Hcy-protein decreases

sixfold after 2 weeks but remains twofold elevated compared with mice fed

Table 5.1 Mouse genetic hyperhomocysteinemia: inactivation of folate (Mthfr, Pcft) or Hcy

(Cbs) metabolism genes increases N-Hcy-protein levels (Recalculated from [113])

Genotype (n)

Fold increase relative to wild-type littermates

N-Hcy-protein tHcy

Plasma Liver Plasma Liver

Mthfr�/� (7) 6.3 1.4 8.6 1.1

Pcft�/� (4) 24.7 3.6 75.0 5.1

Cbs�/� (4) 8.1 58.3

Tg-S466L Cbs�/� (4) 12.6 60.9

Tg-I287T Cbs�/� (4) 10.4 11.3 143.2 75.7

Tg-hCBS Cbs�/� (4) 4.2 3.4 27.4 3.8

Table 5.2 Tissue levels of N-Hcy-protein and tHcy in Pcft�/� mice and wild-type Pcft+/+

littermates

Organ

Pcft
genotype

N-Hcy, pmol/

1 mg protein

N-Hcy, fold increase

in Pcft�/� vs. Pcft+/+
tHcy, pmol/

1 mg protein

tHcy, fold increase

in Pcft�/� vs. Pcft+/+

Braina +/+ 47 � 10 1.2 113 � 13 1.2

�/� 58 � 8 138 � 59

Heartb +/+ 112 � 22 2.8 166 � 33 4.3

�/� 318 � 98 703 � 267

Lungsb +/+ 229 � 70 1.6 348 � 92 2.8

�/� 362 � 113 969 � 524

Liverb,c +/+ 87 � 32 3.7 299 � 92 5.1

�/� 318 � 98 1,529 � 391

Kidneyb +/+ 126 � 49 1.8 499 � 194 2.2

�/� 228 � 38 1,109 � 152

Plasmac +/+ 46 � 12 24.8 36 � 11 75.3

�/� 1,132 � 264 2,696 � 566

Jakubowski and Perla-Kajan, unpublished data
ap ¼ 0.14–0.22
bp < 0.005 for the differences in N-Hcy-protein or tHcy between Pcft�/� and Pcft+/+ mice
cData from [113]
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only a normal chow diet. At the same time plasma tHcy and Hcy-thiolactone

return to normal values. These findings are consistent with much slower turnover

of N-Hcy-protein (half-life 10.2 h) compared with the turnover of tHcy (half-life

26.2 min) and Hcy-thiolactone (half-life 5.0 min) in the mouse (Fig. 5.4)

[140, 141].

The discovery that PON1 has the ability to hydrolyze Hcy-thiolactone led to a

hypothesis that PON1 protects against protein N-homocysteinylation [81]. Sup-

port for this hypothesis came from findings showing that when serum is

supplemented with Hcy-thiolactone, much less N-Hcy-protein accumulates in

the serum from human donors with high Hcy-thiolactonase/PON1 activity com-

pared with donors with low Hcy-thiolactonase/PON1 activity [152]. The lowest

extent of protein N-homocysteinylation is observed in rabbit serum [152] which

has the highest Hcy-thiolactonase/PON1 activity (six times that of an average

human serum) [153]. Thus, high Hcy-thiolactonase activity affords better protec-

tion against protein N-homocysteinylation in vitro than the low activity. This

inverse relationship between the levels of N-Hcy-protein and Hcy-thiolactonase

activity of PON1 is also observed in vivo in humans. In fact, plasma N-Hcy-
protein is negatively correlated with serum Hcy-thiolactonase activity

(r ¼ �0.43, P ¼ 0.01) in CBS-deficient patients [250]. However, in contrast to

the activity of PON1 measured with the natural substrate Hcy-thiolactone,

enzymatic activities of the PON1 protein measured with artificial substrates

correlate less strongly (r ¼ �0.36, P ¼ 0.025 for paraoxonase activity) or do

not correlate at all (phenyl acetate hydrolase and γ-thiobutyrolactone hydrolase

activities) with plasma N-Hcy-protein. Furthermore, the inverse in vivo relation-

ship between Hcy-thiolactonase activity and N-Hcy-protein is recapitulated in

separate in vitro N-homocysteinylation experiments with [35S]Hcy-thiolactone

and sera from CBS-deficient subjects. Taken together, these findings provide

evidence that the Hcy-thiolactonase activity of PON1 is a major determinant of

plasma N-Hcy-protein levels in vivo in humans [250].

In related experiments, the level of N-linked Hcy in plasma proteins has been

found to increase in rats in response to lowering serum Hcy-thiolactonase activity

of PON1 by treatment with the lipid metabolism-regulating hormone leptin. As

leptin administration has no effect on plasma total Hcy, it has been suggested that

the decreased capacity to metabolize Hcy-thiolactone and concomitant increase in

protein N-homocysteinylation contribute to the pro-atherogenic effect of chronic

hyperleptinemia [302].

Table 5.3 Plasma N-Hcy-protein, Hcy-thiolactone, and tHcy are reversibly modified by a diet in

wild-type C57BL/6 J mice (Data from [113])

Diet (eight mice/group) N-Hcy-protein (μM) Hcy-thiolactone (nM) tHcy (μM)

Control, 0 weeks 1.89 � 0.70 5.74 � 2.42 3.45 � 0.30

High-Met, 2 weeks 22.1 � 13.5 79.4 � 11.9 126 � 76

High-Met, 2 weeks control, 4 weeks 3.60 � 1.11 4.47 � 0.97 5.47 � 2.83
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5.2.1.1 Cellular Proteins

Commercially available purified proteins each contain N-linked Hcy, at levels as

high as 0.470 and 0.515 mol Hcy/mol protein for human and equine ferritins,

respectively, to as low as 0.00006 mol Hcy/mol protein for chicken lysozyme

(Table 5.4). Similar levels of N-linked Hcy are found in iron-loaded ferritin and

iron-free apoferritin (Table 5.4), indicating that the presence of iron does not

interfere with the assay used. Most proteins contain intermediate levels of N-linked
Hcy, from about 0.001 mol Hcy/mol protein for cytochrome c and myoglobin to

0.01–0.025 mol Hcy/mol protein for catalase, esterase, and thyroglobulin.

5.2.1.2 Blood Proteins

Examination of purified human blood proteins demonstrates that normal human

hemoglobin, serum albumin, and γ-globulins contain 0.0036–0.0060 mol N-Hcy/
mol protein, while fibrinogen, LDL, HDL, transferrin, and antitrypsin contain lower

levels, 0.0004–0.0010 mol N-Hcy/mol protein [79]. Recalculation of these values

(by taking into account normal levels of individual blood proteins) shows that the

Table 5.4 Levels of N-linked Hcy in different proteins (Compiled from [79, 297])

Specie Protein (Mw, kDa) N-Hcy/protein, mol/mol � 1,000

Human Ferritin (443) 470 � 20

Hemoglobin (64) 14.1 � 4.1

Albumin (68) 3.6

γ-Globulin (150) 3.6

Fibrinogen (340) 1.0

LDL (500) 1.0

Transferrin (80) 0.8

Antitrypsin (51) 0.7

HDL (150) 0.4

Horse Ferritin (443) 515 � 75

Apoferritin (443) 480 � 70

Catalase (250) 9.0

Myoglobin (17.1) 1.44 � 0.04

Cytochrome c (11.8) 1.07 � 0.17

Aldolase (25.3) 2.1

Bovine Thyroglobulin (669) 25.3 � 2.0

α-Crystallin (36) 2.6 � 1.3

Histone (15) 0.33 � 0.05

Carbonic anhydrase (29) 0.2

Pig Esterase (60) 13.0 � 2.5

Elastase (26.4) 4.16 � 1.12

Acylase (45) 2.85 � 0.00

Chicken Ovalbumin (45) 3.82 � 1.80

Lysozyme (17) 0.06

5.2 Biological Formation 65



concentration of N-linked Hcy carried on hemoglobin in erythrocytes is 27.8 μM
(Table 5.5), exceeding the concentration of plasma tHcy. Similar recalculation

shows that albumin and γ-globulin carry micromolar concentrations of N-linked
Hcy, whereas fibrinogen, transferrin, antitrypsin, HDL, and LDL carry nanomolar

concentrations of N-linked Hcy.

The value calculated for N-Hcy-albumin (0.36 mol% ¼ 2.8 μM in plasma,

Table 5.4) is higher than the value of N-Hcy-protein measured directly with normal

human plasma (0.51 μM) and closer to the mean values measured in plasma from

hyperhomocysteinemic CBS- and MTHFR-deficient patients on a Hcy-lowering

therapy (3.02 μM and 4.4 μM, respectively) [115]. The relatively high content of N-
linked Hcy in the commercial albumin preparations may possibly be due to

demethylation of methionine residues of albumin during its purification from

plasma. The values obtained for N-Hcy-albumin using a chemical assay [115] are

similar to the values obtained with the LC–MS assay, which shows that N-Hcy-
Lys525-albumin constitutes 1.0 % and 4.0 % of plasma total albumin in healthy

controls and CBS-deficient patients, respectively (Table 5.6) [213].

The value calculated for N-Hcy-fibrinogen (0.1 mol% ¼ 14 nM, Table 5.4) is

consistent with direct assays of fibrinogen isolated from human subjects, which

show that in normal plasma, N-Hcy-fibrinogen levels are 35.8 � 14.3 nM [115].

The N-linked Hcy carried on N-Hcy-fibrinogen constitutes about 10 % of total N-
linked Hcy present in normal plasma protein (0.35 � 0.13 to 0.51 � 0.11 μM [79,

115, 300, 301].

The value calculated for N-Hcy-HDL (0.04 mol% ¼ 23 nM) is much smaller

than that obtained by a semiquantitative Western blot immunoassay of N-Hcy-
ApoAI in HDL isolated from human plasma (0.46–5.2 μM or 1.0–7.4 % of total

ApoAI) [303]. Possible reasons for the discrepancy are discussed in Sect. 5.5.4 of

this book.

Table 5.5 Concentrations of Hcy carried on proteins in normal human blood (Recalculated from

the data of [79])

Protein Protein N-linked Hcy (nM) Protein S-linked Hcy (nM)

Hemoglobina 27,800 3,300

Albuminb 2,800 7,300

γ-Globulinb 700 3,500

Fibrinogenb 14 <19

Transferrinb 28 <5

Antitrypsinb 24 7

HDLb 23 47

LDLb 17 9
aConcentrations in erythrocytes
bPlasma concentrations

Table 5.6 N-
homocysteinylation at Lys525

of albumin is increased in

human CBS deficiency (Data

from [213])

Genotype (n) N-Hcy-Lys525 peptide (%)

CBS+/+ (29) 1.02 � 1.21

CBS�/� (15) 3.99 � 2.60*

*P ¼ 0.0007
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Protein N-linked Hcy occurs in serum albumin from various organisms, including

human, sheep, pig, rabbit, rat, mouse, and chicken [79]. Comparisons across the

species show that the rodent proteins contain more N-linked Hcy than the primate

proteins. For example, more N-linked Hcy is present in albumins from the rat

(0.00486 mol/mol) and the mouse (0.00861 mol/mol) than in human albumin

(0.00265 mol/mol) [297]. Rat hemoglobin contains more N-linked Hcy than human

and baboon hemoglobins (0.0828 mol/mol vs. 0.0141 mol/mol and 0.0127 mol/mol,

respectively) (Table 5.7). This could reflect a higher relative concentration of free

Hcy in rodents as compared to humans [304]. However, human and pig albumins

contain similar levels of N-linked Hcy, as does human and pig hemoglobins [297],

indicating that human and pigs are alike in this regard (Table 5.7).

About 5–15 times more N-linked Hcy is present in hemoglobin than in serum

albumin (0.013–0.083 vs. 0.0027–0.008 mol/mol, Table 5.7) from each species

examined, from human to rat [297]. As the in vitro rates of the modification with

Hcy-thiolactone are similar for the two proteins [78], this finding can be explained

by much slower turnover of hemoglobin compared to albumin (103 days for

hemoglobin vs. 19 days for albumin in humans). Taking the blood hemoglobin

concentration as 2.2 mM (150 mg/mL), one can calculate that the concentration of

N-Hcy-hemoglobin is 28.7–183.1 μM, i.e., much higher than the concentration of

tHcy (4–8 μM) in the normal mammalian blood. These data extend to other

mammalian species the original finding that a significant fraction of Hcy present

in human blood is circulating as N-Hcy-hemoglobin [79].

Of almost three dozen individual proteins examined, only one, human

transthyretin, has been reported not to contain N-linked Hcy [104]. However, the

detection limit of the LC–MS method used in that study was 1 % relative to total

transthyretin [104], i.e., several orders of magnitude less sensitive than that of the

HPLCwith fluorescence detectionmethod, which allows quantification of as little as

0.00006mol N-linkedHcy/mol protein [297]. Thus, the inability to detect proteinN-
linked Hcy in transthyretin is most likely due to inadequate sensitivity of themethod.

5.2.1.3 Collagen

Severely hyperhomocysteinemic Tg-I278T Cbs�/� mice (plasma tHcy ¼ 272 � 50

μM vs. 1.9 � 1.6 μM in wild-type Tg-I278T Cbs+/+ littermates) [305] have elevated

plasma N-Hcy-protein (16.6 � 4.1 μM vs. 1.9 � 1.6 μM in wild type) [113] and

Table 5.7 Levels of N-linked Hcy in albumin and hemoglobin from different species (Data from

[297])

Specie N-Hcy/albumin, mol/mol � 1,000 N-Hcy/hemoglobin, mol/mol � 1,000

Human 2.65 14.1 � 4.1

Baboon 12.7 � 0.4

Bovine 3.17 � 1.56 30.7 � 0.8

Pig 3.41 � 1.51 16.8 � 5.5

Rat 4.86 � 1.61 82.8 � 29.1

Mouse 8.61 � 0.05
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exhibit connective tissue abnormalities similar to those observed in CBS-deficient

human patients [46]. Collagen prepared from the skin of these mice using the acetic

acid extraction method shows protein bands characteristic of type I collagen on SDS-

PAGE gels. Analysis ofN-linked Hcy content in these collagen preparations shows that
Tg-I278T Cbs�/� mice have 18-fold higher skin N-Hcy-collagen levels than Tg-I278T
Cbs+/+ littermates (89.9 � 25.1 vs. 5.0 � 2.4 pmol/mg skin) [306]. Similar elevation

in N-linked Hcy in the Cbs-deficient mice is observed in bone collagen. These findings

demonstrate that collagen is a target for N-homocysteinylation in vivo in mice [306].

5.2.1.4 Milk Protein

The N-linked protein Hcy has also been discovered in other biological fluids. For

example, commercial cow milk contains 1.09 � 0.01 μM protein N-linked Hcy and
3.45 � 0.25 μM tHcy, whereas cow whey contains 1.51 � 0.34 μM protein N-
linked Hcy and 5.4 � 2.5 μM tHcy [297]. Human milk contains 0.28 � 0.09 μM
(n ¼ 3) protein N-linked Hcy and 2.3 μM tHcy. The presence of protein N-linked
Hcy has not been previously described in milk or other foodstuffs, but the levels of

tHcy in milk are comparable to tHcy levels reported for other foodstuffs examined

thus far (Roquefort cheese, white bread, tuna, and pig liver; [307]).

5.2.1.5 Hair Keratin

Human and animal hair keratin contains significant amounts of N-linked Hcy [308].
Normal human hair contains 82–95 pmol N-Hcy/mg hair (Table 5.8). N-linked Hcy
comprises 31–36 % of all Hcy content in human hair keratin, while the remaining

64–69 % is S-linked. Similar levels of N-Hcy-keratin are present in mouse pelage

hair (Table 5.9). Other mammalian species examined, such as the rat, the rabbit, the

dog, the cat, the goat, the sheep, and the horse, all contain N-Hcy-keratin in their

hair. N-Hcy-keratin is also present in feathers of birds, such as chicken, pigeons,

and sea gulls.

More N-Hcy-keratin accumulates in pelage hair from hyperhomocysteinemic

mice [308]. For example, N-Hcy-keratin is elevated 12-, 6.3-, or 2.7-fold in pelage

from Cbs�/�, Cse�/�, orMthfr�/� mice, compared with wild-type animals, respec-

tively (Table 5.9). The increase in N-linked Hcy content is associated with dimin-

ished solubility of hair keratin in 2 % SDS, most pronounced in Cbs�/� mice, in

Table 5.8 N-linked Hcy and S-linked Hcy levels in human hair keratin [308]

Gender

(n)
N-Hcy, pmol/mg

hair

S-Hcy, pmol/mg

hair

N-Hcy/(N-Hcy + S-
Hcy)

SDS-soluble N-Hcy
fraction

Female

(11)

95 � 39 126 � 41 0.36 � 0.10 0.38 � 0.08

Male (7) 82 � 41 181 � 64 0.31 � 0.11 0.49 � 0.09

68 5 N-Homocysteinyl-Proteins



which only 4 % is SDS soluble, compared with 25 % SDS-soluble N-Hcy-keratin in
wild-type animals. These findings suggest that N-homocysteinylation causes kera-

tin damage.

In vitro studies have shown that N-homocysteinylation causes protein damage

(Fig. 5.11). The findings that increased keratin N-homocysteinylation in

hyperhomocysteinemic mice decreases its solubility provide the first evidence

that protein damage induced by N-homocysteinylation occurs in vivo. The defect

in keratin solubility associated with N-homocysteinylation [308] can explain pelage

abnormalities observed in Cbs�/� mice [309].

5.2.2 Site-Specific N-Homocysteinylation In Vivo

Identification of specific N-Hcy-Lys residues in proteins in vivo provides direct

support for a conclusion that protein N-homocysteinylation in humans occurs by a

mechanism involving the reaction of Hcy-thiolactone with protein lysine residues

(Reaction 3.4). So far, site-specific N-homocysteinylation in vivo has been analyzed

for human serum albumin [212, 213], fibrinogen [215], and dynein [299].

Three albumin residues, Lys525, 137, and 212, are found to be N-
homocysteinylated in vivo in human plasma from CBS-deficient patients and

unaffected individuals, with Lys525 being the predominant in vivo-modified site

(Fig. 5.2). Albumin peptide containing N-Hcy-Lys525 is identified in essentially all
analyzed plasma samples (43 out of 44), including those that had the lowest tHcy

concentration (9.9 μM), whereas peptides containing N-Hcy-Lys137 and N-Hcy-
Lys212 are identified in albumin from CBS-deficient patients whose plasma tHcy

concentration was elevated, at least 34.9 � 11.0 μM and 131 � 21 μM, respec-

tively [212].

Three lysine residues carry N-linked Hcy in fibrinogen isolated from CBS-

deficient patients, one in each subunit: Lys562 in α-subunit, Lys344 in β-subunit,
and Lys385 in γ-subunit (Fig. 5.3). These three in vivo N-homocysteinylation sites

are also predominant sites for fibrinogen N-homocysteinylation in vitro [215].

Table 5.9 N-linked Hcy and S-linked Hcy levels in mouse pelage keratin [308]

Genotype

(n)
N-Hcy, pmol/mg

hair

S-Hcy, pmol/mg

hair

N-Hcy/(N-Hcy + S-
Hcy)

SDS-soluble N-Hcy
fraction

Wild type

(12)

87 � 10 127 � 10 0.59 � 0.05 0.25 � 0.05

Cbs�/� (9) 1,056 � 104 2,138 � 360 0.33 � 0.03 0.04 � 0.00

Cse�/� (5) 546 � 41 682 � 129 0.55 � 0.03 0.14 � 0.01

Mthfr�/�

(4)

237 � 23 356 � 74 0.40 � 0.06 0.21 � 0.03
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In rat hippocampal neuronal cells cultured in folate-deficient media, motor

proteins kinesin and dynein become N-homocysteinylated, which leads to protein

aggregation and reduced interactions with tubulin [299]. Similar changes occur

when neuronal cells are treated with Hcy-thiolactone, suggesting that kinesin and

dynein N-homocysteinylation cause protein aggregation and prevent their physio-

logical interactions with tubulin. LC–MS analyses identify Lys1218 in the micro-

tubule-binding domain of dynein as being N-homocysteinylated, which could

account for the diminished interaction with tubulin [299].

These findings strongly support a conclusion that N-Hcy-proteins are formed in

mammalian organisms as a result of posttranslational modification of proteins by

Hcy-thiolactone.

Fig. 5.2 A model of the crystallographic structure of human serum albumin based on 1 bm0.pdb.

Lysine and N-Hcy-lysine residues are highlighted with black and dark gray color, respectively. (a)
Front view. (b) A Back view. This pdb structure is missing Lys4. Lys residues 525, 205, and

137 are found to be N-homocysteinylated in vivo (Reproduced from [212])

Fig. 5.3 Schematic representation of polypeptide chain composition and independently folded

domains (boxed) in fibrinogen. Lysine residues N-homocysteinylated in vivo and in vitro are

indicated by dark-blue circles, while residues susceptible to N-homocysteinylation in vitro are

indicated by red circles [215]
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5.3 Turnover

An indirect evidence for the proteolytic degradation ofN-Hcy-protein is provided by
the discovery of anti-N-Hcy-protein IgG autoantibodies [172, 310], which specifi-

cally recognize Nε-Hcy-Lys epitopes and whose formation can only be initiated by

proteolytic degradation ofN-Hcy-protein to antigenic peptides that are then displayed
on the cell surface. First direct evidence forN-Hcy-protein turnover came frommouse

studies. Wild-type mice fed with a high-Met diet accumulate up to 22 μM N-Hcy-
protein in plasma [113]. These mice have also elevated plasma Hcy-thiolactone (from

6 to 80 nM) and tHcy levels (from 3.5 to 126 μM). Shifting the mice from high-Met

to normal chow diet normalizes Hcy-thiolactone and tHcy levels and lowers

N-Hcy-protein to 3.6 μM, indicating that N-Hcy-proteins are turned over. Direct

kinetic measurements indicate that N-Hcy-protein turns over with a half-life of

10.2 � 1.4 h in the mouse plasma [141] (Fig. 5.4). The clearance of plasma N-Hcy-
protein is 24-fold slower than the clearance of plasma Hcy (half-life of 26.2 min)

and 120-fold slower than the clearance of plasma Hcy-thiolactone (half-life of

5.1min) (Fig. 5.4) [140, 141].N-Hcy-protein is turned over by proteolytic degradation
with the liberation of the isopeptide Nε-Hcy-Lys (Fig. 5.5) [72].

5.3.1 Nε-Homocysteinyl-Lysine

5.3.1.1 Chemical Synthesis

Nε-Hcy-Lys isopeptide has been originally identified in vitro on TLC plates as a

product of facile reaction of Hcy-thiolactone with lysine [73, 139]. This reaction
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Fig. 5.4 Kinetics of plasma Hcy-thiolactone (a), total Hcy (b), and N-Hcy-protein (c) turnover in
mice. For Hcy-thiolactone (a) and total Hcy (b) turnover experiments, mice have been injected i.p.

with 600 nmol L-Hcy-thiolactone/g body weight. For N-Hcy-protein (c) turnover experiments,

2,850 nmol L-Hcy-thiolactone/g body weight L-Hcy-thiolactone was used. Metabolites were

analyzed at indicated times post-injection and data points were fitted to an exponential equation

[At] ¼ [A0]·e�k·t, where k is a first-order rate constant, [At] is metabolite concentration measured

at time t, and [A0] is metabolite concentration extrapolated to time zero. Representative kinetics

obtained for individual knockout Blmh�/� (filled circle) and wild-type Blmh+/+ (multiplication
sign) mice are shown (Reproduced from [141])
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has been utilized to synthesize Nε-Hcy-Lys isopeptide on a preparative scale [72].

D,L-Hcy-thiolactone hydrochloride (5 mmol) is incubated with L-lysine (5 mmol) in

100 mL 0.2 M sodium phosphate buffer, pH 7.4, 0.2 mM EDTA (24 h, room

temperature). The rate of Nε-Hcy-Lys formation increases about twofold when pH

increases from 6.0 to 7.4 and does not significantly change between pH 7.4 and 9.0.

The yield increases 1.7-fold and 1.4-fold at pH 8.0 and 09.0, respectively, relative

to the yield at pH 6.0. The reaction product, Nε-Hcy-Lys, is purified by preparative
HPLC using a reversed-phase X Bridge Prep C18 column (19 � 100 mm, 5 μm,

from Waters). Fractions containing Nε-Hcy-Lys isopeptide, a predominant product

eluting at 2 min, are collected dried out under vacuum to afford a white powder. The

isopeptide structure is confirmed by 1H NMR (300 MHz, D2O): δ ¼ 4.10 (t,
J ¼ 6.6 Hz, 1H, CHNH2), 4.04 (t, J ¼ 6.6 Hz, 1H, CHNH2), 3.32–3.17 (m, 2H,

CH2NHC(O)), 2.61 (dt, J ¼ 7.2 Hz, J ¼ 2.4 Hz, 2H, CH2SH), 2.24–2.11 (m, 2H,

CH2CH2SH), 2.03–1.85 (m, 2H, HOOCCH(NH2)CH2), 1.64–1.55 (m, 3H,

CH2CH2NHC(O)), SH), and 1.51–1.36 (m, 2H, CH2CH2CH2NHC(O)) (chemical

shifts δ in ppm, coupling constants J in Hz) [72].

Nε-Hcy-Lys (3) has also been synthesized in a solution phase using common

procedures for peptide synthesis (Reaction 5.1) starting from commercially avail-

able lysine derivative (ε-N-Cbz-Lys-O-0Bu) (6) [311]. The α-NH- group in 6 is

protected by introducing the Boc-protecting group (7). The carbobenzoxy group

from the ε-NH is selectively removed by catalytic hydrogenation using 10 % Pd/C

to obtain α-N-Boc-Lys-OtBu (8). The fully protected isopeptide 10 is synthesized

via amide bond formation between the free ε-NH- of 8 and the activated

Fig. 5.5 N-Hcy-Lys and asymmetric dimethylarginine (ADMA) are derived from the proteolysis

of modified proteins. Arginine residues in proteins are methylated by protein arginine

methyltransferase (PRMT), which uses S-adenosylmethionine (AdoMet) as a methyl donor and

produces S-adenosylhomocysteine (AdoHcy). Hcy derived from the enzymatic hydrolysis of

AdoHcy is converted by methionyl-tRNA synthetase to Hcy-thiolactone (HTL), which modifies

protein lysine residues, affording N-Hcy-protein. Subsequent proteolytic degradation of N-Hcy-
protein affords the isopeptide N-Hcy-Lys (Reprinted from [86])
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hydroxybenzotriazole ester of α-N-Boc-S-Trityl-Hcy-OH (9), using DMAP/EDCI

as the coupling reagents. Removal of trityl- and Boc-protecting groups is achieved

in one step using a mixture TFA:H2O:TIS:phenol 88:5:2:5 under argon atmosphere.

The target Nε-Hcy-Lys isopeptide (3) is isolated as a white solid in 79 % overall

yield and purity >96 % as determined by HPLC. 1H NMR, 13C NMR, and mass

spectrometry data are consistent with the expected structure [311].

5.3.1.2 Physicochemical Properties

The isopeptide Nε-Hcy-Lys is a solid, white powder, easily dissolving in water.

Acidified aqueous solution of the isopeptide (0.1 M) is stable at least 2 weeks at

+4 �C. The thiol group of Nε-Hcy-Lys oxidizes reversibly to a disulfide form, which

does not move from the origin of the thin-layer chromatography plate [73]. The

bulk of plasma Nε-Hcy-Lys exists in the disulfide form [72]. Similar to other low

molecular thiols, Nε-Hcy-Lys shows affinity to nucleophilic substitution reaction

with 2-haloquinolinium or 2-halolepidinium salts [72]. 2-chloro-1-methylqui-

nolinium tetrafluoroborate (CMQT) undergoes facile reaction with Nε-Hcy-Lys to
give a stable thioether with a characteristic UV spectrum with an absorption

maximum at 355 nm. The reactivity of its sulfhydryl was exploited to develop an

Nε-Hcy-Lys plasma assay [72, 86].

5.3.1.3 Biological Formation

Metabolic pathway leading to Nε-Hcy-Lys is initiated by the conversion of Hcy to

Hcy-thiolactone catalyzed by MetRS. Hcy-thiolactone spontaneously reacts with

protein lysine residues generating N-Hcy-protein. That proteolytic degradation of

N-Hcy-protein affords Nε-Hcy-Lys was shown by incubation of N-Hcy-hemoglo-

bin with mouse liver extracts. Nε-Hcy-Lys is formed only in complete incubation
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from [311])
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mixtures and absent when liver extracts and N-Hcy-hemoglobin are incubated

separately (Fig. 5.6). The isopeptide Nε-Hcy-Lys is present in humans and mice,

and its levels increase in hyperhomocysteinemic subjects or mice.

5.3.1.4 Quantification

The Nε-Hcy-Lys plasma assay [72] is based on the procedure used previously for

the determination of plasma thiols [312]. Plasma (50 μL), phosphate buffer (pH 7.4,

0.2 M, 100 μL), and tris(2-carboxyethyl)phosphine (TCEP, 0.25 M, 10 μL) in

phosphate buffer (pH 7.4, 0.2 M) are incubated for 10 min, and 10 μL of 0.1 M

2-chloro-1-methylquinolinium tetrafluoroborate (CMQT) was added. After 3 min,

50 μL of 3 M perchloric acid is added to precipitate protein, which was removed by

centrifugation (10 min, 12,000 � g). The supernatant is transferred to a vial, and

10 μL is injected into a reversed-phase C18 HPLC column (Agilent, Zorbax SB-

C18 4.6 � 150 mm, 5 μm). The detection and quantification is by UV absorbance at

355 nm. The C18 column separates the Nε-Hcy-Lys-CMQT derivative from CMQT

excess, other aminothiols, and unidentified matrix components. The detection

(LLD) and quantification (LLQ) limits for Nε-Hcy-Lys were 0.08 and 0.1 μM,

respectively. This assay has been used to establish biological significance of

Nε-Hcy-Lys in humans and mice.

Fig. 5.6 Reversed-phase

HPLC analyses of N-Hcy-
hemoglobin degradation in

mouse liver extracts. Shown

are HPLC traces obtained

with (a), complete reaction

mixture containing N-Hcy-
hemoglobin and mouse liver

extract; (b), N-Hcy-
hemoglobin; and (c), mouse

liver extract. Nε-Hcy-Lys,
eluting at 8.6 min, is present

only in complete reaction

mixture, indicated by an

arrow in panel (a)

(Reproduced from [72])
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5.3.1.5 Clinical Significance

Nε-Hcy-Lys levels are elevated under pathological conditions such as human renal

disease, peripheral artery disease, and CBS deficiency, as well as mouse Cbs or

Mthfr deficiency, suggesting increased turnover of N-Hcy-protein in these

pathologies. Plasma Nε-Hcy-Lys comprises 0.7–1.2 and 0.7–4.4 % of plasma

tHcy or 15.5–17.5 and 8.5–35 % of plasma protein N-linked Hcy in humans

(renal disease or CBS-deficient patients) and mice, respectively. In healthy

human subjects Nε-Hcy-Lys comprises <1.2 % of plasma tHcy or <12.7 % of

plasma protein N-linked Hcy. Thus, plasma Nε-Hcy-Lys levels are higher in mice

than in humans, most likely reflecting higher Hcy-thiolactone [93] and protein N-
linked Hcy [113] levels in mice compared with humans.

Nε-Hcy-Lys is significantly elevated in acute myocardial infarction patients

compared with controls [86]. Its formation is linked with the nitric oxide synthase

inhibitor asymmetric dimethylarginine (ADMA), consistent with the origin of both

Nε-Hcy-Lys and ADMA as products of protein turnover (Fig. 5.5). Surprisingly, the

isopeptide Nε-Hcy-Lys levels are not associated with plasma tHcy or vitamin B12

and folate. Moreover, Nε-Hcy-Lys levels show no correlation with titers of anti-N-
Hcy-protein autoantibodies or with IL-6-mediated inflammation, oxidative stress,

and thrombin generation. These findings suggest that Nε-Hcy-Lys is a new marker

of acute myocardial infarction independently of Hcy-related metabolites and

cofactors [86].

Nε-Hcy-Lys isopeptide is associated with progression of peripheral artery

disease in patients treated with folic acid for 12 months [313]. Folic acid

administration decreases plasma tHcy by 70.5 %. However, despite decrease in

tHcy, serum Nɛ-Hcy-Lys is still detectable in 28 (21.4 %) of those patients on

folic acid who were current smokers and survivors of ischemic stroke

(p < 0.001).

Nε-Hcy-Lys is detected in 17.3 % of patients on long-term hemodialysis, but

not in control subjects [314]. Hemodialysis patients have 3.1-fold lower PON1

activity measured with paraoxon (p < 0.0001), 20 % higher ADMA

(p < 0.0001), 30 % higher PAI-1 (p < 0.0001), and 10 % lower total cholesterol

(p ¼ 0.001) and LDL-cholesterol (p < 0.0001), together with 20 % lower

triglycerides (p < 0.0001) compared with subjects without detectable Nε-Hcy-
Lys. In hemodialysis patients Nε-Hcy-Lys levels correlate with paraoxonase 1

activity (r ¼ �0.62, p < 0.0001), ADMA (r ¼ 0.58, p < 0.0001), and PAI-1

(r ¼ 0.59, p < 0.0001). These findings suggest that in hemodialysis patients,

Nε-Hcy-Lys is associated with lipid profile, endothelial dysfunction, and

impaired fibrinolysis [314].
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5.4 Structural and Functional Consequences

The first indication that the incorporation of Hcy into peptide bonds can be detri-

mental to biological function came from now classical structure/function studies of

oxytocin, the first peptide hormone to be sequenced and synthesized [315]. Oxytocin

is secreted from the pituitary gland and acts as a neuromodulator in the brain. As one

of the two known hormones released by the human posterior pituitary gland that act

at a distance (the second is vasopressin), oxytocin is important in sexual reproduc-

tion, induces uterine contractions and stimulates milk production, and plays a key

role in social attachment and affiliation in nonhuman mammals. Intranasal adminis-

tration of oxytocin causes a substantial increase in trust among humans, thereby

greatly increasing the benefits from social interactions [316]. Administration of

oxytocin has also been shown to modulate emotion processing in healthy male

volunteers, which may contribute to the emerging role of the neuropeptide in

promoting affiliative and approach behaviors by reducing the salience of potentially

ambiguous and threatening social stimuli [317].

Oxytocin is a 1,007 Da cyclic nanopeptide CysTyrIleGlnAsnCysProLeuGlyNH2

[315] composed of a disulfide-bonded cyclic hexapeptide amide-linked to a

tripeptide amide. Cysteine residues 1 and 6 form an intrachain disulfide bond.

Cys1 residue possesses a free amino group and is joined to the rest of the cyclic

portion of the molecule through its carboxyl group, while Cys6 residue is connected

through its amino group to the rest of the cyclic portion of the molecule and through

its carboxyl group to the tripeptide ProLeuGly-NH2. Its structure has been deter-

mined by classical peptide chemistry methods and confirmed by chemical synthe-

sis. Chemically synthesized oxytocin has full biological activity of the natural

oxytocin isolated from the posterior pituitary gland [315]. The ability to prepare

synthetic oxytocin allowed elucidation of relationships of molecular structure to

biological function of the hormone.

One of the analogs prepared is Hcy-oxytocin in which Cys1 residue is replaced

by Hcy [247]. This substitution introduces one additional methylene (–CH2–) group

and generates an analog with a 21-membered disulfide ring, in contrast to oxytocin,

which possesses a 20-membered ring. This change in structure led to a loss of

characteristic pharmacological properties of oxytocin. The Hcy-oxytocin does not

exhibit avian depressor and rat pressor activity and has only a very low oxytocic

activity, less than 0.2 % of that possessed by oxytocin [247]. Loss of activity in

Hcy-oxytocin is caused by the increase in size of the ring and not by the change in

position of the free amino group relative to the disulfide bond. This was shown by

synthesis and functional examination of 1-γ-mercaptobutyric acid-oxytocin, a

deaminated analog of Hcy-oxytocin, which turned out to have no detectable avian

depressor activity and 0.8 % of oxytocic activity [318]. 1β-Mercaptopropionic-

oxytocin, a deaminated analog of oxytocin, is highly potent and has enhanced avian

depressor, oxytocic and rat antidiuretic activities, a decreased rat pressor activity,

and an unaltered milk-ejecting activity in lactating rabbits [319].
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The incorporation of Hcy into protein in the N-homocysteinylation reaction

results in substitution of the ε-amino group of a protein lysine residue with an

Hcy residue containing a free thiol group. This leads to a decrease of the net

positive charge on a protein, due to the fact that a highly basic ε-amino group of

a protein lysine residue (pKa ¼ 10.5) is replaced by a less basic α-amino group of

N-linked Hcy (estimated pKa ~ 7). Furthermore, the introduced free thiol is sus-

ceptible to redox reactions, which generate disulfide bonds [298] or oxidative

damage [96].

Oxidative damage induced by N-homocysteinylation has been originally

demonstrated for human serum albumin [96] and hemoglobin [68]. Subsequent

studies have shown that protein oxidation occurs via kinetically favored intramo-

lecular hydrogen atom transfer from α-carbon to a thiyl radical (Reaction 5.2)

[311]. The α-carbon-centered radical is detected using methyl viologen as a

probe, which turns blue in the presence of N-Hcy-albumin due to the appearance

of viologen radical. Another probe, fluorone black, affords an increase in the A512

absorbance signal in the presence of N-Hcy-albumin, which indicates the presence

of α-carbon radicals [311]. The α-carbon radicals react with oxygen to form

superoxide and protein carbonyls (Reaction 5.2). The formation of protein

carbonyls in N-Hcy-albumin is detected with a colorimetric reaction with 2,4-

dinitrophenyl hydrazine, which shows a 60 % increase in the carbonyl content of

N-Hcy-albumin (containing 7–8 mol N-linked Hcy/mol protein; prepared in vitro

by incubation of human serum albumin with Hcy-thiolactone) compared with

unmodified native albumin [311].

Reaction 5.2 Kinetically favored intramolecular hydrogen atom transfer (HAT) process involv-

ing N-Hcy-protein promotes carbonyl formation and multiple fragmentation products including

NH3, H2S, ethylene, and α,β-unsaturated amides, analogous to the chemistry of free Hcy.

Captodative stabilization of the thiyl radical renders the alpha C–H bond weaker than the S–H

bond by ca. 4 Kcal/mol (Reprinted from [311])
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Such chemical alterations affect structure and biological function of Hcy-

thiolactone-modified proteins. For example, early in vitro studies have shown that

N-homocysteinylation of trypsin and methionyl-tRNA synthetase causes progres-

sive loss of their enzymatic activity with increasing degree of N-homocystei-

nylation [78]. N-Hcy-proteins are prone to oxidative damage [96, 311] and

aggregation [78, 96, 171] and are cytotoxic [170, 171] and immunogenic [134,

135, 172]. Subsequent studies have shown that in vitro N-homocysteinylation

inactivates paraoxonase 1 activity in human HDL [320] and RNase activity of

human serum albumin [321]. Although studied with several proteins, the structural

and functional consequences of N-homocysteinylation are best understood for

albumin and fibrinogen, the known targets for the modification by Hcy-thiolactone

in the human body.

N-Hcy-proteins are novel examples of modified proteins that expand the known

repertoire of nonenzymatic protein modifications [322] by other metabolites, such

as glucose, products of lipid peroxidation, or certain drugs, such as penicillin or

aspirin [78]. These protein modification reactions share two common aspects: (i)

each involves protein lysine residues as sites of modifications and (ii) are linked to

human pathology, such as cardiovascular disease, Alzheimer’s disease, diabetes,

and drug allergy or intolerance [78].

5.4.1 N-Homocysteinylation and Redox Function

5.4.1.1 N-Hcy-Albumin

Human serum albumin is the most abundant multifunctional plasma protein present

at a mean concentration of 0.63 mM. Albumin, a globular protein of 66.5 kDa

molecular weight, is composed of 585 amino acid residues, including 56 lysine

residues and 35 cysteine residues, 34 of which form 17 disulfide bonds and one,

Cys-34, has a free thiol [323]. It is synthesized in the liver and has a half-life of�19

days in the circulation.

The first detailed studies of structural and functional alterations in a protein

caused by N-homocysteinylation have been carried out with human serum albumin

[96], in which Lys-525 is a predominant site for N-homocysteinylation both in vitro

and in vivo in the human body [79]. These studies have led to the discovery of a

novel molecular form of albumin and provided a paradigm illustrating how the

function of a protein thiol can be affected by N-homocysteinylation of a protein

lysine residue.

Of the two major physiological forms of human serum albumin (Fig. 5.7),

albumin-Cys34-S-S-Cys (containing cysteine in a disulfide linkage with Cys34

of albumin) reacts with Hcy-thiolactone faster than albumin-Cys34-SH (mercapto-

albumin, containing Cys34 with a free thiol). The reactivity of Lys525 residue,

a predominant site of N-homocysteinylation, is about twofold greater in albumin-

Cys34-S-S-Cys than in mercaptoalbumin. The N-homocysteinylated form of
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albumin is chromatographically separated from unmodified albumin by anion

exchange HPLC (Fig. 5.8). The different susceptibilities of albumin-Cys34-

S-S-Cys and albumin-Cys34-SH to the modification by Hcy-thiolactone are

consistent with a structural transition in albumin dependent on the status of the

Cys34 residue [324].

The reactions of albumin-Cys34-S-S-Cys and albumin-Cys34-SH with

Hcy-thiolactone yield two different primary products, N-(Hcy-SH)-albumin-

Cys34-S-S-Cys (Reaction 5.3) and N-(Hcy-SH)-albumin-Cys34-SH (Reaction 5.4),

respectively (Fig. 5.9). However, these primary products are not observed due to

fast thiol–disulfide exchange reactions that result in the formation of a single

product, N-(Hcy-S-S-Cys)-albumin-Cys34-SH (Fig. 5.9), which is observed on an

anion exchange column (Fig. 5.8).

The thiol–disulfide exchange reactions occur in trans between different

molecules of N-(Hcy-SH)-albumin-Cys34-S-S-Cys or between N-(Hcy-SH)-
albumin-Cys34-SH and albumin-Cys34-S-S-Cys. The equilibrium is strongly shifted

toward N-(Hcy-S-S-Cys)-albumin-Cys34-SH because the Cys-34 thiolate anion has

unusually low pKa of ~5 [323] and thus is more thermodynamically stable that Hcy

thiolate anion (pKa of ~10) [191, 192]. The low pKa of the Cys-34 thiolate also

makes the thiol–disulfide exchange of N-(Hcy-SH)-albumin-Cys34-SH with

albumin-Cys34-S-S-Cys thermodynamically more favored than with cystine.
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Fig. 5.7 Structures of the different forms of human serum albumin. Reproduced from [96]
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The formation of a mixed disulfide bond between Cys and N-linked Hcy induces

substantial structural changes that lead to increased sensitivity of N-(Hcy-S-S-Cys)-
albumin-Cys34-SH, compared with N-(Hcy-SH)-albumin-Cys34-SH, to proteolysis

by trypsin or chymotrypsin [96].

Other plasma N-Hcy-proteins also undergo facile thiol–disulfide exchange with

albumin-Cys34-S-S-Cys. For example, when equimolar amounts of N-Hcy-trans-
ferrin and albumin-Cys34-S-S-Cys are incubated together, albumin-Cys34-S-S-Cys

is quantitatively converted to albumin-Cys34-SH (Reaction 5.5). Unmodified trans-

ferrin does not induce this reaction. N-homocysteinylated fibrinogen, antitrypsin,

hemoglobin, myoglobin, and cytochrome c, but not unmodified native proteins, also

removed cysteine from the albumin-Cys34-S-S-Cys disulfide with the liberation of

albumin-Cys34-SH. The equilibrium of those reactions is strongly shifted toward

N-(Hcy-S-S-Cys)-protein and albumin-Cys34-SH [96].
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Fig. 5.8 Anion exchange HPLC analysis of Hcy-thiolactone-modified albumin-Cys34-S-S-Cys.

Albumin-Cys34-S-S-Cys was modified with Hcy-thiolactone or [35S]Hcy-thiolactone at 37 �C and

analyzed by anion exchange HPLC. Panel (a), protein profiles after 0-h (top trace), 4-h (middle
trace), and 22-h (bottom trace) modification with Hcy-thiolactone. Panel (b) shows protein profiles

of the 10-h reaction with Hcy-thiolactone after an overnight incubation without (dotted line) and
with a twofold molar excess of cysteine (solid line). Panel (c), protein (upper panel) and 35S (lower
panel) profiles after 4 h of modification with [35S]Hcy-thiolactone (Reproduced from [96])

Hcy-thiolactone + albumin-Cys34-S-S-Cys →

→ N-(Hcy-SH)-albumin-Cys34-S-S-Cys ↔ N-(Hcy-S-S-Cys)-albumin-Cys34-SH

Reaction 5.3 Mechanism of N-homocysteinylation of albumin-Cys34-S-S-Cys

Hcy-thiolactone + albumin-Cys34-

N-Hcy-SH-albumin-Cys34-SH + albumin-Cys34 -S-S-Cys ↔

↔ N-(Hcy-S-S-Cys)-albumin-Cys34-SH + albumin-Cys34-SH

-SH → N-(Hcy-SH)-albumin-Cys34-SH

(b)

(a)

Reaction 5.4 Mechanism of N-homocysteinylation of mercaptoalbumin (albumin-Cys34-SH)
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Of the seven lysine residues of human albumin (Lys4, Lys12, Lys137, Lys159, Lys205,

Lys212, and Lys525) identified as targets for N-homocysteinylation by Hcy-thiolactone

in vitro, Lys525 is a predominant site of N-homocysteinylation, while Lys137 and Lys212

are minor sites, both in vitro and in vivo (Fig. 5.2) [212, 213]. Taken together, these

results provide evidence for a novel form of albumin, N-(Hcy-S-S-Cys)-albumin-

Cys34-SH (Figs. 5.7 and 5.9), and suggest that a disulfide at Cys34, a conserved residue

in albumins from various organisms, promotes the conversion ofN-(Hcy-SH)-albumin-

Cys34-SH to a more proteolytically sensitive form N-(Hcy-S-S-Cys)-albumin-Cys34-

SH, which would facilitate clearance of the N-homocysteinylated form of

mercaptoalbumin. These data also suggest that, by rendering Cys34 reduced, N-
homocysteinylation prevents the structural transition in albumin dependent on the

status of the conserved Cys34 residue (Fig. 5.9).

N-Hcy-albumin becomes more susceptible than native albumin to aggregation

[78] and oxidative damage by hydrogen peroxide [96]. Exposure to N-Hcy-albumin

increases monocyte adhesion to the endothelial monolayers in a co-culture model

[169]. Unmodified albumin does not have any effect on monocyte adhesion. The

increased adhesion is observed only when N-Hcy-albumin is used at concentration

observed in hyperhomocysteinemic subjects, but not when the concentration

corresponds to that observed in normal individuals. The increased cell adhesion is

accompanied by upregulation of genes involved in the inflammatory response

(ICAM-1, VCAM-1) and vascular remodeling (ADAM17, MCP1, Hsp60) in both

endothelial cells and monocytes. N-Hcy-albumin also induces release of Tnf-α from
endothelial cells to the medium. As these responses are observed at relatively low

concentration of N-Hcy-albumin, these findings suggest that N-Hcy-protein rather
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+ Hcy-thiolactone

S-S-Cys

SHH2N

H2N

Hcy-SH

SHHN
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SHHN

Hcy-S-S-Cys
+ Hcy-thiolactone Lys525Lys525

Lys525 Lys525
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Cys34

Cys34

Cys34

Cys34

Cys34

Fig. 5.9 N-Homocysteinylation of Lys525 prevents the structural transition in albumin dependent

on the status of the conserved Cys34 residue (Reproduced from [69])

N-Hcy-SH-transferrin + albumin-Cys34-S-S-Cys ↔

↔ N-(Hcy-S-S-Cys)-transferrin + albumin-Cys34-SH

Reaction 5.5 Thiol–disulfide exchange between N-Hcy-transferrin and albumin-Cys34-S-S-Cys.

Similar reactions occur with other N-Hcy-proteins, such as N-Hcy-fibrinogen, N-Hcy-antitrypsin,
N-Hcy-hemoglobin, N-Hcy-myoglobin, and N-Hcy-cytochrome c
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than Hcy itself induces cellular responses leading to chronic upregulation of

inflammatory chemokines/cytokines, which are involved in atherosclerotic lesion

formation [169].

5.4.1.2 N-Hcy-Cytochrome c

Studies of the modification of cytochrome c by Hcy-thiolactone provide a paradigm
illustrating how the function of a heme-containing protein can be affected by N-
homocysteinylation [298]. Four lysine residues of cytochrome c, Lys8 or 13, Lys86
or 87, Lys99 and Lys100, are preferential sites for the modification by Hcy-

thiolactone in vitro. N-homocysteinylation of ferricytochrome c results in its con-

version to a ferrous form, which is manifested as a change in the color of the

solution from red to green. Experimental data are consistent with the following

mechanism (Fig. 5.10). Reaction of Hcy-thiolactone with any of the four suscepti-

ble lysine residues of ferricytochrome c affords N-(Hcy-SH)-Cyt c(Fe+3). The heme

iron in the product undergoes reduction by the thiolate of N-linked Hcy to afford

modified ferrocytochrome c, N-(Hcy-S∙)-Cyt c(Fe+2). The reduction occurs in trans
between different molecules of N-(Hcy-SH)-Cyt c(Fe+3) and can also occur with

other N-Hcy-proteins. For example, a similar reduction of heme-Fe+3 was also

observed during incubation of ferricytochrome c with N-(Hcy-SH)-albumin [298].

An intramolecular reduction is unlikely, because the sites of N-homocysteinylation

are located too far from the heme iron. Dimerization of the thiyl radicals in different

molecules of the modified ferrocytochrome c, N-(Hcy-S∙)-Cyt c(Fe+2), leads to the

Fig. 5.10 N-Homocysteinylation of cytochrome c renders it reduced and leads to oligomerization.

Left panel: Schematic illustration of the mechanism of the modification of cytochrome cwith Hcy-
thiolactone. Oxidized and reduced forms of cytochrome c are shown as red and green ovals,
respectively. Right panel: SDS-PAGE analysis of N-Hcy-cytochrome c oligomers on 4–20 % gels.

Bovine cytochrome c (10 mg/mL) was modified for 24 h at 25 �C with 30 μM (lane 1), 600 μM
(lane 2), and 2.5 mM (lane 3) [35S]Hcy thiolactone. The samples were denatured in the absence of

2-mercaptoethanol and subjected to SDS-PAGE. An autoradiogram of the gel is shown. The

patterns of 35S-labeled bands are identical to the patterns of red cytochrome c bands (not shown).
Unmodified cytochrome c migrates as a single band (not shown). Numbers from 1 to 7 next to the

bands indicate cytochrome c monomers, dimers, trimers, etc., respectively, as determined by

comparison with migration of protein molecular mass standards (Reproduced from [78] and [298])
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formation of multimeric forms of N-Hcy-cytochrome c (Fig. 5.10) that are observed
on nonreducing SDS-PAGE gels [78]. Multimers of N-Hcy-cytochrome c can also

be separated by capillary electrophoresis [325]. Furthermore, N-Hcy-cytochrome c
becomes more resistant than the native cytochrome c to proteolytic degradation.

Thus, N-homocysteinylation of susceptible lysine residues in cytochrome c has

important structural and functional consequences, manifested by increased resis-

tance to proteolysis and change in iron redox state. A thiol of the N-linked Hcy

introduced by N-homocysteinylation changes the redox state of the heme ligand of

cytochrome c by rendering it reduced (Fig. 5.10) [298].

5.4.2 N-Hcy-Fibrinogen and Fibrin Clot Properties

In vitro studies show that the modification by Hcy-thiolactone interferes with the

function of fibrinogen, a major blood clotting protein. Fibrinogen is a dimer of three

polypeptides, Aα, Bβ, Cγ, linked by 29 disulfide bonds. During coagulation fibrin-

ogen is converted to an insoluble fibrin by thrombin-catalyzed removal of

fibrinopeptides from the Aα and Bβ chains. Although fibrinogen does not have a

free thiol, and thus cannot bind Hcy by a disulfide linkage, the protein is known to

be susceptible to N-homocysteinylation by Hcy-thiolactone in vitro (Table 3.3) [78,

139] and, like other circulating proteins, carry N-linked Hcy in vivo in the human

blood (Tables 5.4 and 5.5) [79].

Because lysine residues are important for the binding of fibrinolytic enzymes to

fibrin, their modification by Hcy-thiolactone is likely to impair fibrinolysis and lead

to increased thrombogenesis. Indeed, fibrin clots formed from in vitro-prepared N-
Hcy-fibrinogen have more compact structure and lyse slower than clots from

unmodified control fibrinogen [175]. For example, the half lysis time of the clots

formed from N-Hcy-fibrinogen is significantly increased, compared to the clots

formed from the control fibrinogen (15.5 � 3.5 min vs. 11.7 � 2.1 min,

P < 0.001). The decreased susceptibility to lysis is caused by less efficient activa-

tion of plasminogen on clots formed from N-Hcy-fibrinogen. Although tPA binding

is increased, the binding of plasminogen to N-Hcy-fibrin is not affected relative to

control fibrin [175]. In addition, N-Hcy-fibrinogen acquires the ability to form

disulfide-linked complexes with albumin. However, fibrin clots generated from

albumin-containing complexes of N-Hcy-fibrinogen have half lysis time not

different from those for clots from N-Hcy-fibrinogen [326].

The in vitro prothrombotic effects of N-Hcy-fibrinogen are similar to the

prothrombotic effects of fibrinogen mutations in humans, which introduce a cyste-

ine thiol group, e.g., Aα Arg16 ! Cys, Arg554 ! Cys, Ser532 ! Cys; Bβ Arg14
! Cys, Arg44 ! Cys, Arg255 ! Cys; and Cγ Arg275 ! Cys, Tyr354 ! Cys

[327–330] (human fibrinogen database is available at http://www.geht.org).

Confocal microscopy of fibrin clots formed from in vitro-prepared N-Hcy-
fibrinogen demonstrates a denser structure with increased branching compared to

control [331]. Consistent with their denser clot structure, lysis of fibrin clots formed
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from N-Hcy-fibrinogen is 1.3 times slower compared to control fibrin. Fibrinogen

purified from human plasma obtained from patients with hyperhomocysteinemia

has higher content of N-linked Hcy compared to fibrinogen from control subjects.

The purified fibrinogen with high in vivo N-linked Hcy content (2.38 μM) produces

fibrin clots with a denser structure and a 1.2-fold longer lysis time, compared with

fibrin clots with low in vivo N-linked Hcy content (0.34 μM) [331].

Plasma levels of the prothrombotic N-Hcy-fibrinogen are elevated up to tenfold in
CBS-deficient patients (Table 5.10) [115] who are known to be prone to

atherothrombosis [46]. Mass spectrometric analyses identify three lysine residues

that carry N-linked Hcy in fibrinogen isolated from CBS-deficient patients, one in

each subunit: Lys562 in α-subunit, Lys344 in β-subunit, and Lys385 in γ-subunit
(Fig. 5.3) [215]. These three in vivo N-homocysteinylation sites are also predominant

sites for fibrinogen N-homocysteinylation in vitro. The α-subunit Lys562 site of

N-homocysteinylation is located in an unstructured region of the αC domain known

to be involved in tPA and plasminogen binding (α392-610), which can explain

abnormal characteristics of clots formed from N-Hcy-fibrinogen [175].

N-Hcy-Lys562 is close to the sites of two mutations Ser532->Cys and Arg554-Cys

that are associated with thrombosis [328, 329]. Thus, it is likely that at least

N-Hcy-Lys562 contributes to prothrombotic properties of N-Hcy-fibrinogen in

CBS-deficient patients. Taken together, these findings suggest that fibrinogen

N-homocysteinylation contributes to the pro-coagulant phenotype observed in

hyperhomocysteinemic patients.

5.4.3 N-Homocysteinylation and LDL Function

Low-density lipoprotein, the major cholesterol transport protein in plasma, enters

cells by binding to specific surface receptors that mediate its cellular uptake and

transport to lysosomes [332]. Lysine residues are involved in the LDL receptor

interaction [333]. LDL is susceptible to N-homocysteinylation by Hcy-thiolactone

in vitro [78, 139] and native LDL carries small amounts of N-linked Hcy in the

circulation (Tables 5.4 and 5.5) [79].

Chemical modification of 15–20 % of the lysine residues of LDL by

carbamylation with cyanate or by acetoacetylation with diketene prevents the

LDL from competitively displacing unmodified 125I-LDL from the high-affinity

Table 5.10 Plasma N-Hcy-fibrinogen, total fibrinogen, and the ratio of N-Hcy-fibrinogen/total
fibrinogen in CBS-deficient patients and unaffected individuals (Data from [115])

Genotype (n)
N-Hcy-fibrinogen
(nM)

Total fibrinogen

(μM)

N-Hcy-fibrinogen/total
fibrinogen (%)

CBS+/+ (7) 35.8 � 14.3 6.56 � 1.98 0.61 � 0.21

CBS�/�a (27) 72.5 � 58.1* 6.95 � 1.65# 1.00 � 0.64*

CBS�/�a, noncompliant (1) 314.8 8.30 3.78
aCBS�/� patients were on an Hcy-lowering therapy
*P ¼ 0.01
#P = 0.32 for CBS�/� vs. CBS+/+
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receptor sites or from directly binding to the receptor [334]. N-Hcy-LDL
containing from 5 to 50 N-Hcy residues per protein molecule can be prepared

by incubation with Hcy-thiolactone [335]. At modification level of >9 N-Hcy
residues per LDL molecule (>2.5 % lysine residues modified), some aggregation

occurs, but is reversed by DTT, suggesting that it is caused by disulfide bond

formation. At 8 N-Hcy residues per LDL molecule, N-Hcy-LDL exhibited the

same mobility on paper electrophoresis, gel filtration elution pattern, and particle

size (20 nm) as native LDL. At this extent of modification, the affinity of N-
Hcy-LDL for LDL receptors and subsequent internalization by L2C lymphocytes

is identical to that of native LDL.

Higher extent of N-homocysteinylation causes increase in density, faster elec-

trophoretic mobility, and aggregation and precipitation of N-Hcy-LDL [336]. Such

highly modified N-Hcy-LDL is taken up and degraded faster than native LDL and

causes increased cholesterol accumulation in human macrophages. Degradation of

N-Hcy-LDL and native LDL by macrophages is inhibited 75.6 % and 11.4 %,

respectively, by cytochalasin B, suggesting increased uptake of aggregated N-Hcy-
LDL by phagocytosis. Highly modified N-Hcy-LDL, containing about 90 N-Hcy
residues per LDL molecule (25 % lysine residues modified), exhibits decreased

binding, internalization, and degradation by normal human fibroblasts.

A more recent study shows that N-Hcy-LDL containing about 25 N-Hcy residues
per LDL molecule has fluorescence characteristics and levels of lipid

hydroperoxides similar to those of native LDL, suggesting that N-homocystei-

nylation does not significantly affect its structure and does not cause oxidative

damage [170]. Treatment with N-Hcy-LDL, but not with native LDL, induces

significant increase in the levels of hydroperoxides in human aortic endothelial

cells, suggesting that N-Hcy-LDL induces oxidative damage in these cells. At the

same time, a significant decrease in cell viability in N-Hcy-LDL-treated cells, but

not in native LDL-treated cells, is observed [170]. Furthermore, incubation of

endothelial cells with N-Hcy-LDL causes a significant increase in cytoplasmic

calcium levels and peroxynitrite production and a decrease in Na+/K+-ATPase and

nitric oxide production in these cells, compared with cell incubated with control

LDL. In addition, a positive correlation is observed between Na+/K+-ATPase activ-

ity and cytoplasmic Ca2+ content and between peroxynitrite activity and cytoplas-

mic Ca2+ content. These findings show that N-Hcy-LDL induces alterations in

functional properties and nitric acid metabolism of human endothelial cells [337].

5.4.4 N-Homocysteinylation and HDL Function

High-density lipoprotein plays a central role in reverse cholesterol transport and has

anti-inflammatory and antioxidant properties. These activities are responsible for

atheroprotective roles of HDL. In addition to lipids, HDL contains ApoA1 as amajor

protein component and Hcy-thiolactonase/PON1 as a minor protein component.

Human HDL carries small amounts of N-linked Hcy (Tables 5.4 and 5.5) [79, 303]

and is susceptible to N-homocysteinylation by Hcy-thiolactone in vitro [320].
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Under physiological conditions in vivo, one or two lysine residues, out of the 21

lysine residues present in ApoA1 are N-homocysteinylated [303]. In vitro, however,

5 or 6 lysine residues can be N-homocysteinylated using high concentrations of

Hcy-thiolactone. The susceptibility of HDL to N-homocysteinylation by Hcy-

thiolactone in vitro is negatively correlated with the paraoxonase activity [320]

(which reflects the native Hcy-thiolactonase activity of PON1). Similar protection

against N-homocysteinylation by high activity of Hcy-thiolactonase/PON1 is

observed for total serum protein not only in vitro but also in vivo in humans

[152, 250].

N-Homocysteinylation causes an increase in the intensity and a blue shift of the

intrinsic Trp fluorescence of HDL [320]. Similar changes are observed in the

external fluorescent lipophilic probe Lourdan that binds at the lipid–water interface

of HDL. This indicates that N-homocysteinylation induces structural changes in the

environment of Trp residues as well as in the Lourdan binding site of HDL [320].

N-Hcy HDL has a significantly decreased paraoxonase activity relative to native

untreated HDL. These results indicate that the modification by Hcy-thiolactone

affects structure and function of HDL.

5.4.5 N-Homocysteinylation Induces Protein Aggregation
and Amyloidal Conversion

Early studies of protein modification by Hcy-thiolactone have shown that N-Hcy-
proteins have a tendency to aggregate and precipitate from solutions [78]. Some

proteins, such as RNaseA, trypsin, and cytochrome c, aggregate and precipitate

when the extent of N-homocysteinylation is low, 1–2 mol N-Hcy/mol protein

(Fig. 5.11). Other proteins, such as fibrinogen, albumin, IgG, and transferrin, are

fully soluble even when the extent of N-homocysteinylation is as high as 20 mol N-
Hcy/mol protein but eventually begin to precipitate when the extent of modification

is higher. Other proteins, such as hemoglobin and myoglobin, exhibited intermedi-

ate sensitivity to N-homocysteinylation (Fig. 5.11). Subsequent studies have shown

that protein aggregation elicited by N-homocysteinylation involves amyloid

conversion even in proteins with mostly helical structures, such as albumin.

5.4.5.1 N-Hcy-Albumin

Serum albumin is an inherently stable globular protein with mostly α-helical
structure. Incubation of albumin in diluted solutions for several weeks at 37 �C
does not lead to protein aggregation. However, incubation over extended periods of

time (7 days or longer) of serum albumin modified with Hcy-thiolactone confers on

the protein the ability to bind thioflavin T which induces fluorescence (a positive

test for the presence of β-sheet structures characteristic of amyloids). This reveals
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the propensity of N-Hcy-albumin to undergo the conversion to a structure with

amyloid-like properties [171].

The dynamic light scattering (DLS) analysis shows a predominant peak with a

radius of 3.7 nm of native albumin in the control sample, as well as a minor

peak corresponding to particles with a radius of 150–200 nm, indicating a very

low tendency of untreated albumin to aggregate. Similar analysis of the N-Hcy-
albumin sample reveals that large aggregates with particle size of 170 nm are

formed during this extended incubation and that a peak with a radius of 3.7 nm

of native albumin is absent. Control experiments show that incubation in the

presence of 10 mM Hcy does not lead to albumin aggregation. Thus, albumin N-
homocysteinylation induces mild conformational changes leading to the forma-

tion of native-like aggregates, which evolve over time to amyloid-like structures.

These aggregates are toxic to cells [171].

Other experiments show that N-Hcy-albumin serves as a seed and induces

aggregation of native albumin. This is demonstrated by “seeding” experiments in

which a small volume of N-Hcy-albumin solution containing aggregates (72 nm

in radius) is added to a large volume of native albumin solution (Fig. 5.12).

After 18-day incubation the DLS analyses reveal large aggregates with a radius

of 500 nm, while native albumin molecules with a radius of 3.7 nm are absent

(Fig. 5.12, panel d). In contrast, the control sample seeded with untreated

Fig. 5.11 N-
homocysteinylation affects

protein solubility. Proteins are

modified with [35S]Hcy-

thiolactone to achieve

indicated extents of N-
homocysteinylation. The

soluble and insoluble protein

fractions are separated by

high-speed

microcentrifugation.

Relationships between

protein N-linked Hcy content

solubility are shown for: (a)

fibrinogen (filled square),
albumin (open square),
γ-globulin (filled circle), and
trypsin (filled diamond); (b),
transferrin (filled square),
hemoglobin (open square),
myoglobin (filled circle),
cytochrome c (open
diamond), and RNase A

(filled diamond) (Reproduced
from [78])
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albumin contains native molecules and only a small amount of large particles

(Fig. 5.12, panel b) [171].

N-Homocysteinylation initiates albumin aggregation process under physiologi-

cal-like conditions generating large protein complexes formed by native albumin

molecules that precipitate from the solution. The precipitated aggregates, but not

the soluble N-Hcy-albumin monomers, exhibit properties characteristic of amyloid

structures: they become fluorescent when treated with thioflavin T and bind Congo

red, a dye usually used to monitor the formation of amyloid structures. In circular

dichroism (CD) spectral analyses, the aggregates show a reduction of the signals at

both 208 and 222 nm, characteristic of amyloid structures. The aggregation does not

involve disulfide bond formation but hydrophobic interactions facilitated by local

protein unfolding. The early aggregates are cytotoxic and induce apoptosis in

cultured mammalian cells. Furthermore, early aggregates of N-Hcy-albumin can
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Fig. 5.12 Seeding experiment: N-Hcy-albumin induces aggregation of native unmodified albu-

min. The aggregation state of sample was monitored by DLS. A sample of untreated albumin

(900 μL) is seeded with N-Hcy-albumin (100 μL). Untreated albumin is used as a control. Samples

are incubated at 37 �C. Time 0: control experiment (a), seeded sample (c). After 18 days: control

experiment (b), seeded sample (d) (Reproduced from [171])
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act as a seed, stimulating the conversion of native albumin to molecular forms with

greater propensity to aggregate [171].

Atomic force microscopy and transmission electron microscopy analyses show

that aggregated N-Hcy-albumin undergoes time-dependent structural reorganiza-

tion. After 7 days, N-Hcy-albumin aggregates show no specific morphology and the

absence of well-ordered structures [171]. However, after longer time (30 days) the

aggregates show the presence of curly protofibrils and circular structures similar to

amyloid pores (Fig. 5.13).

Importantly, the levels of protein N-homocysteinylation that induce aggregation

and toxicity are close to those observed in albumin from patients with hyperhomo-

cysteinemia due to CBS deficiency [338]. Taken together, these findings identify a

mechanism that may explain the role of Hcy in neurological abnormalities observed

in CBS- [46] orMTHFR-deficient patients [339], as well as in cognitive impairment

and Alzheimer’s disease in the general population [56].

Fig. 5.13 Atomic force microscopy images of 30-day-old albumin samples. Control albumin (a),

N-Hcy-albumin (b), N-Hcy-albumin diluted 50-fold with bidistilled water (c), zoom of (c) on an

annular shape of protein aggregates (d). Image size of (a)–(c) is 2 μm � 2 μm; the scale bar

represents 50 nm. Color scale range of (a) 9 nm, (b) 40 nm, and (c) 9.7 nm. Image size of (d),

185 nm � 185 nm. The scale bar represents 40 nm. Line profile (e) of the annular aggregate

shown in (d); the height of the protein aggregate is about 2 nm, and the diameter of the annular

aggregate is 54 nm (Reproduced from [171])
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5.4.5.2 N-Hcy-Insulin

Insulin, a glucose-regulating polypeptide hormone, is composed of two polypeptide

chains of 21 and 30 amino acid residues linked together by two interchain disulfide

bonds. It is associated with diabetes and is known to form amyloid fibrils. The

fibrillation of insulin, induced by elevated temperature, low pH, organic solvents, or

sheer stress, is a serious biomedical problem.

Early studies have shown N-homocysteinylation of amino groups of insulin

impairs its biological function, while methionylation or leucylation does not

[340]. For example, treatment with N-acetyl-Hcy-thiolactone at pH 8.0, 25 �C for

24 h, results in incorporation of 1.7 moles of N-acetyl-Hcy residues per mol insulin.

Anion exchange chromatography on a DEAE-cellulose column separates N-acetyl-
Hcy-insulin (containing two moles of N-acetyl-Hcy residues per mol) from the

unmodified protein. The modified insulin loses its activity in the mouse-convulsion

test and does not compete with native insulin in the binding to anti-insulin antise-

rum [340]. These effects suggest that N-homocysteinylation causes profound

changes in the insulin structure. In contrast, when methionyl groups (2.5 mol/mol

insulin) are introduced on the free amino groups of insulin, the methionylated

insulin retains >50 % of its original activity. Similarly, little impairment do

biological activity is observed when leucine residues are introduced on the amino

groups of insulin. The results obtained with N-acetyl-Hcy-thiolactone suggest that
insulin might be prone to inactivation by a more physiologically relevant reaction

with Hcy-thiolactone.

Recent studies show that N-homocysteinylation with Hcy-thiolactone induces

gross structural alterations and aggregation of insulin in a dose-dependent manner

[341]. For example, incubation of insulin (350 μM) with Hcy-thiolactone (200 μM)

at pH 7.4, 37 �C for 24–144 h, accelerates unfolding, which is accompanied by

structural transition from α-helical to β-sheet structures, as revealed by CD spec-

troscopy [342]. This structural transition is manifested by reduction in the intrinsic

tyrosine fluorescence, suggesting a more polar environment of Tyr residues in N-
Hcy-insulin. Increases in 1-anilino-8-naphthalene sulfonate and thioflavin T fluo-

rescence are also observed, indicating greater exposure of hydrophobic surfaces and

formation of amyloid fibrils, respectively, in N-Hcy-insulin. Unfolding of insulin

following N-homocysteinylation is accompanied by the transition from α-helix to

β-sheet structures and exposure of insulin hydrophobic surfaces to the aqueous

environment that leads to the formation of insulin fibrils. These N-Hcy-insulin
fibrils have been shown to be toxic to cultured cancer cells [342].

Although the sites of N-homocysteinylation in N-Hcy-insulin are not known, a

single lysine residue at position 29 in β-chain and N-terminal β-Phe1 and α-Gly1
residues are likely candidates. Consistent with this suggestion, N-terminal β-Phe1
and α-Gly1 residues are found to be the sites of the modification by glucose in

human insulin [343], and the principal sites of glycation are found to be located in

the β-chain of bovine insulin in peptides β1-13 and β22-30 generated by

endoproteinase Glu C digestion [344].
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5.4.5.3 N-Hcy-Prion

Misfolding of the natively α-helical prion protein (PrPC) into a β-sheet-rich isoform
(PrPSc) and the formation of amyloid aggregates are believed to be the causes of

neurodegenerative diseases such as scrapie in sheep, bovine spongiform encepha-

lopathy, and hereditary Creutzfeldt–Jakob disease and Gerstmann–Straeus-

sler–Scheinker-like syndrome in humans. The form of disease is determined by

two prion types, which differ in their stabilities against denaturing agents, have

different proteinase K cleavage sites, and form different prion aggregate deposits

[345]. Multiple factors, including genetic variation, physicochemical environment,

and posttranslational modifications (such as glycation) [346] determine the propen-

sity of PrPC to form aggregates.

A recent study suggests that N-homocysteinylation contributes to the conversion

of PrPC to PrPSc [347]. Incubation of ovine PrPC with Hcy-thiolactone leads to N-
homocysteinylation of the residues Lys197 and Lys207 and the formation of prion

multimers, detected on nonreducing SDS-PAGE gels. The DLS measurements

reveal large N-Hcy-PrPSc aggregates that enhance thioflavin T fluorescence and

are resistant to proteinase K digestion. Epifluorescence microscopy in the presence

of thioflavin T shows that these aggregates have cluster-like structure. Infrared

spectroscopy reveals increased content of β-sheet structures in N-Hcy-PrPSc relative
to unmodified PrPC. Taken together, these findings show that N-homocysteinylation

accelerates amyloid-like transformation of PrPC [347].

5.4.5.4 N-Hcy-Amyloid β-Peptide

Genetic hyperhomocysteinemia causes neurological abnormalities in humans,

manifested by seizures and mental retardation [20]. In a general population, ele-

vated plasma Hcy level is associated with neurodegenerative diseases such as

dementia and Alzheimer’s disease [56].

Amyloid β-peptide (Aβ) is a normal product of cellular metabolism, and

aggregation of Aβ plays central role in mediating neurotoxicity in Alzheimer’s

disease. Aβ is natively unfolded in the monomeric state. In vitro modification of

Aβ1–42 with Hcy-thiolactone decreases its propensity to form amyloid fibrils

[348]. CD spectroscopy reveals attenuated changes in the signal at 218 nm

obtained with N-Hcy-Aβ1–42, suggesting that N-homocysteinylation inhibits

β-sheet formation. N-Hcy-Aβ1–42 becomes more toxic and induces cell death in

PC12 cells to a greater extent than unmodified Aβ1–42 does. These data suggest

that the diminished propensity of N-Hcy-Aβ1–42 to form β-sheet structures

decreases oligomer elongation and fibril formation and leads to new protofibrils

with low self-assembly and high toxicity [348].
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5.4.5.5 N-Hcy-Tau

Tau, an essential component of neuronal cytoskeleton, binds and stabilizes micro-

tubule proteins (MTP), regulates nucleation and assembly of tubuli, is important for

neuronal integrity, and plays a role in Alzheimer’s disease. The MTP network is

highly dynamic and regulates cell division and intracellular transport [349]. Tau

exists in six alternatively spliced isoforms. Highly conserved 31 amino acid repeats

in the C-terminal domain of the tau protein constitute the MTP binding region of tau

[350]. The C-terminal domain of tau contains three or four (3R and 4R) contiguous

microtubule-binding repeats. Tau isoform 4R stabilizes MTP more efficiently than

3R and is overexpressed in Alzheimer’s disease [351]. The positively charged

lysine residues in the MTB binding regions of tau interact with the negative C

terminus of tubulin in a sequence-specific fashion [352].

Interactions of N-Hcy-tau containing 1.6, 7.2, and 25.2 mol N-Hcy/mol protein

with MTP and tubulin were studied by ultracentrifugation and SDS-PAGE analyses

[353]. After ultracentrifugation of mixtures containing MTP and N-Hcy-tau or

control unmodified tau, N-Hcy-tau is found predominantly in the supernatant,

while control tau is found in the pellet. The extent of tau binding to MTP is

inversely related to the extent of tau N-homocysteinylation. These results suggest

that N-homocysteinylation reduces tau’s affinity for the MTP.

In addition to binding to MTP, tau regulates nucleation and assembly of tubulin.

Tau increases the rate of MTP elongation by decreasing tubulin dissociation during

assembly. This lowers the critical concentration for elongation. In the presence of

N-Hcy-tau, critical concentration of tubulin increases from 1.95 � 0.18 μM to

2.42 � 0.31 μM. Thus, N-Hcy-tau fails to decrease tubulin dissociation, and the

extent of tubulin assembly is reduced as the extent of tau N-homocysteinylation

increases [353].

5.4.5.6 N-Hcy-Caseins

Bovine α(S1)-, β-, and κ-caseins are intrinsically unstructured proteins with differ-

ent aggregation and micelle formation propensities. Collectively, the caseins make

up about 80 % of the total milk protein (30–35 g/L). The caseins can coagulate into

curds and separate from other proteins, mostly lactoglobulins, which remain soluble

at 3 g/L in the whey. The milk protein carries small amounts of N-linked Hcy:

1.09 � 0.01 μM in total milk (which also contains 3.45 � 0.25 μM tHcy) and

1.51 � 0.34 μM in whey (which also contains 5.4 � 2.5 μM tHcy) [297].

The modification of individual caseins with Hcy-thiolactone generates proteins

containing 1.5, 2.1, and 1.3 N-linked Hcy residues per one β-, α(S1)-, and κ-casein
molecule, respectively [354]. Studies of the fluorescence of Trp residues, thioflavin

T, and 1-anilino-8-naphthalene sulfonate, as well as CD spectroscopy studies, show

that N-homocysteinylation causes increase in β-sheet structures. Furthermore,

N-Hcy-caseins acquire increased propensity to aggregate. The sizes of aggregates
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and aggregation rates depend on the extent of N-homocysteinylation and tempera-

ture. The DLS and microscopic studies reveal the formation of large aggregates of

N-Hcy-caseins (1–3 μm). N-Homocysteinylation of α(S1)- and β-caseins results in
the formation of regular spheres, whereas N-homocysteinylated κ-casein forms thin

unbranched fibrils about 400–800 nm long. Amyloid character of N-Hcy-κ-casein
fibrils is further confirmed by the changes in Congo red spectra. These data indicate

that N-homocysteinylation of intrinsically unstructured proteins restricts their

structure to the β-sheet conformation, which facilitates amyloidal transformation

of native caseins structures [354].

5.4.5.7 N-Hcy-Crystallin

Preponderance of evidence indicates that hyperhomocysteinemia is often

associated with various diseases of the eye. For example, in humans one of the

manifestations of severe hyperhomocysteinemia due to CBS deficiency is the

dislocated optic lens, ectopia lentis [46]. However, the molecular basis of pathology

of the visual system induced by elevated Hcy is not known. Lens protein

modifications are often underlying problems, becoming more prevalent with age.

Thus, it is likely that lens protein modification by N-homocysteinylation might

contribute to pathological consequences of hyperhomocysteinemia affecting the

eye. Indeed, bovine α-crystallin, a major component of lens protein pool, is known

to be susceptible to N-homocysteinylation in vitro (Table 3.3) [78] and to carry a

small amount of N-linked Hcy in vivo (Table 5.4) [297]. The molecular

consequences of bovine lens protein N-homocysteinylation have been examined

in a recent study using spectroscopic techniques, SDS-PAGE, and Western blot

analysis [355]. Similar to other proteins [78], N-homocysteinylation induces lens

protein aggregation, which, if it were to occur in the eye, would cause vision

problems. Lens protein aggregates undergo fibrillation, which is detected by

increases in Congo red absorption and thioflavin T fluorescence. SDS-PAGE and

Western blotting of N-homocysteinylated lens proteins show that essentially all

detectable eye lens crystallins become prone to aggregation after the modification,

with N-Hcy-α-crystallin comprising the major portion of lens protein aggregate.

These findings suggest that lens protein N-homocysteinylation is a possible mecha-

nism accounting for the association of hyperhomocysteinemia with impairments of

the visual system [355].

5.4.5.8 N-Hcy-Dynein

Folate deficiency markedly affects hippocampal cell proliferation, migration,

differentiation, survival, vesicular transport, and synaptic plasticity [299]. This

occurs through alterations in signaling, impaired expression of proteins involved

in elongation and stabilization of axons and dendrites, defect in cell polarity and
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trafficking, and increased N-homocysteinylation of key proteins important for

synapse formation, function, and plasticity.

Kinesin and dynein are motor proteins involved in vesicular transport along the

microtubules from one part of neuronal cell to another. In rat hippocampal neuronal

cells cultured in folate-deficient medium that induces hyperhomocysteinemia,

kinesin and dynein become N-homocysteinylated, which leads to protein aggrega-

tion and reduced interaction with tubulin [299]. The colocalization of Hcy with

kinesin and dynein and the occurrence of cellular protein aggregates are

demonstrated by immunohistochemistry using antibodies against kinesin, tubulin,

and Hcy-glutaraldehyde-BSA conjugates. These interactions are also confirmed by

immunoprecipitation and Western blotting and quantified by the proximity ligation

assay in which a pair of oligonucleotide-labeled secondary antibodies generates a

signal only when the two probes are bound in close proximity. The signal from each

interacting pair is visualized as an individual fluorescent dot; the number of dots is

quantified by counting and assigned to a specific subcellular location on micros-

copy images. The proximity ligation assay shows that N-homocysteinylation of

kinesin and dynein increases 29- and 37-fold, respectively, in the folate-deficient

cells, compared with folate-replete cells. At the same time the interactions of

kinesin and dynein with tubulin decrease 3.2- and 3.6-fold, respectively, in the

folate-deficient cells. Similar changes occur when the rat neuronal cells are treated

with Hcy-thiolactone, supporting a conclusion that N-homocysteinylation of

kinesin and dynein causes aggregation and prevents their interactions with tubulin.

LC–MS/MS analyses identify Lys1218 residue in dynein as being N-homo-

cysteinylated [299].

5.5 Quantification of N-Hcy-Protein

The discovery that N-Hcy-protein is formed biologically in living cells relied on the

use of radiolabeled [35S]methionine and [35S]homocysteine as precursors [73, 74].

In those experiments confluent cultures of human cells in 3.5-cm dishes are labeled

for 24–48 h with 0.1 mCi/mL [35S]methionine or [35S]homocysteine (5–100 μM) in

methionine-free medium supplemented with fetal bovine serum and other

requirements. Streptomycin is not used in these experiments because it reacts

with Hcy-thiolactone (Table 3.4) [74]. Extracellular and cellular proteins are

treated with DTT to remove free and disulfide-linked Hcy. Covalently incorporated

[35S]Hcy and [35S]Met are released from the radiolabeled protein by hydrolysis

with 6 N HCl, 25 mM DTT (1 h, 120 �C); under these conditions protein N-linked
Hcy is converted to [35S]Hcy-thiolactone [139]. [35S]Hcy-thiolactone is separated

from [35S]Met by two-dimensional TLC on 5 cm � 4 cm cellulose or silica gel

plates using as little as 5 μL acid-hydrolyzed sample (Fig. 3.7e, f). The first-

dimension solvent is butanol/acetic acid/water (4/1/1, v/v), and the second-dimen-

sion solvent is isopropanol/ethyl acetate/water/ammonia (12/12/1/0.12, v/v). [35S]

Hcy-thiolactone is visualized by autoradiography using Kodak BioMax X-ray film
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and quantified by scintillation counting. The radiolabeling method has been used to

provide the first evidence that protein N-homocysteinylation occurs in cultured

human umbilical vein endothelial cells (Fig. 3.7) and normal human fibroblasts and

that the accumulation of N-Hcy-protein increases in CBS-deficient fibroblasts and

breast cancer cells [73, 74]. This method has also been instrumental in the demon-

stration that protein N-homocysteinylation is universal in mammalian cells and

occurs in another kingdom of life, the plants [190].

Subsequently, to facilitate studies of N-Hcy-protein in humans and experimental

animals, HPLC-based assays have been developed. Liquid chromatography/mass

spectrometry assays are now used for monitoring site-specific N-homocystei-

nylation. Immunoassays with rabbit polyclonal anti-N-Hcy-protein IgG antibodies

are also used for monitoring N-Hcy-protein. Methods are also being developed for

the detection of N-Hcy-protein by exploiting their selective reactions with

aldehydes.

5.5.1 High-Performance Liquid Chromatography Assay
with UV Detection

In the first HPLC assay developed for the determination of N-linked Hcy content in
proteins, N-Hcy-protein is subjected to acid hydrolysis under reducing conditions.

Under these conditions the liberated Hcy is converted to Hcy-thiolactone, which is

then quantified by cation exchange HPLC with UV detection [79].

The assay requires 200 μL human plasma or 10 mg protein sample. Free and

disulfide-bound Hcy are removed by treatments with 5 mM dithiothreitol (DTT) in

phosphate-buffered saline and ultrafiltration on Millipore 10-kDa cutoff devices at

4 �C (repeated six times). The completeness of the treatments is verified by assaying

Hcy in the last filtrate. Protein sample is then transferred from the ultrafiltration

device to a 1-mL glass ampoule, supplemented with DTT to 25 mM and HCl to

6 M, frozen at�80 �C, sealed under vacuum, and hydrolyzed at 120 �C for 1 h. The

hydrolysate is lyophilized, dissolved in 2 M ammonium bicarbonate, 1 M

dipotassium phosphate, supplemented with [35S]Hcy-thiolactone (18,000 cpm,

40,000 Ci/mol) as a tracer to monitor recovery. Hcy-thiolactone is extracted with

chloroform/methanol (2:1, v/v) followed by re-extraction of the organic layer with

0.1 M HCl. The acid extracts are lyophilized, taken up in water, and further purified

by two-dimensional thin-layer chromatography on cellulose or silica gel plates

(6.7 cm � 5 cm). The first dimension solvent is butanol/acetic acid/water (4/1/1,

v/v), while isopropanol/ethyl acetate/water/ammonia (12/12/1/0.12, v/v) is used as

the second-dimension solvent. The [35S]Hcy-thiolactone spot is visualized by

autoradiography using Kodak BioMax X-ray film, scraped off the plate, and Hcy-

thiolactone is eluted with cold 2 mM HCl (60 μL, on ice). Final purification and

quantification is by cation exchange HPLC on a polysulfoethylaspartamide column

(PSEA, 2.1 � 200 mm, 5 μ, 300 Å, from PolyLC, Inc.) using NaCl gradient from

5.5 Quantification of N-Hcy-Protein 95

http://dx.doi.org/10.1007/978-3-7091-1410-0_3#Fig00037_3


50 to 160 mM in 10 mM sodium monophosphate for 6-min and 3-min re-equilibra-

tion time and a flow rate of 0.5 mL/min. The effluent is monitored in UV at 240 nm,

λmax for Hcy-thiolactone [68].

Using this assay, N-linked Hcy has been discovered in individual human blood

proteins, with highest amounts found in albumin and hemoglobin. Lower amounts

of protein N-linked Hcy are found in human fibrinogen, transferrin, antitrypsin,

IgG, LDL, and HDL. N-linked Hcy is also present in albumins from other species,

including sheep, pig, rabbit, chicken, rat, and mouse. This study also demonstrated

for the first time that protein N-linked Hcy is a significant component of human

plasma. The plasma concentrations of N-Hcy-protein vary between different

individuals from 0.5 to 13 μM, which represent from 0.3 to 23 % of plasma tHcy.

Plasma N-Hcy-protein is positively correlated with plasma tHcy [79].

5.5.2 High-Performance Liquid Chromatography Assays
with Fluorescence Detection

5.5.2.1 Derivatization with OPA

The original protein N-linked Hcy assay has been modified to increase the sensitiv-

ity and allow analyses of much smaller samples [297]. The new assay requires only

5 μL plasma or 0.1 mg purified protein and uses post-column derivatization with

alkaline OPA followed by fluorescence detection.

After removal of free and disulfide-bound Hcy by treatments with DTT and

ultrafiltration on Millipore 10-kDa cutoff devices, protein is hydrolyzed with 6 M

HCl, 25 mM DTT. The hydrolysates are lyophilized, dissolved in 10 μL water

containing 20,000 cpm [35S]Hcy-thiolactone (40,000 Ci/mol) as a tracer to monitor

recovery, and the liberated Hcy-thiolactone is purified by two-dimensional TLC on

cellulose or silica gel plates (5 cm � 4 cm). The [35S]Hcy-thiolactone spot is

localized by autoradiography and scraped off the plate, and Hcy-thiolactone is

recovered by elution with 60 μL cold 2 mM HCl.

The recovered Hcy-thiolactone is quantified by HPLC on a cation exchange

PSEA column (2 mm � 35 mm) eluted isocratically with 10 mM sodium phos-

phate, pH 6.6, and 20 mM NaCl at a flow rate of 0.36 mL/min for 5 min. The

effluent is mixed in a three-way tee with 2.5 mMOPA and 0.25 M NaOH, delivered

at a flow rate of 0.18 mL/min. The mixture passes through Teflon tubing reaction

coil (0.3 mm i.d. � 3 m) and is monitored with a Jasco 1,520 fluorescence detector

using excitation at 370 nm and emission at 480 nm.

The assay is calibrated with in vitro-prepared N-Hcy-albumin standard

containing 0.027 mol N-linked Hcy/mol protein (Fig. 5.14). The sensitivity of this

assay allows detection of as little as 0.00006 mol Hcy/mol protein. With this assay,

N-linked Hcy in individual proteins was found to vary from as high as

0.470–0.515 mol/mol protein for human and equine ferritins to as low as

0.00006 mol/mol protein for chicken lysozyme. An example of HPLC
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Fig. 5.14 Determination of

protein N-linked Hcy by

cation exchange HPLC.

Protein N-linked Hcy is

converted to Hcy-thiolactone,

which is then quantified by

HPLC. (a) Hcy-thiolactone

standard (5 pmol) elutes at

3.2 min (trace 1). Analysis of

a sample prepared from 6 μM
N-[35S]Hcy-HSA standard is

illustrated by trace 2. Trace 3

is a control showing a

baseline obtained with 2 mM

HCl eluate of cellulose

scrapings from the TLC plate.

(b) Analyses of samples

prepared from ferritin

hydrolysate (20 μg) before
(trace 4) and after (trace 5)

treatment with NaOH.

Detection was by

fluorescence emission at

480 nm (excitation at 370 nm)

after post-column

derivatization with OPA.

Bottom panel: calibration line

for the N-Hcy-albumin

standard (Reproduced from

[297])
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determination of N-linked Hcy in ferritin is illustrated in Fig. 5.14b. Hemoglobins

from a variety of species (baboon, bovine, horse, pig, rat, mouse, and chicken)

contain more protein N-linked Hcy than did corresponding albumins

(0.0127–0.0828 vs. 0.0027–0.0086 mol/mol). Normal human plasma and milk

were found to contain sub-micromolar concentrations of protein N-linked Hcy,

whereas cow milk and whey contained micromolar concentrations of protein N-
linked Hcy. This assay has been extensively used in the studies of plasma and tissue

N-Hcy-protein in genetic deficiencies in folate and Hcy metabolism in humans

[115] and mice [113] as well as in studies of physiological roles of paraoxonase 1

and bleomycin hydrolase using Pon1-null [140] and Blmh-null [141] mice.

An alternative HPLC assay for protein N-linked Hcy uses tris(2-carboxyethyl)

phosphine (TCEP) for S-linked Hcy reduction and removal and on-column deriva-

tization with alkaline OPA and fluorescence detection [220]. The method’s limit of

quantification for protein N-linked Hcy is 0.25 μM. The utility of the method was

demonstrated with plasma samples from 18 subjects, in whom protein N-linked Hcy
varied from 1.6 to 3.3 μM (mean ¼ 2.52 μM) and tHcy concentrations varied from

7.7 to 134 μM.

5.5.2.2 Derivatization with 4-Fluoro-7-sulfamoyl-benzofurazan

Two other N-Hcy-protein assays rely on pre-column derivatization with other

fluorescent thiol reagents. In one assay, thiols in plasma protein are derivatized

with 4-fluoro-7-sulfamoyl-benzofurazan. The derivatized proteins are then acid-

hydrolyzed, and the liberated derivatized Hcy is quantified by C18 reversed-phase

HPLC and fluorescence detection [300]. The method was applied to 35 plasma

samples from 20 healthy adults and 15 hemodialysis patients. The mean

concentrations for control group were 0.51 � 0.11 μM for protein N-linked Hcy

and 13.9 � 5.8 μM for tHcy. In 15 hemodialysis patients, the mean concentrations

were 0.74 � 0.20 μM for protein N-linked Hcy and 47.2 � 26.1 μM for tHcy. The

peptide fraction containing protein N-linked Hcy accounts for 4.2 % of tHcy in

healthy adults and 2.0 % in hemodialysis patients.

5.5.2.3 Derivatization with 7-Fluorobenzo-2-Oxa-1,3-Diazole-4-Sulfonate

In another assay [301], plasma protein N-linked Hcy is quantified by HPLC after

sample reduction with tri-n-butyl-phosphine, gel filtration, derivatization with

ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate, and acid hydrolysis.

Using this assay, it is found that protein N-linked Hcy and S-linked Hcy in uremics

are significantly elevated relative to control subjects. The protein N-linked Hcy and
tHcy concentrations in uremic patients were 0.86 � 0.14 μM and 69.38 � 15.15

μM, respectively. After folate therapy, protein N-linked Hcy in uremic patients is

normalized to the levels observed in healthy subjects (0.40 � 0.06 μM), whereas

S-linked Hcy is lowered (to 26.01 � 3.80 μM) but remains elevated relative to

control subjects (11.35 � 1.03 μM).
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5.5.3 Immunoassays with Rabbit Polyclonal
Anti-N-Hcy-Protein Antibodies

N-Hcy-proteins were first found to be immunogenic in 1998 when anti-N-Hcy-
protein IgG antibodies were generated by immunizing rabbits with homologous

low-density lipoprotein modified with Hcy-thiolactone [356]. Similar antibodies

were subsequently prepared by immunizing rabbits with Hcy-thiolactone-modified

keyhole limpet hemocyanin (KLH) [172] and rabbit serum albumin [168].

Rabbit polyclonal anti-N-Hcy-protein antibodies, generated with rabbit serum

N-Hcy-albumin as an antigen, were used in clinical studies of plasma N-Hcy-
protein as a risk factor for coronary heart disease in a group of 254 patients and

308 controls [168]. For an N-Hcy-protein ELISA immunoassay, tested plasma is

mixed with anti-N-Hcy-protein antiserum and added to wells of microtiter plates

coated with N-Hcy-albumin. Bound antiserum is detected with anti-rabbit IgG

secondary antibody conjugated with HRP by reading A492 after reaction with

OPD solution. The plasma level of N-Hcy-protein adducts was significantly higher

in coronary heart disease patients than in controls (40.65 � 10.87 units/mL

vs. 30.58 � 10.20 units/mL, P < 0.01), with odds ratio of 7.34 (95 % confidence

interval 4.020–13.406, P < 0.01), and increased according to the number of ath-

erosclerotic coronary arteries: 35.59 � 10.34 units/mL (n ¼ 76), 41.88 � 8.83

(n ¼ 70), and 43.13 � 11.47 (n ¼ 108) in subjects with 1, 2, and 3 affected

arteries, respectively (r ¼ 0.174, P < 0.01).

Rabbit polyclonal anti-N-Hcy-protein IgG antibodies, generated with N-Hcy-
KLH as an antigen [172], are useful for the immunohistochemical detection of N-
Hcy-protein in human and mouse tissues with good sensitivity and specificity [357].

This antibody detects N-Hcy-protein in a dot blot assay with the signal depending

on the amount of the antigen, but the magnitude of the signal is protein dependent.

The rabbit anti-N-Hcy-protein IgG specifically detects Nε-Hcy-Lys epitopes in

human tissues, as shown by positive immunohistochemical staining of myocardium

and aorta samples from cardiac surgery patients, and a lack of staining when the

antibody was pre-adsorbed with N-Hcy-albumin. An increased immunohistochemi-

cal staining for N-Hcy-protein is also observed in aortic lesions from ApoE�/�

mice, and the staining is increased in ApoE�/� animals that are fed with a

hyperhomocysteinemic high-methionine diet [357].

5.5.4 Western Blot Immunoassay for N-Hcy-ApoAI

N-homocysteinylation introduces a free thiol group into a protein. Such thiol group

can be easily detected in proteins that do not contain cysteine residues with a free

thiol group. This principle has been exploited for the detection and quantification of

N-Hcy-ApoAI [303], a major protein component of HDL particles that does not

contain free cysteine residue thiols. The (N-Hcy-SH)-ApoAI in serum or HDL is
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treated with cysteamine HS–CH2CH2–NH2. This generates an adduct (N-
Hcy–S–S–CH2CH2–NH2)-ApoAI, in which cysteamine is bound via a disulfide

bond to the N-linked Hcy residue and introduces a free amino group into the N-
homocysteinylated protein. The additional amino group changes the protein’s

isoelectric point, which allows separation of the more basic (N-
Hcy–S–S–CH2CH2–NH2)-ApoAI adduct from unmodified ApoAI by isoelectric

focusing on polyacrylamide gels. Separated modified and unmodified forms of

ApoAI are detected by Western blotting and staining with an antihuman ApoAI

polyclonal antibody (goat). The stained bands are quantified by digital scanning and

the ratio of N-Hcy-ApoAI/total ApoAI is calculated. The results are corrected for an
occasional nonspecific band by subtracting the ratio obtained without cysteamine

treatment from that with cysteamine treatment [303].

The reproducibility of this semiquantitative method is 19.1 %. In a population of

27 healthy subjects, the concentration of N-Hcy-ApoAI varies from 1.2 to 14.5 mg/

dL, whereas the ratio of N-Hcy-ApoAI/total ApoAI varies from 1 to 7.4 % (ApoAI

concentration varies from 110 to 200 mg/dL). N-Hcy-ApoAI was significantly

correlated with total ApoAI (r ¼ 0.673, p ¼ 0.001). However, N-Hcy-ApoAI is
not correlated with tHcy, which varied in the normal range from 5 to15 μM.

The N-Hcy-ApoA1 values of 1.2 to 14.5 mg/dL correspond to 0.57 μM to 6.9 μM
N-Hcy-ApoAI in plasma. However, such high N-Hcy-ApoAI concentrations are

unrealistic because total N-Hcy-protein levels in plasma are known to be about

0.5 μM, most of which is due to N-Hcy-albumin [78, 115, 300, 358].

5.5.5 Detection of Protein N-Homocysteinylation by Selective
Reactions with Aldehydes

Hcy and Hcy-thiolactone are known to react with aldehydes to yield 1,3-

tetrahydrothiazine-4-carboxylic acid derivatives (Table 3.1) (Reaction 3.5) [84].

These reactions are being explored for the detection of free Hcy in biological

samples [227, 359, 360] and N-Hcy-proteins [214].
The condensation reaction between an aldehyde tag and γ-thiol and α-amino

groups of N-linked Hcy residue in N-Hcy-protein yields 1,3-thiazine adduct

(Reaction 5.6). Under acidic conditions (pH ¼ 3), the reaction of the aldehyde

with N-linked protein Hcy is irreversible, while a possible competing Schiff base

formation with the protein amino groups is reversible and favors the protonated free

amines (Reaction 5.6). For example, rhodamine aldehyde selectively reacts with N-
Hcy-myoglobin (containing 0.4 N-Hcy/mol protein) to form a fluorescent 1,3-

thiazine adduct [214]. Mass spectrometric analyses show that N-linked Hcy in

myoglobin is quantitatively converted to a corresponding 1,3-thiazine derivative

and that the reaction is completed in 3 h. Selectivity is demonstrated by

LC–ESI–MS, which shows no detectable formation of a Schiff base under acidic

(pH ¼ 3) conditions. Quantification of the fluorescence associated with the band of
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N-Hcy-myoglobin-rhodamine aldehyde adduct (excitation at 450 nm, emission at

520 nm) after separation on SDS-PAGE gels shows that the assay is linear from

160 ng to 2.5 μg modified myoglobin. The detection limit is 80 ng N-Hcy-myoglo-

bin [214], corresponding to 1.8 pmol N-linked Hcy in myoglobin.

The rhodamine aldehyde tagging assay detects protein N-homocysteinylation in

biological samples. For example, normal human serum, which is known to contain

small amounts of N-Hcy-albumin [96], is labeled with rhodamine aldehyde and N-
Hcy-myoglobin is added as a standard. After separation on SDS-PAGE gels, the

fluorescence signal is detected in the albumin band, in addition to the band of N-
Hcy-myoglobin used as a positive control [214].

Using this approach but with a different tag, biotinylated aldehyde, increases

the sensitivity and allows detection of N-linked Hcy in human and rat proteins

[214]. After incubation with biotinylated aldehyde (pH 3.0, 25 �C, 8 h), proteins

are separated by SDS-PAGE, subjected to Western blotting, and detected by

chemiluminescence using streptavidin-horseradish peroxidase, SuperSignal West

Pico chemiluminescence substrate, and FluoroChem Imager SP. In this assay, the

extent of N-homocysteinylation is found to be greater in rat hemoglobin than that

observed in human hemoglobin. The biotin aldehyde labeling assay also

demonstrates higher levels of N-homocysteinylation in rat serum proteins, com-

pared with human serum proteins [214]. These results are consistent with

previous assays of N-linked Hcy in hemoglobin and albumin from different

species (Table 5.7) using an HPLC-based method [297] and provide a validation

for the biotin aldehyde labeling approach.

Selective reactions with aldehydes can also be used for affinity enrichment of N-
Hcy-proteins or N-Hcy-peptides, usually present at low abundance, to increase

sensitivity of their detection [214]. For this purpose aldehyde resins are used.

Tryptic peptides obtained from N-Hcy-proteins are passed through the Self Pack

POROS 20 AL resin functionalized with an aliphatic aldehyde. After washing

unbound peptides, the bound N-Hcy-peptides are eluted by three treatments with

O-methylhydroxylamine. The combined eluted fractions are concentrated and

Reaction 5.6 In reactions of aldehydes with N-Hcy-protein, 1,3-thiazine formation is favored

over Schiff base formation under acidic conditions (Reprinted from [214])
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analyzed by mass spectroscopy. Using this approach, over a dozen of N-
homocysteinylation sites have been identified in in vitro-prepared human N-Hcy
hemoglobin [214].

5.5.6 Liquid Chromatography/Mass Spectrometry Analysis of
the Site-Specific Protein N-Homocysteinylation In Vivo

Site-specific N-homocysteinylation is assayed by using a liquid chromatography/

mass spectrometry (LC–MS) method. So far, site-specific N-homocysteinylation

in vivo has been analyzed for human serum albumin [212, 213] and fibrinogen

[215]. The sites of N-homocysteinylation identified in these proteins in vivo corre-

spond to lysine residues that are the most reactive with Hcy-thiolactone in vitro.

5.5.6.1 N-Hcy-Albumin

The LC–MS method was first used in 2004 to demonstrate that Lys525 in human

serum albumin is a predominant site of the modification by Hcy-thiolactone in vitro

and in vivo [96]. This has been achieved by the identification of
525K*QTALVELVK534 peptide carrying N-linked Hcy at lysine-525 (525K*) in

albumin modified with Hcy-thiolactone in vitro (used at 1:1 molar ratio) as well

as in native albumin isolated from individuals with elevated plasma Hcy levels

(40–80 μM). At that time, the analyses of site-specific N-homocysteinylation in vivo

required extensive sample workup and enrichment procedures [96], which pre-

cluded their routine use.

To overcome these limitations, a new LC–MSmethod for monitoring site-specific

albumin N-homocysteinylation directly in human plasma samples has been devel-

oped [212, 213]. To be able to detect site-specific N-homocysteinylation in vivo, it is

important to know which lysine residues in the protein are susceptible to the modifi-

cation with Hcy-thiolactone in vitro and which peptides containing N-Hcy-Lys
residues can be detected. For this purpose, N-Hcy-albumin containing 6 moles

Hcy/mol albumin is prepared by an overnight incubation of human serum albumin

(10 mg/mL) with 10 mM L-Hcy-thiolactone·HCl in 0.1 M sodium phosphate buffer,

pH 7.4, 0.1 mM EDTA at 22 �C [78, 139]. One nanomole of N-Hcy-albumin is then

reduced with 45 mM DTT in 0.1 M ammonium bicarbonate, alkylated with 0.1 M

iodoacetate, and digested with trypsin at a trypsin:protein ratio of 1:50 37 �C for 17 h.

Tryptic peptides are fractionated on a C18microcolumn (ZipTip,Millipore) using 10,

30, 50, and 100 % acetonitrile [298] or on a C18 HPLC column. Each fraction is

applied on the Prespotted Anchorchip and analyzed on a MALDI-TOF Autoflex

instrument (Bruker Daltonics). Peptide identification is performed by MASCOT,

allowing for a mass increase of 57 Da due to carbamidomethylation and of 174 Da

due to N-homocysteinylation and carbamidomethylation. These analyses show that K4
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(1DAHK*SEVAHR10, 1,323.6 m/z), K12 (11FK*DLGEENFK20, 1,400.7 m/z), K137
(137K*YLYEIAR144, 1,229.7 m/z), K159 (146HPYFYAPELLFFA K*R160, 2,073.1 m/z),
K205 (200CASLQK*FGER209 1,369.6 m/z), and K212 (210AFK*AWAVAR218,

1,193.6 m/z), in addition to previously identified K525 (525 K*QTALVELVK534,

1,302.8 m/z) [96] in human serum albumin, are susceptible to the modification by

Hcy-thiolactone in vitro.

The identity of N-homocysteinylation sites in human serum albumin is

confirmed by additional tandem mass spectrometric analyses using LC/ESI–MS/

MS system consisting of nano-LC chromatograph hyphenated to q-ToF hybrid

mass spectrometer. Identification of the seven N-Hcy-Lys-peptides in tryptic digest
of N-Hcy-albumin is achieved in a single analysis in this system (Fig. 5.15). From

the recorded mass spectra, it is possible to deduce sequences of all seven consecu-

tively eluted N-Hcy-Lys-peptides. Retention times of peptides together with CID

MS/MS spectra for the four most abundant N-Hcy-Lys-peptides unequivocally

confirmed their structures [212].

Knowing the masses of Hcy-containing peptides derived from the in vitro-

prepared N-Hcy-albumin, we can determine whether these peptides are present in

samples prepared from native human serum. For this purpose, human serum is

diluted 60-fold with 50 mM NH4HCO3 and reduced with 1 mM DTT at 95 �C for

5 min. Thiol groups are blocked with 4 mM iodoacetamide at 22 �C in the dark for

20 min, and the serum protein is digested with sequencing grade trypsin. Tryptic

Fig. 5.15 Mass spectrometric identification of N-Hcy-Lys residues in N-homocysteinylated

albumin. LC-ESI-MS chromatograms of selected ions of N-Hcy-Lys-peptides obtained by the

digestion with trypsin of in vitro N-homocysteinylated human serum albumin (panel a) and

N-Hcy-Lys-peptides of albumin from tryptic digests of human serum from a CBS-deficient

hyperhomocysteinemic subject (panel b) (Reproduced from [212])
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digests were subjected to LC–MS analysis using a nanoscale liquid chromatogra-

phy system (EASY-nLC, Proxeon) coupled to a quadrupole-time-of-flight mass

spectrometer (micrOTOF-Q™, Bruker Daltonics). Samples (10 μL) are loaded on a
C18 pre-column (5 μm i.d., Nano Separations) and separated on a C18 column

(100 μm i.d., 150 mm, Nano Separations) using 0–54 % acetonitrile gradient in

0.1 % formic acid for 30 min. Data are analyzed using Data Analysis and Bio Tools

software (Bruker Daltonics).

Three albumin residues, Lys525, 137, and 212, are found to be N-homo-

cysteinylated in vivo in human plasma from CBS-deficient patients and unaffected

individuals, with Lys525 being the predominant in vivo-modified site (Fig. 5.15).

Albumin peptide containing N-Hcy-Lys-525 is present in essentially all analyzed

plasma samples (43 out of 44), including those which had the lowest tHcy concen-

tration (9.9 μM), whereas peptides containing N-Hcy-Lys-137 and N-Hcy-Lys-212
are present in CBS-deficient patients whose plasma tHcy concentration was ele-

vated, at least 34.9 � 11.0 μM and 131 � 21 μM, respectively [212].

To determine whether the amount of 525 K*QTALVELVK534 peptide reflects

the extent of total serum protein N-homocysteinylation, the 651.3 m/z peptide is

quantified in tryptic digests of plasma samples from healthy individuals, who have

low levels of N-Hcy-protein, and from CBS-deficient patients, who have elevated

levels of N-Hcy-protein [115]. For quantification purposes, signal intensity of the

651.3 m/z peptide is normalized to signal intensity of a major albumin peptide
42LVNEVTEFAK51 (575.3 m/z).

For peptides containing N-Hcy-Lys525 and N-Hcy-Lys137, intra-assay

variability is �10 %. Inter-assay variability determined from duplicate assays of

20 human plasma samples on two different days is 43 %. Other N-Hcy-peptides are
present in low abundance, have low signal/noise ratios, and cannot be reliably

quantified.

Normalized levels of the 651.3 m/z peptide (containing N-Hcy-Lys525) are

significantly higher in CBS-deficient patients (n ¼ 15), compared with healthy

individuals (n ¼ 29) (0.0399 � 0.0260 vs. 0.0102 � 0.0121, P ¼ 0.0007)

(Table 5.6).

These values suggest that about 1 % and 4 % albumin molecules are N-
homocysteinylated at Lys525 in healthy individuals and CBS-deficient patients,

respectively. The higher levels of N-homocysteinylation at Lys525 in albumin from

CBS-deficient patients reflect elevated total Hcy and N-Hcy-protein levels in these

patients [115] measured using chemical assays [297]. There is a significant correla-

tion between the albumin N-Hcy-Lys525 peptide and plasma tHcy (r ¼ 0.49,

p < 0.001) [213].

5.5.6.2 N-Hcy-Fibrinogen

Analysis of sites that are N-homocysteinylated in fibrinogen in vivo requires

purification of the protein from human plasma using the glycine precipitation

method [115, 361]. Purified fibrinogen is acetamidated, digested with trypsin, and
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subjected to LC–MS analyses. Three N-Hcy-Lys-peptides containing α-Lys562,
β-Lys344, and γ-Lys385 are identified in fibrinogen isolated from CBS-deficient

patients [215]. These three in vivo N-homocysteinylation sites are the predominant

sites for fibrinogen N-homocysteinylation in vitro (Fig. 5.3).
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Chapter 6

Pathophysiological Consequences of Protein

N-Homocysteinylation

Elevated Hcy-thiolactone and N-Hcy-protein levels are found to be associated with
pathological conditions. For example, plasma Hcy-thiolactone and N-Hcy-protein
are elevated under conditions predisposing to atherothrombosis and neurological

abnormalities, such as caused by CBS or MTHFR deficiencies in humans [115] and

mice [113]. In humans, plasma Hcy-thiolactone levels are also associated with the

development and progression of vascular complications in diabetic patients [362],

whereas elevated N-Hcy-protein levels are associated with an increased risk of

heart disease [168]. Furthermore, Hcy-thiolactonase activity of PON1, which

protects against protein N-homocysteinylation in CBS-deficient patients [250],

also predicts cardiovascular disease in humans [269].

The sensitivity of mammalian cells and organisms to hyperhomocysteinemia

raises a broader question of mechanistic basis. On a molecular level, hyperhomo-

cysteinemia is known to activate the expression of genes that are under control of

signaling pathways that respond to a load in the endoplasmic reticulum (ER). These

include the Bip/GRP78 gene, encoding an ER chaperone [363]; CHOP/GADD153,

encoding a transcription factor implicated in cellular responses to ER stress

[364, 365]; and HERP, encoding a protein that may be involved in degradation of

misfolded ER proteins [366]. The cellular response to ER stress is known as the

unfolded protein response (UPR) and includes a conserved transcriptional adapta-

tion by which cell adjusts the biosynthesis of proteins involved in ER function to the

physiological demand. The UPR involves signaling pathways that monitor

the folding environment of the ER and transduce signals across the membrane to

the cytoplasm and nucleus [367, 368].

Relatively high (millimolar) concentrations of Hcy are required to activate the

UPR in ex vivo cultured cells. However, the activation of CHOP/GADD153 gene

expression increases in the liver of mice with diet-induced hyperhomocysteinemia

[369]. These findings suggest that ER dysfunction and UPR have a role in the

pathophysiology of hyperhomocysteinemia in intact organisms in vivo.

During the folding process, proteins form their globular native states in a manner

determined by their primary amino acid sequence [231, 370]. Thus, small changes

in amino acid sequence caused by Hcy incorporation into protein have a potential to
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create misfolded protein aggregates. The appearance of misfolded/aggregated

proteins in the lumen of the ER activates the UPR that, when overwhelmed, leads

to cell death via apoptosis; protein aggregates are known to be inherently toxic to

cells [371].

The molecular basis for the impairment in ER function by hyperhomocys-

teinemia is not known but may include protein N-homocysteinylation by Hcy-

thiolactone (Reaction 3.4) that can cause protein misfolding and induce ER stress.

As discussed in the following sections, protein modification by Hcy-thiolactone can

also create altered proteins with newly acquired interactions or impaired function

and can lead to induction of autoimmune responses.

The findings that N-Hcy-proteins have the propensity to aggregate [78, 139, 153,
336] and induce cell death in cultured cells, first demonstrated for N-Hcy-LDL and

human endothelial cells [170], are consistent with this concept. In addition to its

propensity to aggregate, N-Hcy-albumin [78], which accumulates in hyperhomo-

cysteinemia [213], forms amyloid-like protofibrils that are toxic to cells [171].

Recent findings show that N-homocysteinylation induces amyloidal transformation

in several other proteins, further discussed in Sect. 5.4 of this book. It should be

noted that ER stress and UPR in cultured human endothelial cells and in mice are

induced by hyperhomocysteinemia [18, 58, 59, 369], which also elevates plasma

Hcy-thiolactone [64, 74, 93] and N-Hcy-protein levels [78, 113].

Furthermore, treatments with Hcy-thiolactone are more effective than treatments

with Hcy in inducing ER stress and UPR in retinal epithelial cells [60] and apoptotic

death in cultured human vascular endothelial cells [61, 164]. The greater sensitivity

of cells to Hcy-thiolactone suggests that protein modification by Hcy-thiolactone

leads to the UPR and induction of the apoptotic pathway. Consistent with this

scenario, cellular levels of N-Hcy-protein are elevated under conditions of

hyperhomocysteinemia-induced ER stress both in cultured cells [74] and in the

mouse liver [113]. N-Hcy-proteins are known to undergo major structural changes

[78, 96] which cause misfolding and formation of toxic amyloid aggregates [171].

Recent studies show that folic acid limitation increases cellular Hcy levels, induces

N-homocysteinylation of the motor protein dynein, and induces the formation of N-
Hcy-protein aggregates in rat neuronal cells [299]. Proteolytic degradation of N-
Hcy-protein can generate antigenic peptides, which can be displayed on cell surface

and induce an autoimmune response.

6.1 The Hcy-Thiolactone Hypothesis

Studies of Hcy-thiolactone metabolism shed light on a mechanism underlying

pathological consequences of elevated Hcy levels. The Hcy-thiolactone hypothesis

(Fig. 6.1), originally formulated in 1997 [62], states that the metabolic conversion

of Hcy to Hcy-thiolactone followed by the nonenzymatic protein modification by

Hcy-thiolactone—protein N-homocysteinylation—is an underlying biochemical

mechanism that contributes to the pathology of hyperhomocysteinemia, such as
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observed in cardiovascular and neurodegenerative diseases [69, 73, 74, 78, 134].

The thioester chemistry of Hcy-thiolactone underlies its ability to form stable

isopeptide bonds with protein lysine residues, which impairs or alters the protein’s

function. Major pathophysiologic consequences linked to the accumulation of N-
Hcy-protein include inflammation [169], cell death [170, 171], an autoimmune

response [134, 135, 172, 173], and interference with blood clotting (Fig. 6.1)

[174, 175].

The verification of Hcy-thiolactone hypothesis became possible with the devel-

opment of sensitive chemical [79] and immunological assays [168, 357] for detec-

tion and quantification of Hcy-thiolactone [94, 95] and protein N-linked Hcy in

humans [115, 297] and mice [93, 113]. Evidence supporting the Hcy-thiolactone

hypothesis is discussed in a greater detail in the following sections.

6.1.1 Hcy-Thiolactone Levels in Hyperhomocysteinemia

The Hcy-thiolactone hypothesis predicts that Hcy-thiolactone will be elevated

under conditions predisposing to cardiovascular or neurodegenerative disease,

such as hyperhomocysteinemia due to mutations in genes encoding Hcy or folate-

metabolizing enzymes. This prediction has been confirmed in vivo in humans and

mice. For example, CBS-deficient patients have greatly elevated Hcy-thiolactone

levels [93]: mean plasma Hcy-thiolactone concentration in CBS�/� patients

(14.4 nM) is 72-fold higher than in unaffected CBS+/+ individuals (Table 3.12).

Fig. 6.1 The pathology of

hyperhomocysteinemia: the

Hcy-thiolactone hypothesis

(Adapted from [93])
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This finding is consistent with ex vivo observations that cultured human CBS-

deficient fibroblasts synthesize much more Hcy-thiolactone than normal fibroblasts

[73].

Moreover, 5-methyltetrahydofolate deficiency, secondary to a mutation in the

MTHFR gene, leads to elevation of Hcy-thiolactone levels in humans [93]: plasma

Hcy-thiolactone in MTHFR-deficient patients (11.8 nM) is 24- or 59-fold higher

than inMTHFR heterozygous or normal individuals, respectively (Table 3.12). This

in vivo finding is consistent with ex vivo observations showing that limited avail-

ability of folic acid greatly enhances Hcy-thiolactone synthesis in human fibroblasts

[73] and vascular endothelial cells [74]. It should be noted that becauseMTHFR�/�

patients, like CBS�/� patients, were on Hcy-lowering therapy, their Hcy-

thiolactone concentrations represent minimal values. In fact, in one MTHFR�/�

patient for whom samples were obtained before therapy, the therapy resulted in

lowering plasma Hcy-thiolactone from 47.3 to 16.6 nM (tHcy was lowered from

208 μM before therapy to 66.2 μM after therapy) [93].

A high-Met diet causes elevation of Hcy levels in humans and animals and is

often used as a model of experimental hyperhomocysteinemia [44, 48]. Feeding a

high methionine diet to mice for 6 weeks also increases plasma and urinary Hcy-

thiolactone levels, 3.7- and 25-fold, respectively, compared to mice fed a normal

chow diet. Normal plasma and urinary Hcy-thiolactone levels in mice are 3.7 nM

and 140 nM [93].

Taken together, these findings show that genetic or dietary hyperhomocys-

teinemia increases Hcy-thiolactone levels in human and mice, as predicted by the

Hcy-thiolactone hypothesis (Fig. 6.1). A clinical study showing that plasma Hcy-

thiolactone levels are associated with the development and progression of vascular

complications in diabetic patients [362] provides additional support for the Hcy-

thiolactone hypothesis.

6.1.2 Protein N-Linked Hcy in Hyperhomocysteinemia

The Hcy-thiolactone hypothesis [93] predicts that protein N-homocysteinylation

will be elevated under conditions conducive to atherosclerothrombotic diseases,

such as hyperhomocysteinemia. Indeed, as predicted by the Hcy-thiolactone

hypothesis, protein N-linked Hcy [76, 79, 96, 139] is elevated in human subjects

with hyperhomocysteinemia due to mutations in CBS orMTHFR gene (Tables 3.12

and 5.1) [115].

To explain the link between hyperhomocysteinemia and higher cardiovascular

risk and mortality observed in uremic patients, protein N-homocysteinylation was

examined [372]. Significantly higher protein N-linked Hcy levels are found in

uremic patients on hemodialysis than in control subjects [300, 301]. Interestingly,

the ratio of protein N-linked Hcy to tHcy is lower in hemodialysis patients than in

control subjects [300, 301]. Similarly, the ratio of protein N-linked Hcy to tHcy in

patients with high plasma tHcy (50–120 μM) is lower than in patients with low
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plasma tHcy (5–40 μM) [79]. The lower protein N-linked Hcy/tHcy ratios suggest

that the Hcy-thiolactone clearance is more effective at high plasma tHcy levels.

This suggestion is supported by a finding that in mice fed a hyperhomocysteinemic

high-Met or high-Hcy diet, the ratio of urinary to plasma Hcy-thiolactone is

sevenfold or fourfold higher, respectively, compared to mice fed a normal diet [93].

Hyperhomocysteinemia is linked to increased mortality in CAD patients [37]. In

a clinical study that examined a relationship between Hcy and CAD, plasma protein

N-linked Hcy levels are significantly higher in coronary heart disease patients than

in controls and are associated with the risk of CAD [168]. Furthermore, there is a

weak but significant positive correlation between protein N-linked Hcy level and

the number of diseased coronary arteries: the higher protein N-linked Hcy level, the
greater the number of afflicted arteries.

Studies using polyclonal rabbit anti-N-Hcy-protein IgG antibodies [310] dem-

onstrate that N-Hcy-protein is present in diseased human cardiac tissues [357, 373].

A positive immunohistochemical staining of myocardium and aorta samples from

cardiac surgery patients is observed. Control experiments demonstrate that the

staining is specific for N-Hcy-protein. No immunostaining is observed with rabbit

preimmune IgG, with iodoacetamide-treated tissues (which destroys the Nε-Hcy-
Lys-protein epitope), or with the antibody pre-adsorbed by preincubation of IgGs

with N-Hcy-albumin. That immunostaining is specific for Hcy-thiolactone-

modified protein is shown by increased intensity of the staining in tissues pretreated

with Hcy-thiolactone [357, 373].

Immunohistochemical studies also demonstrate that N-Hcy-protein accumulates

within atherosclerotic lesions in ApoE�/� mice [357]. ApoE�/� mice develop

atherosclerosis spontaneously on a normal chow, but the process is accelerated by

hyperhomocysteinemia caused by a high-Met diet [45]. Chemical assays establish

that high-Met diet causes significant elevation also in Hcy-thiolactone and N-Hcy-
protein levels [93, 115]. Positive staining for N-Hcy-protein is observed in aortas of
ApoE�/� mice fed with a normal chow diet, and the staining increases in animals

fed with a hyperhomocysteinemic high-Met diet [357].

These findings show that hyperhomocysteinemia increases levels in human and

mice and that elevated N-Hcy-protein levels are linked to CAD in humans and to

atherosclerosis in mice, as predicted by the Hcy-thiolactone hypothesis (Fig. 6.1).

6.2 N-Hcy-Protein and Adaptive Autoimmune Responses

6.2.1 Atherosclerosis Is an Inflammatory Disease

Atherosclerosis is now widely recognized as a chronic inflammatory disease [43]

that involves innate and adaptive immunity [374–376]. Lipid peroxidation is

thought to play a central role in the initiation of both cellular and humeral
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responses. Phospholipid peroxidation generates reactive aldehydes, such as

malondialdehyde, 4-hydroxynonenal, and 1-palmitoyl-2-(5-oxovaleroyl)-sn-
glycero-3-phosphocholine that can modify lysine residues in LDL and in other

proteins. The resulting oxidized lipid-protein adducts, e.g., malondialdehyde-LDL,

carry neo-self epitopes, which are recognized by specific innate and adaptive

immune responses. That inflammation is important is supported by studies showing

that increased plasma concentration of markers of inflammation, such as C-reactive

protein (CRP), interleukin-1, serum amyloid A, and soluble adhesion molecules, is

an independent predictor of vascular events [377]. Autoantibodies against modified

LDL are elevated in vascular disease patients in some, but not all, studies [378]. As

discussed in the following paragraphs, accumulation of N-Hcy-protein in

hyperhomocysteinemia also leads to autoimmune responses.

6.2.2 N-Hcy-Protein Is Immunogenic in Rabbits

Details of the mechanism underlying the role of Hcy in adaptive immune response

are beginning to emerge. The modification by Hcy-thiolactone, like other chemical

modifications, such as glycation, acetylation, methylation, ethylation, and

carbamylation [376], renders LDL highly immunogenic [356]. Furthermore, immu-

nization of rabbits with Hcy-thiolactone-modified keyhole limpet hemocyanin

(KHL) leads to the generation of anti-N-Hcy-protein antibodies [172, 310]. Of

considerable interest are the observations that antisera from such immunizations

bind not only to the N-Hcy-KHL but also to a variety of other proteins on which the

N-linked Hcy epitope is present, such as N-Hcy-LDL, N-Hcy-albumin, N-Hcy-
hemoglobin, N-Hcy-transferrin, and N-Hcy-antitrypsin. These data suggest that

autoantibodies, once formed in vivo in response to N-Hcy-LDL or any other

N-Hcy-protein, would be capable of binding to other endogenous N-Hcy-proteins.

6.2.3 N-Hcy-Protein Is Autoimmunogenic in Humans

In humans, Hcy incorporation into proteins triggers an adaptive immune response,

manifested as the induction of IgG autoantibodies recognizing Nε-Hcy-Lys
epitopes on N-Hcy-proteins. These autoantibodies react with any N-Hcy-protein,
including N-Hcy-hemoglobin, N-Hcy-albumin, N-Hcy-transferrin, and N-Hcy-
antitrypsin [172]. The antigen specificity of the human anti-N-Hcy-protein
autoantibodies is essentially identical to the specificity of rabbit anti-N-Hcy-protein
antibodies generated by inoculations with N-Hcy-LDL [356] or N-Hcy-KLH [172,

310] (Fig. 6.2). Plasma levels of anti-N-Hcy-protein autoantibodies [135, 172, 173,
310] and protein N-linked Hcy [76, 79, 96, 139] vary considerably among

individuals and are strongly correlated with plasma Hcy (Fig. 6.3). In contrast,

the titers of anti-N-Hcy-protein autoantibodies are not correlated with plasma
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cysteine or methionine [172]. The Hcy-dependent variation in anti-N-Hcy-protein
autoantibody titers is consistent with the Hcy-thiolactone hypothesis (Fig. 6.1):

elevation in Hcy leads to inadvertent elevation in Hcy-thiolactone, observed

ex vivo in human fibroblasts [73] and endothelial cells [64, 74], and in vivo in

humans and mice [64, 93–95]. Protein modification by Hcy-thiolactone generates

neo-self antigens, Nε-Hcy-Lys-protein. Increased accumulation of neo-self

Nε-Hcy-Lys epitopes in proteins, observed ex vivo in cultured human cells treated
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with Hcy [64, 73, 74] and in vivo in hyperhomocysteinemia due to CBS-, MTHFR-,

or PCFT-deficiency in humans [115] and mice [113], triggers an autoimmune

response.

6.2.4 Anti-N-Hcy-Protein Autoantibodies in Atherosclerosis

Plasma levels of anti-N-Hcy-protein autoantibodies, similar to plasma tHcy levels,

are significantly elevated in stroke and CAD patients. For example, 63-year-old

male stroke patients (n ¼ 37) have higher serum levels of tHcy and anti-N-Hcy-
protein autoantibodies, compared with age-matched control individuals (n ¼ 29)

[172]. However, in groups of women stroke patients (n ¼ 17) and control

individuals (n ¼ 45), in whom tHcy levels are similar, the levels of anti-N-Hcy-
protein autoantibodies are also similar.

In a larger study of patients <50 years old, the seropositivity to anti-N-Hcy-
protein autoantibodies is fivefold more frequent in male patients (n ¼ 88) with

angiographically confirmed CAD than in age-matched healthy individuals

(n ¼ 100) (52 % vs. 10 %, P < 0.001) [135]. To examine the clinical usefulness

of anti-N-Hcy-protein IgG autoantibodies, their predictive value in CAD is

analyzed and compared to the predictive value of tHcy and other risk factors

[135]. An age-adjusted risk for early CAD in men <50 years old, related to

seropositivity for anti-N-Hcy-protein IgG autoantibodies, is 9.87 (95 % CI

4.50–21.59, p < 10�5). In multivariate logistic regression analysis, only seroposi-

tivity to anti-N-Hcy-protein IgG autoantibodies (OR 14.92; 95 % CI 4.47–49.19;

p ¼ 0.00002), smoking (OR 8.84; 95 % CI 2.46–31.72; p ¼ 0.001), hypertension

(OR 43.45; 95 % CI 7.91–238.7), and HDL cholesterol (OR 0.015; 95 % CI

0.002–0.098; p ¼ 0.00002) are independent predictors of early CAD. Interestingly,

compared with tHcy, anti-N-Hcy-protein IgG autoantibodies are a more sensitive

predictor of early CAD in men. A risk for premature CAD is almost 15-fold higher

in patients who are seropositive for anti-N-Hcy-protein IgG autoantibodies after

adjusting for coronary risk factors, Hcy and CRP. These analyses show that

elevated levels of anti-N-Hcy-protein autoantibodies significantly contribute to

the risk of CAD in male patients [135]. Taken together, these studies suggest that

an autoimmune response against N-Hcy-proteins is a feature of Hcy-linked athero-

sclerosis [69, 134].

The findings that the levels of N-Hcy-protein are elevated in uremic patients on

hemodialysis [300, 301] suggest that an autoimmune response against N-Hcy-
protein might also be enhanced in these patients. This possibility was examined

in a group of 43 patients (58.8 years old) who were on maintenance hemodialysis

for an average of 50 months and an age- and sex-matched group of 31 apparently

healthy individuals [379]. Significantly higher levels of anti-N-Hcy-protein IgG

autoantibodies are found in the hemodialysis patients, compared with controls.

Similar to the studies with stroke patients [172], the levels of anti-N-Hcy-protein
IgG autoantibodies are strongly correlated with plasma tHcy, both in hemodialysis
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patients and in controls, consistent with the etiology of these autoantibodies.

Furthermore, a subgroup of hemodialysis patients who survived myocardial infarc-

tion (n ¼ 14) had significantly higher levels of anti-N-Hcy-protein IgG

autoantibodies than a subgroup of hemodialysis patients without a history of

CAD (n ¼ 29) [379]. Taken together, these data suggest that an autoimmune

response against N-Hcy-proteins contributes to the development of CAD in hemo-

dialysis patients.

In general, antibodies protect against exogenous pathogens and endogenous

altered neo-self molecules to maintain homeostasis by neutralization and clearance.

Similar to other autoantibodies [376], the anti-N-Hcy-protein autoantibodies can be
beneficial or deleterious. For example, the clearing of N-Hcy-protein from the

circulation by anti-N-Hcy-protein autoantibodies would be beneficial. On the

other hand, binding of the autoantibodies to N-Hcy-protein [134, 172, 310] in

tissues may contribute to the deleterious effects of hyperhomocysteinemia on

many organs [20, 29, 30]. For instance, if the neo-self Nε-Hcy-Lys epitopes were
present on endothelial cell membrane proteins, anti-N-Hcy-protein autoantibodies

would form antigen–antibody complexes on the surface of the vascular wall.

Endothelial cells coated with anti-N-Hcy-protein autoantibodies would be taken

up by the macrophage via the Fc receptor, resulting in injury to the vascular surface.

Under chronic exposures to elevated Hcy, the neo-self epitopes Nε-Hcy-Lys, which
initiate the injury, are formed continuously, and the repeating attempts to repair the

damaged vascular wall would lead to an atherosclerotic lesion [69, 134].

The involvement of an autoimmune response in CAD is further supported by

findings showing that lowering plasma tHcy by folic acid supplementation for 3 and

6 months lowers anti-N-Hcy-protein autoantibodies levels in control subjects but

not in patients with CAD [173]. These findings show that lowering plasma tHcy

normalizes anti-N-Hcy-protein IgG autoantibody levels within 3 months, but only

in healthy subjects. Plasma tHcy, Hcy-thiolactone, and N-Hcy-protein levels are

also reversibly modified by the diet in mice [113]. These findings suggest that while

primary Hcy-lowering intervention by B-vitamin supplementation is beneficial,

secondary intervention may be ineffective and may explain at least in part the

failure of B-vitamin therapy [51, 52] to lower cardiovascular events in myocardial

infarction patients.

6.3 N-Hcy-Protein and Innate Immune Responses

Innate immune responses play an important role in etiology of thrombosis and

atherosclerosis [374–376]. These responses are mediated by cytokines and

chemokines produced by multiple cell types. Proinflammatory cytokines are typi-

cally produced in response to the injury (inflammation) and subsequently induce a

variety of target cell to release further cytokines and chemokines in order to

mobilize the innate system to promote reparative processes that involve recruitment

of circulating leukocytes to the injury site. While acute induction is protective, the
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chronic expression of the inflammatory cytokines and chemokines can be harmful

and lead to a disease. Numerous studies have established a link between

hyperhomocysteinemia and innate immune responses. For example, in humans,

TNF-α, a key cytokine in the inflammatory process, is strongly correlated with

plasma tHcy (r ¼ 0.48, p < 0.001), and in multivariate regression analysis, plasma

tHcy is an independent predictor of the plasma TNF-a levels [380].

Other evidence also suggests that Hcy contributes to innate immune responses.

Indeed, many human studies, although not all [381–384], have reported

associations between Hcy and markers of inflammation. For example, significant

associations between plasma tHcy and CRP are observed in the Framingham Heart

Study [385] and in the Physician’s Health Study [386]. In another study,

hyperhomocysteinemia is associated with increased levels of both CRP and inter-

leukin-6 in humans [387]. A similar positive association between Hcy and interleu-

kin-6 is reported in patients with diabetic nephropathy [388]. Importantly, in the

Holven et al. study [387], elevated level of interleukin-6 is observed in hyperhomo-

cysteinemic individuals in the absence of hypercholesterolemia. Plasma tHcy is

positively associated with soluble tumor necrosis factor (TNF) receptor in the

Nurses’ Health Study [389]. A positive correlation is also observed between plasma

tHcy and neopterin (a marker of Th1 type immune response) in Parkinson’s disease

patients [390].

Furthermore, dietary hyperhomocysteinemia is known to trigger an innate

immune response and enhance vascular inflammation in mice [45]. This is

manifested by increased activation of nuclear factor (NF)-κB in the aorta and

kidney, enhanced expression of vascular cell adhesion molecule (VCAM)-1 and

receptor for advanced glycation end products in the aorta, and TNF-α in plasma

[45]. Elevated Hcy is associated with elevated monocyte chemotactic protein-1 and

increased expression of vascular adhesion molecules in humans [391, 392] and rats

[393–395].

Genetic hyperhomocysteinemia in untreated or poorly compliant human CBS-

deficient patients leads to chronic induction (3.7- to 72-fold) of multiple

proinflammatory cytokines [IL-1α, IL-6, TNF-α, Il-17, and IL-12(p70)] and che-

motactic chemokines (fractalkine, MIP-1α, and MIP-1β) compared to the normal

age- and gender-matched controls [396]. Hcy-lowering therapy normalizes the

levels of proinflammatory cytokines and chemokines, with the exception of TNF-

α, which, although reduced 3.4-fold by the therapy, remained tenfold elevated

above the normal level.

Similarly, hyperhomocysteinemic Cbs�/� mice exhibit a chronic inflammatory

state as indicated by measurements of plasma CRP: Cbs�/� mice have sevenfold

elevated CRP, compared with wild-type littermates. Hcy lowering by betaine

treatment significantly reduced plasma CRP levels (by 50 %), although it remained

elevated compared with control wild-type mice. In addition, Cbs�/� mice have

highly elevated proinflammatory cytokines Il-1α, Il-1beta (three to fourfold), and

TNF-α (35-fold). Hcy lowering significantly ameliorated the constitutive expres-

sion of proinflammatory cytokines in Cbs�/� mice [396].
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How excessive accumulation of Hcy triggers an innate immune response is

unknown, but accumulating evidence suggests that protein N-homocysteinylation

and the resulting protein damage are involved (Fig. 6.1). Hyperhomocysteinemia is

known to cause elevation of Hcy-thiolactone [93] and N-Hcy-protein levels

[79, 113, 115] in humans (Table 3.12) and mice (Table 5.1). Moreover, N-Hcy-
proteins are susceptible to protein damage (Fig. 5.11) [68, 96] via a thiyl radical

mechanism (Reaction 5.2), which leads to the generation of protein carbonyls

[311]. In fact, the extent of protein damage assessed by measurements of protein

carbonyls is significantly greater in liver proteins from Cbs�/� mice compared with

wild-type littermates [397]. Protein carbonyls are also elevated in plasma of human

CBS-deficient patients, and Hcy-lowering therapy partially prevents protein car-

bonyl accumulation [398].

N-Hcy-proteins, particularly N-Hcy-LDL, are highly immunogenic [356].

N-Hcy-LDL is present in the human blood [79] and is taken up by macrophages

faster than unmodified LDL [336]. Furthermore, levels of anti-N-Hcy-protein
autoantibodies are weakly, but significantly, correlated with plasma CRP levels

(r ¼ 0.24, p ¼ 0.002) [135], suggesting that N-Hcy-protein is proinflammatory.

This suggestion is further supported by recent findings [169] showing that the

treatment with N-Hcy-albumin increases binding of monocytes to ex vivo cultured

endothelial cells and induces expression of proinflammatory chemokines and

cytokines such as VCAM1, ICAM-1, and MCP1 in both monocytes and endothelial

cells. In addition, the treatment with N-Hcy-albumin upregulates numerous genes,

including five that are implicated in endothelial cell activation: CCL2, HSPD1,

ADAM17, TFP1, and NRP1 [169]. It should be noted that these proinflammatory

effects on cell adhesion and gene expression are observed at 1-μM N-Hcy-albumin,

an elevated concentration (twofold above normal, see Table 2.1) that is observed in

uremic hyperhomocysteinemic patients [301]. Although proinflammatory

cytokines can also be induced in human cultured cells by Hcy, much higher

concentrations (usually submillimolar or higher) are required [45, 399, 400].

Taken together, these results strongly suggest that N-Hcy-protein is involved in

the induction of inflammatory response associated with hyperhomocysteinemia

(Fig. 6.1).

6.4 N-Hcy-Fibrinogen and Thrombosis

Patients with severe hyperhomocysteinemia due to CBS deficiency suffer from life-

threatening thromboembolic events by the age of 30 [46]. Mild to moderate

hyperhomocysteinemia, more prevalent than severe hyperhomocysteinemia, is

also associated with increased risk for myocardial infarction, stroke, and thrombo-

sis [401]. The identification of N-homocysteinylation site at Lys562, located in an

unstructured region involved in plasmin and tPA binding (Fig. 5.3), in the

prothrombotic N-Hcy-fibrinogen that accumulates in the circulation of CBS-defi-

cient patients [79, 115] suggests that the modified fibrinogen can impair fibrinolysis
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in vivo. The in vivo relevance of fibrinogen N-homocysteinylation in humans is

further supported by findings showing that elevated plasma tHcy decreases perme-

ability, and increases resistance to lysis, of fibrin clots from plasma of coronary

artery disease (CAD) patients and healthy subjects [174]. Moreover, fibrin clot

structure is more compact and less permeable in CAD patients than in controls.

These detrimental effects of elevated plasma tHcy on fibrin clot structure are

consistent with a mechanism involving fibrinogen modification by Hcy-thiolactone

(Fig. 6.4) [174]. Furthermore, prothrombotic N-Hcy-fibrinogen levels are signifi-

cantly elevated in CBS-deficient patients (Table 5.10) known to have increased

susceptibility to thrombosis [115].

In patients with diabetes and hypercholesterolemia, the fibrin clot structure is

less permeable and less susceptible to lysis by plasmin, i.e., thrombogenic, com-

pared with CAD patients or healthy subjects. However, the influence of Hcy on the

clot structure in patients with diabetes and hypercholesterolemia is obscured by the

dominant effects of glucose and cholesterol, respectively. These findings suggest

that fibrinogen modifications by glucose and products of lipid oxidation, like the

modification by Hcy-thiolactone, are detrimental and that these modifications

predominate over the modification by Hcy-thiolactone in patients with diabetes

and hypercholesterolemia (Fig. 6.3) [174].

Lowering plasma tHcy by folic acid supplementation improves clot structure

(increases permeability and susceptibility to lysis) in asymptomatic human

subjects. This finding suggests that Hcy-lowering therapy by vitamin supplementa-

tion can have beneficial antithrombotic effects [174]. Taken together, these results

support a hypothesis that fibrinogen N-homocysteinylation by Hcy-thiolactone

leads to abnormal resistance of fibrin clots to lysis in vivo and thus contributes to

increased risk of thrombosis [174, 175]. In addition to N-homocysteinylation, other

fibrinogen modifications, such as those occurring in hypercholesterolemia and

hyperglycemia, can also increase the risk of thrombosis (Fig. 6.3) [174].
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Fig. 6.4 Fibrinogen modifications affect fibrin clot structure and lead to enhanced thrombosis

(Reproduced from [143])
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6.5 N-Hcy-Collagen and Connective Tissue Abnormalities

CBS deficiency is characterized clinically by widespread deformities and malfunc-

tion of connective tissue including joint, laxity, kyphoscoliosis, pigeon breast, genu

valgum, severe osteoporosis, ectopia lentis, and vascular disease in which dilatation

of medium-sized arteries occur frequently [20]. Patients with homocystinuria due to

CBS deficiency often exhibit skeletal abnormalities resembling the phenotype of

patients with Marfan syndrome [20, 46], a connective tissue disease caused by

mutations in the fibrillin-1 gene, which affect the delivery of fibrillin-1 and/or its

assembly into microfibrils.

Collagen, the most abundant protein in mammals (comprising 25–35 % of the

whole-body protein content), is the major component of connective tissues. The

unusual mechanical stability of collagen fibrils and collagenous tissues is largely

dependent on the formation of covalent intramolecular pyridinoline cross-links

between collagen chains [402]. Because lysine residues are involved in the

pyridinoline cross-link formation that is essential for proper assembly of collagen

fibers and their mechanical properties, N-homocysteinylation of these lysine

residues by Hcy-thiolactone can prevent normal cross-linking and thus contribute

to connective tissues abnormalities observed in severe hyperhomocysteinemia.

Relatively low levels of N-linked Hcy in collagen can result in a structural defect

in the supramolecular organization of the connective tissue.

That skin collagen is defective in hyperhomocysteinemia has been shown by its

increased extractability from the skin of CBS-deficient patients: the extraction with

1-M NaCl and 0.5-M acetic acid solubilizes 7.8 % and 10.1 % of dermal collagen

from two CBS-deficient patients, whereas only 2.4 % and 2.9 % is extracted from

two age-matched control individuals [403]. Furthermore, collagen type I cross-links

(assayed by quantification of carboxyterminal telopeptide of collagen type I in

plasma) are reduced threefold in nine CBS-deficient patients relative to the 20

control individuals (1.14 � 0.24 μg/L vs. 3.29 � 0.32 μg/L) [404]. Because the

extent of collagen biosynthesis (assessed by quantification of C-terminal propeptide

of type I procollagen and of N-terminal propeptide of procollagen type III) is the

same in patients with homocystinuria and in control subjects, these findings indicate

that connective tissue abnormalities in hyperhomocysteinemia are linked to dimin-

ished collagen cross-linking, but not biosynthesis [404].

Cbs-deficient mice have skin and bone abnormalities similar to those observed in

humans [305, 309, 405]. Analysis of N-linked Hcy content in collagen isolated from

Tg-I278T Cbs�/�mice shows that these mice have 18-fold higher skinN-Hcy-collagen
content than Tg-I278T Cbs+/+ littermates (89.9 � 25.1 vs. 5.0 � 2.4 pmol/mg skin)

[306]. Similar elevation in N-linked Hcy in the Cbs-deficient mice is observed in bone

collagen. These findings show that collagen is N-homocysteinylated in vivo in mice.

However, it remains to be determined whether N-homocysteinylation prevents colla-

gen cross-linking.
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Chapter 7

S-Homocysteinylated Proteins

Human proteome includes 214,000 cysteine residues, which constitute 2.26 % of

the encoded amino acids [406]. Many proteins contain at least one cysteine residue

with a free –SH group as well as more numerous disulfide-bonded cysteine

residues. For example, of the 35 cysteine residues present in the structures of

albumin and γ-globulin, the most abundant serum proteins, one has a free –SH

group and the other 34 are engaged in 17 disulfide bonds [407]. These cysteine

residues can engage in thiol–disulfide exchange reactions with low molecular

weight thiols or disulfides. Indeed, both albumin [91, 296, 408] and γ-globulin
[79, 106] carry S-linked cysteine, Hcy, CysGly, glutathione (GSH), and γ-GluCys.
Furthermore, specific cysteine residues, both free and disulfide-bonded, exhibit

different reactivities in the thiol–disulfide exchange reactions [409].

There are two different types of disulfides in protein structures that have

different functional roles: one type of disulfides stabilizes proteins by cross-linking

their polypeptide chains while other disulfides are redox reactive. For example,

while cysteamine is able to reduce only five disulfide bonds in γ-globulin, it reduces
only one disulfide bond in serum albumin [407]. Thus, biologically important

thiols, including Hcy, can potentially interact with specific protein cysteine residues

and affect protein’s structure and function.

The extent of Hcy binding via disulfide bonds to protein thiols in vivo will

depend on their reactivity, the concentration of competing small-molecule thiols,

such as GSH and cysteine, and ionization constants (pKa values) of their sulfhydryl

groups. The concentration of major small-molecule thiols in healthy organisms

is several orders of magnitude higher than the concentration of Hcy. For example,

cellular concentrations of GSH are 5–10 mM, and plasma concentrations of

cysteine are about 0.3 mM, whereas total Hcy concentrations in plasma and tissues

are about 5–10 μM.

Classical studies of Benesh and Benesh [191] show that four different ionic

species of cysteine exist in solution at physiological pH: a form with both thiol and

amino groups protonated HS–CH2–CH(NH3
+)–COO�, a form with deprotonated

thiol and amino groups �
S–CH2–CH(NH2)–COO

�, and forms with either thiol or

amino group deprotonated, �S–CH2–CH(NH3
+)–COO� and HS–CH2–CH
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(NH2)–COO
�, respectively. The equilibrium between these forms involves the

hydrogen cation transfer that is governed by microscopic pKa values for the

dissociation of each species:

ðAÞHS�CH2�CHðNH3
þÞ�COO�$�S�CH2�CHðNH3

þÞ�COO� pKa¼8:21
ðBÞHS�CH2�CHðNH3

þÞ�COO�$HS�CH2�CHðNH2Þ�COO� pKa¼8:65
ðCÞ�S�CH2�CHðNH3

þÞ�COO�$�S�CH2�CHðNH2Þ�COO� pKa¼10:0
ðDÞHS�CH2�CHðNH2Þ�COO�$�S�CH2�CHðNH2Þ�COO� pKa¼9:56

Titrations of Cys, Hcy, GSH, and γGluCys show that half of each thiol is

dissociated at pH 8.8, 10.0, 9.2, and 9.9, respectively. At physiological pH ¼ 7.4,

the extent of ionization of a thiol group in CysGly, cysteine, Hcy, GSH, and

γGluCys is calculated to be 11 %, 6 %, 1 %, 1 %, and 1 %, respectively [191].

Subsequent studies of Reuben and Bruice [192] show that experimental data for

Hcy titration fit a model with four ionizations:

ðAÞ HS� CH2 � CH2 � CHðNH3
þÞ � COO�

$�S� CH2 � CHðNH3
þÞ � COO� pKa ¼ 9:02

ðBÞ HS� CH2 � CH2 � CHðNH3
þÞ � COO�

$ HS� CH2 � CHðNH2Þ � COO� pKa ¼ 9:04

ðCÞ �S� CH2 � CH2 � CHðNH3
þÞ � COO�

$�S� CH2 � CHðNH2Þ � COO� pKa ¼ 9:71

ðDÞ HS� CH2 � CH2 � CHðNH2Þ � COO�

$�S� CH2 � CHðNH2Þ � COO� pKa ¼ 9:69

In the case of GSH, the data fit best a single ionization [192]:

ðAÞ ðNH3
þÞγGlu� ðHSÞCys�Gly $ ðNH3

þÞγGluð�SÞCys�Gly pKa ¼ 8:72
ðBÞ ðNH3

þÞγGlu� ðHSÞCys�Gly $ ðNH2ÞγGlu� ðHSÞCys�Gly pKa ¼ 9:47

These pKa values indicate that the cysteine thiol is more reactive than the Hcy

thiol, which in turn exhibits reactivity similar to the GSH thiol.

A search for potentially redox-active cysteine disulfides by scanning the Protein

Data Bank (for structures of proteins in alternate redox states) reveals over 1,134

pairs of proteins, many of which exhibit conformational difference between alter-

nate redox states [409]. The search identifies classes of proteins that exhibit

disulfide oxidation following expulsion of metals such as zinc, major reorganiza-

tion of the polypeptide chains in association with disulfide-redox activity, order/

disorder transitions, and changes in quaternary structure. As discussed in a greater

detail in the following sections, similar changes in proteins can be experimentally

induced by binding of Hcy via a disulfide bond with a protein cysteine residue.
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7.1 Plasma S-Homocysteinyl-Proteins

7.1.1 S-Hcy-Albumin

Two major forms of serum albumin exist in the circulation: albumin-Cys34-SH,

known as mercaptoalbumin, and albumin-Cys34-S-S-Cys (Fig. 5.7), accounting for

about two-thirds (0.45 mM) and one-third (0.15 mM), respectively, of total plasma

albumin [323]. Two minor forms, accounting for 1–2 % of total albumin, also exist

in the circulation: albumin-Cys34-S-S-Hcy [91, 103] and N-Hcy-albumin (Fig. 5.7)

[79]. Albumin carries >80 % of plasma Hcy [103] and Cys [296]. The in vivo

ability of albumin to form a disulfide with Hcy has been recapitulated in vitro [78,

81, 91].

Bound Hcy and Cys form a disulfide bond with the conserved residue Cys34 of

albumin, which is located in a 10-Å-wide hydrophobic pocket. The Cys34 residue

has an unusually low pKa of 5 and thus exists as a thiolate anion at physiological

pH. The oxidation status of Cys34 governs the local structure: buried for the reduced
thiolate form and exposed for the disulfide form [410]. These two structural forms

of albumin can be separated on a conventional [323] or HPLC anion exchange

columns [96] (Fig. 5.8). Albumin also carries S-linked GSH and CysGly (Fig. 7.1)

[106, 408]. S-linked Hcy, Cys, GSH, and CysGly are also carried on globulin

(Fig. 7.1), HDL, and α1-acid glycoprotein, but not on transferrin (which does not

possess a cysteine residue with a free thiol) [106]. It is not known whether S-
thiolation occurs in the plasma or intracellularly during biogenesis of these proteins.

In vitro studies suggest that albumin-Cys34-S-S-Hcy can form in three

thiol–disulfide exchange reactions: (1) between Hcy and albumin-Cys34-S-S-Cys,

(2) between mercaptoalbumin (Alb-SH) and Hcy-S-S-Hcy, and (3) between Alb-

SH and Hcy-S-S-Cys [411, 412]. The physiological role of the redox transitions in

albumin is not understood.

In the presence of excess Hcy, S-linked Cys and CysGly are released from S-
thiolated albumin with a half-life of 30 min, and there is a corresponding increase in

S-Hcy-albumin. Under the same conditions, release of S-linked Cys and CysGly

from α1-acid glycoprotein is much slower with a half-life of 24 h. Half-maximal

increase in Hcy S-linked to α1-acid glycoprotein requires several hours [106].

Exchange reactions with excess GSH show more rapid displacement of Cys,

Hcy, and CysGly from albumin than from α1-acid glycoprotein. However,

exchange reaction with GSH is faster: half-lives are 10 min for the displacement

of Cys and CysGly and <10 min for the displacement of Hcy from albumin and

about 3 h for thiol displacement from α1-acid glycoprotein [106]. These findings

suggest that GSH is more effective than Hcy in thiol–disulfide exchange reactions.
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7.1.2 S-Hcy-Transthyretin

Transthyretin (TTR) is a minor plasma protein that occurs at concentrations

0.2–0.4 mg/mL, about 200-fold lower than serum albumin. In human plasma,

TTR exists as a homotetramer of 13.8-kDa subunits, each of which has a single

Cys10 residue. TTR transports the hormone thyroxine and the retinol-binding

protein–retinol complex [413] and has been linked to the formation of amyloid

deposits in familial TTR amyloidosis, senile systemic amyloidosis [414], and

familial amyloidotic polyneuropathy [415].

Fig. 7.1 HPLC analysis of thiol-containing amino acids released from globulin (top panel) or
albumin (bottom panel) fractions of serum. Peaks are indicated as Cys (cysteine), Hcy (homocys-

teine), CysGly (cysteinylglycine), and GSH (glutathione). The vertical axis shows fluorescence
detector response in millivolts (Reproduced from [106])
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The single Cys10 residue of TTR carries S-linked Hcy, in addition to cysteine,

glutathione, CysGly, and sulfonyl residue [104, 105]. Low levels of S-Hcy-TTR,
comprising a few percent of total TTR, are detectable by LC–MS in normal human

plasma (Fig. 7.2). The low abundance of S-Hcy-TTR probably explains why it was

not detected in early studies [416]. In plasma from CBS-deficient and cblC/D-

deficient patients, S-Hcy-TTR levels increase about tenfold to comprise about 20 %

of total TTR (Fig. 7.2). TTR in human plasma, as well as purified TTR, is also able

to bind Hcy in vitro [105]. Higher fraction of S-conjugated TTR is observed in

patients with symptomatic amyloid disease [417].

Homotetrameric TTR variants, including S-Cys-TTR, S-GSH-TTR, S-CysGly-
TTR-, and S-sulfo-TTR, chemically synthesized starting with wild-type TTR, are

more amyloidogenic than unconjugated wild-type TTR at the higher end of the

acidic pH range (pH 4.4–5.0) [418]. The variants are similarly destabilized relative

to wild-type TTR toward urea denaturation and exhibit rates of urea-mediated

tetramer dissociation (pH 7) and methanol-facilitated fibril formation similar to

those of wild-type TTR. Under mildly acidic conditions (pH 4.8), the

amyloidogenesis rates of the mixed disulfide TTR variants are much faster than

the wild-type rate. S-Sulfo-TTR is less amyloidogenic and forms fibrils more

slowly than wild type under acidic conditions, yet it exhibits stability and rates of

tetramer dissociation similar to those of wild-type TTR when subjected to urea

denaturation.

Conversion of the Cys10 thiol group to a mixed disulfide with the amino acid

Cys, the CysGly peptide, or GSH increases amyloidogenicity and the

amyloidogenesis rate above pH 4.6, conditions under which TTR probably forms

fibrils in humans. Hence, these modifications may play an important role in human

amyloidosis [418].

The most prevalent modification, S-cysteinylation, renders TTR substantially

more amyloidogenic than wild-type TTR at pH 5, which may be a risk factor for the
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Fig. 7.2 Mass spectrometric analysis of transthyretin S-homocysteinylation in vitro (left panel)
and in vivo (right panel). The transthyretin was immunoprecipitated from human plasma, purified

by reversed-phase HPLC, and analyzed by ESI–MS (Reproduced from [105])
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onset of senile systemic amyloidosis [418]. It is likely that S-homocysteinylation

similarly increases amyloidogenicity of TTR; this, however, remains to be

demonstrated.

It has been stated that N-Hcy-transthyretin is undetectable in human plasma

[104]. However, the authors acknowledge that their inability to detect N-Hcy-
transthyretin is due to the interference from a signal corresponding to S-Cys-
transthyretin and to low sensitivity of their assay: the detection limit of the

LC–MS assay used by Sass et al. [104] is 1 % relative to total transthyretin. This

limit of detection is several orders of magnitude less sensitive than that of the HPLC

with fluorescence detection method, which allows quantification of as little as

0.00006 mol N-linked Hcy/mol protein (or 0.006 mol%) [297].

7.1.3 Apolipoprotein B and Lipoprotein[a]

ApoB-100, the major protein of LDL, is composed of a single polypeptide chain of

4,563 amino acid residues and contains a site for binding to the cell-surface LDL

receptor. Sixteen of the 25 cysteine residues exist in the disulfide form, while nine

cysteine residues have free sulfhydryl groups [419]. Each of the low molecular

weight thiols present in plasma has been reported to bind to ApoB via disulfide

bonds. Thus, ApoB-100 isolated from normal human plasma carries 0.0137 mol S-
linked Hcy/mol ApoB [420], and the content of S-linked Cys, CysGly, GSH, and

γGluCys (in mol/mol ApoB-100) is 0.324, 0.108, 0.0095, and 0.0026, respectively.

Plasma tHcy is a major determinant of S-Hcy-ApoB-100 levels.

Incubation of ApoB-100 with increasing concentrations of Hcy (up to 0.1 mM)

leads to increased binding with saturation at about 0.2 mol S-linked Hcy/mol ApoB

[144]. Increase of Hcy concentration to 5 mM does not lead to any further increase

in Hcy binding. This means that Hcy is able to form disulfide bonds with only a very

small fraction (2.2 %) of the 9 cysteine thiols that are present in ApoB-100. The

reasons for such an inefficient binding are not clear but raise a possibility that a

minor variant of ApoB or a contaminating protein, and not ApoB-100 itself, is

responsible for Hcy binding.

The treatment of cultured human endothelial cells with S-Hcy-ApoB-100
prepared in vitro led to increased generation of reactive oxygen species, decreased

proliferation, and increased cytotoxicity [144]. Whether these effects are specific to

S-thiolation of ApoB-100 by Hcy and whether S-thiolation by other thiols, in

particular the much more abundant thiolation with cysteine, affects interactions of

ApoB-100 with endothelial cells have not been examined.

S-Hcy-ApoB-100 is reported to be significantly elevated (to 0.024 mol S-linked
Hcy/mol ApoB) in chronic kidney disease (CKD) patients in comparison with

healthy controls [421]. S-Cys-ApoB-100 is also significantly elevated in these

patients to 0.386 mol S-linked Hcy/mol ApoB. In CKD patients, plasma S-Hcy-
ApoB-100 varies from 0.01 to 0.06 mol S-Hcy/mol ApoB while tHcy varies from

8 to 60 μM. Plasma S-Hcy-ApoB is positively correlated with tHcy and creatinine.
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However, only creatinine is a positive determinant of S-Hcy-ApoB in CKD

patients. Lipid-lowering therapy causes a 31 % decrease in S-linked ApoB thiols,

including a 40 % decrease in S-Hcy-ApoB [422]. The decreased levels of protein

bound thiols are most likely a consequence of oxidative stress improvement as

assessed by measurements of plasma malondialdehyde levels and allantoin/uric

acid ratios during the therapy. S-Hcy-ApoB-100 and S-Cys-ApoB-100 are also

significantly elevated in acute myocardial infarction patients [423].

Lipoprotein [a] (Lp[a]) is a lipoprotein that consists of LDL and apolipoprotein

[a] (apo[a]), disulfide-linked to the apoB-100 moiety of LDL [419]. Lp[a], in

contrast to LDL, does not bind to the LDL receptor, but the reduction and removal

of apo[a] restores the affinity of the remaining LDL for the receptor to normal levels

[424]. Apo(a) shares remarkable structural homology to plasminogen and binds to

plasmin-modified fibrin surface. Its ability to compete with plasminogen for bind-

ing sites on fibrin in clots may be responsible for the association of Lp[a] with

increased risk for cardiovascular disease [425–428]. Lp[a] colocalizes with fibrin in

atherosclerotic lesions and is physically associated with fibrin in the arterial wall

[429].

The single disulfide bond between apo[a] and ApoB-100 is susceptible to

reduction by Hcy and other sulfhydryls in vitro. Incubation of Lp[a] with thiols

increases its binding to plasmin-treated fibrin, but not to other proteins [430]. DTT

is more effective than Hcy, cysteine, N-acetyl-Cys, or GSH in enhancing the

binding. The binding is specific to Lp[a], as shown by the inability of Hcy to affect

the binding of LDL or plasminogen to fibrin. Although it does not alter the

molecular weight of Lp[a] on gel filtration, Hcy partially reduces Lp[a] [430].

Thus, Hcy and other thiols alter the Lp[a] particle and increase the reactivity of

the plasminogen-like apo[a] portion of the molecule.

However, it is not known whether Lp[a] is modified by Hcy in vivo, in particular
in patients with hyperhomocysteinemia. Free apo[a] is elevated in patients with

nephrotic syndrome and in patients undergoing peritoneal dialysis, relative to

normal control subjects, but there is no relationship between apo[a] and plasma

tHcy [428].

7.2 Extracellular Matrix Proteins

7.2.1 Fibrillins

Fibrillin-1, fibrillin-2, and fibrillin-3, modular 350-kDa calcium-binding

glycoproteins, are major components of 10–12-nm microfibrils in the extracellular

matrix [431]. They serve as a scaffold for the deposition of elastin and the formation

of the elastic fibers. The structure of fibrillin-1 is dominated by two types of

disulfide-rich motifs, the calcium-binding epidermal growth factor-like (cbEGF)

and transforming growth factor beta binding protein-like (TB) domains. With its
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content of 13.4 % cysteine residues, fibrillin-1 is one of the most-cysteine-rich

proteins. Cysteine residues form intradomain disulfide bonds important for the

correct folding and structure of each domain. Disruption of the connective tissue

structure contributes to the pathogenic mechanisms underlying two inherited

diseases with very different etiologies: Marfan syndrome and homocystinuria.

Marfan syndrome is a connective tissue disease caused by mutations in the

fibrillin-1 gene. Many missense mutations cause fibrillin-1 domain misfolding,

which may affect the delivery of fibrillin-1 and/or its assembly into microfibrils.

Patients with homocystinuria often exhibit skeletal abnormalities resembling the

Marfan syndrome phenotype [20, 46], suggesting that elevated Hcy levels may lead

to chemical reduction of disulfide bonds within fibrillin-1 domains resulting in the

loss of native structure.

In vitro experiments show that Hcy reduces disulfide bonds of recombinant

fibrillin-1 cbEGF domain fragments, which results in structural changes that lead

to misfolding of the protein [432]. Mass spectroscopic analyses identify Hcy

residues attached via disulfide bonds to fibrillin-1 fragments. Calcium binding

protects domain structure of the protein against reduction by Hcy. Circular dichro-

ism spectroscopy reveals moderate changes in the secondary structure of recombi-

nant fragments spanning the entire human fibrillin-1 molecule after treatment with

Hcy [433]. S-homocysteinylation affects also functional properties of the fibrillin-1

fragments. For example, calcium binding to S-homocysteinylated fragments is

completely abolished, and the fragments containing S-linked Hcy become signifi-

cantly more susceptible to proteolytic degradation [433].

S-homocysteinylated fibrillin-1 fragments exhibit abnormal self-interaction,

reduced multimerization of the C terminus, and impaired coacervation properties

[434]. The deposition of the fibrillin-1 network by human dermal fibroblasts is

reduced by the treatment of the cells with 1-mM Hcy, but not with 0.3-mM Hcy.

These effects are specific to S-homocysteinylation and are not observed after

S-cysteinylation. However, binding of fibrillin-1 to heparin through several domains

distributed throughout the molecule is inhibited similarly by Hcy and cysteine (each

at 0.3 mM) [434].

The cause of connective tissue abnormalities resulting from hyperhomocys-

teinemia has been studied in an in vivo chick model [19]. Hyperhomocysteinemia

was induced by feeding 2-day-old chicks with a high-Met diet for up to 9 weeks.

The aortas of the hyperhomocysteinemic chicks show severe histopathology,

including pronounced separation of elastic lamellae with marked smooth muscle

proliferation and aneurysms. Electron microscopy studies revealed disordered

elastic fibers in aorta and absence or disrupted assembly of microfibrils. Immuno-

histochemical examinations demonstrated a loss of fibrillin-2 in the aortic tissue.

Although it has not been examined whether these abnormalities are linked to

S-homocysteinylation of any of the connective tissue components, these data

provide evidence that elevated Hcy or its metabolites disrupt normal microfibril

structure, leading to aberrant elastic fibers [19].
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7.2.2 Fibronectin

The assembly of fibrillin-1 depends on fibronectin, which exists in two forms:

soluble plasma fibronectin, synthesized by hepatocytes, and cellular fibrous form

secreted and assembled by mesenchymal cells [435]. Cellular fibronectin is

secreted as a disulfide-bonded dimer with >60 cysteine residues, most of which

form intrachain disulfides. In addition to fibrillin, fibronectin also assembles other

matrix proteins: collagen types I and III, thrombospondin-1, fibulin-1, and LTBP-1.

In vitro experiments show that when human plasma is treated with 0.5-mM [35S]

Hcy, plasma fibronectin, in addition to albumin, undergoes S-homocysteinylation.

Purified fibronectin also binds [35S]Hcy, and the binding is reversed by the treat-

ment with the reducing agent 2-mercaptoethanol [436]. About five Hcy molecules

bind per each 440-kDa fibronectin dimer. Mass spectroscopic analyses indicate that

S-homocysteinylated regions are located in the N- and C-terminal domains, but not

in the collagen-binding region [436].

However, the treatment with 0.5 mM [35S]Cys does not lead to fibronectin S-
cysteinylation (in plasma or purified), which indicates that the binding is specific

for Hcy. The incorporation of Hcy via disulfide linkages affects fibronectin func-

tion, as shown by the inhibition of S-Hcy–fibronectin binding to fibrin. However,

the binding to gelatin/collagen, involving a different domain of fibrillin, is not

affected by S-homocysteinylation [436].

Fibronectin S-homocysteinylation compromises its interaction with fibrillin-1

but not with heparin [437]. Hcy, but not cysteine, reduces the fibronectin disulfide-

bound dimer to monomers and modifies epitopes for disulfide-dependent binding of

monoclonal antifibronectin antibodies.

S-homocysteinylation inhibits de novo assembly of fibronectin on cells [437].

For example, the treatment with 1-mM Hcy reduces, while 5-mM Hcy completely

abolishes, fibronectin deposition on human dermal fibroblasts. Similar treatments

with cysteine do not affect fibronectin assembly while the treatment with DTT

completely prevented fibronectin deposition and network formation on fibroblasts.

These results indicate that native disulfide bonds in fibronectin molecule are

important for its function and that the disruption of these disulfide bonds impairs

normal fibronectin function. It remains to be determined, however, whether

S-homocysteinylation of fibronectin or other components of the extracellular matrix

occurs in CBS-deficient patients or in human hyperhomocysteinemia in general.

7.2.3 Tropoelastin

Microfibrils formed by fibrillins serve as a scaffold for the deposition of

tropoelastin, which is important for the formation and maintenance of elastic fibers.

Properly assembled elastic fibers confer elasticity on tissues such as skin, lung,

and aorta. During elastic fiber biogenesis, tropoelastin undergoes maturation and
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cross-linking to form an insoluble polymeric elastin [438]. Elastin is responsible

for the properties of extensibility and elastic recoil of the extracellular matrix in a

variety of tissues.

Tropoelastin contains two cysteine residues that form an intramolecular disulfide

bond and are located at the conserved C terminus encoded by exon 36 [439].

Studies of coacervation of a recombinant tropoelastin fragment containing the

sole two cysteine residues present in human tropoelastin reveal a statistically

significant increase in the coacervation temperature (1.4 �C) after treatment with

0.3-mM Hcy [434]. However, the velocity of coacervation is not affected by Hcy.

Treatment with cysteine does not affect the coacervation temperature of the

tropoelastin fragment. The coacervation of a control fibrillin-1 peptide that does

not contain cysteine residues is not affected by Hcy or cysteine. Although these

findings suggest that Hcy could interfere with the biogenesis of elastic fibers, there

is no direct evidence that S-homocysteinylation is involved.

7.3 Blood Homeostasis Proteins

7.3.1 Factor Va

During blood clotting, the prothrombinase complex, containing factor Va, is

responsible for the conversion of prothrombin to thrombin. Factor V (M wt

330,000 Da) is activated by α-thrombin cleavages at Arg709, Arg1018, and

Arg1545. The product, factor Va, is composed of a heavy chain, residues 1–709

(M wt 105,000 Da), derived from the N terminus of factor V and a noncovalently

associated light chain, residues 1,546–2,196 (M wt 74,000 Da), derived from the

COOH terminus (A3-C1-C2 domains) [440]. Factor Va is proteolytically

inactivated by activated protein C [441].

Treatments with Hcy, cysteine, and Hcy-thiolactone have no effect on factor V

activation by α-thrombin. However, factor Va derived from Hcy-treated, but not

cysteine- or Hcy-thiolactone-treated, factor V is inactivated by activated protein C

at a reduced rate [442]. Incubation with [35S]Hcy results in formation of S-[35S]
Hcy-factor V, which is prevented by the treatment with β-mercaptoethanol. After

cleavage of S-[35S]Hcy-factor V with activated protein C, followed by resolution on

nonreducing SDS-PAGE gels, [35S]Hcy is found only in fragments known to

contain free sulfhydryl groups: the light chain (Cys1960, Cys2113), the B region

(Cys1085), and the 26/28-kDa fragment (residues 507–709) (Cys-539, Cys-585).

Treatment with β-mercaptoethanol removes all radiolabel [442].

Impaired inactivation of the prothrombinase complex might explain the throm-

botic tendency in CBS-deficient or other hyperhomocysteinemic patients. How-

ever, it is unclear whether the inactivation of the prothrombinase complex by

Hcy occurs in such patients. Furthermore, there is no evidence for the presence of
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S-Hcy-factor Va in the plasma or for the impairment of protein C activation by

thrombin in experimental hyperhomocysteinemia in humans or animals [443].

7.3.2 Annexin A2

Studies of annexin A2, a calcium-regulated and phospholipid-binding protein,

reveal the existence of an antifibrinolytic mechanism involving S-homocystei-

nylation [145]. The annexin A2 complex is the endothelial cell-surface co-receptor

for plasminogen and tissue plasminogen activator (TPA) that accelerates the cata-

lytic activation of plasmin, the major fibrinolytic enzyme in mammals. The binding

of TPA and plasminogen to annexin A2 increases the catalytic efficiency of TPA-

dependent plasmin generation 60-fold [444]. TPA binding is inhibited by the

hexapeptide LCKLSL corresponding to residues 7–12 of annexin A2. Hcy

decreases the ability of annexin A2 to bind to TPA, while cysteine has no effect

[445]. Mass spectroscopic studies have shown that purified annexin A2 incubated

in vitro with Hcy becomes S-homocysteinylated at residue Cys8 [446]. Ex vivo

studies with endothelial cells labeled with [35S]Hcy show a prominent 35S-labeled

36-kDa band on nonreducing SDS-PAGE gels that corresponds to annexin A2 and

disappears on reducing gels. This suggests that Hcy forms a disulfide bond with the

residue Cys8 of annexin A2 in cultured endothelial cells. As a result of this

posttranslational modification, plasminogen activation on the endothelial cell sur-

face is significantly impaired [446].

Annexin A2 binds Hcy also in vivo in a mouse model of hyperhomocysteinemia

[145]. When mice are fed with a high-Met, low-folate diet, plasma Hcy levels

increase to about 70 μM, and annexin A2 becomes S-homocysteinylated, as

demonstrated by the immunostaining of lung sections using a polyclonal antibody

generated against S-homocysteinylated A2 N-terminal peptide. (This antibody is

specific for A2 and fails to react with any other protein.)

Annexin A2 isolated from the lung tissue of hyperhomocysteinemic mice fails to

bind TPA and does not support plasminogen activation, whereas annexin A2

isolated from control mice was fully active in TPA binding and plasminogen

activation. Treatment with 2-mercaptoethanol of annexin A2 isolated from the

hyperhomocysteinemic mice restores its activity, which shows that S-homocystei-

nylation impairs normal annexin A2 function in vivo. The hyperhomocysteinemic

mice exhibit microvascular fibrin accumulation in the kidneys, heart, and lung, as

well as diminished angiogenesis [145]. This phenotype of the hyperhomocys-

teinemic mouse is similar to the phenotype observed in the annexin A2 knockout

mouse [447].

In a chemical FeCl3 vascular injury model of thrombosis, complete occlusion of

the carotid artery occurs in six of seven mice on high-Met diet but only in one of

seven mice on a control diet. Furthermore, post-injury blood flow in mice on high-

Met diet is reduced to 50 %, whereas post-injury blood flow in control mice is

essentially not affected. This prothrombotic phenotype is reversed by infusion of
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wild-type recombinant annexin A2 into the hyperhomocysteinemic mice. Taken

together, these results indicate that the inhibition of annexin A2-dependent fibrino-

lysis by S-homocysteinylation in vivo generates a prothrombotic phenotype.

If S-homocysteinylation of annexin A2 generates a prothrombotic phenotype, it

should be observed in any model of hyperhomocysteinemia, regardless of whether

the model is dietary or genetic. Surprisingly, however, a prothrombotic phenotype

is not observed in genetic hyperhomocysteinemia. Specifically, severely

hyperhomocysteinemic Tg-I278T Cbs�/� mice do not display increased suscepti-

bility to arterial or venous thrombosis, measured by several methods, including

photochemical injury of the carotid artery, chemical (FeCl3) injury in the carotid

artery and mesenteric arterioles, and ligation of the inferior vena cava [448]. There

are no significant differences in hemostatic and hemodynamic parameters between

Tg-I278T Cbs�/� and control mice. Although the authors [448] do not discuss this,

these data suggest that annexin A2 S-homocysteinylation for an unknown reason

does not occur in the Cbs�/� mice. Another possibility is that other mechanisms of

fibrinolysis are enhanced in severely hyperhomocysteinemic mice.

7.4 Intracellular Proteins

7.4.1 Heterogenous Nuclear Ribonucleoprotein E1
(hnRNP-E1)

Folates participate in one carbon metabolism and are essential for the synthesis of

DNA and the remethylation of Hcy to methionine. Inadequate folate supply leads to

the elevation of Hcy levels. High-affinity folate receptors (FR), discovered in 1981

[449], are critical for the cellular uptake of 5-methylenetetrahydrofolate [450]. In

addition to hyperhomocysteinemia, folate deficiency also induces a marked eleva-

tion of the cell-surface FR protein, but not FR mRNA, in HeLa cells. The FR

expression is regulated posttranslationally by heterologous nuclear ribonucleopro-

tein E1 (hnRNP-E1), which binds to an 18 base cis-element in the 50-UTR of FR-α
mRNA [451].

The accumulation of intracellular Hcy resulting from folate deficiency has been

shown to trigger the interaction of FR-αmRNA cis-element with hnRNP-E1, which

then stimulates the biosynthesis and upregulation of FR [452]. Studies with purified

components demonstrate that Hcy induces a concentration-dependent increase in

the affinity of hnRNP-E1 to FR-α mRNA, which correlates with increase in

translation of the FR in vitro and in cultured human cells [453]. Inhibition of

hnRNP-E1 synthesis by siRNA reduces both constitutive and Hcy-induced FR

biosynthesis.

Mass spectroscopic studies show that Hcy binds to hnRNP-E1 via multiple

disulfide bonds within the K-homology domains that are known to interact with

FR-α mRNA. To identify the sites of S-homocysteinylation, S-homocysteinylated
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hnRNP-E1 is prepared in vitro by incubation of recombinant GST-hnRNP-E1 with

50-μMHcy. Digestion with trypsin followed by LC–MS/MS analysis shows that S-
linked Hcy is present at several cysteine residues of hnRNP-E1 (Cys54, Cys109,

Cys158, Cys163, and Cys149) [453].

These findings show that the disruption of critical disulfide bonds by S-
homocysteinylation unmasks an RNA-binding pocket in hnRNP-E1 and optimizes

its binding to FR-α mRNA cis-element required for the FR upregulation. Further-

more, these data suggest that hnRNP-E1 may function as a physiologically relevant

cellular sensor of folate deficiency [453].

In addition to FR-α mRNA, S-homocysteinylated hnRNP-E1 also binds to cis-

elements of other mRNAs, including 15-lipooxygenase mRNA, human papilloma-

virus 16 (HPV16) L2 mRNA, tyrosine hydroxylase mRNA, and the neuronal

intermediate neurofilament middle molecular mass (neurofilament-M) mRNA.

That these interactions are likely to occur in vivo has been demonstrated by

increased accumulation of tyrosine hydroxylase and neurofilament-M in the adrenal

medulla and the cerebellum, respectively, in brains of murine fetuses (gestation day

17) whose mothers were fed folate-deficient diet prior to and during pregnancy

[453]. Other studies have shown that the translation of these mRNAs is also

activated by the conventional reducing agent 2-mercaptoethanol or DTT.

Human papillomavirus (HPV) 16 is known to transform epithelial tissues to

cancer in the presence of several cofactors, but there is insufficient evidence that

poor nutrition (folate deficiency) has any such role. Because physiological folate

deficiency leads to S-homocysteinylation of hnRNP-E1 and activates a nutrition-

sensitive (Hcy-responsive) posttranscriptional RNA operon that includes interac-

tion with HPV16 L2 mRNA, the functional consequences of folate deficiency on

HPV16 in immortalized HPV16-harboring human (BC-1-Ep/SL) keratinocytes and

HPV16-organotypic rafts have been investigated [454]. In addition to interacting

with HPV16 L2 mRNA cis-element, S-homocysteinylated hnRNP-E1 also binds

(with greater affinity) to another HPV16 57-nucleotide poly(U)-rich cis-element in

the early polyadenylation element (upstream of L2L1 genes). These interactions

lead to reductions of both L1 and L2 mRNA and proteins (but not HPV16 E6 and

E7) in vitro, while in cultured keratinocytes, HPV16-low-folate-organotypic rafts

develop in physiological low-folate medium. (Intracellular Hcy increases from

7 μM in high-folate to 20 μM in low-folate medium.) Furthermore, HPV16-low-

folate-organotypic rafts contain fewer HPV16 viral particles, a similar HPV16

DNA viral load, and a much greater extent of integration of HPV16 DNA into

genomic DNA, compared with HPV16-high-folate-organotypic rafts. Subcutane-

ous implantation of 18-day-old HPV16-low-folate-organotypic rafts into folate-

replete immunodeficient mice transforms this benign keratinocyte-derived raft

tissue into an aggressive HPV16-induced cancer within 12 weeks. Taken together,

these results establish a likely molecular linkage between poor folate nutrition and

HPV16 and predict that nutritional folate and/or vitamin B12 deficiency, which are

both common worldwide, is likely to alter the natural history of HPV16 infections

and also warrant serious consideration of B vitamins as reversible cofactors in

oncogenic transformation of HPV16-infected tissues to cancer [454].
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7.4.2 Metallothionein

Metallothionein is a 6-kDa zinc-binding chaperone and superoxide radical scaven-

ger that regulates zinc homeostasis and detoxifies heavy metals. Twenty of the

approximately sixty amino acid residues of mammalian metallothioneins are

cysteines, whose side chains are the only ligands to the seven zinc atoms in two

clusters. Zinc can be released from metallothionein by oxidized thiols including

cysteamine disulfide, coenzyme A disulfide, and glutathione disulfide (GS-SG).

GS-SG is known to participate in a thiol/disulfide interchange with the solvent-

accessible zinc-bound thiolates in metallothionein, which causes the clusters to

collapse and release zinc [455].

Treatment of endothelial cells with Hcy also causes increase in free zinc, which

is detected by preloading the cells with Zinquin AM [146]. In contrast, similar

treatment with cysteine does not induce zinc release. As a direct consequence of

free zinc elevation, the expression of early growth response-1 (Egr-1) protein, a

zinc finger transcription factor that regulates proinflammatory and procoagulant

genes associated with atherothrombosis [456], is transiently elevated in Hcy-treated

cells [146]. In addition, the superoxide radical scavenging ability of metallothionein

is inhibited after treatment with Hcy, thereby leading to superoxide production and

increased oxidative stress.

Experiments with endothelial cells labeled with [35S]Hcy followed by resolution

of cell extracts on nonreducing SDS-PAGE gels and detection by autoradiography

and Western blotting with anti-metallothionein antibodies suggest that

metallothionein is a target for S-homocysteinylation [146]. Autoradiograms show

a [35S]-labeled band of 10 kDa that coincides with the metallothionein band

detected by Western blotting. The radiolabeled band is absent in a sample that

has been reduced with 2-mercaptoethanol. Surprisingly, however, the radiolabeled

band is still present in samples reduced with glutathione. These findings suggest a

mechanism in which Hcy binding to metallothionein disrupts intracellular redox

homeostasis and induces endothelial cell dysfunction. However, the proposed mode

of interaction between Hcy and metallothionein remains to be confirmed in in vitro

studies with purified components.

7.4.3 Dimethylarginine Dimethylaminohydrolase

Endothelial dysfunction due to decreased bioavailability of nitric oxide is observed

in hyperhomocysteinemia [457]. Asymmetrical dimethylarginine (ADMA), a com-

petitive inhibitor of the enzyme nitric oxide synthase, is an important regulator of

vascular function. Increased levels of Hcy are associated with increased levels of

ADMA, which suggests that ADMAmay mediate Hcy-induced endothelial dysfunc-

tion due to reduced nitric oxide production [458]. ADMA is known to be hydrolyzed

by the enzyme dimethylarginine dimethylaminohydrolase (DDAH) [459].
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In cultured bovine aortic endothelial cells, Hcy induces the accumulation of

ADMA and inhibits DDAH activity in cell lysates prepared from cells that had been

preincubated with Hcy [460]. Treatment of endothelial cells with the thiol reagent

pyrrolidine dithiocarbamate prevents the accumulation of ADMA, suggesting that

the DDAH active site thiol is involved. Experiments with recombinant DDAH

show that Hcy inhibits the enzyme activity in vitro. Biotinylated Hcy (prepared

using Pierce Sulfo-NHS-Biotinylation Kit), but not biotinylated methionine or

cysteine, bind to recombinant DDAH and the binding is prevented by pyrrolidine

dithiocarbamate, again suggesting the involvement of an active site thiol. It remains

to be determined whether a putative S-Hcy–DDAH adduct can be detected in cell

extracts or tissues from hyperhomocysteinemic organisms. However, the formation

of such adduct in vivo is unlikely in view of the findings showing that plasma

ADMA levels are not related to plasma tHcy levels in treated CBS-deficient

individuals who have tHcy levels from 14 to 237 μM [461].

That Hcy is not disulfide bonded with the active site cysteine residue is

demonstrated by crystallographic studies of the bovine brain DDAH [462]. The

structure of the DDAH–Hcy complex indicates that Hcy binds in the active site

pocket in the same orientation as citrulline does (a product of ADMA hydrolysis)

and that it binds with a closed lid conformation. However, even in the absence of

reducing agents, no electron density of a disulfide bond is found between the two

sulfur atoms. The distance between the sulfur atoms of Hcy (Sδ) and active site Cys
(Sγ), 3.5 Å observed in the crystallographic structure, is too large to be compatible

with the disulfide bond formation. Therefore, these results do not support the

formation of a disulfide bond between Hcy and the active site Cys thiol as proposed

[460].
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