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RESUMO 

DANTAS, L. S. Efeito de aldeídos de colesterol na Esclerose Lateral Amiotrófica: estudo 

em modelo animal e na agregação da SOD1 in vitro. 2018. 162 p. Tese - Programa de Pós-

Graduação em Ciências Biológicas (Bioquímica). Instituto de Química - Universidade de São 

Paulo - São Paulo. 

 

Aldeídos de colesterol (Secosterol A e Secosterol B) têm sido detectados em amostras de 

cérebro humano e investigados em modelos de doenças neurodegenerativas como possíveis 

marcadores e intermediários do processo patológico. Estes oxisteróis constituem uma classe de 

eletrófilos derivados de lipídeos que podem modificar e induzir agregação de proteínas. A 

esclerose lateral amiotrófica (ELA) é um distúrbio neurodegenerativo associado ao acúmulo de 

agregados imunorreativos de superóxido dismutase (Cu, Zn-SOD, SOD1). O objetivo deste 

trabalho foi avaliar a presença de aldeídos de colesterol em ratos modelo ELA e sua capacidade 

de induzir a formação de agregados de SOD1 in vitro. Aldeídos de colesterol foram analisados 

no plasma, medula espinhal e córtex motor de ratos ELA. Uma quantidade elevada de 

Secosterol B foi detectada no córtex motor desses ratos em comparação com animais controle. 

Adicionalmente, os experimentos in vitro mostraram que Secosterol B e Secosterol A induziram 

a agregação da SOD1 em uma forma amiloidogênica que se liga à tioflavina T. Esta agregação 

não foi observada com o colesterol e os seus hidroperóxidos. Usando aldeídos de colesterol 

marcados com grupo alquinil e um ensaio de click chemistry, foi observado que os agregados 

de SOD1 estão ligados covalentemente aos aldeídos. A modificação covalente da proteína foi 

confirmada por análise de MALDI-TOF, que mostrou a adição de até cinco moléculas de 

aldeídos de colesterol à proteína por base de Schiff. Curiosamente, a análise comparativa com 

outros eletrófilos derivados de lipídeos (e.g. HHE e HNE) demonstrou que a agregação de 

SOD1 aumentou proporcionalmente à hidrofobicidade dos aldeídos, observando-se a maior 



 
 

agregação com aldeídos de colesterol. Os sítios de modificação da SOD1 foram caracterizados 

por nanoLC-MS/MS após digestão da proteína com tripsina, onde foram identificadas lisinas 

como o principal aminoácido modificado. Em geral, nossos dados mostram que a oxidação do 

colesterol que leva à produção de aldeídos de colesterol é aumentada no cérebro de ratos ELA 

e que os aldeídos altamente hidrofóbicos derivados de colesterol podem promover 

eficientemente modificação e agregação de SOD1. 

 

Palavras-chave: Esclerose Lateral Amiotrófica, aldeídos de colesterol, doenças 

neurodegenerativas, superóxido dismutase. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

ABSTRACT 

DANTAS, L. S. Effect of secosterol aldehydes on Amyotrophic Lateral Sclerosis: study in 

animal model and SOD1 aggregation in vitro. 2018. 162 p. PhD Thesis - Graduate Program 

in Biochemistry. Instituto de Química - Universidade de São Paulo - São Paulo. 

 

Secosterol aldehydes (Secosterol B and Secosterol A) have been detected in human brain 

samples and investigated in models of neurodegenerative diseases as possible markers and 

intermediates of the pathological process. These oxysterols constitute a class of lipid-derived 

electrophiles that can modify and induce aggregation of proteins. Amyotrophic lateral sclerosis 

(ALS) is a neurodegenerative disorder associated with the accumulation of immunoreactive 

aggregates of superoxide dismutase (Cu, Zn-SOD, SOD1). The objective of this work is to 

evaluate the presence of secosterol aldehydes in ALS rats and their ability to induce formation 

of SOD1 aggregates in vitro. Secosterol aldehydes were analyzed in plasma, spinal cord and 

motor cortex of ALS rats. A higher amount of Secosterol B was detected in the motor cortex of 

these rats compared to control animals. In addition, in vitro experiments have shown that 

Secosterol B and Secosterol A induce aggregation of SOD1 into an amyloidogenic form that 

binds to thioflavin T. This aggregation was not apparent in incubations with cholesterol and its 

hydroperoxides. Using alkynyl-labeled secosterol aldehydes and a click chemistry assay, it was 

found that the SOD1 aggregates are covalently linked to the aldehydes. Covalent modification 

of the protein was confirmed by MALDI-TOF analysis, which showed the addition of up to 

five molecules of secosterol aldehydes to the protein by Schiff base formation. Interestingly, 

the comparative analysis with other lipid-derived electrophiles (e.g. HHE and HNE) 

demonstrated that the aggregation of SOD1 increased according to the hydrophobicity of the 

aldehydes. Compared to the other electrophiles, a higher SOD1 aggregation was observed with 

secosterol aldehydes. SOD1 modification sites were characterized by nanoLC-MS/MS after 



 
 

protein digestion with trypsin, revealing lysine as the major amino acid modified in these 

experiments. Collectively, our data show that cholesterol oxidation leads to the production of 

secosterol aldehydes, which are increased in the brain of ALS rats, and that these highly 

hydrophobic aldehydes can efficiently promote the modification and aggregation of SOD1. 

 

Keywords: Amyotrophic Lateral Sclerosis, secosterol aldehydes, neurodegenerative diseases, 

superoxide dismutase. 
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a-Ch - Alkynyl-cholesterol 
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MALDI-TOF MS - Matrix assisted laser desorption ionization - time-of-flight mass 

spectrometry 

MDA - Malondialdehyde 

NaBH4 - Sodium borohydride 

NON - 2,4-nonadienal 

O3 - Ozone 

PBH - 1-Pyrenebutiric hydrazine 

ROS - Reactive oxygen species 

SDS-PAGE - Sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

SEC - Size exclusion chromatography 

Seco-A - Secosterol A 

Seco-B - Secosterol B 

SOD1 - Seperoxide Dismutase 1 

TEM - Transmission electronic microscopy 

ThT - Thioflavin T 

TIC - Total ion chromatogram 
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XIC - Extracted ion chromatogram 
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1. INTRODUCTION 

1.1 Lipid peroxidation 

 

Lipids are the major components of biological membranes and play important roles in 

the cell’s physiology. In addition to the membrane’s physical structure, they contribute to the 

cell homeostasis with fundamental roles such as controlling permeability and fluidity of 

membranes and acting as signaling molecules [1]. They are the most susceptible biomolecules 

to free radicals attack or oxidation by non-radical species in a process called lipid peroxidation. 

Such susceptibility is due to the presence of a high number of unsaturations in their structures 

[2-4]. Lipid peroxidation has been widely studied in the last decades and a link between this 

oxidative process and several diseases has been firmly established in neurodegenerative, 

cardiovascular and metabolic disorders [2–4]. Lipid peroxidation can be defined as a process 

by which oxidant species attack double bonds of lipids, thereby abstracting hydrogen and 

resulting in the formation of lipid-derived radicals, hydroperoxides and other oxidized products. 

It can be divided in three steps: (1) Initiation, (2) Propagation and (3) Termination [3,4] 

(Scheme 1).  

 

Scheme 1. Lipid peroxidation (adapted from Yin et al., 2011). 

Initiation:

Propagation:

Termination:

L-H + R• L•

L • + O2 LOO•

LOO • + L-H LOOH + L •

L • + L • L-L

L• + LOO • LOOL

LOO• + LOO • LOOOOL

LOOOOL LOH    +    LO    +    O2

Lipid Oxidant Lipid radical

Peroxyl radical

Lipid hydroperoxide

Hydroxide Carbonyl
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1.2 Lipid-derived electrophiles 

 

In addition to the generation of hydroperoxides, alcohols and ketones, lipid peroxidation 

may also yield aldehydes [3,5]. The most known and studied aldehydes are acrolein [6], 

malondialdehyde (MDA) [7], 4-hydroxy-2-hexenal (HHE) [8] and 4-hydroxy-2-nonenal (HNE) 

[9]. These lipid-derived electrophiles have been described as important intermediates in the 

pathogenesis of inflammatory and neurodegenerative diseases [10–16]. 

Acrolein can be formed endogenously by the oxidation of fatty acids from cell 

membranes or be consumed from dietary sources or even derived from air pollution [6]. The 

generation of acrolein by peroxidation of polyunsaturated fatty acids involves the formation of 

an intermediate hydroperoxide followed by β-cleavage of its correspondent alkoxy radical 

[17,18] (Figure 1).  

 

Figure 1. Mechanism of acrolein formation by lipid peroxidation. Acrolein is formed by β-

cleavage of alkoxy radicals derived from lipid hydroperoxides (adapted from Stevens & Maier, 

2008). 

[O]

β-cleavage

[O]

β-cleavage

Acrolein

Polyunsaturated fatty acid
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MDA is a dialdehyde considered a final product in the peroxidation of polyunsaturated 

fatty acids (mainly arachidonic acid) through enzymatic or non-enzymatic processes [7]. 

Enzymatic oxidation can be divided into two different processes, which involve the activity of 

the enzymes cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2) [19]. In the first, 

arachidonic acid is oxidized by COX-1 or COX-2 yielding prostaglandin endoperoxide (PGH2), 

which is a precursor of inflammatory mediators, such as prostaglandin E2, thromboxane B2 

and others [20]. PGH2 is also an unstable product that, in the presence of iron or heme group, 

may be degraded to MDA and secondary products (Figure 2). The second enzymatic 

mechanism starts with the oxidation of arachidonic acid to 5 S-HETE by the enzyme 5-

lipoxygenase (5-LOX). This product is then a substrate of COX-2 to form a di-endoperoxide 

which then is degraded to MDA and other products, such as HNE (Figure 2). Non-enzymatic 

formation of MDA occurs when hydroperoxides derived from lipid peroxidation suffer 

rearrangements and additional oxidations generating bicyclic endoperoxides structurally related 

to prostaglandins that may undergo cleavage to produce MDA [3] (Figure 3). 
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Figure 2. Enzymatic mechanism of MDA formation. Two different pathways are responsible 

for enzymatic MDA formation, both involving cyclooxygenases (COX1/2).   The first with an 

intermediate prostaglandin endoperoxide (PGH2) and the second by the action of the enzyme 

5-lipoxygenase (5-LOX) yielding 5 S-HETE and a di-endoperoxide as intermediate. (adapted 

from Griesser et al., 2009). 
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Figure 3. Non-enzymatic mechanism of MDA formation. Hydroperoxides derived from lipid 

peroxidation suffer rearrangements and additional oxidations generating bicyclic 

endoperoxides as intermediates. (adapted from Yin et al., 2011). 

 

HHE and HNE are aldehydes generated during peroxidation of ω-3 polyunsaturated 

fatty acids, such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), and ω-6 

polyunsaturated fatty acids, mainly arachidonic acid or linoleic acid, respectively [3,8]. In 

addition to the mechanism illustrated in Figure 2, two other pathways are known for HHE and 

HNE formation: an enzymatic and a non-enzymatic (as exemplified for HNE generation from 

linoleic acid in Figure 4) [3,9]. The enzymatic mechanism involves the formation of a 

hydroperoxide in position 9 of linoleic acid (9(S)-HPODE) followed by its reduction by CYP74 

and cleavage. This cleavage leads to the formation of two products, being the hydroperoxide of 

9 carbons (4-HPNE) rapidly reduced to HNE. This pathway is more likely to occur in plants, 

Arachidonic acid
[O]

β-Fragmentation or

Dioxetane Intermediate

MDA
Heptadecatrienoic

acid



22 
 

since some of the enzymes are not found in animals [3]. On the other hand, the non-enzymatic 

mechanism occurs with formation of hydroperoxides in position 9 and 13 by reactive oxygen 

species, followed by Hock cleavage steps (Figure 4). Although the mechanisms of HHE 

formation have not been specifically described in the literature, the pathways are considered 

similar to those of HNE, but starting from ω-3 polyunsaturated fatty acids [21]. 

Figure 4. Pathways for the formation of HNE from the oxidation of ω-6 polyunsaturated fatty 

acids. Enzymatic mechanism involves the enzymes 9-LOX and CYP74 yielding to a 

hydroperoxide of 9 carbons (4-HPNE) which is rapidly reduced to HNE. Non-enzymatic 

mechanism occurs with the formation of hydroperoxides as intermediates wich suffer Hock 

clivage to form HNE. These mechanisms also occur to HHE, initiating from ω-3 

polyunsaturated fatty acids. (adapted from Yin et al., 2011 and Uchida, 2003). 

 

1.3 Cholesterol and its oxidation products 

 

Cholesterol (cholest-5-en-3β-ol; Ch) is a neutral lipid found in all membrane 

compartments of mammalian cells. As for all unsaturated lipids, cholesterol is also susceptible 

to oxidation in the presence of reactive oxygen species (ROS), yielding a variety of potentially 

mutagenic and cytotoxic species [22–24]. Cholesterol oxidation by enzymatic and non-
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enzymatic mechanisms leads to products called oxysterols. Enzymatic oxidation can occur both 

in the rings and in the side chain of cholesterol leading to the formation of hydroxides (7α-

hydroxycholesterol), ketones (7α-hydroxy-4-cholesten-3-one) and epoxides (24(S),25-

epoxycholesterol). Most of the enzymes involved in the enzymatic oxidation of cholesterol are 

enzymes from the cytochrome P450 complex and are related to cholesterol metabolism and 

production of bile acids [25,26]. Non-enzymatic oxidation occurs only in the cholesterol rings 

and is related to the reaction of cholesterol with reactive oxygen species. This non-enzymatic 

oxidation is further divided into two types according to the nature of the oxidant species: type 

I or radical autooxidation, which occurs when cholesterol is oxidized by free radicals mainly to 

hydroxides (7β-hydroxycholesterol), epoxides (5β,6β-epoxycholesterol) and ketones (7-

ketocholesterol); and type II or non-radical, which occurs when oxidation occurs by non-radical 

oxidizing species, forming hydroperoxides (7α-OOH, 7β-OOH, 5α-OOH, 6α-OOH, 6β-OOH) 

and secosterol aldehydes (Secosterol A and Secosterol B) [27–30] (Figure 5). 
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Figure 5. Oxysterols: products of cholesterol oxidation. Cholesterol oxidation can occur by 

enzymatic mechanisms and non-enzymatic mechanisms, which are divided in type I (radical 

oxidation) and type II (non-radical oxidation). 
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1.4 In vivo formation of secosterol aldehydes 

 

Secosterol aldehydes are known to be products of a non-enzymatic oxidation of 

cholesterol. Wentworth and coworkers (2009) reported that secosterol A (Seco-A) is formed 

only when cholesterol reacts with ozone, but not with other reactive oxygen species, such as 

singlet oxygen, superoxide, and hydroxyl radical [31]. More recently, Tomono and colleagues 

reported that seco-A but not seco-B was formed in neutrophil culture through a 

myeloperoxidase-dependent pathway, which was significantly increased in the presence of IgG 

that catalyzes the formation of ozone as an oxidizer. In addition, seco-A was rapidly converted 

to seco-B and other metabolites in the presence of fetal bovine serum in this neutrophil 

experiment [32]. Elevated levels of seco-A and B were detected in plasma samples from wild 

type (WT) rats, but not in myeloperoxidase (MPO) deficient mice after treatment with 

lipopolysaccharide (LPS). The formation of these aldehydes appears to be mediated mainly by 

MPO-dependent ozonolysis of cholesterol in inflamed tissues [32]. On the other hand, it has 

been also reported that seco-B is formed not only by seco-A aldolization, but also by the Hock 

cleavage of 5α-hydroperoxide, which is formed by the reaction of singlet oxygen with 

cholesterol [33,34]. In 2016, it was demonstrated that 5α-hydroperoxide could also be a product 

of radical oxydation of cholesterol and that not only 5α-hydroperoxide could form secosterols 

by Hock cleavage, but also hydroperoxides at the position 6, which are minor products of 

cholesterol radical oxidation [35]. This data suggests for the first time that secosterol aldehydes 

may be derived from type 1 autooxidation of cholesterol [33]. Thus, there are at least three 

pathways to the formation of secosterol aldehydes: an ozone-dependent, a singlet oxygen-

dependent and a free radical-dependent (Figure 6).  
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Figure 6. Proposed mechanisms for secosterol aldehydes formation in vivo. Three different 

pathways have been described and discussed in the literature: Oxidation of cholesterol by 

singlet oxygen (1O2), free radicals (R•) or ozone (O3). 

 

1.5 Protein modification by secosterol aldehydes 

 

Secosterol aldehydes have been detected in samples of atherosclerotic tissue and human 

brain as important intermediates in the pathogenesis of cardiovascular and neurodegenerative 

diseases. Studies have shown that these cholesterol derivatives modify specific proteins in the 

brain, such as the β-amyloid peptide by Schiff base formation with basic amino acid residues, 

more specifically lysines 16 and 28, as well as the N-terminal group of aspartate 1 [36]. These 

modifications favor the formation of neurotoxic protein aggregates linked to Alzheimer's 

disease. In this case, lysine 16 appears as the most vulnerable target, reacting more rapidly with 
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secosterol aldehydes due to its presence on the more hydrophobic fraction of the peptide [36–

39].  

Bosco and colleagues (2006) have shown that secosterol aldehydes concentrations are 

more than two-fold increased in the cerebral cortex of patients suffering of dementia related to 

the formation of Lewy bodies compared to healthy subjects, and that these oxidation products 

of cholesterol can induce α-synuclein aggregation in vitro [40]. Similar adduct formation has 

been observed with bovine myelin basic protein (bMBP), which is directly related to myelin 

sheath adhesion and stability, as well as the sensitivity to autoimmune reactions in multiple 

sclerosis. Conformational changes and agglomeration of bMBP have been attributed to the 

covalent attachment with seco-B, leding to increased exposure of the peptide domain V86-T98 

related to the immunological reaction and decreased exposure of F42 and F43 proteolytic 

region, an enzyme responsible for the cleavage of bMBP [41]. 

A study evaluating the reactivity of seco-A in human atherosclerotic tissue observed 

that this cholesterol-derived aldehyde induces formation of apolipoprotein CII amyloid fibers 

in vitro. Apolipoprotein CII is secreted by macrophages in the atherosclerotic process and its 

fibrillation is directly related to plaque formation in the disease [42]. Seco-A has also been 

identified as a potent inhibitor of the nitric oxide synthase (NOs) in vitro, which may contribute 

to the development of vascular and neurodegenerative diseases. The mechanism of inhibition 

seems to be related to the blockade of the enzyme binding site with its cofactor calmodulin 

through the formation of Schiff bases with lysine residues present in this region [43]. 

Furthermore, a relationship between inflammation and cancer has been uncovered by Nieva 

and coworkers (2011) showing that secosterol aldehydes are capable of inducing 

amyloidogenesis and dysfunction of wild-type p53 protein. Through thioflavin T assay and 

circular dichroism analysis, this study showed that secosterol aldehydes, but not other lipid-

derived aldehydes, induce amyloidogenesis and conformational changes in p53 [44]. 
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Interestingly, Wachtel and colleagues (2006) demonstrated that not only amino groups 

of proteins are capable of forming Schiff bases with secosterol aldehydes, but also amino groups 

of phospholipids polar head groups such as phosphatidylethanolamine. Through mass 

spectrometry, they identified the product of the reaction between 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE) and seco-A as the mass corresponding to the sum of 

two reactants and loss of water, which indicates the formation of a Schiff base. The result was 

confirmed by a peak fragmentation profile (MS/MS) analysis corresponding to the product  

[45]. 

In a study conducted by our group [46], using SDS micelles as a mitochondrial 

membrane mimetic model, seco-B has been shown to covalently modify cytochrome c (CytC), 

a protein that participates in the electron transport chain and apoptosis. This result suggests that 

seco-B can promote cytochrome c anchoring in the membrane, which interferes with the 

apoptotic signaling. Using MALDI-TOF MS, it was possible to observe an increase of 400 Da 

mass in cytochrome c after incubation, equivalent to seco-B mass and water loss, which 

identifies Schiff bases formation. Furthermore, MS/MS data of the modified peptides identified 

adducts of the aldehyde with Lys 8 and Lys 22 [46]. 

More recently, cholesterol and its aldehydes modified with an alkynyl group (a-Ch, a-

seco-A and a-seco-B) were synthesized by the group of Professor Ned Porter (Vanderbilt 

University) (Figure 7). Alkynyl-labeled cholesterol aldehydes represent a direct method of 

detecting modifications proteins by these lipids using click chemistry approach. A study with 

amino acids, peptides and proteins have provided evidence for the role of secosterol aldehydes 

as well as their dehydration products in the formation of protein adducts. By means of trypsin 

digestion and hydrophobic separation by lipid extraction and SPE, covalent modifications in 
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proteins such as albumin (K4, K190, K195, K199, K414, K436, K525, K534) and cytochrome 

c (His33) were detected by mass spectrometry and click chemistry [47]. 

Figure 7. Structures of alkynyl-labeled cholesterol and secosterol aldehydes [47]. 

 

1.6 Amyotrophic Lateral Sclerosis (ALS) 

 

 Amyotrophic Lateral Sclerosis (ALS) or Lou Gehrig's Disease is among the most 

common neurodegenerative diseases manifested in adults, with an incidence of 1-2/100,000 in 

most populations. Typically, ALS develops between 50 and 60 years of age, with a progressive 

neuromuscular failure caused by the degeneration of both superior motor neurons of the 

cerebral cortex and lower connective neurons of the spinal cord. The latter degeneration may 

ultimately affect muscular fibers, causing a denervation and, consequently, atrophy. The major 

cause of death is by respiratory failure [48] (Figure 8). 

The etiology of ALS is still unknown, but most diagnosed cases have been characterized 

as sporadic (sALS). However, it is estimated that 5-10% of the cases are genetic, classified as 

familial (fALS) [49]. In 1993, Deng and coworkers identified the first mutated gene in ALS, 

responsible for 20-25% of the autosomal dominant cases in fALS. This gene encodes the 

enzyme copper/zinc superoxide dismutase (Cu/Zn SOD, SOD1) which is located on 

chromosome 21, where more than 100 mutations have been identified [50]. 

 

A

B C
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Figure 8. Amyotrophic Lateral Sclerosis (ALS). (A) Scheme of motor neuron death and muscle 

atrophy. (B) Regions affected by ALS. (C) Symptoms of ALS in a patient.   

Sources: http://www.mayo.edu/research/departments-divisions/department-neurology/ 

programs/neuromuscular-diseases-amyotrophic-lateral-sclerosis; https://www.mda.org/ 

disease/amyotrophic-lateral-sclerosis/signs-and-symptoms; Kiernan et al., 2011. 

 

1.7 SOD1 and ALS 

 

SOD1 is an antioxidant enzyme found in the cytosol, nucleus, peroxisomes and 

mitochondrial intermembrane space of eukaryotic cells [51]. Like its other isoforms, SOD1 is 

responsible for the catalytic dismutation of the superoxide anion radical to form hydrogen 

peroxide and oxygen (Figure 9). These redox reactions occur in two stages involving reduction 

and reoxidation of copper ions at the enzymatic reactive site. Thus, the enzyme is considered 

to be one of the most important antioxidant defenses of the human body. On the other hand, 

SOD1 has been also known for its peroxidase activity both by catalyzing the reverse reaction 

to dismutation and by using hydrogen peroxide as a substrate to produce hydroxyl radicals 

through the Fenton reaction [52]. Thus, although superoxide and hydrogen peroxide are not 

A B C



31 
 

 
 

highly reactive, additional reactions may generate products with higher oxidizing potential. For 

instance, superoxide reacts rapidly with nitric oxide to produce peroxynitrite [53], which can 

lead to production of singlet molecular oxygen [54]. Hydrogen peroxide decomposes slowly 

into hydroxyl radical in a process that can be catalyzed by reduction with Fe2+. Peroxynitrite, 

singlet molecular oxygen and hydroxyl radical are highly oxidizing agents that are prone to 

damage proteins, lipids and DNA. Abnormal iron increase have been detected at motor neuron 

degeneration sites in ALS, which may lead to lipid peroxidation [55]. In fact, patients with ALS 

have presented increase in the parameters related to the oxidative stress when compared to 

healthy subjects [56,57].  

 

 

 

 

 

 

 

 

 

Figure 9. Chemical structure and SOD1 activity. Yellow balls represent copper and green balls 

represent zinc. 

 

The exact molecular mechanisms of selective degeneration of motor neurons by mutant 

SOD1 in fALS are still unknown. It is believed that the mutation results in a gain of toxic 

function related to the pro-oxidant effect of the mutant SOD1 and/or the formation of cytotoxic 

aggregates of SOD1 [58–60]. The structural events that lead to formation of high molecular 

weight oligomers of SOD1 are still uncertain [61]. Some studies suggest that oxidized SOD1 

Cu, Zn-SOD (SOD1, 32 kDa) 
O2

•- + O2
•- + 2H+               H2O2 + O2
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WT and several of its mutants form soluble oligomers in vitro only when they are deficient in 

metal (apo form) [62]. These oligomers would be formed under aerobic conditions when 

proteins are maintained at 37 °C for 230 h near the physiological concentration and pH. These 

resulting oligomers are formed by intermolecular covalent disulfide bonds, involving the 

cysteines 6 and 111, and by non-covalent interactions between β-sheets, forming β-amyloid-

like structures. The rate of protein oligomerization is different for the various mutants, but 

eventually generate the same type of soluble oligomeric species [61,63]. 

Kim and colleagues (2005) showed that there is induction of SOD1 aggregation in the 

presence of polyunsaturated fatty acids. These high molecular weight aggregates have a 

granular morphology and show significant cytotoxicity [60]. Lipids serve as mediators in 

signaling and inflammation during the progression of neurodegeneration. Although SOD1 is 

frequently in contact with lipids, interactions with SOD1 have not been investigated at the same 

intensity when compared to other proteins related to other diseases [64,65]. In a recent study 

conducted in our laboratory, it was shown that docosahexaenoic acid (DHA), one of the major 

polyunsaturated fatty acids in the brain's gray matter , possesses the ability to induce SOD1 

oligomerization [66].  

 

1.8 Lipids and Neurodegenerative Diseases 

 

Primarily in the last years, there exists an increasing number of publications relating the 

role of lipids in the pathology of several diseases, including neurodegenerative diseases [67–

69]. If we search in science databases for the term “neurodegenerative disease” we observe a 

steady increase in the number of articles published from 1990 to 2017 (Figure 10A). The same 

increase is observed when term of the search is “lipid and neurodegenerative diseases” (Figure 

10B). This trend is likely related to the fact that oxidative stress is associated with several 

neurodegenerative diseases [70–72], and lipid oxidation may reflect these conditions serving as 
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biomarkers of the diseases [10,73,74]. In this context, it has been reported increased levels of 

lipid-derived electrophiles, such as acrolein, MDA and HNE, in patients and animal models of 

Alzheimer’s disease [10,75,76], Parkinson’s disease [73,77,78] and ALS [79–82]. Moreover, 

there are a number of in vitro studies showing that lipid-derived electrophiles may potentially 

represent ligands and aggregation inductors of most protein linked to neurodegenerative 

diseases. For instance, α-Synuclein aggregation is associated with Parkinson’s disease and the 

process of aggregation has been reported to be induced by acrolein [14], HNE [13,83] and 

secosterol aldehydes [40]. Similarly, aggregation of β-amyloid peptide induced by these 

aldehydes has been found as a link to Alzheimer’s disease [15,37,42].  

Alterations in lipid metabolism by neurodegenerative diseases have been also the 

subject of many investigations [84–87]. The 24(S)-hydroxycholesterol (24-OH cholesterol) 

represents the major cholesterol metabolite in brain and can be used as clinical biomarker for 

Alzheimer’s disease development. Patients diagnosed with this disease seem to present higher 

concentration of 24-OH cholesterol in plasma and cerebrospinal fluid compared to healthy 

subjects [88,89]. Alterations in the activity of the enzyme sterol O-acyltransferase 1 (ACAT1), 

responsible for the production of cholesteryl esters, was also suggested to play a role in 

Alzheimer’s disease, since this enzyme activity is related to the production of β-amyloid peptide 

[90,91]. Cholesterol metabolism and its products have been also studied in other 

neurodegenerative diseases, such as Parkinson’s disease [92], Huntington’s disease [86] and 

ALS [93]. Sphingolipids and their metabolism is also a common subject of study in field of 

neurodegenerative disorders. For instance, increased ceramides levels appear as a hallmark of 

several neurodegenerative diseases linked to oxidative stress [94–97]. Several other lipid 

classes and their metabolism have been studied and seem to be related to neurodegenerative 

diseases, such as free fatty acids [98,99] and phospholipids [100,101]. Finally, it is worth 

mentioning that advances in lipidomics analysis in recent years allowed a global lipid 
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quantification in patients and animal models of neurodegenerative diseases, increasing the 

number of lipid classes and lipid-derived biomarkers involved in these disorders [102–104]. 

 

1.9 Cholesterol and ALS 

 

Cholesterol represents the major lipid in the brain [105], and not surprisingly, a 

significant fraction of studies showed in Figure 10B are related to the link between cholesterol 

metabolism and neurodegenerative diseases (Figure 10C). Part of these works was already 

presented in the topic “1.5 Protein modification by secosterol aldehydes” where it was talked 

about how these cholesterol-derived electrophiles could modify and induce aggregation of 

specific proteins linked to neurodegenerative diseases. In “1.9 Lipids and Neurodegenerative 

Diseases” it was showed that cholesterol metabolism and oxysterols concentration have been 

studied in neurodegenerative diseases and seem to be associated with these disorders in some 

specific cases. 

In ALS, a pioneer study was published in 2002, showing abnormalities in ceramide and 

cholesteryl ester metabolism in ALS patients and mouse model spinal cords [106]. The authors 

associated this result with the increase of oxidative stress in ALS [106]. On the other hand, 

dyslipidemia conditions such as elevated triglyceride and cholesterol serum levels have shown 

a significantly positive effect on survival of patients with ALS [107,108]. In addition, statin 

drugs (inhibitors of cholesterol biosynthesis) were suggested to play a possible role inhibiting 

ALS progression [109]. Collectively, however, these papers do not delineate the mechanism by 

which cholesterol could protect ALS development [107–109].  
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Figure 10. Number of publications about neurodegenerative diseases (A), lipids and 

neurodegenerative diseases (B) and cholesterol and neurodegenerative diseases (C) over the last 28 

years. (Source: PubMed https://www.ncbi.nlm.nih.gov/pubmed/ in April 25, 2018). 

 

In 2017, a group from the United Kingdom quantified more than 40 different sterols in 

serum and cerebrospinal fluid (CSF) from ALS patients [93]. They found increased 

concentrations of cholesterol in CSF of ALS patients compared with control. Furthermore, 

specific cholesterol metabolites formed in CSF were reduced in ALS, while other metabolites 

imported from blood circulation were present in normal levels. This work concluded that 

cholesterol metabolism is altered in the brain of ALS patients, promoting an excess of 

ND

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

0

3000

6000

9000

12000

15000

18000

Year

N
° 

o
f 
p

u
b

lic
a
ti
o
n

s

ND + Lipid

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

Year

N
° 

o
f 
p

u
b

lic
a
ti
o
n

s

ND + Cholesterol

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

0

20

40

60

80

100

120

140

160

180

200

Year

N
° 

o
f 
p

u
b

lic
a
ti
o
n

s

A B

C



36 
 

cholesterol in the CSF [93]. More recently, a specific cholesterol metabolite found in blood, 

25-hydroxycholesterol, was increased in serum of ALS patients and implicated in motor 

neuronal death in a cell model of ALS [110]. 

Yet there are no studies on how cholesterol-derived electrophiles could modify and/or 

induce aggregation of proteins linked to ALS. Thus, in the Chapter 1 of this thesis, we have 

explored whether secosterol aldehydes could induce SOD1 aggregation.  

 

2. OBJECTIVES 

Taking into account that neurodegenerative diseases have been associated with 

alterations in lipid metabolism and that lipid oxidation products may participate in the 

pathology of these diseases, this thesis sought to verify a possible relationship between 

Amyotrophic Lateral Sclerosis and aldehydes derived from cholesterol oxidation (secosterol 

aldehydes). The first chapter of this thesis is aimed at evaluating secosterol aldehydes 

concentration in an animal model for ALS (overexpressing SODG93A mutant rats). In addition, 

in vitro experiments were performed to test whether secosterol aldehydes could modify and 

induce aggregation of SOD1, with subsequent characterization of possible covalent 

modifications. 

In order to contribute to the understanding of the mechanism involved in the results of 

Chapter 1, the second part of this thesis (Chapter 2) compared the effect of lipid-derived 

aldehydes with different sizes and hydrophobicities on SOD1 aggregation. Possible 

modifications were characterized in detail by examining the hydrophobic surface of SOD1 and 

covalent docking of the aldehydes on the protein. 
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Cholesterol Secosterol Aldehydes Induce Covalent Modification and Aggregation of 
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ABSTRACT 

 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by 

degeneration of upper and lower motor neurons. While the fundamental causes of the disease 

are still unclear, the accumulation of Cu,Zn-superoxide dismutase (SOD1) immunoreactive 

aggregates is associated with familial ALS cases. Cholesterol 5,6-secosterol aldehydes (seco-

A and seco-B) constitute a class of lipid-derived electrophiles that modify proteins causing their 

aggregation. Here we have investigated the presence of seco-A and seco-B in ALS SOD1-G93A 

rats and their capacity to induce SOD1 aggregation. Cholesterol-derived aldehydes were 

analyzed in plasma, spinal cord and motor cortex of ALS rats at the symptomatic stage. Higher 

levels of seco-B were detected in the motor cortex of ALS rats compared to control animals.  In 

vitro experiments showed that seco-A and seco-B induce formation of SOD1 aggregates with 

amorphous morphology. No effect was observed with cholesterol and its hydroperoxides. Using 

a click chemistry assay, we observed secosterol adducted-SOD1 mostly in the high molecular 

weight aggregate fraction with no detectable adducts in the monomer or dimer forms. SOD1-

secosterol adducts containing up to five secosterol molecules were confirmed by MALDI-TOF 

analysis. Trypsin digestion followed by LC-MS/MS analysis showed that secosterols were 

covalently attached to Lys residues preferentially located at the electrostatic loop (Lys 122, 128 

and 136) and nearby the dimer interface (Lys 3 and 9). Altogether, our results show that the 

levels of cholesterol aldehydes are increased in the brain cortex of symptomatic ALS rats and 

highlight the importance of these electrophiles in SOD1 aggregation. 

 

Keywords: Amyotrophic Lateral Sclerosis, secosterol aldehydes, neurodegenerative diseases, 

superoxide dismutase, protein aggregation 
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Highlights: 

 

- Secosterol aldehydes are increased in motor cortex of ALS rat model; 

- These aldehydes modify SOD1 in vitro, producing high molecular weight aggregates; 

- Secosterol aldehydes modifies Lys residues located at electrostatic loop and nearby the dimer 

interface; 

- Secosterol adduction increases protein hydrophobicity and its propensity to aggregate. 
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INTRODUCTION 

 

 Cholesterol is a neutral lipid found in the membranes of all mammalian cells. The 

central nervous system is particularly rich in cholesterol, presenting a concentration near to 20 

mg/g in the brain and 40 mg/g in spinal cord, which represents about 23% of the total sterol 

present in the body [1]. Cholesterol, like all other unsaturated lipids, is susceptible to oxidation, 

giving rise to a variety of oxidized derivatives, collectively known as oxysterols [2–4]. This 

lipid can be oxidized by enzymatic and non-enzymatic mechanisms. Non-enzymatically, 

cholesterol can be oxidized by singlet molecular oxygen (1O2), ozone (O3), and free-radicals 

[5–11]. Among the major products of cholesterol oxidation are the isomeric hydroperoxides 

(7α-OOH, 7β-OOH, 5α-OOH, 6α-OOH, 6β-OOH), epoxides, and aldehydes [6–8,11]. 

Attention has been particularly focused on cholesterol 5,6-secosterol aldehydes (seco-A and 

seco-B) (Figure 1), two electrophilic oxysterols known to be formed from cholesterol oxidation 

intermediates formed by O3 [9,10] and 1O2 [8,11]. More recently, Zielinsk and Pratt 

demonstrated that these aldehydes can also arise from free radical mediated oxidation of 

cholesterol [12], suggesting that their formation does not require the presence of high energy 

oxygen intermediates (i.e. O3 or 1O2). 

 

 

 

 

 

 

 

 

Figure 1. Chemical structures of Cholesterol 5,6-secosterol aldehydes. 
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Secosterol aldehydes have been detected in samples of atherosclerotic tissue and human 

brain as important intermediates in the pathogenesis of cardiovascular [13,14] and 

neurodegenerative diseases [15–18]. These electrophilic oxysterol derivatives can modify 

specific proteins in the brain, such as β-amyloid peptide [15,16,19,20], α-synuclein [17] and 

bovine myelin basic protein [18], leading to the formation of protein aggregates. In addition, 

secosterol aldehydes may also modify other proteins such as apoB-100 [8], p53 [16], NO 

synthase [9] and cytochrome c [17], resulting in structural change and function loss. 

SOD1 is a soluble antioxidant enzyme present in the cytosol, nucleus, peroxisomes and 

mitochondrial intermembrane space of eukaryotic cells [23,24]. SOD1, as well as its other 

isoforms, is responsible for the catalytic dismutation of the superoxide radical anion to 

hydrogen peroxide and molecular oxygen. Mutations of the SOD1 gene are linked to some 

cases of Amyotrophic Lateral Sclerosis (ALS) [25]. ALS is a fatal neurodegenerative disease 

manifested in adults with an incidence of 1-2/100,000 in most populations. Typical ALS 

develops between 50 and 60 years of age, with progressive neuromuscular failure caused by 

motor neurons degeneration in the brain and spinal cord causing denervation and consequent 

muscle atrophy. The etiology of the disease is still unknown. Whereas the majority of diagnosed 

cases have been characterized of sporadic origin (sALS), it is estimated that 5-10% of the cases 

are genetic, classified as familiar ALS (fALS) [26]. In 1993, Deng and colleagues identified the 

first mutated gene in ALS, responsible for approximately 25% of autosomal dominant fALS 

cases. This gene encodes the enzyme SOD1 which is located on chromosome 21 [25].  

Although more than 100 mutations have been identified in the SOD gene, the molecular 

mechanisms of selective degeneration of motor neurons in SOD1 fALS mutants are still 

unclear. The mutation results in a gain of toxic function, which has suggested to cause pro-

oxidant effects and/or formation of cytotoxic SOD1 aggregates  [27,28]. The structural events 

that lead to the formation of high molecular weight SOD1 oligomers have been extensively 
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debated [27]. These events likely involve intermolecular covalent disulfide bonds at cysteines 

6 and 111, and non-covalent interactions between beta sheets, forming the ß-amyloid-like 

structures [29]. A number of factors can enhance protein aggregation, including zinc-deficiency 

[30,31], protein oxidative modifications [28] and the interaction with membrane lipids [32–34]. 

Yet, the interaction between SOD1 and lipids has been underexplored as compared to key 

proteins involved in other diseases [35–37].  

Considering the high abundance of cholesterol in brain and spinal cord [1] and the 

electrophilic nature of its oxidation products, we sought to investigate the presence of secosterol 

aldehydes in neural tissues and plasma from an ALS rat model and also to evaluate their 

potential to induce SOD1 aggregation. Here we found elevated amounts of secosterol aldehydes 

in the cerebral cortex of an ALS rat model (SOD1-G93A rats). Moreover, secosterol aldehydes 

dramatically enhanced SOD1 aggregation through a mechanism involving covalent 

modifications of Lys residues mainly at the electrostatic loop (Lys 122, 128 and 136) and at the 

dimer interface (Lys 3 and 9). 

 

MATERIALS AND METHODS 

 

1. Materials 

  

Secosterol-A (3β-hydroxy-5-oxo-5,6-secocholestan-6-al) was synthesized by the 

ozonization of cholesterol and purified as described by Wang and colleagues [38]. Secosterol-

B (3β-hydroxy-5β-hydroxy-B-norcholestane-6β-carboxaldehyde) was synthesized by the 

photooxidation of cholesterol and purified as described by Uemi and colleagues [8]. SOD1 was 

expressed in Escherichia coli, purified and its apo form prepared as previously described [39]. 

Alkynyl lipids were synthesized as previously described [40]. Unless otherwise stated all 

chemicals were of the highest analytical grade and were purchased from Sigma, Merck or 

Fisher.  
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2. ALS Rat Model 

  

Sprague Dawley hemizygous male rats overexpressing multiple copies (~8 copies) of 

G93A mutant human copper,zinc-superoxide dismutase (SOD1G93A) were obtained from 

Taconic (Germantown, NY). The development of characteristic symptoms of the disease was 

accompanied by evaluation of animals body weight and loss of limbs movement. The animals 

were considered symptomatic when they showed a ~20% loss of their maximum body weight 

accompanied by atrophy/paralysis of the limbs. Secosterol aldehydes were quantified in plasma, 

motor cortex and spinal cord at the symptomatic stage (132 ± 12 days). 

 

3. Quantification of Cholesterol and Secosterol Aldehydes  

 

Plasma and homogenates of motor cortex and spinal cord were subjected to lipid 

extraction according to the method of Bligh & Dyer (1959) [41]. Quantification of cholesterol 

was performed by HPLC-UV detection at 205 nm. The separation was achieved on a Kinetix 

C18 (50 x 4.6 mm 2.6 µm) using an isocratic eluent of 95% methanol and 5% water. A 5 µL 

aliquot was injected for analysis and cholesterol levels were calculated according to a 

calibration curve. The analysis of secosterol aldehydes was performed using the method 

previously described by our group, in which aldehydes were derivatized with a fluorescent 

probe 1-pyrenebutiric hydrazine (PBH) [42]. The differences between the concentration levels 

obtained for cholesterol and its aldehydes (mean ± S.D.) were determined by Student’s T test. 

A p value of 0.05 or less was used as the criterion for statistical significance. 

 

4. SOD1 aggregation experiments 

 

SOD1 WT (10 µM) in apo and holo forms were incubated in 50 mM phosphate buffer 

pH 7.4 containing 150 mM NaCl and 100 µM DTPA for 24 h at 37°C in the presence of 250 
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µM cholesterol, cholesterol hydroperoxides, seco-A or seco-B.  250 µM of docosahexaenoic 

acid (DHA) was used as a positive control [33]. For detection of SOD1 oligomers, SDS-PAGE 

was performed under reducing (+β-mercaptoethanol) and non-reducing (-β-mercaptoethanol) 

conditions in a 12% polyacrylamide gel. Aliquots of samples (20 µL) were incubated in sample 

buffer (62 mM Tris-HCl, pH 6.8 containing 10% glycerol, 2% SDS, 0.01% bromophenol blue) 

in the absence and presence of β-mercaptoethanol (200 mM) for 5 minutes at 95°C and then 

applied on the gel. Silver nitrate was applied for gel staining. Size exclusion chromatography 

(SEC) was performed using the column BioSep-SEC-S3000 (300 x 7.8 mm, Phenomenex, 

USA). Each sample was eluted with 50 mM phosphate buffer, pH 7.4 containing 150 mM NaCl. 

Fluorescence detector conditions were: excitation wavelength at 280 nm and emission at 340 

nm. 

 

5. Effects of pH and Secosterol Aldehyde Concentration on SOD1 Aggregation 

 

For pH evaluation, solutions of 50 mM phosphate containing 150 mM NaCl and 100 

µM DTPA were made in different pHs: 4.7, 5.5, 6.2, 7.4, 8.4 and 10. Apo-SOD1 (10 µM) was 

incubated with cholesterol aldehydes (250 µM) at all pHs for 24 h at 37°C. To evaluate the 

effect of concentration, incubations of apo-SOD1 (10 µM) were performed in increasing 

concentrations from 10 to 250 µM cholesterol aldehydes for 24 h at 37°C.  Aggregate analysis 

was performed by SEC. 

 

6. Analysis of SOD1 Aggregates Morphology 

 

The increase of hydrophobicity at the protein surface was monitored by following the 

increase in fluorescence of thioflavin T (ThT). After 24 h of incubation, 10 µM ThT was added 

to the samples and after 15 min at 37°C, fluorescence was recorded on a plate reader (TECAN, 

Switzerland) with excitation at 440 nm and emission at 485 nm. To evaluate whether SOD1 
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aggregates were formed by amyloid fibers, congo red (CR) assay was performed. This reagent 

suffers a red shift on its absorbance peak after binding to amyloid fibers. For the analysis, the 

incubations were mixed with 6 μM CR in 5 mM phosphate buffer pH 7.4. A positive control 

was an incubation of α-synuclein with seco-A, which has been known to form amyloid fibrils 

[17]. Spectrophotometric analyses were carried out in a Varian model Cary 50 Bio 

spectrophotometer. Aggregate morphology was also analyzed by transmission electron 

microscopy (TEM) as described previously [43].  

 

7. Click Chemistry Assay 

 

Apo-SOD1 (10 µM) was incubated with 1 mM alkynyl lipids (a-HNE, a-Ch, a-seco-A 

and a-seco-B) in 50 mM phosphate buffer pH 8.4 containing 150 mM NaCl and 100 µM DTPA 

for 24 h at 37°C. The samples were then reduced with 5 mM sodium borohydride for 1h at room 

temperature to stabilize possible adducts, and finally neutralized with 10% HCl. The following 

click reagents were added to each of the samples: azido-biotin reagent (0.2 mM), tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) ligand (0.2 mM), copper sulfate (1 mM), and 

sodium ascorbate (1 mM), and the samples were vortexed and allowed to stir for 2 h in the dark 

at room temperature. Biotinylated samples were resolved by SDS-PAGE as described above. 

The protein was transferred electrophoretically to a polyvinylidene fluoride membrane (Life 

Technologies, Grand Island, NY) and probed with streptavidin conjugated with the Alexa Fluor 

680 fluorophore (Life Technologies). Biotinylated proteins were visualized using the Odyssey 

Infrared Imaging System and Odyssey software according to the manufacturer (Licor, Lincoln, 

NE). 
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8. MALDI-TOF Analysis 

 

Apo-SOD1 (10 µM) was incubated with 1 mM cholesterol, seco-A or seco-B in 50 mM 

phosphate buffer pH 8.4 containing 150 mM NaCl and 100 µM DTPA for 24h at 37°C. The 

samples were then reduced with 5 mM sodium borohydride for 1h at room temperature to 

stabilize possible adducts. After that, the protein was denatured at 95°C for 5 min and the 

aggregates were reduced with 1 M dithiothreitol (DTT) for 1h at room temperature. Methanol 

(750 µL) was added to the samples, which were left on ice for 20 min to precipitate SOD1. 

After centrifugation at 10000 rpm for 5 min, the precipitate was suspended in 100 µL of 0.1% 

trifluoroacetic acid for MALDI-TOF analysis. Samples were mixed in a 1:4 (v/v) ratio with a 

saturated solution of α-cyano-4-hydroxycinnamic acid (HCCA) in 50% acetonitrile/0.1% 

aqueous trifluoroacetic acid (1:1, v/v). Approximately 1 μL of the resulting mixture was spotted 

onto a MALDI target and analyzed by MALDI-TOF MS. The analyses were performed in the 

linear, positive ion mode in an UltrafleXtreme spectrometer (Bruker Daltonics, Germany) using 

an acceleration voltage of 25 kV. The resulting spectra were analyzed by flexAnalysis software 

(Bruker Daltonics, Germany). 

 

9. Enzymatic Digestion of SOD1 and Peptide Analysis 

 

SOD1 samples incubated in the presence of cholesterol and aldehydes were first reduced 

with 5 mM sodium borohydride for 1 h at room temperature. After that, cysteine residues were 

reduced with 5 mM DTT (dithiotreitol) and alkylated with 15 mM iodoacetamide. Then, 

samples were digested for 18 h with proteomic grade trypsin (Promega) in a 1:100 (w/w) ratio 

at 37 °C with aid of RapiGest SF Surfactant (Waters). The resulting peptides were analyzed by 

LC-MS/MS using a nanoAcquity UPLC system (Waters, United States) with an ACQUITY 

UPLC-C18 (20 mm x 180 μm; 5 μm) coupled to a TripleTOF 6600 mass spectrometer (Sciex, 

United States). Elution was used with mobile phase A (0.1% formic acid in water) and B (0.1% 



47 
 

 
 

formic acid in acetonitrile) at a flow rate of 0.4 µL/min with the followed gradient: 1 to 35% B 

from 0 to 60 min; 35 to 90% B from 60 to 61 min; isocratic elution with 90% B from 61 to 73 

min; 90 to 1% B from 73 to 74 min. Nano-electrospray ion source was operated at 2.4 kV. 

Software used for acquisition and data processing were Analyst TF and PeakView, respectively. 

For the analysis of protein modification, MASCOT software (Matrix Science Ltd., London, 

United Kingdom) was used with mass tolerance of 10 ppm for MS experiments and 0.05 Da 

for MS/MS experiments. Search configuration was set to have variable modifications of 

+57.0214 Da for carbamidomethyl to Cys, +400.3341 Da for Michael addition of secosterols 

to Cys, Lys and His, and +402.3497 Da for Schiff base adduction of secosterols to Lys. 

 

RESULTS 

 

1. Secosterol aldehydes are increased in the motor cortex of ALS rats 

First, we sought to investigate the presence of secosterol aldehydes in neural tissues and 

plasma of an ALS rat model (SOD1-G93A rats). For this purpose, we collected motor cortex, 

spinal cord and plasma from the rats at the symptomatic stage. We detected significant amounts 

of seco-B but no detectable levels of seco-A. This is consistent with seco-A rapid conversion 

to seco-B in aqueous solution [17]. Thus, we considered the concentrations found for seco-B in 

our samples as the sum of seco-A and seco-B. Importantly, secosterol aldehydes were 

significantly increased in the motor cortex of ALS animals compared to controls (Figure 2B). 

Significant differences were not apparent in plasma and spinal cord samples (Figure 2A and C).  

No difference was observed in cholesterol concentration in any tissues (caption of Figure 2). 
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Figure 2. Quantification of secosterol B in plasma (A), motor cortex (B) and spinal cord 

(C) of the amyotrophic lateral sclerosis (ALS) rat model. Rats were sacrificed at 

symptomatic period of ALS (~130 days) and lipids were extracted to analyze cholesterol and 

seco-B as described in the Experimental Procedures. The ratio of secosterol B/cholesterol in 

lipids obtained from plasma (A), from the motor cortex (B) and from spinal cords (C) is shown. 

No difference was observed in cholesterol concentration in any tissues (Plasma: Ctrl 4.19 ± 

0.55 nmol/mg protein, ALS 4.21 ± 0.69 nmol/mg protein; Motor cortex: Ctrl 0.69 ± 0.16 

μmol/mg protein, ALS 0.68 ± 0.17 μmol/mg protein; Spinal cord: Ctrl 0.55 ± 0.09 μmol/mg 

protein, ALS 0.56 ± 0.04 μmol/mg protein). The shown values correspond to the mean ± 

standard deviation values obtained from 10 animals for each group; T test was performed as 

statistical analysis; *p<0.05.  

 

2. Secosterol aldehydes induce SOD1 aggregation in vitro 

 

The higher levels of seco-B in the motor cortex of ALS rats led us to investigate its 

ability to promote SOD1 aggregation. Interestingly, seco-A and seco-B dramatically enhanced 

the formation of high molecular weight SOD1 aggregates (> 100 kDa), which appeared as a 

smear at the top of non-reducing SDS-PAGE (Figure 3A). The same trend was not observed in 

incubations containing cholesterol (Ch), cholesterol hydroperoxide (ChOOH) or solvent (10% 

methanol or isopropanol), although the later showed oligomerization to some extent (Figure 

S1). The aggregating effect was observed for both apo and holo-SOD1 forms, pointing to a 

highly destabilizing nature of the modifications promoted by secosterol aldehydes. Notably, 
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under reducing conditions, all high molecular weight bands disappeared, showing that SOD1 

aggregates are mainly maintained by intermolecular disulfide crosslinking (Figure 3A). 

Next, we confirmed the formation of SOD1 aggregates by size exclusion 

chromatography (SEC) analysis (Figure 3B). As expected, high molecular weight aggregates 

were only observed when SOD1 was incubated with secosterol aldehydes, but not with intact 

cholesterol or solvent. Interestingly, aggregation preferentially occurred with consumption of 

SOD1 monomer, consistent with previous studies showing high propensity of SOD1 monomers 

to aggregate [44]. 

Figure 3. Oligomerization of SOD1 in the presence of cholesterol (Ch) and its derivatives (seco-

A, seco-B and ChOOH). (A) Comparison of secosterol aldehydes (250 µM) effect under apo- and 

Cu, Zn-SOD1 (holo form) (10 µM) oligomerization by SDS-PAGE. (B) Analysis of apo-SOD1 (left 

panel) and Cu, Zn-SOD1 (right panel) incubation with isopropanol (black line), cholesterol (red 

line), seco B (blue line) and seco-A (green line) by size exclusion chromatography (SEC). (C) Graph 

representing the formation of apo-SOD1 WT aggregates in pH dependence test. (D) Graph 

representing the formation of apo-SOD1 WT aggregates in secosterol aldehydes concentration 

dependence test. Experiments were performed at least three times. 
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SOD1 aggregation induced by secosterol aldehydes was pH dependent (Figure 3C). 

Aggregation was greatly enhanced at neutral to alkaline pH but did not occur at acidic 

conditions (pH<7). We also tested different concentrations of the aldehyde. Aggregation was 

observed at concentrations as low as 10 uM (aldehyde:protein, 1:1 molar ratio) and increased 

almost linearly up to 250 µM reaching a plateau with seco-B at 100 µM (Figure 3D). Time-

dependent analysis showed a rather fast aggregation kinetics reaching a plateau after 12 to 24h, 

with seco A and B, respectively (Figure S2). 

 

3. Aggregates Formed by Secosterol Aldehydes Have Amorphous Nature 

 

Alterations in protein conformation leading to exposure of protein hydrophobic residues 

can trigger the formation of β-amyloid type aggregates [29,45]. To check the morphology of 

SOD1 aggregates we first conducted dye binding experiments with thioflavin T (ThT). 

Experiments with apo and holo forms of SOD1 WT treated with aldehydes showed a 2-3 fold 

enhancement of ThT fluorescence after 24 h incubation, indicating the formation of amyloid-

like structures (Figure 4A). However, a Congo Red (CR) binding experiment did not show 

changes in the absorbance, nor the characteristic red spectral shift typically observed for 

amyloid fibrils (Figure 4B, alpha-synuclein was used as positive control for amyloid fibrils). 

Thus, to clarify the morphological nature of SOD1 aggregates we also performed TEM analysis. 

In agreement with CR results, TEM images showed the presence of aggregates displaying 

amorphous morphology (Figure 4C). 
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Figure 4. Nature of SOD1 aggregates formed in the presence of cholesterol secosterol 

aldehydes. (A) Effect of secosterol aldehydes on the exposition of hydrophobic residues of 

SOD1 by thioflavin T assay. (B) Congo red assay of SOD1 incubated with cholesterol 

secosterol aldehydes. Incubation of α-synuclein with seco A was used as positive control. (C) 

Transmission electronic microscopy (TEM) of the apo-SOD1 WT incubated with seco-B. 

 

4. SOD1 Aggregates are Bound to Secosterol Aldehydes 

 

As a way to detect SOD1-secosterol adducts we used clickable alkynyl derivatives [40]. 

SOD1 was incubated in the presence of alkynyl tagged-Cholesterol (a-Ch, Control), -seco-A 

(a-Seco-A), -seco-B (a-Seco-B) and -4-hydroxy-2-nonenal (a-HNE) (Figure 5A). The latter is 

a highly reactive short chain eletrophile that was used for comparative purposes. In this assay, 

alkynyl lipids attached to proteins can be identified with the azido-biotin reagent via Huisgen-

Sharpless cycloaddition and subsequently detected with a fluorescent streptavidin conjugate 

[40] (Figure S3). Interestingly, incubations of apo-SOD1 with alkynyl tagged secosterol 

aldehydes (a-seco-A and a-seco-B) showed intense labeling only in the high molecular weight 
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region at non reducing gels with no detectable adducted monomers or dimers (Figure 5C). 

Labeled monomeric and dimeric SOD1 forms became visible only after reduction with beta-

mercaptoethanol (Figure 5C). Conversely, a-HNE showed intense labeling spread over almost 

the entire gel (Figure 5C) probably reflecting its high eletrophilic nature. Of note, a-HNE-SOD1 

adducts did not promote intense formation of high molecular weight aggregates (Figure 5B). 

This result implies that modifications induced by a-HNE are less likely to promote aggregation 

when compared to secosterol aldehydes. 

 

Figure 5. Adduction of SOD1 by alkynyl-HNE and alkynyl-secosterol aldehydes. (A) 

Alkynyl lipid structures. (B) SDS-PAGE of the apo-SOD1 WT incubations with a-lipids in non-

reducing and reducing conditions stained with Coomassie. (C) View of apo-SOD1 modification 

by a-lipids using streptavidin-fluorophore by click chemistry. SOD1 modified by alkynyl lipid 

was labeled with biotin and stained with streptavidin conjugated with the Alexa Fluor 680 

fluorophore.  

 

A

B C
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To characterize the secosterol-SOD1 adducts, aggregated samples were reduced by DTT 

and analyzed by MALDI-TOF mass spectrometry.  The MS spectrum showed the presence of 

up to five modifications in the protein, differing from the intact protein by the addition of 402 

Da (Figure 6C and D). Such mass difference is consistent with the formation of Schiff base 

adducts between the secosterol aldehyde (M=418 Da) and basic amino acid residues, such as 

lysine, after a reduction step with sodium borohydride. 

Taken together, these results suggest that secosterol aldehydes produce covalently 

modified SOD1-adducts that are much more prone to undergo olygomerization when compared 

to HNE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. SOD1-secosterol covalent adducts detected by MALDI-TOFMS. Covalent 

adducts were analyzed after 24 h incubation of the protein in the absence (A) or presence of 

cholesterol (B), cholesterol aldehydes Seco-B (C) or Seco-A (D). After incubation, Schiff base 

adducts were reduced by NaBH4 and SOD1 aggregates were disrupted by the addition of DTT, 

alkylated with IAM and then analyzed by MALDI-TOFMS. 

 

A B

C D
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5. SOD1 is Modified Mainly at Lysine Residues 

 

To identify the sites of covalent adduction by secosterol aldehydes, SOD1 aggregates 

were digested by trypsin and submitted to nano-LC-MS/MS. Protein sequencing by Mascot 

software gave a coverage greater than 99 %. Among modified residues we found the 

carbamidomethylated cysteine residues at Cys6, Cys57, Cys111 and Cys146. Moreover, it was 

possible to identify six secosterol Schiff-base adducts (peptides with mass shift of 402.3497 

Da) on six Lys residues, namely: Lys3, Lys9, Lys30, Lys122, Lys128 and Lys136.  

Modified residues were found in the following peptides: 1) Lys 3 at the peptide 

1ATK*AVC’VLK9; 2) Lys 9 at the peptide 4AVC’VLK*GDGPVQGIINFEQK23; 3) Lys 30 at 

the peptide 24ESNGPVK*VWGSIK36; 4) Lys 122 at the peptide 116TLVVHEK*ADDLGK128; 

5) Lys 128 at the peptide 123ADDLGK*GGNEESTK136; and 6) Lys 136 at the peptide 

129GGNEESTK*TGNAGSR143. All MS/MS analysis presented mass error below 5 ppm (Figure 

7; Table S1, Supporting Information). MS/MS spectra obtained for each modified peptide 

showed characteristic fragments indicative of secosterol-Lys adduction (Figure 7). 

Interestingly, secosterol-adducted peptides eluted at very long retention times (60-70 min) 

when compared to the unmodified peptides that eluted between 20-50 min (Figure 8). This 

chromatographic behavior is correlated to the hydrophobicity of the aldehydes, which 

contributes to their potential to induce protein aggregation. 
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Figure 7. MS/MS of the peptides resulting from the tryptic digestion of SOD1 after 

incubation with Seco-A. Incubations contained 10 μM SOD1 with 250 μM Seco-A in 50 mM 

phosphate  pH 8.4. Spectra are representative of, at least, 3 different experiments. (A) MS/MS 

of the peptide referent to the Lys 3. (B) MS/MS of the peptide referent to the Lys 9. (C) MS/MS 

of the peptide referent to the Lys 30. (D) MS/MS of the peptide referent to the Lys 122. (E) 

MS/MS of the peptide referent to the Lys 128. (F) MS/MS of the peptide referent to the Lys 

136. This data is also representative to Seco-B, which had identical result. See Table S1 for 

more details concerning the tryptic digestion of SOD1. 
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Figure 8. Total ion chromatogram (TIC) of the tryptic digestion of SOD1 after incubation 

with Seco-A and extracted ion chromatogram (XIC) of each modified peptide.  Incubations 

contained 10 μM SOD1 with 250 μM Seco-A in 50 mM phosphate pH 8.4. Chromatograms are 

representative of, at least, 3 different experiments. This data is also representative to Seco-B, 

which had identical result. See Table S1 for more details concerning the tryptic digestion of 

SOD1. 
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DISCUSSION 

 

Neurodegenerative diseases are known to be associated with redox stress, which 

increases the production of lipid-derived electrophiles [46,47]. Among the targets of these 

reactive products, proteins are likely the most suceptible to covalent modifications because their 

nucleophilic residues are easily attacked by aldehydes and other electrophiles [48–50]. Levels 

of secosterol aldehydes are reported to be increased in several models of neurodegenerative 

diseases, and they are reported to contribute to disease pathology inducing protein modification 

and aggregation [17–20].  

We showed that secosterol-B levels are increased in the motor cortex of the G93A ALS 

rat model as compared to controls, but not in the spinal cord (Figure 2). The higher 

concentration of secosterols in the cortex probably reflects their increased production and/or 

decreased efficiency of aldehyde detoxification in this tissue. In any case, accumulated 

secosterol aldehydes can potentially contribute to cerebral upper motor neuron death. 

Considering that neuronal death in ALS occurs at both motor cortex and spinal cord [31], it was 

somehow surprising that increased aldehyde levels were not detected in the spinal cord. At least 

two explanations for this are possible. The first is that aldehydes were quantified as free 

aldehydes and aldehydes that could be covalently bound to biomolecules were not monitored. 

Secondly, neuronal death occurs mostly in the anterior region of the spinal cord [26], from 

which the aldehydes could have been diluted since our analysis used the entire spinal cord. 

These factors might have hindered detection of secosterol aldehydes in the analyzed tissues and 

may explain why we did not see differences in the spinal cord. 

Taking into account the ubiquitous presence of secosterol aldehyde in neuronal tissues 

and its accumulation in brain cortex of ALS rats, we asked the question whether they could 

induce SOD1 aggregation. Interestingly, secosterol aldehydes significantly enhanced SOD1 

aggregation of both apo- and holo-forms. As expected, aggregation was greater in the apo-
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SOD1 compared to holo, in agreement with studies showing higher structural instability of the 

metal-deficient form [27,29]. Indeed, studies have shown that apo-SOD1 in solution shows 

increased conformational dynamics and local unfolding [29,51], making it highly prone to 

aggregation. Usually in vitro apo-SOD1 aggregation under quiescent conditions takes days or 

weeks to occur. Yet aggregation in the presence of secosterol aldehydes was greatly accelerated 

reaching a plateau at 12-24 h. This can be due to the hydrophobic nature of secosterol, which 

probably increases protein unfolding and aggregation. SEC analysis also showed preferential 

consumption of SOD1 monomers during the aggregation process (Figure 3B). This result is 

consistent with previous studies showing higher propensity of the monomeric form to undergo 

aggregation [52,53].  

SOD1 aggregation can be accelerated in vitro by incubating the protein at pH values 

bellow 6. Rakhit and coworkers demonstrated a propensity of zinc-deficient SOD1 to aggregate 

in acidic conditions [28]. To better characterize the secosterol aldehyde-induced SOD1 

aggregation, we decided to vary some conditions, such as pH and secosterol concentration. 

Incubations of apo-SOD1 with secosterol aldehydes tested at different pHs (4.7; 5.5; 6.2; 7.4; 

8.4 and 10) showed that aggregation is considerably increased above pH 7.4 (Figure 3C). It is 

well known that the reactivity of thiols is increased in its deprotonated form (-S-) and that the 

thiol group is mildly acidic. The pKa value of the thiol group is dependent on the structure of 

the enzyme and its local environment, but in general the pKa of thiols in peptides is usually 

around 9, whereas in proteins the values can be as low as 3.5 [54]. So, the increased aggregation 

observed at higher pH could be explained by the increase of thiolate levels on the protein, 

making it more prone to the formation of intermolecular disulfide cross-links under oxidative 

conditions. However, protein aggregation was not apparent when the same assay was performed 

with apo-SOD1 WT with cholesterol, even at high pH values (data not shown), showing that 

increased pH alone does not induce protein aggregation. The pH is not only important for thiol 
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group reactivity, but also instrumental for the interaction between aldehyde and protein amino 

groups. Schiff base formation in proteins is favored at basic pH, that facilitates the nitrogen 

deprotonation from amino acids such as lysine, leading to exposure of their unpaired electrons 

[55]. Thus, our findings highlight the importance of pH to increase the reaction between 

secosterol aldehydes and SOD1 and also to promote disulfide crosslinking. 

Secosterol aldehyde-induced protein aggregation has been correlated to its ability to 

form covalent bonds with basic amino acid residues [15,16,18,22]. In this context, it is 

suggested that secosterol aldehyde adduction to SOD1 may induce protein conformational 

changes, exposing non-polar domains or hydrophobic patches, which enhances their propensity 

to aggregation. This conformational change can also expose free cysteines and promote aberrant 

intermolecular disulfide bonds and protein aggregation, favoring formation of β-amyloid type 

structures [32]. Data derived from the thioflavin T assay (Figure 4A) confirmed exposition of 

hydrophobic domains, typically observed for amyloid fibrils. However, Congo red and TEM 

identified aggregates of amorphous nature (Figure 4B and C), a morphology found in previous 

studies on SOD1 aggregation promoted by lipids [32–34]. More importantly, the aggregates 

observed here resemble those aggregates found in ALS patients [56,57] and in early aggregates 

found in animal and in vitro models [58,59]. 

We used two different strategies to detect SOD1 modifications: the click chemistry 

assay (Figure 5) and MALDI-TOF-MS analysis (Figure 6). The first one has been constantly 

used as an efficient tool for detecting adducts of lipid-derived electrophiles, including secosterol 

aldehydes, in proteins in vitro and in complex samples [40,60,61]. This assay was important to 

detect secosterol aldehyde-modified SOD1 species in SDS-PAGE gels. Using this approach, 

secosterol adducted-SOD1 was detected only in the high molecular weight region, with no 

apparent detection of modified SOD1 monomers, dimers or trimers. The data suggest that 

secosterol adduction generates modified intermediates that readily undergo aggregation. Of 
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note, MALDI-TOF analysis showed up to five simultaneous secosterol additions to the protein, 

greatly enhancing protein hydrophobicity and aggregation. The mass difference between the 

additions was 402 Da, consistent with secosterol adduction to Lys residues by Schiff base 

formation.  

Adducted SOD1 was further digested and analyzed by nano-LC-MS/MS. We have 

identified modifications on six Lys residues  (Lys 3, Lys 9, Lys 30, Lys 122, Lys 128 and Lys 

136) out of the eleven residues in each SOD1 chain (Figure 7). These residues are located in 

regions of SOD1 that have been described to be critical to aggregation, namely the electrostatic 

loop (loop VII; residues 120-143) and the dimer interface [62,63] (Figure 9). Loop VII in apo-

SOD1 wild type and its mutants display the most dynamic structural alterations before global 

unfolding and aggregation [64,65].  Thus, we hypothesize that secosterol adduction to Lys122, 

Lys128 and Lys136 greatly increases overall SOD1 hydrophobicity and aggregation. Secosterol 

adduction was also found at Lys3 and Lys9, located nearby the dimer interface. Based on the 

reactive lysine locations, we can think of two scenarios for adduction. The Lys residues are 

covalently modified after monomerization or before monomerization. In the latter situation, we 

can expect that secosterol adduction will contribute to dimer disruption, increasing 

monomerization and aggregation.  

 

 

 



61 
 

 
 

Figure 9. Quaternary structure of SOD1. Modified lysines are labeled in red and the 

electrostatic loops are labeled in cyan. The structure was drawn in Pymol software. Figure 

obtained from PBD https://www.rcsb.org/3ecu. 

 

Exposing hydrophobic surfaces is likely to be one of the critical factors involved in the 

formation and stability of SOD1 aggregates [32–34]. In our work, SOD1 aggregation induced 

by secosterols was followed by increased hydrophobic surface, confirmed by the thioflavin T 

assay (Figure 4A). This phenomenon could be simply related to the intrinsic hydrophobic nature 

of the secosterols that dramatically increases the hydrophobicity of protein regions where they 

are covalently attached. It should be noted that peptides linked to secosterols eluted much later 

in reversed-phase chromatography (Figure 8). Alternatively, secosterol adduction could 

contribute to the unfolding process leading to the exposition of protein hydrophobic patches. 

Together, the increased hydrophobicity associated with the exposition of hydrophobic residues 

can greatly contribute to SOD1 desestabilization and aggregation.  

In conclusion, our data suggest that both apo- and holo-SOD1 can be target for 

secosterol aldehyde-induced aggregation. This effect added to the fact that these aldehydes are 

increased in the brain of an ALS rat model suggest that they may contribute to the pathological 

mechanism of the disease. Secosterol aldehyde-induced protein modification enhaced protein 

hydrophobicity, leading to the formation of high molecular weight aggregates. Taken together, 

our findings contribute to understand of how SOD1 forms aggregates in the presence of 
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hydrophobic surfaces, corroborating with similar studies in presence of lipid membranes and 

fatty acids. Furthermore, this work adds to evolving notion that secosterol aldehydes can have 

a significantly detrimental effect by their adduction to biomolecules. 
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Figure S1. SDS-PAGE of apo-SOD1 WT incubated in the presence of cholesterol, seco-A, 

seco-B, ChOOH or DHA under nonreducing (-β-ME) or reducing conditions (+β-ME). 
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Figure S2. Kinetics of apo-SOD1 aggregation monitored by size exclusion chromatography 

(SEC). Apo-SOD1 WT (10 µM) was incubated in the presence of 250 µM secosterol-A (A) and 

secosterol-B (B) at 37°C for 48h. Aliquots at 0, 1, 8, 12, 24 and 48 hours were analyzed by SEC 

with fluorescence detection. Aggregation was measured by the ratio between area of the 

aggregate and area of dimer. 

 

 

 

Figure S3. Scheme of click chemistry assay. 
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Table S1. SecoA/B-modified peptides identified by LC-MS/MS after digestion with tripsin. 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected 

Observed  

(Seco-A/Seco-B) 

Error 

(ppm) 

ATK*AVC’VLK Lys3 
330.5319 

(3+) 

464.6485 

(3+) 

464.6475/464.6468 

(3+) 
-2.1/-3.6 

AVC’VLK*GDGPVQGII

NFEQK 
Lys9 

724.7209 

(3+) 

858.8375 

(3+) 

858.8398/858.8399 

(3+) 
2.6/2.7 

ESNGPVK*VWGSIK Lys30 
467.5893 

(3+) 

601.7059 

(3+) 

601.7057/601.7055 

(3+) 
-0.3/-0.6 

TLVVHEK*ADDLGK Lys122 
475.5963 

(3+) 

609.7129 

(3+) 

609.7144/609.7149 

(3+) 
2.4/3.2 

ADDLGK*GGNEESTK Lys128 
474.2232 

(3+) 

608.3398 

(3+) 

608.3398/608.3400 

(3+) 
0.0/0.3 

GGNEESTK*TGNAGSR Lys136 
488.8940 

(3+) 

623.0106 

(3+) 

623.0132/623.0129 

(3+) 
4.1/3.6 
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ABSTRACT 

 

Unsaturated lipids are highly susceptible to oxidation induced by reactive oxygen species and 

enzymes, leading to the formation of lipid hydroperoxides, ketones, alcohols and aldehydes. 

Reactive aldehydes can modify macromolecules such as proteins, resulting in loss of function 

and/or aggregation. Accumulation of copper, zinc-superoxide dismutase (Cu,Zn-SOD, SOD1) 

immunoreactive aggregates is associated with some cases of amyotrophic lateral sclerosis 

(ALS). The mechanism by which SOD1 forms those aggregates in motor neurons is still 

unclear, although recent studies have shown that it may be linked to lipids and membranes. This 

study aimed to evaluate the potential of different lipid-derived electrophiles to induce formation 

of SOD1 aggregates in vitro. 4-hydroxyhexenal (logPcalc=0.30), 4-hydroxynonenal 

(logPcalc=1.73), 2-Hexen-1-al (logPcalc=1.67), 2,4-nonadienal (logPcalc=3.01), 2,4-decadienal 

(logPcalc=3.50) and cholesterol secosterol aldehydes (logPcalc=6,45/6.48) were incubated with 

SOD1 at 37°C for 24h. Size exclusion chromatography confirmed that these aldehydes induce 

SOD1 aggregation. More importantly, we were able to demonstrate that SOD1 aggregation 

increases proportionally to the hydrophobicity of the aldehydes (r2=0.977). Further analysis of 

digested SOD1 derived from our in vitro incubations by nanoLC-MS/MS revealed that SOD1 

was covalently modified by aldehydes mainly at lysine residues. Covalent docking showed that 

hydrophobic residues on the lysines surroundings may contribute to the recruitment of the 

aldehydes and thus form hydrophobic interactions which could be important to aggregate 

formation. Our data suggest that the hydrophobicity of lipid-derived electrophiles may play 

significant roles in protein aggregation, which might be critical to the pathology of 

neurodegenerative diseases.  

 

Keywords: Superoxide dismutase, reactive aldehydes, amyotrophic lateral sclerosis. 
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Highlights: 

- Hydrophobicity of the ligands is essential to the induction of SOD1 aggregation; 

- Lysines are the main targets for modification by lipid-derived aldehydes;  

- Hydrophobic amino acids in the lysine surroundings recruit the aldehydes; 
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INTRODUCTION 

 

Oxidative stress has been regarded to play an important role in neurodegenerative 

diseases [1–4]. Increased concentrations of redox biomarkers such as lipid peroxidation 

products and oxidized proteins in blood and brain of patients and rodent models have been 

associated with Alzheimer’s disease [5–7], Parkinson’s disease [8,9], Amyotrophic Lateral 

Sclerosis (ALS) [10,11] and other neurological disorders [12,13]. Lipids, which are usually 

polyunsaturated in mammalian cells, are one of the most susceptible biomolecules to oxidation 

by reactive oxygen species [14]. The oxidation of lipids leads to the formation of several 

electrophiles compounds that are capable of modifying proteins and other components of the 

cell [15,16]. Among the products of lipid peroxidation, the most important are hydroperoxides, 

alcohols, ketones and aldehydes [15,16].  

Although diverse in sizes and structures, lipid aldehydes are highly reactive with 

nucleophilic compounds such as protein and DNA, generally leading to irreversible damages 

[15,16]. Among the aldehydes formed by the oxidation of fatty acids, acrolein, 

malondialdehyde (MDA), 4-hydroxy-2-hexenal (HHE) and 4-hydroxy-2-nonenal (HNE) are 

the best known [18–20]. 

α,β-Unsaturated aldehydes (acrolein, HHE and HNE) can form adducts with 

nucleophilic residues of proteins by two different mechanisms: (1) Michael addition at the 

double bond with lysine, histidine or cysteine residues or (2) Schiff base formation at the 

carbonyl group with lysines [15,21]. Several modifications of proteins by these lipid-derived 

electrophiles have already been studied, including α-synuclein [22–25], β-amyloid peptide 

[26,27] and superoxide dismutase (SOD1) [28], all of them associated with the pathology of 

neurodegenerative diseases.  

Cholesterol is another lipid present in massive amounts in the neurons and glial cells 

[29]. Cholesterol may undergo oxidative damage yielding highly hydrophobic aldehydes called 
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cholesterol secosterol aldehydes (seco-A and seco-B) [30–32]. These hydrophobic aldehydes 

react mainly by Schiff base formation with lysine residues and their reactivities were already 

investigated with α-synuclein [33], β-amyloid peptide [34,35], myelin basic protein (MBP) 

[36]. In a recent work conducted by our group, we demonstrated that secosterol aldehydes were 

increased in brain of ALS rats and could induce SOD1 aggregation by forming adducts with 

specific lysine residues [37]. Collectively, the above-mentioned results indicate that secosterol 

aldehydes play an important role in the induction of protein aggregation. 

To further understand this process, in the present study, the effects of some lipid-derived 

electrophiles with different hydrophobicities (Figure 1) were investigated on the modification 

and induction of aggregation of SOD1. SOD1 is an antioxidant enzyme responsible for the 

dismutation of the superoxide radical anion (O2
●-) [38–40]. Mutations on the SOD1 gene have 

been linked to the development of familial ALS. Most of these mutations result in pro-oxidant 

effects of SOD1 and lead to formation of high molecular weight SOD1 oligomers stabilized by 

covalent disulfide bonds between cysteines 6 and 111, and non-covalent interactions like ß-

amyloid structures [41–43]. The molecular mechanism which leads to the formation of SOD1 

aggregates is not clearly understood, but some studies, including recent works developed by 

our group [37,44], suggest that SOD1 has a trend to form high molecular weight oligomers 

when in contact with lipids and hydrophobic surfaces [45,46]. In this paper, we demonstrated 

that the hydrophobicity of electrophiles is critical for protein modification and aggregation.  
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Figure 1. Structures and calculated partition coefficient (logPcalc) of lipid-derived electrophiles.  

 

MATERIALS AND METHODS 

 

1. Chemicals 

 

HHE (4-hydroxy-2-hexenal) and HNE (4-hydroxy-2-nonenal) were purchased from 

Cayman Chemical (Ann Arbor, MI). Hexenal (Trans-2-Hexen-1-al), Nonadienal (trans,trans-

2,4-nonadienal) and Decadienal (trans,trans-2,4-decadienal) were purchased from Sigma (St. 

Louis, MO). Secosterol A (3β-hydroxy-5-oxo-5,6-secocholestan-6-al) was synthetized by 

ozonization and purified as described by Wang and colleagues [47]. Secosterol B (3β-hydroxy-
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5β-hydroxy-B-norcholestane-6β-carboxaldehyde) was synthetized by photoxidation and 

purified as described by Uemi and colleagues [31]. SOD1 (superoxide dismutase 1) was 

expressed in Escherichia coli, purified and its apo form prepared as described by Benov and 

coworkers [48]. Unless otherwise stated all chemicals were of the highest analytical grade and 

were purchased from Sigma, Merck or Fisher. 

 

2. Theoretical LogP Determination 

 

Aldehyde hydrophobicity was determined using theoretical LogP (LogPcalc) calculated 

by MoKaTM software [49]. 

 

3. Incubations of SOD1 with the Aldehydes 

 

Apo form of SOD1 (10 μM) was incubated in 50 mM phosphate buffer pH 7.4 

containing 150 mM NaCl and 100 μM DTPA in the presence of 250 μM HHE, HNE, hexenal, 

nonadienal, decadienal, secosterol A or secosterol B at 37 °C during 24h under gentle agitation. 

10% isopropanol was used as control. 

 

4. Aggregate Formation Analysis by Size Exclusion Chromatography (SEC) 

 

10 μL of each incubation was analyzed by SEC using fluorescence detection with 

excitation wavelength at 280 nm and emission at 340 nm. Samples were eluted with 50 mM 

phosphate buffer, pH 7.4 containing 150 mM NaCl in the column BioSep-SEC-S3000 (300 x 

7.8 mm, Phenomenex, USA) at 0.5 mL/min. Aggregate formation was evaluated and quantified 

by the ratio between area of aggregates and area of the dimer. 
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5. Enzymatic Digestion of SOD1 

 

Incubations of SOD1 with aldehydes were first reduced with 5 mM sodium borohydride 

(NaBH4) for 1h at room temperature to stabilized the Schiff base adducts. Then samples were 

treated with 5 mM DTT (dithiotreitol) for 30 min at 60 °C to reduce disulfide bonds, followed 

by alkylation of cysteine residues with 15 mM iodoacetamide for 30 min at room temperature. 

After that, SOD1 samples were digested with proteomic grade trypsin (Promega) for 18h in a 

1:100 (w/w) ratio at 37 °C in the presence of RapiGest SF Surfactant (Waters). 

 

6. Peptide Analysis by Liquid Chromatography Coupled to Mass Spectrometry (LC-

MS/MS).  

  

Peptides resulted from tryptic digestion were analyzed using a nanoAcquity UPLC 

system (Waters, United States) with an ACQUITY UPLC-C18 (20 mm x 180 μm; 5 μm) 

coupled to a TripleTOF 6600 mass spectrometer (Sciex, United States). Samples were eluted at 

a flow rate of 0.4 μL/min with mobile phase A (0.1% formic acid in water) and B (0.1% formic 

acid in acetonitrile) with the followed gradient: 1 to 35% B from 0 to 60 min; 35 to 90% B from 

60 to 61 min; isocratic elution with 90% B from 61 to 73 min; 90 to 1% B from 73 to 74 min. 

Nanoelectrospray ion source was operated at 2.4 kV. Mass spectrometer operated in IDA mode. 

MS1 spectra were analyzed in the range 300–2,000 Da with accumulation time of 100 ms. The 

25 most intense ions with charge state 2–5 that exceeded 150 counts per second were selected 

for MS2, which was analyzed in the range 100–2,000 Da for 25 ms. The precursor ions were 

dynamically excluded from reselection for 4 s. Analyst TF software (Sciex, United States) was 

used for data acquisition and PeakView software (Sciex, United States) for data processing. For 

the analysis of protein sequence and modification, MASCOT software (Matrix Science Ltd., 

London, United Kingdom) was used. The modifications were searched based on the 
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possibilities of Schiff base formation to lysine residues after reduction with NaBH4 (HHE: 

+98.0731 Da; HNE: +140.1201 Da; HEX: +82.0782 Da; NON: +122.1095 Da; DEC: 

+136.1252 Da; and Secosterols: +402.3497 Da) as well as Michael addition to lysine, histidine 

and cysteine residues (HHE: +114.0680 Da; HNE: +156.1150 Da; HEX: +98.0731 Da; NON: 

+138.1044 Da; DEC: +152.1201 Da; and Secosterols: +400.3341 Da). Carbamidomethyl 

(+57.0214 Da) was also considered as a possible modification of cysteine residues. The mass 

tolerance was 10 ppm for MS experiments and 0.05 Da for MS/MS experiments. 

 

7. Covalent docking 

 

Covalent docking was performed using GOLD docking suite version 5.2 (The 

Cambridge Crystallographyc Data Centre) [50]. GOLD program assumes that there is just one 

atom linking the ligand to the protein. For each docking run, the nitrogen atom of lysine side 

chain was defined as the link atom for the covalent bond. An angle-bending potential has been 

incorporated into the fitness function to ensure that the geometry of the bound ligand is correct. 

Ten docking runs were performed for each ligand, using standard default settings and scoring 

function ChemPLP [51] to ranking the docking pose solutions. Prior to docking, ligand 

structures were minimized with Sybyl-X 2.1.1 software (Certara L.P., St Louis, MO). Energy 

minimization was done according to the Powell method, being stopped when the energy 

difference between interactions was lower than 0.05 kcal.mol-1.Å-1. Protein structure (SOD1, 

PDB: 3ECU, 1.9 Å resolution) was also prepared for docking using Sybyl-X 2.1.1. All 

hydrogen atoms were added, and predominant protonation states for amino acids side chains 

were set at pH 7.4. All water molecules were removed from the original pdb file. 
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8. Lipophilic surface generation 

 

Lipophilic potential surface was generated using MOLCAD [52], at the Connolly 

surfaces, under Sybyl-X 2.1.1. 

 

RESULTS 

 

1. Aldehyde-induced SOD1 aggregation is dependent on the hydrophobicity 

 

To compare the effect of lipid-derived electrophiles in aggregating SOD1, human 

recombinant SOD1 was incubated with aldehydes of different sizes and polarities. After 24h, 

the incubations were analyzed by SEC (Figure 2A). The chromatogram shows a single peak at 

8.5 min, which corresponds to the SOD1 dimer and a region from 5 to 7.5 min that represents 

the large protein aggregates (Figure 2A). The peak areas were calculated and used for aggregate 

quantification, which was expressed by aggregate/dimer ratio. Correlation analysis of SOD1 

aggregation and LogP of aldehydes revealed a correlation coefficient of 0.977 (Figure 2B). The 

results indicate that HHE, HNE and hexenal did not induce SOD1 aggregation when compared 

to the solvent control. A consistent increase in SOD1 aggregate formation was observed 

following the order nonadienal < decadienal < Seco A = Seco B, which corresponds to the 

hydrophobicity order of the studied aldehydes (Figure 2B).  
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Figure 2. SOD1 aggregation is dependent of the ligand hydrophobicity. (A) Size exclusion 

chromatography (SEC) of SOD1 incubations with lipid-derived electrophiles. 10 μM apo-

SOD1 was incubated with 250 μM aldehydes at 37°C for 24h. 10 μL of each incubation was 

analyzed by SEC using fluorescence detection with excitation wavelength at 280 nm and 

emission at 340 nm. (B) Plot of aggregate formation (aggregate area/dimer area) versus logP of 

the aldehydes. Correlation showed a R2 = 0.977.    

 

 

2. Aldehydes modify peptide residues of SOD1, especially lysines 

 

To characterize the structural modification of SOD1 induced by the lipid-derived 

electrophiles, peptides resulted from the tryptic digestion were analyzed by nanoLC-MS/MS. 

Data was then processed in the databank MASCOT to confirm the SOD1 sequence and to 

search for possible modifications, with an identification coverage greater than 99%. Among the 

modified residues, we found the carbamidomethyl addition at Cys6, Cys57, Cys111 and 

Cys146.  

The modifications of aldehydes were evaluated according to two possibilities: adducts 

by Schiff base formation or Michael addition. Adducts of secosterol aldehydes with SOD1 

occurred exclusively by Schiff base formation, while Michael addition was also possible for 
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the other studied aldehydes (Tables S1-6, supporting information). From the 11 lysines present 

in SOD1, 6 were modified by all of the aldehydes: Lys3, Lys9, Lys30, Lys122, Lys128 and 

Lys136 (Figure 3), whereas Lys23 was only modified by HHE. Moreover, Lys70 and Lys75 

were also found to be modified by HNE and hexenal, as displayed in Figure 3B.  

 Some histidine residues, especially His120, were also modified only by those that could 

form Michael addition (Figure 3B). Interestingly, Cys6, the most reactive cysteine in SOD1, 

was found modified by the aldehydes, except HNE and secosterols. Since this cysteine 

participates on formation of disulfide crosslinks in the aggregation process [43], the apparent 

lack of SOD1 aggregation with some aldehydes can be explained by Cys6 modification. Besides 

this cysteine, Cys57 and Cys 111 were modified by the smallest aldehydes (HHE and HEX), 

whereas Cys 146 by HEX, NON and DEC (Figure 3B). MS/MS spectra of each modified 

peptide are shown in supplemental information. 
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Figure 3. Lipid-derived electrophiles covalently modify mostly lysine residues in SOD1. 

(A) Protein quaternary structure of SOD1. Lysine residues are highlighted in red, cysteine 

residues in blue and histidine residues in green (B) Linear sequence of SOD1. Modified residues 

are attached to the representative color for each aldehydes. Figure obtained from PBD 

https://www.rcsb.org/3ecu. 

 

The modification of peptides by aldehydes chiefly affects the polarity of adducts, 

reflected in their very distinct retention times in the LC-MS analysis. For instance, the 

modifications of peptide A1TKAVCVLK9 by each aldehyde at the Lys3 (illustrated in Figure 

4) follow a pattern consistent with an increase in retention time with the hydrophobicity of the 

ligand aldehyde. These results suggest that aldehydes may directly influence the hydrophobicity 

of the region where they are bound to the peptides. 
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Figure 4. Aldehyde hydrophobicity is reflected in the retention time of modified peptides. 

Peptides resulted from tryptic digestion were analyzed using a nanoAcquity UPLC system with 

an ACQUITY UPLC-C18 (20 mm x 180 μm; 5 μm) coupled to a TripleTOF 6600 mass 

spectrometer (Sciex, United States). Figure represents the extracted ion chromatogram (XIC) 

for the peptide ATK3AVCVLK modified by each aldehyde. 

 

Analyzing the consumption of the unmodified peptides resulted from trypsin digestion, 

it was possible to see that HHE was the most reactive aldehyde, consuming 60% of the peptides 

in the reaction compared to the control. HEX, HNE, NON and DEC presented similar reactivity 

(20-30% of consumption of the peptides) and secosterol aldehydes were the less reactive, 

consuming about 10% of unmodified peptides (Figure 5). This result shows that, although the 

most hydrophobic aldehydes react less with SOD1, they were the most efficient to induce the 
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protein aggregation, indicating that hydrophobicity of the electrophile is more important for 

aggregation than the reactivity of the aldehyde. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Consumption of SOD1 unmodified peptides by lipid-derived electrophiles. Areas 

of the peptides resulted from tryptic digestion were analyzed using MultiQuant software. Data 

represent the sum of areas of unmodified peptides normalized by the area of total ion 

chromatogram (TIC). The result was converted in percentage relative to the control. 

 

3. Covalent docking 

 

To get more insights into the protein-ligand interactions likely to occur between the 

aldehydes and residues surrounding the SOD1 lysines identified as major modification sites 

(Lys3, Lys9, Lys30, Lys122, Lys128 and Lys136), covalent docking was performed, using 

GOLD 5.2. With this purpose, all the aldehydes were independently docked into the binding 

sites located around each of these lysine residues. The non-covalent interactions between the 

aldehydes and the amino acids around the lysine residues found by the docking are specifically 

shown in table S7. It is possible to see that most of those contacts represent hydrophobic 

interactions with some specific residues around each lysine, such as Val5 and Ala152 near to 

the Lys3, Ile17 near to the Lys9, Trp32 near to the Lys30, Ala123 near to the Lys122, Leu126 

near to the Lys128 and Thr137 near to the Lys136. Taking into account all these interaction 
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between the aldehydes and amino acids residues, we provide a score of the covalent docking. 

The result shows that the most hydrophobic aldehydes present a high number of interaction 

with the amino acid residues, probably due their high propensity to form hydrophobic 

interaction. This data is more prominent for the secosterol aldehydes (Table 1).  

 

Table 1. Covalent docking score for the interactions aldehyde-Lys. 

  

Docking results were then carefully analysed by visual inspection of the suggested top-

ranked poses for the secosterol aldehydes (Figure 6). Lipophilic potential surfaces of SOD1 

binding sites were also calculated using MOLCAD. The colour for lipophilic potential ranges 

from brown (highest lipophilic area of surface) to blue (highest hydrophilic area of surface). 

Predicted binding modes for seco-A and seco-B, covalently bound to Lys3, suggest that 

hydrophobic contacts are likely to be established between the sterol scaffold of these aldehydes 

and residues from both dimer subunits, including Val5-A, Ile17-A, Trp32-A 2.7 Å from the C-

terminal Gln153-B carboxylate group, thus probably allowing a hydrogen-bond to be formed 

(Figure 6A and B). According to docking prediction, seco-A and seco-B, covalently bound to 

Lys-9, occupy a predominantly hydrophobic pocket located at the dimer interface, as evidenced 

by the brown areas in the lipophilic potential map (Figures 6C and D). In addition, seco-A 

hydroxyl group is oriented towards a hydrophilic region (blue-coloured) occupied by Asp11-B 
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side chain. The calculated distance between the hydroxyl oxygen and Oδ2 from Asp11-B 

carboxylate group is 2.5 Å, suggesting a hydrogen bond between these two atoms. Figures 6E 

and F show the top-ranked poses of seco-A and seco-B, respectively, covalently bound to Lys-

30. These docking poses are placed in a cavity complementary in shape to the respective 

aldehyde structures, which is observed entirely at one of the dimer subunits, being composed 

by hydrophobic residues (Trp32 and Pro28) as well as by charged residues (Glu21, Lys23 and 

Glu100). Binding sites located around Lys122, Lys128 and Lys136 are predominantly formed 

by polar and charged residues (Figures 6G-L), most of which are part of the SOD1 electrostatic 

loop (Glu121-Ser142). 
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Figure 6A-F. Covalent docking solutions of seco-A and seco-B into the binding sites located 

around the SOD1 lysine residues modified by aldehydes (Lys3, Lys9 and Lys30). Lipophilic 

potential surfaces of the binding sites, calculated by MOLCAD, are also shown. The colour 

ramp for lipophilic potential ranges from brown (highest lipophilic area of surface) to blue 

(highest hydrophilic area of surface). Seco-A and seco-B, as well as the most relevant 

aminoacids, are shown as sticks and colored by atom type. For clarity, only hydrogen atoms of 

seco-A and seco-B are shown. (A) Seco-A covalently docked into the binding site around Lys3; 

(B) Seco-B covalently docked into the binding site around Lys3; (C) Seco-A covalently docked 

into the binding site around Lys9; (D) Seco-B covalently docked into the binding site around 

Lys9; (E) Seco-A covalently docked into the binding site around Lys30; (F) Seco-B covalently 

docked into the binding site around Lys30. 
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Figure 6G-L. Covalent docking solutions of seco-A and seco-B into the binding sites located 

around the SOD1 lysine residues modified by aldehydes (Lys122, Lys128 and Lys136). 

Lipophilic potential surfaces of the binding sites, calculated by MOLCAD, are also shown. The 

colour ramp for lipophilic potential ranges from brown (highest lipophilic area of surface) to 

blue (highest hydrophilic area of surface). Seco-A and seco-B, as well as the most relevant 

aminoacids, are shown as sticks and colored by atom type. For clarity, only hydrogen atoms of 

seco-A and seco-B are shown. (G) Seco-A covalently docked into the binding site around 

Lys122; (H) Seco-B covalently docked into the binding site around Lys122; (I) Seco-A 

covalently docked into the binding site around Lys128; (J) Seco-B covalently docked into the 

binding site around Lys128; (K) Seco-A covalently docked into the binding site around Lys136; 

(L) Seco-B covalently docked into the binding site around Lys136.  
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DISCUSSION 

 

Aldehydes derived from lipids are the end products of lipid oxidation and exhibit high 

reactivity with proteins and other macromolecules [15,16,30]. In the last few years, several 

studies have evaluated the effect of these lipid-derived electrophiles on cell physiology. Using 

shotgun proteomics and click chemistry, these studies have identified the main target peptides 

for the electrophiles, in addition to the consequence of adduct formation for cell homeostasis 

[53–57]. Furthermore, quantification of aldehyde-adducts has been proposed as a better tool for 

identification of oxidative stress biomarkers than free aldehydes, given their stability for 

quantification [58]. Considering the increased concentrations of lipid-derived electrophiles in 

neurodegenerative diseases [6,33,37,59] and their association with the pathogenesis of these 

disorders [22,24,25,27,60,61], our study compared the effect of different aldehydes in the 

induction of protein SOD1 aggregation. 

Previous studies have investigated SOD1 modifications by electrophiles, such as 

acrolein and advanced glycation endproducts [28,62]. In the study by Kang [28], high 

concentrations of acrolein were shown to inhibit SOD1 activity by modification of Ser, His, 

Arg, Thr and Lys aminoacids. In the study conducted by Kato and co-workers [62], SOD1 

aggregates imunoreactives for AGES antibodies were found in pacients with ALS and mice 

expressing human SOD1 with G85R mutation. Both studies suggest that electrophiles may play 

significant roles in SOD1 homeostasis. Here, we not only demonstrated that electrophiles can 

modify and induce SOD1 aggregation, but our data also revealed that this effect is dependent 

on their hydrophobicity (Figure 2). This corroborates with our theory that when these aldehydes 

modify SOD1, they increase the hydrophobic surface of the protein and cause structural 

alterations in the protein favoring disulphide bridge formation and protein aggregation. 

Similarly, Liu and co-workers [27] found out that β-amyloid peptide misfolding and 

fibrillogenesis is promoted by HNE but not by HHE, which is a less hydrophobic aldehyde.  
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Several studies have identified nucleophilic lysines as major targets of aldehydes 

modification in proteins [33,34,51,52]. In this study with SOD1, we identified modifications 

on several Lys residues as well (Figure 3). The most common modified residues were Lys 3, 9, 

30, 122, 128 and 136 that were found bonded to all tested aldehydes. These lysines are present 

in regions of SOD1 known to be important in the process of aggregation [65,66]. Ataya and 

coworkers showed that Lys136 is present in the most hydrophobic region of SOD1 [67]. This 

data suggests that Lys136 can be important in the process of SOD1 aggregation mediated by 

lipid aldehydes, and explains the reason why all aldehydes used in our study modified this 

residue (Figure 3). It is important to notice that the effect observed on SOD1 aggregation is not 

linked to the reactivity of the aldehydes but just to their hydrophobicity. Indeed,  HHE was the 

most reactive aldehyde (Figure 5), but it didn’t show any significant affect on the protein 

aggregation. On the other hand secosterol aldehydes were observed to be less reactive than 

other aldehydes (Figure 5), however they showed more effect on the SOD1 aggregation 

compared to the others (Figure 2). In addition, modification of cysteine residues by some 

aldehydes (HHE, HEX, NON and DEC) could also impact their role in SOD1 aggregation, 

since cysteine residues are critical to disulfide crosslinks and thus directly influencing formation 

and stability of the aggregates. 

Acylation and acetylation of lysine residues in SOD1 have been described as potencial 

mechanisms for inhibition of protein aggregation [68,69]. These studies attribute the inhibitor 

effect of covalent modification to the increase of net surface potential and repulsion between 

cellular membranes and SOD1. These factors are thought to disrupt the formation of ThT-linked 

SOD1 fibrils [68,69]. Our data revealed that small aldehydes such as HHE and hexenal do not 

have any effect in SOD1 aggregation. Although their inhibitor effect was not tested in our in 

vitro aggregation model, covalent modification in lysines by these less hydrophobic aldehydes 

could alternatively provide a protective effect, since they block the charge of lysines, 
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influencing the surface potential of SOD1. On the other hand, palmitoylation of SOD1 in 

cysteine residues has been shown to induce association of the protein to membranes, which can 

increase the propensity to form aggregates [70]. This is an additional evidence showing that 

SOD1 interacting with lipids and membranes can be important for the aggregation process, 

which have been described by several works [37,44–46]. In addition to our previous results 

showing that secosterol aldehydes could induce SOD1 aggregation [37], in the present study 

we confirmed the essential role of ligand hydrophobicity to protein aggregation. We thought 

that the best way to show it was to compare SOD1 aggregation propensity in the presence of 

different aldehydes with crescent hydrophobicities. Our data also highlight the possible harmful 

role of lipid-derived electrophiles on protein aggregation and consequently in 

neurodegenerative deseases. 

Covalent docking might explain the direction of the aldehydes to the specific lysines 

which were their target in SOD1 (Lys3, Lys9, Lys30, Lys122, Lys128, Lys136). Although there 

are other residues that can be modified by these aldehydes, including other lysines (Lys23, 

Lys70 and Lys75), some histidines (His46, His48, His71, His110 and His 120) and cysteines 

(Cys6, Cys57, Cys111 and Cys146), those specific lysines were modified in common by all 

aldehydes, specially the most hydrophobic ones, which only modified these six sites (Figure 3). 

Detailed inspection in the suroundings of those lysines reveals that some hydrophobic residues, 

such as valine, alanine, tryptophan and isoleucine (Table S7, supporting information), may play 

important roles directing aldehydes to the binding site. First, hydrophobic residues could recruit 

aldehydes for these areas by interacting with their hydrophobic surface. And secondly, when 

aldehydes covalently bind lysine residues, the local hydrophobic interactions with these apolar 

amino acids could change the native structure of SOD1, exposing reactive cysteines to form 

dissulfide crosslinks that are responsible for aggregate formation. In Figure 6, we identified 

hydrophobic areas in the surroundings of the modified lysines (labeled in brown) where 
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aldehydes could effectively interact with these residues. The idea that these hydrophobic 

interactions occur between aldehydes and apolar residues of SOD1 could explain aggregate 

induction, clearly evidenced by covalent docking scores (Table 1). Our data thus suggest that 

the aldehyde hydrophobicity is directly linked to non-covalent interactions with SOD1, which 

critically influences protein aggregation.  

There are an increasing number of studies demonstrating the importance of lipids in 

neurodegenerative diseases. In this context, our in vitro study shed light on a critical link 

between oxidative stress and protein aggregation, which is putatively associated with the 

pathology of these disorders. Our data specifically bear evidence that electrophile 

hydrophobicity is critical to ligand-induced SOD1 aggregation. In this respect, we highlight 

secosterol aldehydes with higher potential to induce SOD1 aggregation compared to the most 

commonly studied aldehydes such as HNE and HHE (Figure 2). Given the massive abundance 

of cholesterol in brain tissues [71] and the solid link between cholesterol metabolism and 

neurodegenerative diseases [72,73], in vivo experiments with cells or animal models may 

provide additional clues on the role of highly hydrophobic secosterol aldehydes in protein 

aggregation. 
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Table S1. HHE-modified peptides identified by LC-MS/MS after digestion with trypsin. 

SB: Schiff Base 

MA: Michael Addition 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected Observed 

Error 

(ppm) 

ATK*AVC’VLK Lys3 (SB) 
495.2942 

(2+) 

544.3308 

(2+) 

544.3296 

(2+) 
-2.2 

AVC*VLK*GDGPVQGIIN

FEQK 

Cys6 (MA) 

Lys9 (SB) 

705.7137 

(3+) 

776.4275 

(3+) 

776.4263 

(3+) 
-1.5 

AVC’VLK*GDGPVQGIIN

FEQK 
Lys9 (SB) 

724.7209 

(3+) 

757.4120 

(3+) 

757.4167 

(3+) 
6.2 

AVC’VLK*GDGPVQGIIN

FEQK 
Lys9 (MA) 

724.7209 

(3+) 

762.7436 

(3+) 

762.7466 

(3+) 
3.9 

GDGPVQGIINFEQK*ESN

GPVKVWGSIK 
Lys23 (SB) 

961.8382 

(3+) 

994.5292 

(3+) 

994.5345 

(3+)  
5.3 

ESNGPVK*VWGSIK Lys30 (SB) 
467.5893 

(3+) 

500.2803 

(3+) 

500.2812 

(3+) 
1.7 

GLTEGLHGFH*VHEFGD

NTAGC’TSAGPHFNPLSR 
His46 (MA) 

693.3264 

(5+) 

727.5444 

(5+) 

727.5507 

(5+) 
8.6 

GLTEGLHGFHVH*EFGD

NTAGC’TSAGPHFNPLSR 
His48 (MA) 

693.3264 

(5+) 

727.5444 

(5+) 

727.5498 

(5+) 
7.4 

GLTEGLHGFHVHEFGDN

TAGC*TSAGPHFNPLSR 
Cys57 (MA) 

693.3264 

(5+) 

716.1401 

(5+) 

716.1453 

(5+) 
7.2 

DGVADVSIEDSVISLSGD

H*CIIGR 
His110 (MA) 

819.7357 

(3+) 

857.7584 

(3+) 

857.7620 

(3+) 
4.1 

DGVADVSIEDSVISLSGD

HC*IIGR 
Cys111 (MA) 

819.7357 

(3+) 

857.7584 

(3+) 

857.7615 

(3+) 
3.6 

TLVVH*EK His120 (MA) 
275.8325 

(3+) 

313.8552 

(3+) 

313.8536 

(3+) 
-5.0 

TLVVHEK*ADDLGK Lys122 (SB) 
475.5963 

(3+) 

508.2874 

(3+) 

508.2860 

(3+) 
-2.7 

ADDLGK*GGNEESTK Lys128 (SB) 
474.2232 

(3+) 

506.9143 

(3+) 

506.9146 

(3+) 
0.5 

GGNEESTK*TGNAGSR Lys136 (MA) 
488.8940 

(3+) 

526.9167 

(3+) 

526.9160 

(3+) 
-1.3 
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Figure S1. MS/MS of the peptide A1TKAVCVLK9 modified by HHE at Lys3 by Michael 

Addition. 

 

 

Figure S2. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by HHE at 

Cys6 by Michael Addition and Lys9 by Schiff base formation. 
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Figure S3. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by HHE at 

Lys9 by Schiff base formation. 

 

 

Figure S4. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by HHE at 

Lys9 by Michael Addition. 
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Figure S5. MS/MS of the peptide G10DGPVQGIINFEQKESNGPVKVWGSIK36 modified by 

HHE at Lys23 by Schiff base formation. 

 

 

Figure S6. MS/MS of the peptide E24SNGPVKVWGSIK36 modified by HHE at Lys30 by 

Schiff base formation. 
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Figure S7. MS/MS of the peptide G37LTEGLHGFHVHEFGDNTAG CTSAGPHFNPLSR69 

modified by HHE at His46 by Michael Addition. 

 

 

 

 

Figure S8. MS/MS of the peptide G37LTEGLHGFHVHEFGDNTAG CTSAGPHFNPLSR69 

modified by HHE at His48 by Michael Addition. 
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Figure S9. MS/MS of the peptide G37LTEGLHGFHVHEFGDNTAG CTSAGPHFNPLSR69 

modified by HHE at Cys57 by Michael Addition. 

 

 

 

 

Figure S10. MS/MS of the peptide D92GVADVSIEDSVISLSGDHCIIGR115 modified by HHE 

at His110 by Michael Addition. 
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Figure S11. MS/MS of the peptide D92GVADVSIEDSVISLSGDHCIIGR115 modified by HHE 

at Cys111 by Michael Addition. 

 

 

 

 

 

 

 

 

 

 

 

Figure S12. MS/MS of the peptide T116LVVHEK122 modified by HHE at His120 by Michael 

Addition. 
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Figure S13. MS/MS of the peptide T116LVVHEKADDLGK128 modified by HHE at Lys122 by 

Schiff base formation. 

 

 

 

 

 

 

 

 

 

 

Figure S14. MS/MS of the peptide A123DDLGKGGNEESTK136 modified by HHE at Lys128 

by Schiff base formation. 
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Figure S15. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by HHE at Lys136 

by Michael Addition. 
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Table S2. Hexenal-modified peptides identified by LC-MS/MS after digestion with trypsin. 

 

SB: Schiff Base 

MA: Michael Addition 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

 

 

 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected Observed 

Error 

(ppm) 

ATK*AVC’VLK Lys3 (SB) 
330.5319 

(3+) 

357.8913 

(3+) 

357.8909 

(3+) 
-1.1 

AVC*VLK Cys6 (MA) 
316.6936 

(2+) 

365.7302 

(2+) 

365.7299 

(2+) 
-0.9 

AVC’VLK*GDGPVQGIINFE

QK 
Lys9 (SB) 

724.7209 

(3+) 

752.0803 

(3+) 

752.0848 

(3+) 
5.9 

ESNGPVK*VWGSIK Lys30 (SB) 
467.5893 

(3+) 

494.9487 

(3+) 

494.9474 

(3+) 
-2.6 

GLTEGLHGFHVH*EFGDNT

AGC*TSAGPHFNPLSR 

His48 (MA) 

Cys57 (MA) 

693.3264 

(5+) 

732.5557 

(5+) 

732.5583 

(5+) 
3.4 

K*H*GGPKDEER 
Lys70 (SB) 

His71 (MA) 

288.8994 

(4+) 

333.9372 

(4+) 

333.9361 

(4+) 
-3.3 

KHGGPK*DEER Lys75 (SB) 
384.8634 

(3+) 

412.2228 

(3+) 

412.2214 

(3+) 
-3.4 

HVGDLGNVTADK*DGVAD

VSIEDSVISLSGDHC*IIGR 

Lys91 (SB) 

Cys111 (MA) 

733.5642 

(5+) 

769.5944 

(5+) 

769.6004 

(5+) 
7.7 

TLVVH*EK His120 (MA) 
413.2451 

(2+) 

462.2817 

(2+) 

462.2786 

(2+) 
6.6 

TLVVHEK*ADDLGK Lys122 (SB) 
475.5963 

(3+) 

502.9557 

(3+) 

502.9543 

(3+) 
-2.8 

ADDLGK*GGNEESTK Lys128 (SB) 
474.2232 

(3+) 

501.5826 

(3+) 

501.5799 

(3+) 
-5.4 

GGNEESTK*TGNAGSR Lys136 (SB) 
488.8940 

(3+) 

516.2534 

(3+) 

516.2504 

(3+) 
-5.8 

GGNEESTK*TGNAGSR Lys136 (MA) 
488.8940 

(3+) 

521.5850 

(3+) 

521.5874 

(3+) 
4.5 

LAC*GVIGIAQ Cys146 (MA) 
472.7653 

(2+) 

521.8019 

(2+) 

521.8009 

(2+) 
-1.9 
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Figure S16. MS/MS of the peptide A1TKAVCVLK9 modified by hexenal at Lys3 by Schiff 

base formation. 

 

 

 

Figure S17. MS/MS of the peptide A4VCVLK9 modified by hexenal at Cys6 by Michael 

Addition. 
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Figure S18. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by hexenal at 

Lys9 by Schiff base formation. 

 

 

 

 

Figure S19. MS/MS of the peptide E24SNGPVKVWGSIK36 modified by hexenal at Lys30 by 

Schiff base formation. 
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Figure S20. MS/MS of the peptide G37LTEGLHGFHVHEFGDNTAGC TSAGPHFNPLSR69 

modified by hexenal at His48 by Michael Addition. 

 

 

 

 

Figure S21. MS/MS of the peptide K70HGGPKDEER79 modified by hexenal at Lys70 by Schiff 

base formation and His48 by Michael Addition. 
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1048.5731
b11

y1

y2

y4

586.3298
y5

y6

870.4574

y7

y9

y10

1182.6158

y11

K70 H71 G72 G73 P74 K75 D76 E77 E78 R79    (SB) (MA)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5

HEX

b9

y6y7y8y9

HEX

433.2020

y3 y4y8++b5++

M4+



118 
 

 

Figure S22. MS/MS of the peptide K70HGGPKDEER79 modified by hexenal at Lys75 by Schiff 

base formation. 

 

 

 

Figure S23. MS/MS of the peptide H80VGDLGNVTADKDGVADVSIEDSVIS 

LSGDHCIIGR115 modified by hexenal at Lys91 by Michael Addition. 
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Figure S24. MS/MS of the peptide T116LVVHEK122 modified by hexenal at His120 by 

Michael Addition. 

 

 

 

Figure S25. MS/MS of the peptide T116LVVHEKADDLGK128 modified by hexenal at Lus122 

by Schiff base formation. 

 

T116  L117  V118  V119  H120 E121  K122     (MA)

b1 b2 b3 b4 b6b5

y1y2y3y4y5y6

HEX

b2

y3

y4

y5

M2+

T116  L117  V118  V119  H120  E121  K122 A123 D124  D125  L126  G127  K128      (SB)

b1 b2 b3 b4 b6b5 b7 b8
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Figure S26. MS/MS of the peptide A123DDLGKGGNEESTK136 modified by hexenal at 

Lus128 by Schiff base formation. 

 

 

 

Figure S27. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by hexenal at 

Lys136 by Schiff base formation. 
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Table S3. HNE-modified peptides identified by LC-MS/MS after digestion with trypsin. 

SB: Schiff Base 

MA: Michael Addition 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected Observed 

Error 

(ppm) 

ATK*AVC’VLK Lys3 (SB) 
495.2942 

(2+) 

565.3543 

(2+) 

565.3539 

(2+) 
-0.7 

AVC’VLK*GDGPVQGII

NFEQK 
Lys9 (SB) 

724.7209 

(3+) 

771.4276 

(3+) 

771.4302 

(3+) 
3.3 

ESNGPVK*VWGSIK Lys30 (SB) 
467.5893 

(3+) 

514.2960 

(3+) 

514.2934 

(3+) 
-5.0 

K*HGGPKDEER Lys70 (SB) 
384.8634 

(3+) 

431.5701 

(3+) 

431.5675 

(3+) 
-5.9 

H*GGPKDEER His71 (MA) 
342.1651 

(3+) 

394.2034 

(3+) 
394.2056 5.5 

KHGGPK*DEER Lys75 (SB) 
384.8634 

(3+) 

431.5701 

(3+) 

431.5683 

(3+) 
-4.6 

TLVVH*EK His120 (MA) 
413.2451 

(2+) 

491.3026 

(2+) 

491.3012 

(2+) 
-2.8 

TLVVHEK*ADDLGK Lys122 (SB) 
475.5963 

(3+) 

522.3030 

(3+) 

522.3027 

(3+) 
-0.5 

ADDLGK*GGNEESTK Lys128 (SB) 
474.2232 

(3+) 

520.9299 

(3+) 

520.9300 

(3+) 
0.1 

GGNEESTK*TGNAGSR Lys136 (SB) 
488.8940 

(3+) 

535.6007 

(3+) 

535.6009 

(3+) 
0.3 

GGNEESTK*TGNAGSR Lys136 (MA) 
488.8940 

(3+) 

540.9323 

(3+) 

540.9307 

(3+) 
-2.9 
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Figure S28. MS/MS of the peptide A1TKAVCVLK9 modified by HNE at Lys3 by Schiff base 

formation. 

 

 

 

 

Figure S29. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by HNE at 

Lys9 by Schiff base formation. 

A1  T2  K3 A4  V5  C6  V7  L8  K9   (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y4y5y6y7y8

HNE

y3

b4 b5

b6 b7
b8y1 y2

M2+

b6++

A4  V5  C6  V7  L8  K9 G10  D11  G12  P13  V14  Q15  G16  I17  I18  N19  F20  E21  Q22  K23     (SB)

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 b19

y1y2y3y4y5y6y7y8y9y10y11y12y13y14y15y16y17y18y19

HNE

171.1135

b2 b3

b4

983.5541

b8

b9 1236.6966

b11

275.1710

y2

404.2141

y3
y4

y5

y6

891.4936
y7

y8

y9
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Figure S30. MS/MS of the peptide E24SNGPVKVWGSIK36 modified by HNE at Lys30 by 

Schiff base formation. 

 

 

 

Figure S31. MS/MS of the peptide K70HGGPKDEER79 modified by HNE at Lys30 by Schiff 

base formation. 

E24  S25  N26  G27  P28  V29  K30 V31 W32  G33  S34  I35  K36    (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5y6y7y8

HNE

b9 b10 b11 b12

y9y10y11y12

199.0709
b2-H2O

313.1214
b3-H2O

y1

y2 404.2535

y4

y5

689.3998

y6
470.3093
y7-H2O 519.8401

y8-H2O

596.8732

y10-H2O

M3+

K70 H71 G72 G73 P74 K75 D76 E77 E78 R79    (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5

HNE

b9

y6y7y8y9

y1
y2 y3

y4
y5

y8

520.3220
b4

617.3758
b5

b6

M3+
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Figure S32. MS/MS of the peptide H71GGPKDEER79 modified by HNE at His71 by Michael 

Addition. 

 

 

 

Figure S33. MS/MS of the peptide K70HGGPKDEER79 modified by HNE at Lys75 by Schiff 

base formation. 

H71 G72 G73 P74 K75 D76 E77 E78 R79    (MA)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5

HNE

y6y7y8

y2
y3 y4

b3

430.2107
b7-H2O

M3+

K70 H71 G72 G73 P74 K75 D76 E77 E78 R79    (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5

HNE

b9

y6y7y8y9

y1
y2 y3

y4 y9++

b6

M3+
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Figure S34. MS/MS of the peptide T116LVVHEK122 modified by HNE at His120 by Michael 

Addition. 

 

 

Figure S35. MS/MS of the peptide T116LVVHEKADDLGK128 modified by HNE at Lys122 by 

Schiff base formation. 

 

T116  L117  V118  V119  H120 E121  K122     (MA)

b1 b2 b3 b4 b6b5

y1y2y3y4y5y6

HNE

b2

b4

y3 y4

y5

y6

314.2066

b3

M2+

T116  L117  V118  V119  H120  E121  K122 A123 D124  D125  L126  G127  K128      (SB)

b1 b2 b3 b4 b6b5 b7 b8

y1y2y3y4y5y6y7y8

HNE

b9 b10 b11 b12

y9y10y11y12

b2

y1

204.1347

y2

y3

y4 y9++

y10++

y11++

y12++

M3+
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Figure S36. MS/MS of the peptide A123DDLGKGGNEESTK136 modified by HNE at Lys128 

by Schiff base formation. 

 

 

Figure S37. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by HNE at Lys128 

by Schiff base formation. 

 

A123  D124  D125  L126  G127  K128 G129 G130  N131  E132  E133  S134 T135 K136      (SB)

b1 b2 b3 b4 b6b5 b7 b8

y2y4y5y6y7y8y9

HNE

b9 b10 b11 b12

y10y11y12y13 y1

b13

y3

b2

b3

147.1141

y1

248.1616

y2

y3

y4

y8

y10-H2O++

y11-H2O++

y12-H2O++

y13-H2O++

G129  G130  N131  E132  E133  S134  T135 K136  T137  G138  N139  A140 G141 S142 R143    (SB)

b1 b2 b3 b4 b6b5 b7 b8

y2y3y4y5y6y7y8y9

HNE

b9 b10 b11 b12

y10y11y12y13 y1

b13 b14

y14

115.0504

b2 b3
358.1355

b4

y3
y4

504.2504
y5

561.2741

y6

662.3232

y7

244.0937
b5 y8-H2O

++

y9-H2O
++

y10-H2O
++

y11-H2O
++

y12-H2O
++

y13-H2O
++
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Figure S38. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by HNE at Lys128 

by Michael Addition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

G129  G130  N131  E132  E133  S134  T135 K136  T137  G138  N139  A140 G141 S142 R143    (MA)

b1 b2 b3 b4 b6b5 b7 b8

y2y3y4y5y6y7y8y9

HNE

b9 b10 b11 b12

y10y11y12y13 y1

b13 b14

y14

115.0517

b2

b3

358.1357
b4

470.1484
b5-NH3

y3

y4 y5

y6 y11-H2O
++
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Table S4. Nonadienal-modified peptides identified by LC-MS/MS after digestion with trypsin. 

SB: Schiff Base 

MA: Michael Addition 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

 

 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected Observed 

Error 

(ppm) 

ATK*AVC’VLK Lys3 (SB) 
330.5319 

(3+) 

371.2351 

(3+) 

371.2346 

(3+) 
-1.4 

AVC*VLK Cys6 (MA) 
316.6936 

(2+) 

385.7459 

(2+) 

385.7443 

(2+) 
-4.1 

AVC’VLK*GDGPVQGII

NFEQK 
Lys9 (SB) 

724.7209 

(3+) 

765.4241 

(3+) 

765.4280 

(3+) 
5.1 

ESNGPVK*VWGSIK Lys30 (SB) 
467.5893 

(3+) 

508.2924 

(3+) 

508.2908 

(3+) 
-3.1 

TLVVH*EK His120 (MA) 
275.8325 

(3+) 

321.8673 

(3+) 

321.8661 

(3+) 
-3.6 

TLVVHEK*ADDLGK Lys122 (SB) 
475.5963 

(3+) 

516.2995 

(3+) 

516.2966 

(3+) 
-5.6 

TLVVHEK*ADDLGK Lys122 (MA) 
475.5963 

(3+) 

521.6311 

(3+) 

521.6304 

(3+) 
-1.3 

ADDLGK*GGNEESTK Lys128 (MA) 
474.2232 

(3+) 

520.2580 

(3+) 
520.2607 5.1 

GGNEESTK*TGNAGSR Lys136 (SB) 
488.8940 

(3+) 

529.5971 

(3+) 

529.5967 

(3+) 
-0.9 

LAC*GVIGIAQ Cys146 (MA) 
472.7653 

(2+) 

541.8176 

(2+) 

541.8175 

(3+) 
-0.1 
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Figure S39. MS/MS of the peptide A1TKAVCVLK9 modified by nonadienal at Lys3 by Schiff 

base formation. 

 

 

Figure S40. MS/MS of the peptide A4VCVLK9 modified by nonadienal at Cys6 by Michael 

Addition. 

 

A1  T2  K3 A4  V5  C6  V7  L8  K9   (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y4y5y6y7y8

NON

y3

494.3392

b4

b5

b6 b7

y1

y4M3+

260.2009

y2 470.3118

y7++

y8++

A4  V5  C6 V7  L8  K9   (MA)

b1 b2 b3 b4 b5

y1y2y4y5

NON

y3

147.1121

y1

y2

y3

y4

y5

b2
b4-H2O

M2+

M-H2O
2+
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Figure S41. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by nonadienal 

at Lys9 by Schiff base formation. 

 

 

 

Figure S42. MS/MS of the peptide E24SNGPVKVWGSIK36 modified by nonadienal at Lys30 

by Schiff base formation. 

 

 

A4  V5  C6  V7  L8  K9 G10  D11  G12  P13  V14  Q15  G16  I17  I18  N19  F20  E21  Q22  K23     (SB)

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 b19

y1y2y3y4y5y6y7y8y9y10y11y12y13y14y15y16y17y18y19

NON

171.1113

b2

b3

1022.5770
b9

b13

275.1682

y2

551.2806
y4

y5

y6

y8

1076.5720

y9

y12

E24  S25  N26  G27  P28  V29  K30 V31 W32  G33  S34  I35  K36    (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5y6y7y8

NON

b9 b10 b11 b12

y9y10y11y12

b2-H2O

b3-H2O

370.1378
b4-H2O

y4

590.3282

y5

y6
y7++

y9++

y10++

y11++
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Figure S43. MS/MS of the peptide T116LVVHEK122 modified by nonadienal at His120 by 

Michael Addition. 

 

 

 

 

 

 

 

 

 

 

 

Figure S44. MS/MS of the peptide T116LVVHEKADDLGK128 modified by nonadienal at 

Lys122 by Schiff base formation. 

T116  L117  V118  V119  H120 E121  K122     (MA)

b1 b2 b3 b4 b6b5

y1y2y3y4y5y6

NON

b2

y3

y4

y5++ y6++

M3+

T116  L117  V118  V119  H120  E121  K122 A123 D124  D125  L126  G127  K128      (SB)

b1 b2 b3 b4 b6b5 b7 b8

y1y2y3y4y5y6y7y8

NON

b9 b10 b11 b12

y9y10y11y12

215.1355
b2y1

y10++

y11++

M3+

y11+++
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Figure S45. MS/MS of the peptide T116LVVHEKADDLGK128 modified by nonadienal at 

Lys122 by Michael Addition. 

 

 

 

Figure S46. MS/MS of the peptide A123DDLGKGGNEESTK136 modified by nonadienal at 

Lys128 by Michael Addition. 

T116  L117  V118  V119  H120  E121  K122 A123 D124  D125  L126  G127  K128      (MA)

b1 b2 b3 b4 b6b5 b7 b8

y1y2y3y4y5y6y7y8

NON

b9 b10 b11 b12

y9y10y11y12

b2 y3 y9++

y10++
y11++

y11+++ M3+

A123  D124  D125  L126  G127  K128 G129 G130  N131  E132  E133  S134 T135 K136      (MA)

b1 b2 b3 b4 b6b5 b7 b8

y2y4y5y6y7y8y9

NON

b9 b10 b11 b12

y10y11y12y13 y1

b13

y3

y1

y1-NH3

b7-NH3

411.2033

y8++

M3+

b9-NH3
+++
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Figure S47. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by nonadienal at 

Lys136 by Schiff base formation. 

 

 

Figure S48. MS/MS of the peptide L144ACGVIGIAQ153 modified by nonadienal at Cys146 by 

Michael Addition. 

G129  G130  N131  E132  E133  S134  T135 K136  T137  G138  N139  A140 G141 S142 R143    (SB)

b1 b2 b3 b4 b6b5 b7 b8

y2y3y4y5y6y7y8y9

NON

b9 b10 b11 b12

y10y11y12y13 y1

b13 b14

y14

b3

y6
y7

244.0947
b5++

550.8016

y10++

L144 A145 C146 G147 V148 I149 G150 I151 A152 Q153    (MA)

b1 b2 b3 b4 b6b5 b7 b8

y1y2y3y4

NON

b9

y5y6y7y8y9

b3

483.2589

b4

b5

695.4313

b6

b7

y1 y2

388.2275

y4
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Table S5. Decadienal-modified peptides identified by LC-MS/MS after digestion with trypsin. 

SB: Schiff Base 

MA: Michael Addition 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected Observed 

Error 

(ppm) 

ATK*AVC’VLK Lys3 (SB) 
330.5319 

(3+) 

375.9070 

(3+) 

375.9078 

(3+) 
2.1 

AVC*VLK Cys6 (MA) 
316.6936 

(2+) 

392.7537 

(2+) 

392.7532 

(2+) 
-1.3 

AVC’VLK*GDGPVQGIINF

EQK 
Lys9 (SB) 

724.7209 

(3+) 

770.0960 

(3+) 

770.0940 

(3+) 
-2.5 

AVC’VLK*GDGPVQGIINF

EQK 
Lys9 (MA) 

724.7209 

(3+) 

775.4276 

(3+) 

775.4337 

(3+) 
7.8 

ESNGPVK*VWGSIK Lys30 (SB) 
467.5893 

(3+) 

512.9643 

(3+) 

512.9665 

(3+) 
4.2 

HVGDLGNVTADKDGVAD

VSIEDSVISLSGDH*C’IIGR 
His110 (MA) 

930.9588 

(4+) 

968.9888 

(4+) 

968.9973 

(4+) 
8.7 

TLVVH*EK His120 (MA) 
275.8325 

(3+) 

326.5392 

(3+) 

326.5389 

(3+) 
-1.0 

TLVVHEK*ADDLGK Lys122 (SB) 
475.5963 

(3+) 

520.9714 

(3+) 

520.9729 

(3+) 
2.9 

ADDLGK*GGNEESTK Lys128 (SB) 
474.2232 

(3+) 

519.5983 

(3+) 

519.6019 

(3+) 
6.9 

GGNEESTK*TGNAGSR Lys136 (SB) 
488.8940 

(3+) 

534.2690 

(3+) 

534.2719 

(3+) 
5.4 

LAC*GVIGIAQ Cys146 (MA) 
472.7653 

(2+) 

548.8254 

(2+) 

548.8232 

(2+) 
-3.9 
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Figure S49. MS/MS of the peptide A1TKAVCVLK9 modified by decadienal at Lys3 by Schiff 

base formation. 

 

 

Figure S50. MS/MS of the peptide A4VCVLK9 modified by decadienal at Cys6 by Michael 

Addition. 

A1  T2  K3 A4  V5  C6  V7  L8  K9   (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y4y5y6y7y8

DEC

y3

437.3210
b3

607.4148

b5

b6

147.1166

y1

y2
359.2762

y3

y4

y6

y8++

M3+

A4  V5  C6 V7  L8  K9   (MA)

b1 b2 b3 b4 b5

y1y2y4y5

DEC

y3

147.1135

y1

y2
b4

408.2377

b3-H2O

M2+
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Figure S51. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by decadienal 

at Lys9 by Schiff base formation. 

 

 

Figure S52. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by decadienal 

at Lys9 by Michael Addition. 

 

A4  V5  C6  V7  L8  K9 G10  D11  G12  P13  V14  Q15  G16  I17  I18  N19  F20  E21  Q22  K23     (SB)

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 b19

y1y2y3y4y5y6y7y8y9y10y11y12y13y14y15y16y17y18y19

DEC

b2

b3

b4

543.2990
b5 b9

1232.7032

b11
275.1711

y2
y4

y5

y6

891.4940

y7

y8

A4  V5  C6  V7  L8  K9 G10  D11  G12  P13  V14  Q15  G16  I17  I18  N19  F20  E21  Q22  K23     (MA)

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 b19

y1y2y3y4y5y6y7y8y9y10y11y12y13y14y15y16y17y18y19

DEC

171.1121

b2

b3

b4

b9

1248.7009

b11

275.1741

y2

404.2229

y3
y4

y5

y6

y8

y9
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Figure S53. MS/MS of the peptide E24SNGPVKVWGSIK36 modified by decadienal at Lys30 

by Schiff base formation. 

 

 

 

Figure S54. MS/MS of the peptide H80VGDLGNVTADKDGVADVSIED 

SVISLSGDHCIIGR115 modified by decadienal at His110 by Michael Addition. 

 

 

E24  S25  N26  G27  P28  V29  K30 V31 W32  G33  S34  I35  K36    (SB)

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5y6y7y8

DEC

b9 b10 b11 b12

y9y10y11y12

y6

y9++

y10++

130.0509
b1

590.3282

y5

b3-H2O
++

H80 V81 G82 D83 L84 G85 N86 V87 T88 A89 D90 K91 D92 G93 V94 A95 D96 V97 S98 I99 E100 D101 S102 V103 I104 S105 L106 S107 G108 D109 H110 C111 I112 I113 G114 R115 (MA)

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 b19b20 b21 b22 b23

y1y2y3y4y5y7y8y9y10y11y12y13y14y15y16y17y18y19y20y21y22y23 y6

DEC

b24 b25 b26 b27 b28 b29 b30 b31 b32 b33 b34 b35

y24y25y26y27y28y29y30y31y32y33y34y35

b2

b4 522.2670

b5

b7

b8

893.4518
b9 b10

232.1390

y2
345.2219

y3

y5

y6

y9

1279.6746

y10

y11
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Figure S55. MS/MS of the peptide T116LVVHEK122 modified by decadienal at His120 by 

Michael Addition. 

 

 

Figure S56. MS/MS of the peptide T116LVVHEKADDLGK128 modified by decadienal at 

Lys122 by Schiff base formation. 

T116  L117  V118  V119  H120 E121  K122     (MA)

b1 b2 b3 b4 b6b5

y1y2y3y4y5y6

DEC

147.1177

y1

y2

y3 y4

y5
b2

M3+

T116  L117  V118  V119  H120  E121  K122 A123 D124  D125  L126  G127  K128      (SB)

b1 b2 b3 b4 b6b5 b7 b8

y1y2y3y4y5y6y7y8

DEC

b9 b10 b11 b12

y9y10y11y12

b2
y3

y11++

624.3519

y10++

y7++

432.2531

y4 574.8262

y9++

M3+
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Figure S57. MS/MS of the peptide A123DDLGKGGNEESTK136 modified by decadienal at 

Lys128 by Schiff base formation. 

 

 

Figure S58. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by decadienal at 

Lys136 by Schiff base formation. 

A123  D124  D125  L126  G127  K128 G129 G130  N131  E132  E133  S134 T135 K136      (SB)

b1 b2 b3 b4 b6b5 b7 b8

y2y4y5y6y7y8y9

DEC

b9 b10 b11 b12

y10y11y12y13 y1

b13

y3

b2

y10++

y11++

y12++

y13++

G129  G130  N131  E132  E133  S134  T135 K136  T137  G138  N139  A140 G141 S142 R143    (SB)

b1 b2 b3 b4 b6b5 b7 b8

y2y3y4y5y6y7y8y9

DEC

b9 b10 b11 b12

y10y11y12y13 y1

b13 b14

y14

b4
662.3136

y7

y10++ y11++

y12++

y13++

534.2724

M3+

390.2154

y4
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Figure S59. MS/MS of the peptide LACGVIGIAQ modified by decadienal at Cys146 by 

Michael Addition. 
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Table S6. SecoA/B-modified peptides identified by LC-MS/MS after digestion with trypsin. 

SB: Schiff Base 

MA: Michael Addition 

* Aldehyde adduct 

’ Carbamidomethyl adduct 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence Residue 
Unmodified 

(m/z) 
Expected 

Observed  

(Seco-A/Seco-B) 

Error 

(ppm) 

ATK*AVC’VLK Lys3 
330.5319 

(3+) 

464.6485 

(3+) 

464.6475/464.6468 

(3+) 
-2.1/-3.6 

AVC’VLK*GDGPVQGII

NFEQK 
Lys9 

724.7209 

(3+) 

858.8375 

(3+) 

858.8398/858.8399 

(3+) 
2.6/2.7 

ESNGPVK*VWGSIK Lys30 
467.5893 

(3+) 

601.7059 

(3+) 

601.7057/601.7055 

(3+) 
-0.3/-0.6 

TLVVHEK*ADDLGK Lys122 
475.5963 

(3+) 

609.7129 

(3+) 

609.7144/609.7149 

(3+) 
2.4/3.2 

ADDLGK*GGNEESTK Lys128 
474.2232 

(3+) 

608.3398 

(3+) 

608.3398/608.3400 

(3+) 
0.0/0.3 

GGNEESTK*TGNAGSR Lys136 
488.8940 

(3+) 

623.0106 

(3+) 

623.0132/623.0129 

(3+) 
4.1/3.6 
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Figure S60. MS/MS of the peptide A1TKAVCVLK9 modified by Seco-A at Lys3 by Schiff 

base formation. 

 

 

Figure S61. MS/MS of the peptide A4VCVLKGDGPVQGIINFEQK23 modified by Seco-A at 

Lys9 by Schiff base formation. 

 

A1  T2  K3 A4  V5  C6  V7  L8  K9

b1 b2 b3 b4 b5 b6 b7 b8

y1y2y3y4y5y6y7y8

Seco-A/B

147.1134

y1

y2

359.2630

y3

173.0977

b2
689.4091

y6

b4

b5

M3+ y4

618.3693

y5

y7++
y8++

A4  V5  C6  V7  L8 K9  G10  D11  G12  P13  V14  Q15  G16  I17  I18  N19  F20  E21  Q22  K23

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 b19

y1y2y3y4y5y6y7y8y9y10y11y12y13y14y15y16y17y18y19

y4

y5

y6

891.4902
y7

y8

1076.5914

y9

y10
551.2854

b8

Seco-A/B

b9

b11



143 
 

 
 

 

Figure S62. MS/MS of the peptide E24SNGPVKVWGSIK36 modified by Seco-A at Lys30 by 

Schiff base formation. 

 

 

Figure S63. MS/MS of the peptide T116LVVHEKADDLGK128 modified by Seco-A at Lys122 

by Schiff base formation. 
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Figure S64. MS/MS of the peptide A123DDLGKGGNEESTK136 modified by Seco-A at Lys128 

by Schiff base formation. 

 

 

Figure S65. MS/MS of the peptide G129GNEESTKTGNAGSR143 modified by Seco-A at 

Lys136 by Schiff base formation.
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Table S7a. Covalent docking of the aldehydes with modified lysines.  
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Table S7b. Covalent docking of the aldehydes with modified lysines.  
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3. CONCLUSIONS AND FUTURE DIRECTIONS 

Lipid-derived aldehydes are considered final products of lipid oxidation and are thus 

commonly used as biomarkers of oxidative stress. Their application has been focused on 

diseases involving redox pathways, such as inflammatory, metabolic and neurodegenerative 

diseases. Although the mechanisms leading to formation of aldehydes are not totally 

understood, elevated amounts of these electrophiles have been found in several tissues of 

patients and animal models of neurodegenerative disorders. In particular, the accumulation of 

lipid-derived aldehydes leading to proteins’ aggregation has been suggested as direct cause 

and/or consequence of the neurodegenerative diseases. Thus detailed studies involving lipid 

aldehydes reactivity with proteins are required to better understand the role of electrophiles in 

the pathology of these diseases. 

In the first chapter of this thesis, it was shown that secosterol aldehydes accumulate in 

ALS rats, suggesting elevated oxidative stress during the disease as a source of these 

electrophiles. In turn, secosterol aldehydes were demonstrated to covalently modify and induce 

aggregation of SOD1, which aggregation is directly involved in the pathology of ALS. Given 

that cholesterol is the most abundant lipid in the brain, secosterol aldehydes may potentially 

play a critical role in ALS and other neurodegenerative diseases. Additional results from chapter 

1 suggest that secosterol aldehydes interaction with SOD1 may be associated with their 

hydrophobicity. It was then decided to test the hypothesis of whether other aldehydes modify 

SOD1 according to their polarities (chapter 2). The results from chapter two confirmed our 

hypothesis that the hydrophobicity of aldehydes is critical to the ligand-induced SOD1 

aggregation. Moreover, our results highlight the elevated effect of secosterol aldehydes in 

SOD1 aggregation compared to other important lipid-derived electrophiles. Some of tested 

aldehydes, such as HHE and HNE, do not apparently affect SOD1 aggregation, although they 

highly modified this protein. The findings of our study also corroborate to other works which 
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show that SOD1 aggregation can occur when the protein is in contact with lipids and 

membranes.  

Altogether, our results, besides presenting a possible mechanism involving lipid 

oxidation products and ALS, contribute to the understanding of two biochemical pathways: 

first, this is an additional work showing that secosterol aldehydes can play some biological 

effects resulting in pathological conditions. Secondly, our results help to better understand how 

SOD1 aggregates in presence of lipids and hydrophobic surfaces. 

The future perspectives of this work may give rise to new projects in our laboratory. 

New approaches can be used in order to analyze the effect of secosterol aldehydes on SOD1 

aggregation in some more complex environments, such as cells and animal models for ALS. 

Treatment of ALS model cells with secosterol aldehydes seems to be a good strategy for 

analyzing the induction of protein aggregation and cell viability. Furthermore, proteomics 

analysis of cells treated with these aldehydes could answer the question about what proteins are 

the main target of secosterol aldehydes. The use of alkynyl-labeled secosterol aldehydes could 

be an interesting strategy to select the modified proteins in a complex sample, by the use of 

beads that bind specifically to alkynyl groups. Another interesting experiment would be a 

treatment of ALS rats with a cholesterol rich diet. That would show whether the disease 

development would be affected by the treatment, with the possibility of quantification of 

oxysterols in the tissues of these animals, besides a proteomics analysis focused in identify 

secosterol aldehydes-modified proteins. 
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