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HHE - 4-hydroxy-2-hexenal; HNE - 4-hydroxy-2-nonenal; HEX - Hexenal (trans-2-

hexen-1-al); NON - Nonadienal (trans,trans-2,4-nonadienal); DEC - Decadienal 

(trans,trans-2,4-decadienal); Seco-A - 3β-hydroxy-5-oxo-5,6-secocholestan-6-al; Seco-

B - 3β-hydroxy-5β-hydroxyB-norcholestane-6β-carboxyaldehyde; SOD1 - cooper, zinc-

superoxide dismutase; ALS - amyotrophic lateral sclerosis; SEC - size exclusion 

chromatography; LC-MS/MS - Liquid Chromatography Coupled to Tandem Mass 

Spectrometry.  
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ABSTRACT 

Lipid peroxidation generates a huge number of reactive electrophilic aldehyde products. 

These reactive aldehydes can modify macromolecules such as proteins, resulting in loss 

of function and/or aggregation. The accumulation of Cu,Zn-superoxide dismutase 

(SOD1) aggregates is associated with familial cases of amyotrophic lateral sclerosis 

(ALS). Recent studies have shown that lipid and its oxidized derivatives may play a role 

in this process. Here we aimed to compare and characterize the ability of lipid-derived 

electrophiles with different hydrophobicities to induce SOD1 modification and 

aggregation in vitro. SOD1 was incubated with 4-hydroxy-2-hexenal (HHE), 4-hydroxy-

2-nonenal (HNE), 2-hexen-1-al (HEX), 2,4-nonadienal (NON), 2,4-decadienal (DEC) or 

secosterol aldehydes (Seco-A or Seco-B) at 37°C for 24 h. Size exclusion 

chromatography analysis showed that hydrophobic aldehydes markedly enhances apo-

SOD1 aggregation. More importantly, aggregation level was positively correlated to 

calculated aldehyde hydrophobicities (LogP).  Protein sequencing by LC-MS/MS showed 

that aldehydes covalently modifies SOD1 at aggregation prone regions. For instance, 

specific lysine residues located mainly nearby the dimer interface (K3, K9) and at the 

electrostatic loop (K122, K128, K136) were ubiquitously modified by all aldehydes. The 

a,b-unsaturated aldehydes also promoted modifications on histidine and cysteine 

residues, with H120 and C6 being the most commonly modified residues. Overall, our 

data suggest that electrophile`s hydrophobicity is a critical factor that strongly influences 

protein aggregation propensity.  

 

 

Keywords: superoxide dismutase; lipid-derived electrophiles; protein aggregation; 

amyotrophic lateral sclerosis. 
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Graphical abstract 

 

 

 

Highlights: 

- Aldehyde hydrophobicity is positively correlated to SOD1 aggregation;  

- Lys residues located nearby the SOD1 dimer interface and electrostatic loop are 

ubiquitously modified by all aldehydes;  

- Hydrophobic aldehydes increase the lipophilic potential surface of the region where they 

bind; 
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INTRODUCTION 

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

diseases1,2. Increased concentrations of redox biomarkers, including lipid peroxidation 

products and oxidized proteins have been detected in blood and brain of patients and 

rodent models of Alzheimer’s disease, Parkinson’s disease, Amyotrophic Lateral 

Sclerosis (ALS) and other neurological disorders.3-8 Lipids, which are usually highly 

unsaturated in neuronal cells, are susceptible to oxidation by enzymatic and non-

enzymatic oxidation involving reactive oxygen species.9-11 In particular, lipid 

peroxidation leads to the formation of several electrophilic carbonyl compounds that are 

capable of modifying proteins and other components of the cell. 12-14  

Lipid electrophiles are known to react with proteins and DNA, generally leading 

to irreversible damage through covalent adduction.14-16 Among lipid aldehydes, the better 

investigated are acrolein, malondialdehyde (MDA), 4-hydroxy-2-hexenal (HHE) and 4-

hydroxy-2-nonenal (HNE).17-19 The α,β-unsaturated aldehydes can form adducts with 

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

the double bond to Lys, His or Cys residues or (2) Schiff base formation of the carbonyl 

group to Lys residues.12,14 Lipid-derived aldehydes have already been shown to modify 

several proteins,20,21 including those related to neurodegenerative diseases: α-

synuclein,22-25 β-amyloid peptide26,27 and superoxide dismutase (SOD1).28 

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

cells.29 Dysregulated cholesterol metabolism30 and massive accumulation of choleteryl 

esters have been reported in ALS31. Cholesterol  undergoes oxidative damage, yielding 

hydroperoxides/hydroxides, ketones, epoxides as well as highly hydrophobic aldehydes 

named cholesterol secosterol aldehydes (Seco-A and Seco-B).11,32-35 These hydrophobic 

aldehydes react mainly by Schiff base formation with Lys residues36 and their reactivity 

toward α-synuclein,37 β-amyloid peptide38,39, myelin basic protein (MBP)40 and SOD141 

was previously investigated. Recently, secosterol aldehydes were detected in blood 

plasma and neural tissues from ALS rats.41 

Mutations in the SOD1 gene have been linked to the development of familial ALS. 

The formation of high molecular weight SOD1 oligomers are implicated in both sporadic 
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and familial ALS cases.42-44 Yet, the molecular mechanism leading to the formation of 

SOD1 aggregates is still not clearly understood. Some studies suggest that lipids, in 

particular, lipid peroxidation and its electrophilic products may play an important role in 

motor neuron degeneration45 and SOD1 aggregation.46,47 Previously we reported that 

secosterol aldehydes are present in tissues isolated from ALS rat model and are effective 

in inducing SOD1 aggregation41. Here we aimed to compare the ability of lipid-derived 

electrophiles with different hydrophobicities to induce SOD1 modification and 

aggregation in vitro. SOD1 incubations with aldehydes showed that aggregation was 

positively correlated to their calculated hydrophobicities (LogP). Protein modification 

sites were mapped through LC-MS/MS analysis of the tryptic peptides. All aldehydes 

ubiquitously modified Lys residues located mainly at K3, the dimer interface (K9, K30) 

and the electrostatic loop (K122, K128 and K136). Interestingly, the less hydrophobic 

a,b-unsaturated aldehydes, HHE and HNE were likely more reactive, inducing 

modifications on Lys, His and Cys residues. However, they did not induce aggregation. 

Altogether, our study highlights the importance of electrophile hydrophobicity as a 

critical factor influencing protein aggregation. 

 

MATERIALS AND METHODS 

Chemicals 

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

Cayman Chemical (Ann Arbor, MI). Trans-2-hexen-1-al (HEX), trans,trans-2,4-

nonadienal (NON) and trans,trans-2,4-decadienal (DEC) were purchased from Sigma 

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

synthetized by ozonization and purified as described by Wang and colleagues.48 3β-

hydroxy-5β-hydroxy-B-norcholestane-6β-carboxaldehyde (Secosterol B, SECO-B) was 

synthetized by photoxidation and purified as described by Uemi and colleagues.33 SOD1 

(superoxide dismutase 1) was expressed in Escherichia coli, purified and its apo form 

prepared as described previously.41 Unless otherwise stated all chemicals were of the 

highest analytical grade and were purchased from Sigma, Merck or Fisher. 

Lipid aldehyde hydrophobicity determination 
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Aldehyde hydrophobicity was evaluated through its LogP (LogPcalc) values calculated by 

the MoKaTM software,49 using the 3D structures generated by Corina v.3.20,50 and 

compared to those calculated by the Volsurf+ v.1.0.7.l software.51 

Incubations of SOD1 with lipid 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, 

HEX, DEC, SECO-A or SECO-B at 37 °C during 24 h under gentle agitation. Isopropanol 

was the employed aldehyde solvent; therefore, 10% isopropanol was used as the control.   

SOD1 aggregate formation analysis  

Ten μL of each incubation was analyzed by size-exclusion chromatography (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 the area of 

aggregates and the area of SOD1 dimer. 

Enzymatic digestion of SOD1  

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

(NaBH4) for 1h at room temperature to stabilize 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 Cys 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).  

Characterization of modified peptides  

Peptides resulting from tryptic digestion were analyzed using a nanoAcquity UPLC 

system (Waters, United States) with an ACQUITY UPLC-C18 column (20 mm x 180 

μm; 5 μm) coupled to a TripleTOF 6600 mass spectrometer (Sciex, United States) as 

previously described.41 The Analyst TFÒ software (Sciex, United States) was used for 
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data acquisition and the PeakViewÒ software (Sciex, United States) for data processing. 

For analysis of protein sequence and modification, the MascotÒ software (Matrix Science 

Ltd., London, United Kingdom) was used. The database in MascotÒ search was SwissProt 

(accessed in 07/29/2018). The modifications were searched based on the possibilities of 

Schiff base formation to Lys 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 SECO-A/B: +402.3497 Da) as well as Michael addition to Lys, His and Cys residues 

(HHE: +114.0680 Da; HNE: +156.1150 Da; HEX: +98.0731 Da; NON: +138.1044 Da; 

DEC: +152.1201 Da; and SECO-A/B: +400.3341 Da). Carbamidomethyl (+57.0214 Da) 

was also considered as a possible modification of Cys residues. The mass tolerance was 

10 ppm for MS experiments and 0.05 Da for MS/MS experiments. Up to 4 trypsin missed 

cleavages were considered in the search. Modified peptides identified by MascotÒ were 

further validated by manual identification of the sequence (Supplementary MS/MS 

spectra are provided). 

Covalent docking procedures 

Ligand structures preparation for docking purpose. Prior to docking runs, three-

dimensional ligand structures for, respectively, HHE, HEX, HNE, NON and DEC were 

generated using Corina v.3.20.50 As compounds HNE and HHE were used in the 

experimental assays as racemic mixtures, both enantiomeric forms were generated and 

used for docking. Seco-A and seco-B 3D structures were obtained from PubChem 

Bioassay Tools (available online on https://pubchem.ncbi.nlm.nih.gov/). The 3D structure 

of each aldehyde was minimized using the Sybyl-X v.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 preparation for docking purpose. For the same purpose, protein 

structure (SOD1, PDB: 3ECU, 1.9 Å resolution) was also prepared using Sybyl-X v.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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Covalent docking procedure. Covalent docking was performed using GOLD docking 

suite v.5.2 (The Cambridge Crystallographyc Data Centre).52 GOLD program assumes 

that there is just one atom linking the ligand to the protein. An angle-bending potential 

has been incorporated into the fitness function to ensure that the geometry of the bound 

ligand is correct.53,54 For each docking run, zeta nitrogen atom of Lys side chain (NZ) 

was defined as the link atom for the covalent bond. Each binding site was defined as all 

residues with at least one heavy atom within 10 Å from the NZ atom of the corresponding 

Lys residue. Ten docking runs were performed for each ligand, using default settings and 

scoring function ChemPLP.55 

Lipophilic potential surfaces generation 

Lipophilic potential surfaces for SOD-1 were generated using MOLCAD56  module of 

Sybyl-X v.2.1.1 program (Certara L.P., St Louis, MO), applying the Connolly method.57 

All generated surfaces were qualitatively analyzed by visual inspection. 

 

RESULTS 

Aldehyde-induced SOD1 aggregation increases exponentially with their LogP values 

To compare the ability of lipid-derived electrophiles to promote SOD1 aggregation, we 

selected seven biologically relevant aldehydes: 4-hydroxy-2-hexenal (HHE) and 4-

hydroxy-2-nonenal (HNE),  trans-2-hexen-1-al (HEX), trans,trans-2,4-nonadienal 

(NON), trans,trans-2,4-decadienal (DEC), 3β-hydroxy-5-oxo-5,6-secocholestan-6-al 

(Seco-A) and 3β-hydroxy-5β-hydroxy-B-norcholestane-6β-carboxaldehyde (Seco-B) 

(Figure 1). The LogP of these aldehydes was estimated using MoKaTM software.49   

Theoretically estimated LogP values ranged from 0.30 (HHE) to ~6.5 (Seco-A and Seco-

B).  Aldehyde stock solutions were prepared in isopropanol and incubated with metal-

free SOD1 (apo-SOD1) as previously described.41  We used apo-SOD1 because several 

lines of evidence indicate that this immature form plays a key role in aberrant 

oligomerization58,59. After 24 h, high molecular weight protein aggregates were analyzed 

by size-exclusion chromatography (SEC). In this analysis, SOD1 dimers appeared as a 

single peak at 8.5 min and large SOD1 aggregates appeared as a broad peak between 5 to 
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7.5 min in incubations containing NON, DEC and Seco-A or Seco-B (Figure 2A). To 

quantify the amount of protein aggregates, the peak areas corresponding to the dimer and 

aggregate were integrated and expressed as aggregate/dimer area ratio. This area ratio 

was plotted against estimated aldehyde hydrophobicity (LogP, Figure 2B). Interestingly, 

this plot showed a strong positive correlation between aldehyde hydrophobicity and 

protein aggregation. Under our experimental conditions, the less hydrophobic lipid 

electrophiles (LogP<2), HHE, HNE and HEX, did not induce detectable SOD1 

aggregation. In contrast, SOD1 aggregation was dramatically increased by the more 

hydrophobic electrophiles (LogP>3) in the following order: nonadienal (NON) < 

decadienal (DEC) < secosterol B (SECO-B) (Figure 2B).  

Characterization of aldehyde adduction sites in SOD1  

To characterize the residues modified by lipid electrophiles, proteins incubated 

with HHE, HNE, HEX, NON, DEC or SECO-A/B were subjected to trypsin digestion 

followed by peptide sequencing analysis on a reverse-phase nLC-ESI-MS/MS. The 

obtained MS/MS data were sequenced by MascotÒ using the bottom-up approach. 

Covalently modified peptides were searched according to two possibilities, Schiff-base 

or Michael-type adducts. Each modified peptide sequence was confirmed manually by 

the analysis of the MS/MS spectra (Supplementary MS/MS spectra). Protein electrophile 

adduction with secosterol aldehydes (SECO-A/B) occurred exclusively by Schiff-base 

formation, while both Schiff-base and Michael adducts were observed for the a,b-

unsaturated aldehydes (Table 1).  

The position of the modified residues in SOD1 structure is summarized in Figure 

3. Interestingly, from the 11 Lys present in SOD1, only 6 were commonly modified by 

all tested aldehydes: K3, K9, K30, K122, K128 and K136 (Figure 3A). Modified Lys 3 

and 9 residues are located nearby the dimer interface and Lys 122, Lys 128 and Lys 136 

are residues located at Loop 7 or electrostatic loop (Figure 3B). In contrast, the less 

solvent-exposed Lys residues were selectively modified only by the less hydrophobic 

aldehydes (HHE, HNE and HEX, Log P<2). Lys 23 was modified only by HHE, and Lys 

70 and 75 were modified by HNE and HEX. Interestingly, similarly to the results obtained 

for the aggregation assay, the retention time of the adducted peptides during reversed-

phase nLC-MS/MS analysis was positively correlated to aldehyde hydrophobicity (Figure 
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4 and Figure 1S). Peptides modified by the less hydrophobic aldehyde, HHE, eluted 

earlier at around 20 min, while those modified by the more hydrophobic aldehydes had 

their retention time increased, being retained up to 60 min with Seco-A/B.  

In addition to Lys residues, His and Cys residues were modified by all the a,b-

unsaturated aldehydes (Figure 3B). Among His residues, H120 was found modified by 

all the a,b-unsaturated aldehydes (HHE, HNE, HEX, NON, DEC), whereas other His 

residues (H46, H48, H71, H75, H110) were selectively modified only by smaller and less 

hydrophobic aldehydes (HHE, HNE and HEX). Among Cys residues, C6 was modified 

by most a,b-unsaturated aldehydes, except by HNE. C111 and C57 were modified only 

by HHE and HEX, whereas C146 was modified only by the 2,4-alkadienals, HEX, NON 

and DEC (Figure 3B).  

Next, to estimate the extension of protein modifications induced by the aldehydes 

we compared the relative percentage of intact peptides detected in the control and in 

aldehyde-treated samples (Figure 5). HNE and HHE showed to be the two most reactive 

aldehydes, leading to the consumption of more than 50 % of the peptides. HEX, NON 

and DEC presented an intermediate reactivity, leading to 20-50 % of consumption of the 

peptides. The secosterol aldehydes (Seco-A and Seco-B) were the less reactive, 

consuming less than 10 % of the peptides in most cases (Figure 5). This comparison 

indicates that, although Seco-A/B were likely to induce fewer modifications, they were 

the most effective ones to promote protein aggregation (Figure 2).  Conversely, the less 

hydrophobic and reactive short-chain aldehydes, HHE and HNE, induced more 

modifications but were less efficient in inducing SOD1 aggregation. Therefore, altogether 

this data strongly indicates that aldehydes’ hydrophobicity determines their efficiency in 

inducing protein aggregation, at least under in vitro conditions. 

Docking poses and lipophilic surface calculations  

In order to get structural insights into the protein-ligand interactions that seem to 

occur between the aldehyde molecules and the residues surrounding Lys3, Lys9, Lys30, 

Lys122, Lys128 and Lys136 (main residues modified by the aldehydes), covalent 

dockings were performed, using GOLD.  ChemPLP scores for the best ranked poses for 

each docked aldehyde are shown in Table S1. In general, the higher scores, indicating the 
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highest number of both hydrophobic contacts and hydrogen-bond interactions, were 

observed for the secosterol aldehydes (Seco-A/B). On the other hand, the lowest scores, 

indicating fewer hydrophobic and hydrogen bond interactions, were found with the less 

hydrophobic aldehydes, HHE and HNE. This scoring algorithm suggests that protein-

aldehyde interactions involving the specified Lys residues are favored for the more 

hydrophobic aldehydes.  

Ligand-protein interaction diagrams, showing the main non-covalent interactions 

identified between the docked aldehyde molecules and some amino acids surrounding 

each lysine residue, were also generated (Table S2). Most of the identified interactions 

corresponded to hydrophobic contacts established with some nonpolar residues, such as 

Val5, Ile17 and Ala152 near to Lys3; Ile17, Val7 and Val94 near to Lys9; Trp32 near to 

Lys30; Ala123 and Leu42 near to Lys122; Leu126 near to Lys128 and Thr137 near to 

Lys136.  

Considering that Seco-A and Seco-B were the most effective aldehydes in 

inducing SOD1 aggregation, the best ranked predicted docking poses of these aldehydes 

linked to Lys residues (Lys3, Lys9, Lys30, Lys122, Lys128 and Lys136) were further 

analyzed. Lipophilic potential surfaces were calculated using MOLCAD, in which the 

surface colors range from brown (highest lipophilic area of surface) to blue (highest 

hydrophilic area of surface) (Figure S2). Interestingly, a contrasting effect on the 

lipophilic surface was apparent when Seco-A/B are covalently attached to a 

predominantly hydrophilic region, such as the Lys136 surrounding area (see Figure 6). 

As can be noticed, Seco-A adduction to Lys 136 led to increased SOD1 lipophilic surface 

(brown colored surface, Figure 6H) compared to HHE (Figure 6C), in agreement with its 

higher capacity to induce protein aggregation.   
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DISCUSSION 

Protein misfolding and aggregation in the central nervous system are associated 

with neurodegenerative disorders60. Much attention has been focused on the role of 

reactive electrophilic lipids or reactive carbonyl species (e.g. HNE) generated under 

conditions of elevated oxidative stress4,8,24. These electrophilic compounds exhibit high 

reactivity toward nucleophilic groups in proteins and other macromolecules, leading to 

their covalent modification. Advanced mass spectrometry profiling methods have 

expanded our knowledge on the pathological and physiological impact of lipid 

electrophiles on different cellular targets 20,61-63. A great diversity of protein adducts and 

cross-links have been characterized and collectively termed as advanced lipoxidation end 

products.64,65 Here, we compared the ability of lipid electrophiles with different 

hydrophobicities to promote SOD1 aggregation. Interestingly, our data shows that 

aldehyde-induced SOD1 aggregation is highly correlated to their hydrophobicity. 

Previous studies have investigated SOD1 modifications by electrophiles, such as 

acrolein and advanced glycation end products. In the study by Kang,28 high 

concentrations of acrolein (mM) showed to inhibit SOD1 activity by modification of Ser, 

His, Arg, Thr and Lys residues. Kato and co-workers66 detected SOD1 aggregates 

imunoreactive to advanced glycation end-product`s modification site in ALS patients and 

mice expressing human SOD1-G85R mutation. Both studies suggested that electrophiles 

may play significant roles in SOD1 homeostasis. Here, we not only demonstrated that 

lipid-derived electrophiles can modify and induce SOD1 aggregation, but  also that the 

effect is dependent on the electrophile hydrophobicity (Figure 2). The  data corroborate 

our view  that SOD1 modification by aldehydes increases the hydrophobic surface of the 

protein, increasing their aggregation propensity. Likewise, Liu and co-workers27 found 

out that β-amyloid peptide misfolding and fibrillogenesis are promoted by HNE but not 

by HHE, which is a less hydrophobic aldehyde.  

It is important to notice that SOD1 aggregation efficiency  did not correlate to the 

reactivity of the aldehyde, but more critically to its hydrophobicity. Indeed,  HHE and 

HNE induced a higher degree of protein modification compared to other aldehydes 

(Figure 5), but did not induce their aggregation (Figure 2). On the other hand, NON, DEC, 

and SECO-A/B induced fewer modification, but were the most effective inducers of 
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SOD1 aggregation, a property that showed to be correlated to their higher hydrophobicity. 

Analysis of the modified residues revealed that all aldehydes induced modification on 

specific Lys residues located primarly at K3 and K9, nearby the dimer interface, and at 

K122, K128 and K136, located within the electrostatic loop (residues 121-143). These 

two regions (dimer interface - loop IV and the electrostatic loop - loop VII) are frequently 

affected by genetic and non-genetic factors, the later including an array of post-

translational modifications (PTM, e.g. acylation, sumoylation, ubiquitination, 

glycation)67,68. Dimer interface modifications have been shown to enhance monomer 

formation69, increasing the production of high molecular weight inclusions70. 

Furthermore, disorders affecting the eletrostatic loop have been correlated with structural 

alterations leading to aggregation71,72. Recently, a study by Mojumdar et al. provided 

additional evidences indicating that the region comprising electrostatic loop is the least 

stable part of the protein70, consistent with the notion that this region acts as a primary 

locus for misfolding. Thus, our study highlights the potential impact that lipid 

electrophile-induced Lys modifications occuring at these segments would have on SOD1 

structural stability. 

Lysine is a ubiquitous post-traslational modification site in the human proteome73. 

Acylation and acetylation of lysine residues in SOD1 have been previously described as 

potencial mechanisms to decrease the rate of protein nucleation and prion-like SOD1 

aggregation.74,75 These studies attributed the inhibitory effect of covalent modification to 

the increase of net negative surface potential and repulsion between SOD1 species. 74 Our 

data revealed that modifications promoted by the less hydrophobic aldehydes, HHE and 

HNE do not lead to protein aggregation. In analogy to the acetylation study, it can be 

hypothesized that Lys conjugation to these aldehydes could elicit a protective effect by 

blocking Lys charges. In this situation, small and less hydrophobic aldehydes (LogP<2) 

lead to a net increase in surface negative charge that blocks SOD1 aggregation. On the 

other hand, the size and polarity of the protein modifier seem to have a greater impact on 

the final outcome of protein aggregation. In this context, when the protein is modified by 

highly hydrophobic electrophiles, like the secosterol aldehydes (LogP ~6), the net 

increase in protein hydrophobic surface greatly enhances their aggregation propensity. 

Covalent docking analysis expanded our notion on how the aldehydes, in 

particular secosterol aldehydes, might be positioned/directed to specific Lys residues in 
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SOD1 – the Lys3, Lys9, Lys30, Lys122, Lys128, and Lys136. Although there are other 

residues that were randomly modified by lipid electrophiles, including other lysines 

(Lys23, Lys70 and Lys75), histidines (His46, His48, His71, His110 and His 120) and 

cysteines  (Cys6, Cys57, Cys111 and Cys146), the previously mentioned Lys residues 

were ubiquitously modified by all aldehydes, including the most hydrophobic and less 

hydrophobic ones. Detailed inspection of those Lys suroundings reveals that some 

hydrophobic residues, such as Val, Ala, Trp and Ile (Table S2), may play important roles 

directing aldehydes to the conjugation site.  Hydrophobic residues may help recruit 

aldehydes to these areas by interacting with their hydrophobic surface. The enhancement 

in the lipophilic surface observed by binding of hydrophobic secosterol aldehydes to 

Lys136, a residue located at a relatively polar region (Figure 6), illustrates how ligand 

hydrophobicity affects protein surface hydrophobicity and increases protein aggregation.  

In summary, there is an increasing number of studies arguing for the importance 

of oxidized lipids in neurodegenerative diseases6,7,76. In this context, our in vitro study 

shed light on a critical link between lipid peroxidation and protein aggregation, which is 

putatively associated with the pathology of these disorders. Our data specifically bear 

evidence that lipid electrophile hydrophobicity is critical to ligand-induced SOD1 

aggregation. Given the massive abundance of cholesterol in brain tissues29 and the solid 

link between cholesterol metabolism and neurodegenerative diseases,77,78 in vivo 

experiments with cells or animal models may provide additional clues on the role of 

highly hydrophobic secosterol aldehydes in protein aggregation. 

Acknowledgments: We would like to thank Fernando R. Coelho for technical assistance 

with SOD1 protein expression and purification. This work was supported by Fundação 

de Amparo à Pesquisa do Estado de São Paulo (FAPESP, CEPID-Redoxoma 13/07937-

8 and 10/50891-0), Conselho Nacional de Desenvolvimento Cientifíco e Tecnológico 

(CNPq, Universal 424094/2016-9), NAP-Redoxoma, Pró-Reitoria de Pesquisa USP and 

CAPES. The Ph.D. scholarship of L.S.D. was supported by CNPq. The Ph.D. 

scholarships of L.G.V., A.I. and E.P. were supported by FAPESP (2014/07248-0, 

2017/13804-1, 2012/06633-2). E.P. has a post-doctoral CAPES fellowship 

(88887.185840/2018-00).	 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

 

References 

(1) Barnham, K. J.; Masters, C. L.; Bush, A. I. Neurodegenerative diseases and 
oxidative stress. Nature reviews. Drug discovery 2004, 3, 205-214. 

(2) Sayre, L. M.; Perry, G.; Smith, M. A. Oxidative stress and neurotoxicity. Chem 
Res Toxicol 2008, 21, 172-188. 

(3) Yoritaka, A.; Hattori, N.; Uchida, K.; Tanaka, M.; Stadtman, E. R.; Mizuno, Y. 
Immunohistochemical detection of 4-hydroxynonenal protein adducts in 
Parkinson disease. Proc Natl Acad Sci U S A 1996, 93, 2696-2701. 

(4) Pedersen, W. A.; Fu, W.; Keller, J. N.; Markesbery, W. R.; Appel, S.; Smith, R. 
G.; Kasarskis, E.; Mattson, M. P. Protein modification by the lipid peroxidation 
product 4-hydroxynonenal in the spinal cords of amyotrophic lateral sclerosis 
patients. Ann Neurol 1998, 44, 819-824. 

(5) Barber, S. C.; Shaw, P. J. Oxidative stress in ALS: key role in motor neuron 
injury and therapeutic target. Free Radic Biol Med 2010, 48, 629-641. 

(6) Reed, T. T. Lipid peroxidation and neurodegenerative disease. Free Radic Biol 
Med 2011, 51, 1302-1319. 

(7) Sultana, R.; Perluigi, M.; Butterfield, D. A. Lipid peroxidation triggers 
neurodegeneration: a redox proteomics view into the Alzheimer disease brain. 
Free Radic Biol Med 2013, 62, 157-169. 

(8) Di Domenico, F.; Tramutola, A.; Butterfield, D. A. Role of 4-hydroxy-2-nonenal 
(HNE) in the pathogenesis of alzheimer disease and other selected age-related 
neurodegenerative disorders. Free Radic Biol Med 2017, 111, 253-261. 

(9) Niki, E.; Yoshida, Y.; Saito, Y.; Noguchi, N. Lipid peroxidation: mechanisms, 
inhibition, and biological effects. Biochem Biophys Res Commun 2005, 338, 
668-676. 

(10) Yin, H.; Xu, L.; Porter, N. A. Free radical lipid peroxidation: mechanisms and 
analysis. Chem Rev 2011, 111, 5944-5972. 

(11) Di Mascio, P.; Martinez, G. R.; Miyamoto, S.; Ronsein, G. E.; Medeiros, M. H. 
G.; Cadet, J. Singlet Molecular Oxygen Reactions with Nucleic Acids, Lipids, 
and Proteins. Chem Rev 2019, 119, 2043-2086. 

(12) Esterbauer, H.; Schaur, R. J.; Zollner, H. Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde and related aldehydes. Free Radic Biol Med 
1991, 11, 81-128. 

(13) Ayala, A.; Munoz, M. F.; Arguelles, S. Lipid peroxidation: production, 
metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-
nonenal. Oxid Med Cell Longev 2014, 2014, 360438. 

(14) Uchida, K. Aldehyde adducts generated during lipid peroxidation modification 
of proteins. Free Radic Res 2015, 49, 896-904. 

(15) Martinez, G. R.; Loureiro, A. P.; Marques, S. A.; Miyamoto, S.; Yamaguchi, L. 
F.; Onuki, J.; Almeida, E. A.; Garcia, C. C.; Barbosa, L. F.; Medeiros, M. H.et 
al. Oxidative and alkylating damage in DNA. Mutat Res 2003, 544, 115-127. 

(16) Jacobs, A. T.; Marnett, L. J. Systems analysis of protein modification and 
cellular responses induced by electrophile stress. Acc Chem Res 2010, 43, 673-
683. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

(17) Del Rio, D.; Stewart, A. J.; Pellegrini, N. A review of recent studies on 
malondialdehyde as toxic molecule and biological marker of oxidative stress. 
Nutr Metab Cardiovasc Dis 2005, 15, 316-328. 

(18) Long, E. K.; Picklo, M. J., Sr. Trans-4-hydroxy-2-hexenal, a product of n-3 fatty 
acid peroxidation: make some room HNE. Free Radic Biol Med 2010, 49, 1-8. 

(19) Moghe, A.; Ghare, S.; Lamoreau, B.; Mohammad, M.; Barve, S.; McClain, C.; 
Joshi-Barve, S. Molecular mechanisms of acrolein toxicity: relevance to human 
disease. Toxicol Sci 2015, 143, 242-255. 

(20) Codreanu, S. G.; Liebler, D. C. Novel approaches to identify protein adducts 
produced by lipid peroxidation. Free Radic Res 2015, 49, 881-887. 

(21) Chen, Y.; Cong, Y.; Quan, B.; Lan, T.; Chu, X.; Ye, Z.; Hou, X.; Wang, C. 
Chemoproteomic profiling of targets of lipid-derived electrophiles by 
bioorthogonal aminooxy probe. Redox Biol 2017, 12, 712-718. 

(22) Ambaw, A.; Zheng, L.; Tambe, M. A.; Strathearn, K. E.; Acosta, G.; Hubers, S. 
A.; Liu, F.; Herr, S. A.; Tang, J.; Truong, A.et al. Acrolein-mediated neuronal 
cell death and alpha-synuclein aggregation: Implications for Parkinson's disease. 
Mol Cell Neurosci 2018, 88, 70-82. 

(23) Angelova, P. R.; Horrocks, M. H.; Klenerman, D.; Gandhi, S.; Abramov, A. Y.; 
Shchepinov, M. S. Lipid peroxidation is essential for alpha-synuclein-induced 
cell death. J Neurochem 2015, 133, 582-589. 

(24) Bae, E. J.; Ho, D. H.; Park, E.; Jung, J. W.; Cho, K.; Hong, J. H.; Lee, H. J.; 
Kim, K. P.; Lee, S. J. Lipid peroxidation product 4-hydroxy-2-nonenal promotes 
seeding-capable oligomer formation and cell-to-cell transfer of alpha-synuclein. 
Antioxid Redox Signal 2013, 18, 770-783. 

(25) Qin, Z.; Hu, D.; Han, S.; Reaney, S. H.; Di Monte, D. A.; Fink, A. L. Effect of 
4-hydroxy-2-nonenal modification on alpha-synuclein aggregation. J Biol Chem 
2007, 282, 5862-5870. 

(26) Ellis, G.; Fang, E.; Maheshwari, M.; Roltsch, E.; Holcomb, L.; Zimmer, D.; 
Martinez, D.; Murray, I. V. Lipid oxidation and modification of amyloid-beta 
(Abeta) in vitro and in vivo. J Alzheimers Dis 2010, 22, 593-607. 

(27) Liu, L.; Komatsu, H.; Murray, I. V.; Axelsen, P. H. Promotion of amyloid beta 
protein misfolding and fibrillogenesis by a lipid oxidation product. J Mol Biol 
2008, 377, 1236-1250. 

(28) Kang, J. H. Modification and inactivation of Cu,Zn-superoxide dismutase by the 
lipid peroxidation product, acrolein. BMB Rep 2013, 46, 555-560. 

(29) Dietschy, J. M.; Turley, S. D. Thematic review series: brain Lipids. Cholesterol 
metabolism in the central nervous system during early development and in the 
mature animal. J Lipid Res 2004, 45, 1375-1397. 

(30) Abdel-Khalik, J.; Yutuc, E.; Crick, P. J.; Gustafsson, J.-Å.; Warner, M.; Roman, 
G.; Talbot, K.; Gray, E.; Griffiths, W. J.; Turner, M. R.et al. Defective 
cholesterol metabolism in amyotrophic lateral sclerosis. Journal of lipid 
research 2017, 58, 267-278. 

(31) Chaves-Filho, A. B.; Pinto, I. F. D.; Dantas, L. S.; Xavier, A. M.; Inague, A.; 
Faria, R. L.; Medeiros, M. H. G.; Glezer, I.; Yoshinaga, M. Y.; Miyamoto, S. 
Alterations in lipid metabolism of spinal cord linked to amyotrophic lateral 
sclerosis. Sci Rep 2019, 9, 11642. 

(32) Wentworth, P., Jr.; Nieva, J.; Takeuchi, C.; Galve, R.; Wentworth, A. D.; Dilley, 
R. B.; DeLaria, G. A.; Saven, A.; Babior, B. M.; Janda, K. D.et al. Evidence for 
ozone formation in human atherosclerotic arteries. Science 2003, 302, 1053-
1056. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

(33) Uemi, M.; Ronsein, G. E.; Miyamoto, S.; Medeiros, M. H.; Di Mascio, P. 
Generation of cholesterol carboxyaldehyde by the reaction of singlet molecular 
oxygen [O2 (1Delta(g))] as well as ozone with cholesterol. Chem Res Toxicol 
2009, 22, 875-884. 

(34) Miyoshi, N.; Iuliano, L.; Tomono, S.; Ohshima, H. Implications of cholesterol 
autoxidation products in the pathogenesis of inflammatory diseases. Biochem 
Biophys Res Commun 2014, 446, 702-708. 

(35) Zielinski, Z. A.; Pratt, D. A. Cholesterol Autoxidation Revisited: Debunking the 
Dogma Associated with the Most Vilified of Lipids. J Am Chem Soc 2016, 138, 
6932-6935. 

(36) Windsor, K.; Genaro-Mattos, T. C.; Kim, H. Y.; Liu, W.; Tallman, K. A.; 
Miyamoto, S.; Korade, Z.; Porter, N. A. Probing lipid-protein adduction with 
alkynyl surrogates: application to Smith-Lemli-Opitz syndrome. J Lipid Res 
2013, 54, 2842-2850. 

(37) Bosco, D. A.; Fowler, D. M.; Zhang, Q.; Nieva, J.; Powers, E. T.; Wentworth, 
P., Jr.; Lerner, R. A.; Kelly, J. W. Elevated levels of oxidized cholesterol 
metabolites in Lewy body disease brains accelerate alpha-synuclein fibrilization. 
Nat Chem Biol 2006, 2, 249-253. 

(38) Usui, K.; Hulleman, J. D.; Paulsson, J. F.; Siegel, S. J.; Powers, E. T.; Kelly, J. 
W. Site-specific modification of Alzheimer's peptides by cholesterol oxidation 
products enhances aggregation energetics and neurotoxicity. Proc Natl Acad Sci 
U S A 2009, 106, 18563-18568. 

(39) Scheinost, J. C.; Wang, H.; Boldt, G. E.; Offer, J.; Wentworth, P., Jr. Cholesterol 
seco-sterol-induced aggregation of methylated amyloid-beta peptides--insights 
into aldehyde-initiated fibrillization of amyloid-beta. Angew Chem Int Ed Engl 
2008, 47, 3919-3922. 

(40) Cygan, N. K.; Scheinost, J. C.; Butters, T. D.; Wentworth, P., Jr. Adduction of 
cholesterol 5,6-secosterol aldehyde to membrane-bound myelin basic protein 
exposes an immunodominant epitope. Biochemistry 2011, 50, 2092-2100. 

(41) Dantas, L. S.; Chaves-Filho, A. B.; Coelho, F. R.; Genaro-Mattos, T. C.; 
Tallman, K. A.; Porter, N. A.; Augusto, O.; Miyamoto, S. Cholesterol secosterol 
aldehyde adduction and aggregation of Cu,Zn-superoxide dismutase: Potential 
implications in ALS. Redox Biol 2018, 19, 105-115. 

(42) Valentine, J. S.; Doucette, P. A.; Zittin Potter, S. Copper-zinc superoxide 
dismutase and amyotrophic lateral sclerosis. Annu Rev Biochem 2005, 74, 563-
593. 

(43) Rakhit, R.; Cunningham, P.; Furtos-Matei, A.; Dahan, S.; Qi, X. F.; Crow, J. P.; 
Cashman, N. R.; Kondejewski, L. H.; Chakrabartty, A. Oxidation-induced 
misfolding and aggregation of superoxide dismutase and its implications for 
amyotrophic lateral sclerosis. J Biol Chem 2002, 277, 47551-47556. 

(44) Banci, L.; Bertini, I.; Boca, M.; Girotto, S.; Martinelli, M.; Valentine, J. S.; 
Vieru, M. SOD1 and amyotrophic lateral sclerosis: mutations and 
oligomerization. PLoS One 2008, 3, e1677. 

(45) Fujimori, K.; Ishikawa, M.; Otomo, A.; Atsuta, N.; Nakamura, R.; Akiyama, T.; 
Hadano, S.; Aoki, M.; Saya, H.; Sobue, G.et al. Modeling sporadic ALS in 
iPSC-derived motor neurons identifies a potential therapeutic agent. Nat Med 
2018, DOI:10.1038/s41591-018-0140-5 10.1038/s41591-018-0140-5. 

(46) Choi, I.; Yang, Y. I.; Song, H. D.; Lee, J. S.; Kang, T.; Sung, J. J.; Yi, J. Lipid 
molecules induce the cytotoxic aggregation of Cu/Zn superoxide dismutase with 
structurally disordered regions. Biochim Biophys Acta 2011, 1812, 41-48. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

(47) Kim, Y. J.; Nakatomi, R.; Akagi, T.; Hashikawa, T.; Takahashi, R. Unsaturated 
fatty acids induce cytotoxic aggregate formation of amyotrophic lateral 
sclerosis-linked superoxide dismutase 1 mutants. J Biol Chem 2005, 280, 21515-
21521. 

(48) Wang, K. Y.; Bermudez, E.; Pryor, W. A. The Ozonation Of Cholesterol - 
Separation And Identification Of 2,4-Dinitrophenylhydrazine Derivatization 
Products Of 3-Beta-Hydroxy-5-Oxo-5,6-Secocholestan-6-Al. Steroids 1993, 58, 
225-229. 

(49) Milletti, F.; Storchi, L.; Sforna, G.; Cruciani, G. New and original pK(a) 
prediction method using grid molecular interaction fields. J Chem Inf Model 
2007, 47, 2172-2181. 

(50) Sadowski, J.; Gasteiger, J. From Atoms and Bonds to 3-Dimensional Atomic 
Coordinates - Automatic Model Builders. Chem Rev 1993, 93, 2567-2581. 

(51) Cruciani, G.; Pastor, M.; Guba, W. VolSurf: a new tool for the pharmacokinetic 
optimization of lead compounds. Eur J Pharm Sci 2000, 11 Suppl 2, S29-39. 

(52) Verdonk, M. L.; Cole, J. C.; Hartshorn, M. J.; Murray, C. W.; Taylor, R. D. 
Improved protein-ligand docking using GOLD. Proteins 2003, 52, 609-623. 

(53) Schroder, J.; Noack, S.; Marhofer, R. J.; Mottram, J. C.; Coombs, G. H.; Selzer, 
P. M. Identification of semicarbazones, thiosemicarbazones and triazine nitriles 
as inhibitors of Leishmania mexicana cysteine protease CPB. PLoS One 2013, 8, 
e77460. 

(54) Nissink, J. W.; Murray, C.; Hartshorn, M.; Verdonk, M. L.; Cole, J. C.; Taylor, 
R. A new test set for validating predictions of protein-ligand interaction. 
Proteins 2002, 49, 457-471. 

(55) Korb, O.; Stutzle, T.; Exner, T. E. Empirical scoring functions for advanced 
protein-ligand docking with PLANTS. J Chem Inf Model 2009, 49, 84-96. 

(56) Heiden, W.; Moeckel, G.; Brickmann, J. A new approach to analysis and display 
of local lipophilicity/hydrophilicity mapped on molecular surfaces. J Comput 
Aided Mol Des 1993, 7, 503-514. 

(57) Connolly, M. L. Solvent-accessible surfaces of proteins and nucleic acids. 
Science 1983, 221, 709-713. 

(58) Furukawa, Y.; Kaneko, K.; Yamanaka, K.; O'Halloran, T. V.; Nukina, N. 
Complete loss of post-translational modifications triggers fibrillar aggregation of 
SOD1 in the familial form of amyotrophic lateral sclerosis. J Biol Chem 2008, 
283, 24167-24176. 

(59) Banci, L.; Bertini, I.; Durazo, A.; Girotto, S.; Gralla, E. B.; Martinelli, M.; 
Valentine, J. S.; Vieru, M.; Whitelegge, J. P. Metal-free superoxide dismutase 
forms soluble oligomers under physiological conditions: a possible general 
mechanism for familial ALS. Proc Natl Acad Sci U S A 2007, 104, 11263-
11267. 

(60) Ross, C. A.; Poirier, M. A. Protein aggregation and neurodegenerative disease. 
Nat Med 2004, 10 Suppl, S10-17. 

(61) Wang, C.; Weerapana, E.; Blewett, M. M.; Cravatt, B. F. A chemoproteomic 
platform to quantitatively map targets of lipid-derived electrophiles. Nat 
Methods 2014, 11, 79-85. 

(62) Aldini, G.; Domingues, M. R.; Spickett, C. M.; Domingues, P.; Altomare, A.; 
Sanchez-Gomez, F. J.; Oeste, C. L.; Perez-Sala, D. Protein lipoxidation: 
Detection strategies and challenges. Redox Biol 2015, 5, 253-266. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

(63) Liu, X.; Long, M. J. C.; Aye, Y. Proteomics and Beyond: Cell Decision-Making 
Shaped by Reactive Electrophiles. Trends in Biochemical Sciences 2019, 44, 75-
89. 

(64) Domingues, R. M.; Domingues, P.; Melo, T.; Perez-Sala, D.; Reis, A.; Spickett, 
C. M. Lipoxidation adducts with peptides and proteins: deleterious 
modifications or signaling mechanisms? Journal of proteomics 2013, 92, 110-
131. 

(65) Pamplona, R.; Borras, C.; Jove, M.; Pradas, I.; Ferrer, I.; Vina, J. Redox 
lipidomics to better understand brain aging and function. Free Radic Biol Med 
2019, DOI:10.1016/j.freeradbiomed.2019.03.016 
10.1016/j.freeradbiomed.2019.03.016. 

(66) Kato, S.; Horiuchi, S.; Liu, J.; Cleveland, D. W.; Shibata, N.; Nakashima, K.; 
Nagai, R.; Hirano, A.; Takikawa, M.; Kato, M.et al. Advanced glycation 
endproduct-modified superoxide dismutase-1 (SOD1)-positive inclusions are 
common to familial amyotrophic lateral sclerosis patients with SOD1 gene 
mutations and transgenic mice expressing human SOD1 with a G85R mutation. 
Acta Neuropathol 2000, 100, 490-505. 

(67) Trist, B. G.; Hare, D. J.; Double, K. L. A Proposed Mechanism for 
Neurodegeneration in Movement Disorders Characterized by Metal 
Dyshomeostasis and Oxidative Stress. Cell chemical biology 2018, 25, 807-816. 

(68) Banks, C. J.; Andersen, J. L. Mechanisms of SOD1 regulation by post-
translational modifications. Redox Biology 2019, 
DOI:10.1016/j.redox.2019.101270 10.1016/j.redox.2019.101270, 101270. 

(69) Rakhit, R.; Crow, J. P.; Lepock, J. R.; Kondejewski, L. H.; Cashman, N. R.; 
Chakrabartty, A. Monomeric Cu,Zn-superoxide dismutase is a common 
misfolding intermediate in the oxidation models of sporadic and familial 
amyotrophic lateral sclerosis. J Biol Chem 2004, 279, 15499-15504. 

(70) Sen Mojumdar, S.; N. Scholl, Z.; Dee, D. R.; Rouleau, L.; Anand, U.; Garen, C.; 
Woodside, M. T. Partially native intermediates mediate misfolding of SOD1 in 
single-molecule folding trajectories. Nature Communications 2017, 8, 1881. 

(71) Molnar, K. S.; Karabacak, N. M.; Johnson, J. L.; Wang, Q.; Tiwari, A.; 
Hayward, L. J.; Coales, S. J.; Hamuro, Y.; Agar, J. N. A common property of 
amyotrophic lateral sclerosis-associated variants: destabilization of the 
copper/zinc superoxide dismutase electrostatic loop. J Biol Chem 2009, 284, 
30965-30973. 

(72) Rotunno, M. S.; Auclair, J. R.; Maniatis, S.; Shaffer, S. A.; Agar, J.; Bosco, D. 
A. Identification of a Misfolded Region in Superoxide Dismutase 1 That Is 
Exposed in Amyotrophic Lateral Sclerosis. Journal of Biological Chemistry 
2014, 289, 28527-28538. 

(73) Hacker, S. M.; Backus, K. M.; Lazear, M. R.; Forli, S.; Correia, B. E.; Cravatt, 
B. F. Global profiling of lysine reactivity and ligandability in the human 
proteome. Nature chemistry 2017, 9, 1181-1190. 

(74) Rasouli, S.; Abdolvahabi, A.; Croom, C. M.; Plewman, D. L.; Shi, Y.; Ayers, J. 
I.; Shaw, B. F. Lysine acylation in superoxide dismutase-1 electrostatically 
inhibits formation of fibrils with prion-like seeding. J Biol Chem 2017, 292, 
19366-19380. 

(75) Abdolvahabi, A.; Shi, Y.; Rhodes, N. R.; Cook, N. P.; Marti, A. A.; Shaw, B. F. 
Arresting amyloid with coulomb's law: acetylation of ALS-linked SOD1 by 
aspirin impedes aggregation. Biophys J 2015, 108, 1199-1212. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

(76) Bradley-Whitman, M. A.; Lovell, M. A. Biomarkers of lipid peroxidation in 
Alzheimer disease (AD): an update. Arch Toxicol 2015, 89, 1035-1044. 

(77) Abdel-Khalik, J.; Yutuc, E.; Crick, P. J.; Gustafsson, J. A.; Warner, M.; Roman, 
G.; Talbot, K.; Gray, E.; Griffiths, W. J.; Turner, M. R.et al. Defective 
cholesterol metabolism in amyotrophic lateral sclerosis. J Lipid Res 2017, 58, 
267-278. 

(78) Kim, S. M.; Noh, M. Y.; Kim, H.; Cheon, S. Y.; Lee, K. M.; Lee, J.; Cha, E.; 
Park, K. S.; Lee, K. W.; Sung, J. J.et al. 25-Hydroxycholesterol is involved in 
the pathogenesis of amyotrophic lateral sclerosis. Oncotarget 2017, 8, 11855-
11867. 

 

 

 

 

 

 

 

 

 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

Table 1- SOD1 modified residues identified after incubation with HHE, HNE, HEX, 
NON, DEC or SECO-A/B. 

 

 

 

Modified Residues  
(adduct type) Sequence

Unmodified 
peptide mass 

(charge)

Modified peptide mass Error 
(ppm)

Theoretical  Observed 
HHE
Ala1 (SB) A*TKAVC’VLK 330.5319 (3+) 363.2230 (3+) 363.2230 (3+) 0.1
Lys3 (SB) ATK*AVC’VLK 495.2942 (2+) 544.3308 (2+) 544.3296 (2+) -2.2
Cys6 (MA)

AVC*VLK*GDGPVQGIINFEQK 705.7137 (3+) 776.4275 (3+) 776.4263 (3+) -1.5
Lys9 (SB)
Lys9 (SB) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 757.4120 (3+) 757.4167 (3+) 6.2
Lys9 (MA) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 762.7436 (3+) 762.7466 (3+) 3.9
Lys23 (SB) GDGPVQGIINFEQK*ESNGPVKVWGSIK 961.8382 (3+) 994.5292 (3+) 994.5345 (3+) 5.4
Lys30 (SB) ESNGPVK*VWGSIK 467.5893 (3+) 500.2803 (3+) 500.2812 (3+) 1.7
His46 (MA) GLTEGLHGFH*VHEFGDNTAGC’TSAGPHFNPLSR 693.3264 (5+) 727.5444 (5+) 727.5507 (5+) 8.6
His48 (MA) GLTEGLHGFHVH*EFGDNTAGC’TSAGPHFNPLSR 693.3264 (5+) 727.5444 (5+) 727.5498 (5+) 7.4
Cys57 (MA) GLTEGLHGFHVHEFGDNTAGC*TSAGPHFNPLSR 693.3264 (5+) 716.1401 (5+) 716.1453 (5+) 7.2
His110 (MA) DGVADVSIEDSVISLSGDH*CIIGR 819.7357 (3+) 857.7584 (3+) 857.7620 (3+) 4.1
Cys111 (MA) DGVADVSIEDSVISLSGDHC*IIGR 819.7357 (3+) 857.7584 (3+) 857.7615 (3+) 3.6
His120 (MA) TLVVH*EK 275.8325 (3+) 313.8552 (3+) 313.8536 (3+) -5.0
Lys122 (SB) TLVVHEK*ADDLGK 475.5963 (3+) 508.2874 (3+) 508.2860 (3+) -2.7
Lys128 (SB) ADDLGK*GGNEESTK 474.2232 (3+) 506.9143 (3+) 506.9146 (3+) 0.5
Lys136 (MA) GGNEESTK*TGNAGSR 488.8940 (3+) 526.9167 (3+) 526.9160 (3+) -1.3

HNE
Ala1 (SB) A*TKAVC’VLK 330.5319 (3+) 377.2386 (3+) 377.2376 (3+) -2.7
Lys3 (SB) ATK*AVC’VLK 495.2942 (2+) 565.3543 (2+) 565.3539 (2+) -0.7
Lys9 (SB) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 771.4276 (3+) 771.4302 (3+) 3.3
Lys30 (SB) ESNGPVK*VWGSIK 467.5893 (3+) 514.2960 (3+) 514.2934 (3+) -5.0
Lys70 (SB) K*HGGPKDEER 384.8634 (3+) 431.5701 (3+) 431.5675 (3+) -5.9
His71 (MA) H*GGPKDEER 342.1651 (3+) 394.2034 (3+) 394.2056 (3+) 5.5
Lys75 (SB) KHGGPK*DEER 384.8634 (3+) 431.5701 (3+) 431.5683 (3+) -4.6
His120 (MA) TLVVH*EK 413.2451 (2+) 491.3026 (2+) 491.3012 (2+) -2.8
Lys122 (SB) TLVVHEK*ADDLGK 475.5963 (3+) 522.3030 (3+) 522.3027 (3+) -0.5
Lys128 (SB) ADDLGK*GGNEESTK 474.2232 (3+) 520.9299 (3+) 520.9300 (3+) 0.1
Lys136 (SB) GGNEESTK*TGNAGSR 488.8940 (3+) 535.6007 (3+) 535.6009 (3+) 0.3
Lys136 (MA) GGNEESTK*TGNAGSR 488.8940 (3+) 540.9323 (3+) 540.9307 (3+) -2.9

HEX
Ala1 (SB) A*TKAVC’VLK 330.5319 (3+) 357.8913 (3+) 357.8907 (3+) -1.8
Lys3 (SB) ATK*AVC’VLK 330.5319 (3+) 357.8913 (3+) 357.8909 (3+) -1.1
Cys6 (MA) AVC*VLK 316.6936 (2+) 365.7302 (2+) 365.7299 (2+) -0.9
Lys9 (SB) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 752.0803 (3+) 752.0848 (3+) 5.9
Lys30 (SB) ESNGPVK*VWGSIK 467.5893 (3+) 494.9487 (3+) 494.9474 (3+) -2.6
His48 (MA)

GLTEGLHGFHVH*EFGDNTAGC*TSAGPHFNPLSR 693.3264 (5+) 732.5557 (5+) 732.5583 (5+) 3.4
Cys57 (MA)
Lys 70 (SB)

K*H*GGPKDEER 288.8994 (4+) 333.9372 (4+) 333.9361 (4+) -3.3
His71 (MA)
Lys75 (SB) KHGGPK*DEER 384.8634 (3+) 412.2228 (3+) 412.2214 (3+) -3.4
Lys91 (SB)

HVGDLGNVTADK*DGVADVSIEDSVISLSGDHC*IIGR 733.5642 (5+) 769.5944 (5+) 769.6004 (5+) 7.7
Cys111 (MA)
His120 (MA) TLVVH*EK 413.2451 (2+) 462.2817 (2+) 462.2786 (2+) 6.6
Lys122 (SB) TLVVHEK*ADDLGK 475.5963 (3+) 502.9557 (3+) 502.9543 (3+) -2.8
Lys128 (SB) ADDLGK*GGNEESTK 474.2232 (3+) 501.5826 (3+) 501.5799 (3+) -5.4
Lys136 (SB) GGNEESTK*TGNAGSR 488.8940 (3+) 516.2534 (3+) 516.2504 (3+) -5.8
Lys136 (MA) GGNEESTK*TGNAGSR 488.8940 (3+) 521.5850 (3+) 521.5874 (3+) 4.5
Cys146 (MA) LAC*GVIGIAQ 472.7653 (2+) 521.8019 (2+) 521.8009 (2+) -1.9
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NON
Ala1 (SB) A*TKAVC’VLK 495.2942 (2+) 556.3490 (2+) 556.3467 (2+) -4.2
Lys3 (SB) ATK*AVC’VLK 330.5319 (3+) 371.2351 (3+) 371.2346 (3+) -1.4
Cys6 (MA) AVC*VLK 316.6936 (2+) 385.7459 (2+) 385.7443 (2+) -4.1
Lys9 (SB) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 765.4241 (3+) 765.4280 (3+) 5.1
Lys30 (SB) ESNGPVK*VWGSIK 467.5893 (3+) 508.2924 (3+) 508.2908 (3+) -3.1
His110 (MA) HVGDLGNVTADKDGVADVSIEDSVISLSGDH*C’IIGR 744.9685 (5+) 772.5893 (5+) 772.5968 (5+) 9.6
His120 (MA) TLVVH*EK 275.8325 (3+) 321.8673 (3+) 321.8661 (3+) -3.6
Lys122 (SB) TLVVHEK*ADDLGK 475.5963 (3+) 516.2995 (3+) 516.2966 (3+) -5.6
Lys122 (MA) TLVVHEK*ADDLGK 475.5963 (3+) 521.6311 (3+) 521.6304 (3+) -1.3
Lys128 (MA) ADDLGK*GGNEESTK 474.2232 (3+) 520.2580 (3+) 520.2607 (3+) 5.1
Lys136 (SB) GGNEESTK*TGNAGSR 488.8940 (3+) 529.5971 (3+) 529.5967 (3+) -0.9
Cys146 (MA) LAC*GVIGIAQ 472.7653 (2+) 541.8176 (2+) 541.8175 (3+) -0.1

DEC
Ala1 (SB) A*TKAVC’VLK 495.2942 (2+) 563.3568 (2+) 563.3555 (2+) -2.4
Lys3 (SB) ATK*AVC’VLK 330.5319 (3+) 375.9070 (3+) 375.9078 (3+) 2.1
Cys6 (MA) AVC*VLK 316.6936 (2+) 392.7537 (2+) 392.7532 (2+) -1.3
Lys9 (SB) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 770.0960 (3+) 770.0940 (3+) -2.5
Lys9 (MA) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 775.4276 (3+) 775.4337 (3+) 7.8
Lys30 (SB) ESNGPVK*VWGSIK 467.5893 (3+) 512.9643 (3+) 512.9665 (3+) 4.2
His110 (MA) HVGDLGNVTADKDGVADVSIEDSVISLSGDH*C’IIGR 930.9588 (4+) 968.9888 (5+) 968.9973 (4+) 8.7
His120 (MA) TLVVH*EK 275.8325 (3+) 326.5392 (3+) 326.5389 (3+) -1.0
Lys122 (SB) TLVVHEK*ADDLGK 475.5963 (3+) 520.9714 (3+) 520.9729 (3+) 2.9
Lys128 (SB) ADDLGK*GGNEESTK 474.2232 (3+) 519.5983 (3+) 519.6019 (3+) 6.9
Lys135 (SB) GGNEESTK*TGNAGSR 488.8940 (3+) 534.2690 (3+) 534.2719 (3+) 5.4
Cys146 (MA) LAC*GVIGIAQ 472.7653 (2+) 548.8254 (3+) 548.8232 (3+) -3.9

Seco-A/Seco-B (Seco-A/Seco-B)
Ala1 (SB) A*TKAVC’VLK 330.5319 (3+) 464.6485 (3+) 464.6467/464.6468 (3+) -3.8/-3.7
Lys3 (SB) ATK*AVC’VLK 330.5319 (3+) 464.6485 (3+) 464.6475/464.6468 (3+) -2.1/-3.6
Lys9 (SB) AVC’VLK*GDGPVQGIINFEQK 724.7209 (3+) 858.8375 (3+) 858.8398/858.8399 (3+) 2.6/2.7
Lys30 (SB) ESNGPVK*VWGSIK 467.5893 (3+) 601.7059 (3+) 601.7057/601.7055 (3+) -0.3/-0.6
Lys122 (SB) TLVVHEK*ADDLGK 475.5963 (3+) 609.7129 (3+) 609.7144/609.7149 (3+) 2.4/3.2
Lys128 (SB) ADDLGK*GGNEESTK 474.2232 (3+) 608.3398 (3+) 608.3398/608.3400 (3+) 0.0/0.3
Lys136 (SB) GGNEESTK*TGNAGSR 488.8940 (3+) 623.0106 (3+) 623.0132/623.0129 (3+) 4.1/3.6

SB - Schiff Base; MA - Michael Addition; * Aldehyde adduct; 'Carbamidomethylation
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Figure Legends 

Figure 1. Structure of lipid-derived electrophiles and their corresponding partition 

coefficients (logPcalc) calculated by the MokaTM software. 

Figure 2. Correlation between SOD1 aggregation and lipid electrophile 

hydrophobicity (logP). (A) Size-exclusion chromatography (SEC) analysis of SOD1 

after incubation with different lipid electrophiles. 10 μM apo-SOD1 was incubated with 

250 μM aldehydes at 37°C for 24h. Aliquots of 10 μL of each incubation were analyzed 

by SEC using fluorescence detection with excitation wavelength at 280 nm and emission 

at 340 nm. (B) Correlation between SOD1 aggregate formation (aggregate area/dimer 

area) and lipid aldehyde hydrophobicity (calculated logP values). Correlation showed a 

R2 = 0.977.      

Figure 3. SOD1 residues modified by the lipid electrophiles. (A) Protein quaternary 

structure of SOD1 (PDB code 3ECU). Lys 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 aldehyde (colored diamonds). 

Figure 4. Increased retention time of modified peptides. Peptides resulted from tryptic 

digestion were analyzed using a nanoAcquity UPLC system with an ACQUITY UPLC-

C18 column (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. 

Figure 5. Estimated amount of intact SOD1 peptides found after incubation with 

lipid-derived electrophiles. Areas of the peptides resulted from tryptic digestion were 

analyzed using MultiQuantÒ software. Data represent the sum of areas of all unmodified 

peptides normalized by the area of total ion chromatogram (TIC). Results were converted 

in percentage relative to the control. 

Figure 6. Lipophilic potential surfaces for SOD1 calculated using MOLCAD. (A) 

Lipophilic potential surface for the binding site around Lys136; (B) Lipophilic potential 

surface for seco-A covalently bound to Lys136; (C) Lipophilic potential surface for HHE 

covalently bound to Lys136. The color ramp for lipophilic potential ranges from brown 
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(highest lipophilic area of surface) to blue (highest hydrophilic area of surface). Seco-A 

and HHE are shown as balls and sticks, and amino acid residues are shown as sticks. 

Hydrogen atoms are omitted for clarity. 
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Figure 2 
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Figure 3 
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Figure 4  
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Figure 5 

  

Contro
l 

HHE
HNE

HEX
NON

DEC

Sec
o-A

Sec
o-B

0

50

100

150

200
In

ta
ct

 p
ep

tid
e 

(%
) 

Control 
HHE
HNE
HEX
NON
DEC
Seco-A
Seco-B

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/740688doi: bioRxiv preprint 

https://doi.org/10.1101/740688
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

 

Figure 6 
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