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Abstract 

 

We revisit the reaction mechanism of reaction between model lysine side chain and reactive 

aldehyde 4-hydroxynonenal in different solvents with increasing water content. We show by 

model organic reactions and qualitative spectrometric analysis that non-polar pyrrole adduct is 

dominantly formed in non-aqueous solvents dichloromethane and acetonitrile. On the other 

hand, in aqueous acetonitrile and neat water, other polar products are also isolated including 

Michael adducts, hemiacetal adducts and pyridinium salt adducts, at the same time decreasing 

the ratio of non-polar products vs polar products. The experiments are supported by detailed 

quantum chemical calculations of the reaction mechanism with different computational setups 

showing that the pyrrole adduct is the most thermodynamically stable product compared to 

Michael adducts and hemiacetal adducts and also indicating that water molecules released along 

the reaction pathway are catalyzing reaction steps involving proton transfer. Finally, we also 

identify the mechanism of the pyridinium salt adduct which is formed only in aqueous solutions. 
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Introduction 

 

Nucleophilic addition of different amino acids containing amino groups, such as lysine, arginine 

and histidine towards various reactive aldehydes (RAs) generated during oxidative stress, 

represents one of the main modifications of proteins in living organisms.1–4 The most prominent 

example of reactive aldehydes involved in protein modification is 4-hydroxynonenal (4-HNE, 

Figure 1)5,6 which is generated during adenosine triphosphate (ATP) generation7 in mitochondria 

in a cascade of peroxidation reactions of polyunsaturated fatty acids located in cellular 

membranes.8,9 

One of the most important modifications of proteins involving 4-HNE is related to uncoupling 

proteins (UCPs) found in inner mitochondrial membranes.10–14 In particular, modification of UCP2 

protein leads to the alteration of protein function causing imbalance in the proton transfer across 

mitochondrial membranes in turn disturbing the delicate energy balance in the cell.15 This can 

trigger various deleterious processes in the living organism and ultimately lead to different 

dangerous diseases such as diabetes 2, cancer, Parkinson’s disease, Alzheimer’s disease or 

atherosclerosis.10,16–20 Due to the presence of different reactive sites in 4-HNE, nucleophilic 

addition of amino group towards C=C or C=O double bond (Figure 1), represents a first step in the 

protein modification. 4-HNE can modify membrane proteins in a number of different ways. The 

most common ones are formation of Michael adducts and Schiff bases and it is estimated that up 

to 8% of 4-HNE will react with peptides and proteins in the cellular membrane.1,21 Proteins which 

are modified by 4-HNE are usually removed by the cellular proteasome system and low 

concentrations of modified proteins are normally not harmful.3,22 However, modified proteins in 

high concentrations cannot be metabolized completely and severe consequences can occur, 

causing harmful effects.21 
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Figure 1. Schematic representation of 4-HNE and the model lysine side chain. 

 

In addition to reactions with proteins, 4-HNE and other RAs can also react with amino groups 

in phospholipids located in cellular membranes23–25 as well as DNA and RNA bases.26,27 In our 

previous work, we have found that modification of phospholipids increases proton transfer rate 

upon addition of RAs to model membranes containing UCP2 proteins.28 Also, we have studied 

reactivity between phospholipids and 4-HNE as well as its oxidized form 4-oxononenal (4-ONE) in 

dichloromethane showing that small differences in the initial chemical structure of reactive 

aldehydes can result in different final reaction products.29 

To the best of our knowledge, a detailed reaction mechanism involving various reaction 

pathways of amino acid side chain modification has not been reported to this date. However, 

there is a number of proposed reaction mechanisms resulting in different 4-HNE adducts reported 

in the literature, mainly by the group of Sayre,30–32 but none of them has been accompanied by 

computational work which would provide a quantitative energetics of the reaction. Moreover, for 

some of the adducts, such as pyridinium salt adduct also identified in this work, the reaction 

mechanism has been undetermined to date.33–37 

Previously, we have studied reactivity of phospholipid amino group towards reactive 

aldehydes in inert dichloromethane, where influence of the solvent has not been detrimental. In 

this work, we greatly expand and revisit the present findings focusing instead on the reaction 

between model lysine amino acid side chain and 4-HNE (Figure 1). We study in full details the 

reaction mechanism using a combination of quantum-chemical (QM) methods and model 

experiments in different solvents – non-aqueous dichloromethane and acetonitrile as well as 

various mixtures of acetonitrile and water. In this way, we aim to study the effect of explicit 

inclusion of water on the reaction course and the product distribution thus making an additional 
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step closer to the description of aldehyde reactivity in biologically relevant environment where 

water role is pivotal. 

 

Results  

 

Experimental detection of adducts 

Before going into the mechanistic details of the reaction mechanism itself, we present first the 

results of LC-MS experiments of reaction between model lysine side chain R and 4-HNE. Table 1 

lists the experimental product composition after reactions, while Figure 2 presents LC-MS results 

of reaction mixtures together with the proposed main reaction products. 

 

 

Analysis of Table 1 and Figure 2 shows that in dichloromethane (DCM) the pyrrole derivative 

P4 (76%, at t ≈ 35 min) was dominantly obtained with small amounts of the proposed double 

adduct P3 (7%, at t ≈ 24 min) and unreacted lysine R (4%, at t ≈ 2 min). Pyrrole derivative was 

additionally identified by 1H-NMR, 13C-NMR, COSY, HSQC and ESI-MS (Figures S1-S5). Upon going 

to more polar acetonitrile solvent (ACN), the amount of pyrrole adduct P4 is decreasing almost 

by half (43%), while the double adduct P3 is formed in the larger amount (15%). Interestingly, in 

non-aqueous systems no formation of more polar adducts was observed. Addition of phosphate 

Table 1. Experimental amounts of adducts of the reaction of R with 4-HNE determined by LC 

chromatography.  DCM – dichloromethane, ACN – acetonitrile, ACN10 – acetonitrile with 10 mol% of 

phosphate buffer, ACN50 – acetonitrile with 50 mol% of phosphate buffer, WAT – phosphate buffer. 

Solvent Amounts (%) 

DCM R: 4%, P3: 7%, P4: 76%. 

ACN R: 5%, P3: 15%, P4: 43%. 

ACN10 R: 6%, P1: 13%, P2: 16%, P3: 11%, P4: 13%. 

ACN50 R: 11%, P1: 15%, P2: 21%, P3: 8%, P4: 15%. 

WAT R: 17%, P1: 40%, P2: 16%, P3: 3%, P4: 9%. 
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buffer to acetonitrile in the ratio of 9:1 (ACN10) and 1:1 (ACN50) yields additional polar adducts 

P1 and P2. P1 presents a mixture of isomers with the mass of Michael adducts or their hemiacetal 

forms (at t ≈ 5 – 8 min), while P2 has the mass of the pyridinium salt adduct (at t ≈ 10 min). It is 

important to note that nonpolar adducts P3 and P4 are formed in smaller amounts with the 

increase of water content (Table 1). 

 

Figure 2. LC-MS analysis of reaction of model lysine side chain R with 4-HNE in different solvent systems. DCM – 

dichloromethane, ACN – acetonitrile, ACN10 – acetonitrile with 10 mol% of phosphate buffer, ACN50 – acetonitrile 

with 50 mol% of phosphate buffer, WAT – phosphate buffer. 
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Finally, when only the phosphate buffer is present (WAT), polar adducts P1 and P2 are major 

products (40% and 16%) while other products are formed in significantly lower amounts. The 

amount of unreacted lysine R is the largest in the series, thus indicating that the increase of water 

content is pushing the reaction towards the reactants. However, the indicated LC/MS yields are 

not necessarily quantitative since the ionization might not be identical for all of the compounds. 

Therefore, we decide to check the product distribution in the reaction mixture also with UV/VIS 

chromatography, using UV light with wavelength of 200 nm. The given procedure has been 

successfully applied in quantitative analysis of peptides without aromatic side chains.38 The 

UV/VIS chromatography analysis is given in Supporting Information (Figure S15), whereas the 

product yields are given in Table S1. The UV analysis has shown that the amount of the pyrrole 

derivative P4 and double adduct P3 decreases with the amount of water, whereas Michael 

adducts P1 and pyrimidine salt P2 are not visible in neat organic solvents. The calculated yields 

look qualitatively the same as in the LC/MS experiments, with the exception of lower UV 

absorbance of Michael adducts in aqueous solutions which is presumably due to different 

absorption of protonated Michael adducts in water. However, we always see that by increase of 

water content the ratio of non-polar adducts P2 and P4 decreases at the expense of polar adducts 

P1 and P3 and unreacted lysine R, which is in qualitative agreement with LC/MS experiments 

(Figure 2, Table 1). 

In order to shed more light to the reaction mechanism involving lysine and 4-HNE and to 

rationalize the experimental results, we used QM calculations to check in molecular detail all of 

the reaction steps. Figure S15 shows a complete overview of the postulated reaction mechanism 

involving reaction between model lysine amino side chain 1 with 4-HNE in the trans-configuration 

2-t (the trans configuration is kept as produced in cellular membranes) resulting in several 

possible products of the reaction – Michael and hemiacetal adducts 4 and 5 originating from 

Michael addition (observed as P1 in the experiments) as well as the pyrrole derivative 11 (P4 in 

the experiments) resulting from cyclization of Schiff bases. In addition, we also reveal all the 

details of a new reaction mechanism for formation of the pyridinium salt adduct 16 (P2 in the 

experiments) and propose a possible mechanism for formation of the double adduct 17 (P3 in the 

experiments). Since the reaction mechanism is highly complex and involves a number of reaction 
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steps, it is partitioned into several parts and we examine all of the reaction steps in the full detail. 

The calculations are performed at the SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory 

for two different cases – an inert acetonitrile solvent (ACN) as well as acetonitrile with the 

inclusion of one explicit water molecule to check for the effect of water on the reaction energetics 

(this setup will be designed as ACN-W in the further text).  

 

Michael addition and Schiff base formation 

The first step of the reaction is the nucleophilic attack of –NH2 group in 1 towards electrophilic 

carbon atom in the C=C double bond of 2-t, resulting in the unstable zwitterionic intermediate 3-

t (Figure 3). This step requires 15.2 kcal mol-1 in ACN which is almost identical to the free energy 

barrier of 15.0 kcal mol-1 in ACN-W showing that an addition of explicit water does not change 

the barrier height. After addition, proton transfer from adjacent carbon atom takes place, 

resulting in the Michael adduct 4 which is more stable than the pre-reactive complex 1 + 2-t by -

7.1 and -10.5 kcal mol-1 in DCM and ACN, respectively. In this step, the free energy barrier is by 

ca. 13 kcal mol-1 higher in ACN (24.5 kcal mol-1) as compared to ACN-W (11.6 kcal mol-1) where an 

explicit water molecule strongly assists the proton transfer.39 It should be mentioned that further 

addition of water decreases the free energy barrier for the proton transfer (at the B3LYP/6-31G(d) 

level of theory this value decreases by additional ca. 4 kcal mol-1 for this particular transition 

state), but the proper characterization of all transition states with two explicit water molecules is 

very difficult due to a significantly larger number of possible conformers which cannot be properly 

accounted for in the static ab-initio calculations performed in this work. 
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Figure 3. Michael addition of 1 to 2-t and formation of adducts 4 and 5. Free energy barriers (in kcal mol-1) are 

calculated at the SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory in ACN (black color) and ACN-W (blue 

color). Conformational changes leading to the next reaction step within the same molecule are indicated above the 

curly bracket. 

 

After formation of 4, the reaction proceeds further with an additional proton transfer and a 

cyclization step, yielding the final hemiacetal adduct 5, which is by 2 kcal mol-1 more stable than 

4 in ACN (-7.1 and -9.1 kcal mol-1 vs. reactants), and of equal stability in ACN-W (-10.5 kcal mol-1 

vs. reactants). Free energy barriers for the reaction are 34.6 kcal mol-1 in ACN and 16.5 kcal mol-1 

in ACN-W. However, the question of existence of Michael adducts 4 and/or hemiacetal adduct 5 

is quite controversial. In particular, Sayre and coworkers have not been able to isolate Michael 

adducts and corresponding hemiacetal derivatives after Michael addition of primary amine with 

4-HNE due to their instability upon isolation in mixed aqueous-organic solvents.31,32 On the other 

hand, Petersen and coworkers have characterized Michael adducts after addition of 4-HNE to 

various model peptides in aqueous sodium buffer using ESI-MS,40 as shown here as well. In our 

case, we see that Michael derivative 4 and/or hemiacetal derivative 5 are indeed isolated in ESI-

MS only if aqueous solvent mixture is present (product P1, table 1), in contrast to non-aqueous 
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dichloromethane and acetonitrile. However, we were also not able to isolate the Michael product 

P1 directly using column chromatography on silica gel of pure products (in turn preventing NMR 

analysis) and we believe that this is related to the higher degree of the reaction reversibility on 

acidic silica gel in comparison to less acidic conditions used in LC-MS experiments. We see from 

QM calculations that the stability of 4 and 5 is identical in ACN-W systems indicating that they can 

both exist in the equilibrium in the reaction mixture. This is in agreement with LC-MS 

experimental results in WAT where several peaks of P1 adduct with the same mass (which can 

belong either to Michael adducts or hemiacetals) are found in the broader elution range (t = 5 – 

8 min) in contrast to single peaks for other adducts (Figure 2). 

After formation of Michael adducts 4, the reaction can proceed further along a different 

route (Figure S16). This scenario does not lead to the formation of 5, but instead leads back to 

the reactant 1 and 4-HNE in the cis conformation of the pre-reactive complex 1 + 2-c. (Figure 4). 

The free energy barriers for reverse Michael addition are higher as compared to the reaction 

involving 2-t, and the pre-reactive complex 1 + 2-c is less stable by 15.0 and 9.9 kcal mol-1 in ACN 

and ACN-W vs. pre-reactive complex 1 + 2-t. Since cis-trans isomerization of 2-t is not taking place 

at 40 °C (reaction temperature of our experiments),41 this additional reaction step actually 

enables further cyclization to the pyrrole derivative due to optimal arrangement of double bonds 

(Figure 4). The catalytic behavior of primary amines and their role as catalysts via addition and 

elimination in cis-trans isomerization is widely recognized in the literature.42,43 Since pyrrole 

derivative is a dominant product in DCM and ACN and also relevant product in the other solvents, 

the addition/elimination catalytic step can explain why Michael adduct 4 and/or hemiacetal 

derivative 5 was not detected (albeit thermodynamically stable) in favor of even more 

thermodynamically stable pyrrole adduct (vide infra) in non-aqueous solvent mixtures.  

At this point, we should note that the Michael addition reactions are energetically very 

demanding involving almost prohibitively high free energy barriers above 30 kcal mol-1 in ACN 

when no water molecules are included (Figures 3 and 4, black color). When only one catalytic 

water molecule is included in the calculations, this step becomes energetically feasible resulting 

in free energy barriers of around 20 kcal mol-1 (Figures 3 and 4, blue color).  
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Figure 4. Schiff base 7-c-t formation from Michael adduct 4. Free energy barriers (in kcal mol-1) are calculated at the 

SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory in ACN (black color) and ACN-W (blue color). 

Conformational changes leading to the next reaction step within the same molecule are indicated above the curly 

bracket. 

 

After cis-trans conformational change of 2-t to 2-c, the pre-reactive complex 1 + 2-c can react via 

proton transfer where the hydroxynonenal fragment is oriented in the anti-fashion vs. the lysine 

fragment (See Supporting Information for geometries) which costs 29.1 kcal mol-1 in ACN and 8.6 

kcal mol-1 in ACN-W system. A subsequent proton transfer and water molecule loss results in the 

Schiff base 7-c-t where C=C double bond is in cis configuration and N=C double bond is in trans 

configuration, with the barriers of 39.4 and 24.1 kcal mol-1 in ACN and ACN-W. Importantly, during 

formation of the Schiff base adduct one water molecule is released which can act catalytically 
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significantly reducing free energy barriers involving proton transfer in the further course of the 

reaction. 

We should mention that additional mechanistic routes are also possible after reaction of 1 + 

2-t, where Schiff bases 7-t-c and 7-t-t are formed (Figures S16-S18). Despite their relative 

thermodynamic stability, we did not isolate any of the Schiff bases experimentally suggesting that 

7-t-c is transformed back to reactants resulting in the formation of the more stable pyrrole 

adduct, whereas 7-t-t can transform further to 8 and subsequent pyrrole adducts (see below). A 

similar situation also holds for reaction between 1 and 2-c where 7-c-c is formed (Figure S16 and 

S19) and 7-c-c can further transform to relatively stable furan derivative 12 (also suggested by 

Sayre and coworkers30) but it was also not isolated in our system. 

 

Pyrrole and double adduct formation 

In the previous section, we described the reaction mechanism leading to the formation of Schiff 

base adducts. Since Schiff bases were not detected in any of our experimental systems (Table 1), 

7-c-t serves as a starting reagent for formation of the thermodynamically very stable pyrrole 

adduct 11 (Figure 5)29,32 which was detected in all solvents in different ratios as product P4 (Table 

1, Table S1, Figure 2, Figure S15). A necessary condition for cyclization of the Schiff bases is a 

geometric prerequisite that N=C double bond is in the trans configuration thus allowing efficient 

proton transfer to the adduct 8 which is satisfied in the adduct 7-c-t. The energetic cost for this 

step is 25.1 and 27.7 kcal mol-1 in ACN and ACN-W, where we see that addition of water molecule 

does not lead to the reduction of the free energy barrier due to the spatial restrictions and 

inability of water molecule to optimally insert and assist in the proton transfer. In the next step, 

an additional proton transfer is required leading to the adduct 9 with barriers of 50.5 and 33.0 

kcal mol-1 in ACN and ACN-W. We see here that the energy cost of proton transfer is inhibitive in 

ACN but feasible when catalytic water, released in previous reaction steps, is present. The 

penultimate reaction step involves cyclization of the five-membered ring to the adduct 10 with 

free energy barriers of 31.6 and 18.7 kcal mol-1 in ACN and ACN-W. Finally, water molecule loss 

(with barriers of 34.5 and 23.0 kcal mol-1 in ACN and ACN-W) in the adduct 10 leads to the pyrrole 

adduct 11 which is thermodynamically the most stable adduct, being 41.3 and 43.0 kcal mol-1 
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more stable than the starting pre-reactive complex 1 + 2-t. The Figure 5 also shows that all of the 

adducts in this part of reaction mechanism are getting stabilized along the route vs. initial 

reactants, as indicated by stabilization free energies of 7-c-t, 8, 9 and 10 of -5.9, -10.0, -16.3 and 

-15.8 kcal mol-1 in ACN, and -8.1, -11.4, -17.2 and -18.3 kcal mol-1 in ACN-W, respectively. 
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Figure 5. Pyrrole adduct 11 formation from Schiff base 7-c-t. Free energy barriers (in kcal mol-1) are calculated at the 

SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory in ACN (black color) and ACN-W (blue color). 

Conformational changes leading to the next reaction step within the same molecule are indicated above the curly 

bracket. 

 

We propose here also the mechanism of the double adduct P3 formation which was observed 

in all systems studied (Table 1). The formation of the double adduct is closely related to the 

formation of the pyrrole adduct (Table 1) suggesting that the pyrrole derivative is formed first. 

Therefore, we chose the pyrrole derivative 11 as the starting point for formation of the double 

adduct which reacts with the Schiff base adduct 7-c-t, followed by autooxidation of the newly 

formed pyrrole ring by triplet molecular oxygen (Figure 6).44 This reaction is an example of 
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covalent protein crosslinking45 which is one of the main modifications of proteins.3,30 In our 

experimental setup, we were not able to detect other double adducts in sufficient yield. 

Unfortunately, due to high molecular mass of the final double adducts and involved triplet spin 

state, we are not able to present reliable energy calculations at the MP2 level for the double 

adduct 17 due to too high computational burden. 

 

 

Figure 6. Proposed reaction mechanism for double adduct formation 17 from the Schiff base 7-c-t and the pyrrole 

derivative 11.  

 

Pyridine salt adduct formation 

In addition to the Michael adducts/hemiacetals mixture P1 and the pyrrole adduct P4, which are 

usual products of reaction between lysine and 4-HNE, we also detected a significant amount of 

pyridinium salt adduct P3 in aqueous solvent mixtures (Table 1). As mentioned previously, this 

adduct has been observed in the experiments33–37 but the details of the mechanism have not been 

fully understood. In the Figure 7, we present a detailed mechanism how pyridinium salt adduct 

forms in aqueous solutions.  

 Since pyridinium salt adducts were not detected in DCM and ACN (Table 1, Table S1), we start 

the mechanism assuming the reaction between protonated aldehyde 2-t+ with the Schiff base 

adduct 7-c-t in ACN-W system only. Protonation of aldehyde is energetically disfavored step in 

water (see Computational Details), but it is necessary to obtain the final protonated pyridinium 

salt. After protonation of 2-t and nucleophilic addition to Schiff base 7-c-t, the adduct 13 is 

formed. The free energy barrier for this reaction step is only 2.0 kcal mol-1. Subsequently, the 

adduct 13 cyclizes to the adduct 14 with the free energy barrier of 20.0 kcal mol-1. After 

conformational rearrangement of the adduct 14, the aldehyde fragment is lost which leads to the 

dihydropyridinium salt 15 with free energy barrier of 32.2 kcal mol-1. A final step, aromatization 
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and loss of water which cost 26.8 kcal mol-1, leads to the final thermodynamically very stable 

pyridinium salt product 16 which is stabilized by -68.3 kcal mol-1 vs. initial protonated pre-reactive 

complex 2t+ + 7-c-t. We should mention that this adduct has a different structure and –OH group 

at the alkyl tail is in  position vs. aromatic ring compared to the adducts suggested in the 

literature where –OH group is in the -position.35,36  

 

Figure 7. Pyridinium salt adduct 16 formation from Schiff base 7-c-t and protonated 4-HNE. Free energy barriers (in 

kcal mol-1) are calculated at the SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory in ACN-W (blue color). 

Conformational changes leading to the next reaction step within the same molecule are indicated above the curly 

bracket. 
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Discussion and conclusions 

In this work we revisited the reaction mechanism between the lysine side chain and 4-

hydroxynonenal with the help of model organic reactions in different solvents (dichloromethane 

– DCM, acetonitrile – ACN, acetonitrile with 10% of water – ACN10, acetonitrile with 50% of water 

– ACN50 and water – WAT) accompanied with LC-MS and NMR spectroscopy. We checked the 

energetics of the reaction by QM calculations at SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level 

of theory in two model solvents – acetonitrile (ACN) and acetonitrile with the catalytic water 

molecule (ACN-W).  

By NMR,ESI-MS and UV/VIS analysis, we showed that the main product in DCM and ACN is 

the pyrrole adduct P4 with a significant contribution of the double adduct P3. Adding water to 

the acetonitrile increases the amount of the polar adducts P1 (which is a mixture of Michael 

adducts and derived hemiacetals) together with P2 which is identified as the pyridinium salt 

adduct.  At the same time, the amount of non-polar pyrrole adducts P4 decreases significantly  as 

well as the double adduct P3. Unfortunately, it was not possible to quantitatively determine the 

exact amount of products with LC/MS and UV/VIS spectroscopy methods used in this work. 

Nevertheless, the presented experimental data strongly indicates that the ratio of nonpolar 

adduct P3 and P4 versus polar adducts P1 and P2 decreases when water excess increases.These 

results are connected to QM calculations which have identified all of the elementary steps of the 

reactions yielding products 4 and 5 (P1 in experiments), 16 (P2 in experiments) and 11 (P4 in 

experiments) and nicely agree with the experimental results showing qualitative trends in the 

production distribution, depending on the solvent. In addition, the energetics of the reaction 

show several important roles of water in the reaction pathway. First, in almost all of the reaction 

steps leading to 4/5 and 16 (Figures 3-5 and 7) involving proton transfer the free energy barriers 

for the transfer are significantly reduced, going from prohibitively large 40 – 50 kcal mol-1 in ACN 

systems to 20 – 30 kcal mol-1 in ACN-W systems. Here we underpin the catalytic effect of water 

molecule which is released along the reaction pathway upon conversion of the carbinolamines 6-

c-a to the Schiff bases 7-c-t and cyclization to the pyrrole adduct 11 which is essential for reaction 

to even proceed in experiments with non-aqueous solvents (DCM and ACN) where water is not 

present. This leads to the second surprising role of water, which is evident in aqueous systems 
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with abundance of water which pushes the reaction equilibrium towards reactants. Since pyrrole 

cyclization results in the water molecule loss29,32 this is a nice example of the 

Le Chatelier's principle,7 which is operative when water excess is present.  In other words, 

although water is essential for the kinetics of the reaction, water excess has the opposing effect 

upon the formation of otherwise thermodynamically very stable pyrrole adduct P4 and the 

double adduct P3. Finally, only in aqueous systems we see the formation of the pyridinium salt 

P2 where water participates in the protonation of 4-HNE (Figure 7) and we propose the reaction 

mechanism for its formation. 

Taken together, we show that the distribution of reaction products is different depending 

mainly on the water excess which can accelerate/decelerate different reactions as well as 

stabilize/destabilize different reaction products. This has been already noticed in the literature 

where it has been shown that non-polar Schiff bases and pyrrole derivatives are usually formed 

in hydrophobic environments, such as organic solvents24,28,29,35 whereas in the aqueous systems 

only Michael adducts were isolated.2,31,40  

In this work we further analyze the presence of water in more details showing that reaction 

with aldehydes is impossible without the water catalytic effect, but on other side 

thermodynamically very stable products are not formed due to the water excess. Since the 

environment in the cellular membranes where membrane proteins are attached or immersed is 

highly heterogeneous and lysine side chains can easily fluctuate in the membrane environment 

being constantly exposed to the different local microenvironments,46–48 it is especially challenging 

to predict how reactions of proteins or lipids with various deleterious compounds generated 

during oxidative stress take place, since different amount of water can lead to different reaction 

products and in turn change biophysical properties of membranes.28 A similar behavior has also 

been observed in the modelling of emulsion polymerization, where polymerization kinetics 

strongly depends on the balance of water excess and hydrophobicity.49 Besides reactions of 

proteins and lipids with reactive aldehydes during oxidative stress,8,9 reactive oxygen species 

(such as superoxide radical and hydroxyl radical) can also directly react with lipids and proteins 

during neurodegeneration which is also directly related to membrane heterogeneity and 

hydration.50 This work presents an important step towards clarification of reaction mechanisms 
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relevant for heterogeneous biological environment and oxidative stress which continuously 

occurs in living cells. Also, it sets the foundation for future efforts which will address chemical 

reactivity of more complicated peptides/proteins with reactive aldehydes in realistic biological 

membranes utilizing various QM/MM methods. 51,52 

 

Experimental Details 

General  

All reactions were performed under argon atmosphere. Model lysine side chain Ac-Lys-NMe (R) 

was dissolved in the solvent of interest (DCM – dichloromethane, ACN – acetonitrile, ACN10 – 

acetonitrile with 10 mol% of phosphate buffer, ACN50 – acetonitrile with 50 mol% of phosphate 

buffer, WAT – phosphate buffer). 4-HNE was added and stirred at 40 ⁰C for 18 h. Commercially 

available reagents were used without further purification. 4-HNE and Ac-Lys-NMe were prepared 

according to known literature procedures.53–55 The phosphate buffer solution of pH 7.4 was 

prepared by dissolving disodium hydrogen phosphate (Na2HPO4, 10.9 g) and sodium dihydrogen 

phosphate (NaH2PO4, 2.7 g) in distilled, deionized water (1000 mL) to make a 0.1 M solution. 

Column chromatography on silica gel 60, 70-230 mesh, 60 Å (E. Merck, Darmstadt, Germany) was 

performed at RT. Thin layer chromatography was carried out on TLC aluminium sheets, 20x20 cm, 

silica gel 60 F254. Liquid chromatography-mass spectrometry (LC-MS) and UV/VIS 

chromatography analysis were performed on an Agilent 1200 LC-MS System equipped with an 

Agilent Diode Array Detector and an Agilent 6410 Triple Quadrupole Mass Spectrometer Detector 

applying electrospray ionization (ESI) (Agilent Technologies Inc., Wilmington, DE, USA) in positive 

and negative mode. UV/VIS chromatography was performed in the range of wavelengths of 190 

– 400 nm, whereas the wavelength of 200 nm was selected for the analysis.38 The NMR spectra 

(in CDCl3 at RT) were measured on a Bruker AV 600 spectrometer (Bruker BioSpin GmbH., 

Rheinstetten, Germany).  

 

Synthesis of pyrrole adduct 

Ac-Lys-NMe (25 mg, 0.124 mmol, 1.0 equiv) was dissolved in 1.2 mL of dry dichloromethane. 4-

HNE (4-hydroxy-2-nonenal, 20.0 mg, 0.124 mmol, 1.0 equiv) was added and the reaction mixture 
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stirred at 40 ⁰C for 24 h. The reaction mixture was evaporated to dryness and the product P4 was 

purified by silica gel column chromatography using petroleum ether and EtOAc (1:1) as eluent. 24 

mg (61%) of product P4 was obtained as brown solid. 

1H NMR (600 MHz, MeOD) 6.59 (dd, J = 2.7, 1.8 Hz, 1H, 1H-pyrrole), 5.97-5.98 (m, 1H, pyrrole), 

5.80-5.81 (m, 1H, pyrrole) 4.28 (dd, J = 8.9, 5.4 Hz, 1H, CHCONHCH3), 3.86 (t, J = 7.1 Hz, 2H, CH2N-

pyrrole), 2.76 (s, 3H, NHCH3), 2.54-2.58 (m, 2H, CH2-pyrrole), 2.02 (s, 3H, COCH3), 1.78-1.76 (m, 

2H, CH2-Lys), 1.71-1.77 (m, 2H, CH2-Lys), 1.62-1.70 (m, 4H, CH2-Lys+CH2-HNE), 1.30-1.46 (m, 4H, 

2xCH2-HNE), 0.94-0.99 (m, 3H, CH3-HNE). 13C{H} NMR (151 MHz, MeOD) 173.5 (CONHCH3), 171.9 

(COCH3), 132.5 (C, pyrrole), 119.3 (CH, pyrrole), 106.0 (CH, pyrrole), 104.8 (CH-pyrrole), 53.3 

(CHCONHCH3), 45.5 (CH2N-pyrrole), 31.4 (CH2-Lys), 31.3 (CH2-Lys), 30.7 (CH2-HNE), 28.7 (CH2-

HNE), 25.7 (NHCH3), 24.9 (CH2-Lys), 22.7 (CH2-HNE), 22.2 (CH2-HNE), 21.1 (COCH3), 13.0 (CH3-

HNE). P4: LRMS (ESI) m/z: [M-H]- Calcd. for C18H31N3O2 320.2; Found 320.1. [M+H]+ Calcd. for 

C18H31N3O2 322.2; Found 322.1. 

 

LC-MS experiments 

Dichloromethane (DCM) 

Ac-Lys-NMe (13 mg, 0.064 mmol, 1.0 equiv) was dissolved in 0.65 mL of dry dichloromethane. 4-

HNE (4-hydroxy-2-nonenal, 10.0 mg, 0.064 mmol, 1.0 equiv) was added and the reaction mixture 

stirred at 40 ⁰C for 24 h. The reaction mixture was evaporated to dryness and analyzed by LC-MS.  

Experimental yields of reaction determined by LC – R: 4%, P3: 7%, P4: 76%. 

 

Acetonitrile (ACN) 

Ac-Lys-NMe (13 mg, 0.064 mmol, 1.0 equiv) was dissolved in 0.65 mL of dry acetonitrile. 4-HNE 

(4-hydroxy-2-nonenal, 10.0 mg, 0.064 mmol, 1.0 equiv) was added and the reaction mixture 

stirred at 40 ⁰C for 24 h. The reaction mixture was evaporated to dryness and analyzed by LC-MS. 

Experimental yields of reaction determined by LC – R: 5%, P3: 15%, P4: 43%.  

 

Acetonitrile:phosphate buffer = 9:1 mixture (ACN10) 

Ac-Lys-NMe (13 mg, 0.064 mmol, 1.0 equiv) was dissolved in 0.65 mL of acetonitrile: phosphate 

buffer = 9:1 mixture. 4-HNE (4-hydroxy-2-nonenal, 10.0 mg, 0.064 mmol, 1.0 equiv) was added 
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and the reaction mixture stirred at 40 ⁰C for 24 h. The reaction mixture was evaporated to dryness 

and analyzed by LC-MS. Experimental yields of reaction determined by LC –  R: 6%, P1: 13%, P2: 

16%, P3: 11%, P4: 13%. 

 

In acetonitrile:phosphate buffer = 1:1 mixture (ACN50) 

Ac-Lys-NMe (13 mg, 0.064 mmol, 1.0 equiv) was dissolved in 0.65 mL of acetonitrile: phosphate 

buffer = 1:1 mixture. HNE (4-hydroxy-2-nonenal, 10.0 mg, 0.064 mmol, 1.0 equiv) was added and 

the reaction mixture stirred at 40 ⁰C for 24 h. The reaction mixture was evaporated to dryness 

and analyzed by LC-MS. Experimental yields of reaction determined by LC –  R: 11%, P1: 15%, P2: 

21%, P3: 8%, P4: 15%. 

 

Phosphate buffer (WAT) 

Ac-Lys-NMe (13 mg, 0.064 mmol, 1.0 equiv) was dissolved in 0.65 mL phosphate buffer. 4-HNE 

(4-hydroxy-2-nonenal, 10.0 mg, 0.064 mmol, 1.0 equiv) was added and the reaction mixture 

stirred at 40 ⁰C for 24 h. The reaction mixture was evaporated to dryness and analyzed by LC-MS. 

Experimental yields of reaction determined by LC –  R: 17%, P1: 40%, P2: 16%, P3: 3%, P4: 9%. 

 

Computational Details 

Quantum chemical calculations of reaction mechanism of reaction between model lysine side 

chain and 4-hydroxynonenal were performed in polar aprotic solvent acetonitrile (ε= 35.7) using 

SMD solvation model56 at 298 K and 1 bar (ACN setup). Calculations in acetonitrile were 

performed with one additional explicit water molecule (ACN-W setup). Despite some limitations 

of polarizable continuum models, such as inability for proper accounting of entropy effects and 

appropriate thermal averaging, we believe that use of implicit solvent models represents a good 

compromise for the systems of interest.57,58 All calculations were obtained using SMD/MP2/6-

311++G(d,p)//B3LYP/6-31G(d) level of theory,59,60 i.e. geometry optimizations were calculated at 

the SMD/B3LYP/6-31G(d) level of theory followed by MP2 single-point calculations on the 

optimized structures at the SMD/MP2/6-311++G(d,p) level of theory.61,62 Stationary points, 

minima and transition states on the potential energy surface were identified by vibrational 
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analysis. Transition state structures were verified by the presence of one negative eigenvalue, 

reaction path following by the Intrinsic Reaction Coordinate (IRC) analysis63 and by inspecting the 

displacement along the vibrational mode corresponding to the imaginary frequency. Gibbs free 

energies were calculated as a sum of single-point electronic energy and thermal correction to 

Gibbs free energy. All quantum chemical computations have been performed using Gaussian09 

suite of codes.64 In non-aqueous solutions, amino group is not protonated and reaction can 

proceed without an extra energy cost. However, in aqueous solutions, amino group is protonated 

and free energy of deprotonation will depend on the pH of solution. Assuming pH of phosphate 

buffer solutions of 7.4 (see Experimental Details) and pKa of lysine in water of 10.3 we can 

calculate the deprotonation cost of lysine by using relationship65 ∆𝐺 = 2.303𝑅𝑇(𝑝𝐾𝑎 − 𝑝𝐻) at 

40 °C, which equals 4.2 kcal mol-1. In the same token, we calculated the protonation energy of 

aldehyde 2-t assuming its pKa value in water of 13.3, which equals 8.5 kcal mol-1. We should bear 

in mind that this costs are only estimates and will be valid only in neat aqueous solutions, whereas 

in mixed acetonitrile-water solutions these values are different, depending on the ratio of non-

aqueous solvent and pKa values of solutes in the given solvent mixture. In order to easily track the 

reaction mechanism presented here, we will not explicitly add the protonation/deprotonation 

free energy to the calculated values, but we are aware of this additional energy cost. 

 

Supporting Information 

General data and synthesis of adducts. NMR and MS analysis of pyrrole adduct P4 (Figures S1-S5), 

reaction of 4-HNE and Lys in different solvents and LC-MS analysis of reaction mixtures (Figures 

S6-S10), fragmentation spectra of products P1-P4 (Figures S11-S14). UV/VIS chromatography 

(Figure S15) and product yields (Table S1). Scheme of the reaction mechanism (Figure S16), energy 

diagrams (Figures S17-S19), calculated free energies of the compounds (Table S2) and Cartesian 

coordinates optimized at the B3LYP/6-31G(d) level of theory in ACN and ACN-W systems (Table 

S3). This material is available free of charge via the Internet at http://pubs.acs.org.  
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