
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

A DFT Study of the carboxymethyl-

phosphatidylethanolamine formation from glyoxal 

and  phosphatidylethanolamine surface.  Comparison 

with the formation of N(ϵ)-(carboxymethyl)lysine 

from glyoxal and L-lysine. 

C. Solís-Caleroa, J.  Ortega-Castroa,*, A. Hernández-Lagunab, J. Fraua, F. Muñoza 

Mechanisms for generation of carboxymethyl compounds Nε-(carboxymethyl)lysine (CML) 
and carboxymethyl-phosphatidylethanolamine (CM-PE), from the reactions between glyoxal 
and L-lysine and glyoxal and phosphatidylethanolamine (PE) by DFT method at PBE/DNP 
level of theory were carried out. In order to study the reaction with PE, a periodic model of the 
PE-surface was built, the starting surface model includes two molecules of PE, a molecule of 
mono hydrated form of glyoxal, and five water molecules as explicit solvent that form a 
hydrogen bond network, which are involved in the reactions by stabilizing reaction 
intermediates and transition states and as proton-transfer carriers, important in all steps of 
reactions. Both reactions take place in three steps, namely: 1) Carbino-diol-amine formation; 
2) dehydration; 3) rearrangement into carboxymethyl final products. The rate-limiting step for 
the formation of CML/CM-PE was the dehydration stage. The comparison of both reactions in 
their equivalent stages, showed a catalytic role of the PE surface, it is highlighted in the case of 
dehydration step where its relative free energy barrier had a value of 5.3 kcal mol–1 lower than 
the obtained in L-lysine/glyoxal system. This study gives insights about the active role of 
phospholipid surfaces on some chemical reactions that occur above it. Our results also give 
support to consider the pathway of formation of CML and CM-PE from reactions between 
glyoxal and L-lysine and glyoxal and PE, as an alternative pathway for generation of these 
advanced glycation end-products (AGEs). 
 

 

 

 

 

Introduction 

Advanced glycation end-products are a heterogeneous group of 
bioactive molecules that are involved in the development of 
diabetes, atherosclerosis, chronic kidney diseases, and other 
diseases. Endogenous advanced glycation end-products (AGEs) 
are generated by the non-enzymatic glycation of proteins, 
lipids, and nucleic acids through their free amine groups, 
especially under hyperglycemic conditions in diabetes1,2. One 
of the major AGEs of proteins widely found in vivo is the Nε-
(carboxymethyl)lysine (CML), which can be formed by three 
concurrent mechanisms3, having been studied extensively its 
processing and relationship with some diseases1,4,5. In the 
classical protein glycoxidation pathway the Schiff base, which 

results from the reaction between the lysine amino acid and 
glucose, rearranges into the Amadori product, which is then 
oxidatively fragmented to give CML, among other products6,7. 
In the ‘autoxidative glycosylation’ pathway, CML is formed by 
the reaction between lysine and glyoxal, the latter of which 
results from metal-catalysed autoxidation of glucose8-10. In a 
third mechanism, known as Namiki pathway, the fragmentation 
and the oxidation of the Schiff base give as products two 
carbon fragments including free glyoxal, which can 
subsequently forms CML11,12.  
 The non-enzymatic modification of amino groups in 
aminophospholipids also produce carboxymethyl compounds, 
as carboxymethyl-phosphatidylethanolamine (CM-PE), whose 
generation in human erythrocytes and blood plasma has been 
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demonstrated experimentally13-15. It is possible to hypothesise 
that the generation of CM-PE could proceed by similar 
mechanisms than CML13,16,17. As its Amadori-PE precursor, 
AGE-PE could trigger pathological processes18,19, being 
suggested useful as a potentially sensitive marker for reflecting 
hyperglycemic conditions in the early stage of diabetes13,20. 
 Glyoxal is a reactive carbonyl, which can be generated 
endogenously from the glucose autoxidation9,21,22 as well as in 
the process of the oxidative degradation of polyunsaturated 
fatty acids23 and myeloperoxidase-mediated degradation of 
serine at sites of inflammation24. It is one of the α-oxoaldehydes 
which act as a key factor in the carbonyl stress resulting from 
impaired balance between the generation of carbonyl 
intermediates and efficiency of scavenger pathway22,25. Glyoxal 
is also a potent glycating agent leading to the formation of 
advanced glycation endproducts (AGEs)26,27. This reaction also 
progresses on amino residues of membrane lipids such as 
phosphatidylethanolamine (PE), being one of the pathways that 
yields CM-PE13,28.  
 AGEs formation on cell membrane components such as PE 
has medical relevance since these lipids are vital for the 
maintenance of cellular integrity and survival. Their 
modification could result in the membrane structure 
deterioration and dysfunction into the cell. While AGEs 
generation from non-enzymatic protein glycation and its 
involvement in several diseases have been thoroughly 
investigated2,29,30, less attention has been paid to AGEs 
generation from reactions of phospholipids with free amino 
groups such as PE and phosphatidylserine13,28,31-33.  
 Inhibition of AGEs formation is a potential strategy for the 
prevention of clinical diabetes complications and other 
diseases, being the description of the reactions involved in 
AGEs formation relevant for obtaining this purpose. However, 
there is a lack of theoretical studies describing the mechanisms 
of these reactions at the atomic level. There is only a theoretical 
study on a mathematical model that describes the generation of 

CML3. Our group has previous experimental and theoretical 
studies about Schiff base formation and Amadori 
rearrangement mechanisms in different molecular systems34-43. 
However, this is the first time we modelled the reaction 
mechanisms for obtaining AGEs as CML and CM-PE. 
 The first comprehensive model of the biological 
membranes, the ‘fluid mosaic model’, assumes the lipid bilayer 
to be a passive structure fulfilling two basic functions: 
supporting proteins and forming a barrier for dissolved 
molecules in the aqueous phase44. However, experimental data 
obtained in studies on biological and model membrane systems 
made lipid bilayer be also recognized as a potent enhancer and 
regulator of surface associated reactions45-47. It could also 
enhance the ability of protons to diffuse promptly along the 
membrane through a hydrogen bonded network of water 
molecules and charged or/and polar groups of phospholipids at 
the surface48. The phospholipid exhibited reactive properties, as 
it has been shown by several experimental studies35,36,49-53. Our 
group developed a periodic model of PE-surface in order to 
study theoretically the reactivity above phospholipids surface. 
In this model, we have studied the decomposition of H2O2, the 
formation of Schiff bases and the Amadori 
rearrangement34,37,54. The obtained results showed the catalytic 
potential of phospholipid surfaces for participating in other 
reactions that occur on the cell membrane surface.  
 Therefore, the aim of this study is to obtain and describe, at 
DFT level of theory, the mechanisms for formation of CML 
and CM-PE from reactions between glyoxal and L-lysine and 
phosphatidylethanolamine (PE), respectively. We also analyze 
comparatively the influence of the chemical environment on the 
reaction, modelling the reaction for formation of CML in an 
aqueous environment, and the reaction for formation of CM-
PE, above a PE-surface, using periodic boundary conditions. 
This work also shows the role of water solvent molecules, 
acting catalytically via an H-atom-transfer mechanism during 
the reaction. 

 
 

Scheme 1 Reactions pathways for the generation of carboxymethyl compounds CML (A) and CM-PE (B). 
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Methodology 

To study the generation of carboxymethyl compounds, CML 
and CM-PE, we used two models including L-lysine and PE 
respectively, as free amino-containing reagents for their 
reaction with glyoxal (scheme 1). The differences in adjacent 
groups could let us evaluate the possible influence of these 
groups in the reactions. In the case of PE, it is possible to 
evaluate additionally the influence of an environment different 
to aqueous solvent. 
 The PE surface model was designed from the crystal 
structure of 1,2-Dilauroyl-DL-phosphatidylethanolamine55. The 
PE surface model was represented using a three-dimensionally 
periodic slab model. The supercell (Fig. 1) contained two 
molecules of truncated PE, a glyoxal monohydrate molecule, 
and five water molecules as explicit solvent in a hydrogen-bond 
network along the polar heads of phospholipids. The periodic 
boundary conditions made possible to obtain a surface model of 
a layer of phospholipids, useful for studying theoretically the 
reaction on an environment different to aqueous solvent. The 
mechanism of reaction between L-lysine and glyoxal was done 
without periodic boundary conditions, but also including 
nineteen water molecules as explicit solvent and glyoxal 
monohydrate molecule. In all cases, an additional solvent 
environment was modelled via the conductor- like screening 
model (COSMO)56-58. The purpose of including water 
molecules in both molecular models was not exclusively to 
simulate a water solvation environment; rather, the water 
molecules were intended to act as reactive species facilitating 
several steps of the studied reactions.  
 All the calculations were performed in the framework of 
DFT with package DMol3 of Accelrys, Inc.59-61, using double 
numerical with polarization (DNP) basis set61 and Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation 
(GGA) exchange-correlation functional62,63. The DNP 
numerical basis set is comparable to Gaussian 6-31G(d,p)64, 
minimizes the basis set superposition error65, and its accuracy 
for describing hydrogen-bond strengths showed a good 
agreement with experimental values66. The maximum number 
of numerical integration mesh points available in DMol3 was 
chosen for our computations, the threshold of density matrix 
convergence was set to 10–6. A Fermi smearing of 0.005 
Hartree and a real-space cutoff of 4.5 Å were also used to 
improve the computational performance.  
 The reactants and stationary points generated during 
carboxymethyl compounds formation were modelled in 
Materials Visualizer, and optimized using the conjugated 
gradient algorithm. The transition state (TS) searches were 
performed with the complete LST/QST method67. In this 
method, the linear synchronous transit (LST) maximization was 
performed, followed by an energy minimization in directions 
conjugating to the reaction pathway to obtain an approximated 
TS. The approximated TS was used to perform quadratic 
synchronous transit (QST) maximization and then another 

conjugated gradient minimization was performed. The cycle 
was repeated until a stationary point was located. The obtained 
TS was optimized via eigenvector following, searching for an 
energy maximum along one previous selected normal mode and 
a minimum along all other nodes, using the Newton-Raphson 
method. After this procedure, one transition state was found for 
each reaction step. Each TS structure was characterized by a 
vibrational analysis with exactly one imaginary frequency. 

 
Fig. 1 Periodic model of phosphatydilethanolamine surface. 
Section of the initial model for two phosphatidylethanolamine 
molecules, monohydrated form of glyoxal and the water 
hydrogen-bond network. The atoms belonging to one 
representative cell are represented by balls and sticks. Atoms in 
neighboring cells are shaded. Phosphorus and reactive atoms 
are labelled, and dotted lines represent hydrogen bonds. 
 
Results and discussion 

Schemes 2 and 3 showed the overall processes for reactions of 
formation of CML and CM-PE, respectively. Both mechanisms 
involved three steps: (1) carbino-diol-amine formation 
(structures 1-5 for CML, and 1-7 for CM-PE) (2) dehydration 
(structures 5-7 for CML, and 7-9 for CM-PE) (3) rearrangement 
and carboxymethyl product generation (structures 7-11 for 
CML, and 9-13 for CM- PE). The second step is the rate-
determining step of the process, what is consistent with 
available experimental evidence for reactions with similar 
mechanisms13. The free energy (∆G) values for each structure 
in both reactions are listed in table 1, and the ∆G profiles are 
shown in Fig. 2. Tables 2 and 3 show structurally data 
(distances, bond angles) for each intermediate and the transition 
states of studied reactions. 
 In all the studied systems the water molecules form a 
hydrogen bond network with hydrogen bond donors or 
acceptors groups of reagents and intermediates of reactions. 
These networks play a prominent role in all proton transfers. 
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Additionally, included water molecules can influence the free 
energy barriers in the reaction steps, by electrostatic 

stabilization of the ionic transition states and intermediates 
structures, and acting as a proton-transfer carrier. 

 
Scheme 2. Mechanism of formation of N(ε)-carboxymethyl-Lysine from glyoxal and L-lysine. Dotted lines represent hydrogen 
bonds and arrows represent changes in the electronic density and proton transfers. 
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Scheme 3. Mechanism of carboxymethyl-PE formation from glyoxal and PE, using periodic boundary conditions. Dotted lines 
represent hydrogen bonds and arrows represent changes in the electronic density and proton transfers. 
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Figure 2. Free energy profiles for CML formation mechanism (blue line) and CM-PE formation mechanism (red line). Free 
energy values comparison of S9L (green line) and S9’L (blue line) structures and S11P (yellow line) and S11’P (red line) 
structures.  
 
Table 1. Relative free energies of the structures of the studied 

reaction paths. 
 

L-lysine Phosphatydilethanolamine 

Structures ∆G (kcal mol-1) Structures ∆G (kcal mol-1) 

S1L 0.00 S1P 0.00 
TS2L 4.12 TS2P 7.79 
S3L -1.90 S3P -7.68 

  TS4P -2.26 
TS4L 6.05 S5P -1.27 

  TS6P -0.68 
S5L -3.93 S7P -7.83 

TS6L 18.49 TS8P 9.29 

S7L -2.80 S9P 5.34 
TS8L 11.31 TS10P 15.41 

S9L/S9’L -1.64/ 0.38 S11P/S11’P -8.75/ -5.67 
TS10’L 7.85 TS12’P -0.42 

S11’L -22.22 S13’P -31.05 
 The conversion of glyoxal from its conventional non 
hydrated form to its monohydrate form was studied (scheme 4). 
We have considered glyoxal monohydrate molecule as part of 
the initial structures of both molecular systems (S1L and S1P in 

schemes 2 and 3). In solution at low concentrations, glyoxal is 
present primarily as hydrated monomer with one or both 
aldehydic groups forming a geminal diol68. Due to its high 
reactivity, at high concentrations it also could be in the form of 
hydrated oligomers69. According to the evaluated mechanisms, 
the first hydration of glyoxal occurs by nucleophilic addition of 
a water molecule to one of the glyoxal carbonyl groups and a 
concerted proton transfer from the oxygen atom of the added 
water molecule to the oxygen of the carbonyl group, having as 
a bridge two water molecules (scheme 4). The obtained free 
energy barrier for this reaction was 5.81 kcal mol−1, having the 
monohydrated form of glyoxal a free energy value 6.88 kcal 
mol−1 lower than the non hydrated form, and close to the values 
obtained for hydrations of other carbonyl compounds such as 
methylglyoxal70. 
a) Carbino-diol-amine formation. The starting points for 
these stepwise processes are the structures S1L and S1P 
(Schemes 2 and 3, respectively). The relative energy barriers of 
the direct additions of the amino group (N7) to the carbonyl 
group at the monohydrated form of glyoxal (C1) had values of 
4.12 and 7.79 kcal mol-1 for L-lysine and PE surface, 
respectively. These values are low in comparison to those 
obtained by other studies with different levels of calculation. In 
the reaction between dimethylamine and propanal, the values 
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for the free energy of activation were 34.90 and 38.40 kcal mol-

1 after gas-phase calculations at MP2/6-31G*//6-31G* and 
mPW1PW91/6-311+G**//6-31G*, respectively71. The relative 
energy barrier for this addition in the reaction between proline 
and acetone had a value of 37.79 kcal mol-1 after gas-phase 
B3LYP/6-311G(d,p) calculations72. This step had a relative 
energy barrier value of 9.7 kcal mol-1 in the reaction of Schiff 
Base formation between a pyridoxamine analog and 
acetaldehyde with B3LYP/6-31+G(d,p) level of calculation73. 
In this late study, when CPCM implicit solvent model was 
included the barrier was only modified to 9.4 kcal mol-1. The 
lower values in the cases of L-lysine and PE with glyoxal, can 
be ascribed to the presence of an explicit solvent in the models, 
that allows to form hydrogen bonds with the reactants and 
products alike, thereby facilitating the addition of the amino 
group to the carbonyl carbon. 

 
Scheme 4. Mechanism for the first hydration of glyoxal. 
Glyoxal atoms keep their labels according the L-lysine/glyoxal 
system. Dotted lines represent hydrogen bonds and arrows 
represent changes in the electronic density and proton transfers. 
 
 The zwitterionic form of the carbino-diol-amine from PE 
(S3P in scheme 3) had a relative free energy 5.78 kcal mol-1 
lower than formed by reaction with L-lysine (S3L in scheme 2) 
(Fig. 2). The charged and polar groups in PE-surface could 
stabilize the hydrogen bond network. The presence of polar and 
charged groups in the PE surface imposes limitations on the 
mobility of the water molecules on its surface, polarizing them 
and also the reactive molecules. Theoretical studies show that 
the water molecules near a polar surface are oriented by an 
electrostatic field associated with lipid residual charges74,75. The 
amount of water, its structure and mobility change is a function 
of the distance from the aqueous phase76-78. 
 In both models, the water molecules are direct participant in 
the reactions instead of a simple passive dielectric medium, 
acting as a bridge in the proton transfer between proton donors 
and acceptors groups. During the conversion of the zwitterionic 
form of the carbino-diol-amine to its neutral form there are 
proton transfers, having as bridges water molecules that 
connect reactive groups. In the case of L-lysine/glyoxal system, 
a proton transfer is directly done from an amine group (N7 in 
structure S3L, scheme 2) to the charged oxygen atom (O2 in 
structure S3L, scheme 2) through two water molecules. In the 
case of PE surface/glyoxal system, this process is done through 
two transition states (TS4P and TS6P). Initially, a positive 
charged form of carbino-diol-amine is formed as a intermediate 
structure (S5P in scheme 3), through a proton transfer from 
positive charged amine group of other PE molecule in the 
surface (N10 in structure S3P, scheme 3) to the negative 

charged oxygen atom (O2 in structure S3P, scheme 3). It is 
followed by the conversion of this positive charged 
intermediate to the neutral form of carbino-diol-amine, due to a 
proton transfer from the positive charged amine group of the 
carbino-diol-amine to the neutral amine group of the other PE 
molecule in the surface (TS6P in scheme 3). Both proton 
transfers needed a chain of three water molecules. The 
boundary translation invariance of the modelled periodic 
system is relevant to this study, allowing the equivalent 
cleavage of bonds and transfer of protons between unit cell 
images. It is appreciated in the proton transfer from O17 to O2 
(TS4P in scheme 3), and from O21 to O12 (TS6P in scheme 3). 
 If the free energy barriers for the conversion of zwitterionic 
form of the carbino-diol-amine into its neutral form are 
compared (Fig. 2, table 1), we find a value of 7.95 kcal mol-1 in 
the case of L-lysine/glyoxal system (S3L to S5L), and 7.00 kcal 
mol-1 in the case of PE-surface/glyoxal system (S3P to S7P). 
These results are similar to those we have obtained for the 
carbinolamine formation from the reaction between 
acetaldehyde and PE, and the same aldehyde with glycine79. 
This conversion involves a proton transfer, having as acceptor 
an alkoxide group, considered generally as strong bases. This 
fact explained also the relative low free energy barriers for this 
part of the neutral carbino-diol-amine formation step. What is 
in accordance with the known reversibility of the reaction in 
other molecular systems80,81. This feature is enhanced in the 
PE-system, where there is an absence of a free energy barrier in 
the conversion between the protonated form of carbino-diol-
amine from PE to its neutral form, not finding significant 
differences between the free energy values of TS4P, S5P and 
TS6P structures (table 1, Fig. 2).  
 The bond lengths of the alkoxide group (O2 in structures 
S3L and S3P) are other interesting structural aspects of the 
conversion of zwitterionic form of the carbine-diol-amine into 
its neutral form. Other theoretical study showed the oxygen in 
the alkoxide ions repels charge from the adjacent carbon, and 
onto the groups attached to this carbon, resulting in a 
coulombic attraction between the alkoxy oxygen and the carbon 
that leads to a shorter bond respect to its equivalent alcohol 
group82. Something evidenced in our studied systems, where 
the values of bond lengths for C1-O2 had a value of 1.35 Å in 
structures S3L and S3P, respect to values of 1.45 Å in structure 
S5L (L-lysine/glyoxal system, table 2) and 1.43 Å in structure 
S7P (PE-surface/glyoxal system, table 3).  
b) Dehydration. The next step in the reaction is the 
dehydration of the carbino-diol-amines to Schiff bases, which 
involves a protonation of the oxygen atom, breaking of two 
bonds and formation of two new bonds. In the L-lysine/glyoxal 
system (S5L to S7L through TS6L in scheme 2, Fig. 3A), a 
proton is removed concertedly from the amine group of 
carbino-diol-amine (N7-H9) and transferred to hydroxyl group 
(H10-O2) through two water molecules to form the leaving 
group (H10-O2-H21). In the process a double bond is formed 
N7=C1. In the case of PE surface (S7P to S9P trough TS8P in 
scheme 3, Fig. 3B), an intermolecular proton transfer occurs 
from the protonated amino group in the second phospholipid 
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chain to the oxygen O2 in the carbino-diol-amine generated 
above PE.  

 
Figure 3. Transition states of dehydration of the carbinolamine 
molecule. A. From reaction between glyoxal and L-lysine 
(TS6L). Reactive atoms are labelled, and arrows represent 
proton transfers. B. From reaction between glyoxal and 
phosphatidylethanolamine surface (TS8P). 
 

 This step is done concertedly with the break of the covalent 
bond C1-O2 and formation of the π bond N7=C1. In this 
process we obtain the release of a water molecule (H18-O2-
H13) and the generation of a positive charged Schiff base. In 
the case of Schiff base from L-lysine and glyoxal, the 
generation of Schiff bases involves the formation of an imine 
double bond between C1 and N7, being the bond length, 
reduced from 1.45 (S5L) to 1.27 Å (S7L) (table 2), in the case 
of Schiff base from PE and glyoxal, this bond length is reduced 
from 1.45 (S7P) to 1.29 Å (S9P) (table 3). 
 The relative free energy barriers for this step had values of 
22.42 and 17.12 kcal mol-1 for L-lysine and PE surface, 
respectively. These values are slightly high in comparison to 
those obtained for other reactions. In a DFT study on pyridoxal 
5'-phosphate (PLP) transamination of α-amino acids, the total 
energy barrier for dehydration step had a value of 16.9 kcal 
mol-1 83. A DFT study of the Schiff base formation between a 
pyridoxamine analogue and acetaldehyde or glycolaldehyde 
provided relative energy barriers from 10 to 15 kcal mol-1 73. In 
both cases, other chemical groups in the modelled molecular 
systems provided additional assistance, explaining their relative 
lower values. The higher free energy barrier for the L-
lysine/glyoxal system in comparison to the PE surface/glyoxal 
system is attributed to the influence of the PE-surface 
surroundings, which stabilize the transition state more than in a 
pure water environment. Charged amine group, of the other PE 
molecule, acts as a proton donor in the acid-catalyzed 
dehydration in PE-surface/glyoxal system. It converts a poor 
leaving group (-O2H18 in scheme 3) into a good leaving group. 
Then, a water molecule, stabilized by a hydrogen bond network 
above PE-surface, acts efficiently as a bridge in the proton 
transfer from the charged amine group to the hydroxyl group. 
This is difficult to replicate in the L-lysine/glyoxal system, 
where the proton transfer is done through two water molecules 
(TS6L, scheme 2), explaining its higher free energy barrier 
(Fig. 2, table 1).  

 The neutral Schiff base generated from L-lysine and glyoxal 
is more stable than the positive charged Schiff base, from PE 
and glyoxal (Fig. 2, table 1). The decreased electrophilicity of 
the imine double bond  in comparison to an equivalent carbonyl 
bound is accounted for by the lower electronegativity of 
nitrogen compared to that of oxygen. Therefore, the double 
bond is less polarised, and in consequence the partial charge at 
the imine carbon atom is less positive, and the dipole moment is 
weaker than the corresponding in the carbonyl group. When the 
nitrogen of the double bond is protonated, it is generated an 
iminium salt, increasing its electrophilicity, and as a 
consequence, its reactivity is also increased and its stability 
reduced. This general characteristic of conjugated imines and 
iminium salts is taken into account when imino compounds are 
used for synthesis of nitrogen-containing compounds, being 
done the activation of their imino carbons through their 
iminium salts84. 

 
Figure 4. Transition states of the formation of an enamine-diol 
intermediate. A. From reaction between glyoxal and L-lysine 
(TS8L). Reactive atoms are labelled, and arrows represent 
proton transfers. B. From reaction between glyoxal and 
phosphatidylethanolamine surface (TS10P). 
 
c) Rearrangement to carboxymethyl products. The last step 
yields to the formation of carboxymethyl compounds, CML in 
the case of L-lysine/glyoxal system and CM-PE in the case of 
PE-surface/glyoxal system. The starting points of 
this intramolecular rearrangement for both cases were Schiff 
bases, in a neutral form in the case of L-lysine/glyoxal system, 
and in a protonate form in the case of PE surface/glyoxal 
system (structures S7L and S9P in schemes 2 and 3, 
respectively). They can further react and rearrange to an 
intermediate enamine-diol, followed by their enol-keto 
tautomerization to carboxymethyl products, CML (S11’L in 
scheme 2) and CM-PE (S13’P in scheme 3) respectively. The 
mechanism of this reaction step is similar to the mechanism 
proposed for the Amadori rearrangement from N-
glycosylamine, which undergoes enolization and ketonization 
to isomeric Amadori compound (l-amino-l-deoxyglycosulose). 
As in the previous steps, proton transfers are done through a 
hydrogen bond network. In the case of CML, this transfer is 
only intramolecular (Fig. 4A). In the case of CM-PE, the 
generation of the enamine-diol intermediate requires a proton 
transfer, having as acceptor the neutral amine group from an 
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adjacent PE molecule (Fig. 4B). It also makes possible to 
regenerate the catalytic acidic charged amine group of this PE 

molecule, formed on PE-surface in the previous step. 
 

 

Table 2. Geometric parameters of the structures presented in scheme 2 for the reaction of formation of N(ε)-carboxymethyl-Lysine 
from glyoxal and L-lysine (distances in Å and angles in º). 

Parameter S1L TS2L S3L TS4L S5L TS6L S7L TS8L S9L S9´L TS10’L S11’L 

C1-O2 1.23 1.28 1.35 1.41 1.45 1.89 3.82 5.06 4.21 4.93 2.64 4.09 
C1-H6 1.11 1.11 1.11 1.10 1.10 1.10 1.10 1.10 1.09 1.09 1.10 1.10 

C1-C3 1.52 1.54 1.56 1.55 1.55 1.52 1.51 1.51 1.35 1.35 1.39 1.53 
C3-O5 1.40 1.42 1.42 1.42 1.42 1.41 1.41 1.39 1.36 1.37 1.31 1.23 
C1-N7 3.19 1.94 1.56 1.49 1.45 1.35 1.27 1.28 1.43 1.43 1.46 1.48 
N7-H8 1.03 1.04 1.05 1.36 1.93 3.00 4.73 3.08 3.95 3.08 3.48 3.63 

N7-H9 1.03 1.04 1.05 1.03 1.03 1.10 1.78 1.16 1.03 1.05 1.03 1.03 
O2-H10 1.87 1.67 1.61 1.10 1.02 0.99 0.99 0.98 1.00 0.97 1.02 1.01 
H10-O11 0.99 1.01 1.02 1.43 1.63 1.84 1.78 8.63 1.72 8.83 3.06 3.06 
O11-H12 1.79 1.76 1.77 1.11 1.01 1.01 1.00 1.00 0.99 0.99 1.01 1.00 

H12-O13 1.00 1.00 1.00 1.42 1.68 1.70 1.71 1.80 1.84 1.80 1.70 1.72 
O13-H14 1.70 1.71 1.70 1.06 1.00 1.00 1.00 0.98 0.99 0.97 1.00 1.00 
H14-O15 1.01 1.01 1.01 1.44 1.76 1.75 1.76 3.32 1.81 3.34 1.78 1.79 
O15-H16 1.68 1.76 1.75 1.07 1.00 1.00 1.00 1.02 3.07 1.61 3.09 3.08 

H16-O17 1.01 1.00 1.00 1.43 1.74 1.75 1.74 1.62 1.02 1.02 1.04 1.04 
O17-H8 2.14 2.00 1.89 1.15 1.00 0.98 0.97 1.11 1.77 1.61 5.59 5.66 
H9-O18 3.03 2.04 1.84 2.15 2.23 1.46 1.01 1.37 3.82 1.68 3.11 3.30 
O18-H19 0.99 1.00 1.00 0.99 0.99 1.01 1.75 1.61 3.35 1.68 3.43 4.25 

H19-O20 1.91 1.82 1.79 1.87 1.85 1.70 1.00 1.02 1.00 1.00 1.12 1.80 
O20-H21 0.98 1.00 1.01 0.99 0.99 1.03 1.88 1.71 2.86 1.73 2.69 3.32 
H21-O2 1.94 1.72 1.69 1.84 1.87 1.56 0.99 1.01 0.98 1.00 1.09 3.08 
C3-H4 1.10 1.10 1.10 1.10 1.10 1.10 1.11 1.29 4.63 2.18 3.40 4.99 

H4-O15 5.46 5.08 5.02 4.91 5.17 5.33 5.43 1.96 0.99 0.99 1.04 1.00 
O18-H8 3.74 3.72 3.50 4.19 4.78 5.14 7.18 1.32 1.02 1.02 1.01 1.00 
O20-H22 4.61 4.48 4.60 4.69 4.75 4.73 5.51 5.45 1.54 4.98 1.19 0.99 
H22-O5 0.98 0.98 0.98 0.98 0.98 0.98 0.98 1.01 1.03 1.03 1.23 1.81 

H21-C1 2.95 2.69 2.67 2.88 2.91 2.79 3.93 4.92 2.31 4.00 1,563 1.10 
H19-O2 3.29 3.30 3.22 3.29 3.34 3.16 3.25 3.16 1.91 3.57 1.40 0.99 
N7-C1-O2 105.0 111.4 112.7 115.4 115.7 111.2 72.4 44.4 99.0 67.7 102.9 93.3 
N7-C1-C3 93.7 100.0 105.5 108.1 109.4 117.6 123.7 121.5 125.5 126.8 121.1 112.8 

H6-C1-O2 120.6 117.6 113.0 108.5 106.9 94.7 95.2 72.6 95.0 135.6 104.4 125.1 
 

The enamine-diol formation from the Schiff base through the 
transition state TS8L in the case of L-lysine/glyoxal system 
(scheme 2) is an example of an imine-enamine tautomerism. 
According to other theoretical works85-87, the rate of converting 
the imine to enamine depends on how easy it is for an α carbon 
in the imine to deprotonate, and that is influenced directly by its 
substituents, which could contribute to lower the basicity of the 
α carbon during the reaction. In the studied molecular systems, 
this α carbon corresponds to C3 atoms (structures S7L and S9P 
in schemes 2 and 3, respectively). In both systems, these atoms 
have two electronegative hydroxyl groups, which could render 
inductively electron-withdrawing during the deprotonation of 
the adjacent carbon atom, dispersing theirs negative charges, 
and facilitating the proton release (TS8L and TS10P in schemes 
2 and 3, respectively). During this imine-enamine tautomerism, 

the hydroxyl groups, adjacents to C3 atoms, have a conversion 
from weak electron-withdrawing when it is attached to an sp3 
carbon (S7L and S9P structures in schemes 2 and 3, 
respectively) to electron releasing group due to the resonance 
effect when it is attached to an sp2 carbon (S9L and S11P 
structures in schemes 2 and 3, respectively). 
The relative free energy barriers for the enamine-diol formation 
(from S7L to S9L and from S9P to S11P) had values of 14.11 
and 10.07 kcal mol-1 (Fig. 2, table 1). This lower free energy 
barrier could be explained considering that the starting structure 
is a Schiff base intermediate which has an iminium group with 
a protonated nitrogen, more reactive than the neutral imine 
group of the Schiff base from L-Lysine. These values are 
similar to those we obtained for the formation of a 1,2-
enaminol intermediate as a part of the generation of Amadori 
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products from D-erythrose and glycine and PE reaction (12.82 
and 17.50 kcal mol-1, respectively)34. However, these values are 
low in comparison to results obtained for the reaction between 
ribose and glycine, where the energy barrier for a similar part of 

the reaction had a value of 58.3 kcal mol-1 at the B3LYP/6-
31+G(d) level of theory88. 
 

 

Table 3. Geometric parameters of the structures presented in scheme 3 for the reaction of carboxymethyl-PE formation from 
glyoxal and PE    (distances in Å and angles in º). 
 

Parameter S1P TS2P S3P TS4P S5P TS6P S7P TS8P S9P TS10P S11P S11’P TS12’P S13’P 

C1-O2 1.22 1.28 1.35 1.38 1.40 1.43 1.43 2.12 2.24 3.28 3.87 5.26 5.36 5.41 
C1-H6 1.11 1.10 1.11 1.10 1.10 1.10 1.10 1.09 1.09 1.05 1.09 1.09 1.09 1.10 

C1-C3 1.53 1.53 1.55 1.55 1.55 1.54 1.54 1.52 1.52 1.49 1.35 1.36 1.39 1.51 
C3-O5 1.43 1.40 1.44 1.43 1.44 1.44 1.44 1.44 1.40 1.43 1.39 1.36 1.30 1.23 
C1-N7 4.00 2.11 1.56 1.53 1.51 1.46 1.45 1.31 1.29 1.30 1.41 1.44 1.47 1.47 
N7-H8 1.03 1.03 1.04 1.05 1.06 1.03 1.03 1.03 1.05 1.04 1.02 1.02 1.03 1.03 

N7-H9 1.02 1.04 1.07 1.09 1.08 1.57 1.65 2.86 3.37 3.66 4.70 5.15 5.45 5.78 
N10-H11 1.05 1.05 1.06 1.09 1.60 1.40 1.07 1.12 1.68 1.34 1.05 1.05 1.05 1.04 
H11-O12 1.84 1.88 1.78 1.61 1.06 1.15 1.66 1.60 1.04 1.18 1.89 1.86 1.87 1.86 
O12-H13 0.99 1.00 1.04 0.98 0.99 0.99 1.00 1.25 1.99 1.34 1.00 0.99 0.99 1.03 

H13-O2 5.56 1.76 1.55 1.98 1.83 1.76 1.72 1.17 0.98 1.21 1.71 1.87 1.90 1.86 
O12-H14 1.01 1.00 1.00 1.23 1.70 1.77 1.80 1.67 4.80 5.51 5.10 3.21 3.30 3.23 
H14-O15 1.64 1.77 1.79 1.22 1.01 1.00 1.00 1.01 0.98 0.98 0.98 1.01 1.02 1.01 
O15-H16 1.01 1.00 1.00 1.41 1.64 1.69 1.70 1.77 4.72 4.48 3.36 6.23 6.34 6.35 

H16-O17 1.65 1.75 1.76 1.10 1.01 1.01 1.01 1.00 1.00 0.99 0.99 0.99 1.00 1.00 
O17-H18 1.01 1.00 1.03 1.46 1.68 1.74 1.76 1.77 3.52 3.82 1.74 3.07 3.21 3.25 
H18-O2 4.33 1.75 1.57 1.11 1.01 1.00 1.00 1.00 0.99 0.99 1.00 0.98 0.97 0.98 
H9-O19 2.03 1.79 1.64 1.58 1.60 1.05 1.02 0.98 0.99 0.99 0.98 0.99 1.08 3.03 

O19-H20 0.99 1.00 1.00 1.01 1.00 1.22 1.64 1.81 1.76 1.71 1.81 1.77 1.40 0.99 
H20-O21 1.87 1.79 1.74 1.70 1.73 1.22 1.01 0.99 1.01 1.00 0.99 0.99 1.12 1.76 
O21-H22 0.99 0.99 1.00 1.01 1.00 1.13 1.70 1.92 1.71 2.31 1.72 6.31 6.37 6.32 
H22-O12 1.86 1.81 1.76 1.71 1.79 1.38 1.01 0.99 0.99 0.98 0.99 1.02 1.01 1.03 

H9-C1 4.64 2.64 2.17 2.14 2.11 2.48 2.52 2.92 5.85 4.73 3.31 2.10 1.56 1.11 
O21-H23 7.31 5.48 5.40 5.31 5.37 5.23 5.05 4.54 7.97 7.25 5.63 1.62 1.15 0.98 
H23-O5 0.98 0.98 0.98 0.97 0.98 0.98 0.98 0.98 1.01 0.98 0.98 1.02 1.29 2.05 
O2-H4 6.27 7.06 7.05 7.15 6.96 7.01 6.97 6.31 2.93 1.73 0.99 0.98 0.98 0.98 

H4-C3 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.27 3.84 5.65 5.84 6.14 
N7-C1-O2 133.5 106.4 110.9 111.0 110.5 113.8 114.3 110.2 112.9 98.5 86.1 106.8 98.2 95.5 
N7-C1-C3 94.1 100.5 106.1 107.9 109.6 110.6 110.6 122.6 123.7 123.7 124.3 124.2 121.1 113.2 
H6-C1-O2 121.9 118.5 113.3 108.6 108.1 105.6 105.2 88.7 71.2 71.2 133.9 102.3 108.0 141.4 

 

In this step of the mechanism, a change in the position of the 
water molecules involved in the proton transfer (O5 to C1) is 
required. In Table 1, Figure 2 and scheme 2 and 3, we showed 
the energetic and structural parameters of the S9L and S11P 
intermediates. In the CML formation the energy difference 
between S9L and S9’L intermediates is 2.07 kcal mol-1. 
Scheme 2 shows as two waters near the C1 must be reoriented 
for the purpose of facilitating the proton transfer shown in 
TS10’L. In a similar way this restructuring of two waters above 
the PE-surface also occurs, being the energetic difference 
between the intermediates S11P and S11’P of 3.08 kcal mol-1 
(Scheme 3). 

 During the conversion of the Schiff base to enamine-diol, 
the O5 of the hydroxyl group increases the partial negative 
charge and therefore the acidity of this group. This conversion 
also leads to C3, covalently bonded to O5 atom, to increase its 
partial charge. The generated polarization between C3 and O5 
atoms results in a coulombic attraction and a decrease of the 
bond length. The bond lengths have slightly changed from 1.41 
and 1.40 Å in the Schiff bases structures of both systems (S7L 
and S9P, respectively) to values of 1.36 Å in both enamine-diol 
intermediates (S9’L and S11’P, respectively). Thus, the 
hydroxyl groups (O5-H22 in L-lysine/glyoxal system and O5-
H23 in PE-surface/glyoxal system) of the generated enamine-
diol intermediates have increased their acidities respect to the 
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same groups in the previous Schiff bases. They are able to 
participate as proton donors and an electron releasing groups in 
order to yield the carbonyl groups of carboxylic compounds 
CML and CM-PE (S11’L and S13’P in schemes 2 and 3, 
respectively). 
 As other enamines, the enamine-diol intermediates 
generated from the Schiff bases of L-lysine/glyoxal and 
PE/glyoxal systems are expected to be also in equilibrium with 
their keto tautomers through an enol-keto tautomerism (S9’L to 
S11’L and S11’P to S13’P in schemes 2 and 3, respectively). 
The tautomerization proceeds via a proton transfer from O5 to 
C1 atoms, having two water molecules as a bridge in the 
hydrogen bond network (transition states TS10’L and TS12’P 
in Fig 2 and 3, respectively). This tautomerism in both cases 
yield to carboxymethylated compounds, CML and CM-PE, 
with relatively low free energy barriers (7.47 and 5.24 kcal mol-

1, respectively (Fig 2, table 1)). The evolution of this 
tautomerism could be appreciated through changes of the 
distance between atoms involved in it. (See S9’L, TS10’L, 
S11’L in table 2 and S11’P, TS12’P and S13’P in table 3). 
Taking an insight of these data for structures S9’L and S11’P, it 
is evidenced they have several reassembly structural features 
(bond lengths: C1-C3, C3-O5, O5-H22/O5-H23) with TS10’L 
and TS12’P respectively. The carboxymethyl final products in 
both systems (S11’L and S13’P) are 22.22 and 31.05 kcal mol-1 
more stable than the reactives. 
 The assistance of explicit water molecules for the enol-keto 
tautomerism has been shown in pyruvate, acetone, 
acetylacetone, and vinyl alcohol89-91. A work of our group 
about the Amadori rearrangement in PE-surface/D-erythrose 
and glycine/D-erythrose also evidenced the influence of the PE 
surface on the free energy barrier, 4.29 kcal mol-1 lower than in 
the pure water glycine/D-erythrose system34. In the case of 
generation of CML and CM-PE, this difference is even lower, 
2.22 kcal mol-1 (Fig 2 and table 1).  
As in other molecular systems38,73,83,92, carbino-diol amine 
dehydration in L-lysine/glyoxal and PE/glyoxal systems is the 
rate-determining step, giving to the whole process an activation 
energy of 22.42 and 17.12 kcal mol–1, respectively.  
 In order to study the lipid bilayer’s structural complexity, 
Marrink and Berendsen proposed to divide the membrane into 
four different regions78. The developed model of PE surface by 
our group belongs to the second region. This region is an 
interface which begins where water density is equal to that of 
headgroups and reaches the carbonyl groups. The interface also 
includes bounded ions and organized water molecules. This 
apparent simple interface is actually a region with complex 
structure, sensible to changes in its physicochemical properties 
as a result of changes in its composition. For example, when 
water concentration decreases, dielectric permitivity changes 
from nearly 80 to about 2 (over a distance of about 1 nm)93, and 
dipole potential affects electrostatic potential at the immediate 
vicinity of the membrane or within the interface45.  
 According to our results, the role of water in the two studied 
reactions for carboxymethyl compounds formation is not only 
as solvent. The water has a catalytic role during all described 

proton transfers, acting as bridge between proton donor and 
acceptor groups, and stabilizing electrostatically the transition 
states and intermediates structures through hydrogen bonds. In 
the case of PE-surface, these interactions are extended to the 
polar and charged headgroups of PE. There are two 
consequences of this fact. Firstly, the organization and mobility 
of water molecules above PE-surface is different to pure water, 
the amount of water, its structure and mobility change with its 
distance from the aqueous phase45. Phospholipids bind approx. 
0.5-3 water molecules/lipid very tightly, the energy to remove 
these water molecules is on average 40 kJ mol-1 94,95, which is 
equivalent to the energy of a hydrogen bond. Secondly, the 
hydrogen bond network above PE-surface enables 
ethanolamine group of PE head to lay flat on the membrane 
surface, reducing the entropic effect associated with its possible 
freely rotation in absence of these interactions, that appears in 
choline moiety of phosphatidylcholine due the lack of hydrogen 
bonds96. Intermolecular interactions within the interface should, 
therefore, be treated as a combination of electrostatic forces and 
hydration, along with static and dynamic steric constrains45,95,96. 
 It is known that introducing of surface as a cofactor to 
biochemical reactions brings changes in their characteristics45. 
Membrane-associated reactions are controlled by the 
transmembrane and lateral distribution of reactive molecules, 
which depends ultimately on the state of the lipid bilayer and 
the efficiency of its transport mechanisms. On the other hand, 
biochemical reactions occurring in aqueous solution are 
controlled in almost exclusively by diffusion45,97. In this work, 
we consider the possible catalytic effect of the surface, reducing 
the free energy barriers in the reaction pathway. This effect is 
done through the phospholipids polar and charged headgroups 
and the water molecules of the surface surroundings. It has 
been evidenced theoretically, comparing the free energy 
profiles of Schiff base formation, Amadori rearrangement and 
hydrogen peroxide decomposition above PE surface and pure 
water models34,37,79. 
 Summarizing, the catalytic effect of PE surface in the 
reaction of formation of CM-PE is accomplished in three ways: 
(i) accumulation of water molecules on the surface, increasing 
their organization, reducing their mobility and polarizing their 
bonds as a result of an interaction with the PE charged groups; 
(ii) direct acid catalysis through amine groups of PE molecules 
adjacent to reactive PE molecule acting as donors or acceptors 
in the proton transfers, and water molecules in the surface 
surroundings acting as bridges in the proton exchange between 
donor and acceptor protons in the reaction; (iii) passive 
catalytic effect through a charge stabilization of different 
intermediate structures of reaction, due to direct electrostatic 
interactions with the charged groups generated in the different 
steps of the reaction. 

Conclusions 

We have studied the mechanism for the reaction of formation of 
carboxymethyl compounds, CML and CM-PE, from reactions 
between mono hydrated form of glyoxal and L-lysine and PE. 
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Both mechanisms take place in three steps: i) Carbino-diol-
amine formation ii) dehydration of the adduct, iii) 
Rearrangement into carboxymethyl final products. The rate-
limiting step for the formation of CML and CM-PE was the 
dehydration step, having an activation energy of 22.42 kcal 
mol–1, and 17.12 kcal mol–1, respectively. The comparison of 
both reactions in their equivalent steps shows a catalytic role of 
the PE surface, highlighted in the case of the dehydration step 
where its relative free energy barrier had a value of 5.30 kcal 
mol–1 lower than the obtained in L-lysine/glyoxal system. This 
catalytic effect is done through PE surface components as 
amine and phosphate groups, which might enhance the reaction, 
facilitating the water molecules accumulation in their 
proximity, participating through amine groups as donors or 
acceptors in proton transfers, and stabilizing charge in 
intermediates and transition states of the different reaction 
steps. Taking into account this effect, we conclude that 
reactions above the phopholipid surfaces could have an active 
role and it should not be considered to be a nonspecific charged 
phase boundary. Our results also give support to consider the 
pathway of formation of CML and CM-PE from reactions 
between glyoxal and L-lysine and PE respectively, as an 
alternative pathway for generation of these AGEs. 
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