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Abstract: Acetaldehyde is a physiological species existing in blood. Glyceraldehyde
is a commonly used surrogate for glucose in studies of nonenzymatic glycation.
Both species exist in dynamic equilibrium between two forms, an aldehyde and
a hydrate. Nonenzymatic covalent protein modification (NECPM) is a process
whereby a protein is covalently modified by a non-glucose species. The purpose
here was to elucidate the NECPM mechanism(s) for acetaldehyde and glyceraldehyde with human hemoglobin (HbA). For the first time, both aldehydic and hydrate
forms of acetaldehyde and glyceraldehyde were considered. Computations and
model reactions followed by 1H NMR were employed. Results demonstrated that the
aldehyde and hydrate forms of acetaldehyde bind and covalently-modify Val1 of
HbA via different chemical mechanisms, yet generated an identical protonated
Schiff base (PSB). The aldehyde and hydrate of glyceraldehyde also covalently
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Alcohol toxicity, defined as severe detrimental
physiological implications from excessive alcohol
consumption, is an increasingly important issue in
our culture. Acetaldehyde is a molecule that
forms from the metabolism of ingested ethanol
and has been shown to modify certain proteins
and cause deleterious protein function. The purpose of this study was for the first time to elucidate nonenzymatic covalent protein modification
(NECPM) mechanisms for how acetaldehyde and
structurally-related glyceraldehyde interact with
a model protein, human hemoglobin (HbA). Key
structures identified in the acetaldehyde and glyceraldehyde modification of HbA were protonated
Schiff bases (PSB). Structure of the PSB may be
central to pathophysiological outcomes because
they ultimately determine the structure of the
stable modified protein product formed.
Moreover, a comparison of the PSB for acetaldehyde with those for glyceraldehyde provides
a potential explanation for why acetaldehyde is
connected to alcohol toxicity and not connected
to diabetic complications whereas glyceraldehyde
is connected to diabetic complications but not to
alcohol toxicity.
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modified Val1 via mechanisms distinct from one another, yet generated an identical
PSB. It is noteworthy that the PSB from acetaldehyde and glyceraldehyde were
different structures. The PSB from acetaldehyde is proposed to proceed to covalent
adducts that have been implicated in alcohol toxicity. Conversely, the PSB generated
from glyceraldehyde can form an Amadori which has been implicated in diabetic
complications. Thus, the PSB structure generated from acetaldehyde versus glyceraldehyde may be central to pathophysiological outcomes because it determines the
structure of the stable covalent adduct formed.
Subjects: Biochemistry; Organic Chemistry; Computational and Theoretical Chemistry
Keywords: acetaldehyde; hemoglobin; glyceraldehyde; Schiff base; nonenzymatic covalent
protein modification (NECPM)
1. Introduction
Acetaldehyde exists in a dynamic equilibrium between an aldehydic form, which is formally
a reactive carbonyl species (RCS), and a hydrate form which is not (Figure 1, structures 1 and 2;
and, for a mechanistic perspective, Supplementary Figure 1). The hydrate 2 is the predominant
form at 65% (or more) in aqueous media, depending upon pH. These species are physiologically
relevant and exist in erythrocytes (Dipadova, Alderman, & Lieber, 1986) and in the plasma at
normal concentrations of ca. 10–20 µM and at 50 µM in chronic alcoholics (Korsten, Matsuzaki,
Feinman, & Leiber, 1975).
A primary source of circulating acetaldehyde in certain humans can be the metabolism of
ingested ethanol. Additional exogenous sources are extremely diverse and include cigarettes,
motor vehicle exhaust, wood burning sources, food additives, cleaning agents, and the production
process for many commercial chemicals (O’Brien, Siraki, & Shangari, 2005). Acetaldehyde is also
produced endogenously in intermediary metabolism (O’Brien et al., 2005) and by colonic bacteria
(Vispää, Tillonen, & Salaspuro, 2002).
Acetaldehyde has been shown to covalently-modify certain proteins, including HbA (Gaines,
Salhany, Tuma, & Sorrell, 1977; Roede, Stewart, & Petersen, 2010; Tuma, Hoffman, & Sorrell,
1991; Tuma, Jennett, & Sorrell, 1987; Tuma, Newman, Donahue, & Sorrell, 1987). Moreover, multiple proteins that have undergone covalent modification by acetaldehyde have exhibited altered
function (Mauch, Donohue, Zetterman, Sorrell, & Tuma, 1986), particularly lysine-dependent
enzymes (Tuma et al., 1987). In this earlier work, the diversity of structures of the initially bound
species and the corresponding nature and magnitude of reactivity were not fully developed. Based
upon our literature survey, the differential binding and follow-up chemistry between the aldehydic
form of acetaldehyde vs. the hydrate of acetaldehyde has not been considered. Because the
concentration of the hydrate 2 in aqueous solution relative to that of the aldehyde 1 is high
(65% hydrate, unbuffered at RT), it critically matters whether the hydrate can bind and whether,
once bound, there are available mechanisms for covalent modification of HbA. For this work,
binding refers to non-covalent, reversible interactions (intermolecular forces of attraction)
between a substrate and amino acid residues of a protein within a protein pocket. Bonding refers
to the formation of a stable covalent bond between a bound substrate and the amino acid residue
of a protein. Such bonding is typically irreversible but may be reversible.
The prevailing mechanistic scheme for RCS nonenzymatic covalent protein modification is
referred to as NECPM (Figure 2, Rodnick, Holman, Ropski, Huang, & Swislocki, 2017).
Specifically, an amine NH2 group of an amino acid residue (e.g., a lysine R group or an
N-terminal amino acid) can act as a nucleophile attacking a bound substrate that serves as
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Figure 1. Structures of salient
species in the assessment of
the nonenzymatic covalent
protein modification of HbA by
acetaldehyde or glyceraldehyde, with potential effector
reagents 2,3-bisphosphoglycerate (2,3-BPG) and inorganic
phosphate (Pi).
Structures 1 and 2 represent
the aldehydic and hydrate
forms of acetaldehyde. The
relative length of the equilibrium arrows indicate the
relative equilibrium concentrations of each form in aqueous
solution (33% aldehyde, 66%
hydrate). Structures 3 and 4
represent the aldehydic and
hydrate forms of glyceraldehyde that exist in equilibrium
(4% aldehyde, 96% hydrate).
Structures 5 and 6 represent
di-anionic and tetra-anionic
2,3-bisphosphoglycerate
(2,3-BPG) that exist in equilibrium based upon pH.
Structures 7 and 8 represent
two forms of inorganic phosphate: mono-anionic Pi, 7, and
di-anionic Pi, 8, both of which
exist under physiological
conditions.

an electrophile. A nucleophile is defined as a species that can donate two electrons in the
formation of a new bond. An electrophile is an electron-deficient species that can accept
two electrons in the formation of a new bond. The result of a noncovalently bound electrophile reacting with a nucleophilic amino acid residue is a covalently modified protein,
typically in the form of a protonated Schiff base (see Discussion, Figure 3). It has been
asserted that covalently modified proteins can express altered function that may be deleterious (Semchyshyn, 2014).
Because acetaldehyde is involved in the covalent modification of HbA (De Benedetto &
Fanigliulo, 2009; Gross, Gapstur, Belcher, Scanlan, & Potter, 1992) it is certain that initial non-

covalent binding takes place. However, the following mechanistic details regarding the binding of acetaldehyde are yet unknown: a) which species bind(s), the aldehyde 1, the hydrate 2,
or both, b) the binding exothermicity of the(se) binding species relative to one another and
relative to that for the glucopyranoses (Clark, Santin, Bryant, Holman, & Rodnick, 2013), c)
what might be the role of inorganic phosphate (Pi) (Smith et al., 2018), and d) what is/are the
structures of the intermediates involved. For comparative purposes, glyceraldehyde is also of
interest because glyceraldehyde is structurally similar to acetaldehyde. Both species are
physiological electrophiles and both exist as a dynamic equilibrium between an aldehydic
RCS form and a non-RCS hydrate (for glyceraldehyde structures 3 and 4, for acetaldehyde
structures 1 and 2; Figure 1). For glyceraldehyde, the hydrate 4 exists at ca. 90+% of total
equilibrium mixture in aqueous media at physiological pH. Like acetaldehyde, glyceraldehyde
is known to bind to HbA (Nacharaju & Acharya, 1992). Like acetaldehyde, previous work on
glyceraldehyde does not detail the potential mechanistic differences between the aldehydic
and hydrate forms.
Several central questions prompted this investigation. Do both the aldehydes and their hydrates
bind HbA? If so, do the intermediates and mechanism(s) for the aldehyde differ from those for the
hydrate? Do they both proceed in NECPM and, if so, is progression in NECPM via similar intermediates and mechanistic pathways? Finally, how does the NECPM process for the acetaldehyde
manifold (1 and 2) compare to that for glyceraldehyde (3 and 4)? Can the physiological differences
between acetaldehyde and glyceraldehyde potentially be better understood in view of the NECPM
mechanistic differences between 1 and 2 as a manifold versus that for 3 and 4?
To develop a more complete answer to these questions, a computational assessment was
conducted for the binding characteristics and exothermicities of both forms of acetaldehyde
(structures 1 and 2 in independent computations) and both forms of glyceraldehyde (structures
3 and 4 in independent computations) in the HbA1c pocket. Specific emphasis was placed on
evaluating the energy-minimized geometries of bound 1–4 (in independent computations) in the
pocket to discern potential NECPM mechanisms that can theoretically lead to covalent modification. Given that the HbA1c pocket often possesses either bound di-anionic or tetra-anionic
2,3-BPG (2,3-bisphosphoglycerate, Figure 1, structures 5 and 6) or mono-anionic or di-anionic
Pi (inorganic phosphate, Figure 1, structures 7 and 8) the concomitant binding of these species
with 1–4 were also evaluated. Concomitant binding was defined as two species reversibly undergoing noncovalent binding in the same protein pocket at the same time. Further, model reactions
between lysine (as a surrogate for the nucleophilic amino acid residues on HbA) and the manifold
of 1 and 2 in aqueous solution followed by 1H nuclear magnetic resonance spectroscopy (NMR)
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Figure 2. Generic scheme for
the nonenzymatic covalent
protein modification (NECPM)
of a protein by a non-glucose
binding species.
The semi-circle represents a
generic protein pocket in which a
non-glucose species binds. Here
the scheme represents a protein
pocket that includes the N-terminus. The NECPM process can
proceed in internal protein pockets as well. Once bound in the
pocket, the binding species, serving as an electrophile, can
undergo nucleophilic attack by a
lone pair on an amine group of
an amino acid residue (shown
here as an N-terminus amino
acid) which ultimately results in
covalent attachment to the protein via variable mechanisms.

were utilized to probe whether reactions do, in fact, occur and whether there is differential
reactivity between 1 and 2.
The goal of these experiments was to, for the first time, discern the structures of the initial
covalently modified species formed and the NECPM mechanistic pathway(s) involved for 1–4.
Finally, a comparison of the NECPM mechanisms for the acetaldehyde manifold (1 and 2) with
those for the glyceraldehyde manifold (3 and 4) was made to posit a potential explanation for why
acetaldehyde is connected to alcohol toxicity and not connected to diabetic complications
whereas glyceraldehyde is connected to diabetic complications but not to alcohol toxicity.

2. Results
In each of the 5 environments reflected in Table 1, aldehydic (1) and hydrate (2) forms of
acetaldehyde bound in the HbA1c pocket with similar exothermicities (−3.2 to −2.7 kcal/mol and
−3.4 to −2.8 kcal/mol, respectively). Although the exothermicity of binding was nearly equal
between the two species, the probability of meeting geometric requirements (a 5Å or less distance

Figure 3. Potential NECPM
mechanisms for covalent modification of Val1 of HbA that are
geometrically possible for acetaldehyde 1 (Mechanism I) and the
acetaldehyde hydrate 2
(Mechanisms II and III) based
upon molecular modeling with
MOE.1
These mechanisms were predicted to be geometrically able to
proceed based upon energetic
minima calculated from MOE. In
the top box, mechanism I, species 1 binds and then the
nucleophilic lone pair on the
nitrogen of a terminal valine
amino acid residue attacks the
carbonyl carbon of 1. This causes
the π-bond of the carbonyl to
break, enhancing the basicity of
the carbonyl oxygen, which then
abstracts a proton from a nearby
acidic amino acid residue (Lys
NH3+ or a protonated histidine).
This forms the protonated carbinol amine. A basic amino acid
residue can then deprotonate
the amine, generating the carbinol amine. The lone pair on the
nitrogen can then form a πbond, as the alcohol group
(hydoxyl group) abstracts

between reactive nucleophiles with electrophiles and acids with bases) for covalent modification of
Val1 varied as a function of amino acid residue charge state in the HbA1c pocket (Table 1, columns
4, 5). This was the case because the charge state of the amino acid residues dictated whether it is
an acid, a base, an H-bond donor, or an H-bond acceptor. Thus, the potential mechanistic role of
the amino acid residues involved in the mechanism also changed with environment.
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a proton from a nearby acidic
amino acid residue and departs
as water. This forms the protonated Schiff base, 9. Mechanisms
II and III begin with the hydrate
form of acetaldehyde, 2, bound
in the protein pocket. In
Mechanism II, the oxygen of an
alcohol group on 2 abstracts
a proton from a nearby acidic
amino acid residue. The lone pair
on the nitrogen of a terminal
valine then attacks as
a nucleophile, causing water to
depart as a leaving group. This
generates the protonated carbinol amine. In Mechanism III, the
oxygen of an alcohol group on 2
abstracts a proton from a nearby
acidic amino acid residue. The
lone pair on the oxygen of the
remaining alcohol group of 2
forms a π-bond to carbon. This
facilitates the loss of water as
a leaving group and generates
an activated carbonyl species.
The carbonyl carbon is then
attacked by a nucleophilic lone
pair on the nitrogen of a terminal
valine to form the protonated
carbinol amine. Both
Mechanisms II and III involve an
identical protonated carbinol
amine that leads to the formation of the same protonated
Schiff base, 9.

The computational results of the concomitant binding of 1, the aldehydic form of acetaldehyde,
in the HbA1c pocket with 2,3-BPG (structures 5 and/or 6) or inorganic phosphate (structures 7 and/
or 8) are also provided in Table 1. The salient features for concomitant binding of 2,3-BPG with
acetaldehyde in the HbA1c pocket were as follows: a) binding exothermicities were generally
comparable to single species binding; b) di-anionic 2,3-BPG, 5, facilitated covalent modification
of Val1 more so than did tetra-anionic 2,3-BPG, 6; c) the presence of 2,3-BPG diminished the
geometric probability of acetaldehyde covalent modification of Val1 relative to the single-molecule
binding and resulting modification by acetaldehyde alone (in the absence of 2,3-BPG). The salient
features of the concomitant binding of Pi with acetaldehyde in the HbA1c pocket were similar to
those for the noncovalent binding of acetaldehyde in the HbA1c pocket concomitant with 2,3-BPG,
with two notable exceptions. There were no geometries for concomitant binding that can result in
the covalent modification of Val1, such that the presence of mono- or di-anionic Pi would diminish
the formation of HbA1c relative to the binding of acetaldehyde alone.
When 2 underwent concomitant binding in the HbA1c pocket with 2,3-BPG the binding exothermicity was comparable to single species binding (Table 1). Thus, the exothermicity of the first binding
event (binding of 2,3-BPG, 5 or 6, in the HbA1c pocket) was comparable to the second event (binding
of acetaldehyde, 1 or 2, to the HbA1c pocket that already had a bound 5 or 6). The aldehydic form of
acetaldehyde 1 bound concomitantly with either form of 2,3-BPG or Pi in the HbA1c pocket (Table 1).
Acetaldehyde 1 achieved suitable geometry upon concomitant binding with 2,3-BPG to covalently
modify Val1 (See Table 1, row 3, column 4). Suitable geometry for Val1 modification was not
achieved when 1 bound in the HbA1c with Pi. Acetaldehyde hydrate 2 also bound concomitantly
with either form of 2,3-BPG or Pi and achieved proper geometry for covalent modification of Val 1 in
every case (Table 1, row 4, column 4). When 1 bound with either form of Pi, covalent modification of
Val1 did not occur. Based on geometric arguments alone and single species binding, 1 was twice as
likely to covalently modify Val1 compared with 2 (15.3% of binding events vs. 7.3%, Table 1, rows 1
and 2, column 4). In contrast, 1 was much less likely to covalently modify Val1 than was 2 in the
presence of either 2,3-BPG or Pi (3.5% vs. 14.2%, Table 1, rows 3 and 4, column 4).
While computational modeling can be used to predict whether the proper geometry for reaction is
possible, it does not confirm that a reaction can, in fact, occur. Evidence that reaction occurs between
acetaldehyde and lysine (acting as a surrogate for the N-terminal valine residue in the HbA1c pocket) in
solution was provided by the disappearance of 1H NMR spectroscopy signals associated with 1 (methyl
group singlet at 2.05 ppm) and 2 (methyl group doublet at 1.1 ppm) and the appearance of new
signals. The methyl group singlet associated with 1 was found to disappear more rapidly with time
than the methyl group doublet associated with 2. At 8 min the ratio of unreacted 1-to-2 was 41:59; at
165 min it was 35:65, indicating that the 1 and 2 reactions with lysine were faster than re-equilibration
between 1 and 2 and that 1 reacts faster with lysine than does 2. This emergence of new signals with
time provided additional evidence that reaction occurs leading to protonated Schiff base, Schiff base
and an enamine (that is produced from the protonated Schiff base and is consistent with what is
typically observed from imine (Schiff base)/enamine chemistry). Specifically, the salient product
signals were the methyl group of the protonated Schiff base at 1.8 ppm, the amine doublet at 9.2
ppm, and three alkene doublets of doublets between 6 and 7 ppm for the enamine (Table 2).
The composite results of the data from computations associated with glyceraldehyde (3 and 4)
in the HbA11c pocket (Table 2) led to the following salient points: a) the binding exothermicities for
both the aldehydic and the hydrate forms of glyceraldehyde were similar to each other; b) the
binding exothermicities of all four single-species bindings (1–4) were within a similar range, though
glyceraldehyde bound with slightly greater exothermicity than does acetaldehyde; c) the geometric probability for covalent protein modification by 3 and 4 at Val1 was favored when the
nearby Lys82 and His2 were protonated; and d) the probability of suitable geometry for covalent
protein modification by 3 and 4 was comparable to that for 1 and 2.
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Table 1. Computational modeling of acetaldehyde (aldehyde 1 and hydrate 2) binding in the
HbA1c pocket of human hemoglobin as both single-species binding and concomitant binding
with potential effector reagents, 2,3-BPG (5 or 6) or Pi (7 or 8)
Bound
Species

Acetaldehyde
1

Second
Species
Bound

Environment
based upon
charge state
of Amino Acid
Residues

Binding
Energies
(kcal/mol)

–

1

−3.2 to −2.7

3.3%

2

–3.2 to −2.7

26.6%

Lys8 or Lys82 or
His2

–

3

–3.4 to −2.8

10.0%

Lys8 or Lys82

–

4

–3.2 to −2.7

23.3%

Lys8 or Lys82 or
His2

5

–3.0 to −2.5

13.3%

Lys8 or Lys82

AVG
–

1

−3.4 to −2.8

16.6%

–

2

–3.5 to −2.9

6.6%

Lys82 or Lys8 or
His2

–

3

–3.6 to −2.8

6.6%

Lys82 or Lys8

–

4

–3.7 to −3.0

6.6%

Lys82 or His2

–

5

–3.4 to −2.9

0.0%

N/A

Lys82 or Lys8

7.3%

2,3-BPG2-

1

−3.0 to −2.6

7.4%

Lys8 or 2,3BPG2-

2,3-BPG4-

1

–3.3 to −2.7

6.7%

Lys82 or 2,3BPG4-*

Pi−

1

–3.2 to −2.7

0.0%

N/A

Pi2-

1

–3.0 to −2.7

0.0%

N/A

AVG
Acetaldehyde
Hydrate
2

Lys82

15.3%

AVG
Acetaldehyde
1

Identity of
the Acid
involved in
Facilitating
Covalent
Modification

–

–
Acetaldehyde
Hydrate
2

% of Binding
Events with
Geometry
Suitable for
Reaction to
Modify Val1

3.5%

2,3-BPG2-

1

−3.5 to −2.8

26.6%

2,3-BPG2- or
Lys82 or Lys8

2,3-BPG4-

1

–3.8 to −2.9

16.6%

Lys8 or 2,3BPG4-* or Lys82

Pi−

1

–3.5 to −2.8

6.6%

Lys82 or Lys8

Pi2-

1

–3.5 to −2.9

6.6%

Lys82

AVG

14.2%

Table 1 contains data from the computational modeling of acetaldehyde (1) and its hydrate (2) binding in the HbA1c
pocket of human hemoglobin, both as single-species binding and with concomitant binding with either form of
2,3-BPG (5 or 6) or Pi (7 or 8). Column 1 describes which form of acetaldehyde (1 or 2) participates in binding. Column
2 describes which species (if any) was concomitantly bound in the pocket. Column 3 describes the environment of the
HbA1c pocket in which binding took place (charge states are defined at the end of Table 1 Notes). Column 4 describes
the range of exothermicity (in kcal/mol) with which the substrate bound in the pocket. Note that for concomitant
binding, the overall exothermicity is the sum of the two binding events. As an example, for 1 binding with 2,3-BPG2total exothermicity is (−3.2 to −2.7) + (−3.0 to −2.6) or ca. −6.2 to −5.3 kcal/mol. Column 5 describes the percentage of
binding events with suitable geometry for nucleophilic attack by a Val1 residue (relative to the total number of
binding events that were energetic minima). Column 6 describes the identity of the acid that facilitates the Val1
attack. Note that in column 6, the acids are listed in the order of decreasing % of binding events that meet the
geometric requirements for participation. *Indicates that the species is acting as a proton shuttle (abstracting
a proton off of an acidic residue and then acting as an acid).
Environment 1—Standard Environment: Val(NH2), Lys(NH3+), Glu/Asp(COO−), His(Neutral; 146-H+).
Environment 2—H-Bond Donating/Acidic Environment: Val(NH2), Lys(NH3+), Glu/Asp(COOH), His(H+).
Environment 3—H-Bond Accepting/Basic Environment: Val(NH2), Lys(NH3+), Glu/Asp(COO−), His(Neutral).
Environment 4—Mixed Environment 1: Val(NH2), Lys(NH3+), Glu/Asp(COO−), His(H+).
Environment 5—Mixed Environment 2: Val(NH2), Lys(NH3+), Glu/Asp(COOH), His(Neutral).
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The exothermicities of concomitant binding for 3 and 4 in the presence of all four potential
effector reagents (structures 5–8, Table 2, column 4) were similar. The probability of suitable
geometry for covalent modification of Val1 was dependent upon the charge state of the concomitantly bound species (Table 2, column 5). For the concomitant binding of acetaldehyde and
glyceraldehyde with effector reagents, the hydrate forms had a greater probability of Val1 modification on average (Table 1, column 5 and Table 2, column 5).

3. Discussion
3.1. Single-species binding of acetaldehyde/acetaldehyde hydrate in HbA1c pocket
Based upon the binding geometries determined from the results in Table 1 and model reactions
followed by 1H NMR spectroscopy, multiple mechanistic possibilities for acetaldehyde covalent
modification of Val1 within the HbA1c pocket are predicted (depicted in Figure 3, Mechanism I for 1
and Mechanisms II and III for 2) and presented in detail.
In mechanism I (Figure 3), the aldehydic form of acetaldehyde 1 initially binds in the HbA1c
pocket and suitable geometries are predicted for the RNH2 of Val1 to act as a nucleophile and
attack the carbonyl carbon of 1. At the same time, an RNH3+ of a nearby Lys residue (or His-H+
residue) has suitable geometry to act as the conjugate acid to protonate the carbonyl oxygen as
the nucleophilic attack proceeds. The result of this proposed mechanism is the production of
a protonated carbinol amine. Upon the formation of the protonated carbinol amine, we propose
that a base (a His or a Lys RNH2 residue) abstracts the proton off the nitrogen of the protonated
carbinol amine, generating the carbinol amine (with water as a leaving group) that can then
proceed, ultimately, to the protonated Schiff base. There are suitable geometries for two additional
possible mechanistic pathways for covalent modification of Val1 within the HbA1c pocket by the
acetaldehyde hydrate, 2 (Figure 3, Mechanisms II and III). In Mechanism II, one of the hydrate OH
groups is protonated (by either an R-NH3+ of a nearby Lys or a protonated His), generating an
electrophilic modified hydrate that is then attacked by a Val1 nucleophile (with water as a leaving
group), generating a protonated carbinol amine. Interestingly, from the protonated carbinol
amine, the likely path to the protonated Schiff base is the same as that for the reaction of 1 in the
HbA1c pocket. The second possible pathway for covalent modification by 2 (Figure 3, Mechanism
III) starts with the loss of water from the protonated hydrate which generates an activated
carbonyl, which is then attacked by the Val1 nucleophile. Once more, the subsequent proposed
chemistry yields the same protonated Schiff base that is generated from initially bound acetaldehyde. Thus, it does not matter whether the initially bound substrate is acetaldehyde 1 or its
hydrate 2, in that the final structure for the covalently-modified protein is the same protonated
Schiff base because they share the same protonated carbinol amine intermediate.

3.2. Concomitant binding of acetaldehyde/acetaldehyde hydrate in the HbA1c pocket with
2,3-BPG or Pi
From a mechanistic perspective, the facilitation of covalent modification of Val1 by concomitant
binding of acetaldehyde or its hydrate with either form of 2,3-BPG or Pi is categorically related to
the proposed mechanisms depicted in Figure 3. The only distinction is that di-anionic 2,3-BPG, 5, or
mono-anionic Pi, 7, is computationally-predicted to be able to play the role of the acid to protonate
the oxygen of the initially bound species (the carbonyl oxygen of bound 1 or either of the hydroxyl
oxygens of bound 2) in the formation of the protonated carbinol amine. Further, any of 5–8 can
potentially serve as a base and/or conjugate acid in the conversion of the protonated carbinol
amine to the protonated Schiff base. Here again, an identical protonated Schiff base is formed
irrespective of which of 1 or 2 initially bind and irrespective of whether 2,3-BPG or Pi are involved.

3.3. Comparison of acetaldehyde to glyceraldehyde
The interpretation of the binding characteristics of the two forms of glyceraldehyde (3 and 4) in the
HbA1c pocket (Table 2) lead to a bank of mechanistic predictions. First, like acetaldehyde, each of
the glyceraldehyde forms 3 and 4 bind as single molecules and concomitantly with either form of
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Table 2. Computational modeling of Glyceraldehyde/Hydrate binding to the HbA1c pocket of
human hemoglobin both as single-species binding and with concomitant binding with 2,3-BPG
or with Pi
Bound
Species

Glyceraldehyde
3

Second
Species
Bound

Environment
based upon
charge state
of Amino Acid
Residues

Binding
Energies
(kcal/mol)

–

1

−3.6 to −3.1

46.7%

Lys82 or Lys8

2

−3.5 to −3.3

13.3%

Lys8 or Lys82

–

3

−3.0 to −2.9

3.3%

–

4

−3.7 to −3.4

26.6%

–

5

−3.6 to −3.2

0.0%

1

−3.6 to −3.1

30.0%

–

2

−3.8 to −3.2

0.0%

–

3

−3.8 to −3.0

0.0%

–

4

−4.0 to −3.3

33.3%

–

5

−3.7 to −3.3

0.0%

N/A

Lys82
N/A
N/A
Lys8 or Lys82
N/A

12.7%

2,3-BPG2-

1

−3.8 to −2.8

26.7%

Lys8 or 2,3BPG2- or Lys82

2,3-BPG4-

1

−4.1 to −3.1

23.3%

Lys82 or 2,3BPG4-*

Pi−

1

−3.8 to −2.8

20.0%

Lys8 or Lys82

Pi2-

1

−3.7 to −3.0

0.0%

AVG
Glyceraldehyde
Hydrate
4

Lys8
Lys8 or Lys82

18.0%

–

AVG
Glyceraldehyde
3

Identity of
the Acid
involved in
Facilitating
Covalent
Modification

–

AVG
Glyceraldehyde
Hydrate
4

% of Binding
Events with
Geometry
Suitable for
Reaction to
Modify Val1

17.5%

2,3-BPG2-

1

−3.8 to −2.9

2,3-BPG4-

1

Pi−

1

Pi2-

1
AVG

N/A

33.3%

Lys82 or 2,3BPG2- or Lys8

−4.2 to −3.2

10.0%

Lys82

−3.9 to −2.8

13.3%

Lys82 or Lys 8

−3.9 to −2.8

0.0%

N/A

14.1%

Table 2 contains data from the computational modeling of glyceraldehyde (3) and its hydrate (4) binding to the HbA1c
pocket of human hemoglobin, both as single-species binding and with concomitant binding with either form of
2,3-BPG (5 or 6) or Pi (7 or 8). Column 1 describes which form of glyceraldehyde (3 or 4) participates in binding.
Column 2 describes which species (if any) was concomitantly bound in the pocket. Column 3 describes the environment of the HbA1c pocket in which binding took place (charge states are defined at the end of Table 1 Notes). Column
4 describes the range of exothermicity (in kcal/mol) with which the substrate bound in the pocket. Note that for
concomitant binding, the overall exothermicity is the sum of the two binding events. As an example, for 3 binding
with 2,3-BPG2- total exothermicity is (−3.6 to −3.1) + (−3.8 to −2.8) or ca. −7.4 to −5.9 kcal/mol. Column 5 describes the
percentage of binding events with suitable geometry for nucleophilic attack by a Val1 residue (relative to the total
number of binding events that were energetic minima). Column 6 describes the identity of the acid that facilitates the
Val1 nucleophilic attack. Note that in column 6, the acids are listed in the order of decreasing % of binding events that
meet the geometric requirements for participation.
*Indicates that the species is acting as a proton shuttle (abstracting a proton off of an acidic residue and then acting
as an acid).
Environment 1—Standard Environment: Val(NH2), Lys(NH3+), Glu/Asp(COO−), His(Neutral; 146-H+).
Environment 2—H-Bond Donating/Acidic Environment: Val(NH2), Lys(NH3+), Glu/Asp(COOH), His(H+).
Environment 3—H-Bond Accepting/Basic Environment: Val(NH2), Lys(NH3+), Glu/Asp(COO−), His(Neutral).
Environment 4—Mixed Environment 1: Val(NH2), Lys(NH3+), Glu/Asp(COO−), His(H+).
Environment 5—Mixed Environment 2: Val(NH2), Lys(NH3+), Glu/Asp(COOH), His(Neutral).
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2,3-BPG or Pi. Both single molecule and concomitant bindings of 3 and 4 possess suitable geometries to generate species that can then go on to covalently modify Val1. Second, the geometries
observed in these binding computations predict that multiple mechanisms for NECPM are possible
(Figure 4, Mechanisms I, II, or III).
Third, just as is the case for the acetaldehyde species, the proposed mechanisms to arrive at
a covalently modified protein at Val1 differ whether the initially bound species of glyceraldehyde is
the aldehyde 3 or the hydrate 4. That said, the mechanisms all converge to the same sequence of
protonated carbinol amine to carbinol amine and then, ultimately, to an identical protonated Schiff
base (Figure 4). Therefore, similarly to acetaldehyde, it does not matter which species (3 or 4)
initially binds regarding the structure of the first major covalent species (a protonated Schiff base)
formed. The protonated Schiff base generated from 1 or 2 (Figure 3, species 9) is however different
from that which is formed from initially-bound 3 or 4 (Figure 4, species 10).

4. Summary
We show for the first time that both the aldehyde 1 and hydrate 2 forms of acetaldehyde bound as
independent species in the HbA1c pocket with suitable geometries to lead to the covalent modification of Val1. Both 1 and 2 were predicted to undergo concomitant binding in the same pocket
in the presence of either form of 2,3-BPG or either form of Pi, again with suitable geometry for the
covalent modification of Val1. The aldehydic form of acetaldehyde, 1, had unique mechanistic
pathways compared to the hydrate form, 2, yet the mechanisms converged at an identical
protonated Schiff base, 9. Similar to acetaldehyde, the aldehydic and hydrate forms of glyceraldehyde (3 and 4) bound as independent species in the HbA1c pocket with suitable geometries to lead
to the covalent modification of Val1. Both 3 and 4 were predicted to undergo concomitant binding
in the same pocket in the presence of 2,3-BPG or Pi. The aldehydic form 3 of glyceraldehyde had
unique mechanistic pathways compared to the hydrate 4, yet the mechanisms also converged at
an identical protonated Schiff base, 10. As a point of major emphasis, the Val1 protonated Schiff
base 9, generated from either form of acetaldehyde (1 or 2), was structurally different from the
Val1 protonated Schiff base 10 generated from 3 or 4.

5. Potential implications
In contextualizing these findings with what is known in the literature, our attention goes to the
structure of known acetaldehyde/protein adducts (species generated after the protonated Schiff
base). The covalent species that have been measured and have been implicated as central to
alcohol toxicity are: a) an acetaldehyde enamine, a cyclic derivative 4-methyl-1,4-dihydropyridine3,5-dicarbaldehyde derivative (MDHDC), and a modified aldehyde 2-formyl-3-(alkylamino)butanal
(FAAB) (Tuma et al., 2001); b) a crotonaldehyde Schiff base (Tuma et al., 1991); and c) a cyclic
imadazolidinone (De Benedetto & Fanigliulo, 2009). These five structures are here termed alcohol
toxicity adducts (ATA). Rolla et al. (2000) have asserted that the formation of these five adducts
correlates to the degree of alcoholic liver injury in patients with alcohol-induced liver disease.
While the structures of these five acetaldehyde/protein adducts are known (Tuma et al., 2001),
detailed mechanisms for their production are not. We posit that all five ATA species can arise from
the protonated Schiff base, 9. As a result, we propose that the protonated Schiff base, 9, is
a necessary precursor for the ATA that correlate to alcoholic liver disease.
The protonated Schiff base from acetaldehyde, 9, however, cannot form an Amadori intermediate, therefore no advanced glycation end products, AGE, will be produced. Since it is AGE species
that are implicated in diabetic complications (Brownlee et al., 2001; Singh, Barden, Mori, & Beilin,
2001) this is a likely reason why acetaldehyde has no direct connection to diabetic complications.
These novel findings suggest that the protonated Schiff base determines the structure of the
stable covalent adduct, and thus the structure of the protonated Schiff base formed in NECPM may
be more important to pathophysiological outcomes than previously thought.
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Figure 4. Potential NECPM
mechanisms for HbA covalent
modification that are geometrically possible for glyceraldehyde 3 (Mechanism I) and the
glyceraldehyde hydrate 4
(Mechanisms II and III) based
upon molecular modeling with
MOE.2
These three mechanisms are
predicted to be geometrically
feasible based upon calculated
energetic minima from computations conducted in MOE. In
Mechanism I, the aldehydic
form of glyceraldehyde, 3,
binds and the nucleophilic lone
pair on the nitrogen of
a terminal valine amino acid
residue attacks the carbonyl
carbon of 3. This causes the πbond to break and enhances
the basicity of the carbonyl
oxygen, which then abstracts
a proton from a nearby acidic
amino acid residue (Lys NH3+
or a protonated histidine). This
generates the protonated carbinol amine. Once formed,
a basic amino acid residue can
deprotonate the positively
charged amine to form the
carbinol amine. The lone pair
on nitrogen can then form a πbond, increasing the basicity of
the oxygen of the alcohol
which can then abstract
a proton from an acidic amino
acid reside. The protonated
alcohol group then departs as
water. This forms the protonated Schiff base, 10.
Mechanisms II and III begin
with the hydrate form of glyceraldehyde, 4, bound in the
protein pocket. In Mechanism
II, the oxygen of an alcohol
group on 4 abstracts a proton
from a nearby acidic amino
acid residue. The lone pair on
the nitrogen of a terminal
valine then attacks as
a nucleophile, causing water to
depart as a leaving group. This
generates the protonated carbinol amine. In Mechanism III,
the oxygen of an alcohol group
on 4 abstracts a proton from

6. Experimental procedures
6.1. NMR experiments
To investigate whether computationally proposed reactions can occur (see below), acetaldehyde
was placed into an aqueous solution containing lysine (acting as a surrogate for the nucleophilic
N-terminal valine residue in the HbA1c pocket) and allowed to react as a function of time and was
followed by 1H NMR spectroscopy. All 1H NMR experiments were performed at room temperature
on a JEOL ECX-300 spectrometer. Reagents were all purchased commercially and used without
further purification. Reactions were followed as a function of time (ca. 8 min being the earliest time
point based upon getting the NMR tube loaded, locked, and shimmed). From there, data was
collected in time intervals out to 165 min. The solution pH of each of the samples subjected to NMR
analysis was determined with a pH meter to be 7.9. The model reaction NMR tube consisted of 40
µl of acetaldehyde, 5 mg of lysine, and 700 µl of D2O.

6.2. Computational substrates
Protein/substrate computations utilized Molecular Operating Environment (Molecular Operating
Environment (MOE), 2015). The structures utilized in the computations for protein-substrate interactions were as follows: a) the fully oxygenated HbA crystal tetramer 1GZX was obtained from the
RCSB PDB (http://www.pdb.org/pdb/home/home.do); b) the α- and β-glucopyranose isomers were
obtained from Heterocompound Information Centre, Uppsala, (HIC-UP, http://xray.bmc.uu.se/hicup/);
c) mono- and di-anionic Pi and water were built with The PyMOL Molecular Graphics System (ver.
1.5.0.4 Schrödinger, LLC, http://www.pymol.org/) or made within MOE; and d) the acetaldehyde and
glyceraldehyde and their respective hydrates (1–4) were hand-built and optimized in MOE.

6.3. Computational modeling to assess the binding of substrates to HbA
Within MOE, the HbA β-chain utilized was modified into each of the respective environments via MOE
geometry optimization and used as input structures for binding investigations (as specified in the
captions for Tables 2 and 3). For concomitant binding studies, the initially bound species was tetherdocked in the pocket of interest and then a second substrate was then inserted and energy minimized.
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a nearby acidic amino acid
residue. The lone pair on the
oxygen of the remaining alcohol group of 4 forms a π-bond
to carbon. This facilitates the
loss of water as a leaving
group and generates an activated carbonyl species. The
carbonyl carbon is then
attacked by a nucleophilic lone
pair on the nitrogen of
a terminal valine to form the
protonated carbinol amine.
Both Mechanisms II and III
involve a common protonated
carbinol amine species and the
following chemistry from the
common intermediate leads to
the formation of the same
protonated Schiff base, 10.

All structures that were exothermic beyond the limit of −2.5 kcal/mol (the binding exothermicity
of water) were analyzed, with a cutoff distance of 5Å established for effective reaction within
protein pocket(s) (Bobadilla, Nino, & Narasimhan, 2005).
A computational assessment of the geometries for the bound forms of acetaldehyde (1 and
2) in the HbA1c pocket was used as a model to elucidate the potential NECPM mechanisms
that can theoretically lead to covalent modification of N-terminal Val1 on the β-chains. The
covalent modification of Val1 was of particular interest because it is that which is clinically
evaluated as HbA1c. Specifically, 1 and 2 (in separate experiments) were bound to HbA in five
different environments to assess exothermicity and the probability for bound species to
assume the proper geometry for covalent modification of Val1. These five environments
were used to reflect a range of physiological possibilities. Environments ranged from basic
to acidic where amino acid residues of interest were either non-protonated bases or protonated conjugate acids (for the specific amino acid residues and their charge states in each
environment, see the legend of Table 1). For comparative purposes, glyceraldehyde and its
hydrate (3, 4) were computationally evaluated via the same approach as that taken for
acetaldehyde and its hydrate.
Additional MOE computational modeling was conducted in order to determine whether 1 and 2
can undergo exothermic concomitant binding with either form of 2,3-BPG (structures 5 and/or 6) or
inorganic phosphate (structures 7 and/or 8). Again, binding exothermicities were determined and
geometries were assessed to discern whether the concomitantly-bound species have the proper
orientation, while bound, to react in a mechanism that could theoretically lead to a covalently
modified Val1 within the HbA1c pocket.
Acknowledgements
The authors acknowledge the computational efforts of
Christina Mottishaw and Averi McFarland. This work was
supported by an Institutional Development Award (IDeA)
from the National Institute of General Medical Sciences
[grant number P20GM103408]. Its contents are solely the
responsibility of the authors and do not necessarily represent the official views of NIH. Additional support was
provided by the Department of Biological Sciences and
the Department of Chemistry at Idaho State University,
and the Idaho State University Career Path Internship.
Funding
This work was supported by an Institutional Development
Award (IDeA) from the National Institute of General
Medical Sciences [grant number P20GM103408]. Its contents are solely the responsibility of the authors and do
not necessarily represent the official views of NIH.
Competing Interests
The authors declare no competing interests.
Author details
Justin Lewis1
Brandy A. Smith1,2
Heaton Oakes2
R.W. Holman1
Kenneth J. Rodnick2
E-mail: rodnkenn@isu.edu
1
Department of Chemistry, Idaho State University,
Pocatello, ID 83209, USA.
2
Department of Biological Sciences, Idaho State
University, Pocatello, ID 83209, USA.
Supplementary material
Supplemental data for this article can be accessed here.
Cover image
Source: Author.

Citation information
Cite this article as: New evidence for the diversity of
mechanisms and protonated Schiff bases formed in the
non-enzymatic covalent protein modification (NECPM) of
HbA by the hydrate and aldehydic forms of acetaldehyde
and glyceraldehyde, Justin Lewis, Brandy A. Smith, Heaton
Oakes, R.W. Holman & Kenneth J. Rodnick, Cogent Biology
(2019), 5: 1584955.
References
Bobadilla, L., Nino, F., & Narasimhan, G. (2005). Predicting
and characterizing metal-binding sites using support
vector machines. In M. He, G. Narasimhan, & S.
Petoukhav (Eds.), Series in Mathematical biology and
medicine Volume 8, Advances in bioinformatics and
its applications (pp. 307–318). doi:10.1142/
9789812702098_0028
Brownlee, M. (2001). Biochemistry and molecular cell
biology of diabetic complications. Nature, 414,
813–820. doi:10.1038/414813a
Clark, S. L. D., Santin, A. E., Bryant, P. A., Holman, R. W., &
Rodnick, K. J. (2013). The initial non-covalent binding
of glucose to human hemoglobin in nonenzymatic
glycation. Glycobiology, 23, 1250–1259. doi:10.1093/
glycob/cwt061
De Benedetto, G. E., & Fanigliulo, M. (2009). A new CE-ESIMS method for the detection of stable hemoglobin
acetaldehyde adducts. Electrophoresis, 30,
1798–1807. doi:10.1002/elps.200800379
Dipadova, C., Alderman, J., & Lieber, C. S. (1986).
Improved methods for the measurement of acetaldehyde concentrations in plasma and red blood cells.
Alcoholism-Clinical and Experimental Research, 10,
86–89. doi:10.1111/j.1530-0277.1986.tb05621.x
Gaines, K. C., Salhany, J. M., Tuma, D. J., & Sorrell, M. F. (1977).
Reaction of acetaldehyde with human erythrocyte
membrane proteins. FEBS Letters, 75, 115–119.
Gross, M. D., Gapstur, S. M., Belcher, J. D., Scanlan, G., &
Potter, J. D. (1992). The identification and partial
Page 12 of 14

Lewis et al., Cogent Biology (2019), 5: 1584955
https://doi.org/10.1080/23312025.2019.1584955

characterization of acetaldehyde adducts of hemoglobin occurring in vivo – A possible marker of alcohol consumption. Alcoholism – Clinical and Experimental
Research, 16, 1093–1103. doi:10.1111/j.15300277.1992.tb00704.x
Korsten, M. A., Matsuzaki, S., Feinman, L., & Leiber, C. S.
(1975). High blood acetaldehyde levels after ethanol
administration: Difference between alcohol and nonalcoholic subjects. New England Journal of Medicine,
292, 386–389. doi:10.1056/NEJM197502202920802
Mauch, T. J., Donohue, T. M., Zetterman, R. K., Sorrell, M. F.,
& Tuma, D. J. (1986). Covalent binding of acetaldehyde selectively inhibits the catalytic activity of
lysine-dependent enzymes. Hepatology, 6, 263–269.
Molecular Operating Environment (MOE). (2015).
Chemical Computing Group ULC, 1010 Sherbooke
St. West, Suite #910, Montreal, QC, Canada, H3A 2R7.
Retrieved from www.chemcomp.com
Nacharaju, P., & Acharya, A. S. (1992). Amadori rearrangement potential of hemoglobin at its glycation sites
is dependent on the three-dimensional structure of
protein. Biochemistry, 31, 12673–12679.
O’Brien, P. J., Siraki, A. G., & Shangari, N. (2005). Aldehyde
sources, metabolism, molecular toxicity mechanisms, and possible effects on human health. Critical
Reviews in Toxicology, 35, 609–662.
Rodnick, K. J., Holman, R. W., Ropski, P. S., Huang, M., &
Swislocki, A. L. M. (2017). A perspective on reagent
diversity and non-covalent binding of reactive carbonyl species (RCS) and effector reagents in
non-enzymatic glycation (NEG): Mechanistic considerations and implications for future research.
Frontiers in Chemistry, 5, 39. doi:10.3389/
fchem.2017.00039
Roede, J. R., Stewart, B. J., & Petersen, D. R. (2010).
Hepatotoxicity of reactive aldehydes. In C. A.
McQueen (Ed.), Comprehensive toxicology (Vol. 9, 2nd
ed., pp. 581–594). Oxford: Elsevier.
Rolla, R., Vay, D., Mottaran, E., Parodi, M., Traverso, N.,
Arico, S., … Albano, E. (2000). Detection of circulating

antibodies against malondialdehyde-acetaldehyde
adducts in patients with alcohol-induced liver
disease. Hepatology, 31, 878–884. doi:10.1053/
he.2000.5373
Semchyshyn, H. M. (2014). Reactive carbonyl species
in vivo: Generation and dual biological effects. The
Scientific World Journal, Article ID 417842.
doi:10.1155/2014/417842
Singh, R., Barden, A., Mori, T., & Beilin, L. (2001). Advanced
glycation end-products: A review. Diabetologia, 44,
129–146. doi:10.1007/s001250051591
Smith, B. A., Mottishaw, C. R., Hendricks, A. J., Mitchell, J.,
Becker, S., Ropski, P. S., … Rodnick, K. J. (2018).
Potential roles of inorganic phosphate on the progression of initially bound glucopyranose toward the
nonenzymatic glycation of human hemoglobin:
Mechanistic diversity and impacts on site selectivity.
Cogent Biology, 4(1), 1425196. doi:10.1080/
23312025.2018.1425196
Tuma, D. J., Hoffman, T., & Sorrell, M. F. (1991). The
chemistry of acetaldehyde-protein adducts. Alcohol
and Alcoholism, 1, 271–276.
Tuma, D. J., Jennett, R. B., & Sorrell, M. F. (1987). The
interaction of acetaldehyde with tubulin. Annals of
New York Academy of Sciences, 492, 277–286.
doi:10.1111/j.1749-6632.1987.tb48681.x
Tuma, D. J., Kearley, M. L., Thiele, G. M., Worrall, S., Haver, A.,
Klassen, L. W., & Sorrell, M. F. (2001). Elucidation of
reaction scheme describing malondialdehyde-acetaldehyde-protein adduct formation. Chemical Research in
Toxicology, 14, 822–832.
Tuma, D. J., Newman, M. R., Donahue, T. M., & Sorrell, M. F.
(1987). Covalent binding of acetaldehyde to proteins:
Participation of lysine residues. Alcoholism Clinical
and Experimental Research, 11, 579–584.
doi:10.1111/j.1530-0277.1987.tb00178.x
Vispää, J. P., Tillonen, J., & Salaspuro, M. (2002). Microbes
and mucosa in the regulation of intracolonic acetaldehyde concentration during ethanol challenge.
Alcohol and Alcoholism, 37, 322–326.

Page 13 of 14

Lewis et al., Cogent Biology (2019), 5: 1584955
https://doi.org/10.1080/23312025.2019.1584955

© 2019 The Author(s). This open access article is distributed under a Creative Commons Attribution (CC-BY) 4.0 license.
You are free to:
Share — copy and redistribute the material in any medium or format.
Adapt — remix, transform, and build upon the material for any purpose, even commercially.
The licensor cannot revoke these freedoms as long as you follow the license terms.
Under the following terms:
Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were made.
You may do so in any reasonable manner, but not in any way that suggests the licensor endorses you or your use.
No additional restrictions
You may not apply legal terms or technological measures that legally restrict others from doing anything the license permits.

Cogent Biology (ISSN: 2331-2025) is published by Cogent OA, part of Taylor & Francis Group.
Publishing with Cogent OA ensures:
•

Immediate, universal access to your article on publication

•

High visibility and discoverability via the Cogent OA website as well as Taylor & Francis Online

•

Download and citation statistics for your article

•

Rapid online publication

•

Input from, and dialog with, expert editors and editorial boards

•

Retention of full copyright of your article

•

Guaranteed legacy preservation of your article

•

Discounts and waivers for authors in developing regions

Submit your manuscript to a Cogent OA journal at www.CogentOA.com

Page 14 of 14

