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Deamidation of proteins occurs spontaneously under physiological conditions. Asparaginyl (Asn) residues
may deamidate into aspartyl (Asp) residues, causing a change in both the charge and the conformation of
peptides. It has been previously proposed by Capasso et al. that deamidation of relatively unrestrained Asn
residues proceeds through a succinimide intermediate. This mechanism has been modeled by Konuklar et al.
and the rate determining step for the deamidation process in neutral media has been shown to be the cyclization
step leading to the succinimide intermediate. In the present study, possiblewater-assistedmechanisms, for
both concerted and stepwise succinimide formation, were computationally explored using the B3LYP method
with 6-31+G** basis set. Single point solvent calculations were carried out in water, by means of integral
equation formalism-polarizable continuum model (IEF-PCM) at the B3LYP/6-31++G** level of theory. A
novel route leading to the succinimide intermediate via tautomerization of the Asn side chain amide functionality
has been proposed. The energetics of these pathways have been subject to a comparative study to identify the
most probable mechanism for the deamidation of peptides in solution.

Introduction

The deamidation of proteins may occur under physiological
conditions and is known to limit the lifetime of proteins.1

Deamidation is the conversion of the amide group on the side
chain of an amino acid residue to a carboxylate or carboxylic
acid depending on the pH of the medium. Asparagine (Asn)
and glutamine (Gln), two of the 20 amino acid residues that
ordinarily occur in proteins, are uniquely unstable under
physiological conditions; they spontaneously and nonenzymati-
cally deamidate into glutamyl (Glu) and aspartyl (Asp) residues2

(Scheme 1). Gln deamidation is usually substantially slower than
Asn deamidation.

The deamidation of Asn and Gln in peptides and proteins is
of significant biological interest. Over 1700 research papers on
various aspects of the deamidation of peptides and proteins have
been published3 since the biological importance of deamidation
was first emphasized. Deamidation of asparaginyl and glutami-
nyl residues causes time-dependent changes in charge and
conformation of peptides and proteins.4-6 Deamidation rates of
1371 asparaginyl residues in a representative collection of 126
human proteins have been calculated.7 Deamidation half-times
for these proteins were shown to range from 1 to 1000 days.
These rates have suggested that deamidation is a biologically
relevant phenomenon in a remarkably large percentage of human
proteins.

The timed processes of protein turnover, development, and
aging have been suggested as possible roles for deamidation.8

It has been hypothesized by Robinson et al. that deamidation
serves as a molecular clock for the timing of biological
processes.9 The fact that static properties of asparaginyl and

glutaminyl residues are not unique and can be easily duplicated
by some of the other 18 commonly occurring amino acid
residues suggestively indicates the essence of their disruptive
effect on peptide and protein structure by deamidation reactions.
Furthermore, it has been proposed by Robinson et al.9 that the
instability of asparaginyl and glutaminyl residues is their primary
biological function, and that they serve as easily programmable
molecular clocks.

Capasso et al. have proposed that the deamidation of relatively
unrestrained Asn residues proceeds through a succinimide
intermediate10-12 (Scheme 2). Acylation of the amino group on
the neighboring (n + 1) carboxyl side residue by theâ-carbonyl
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SCHEME 1: Deamidation of Asparaginyl and
Glutaminyl Residues
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(side chain carbonyl) group of theL-Asn residue produces a
five-membered cyclic imide, namely the succinimide intermedi-
ate. The first step in the mechanism (Scheme 2) includes the
cyclization and consecutive loss of an NH3. The succinimide
intermediate then hydrolyzes at either one of the two carbonyls.
Experimental findings indicate that the hydrolysis reaction gives
L-Asp andL-â-Asp (L-iso-Asp) in a 3:1 ratio.13

The deamidation of Asn residues via succinimide intermedi-
ates has been previously investigated theoretically14 using
density functional theory (B3LYP/6-31G*). The cyclization,
deamination (loss of NH3) and hydrolysis reactions that lead to
the deamidation of a model peptide have been studied and the
succinimide intermediate suggested by Capasso et al.10 has been
confirmed. The formation of the succinimde intermediate has
been proposed to be a multistep process,14 in which the initial
cyclization step forms a tetrahedral intermediate (Scheme 3).
This is followed by the deamination step to produce the
succinimide ring. Finally, hydrolysis of the succinimide ring
leads toL-Asp or L-iso-Asp residues.15,16 The rate determining
step in neutral media has been proposed to be the formation of
the tetrahedral intermediate.14

An experimental study has been performed by Robinson et
al. on the complete 800-pentapeptide set of all possible
combinations of the sequences Gly-Xxx-Asn-Yyy-Gly and Gly-
Xxx-Gln-Yyy-Gly, where Xxx and Yyy are any of the 20
normally occurring amino acid residues.17 This study has
indicated that deamidation rate is controlled primarily by the
carboxyl side residue (Yyy), also commonly referred to as the
n + 1 residue, with smaller effects from the amino side residue
(Xxx). This is consistent with the succinimide reaction mech-
anism that was originally proposed10 to explain the deamidation
rates of Asn-Gly sequences and iso-Asp formation.

In the present study, alternative pathways, namely,water-
assisteddeamidation mechanisms, have been investigated. The
effect of explicit H2O molecules on the mechanism and
energetics of deamidation has been explored using computational
techniques. Both concerted and stepwise reaction mechanisms
leading to the succinimide intermediate have been taken into
account. As an alternative mechanism, the tautomerization of
the Asn side chain amide functionality has been explored.
Activation barriers for these pathways have been used for
comparative purposes and to identify the most probable mech-
anism for deamidation of peptides in solution.

Computational Methodology

Preliminary analysis of the potential energy surfaces (PES)
for all proposed mechanisms were carried out at a semiempirical
level (PM3).18 Further geometry optimizations were performed
using the density functional theory (DFT)19-21 at the B3LYP/
6-31+G** 22-24 level of theory. Geometries of stationary points
were optimized without any constraints. All stationary points
have been characterized by a frequency analysis from which
zero-point energy and thermal corrections have also been
attained using the ideal gas approximation and standard
procedures. Local minima and first order saddle points were
identified by the number of imaginary vibrational frequencies.
The intrinsic reaction coordinate (IRC) approach,25,26 followed
by full geometry optimization, has been used to determine the
species reached by each transition structure. Note that the
resulting energy minima do not necessarily correspond to the
lowest conformation of the system (particularly for solute-water
complexes), though differences are not expected to be large.
Free energies of activation (∆Gq) are calculated as the difference
of free energies between transition states and reactive conformers
reached by IRC calculations. All energy values for gas-phase
optimized structures listed throughout the discussion include
thermal free energy corrections at 298 K and 1 atm.

The effect of a polar environment on the reaction path has
been taken into account by use of the self-consistent reaction
field (SCRF) theory. Single-point energies in water (ε ) 78.5)
utilizing the integral equation formalism-polarizable continuum
(IEF-PCM) model27-30 at the B3LYP/6-31++G** level were
calculated on gas-phase B3LYP/6-31+G** optimized structures.
Bondi radii31 scaled by a factor of 1.2 have been used for solvent
calculations. All solvent energies reported include thermal

SCHEME 2: Deamidation Mechanism Suggested by Capasso et al.10

SCHEME 3: Rate Determining Step for Deamidation in
Neutral Media Suggested by Konuklar et al.14
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corrections to free energies, obtained from gas-phase optimiza-
tions and nonelectrostatic corrections.

All gas-phase optimizations and single point solvent calcula-
tions have been carried out using the Gaussian 03 program
package.32 Reaction mechanisms shown in figures throughout
the text contain gas-phase optimized geometries (B3LYP/6-
31+G**) of reactive conformers, transition states and products,
respectively. All distances shown in the figures are in angstroms
(Å).

Results and Discussion

In the first part of this study, the succinimide formation
mechanism proposed by Capasso et al.10 and previously modeled
by Konuklar et al.14 has been computationally revisited with a
slightly larger model compound (Scheme 4), to more efficiently
mimic Asn and its neighboring residues. More specifically,
instead of mimicking the backbone NH with an NH2 group as
in the previous model, an acetyl (CH3CdO) group has been
added to the Asn backbone NH, to help prevent unrealistic
intramolecular H-bonding that can be formed by a less restricted
NH2. In addition, the basis set has been improved by the addition
of diffuse functions on heavy atoms and polarization functions
on hydrogen atoms, while the method was preserved. The
previously suggested concerted mechanism14 will serve as a
benchmark for comparison with energetics of the newly
proposed mechanisms in this study.

The previously suggested concerted mechanism has been
employed on the new model compound using B3LYP/6-
31+G** (Figure 1). This is a four-centered asynchronous
concerted mechanism, where the hydrogen on the backbone NH,
which belongs to then + 1 residue, is transferred to the Asn
side chain carbonyl group early in the reaction as seen in the

transition state. Later in the concerted step, the backbone
nitrogen attacks the carbonyl carbon and the five-membered
tetrahedral intermediate forms.

The free energy of activation (∆Gq) for this concerted reaction
is quite high, 49.7 kcal/mol in the gas phase (40.0 kcal/mol in
solution), for a reaction that spontaneously and nonenzymatically
occurs under physiological conditions. The same concerted
reaction was shown to have an activation barrier of 50.3 kcal/
mol in gas phase (47.5 kcal/mol in solution) in the previous
study where both a smaller model compound and basis set were
used.14 Hence, there is reason to believe that this reaction may
occur through different reaction mechanisms with lower barriers,
assisted by solvent molecules that are in the vicinity of the
asparaginyl residue.

In the next part of this study, three different reaction
mechanisms for the cyclization leading to the tetrahedral
intermediate are proposed and computationally explored, all
incorporating the effect of explicit H2O molecules on the
reaction mechanism. In the last part, the deamination mechanism
(loss of NH3) and the effect of solvent molecules on the reaction
barrier and energetics are discussed.

A. Cyclization. 1. Concerted Water-Assisted Cyclization.The
first water-assisted cyclization mechanism studied is the con-
certed cyclization step assisted by a single water molecule. The
water molecule helps the transfer of the hydrogen from the
backbone NH of then + 1 residue, onto the Asn side chain
carbonyl oxygen (Figure 2).

In the optimized geometry for the reactive conformer, the
water molecule is shown to form two H-bonds with the model
peptide, one with the carbonyl of the Asn side chain, and another
with the backbone NH of the neighboring carboxyl side residue.
In the transition state structure of this concerted reaction, the
hydrogen transfer again takes place early in the transition state
and ring closure via attack of backbonen + 1 N to carbonyl C
of Asn side chain is observed later in the concerted step.

The energetics of this reaction shows that the concerted
reaction can go through a lower barrier with a water-assisted
pathway. The water molecule reduces the H- - -O distance for
the proton transfer but has little effect on the C- - -N distance,
thus a slightly reduced but still very high barrier. The free energy
of activation for the water-assisted concerted cyclization step
is 4.2 kcal/mol (2.9 kcal/mol in solution) lower than that of the
concerted reaction (Figure 1).

SCHEME 4: Model Peptide with L-Asparaginyl Residue

Figure 1. Potential free energy profile for the concerted cyclization reaction.
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Another water-assisted concerted cyclization mechanisms
assisted by two active H2O moleculesshas been modeled
(Figure 3). In this mechanism, two H2O molecules are actively
involved in the reaction, while a third H2O is in a passive mode.
The proton is again transferred from the backbone NH of the
carboxyl side residue onto the carbonyl of the Asn side chain;
however, this time the proton transfer takes place over two water
molecules instead of one. The third water molecule is hydrogen
bonded with the Asn backbone carbonyl and the Asn side chain
NH2, though this water molecule does not actively participate
in the reaction, it serves as a stabilizing agent by providing
hydrogen bonds.

The free energy of activation for this mechanism is ap-
proximately 8 kcal/mol lower than the energy of the one-water-
assisted concerted cyclization (Figure 2) and 12.1 kcal/mol lower
than that for the originally proposed concerted cyclization
(Figure 1). The presence of two water molecules significantly
reduces the C- - -N distance, thus a considerable decrease in
the activation barrier is observed.

2. Stepwise Water-Assisted Cyclization.The second pathway
explored was the water-assisted stepwise cyclization, which
consists of two consecutive steps. The first of these steps is the
simultaneous deprotonation of the backbonen + 1 NH and
protonation of the Asn side chain carbonyl oxygen with the
assistance of water molecules. Proton transfer takes place
through the water molecules via the hydrogen-bond network.
The second step is the ring closure, which involves the
negatively charged backbone nitrogen’s attack onto the posi-
tively charged side chain carbonyl carbon, hence forming the
tetrahedral intermediate (Scheme 5).

B3LYP/6-31+G** optimized geometries and free energies
for both steps in the water-assisted stepwise cyclization have
been modeled (Figure 4). The first barrier shows the proton
transfer over two water molecules (deprotonation/protonation).
The third water molecule is not actively participating in the
reaction; however, it serves as a stabilizing agent, similar to
the case in Figure 3. A zwitterionic compound is formed at the
end of the first step and is stabilized by H-bonds with water

Figure 2. Potential free energy profile for the water-assisted concerted cyclization reaction via 1 H2O.

Figure 3. Potential free energy profile for the water-assisted concerted cyclization reaction via 2 active H2O molecules.
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molecules. The free energy of activation for this step is 26.8
kcal/mol in gas phase. The effect of a polar environment
somewhat stabilizes the transition state and free energy of
activation in solvent is lower, 23 kcal/mol, for this step.

It should be noted that the attempt to locate the transition
state and the product for the deprotonation/protonation step via
oneperipheral water molecule failed. This is possibly due to a
very flat potential energy surface between the transition state
and the zwitterion formed. A similar case can be seen in the
first step of Figure 4, where the transition state and its product
have very similar geometries and the potential energy surface
is quite flat. This gives us reason to believe that the stepwise
cyclization mechanism is not likely to proceed toward the next
step but fall back to the reactant. Nevertheless, assuming the
zwitterion could be stable enough to complete the ring closure,
we have investigated the next step. The formation of the
tetrahedral intermediate could not be found starting from the
zwitterion formed at the end of the first step. However, by a
simple change in the backbone, the zwitterion can be trans-
formed into a reactive conformer. This conformational change
is a rotation around the Asn CR-CO bond to form the reactant
of the second step shown in Figure 4. The backbone rotation
mentioned has not been modeled in this study, and it has been
assumed that it will not affect the overall barrier of the water-
assisted stepwise cyclization appreciably, because the two
intermediates are very close in energy, the latter being a little
more stable.

The second step in the water-assisted cyclization is the ring
closure. This step is expected to have a low barrier, because a
negatively charged nitrogen atom is attacking a positive carbon;
hence the barrier for ring closure alone is 8 kcal/mol in gas
phase (12.3 kcal/mol in solution).

There is an effective H-bond network between the peptide
and the three peripheral water molecules throughout the reaction,
with H-bond distances ranging from 1.42 to 1.965 Å.

The overall free energy of activation for the water-assisted
stepwise cyclization is shown to be 33.4 kcal/mol in gas phase
(33.9 kcal/mol in solution). This energy barrier is more than
15 kcal/mol lower than the free energy of activation for the gas
phase concerted reaction previously reported.14 It is also lower
in energy than the concerted water-assisted cyclization mech-
anisms previously discussed in this text.

3a. Asparagine Side Chain Tautomerization.The asparagine
side chain, like any other amide functionality, can tautomerize
into an amidic acid tautomer, with the transfer of a proton from
the side chain NH2 group to the side chain carbonyl oxygen.
The tautomerization reaction is depicted together with the ring
closure that leads to the tetrahedral intermediate (Scheme 6).
This is an alternative pathway leading to the tetrahedral
intermediate, which can then be converted to the succinimide
intermediate through expulsion of NH3.

Side chain tautomerization may occur with or without the
assistance of water molecules. Asn side chain tautomerization
with no help from surrounding water molecules has been

Figure 4. Potential free energy profile for the water-assisted stepwise cyclization reaction.

SCHEME 5: Mechanism for Stepwise Water-Assisted Cyclization
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modeled (Figure 5). This is a four-centered concerted reaction
with an expected high∆Gq, which was calculated to be
approximately 45 kcal/mol in the both gas phase and solution.
The tautomerization of the amide functional group to the amidic
acid tautomer is not likely to proceed through a concerted four-
centered reaction but rather through a water-assisted concerted
one, where the proton transfer occurs via peripheral water
molecules in the vicinity of the amide functionality.

Asn side chain tautomerization through one peripheral water
molecule has been explored (Figure 6). The free energy of
activation for this reaction is significantly lower than the
tautomerization reaction, which lacked the assistance of a water
molecule (Figure 5). The water-assisted tautomerization barrier

is less than half the barrier for the four-centered reaction. The
proton transfer from the NH2 group to the carbonyl group goes
through a water molecule, which is initially H-bonded to both
functional groups (Figure 6).

Asn side chain tautomerization through two peripheral water
molecules (Figure 7) was shown to have an activation barrier
slightly lower than the one-water case (Figure 6).∆Gq values
for both the one-water-assisted and two-water-assisted tau-
tomerizations are comparable and their difference with the
barrier of Figure 5 indicates the necessity of modeling these
reactions with explicit water molecules to better mimic the
reaction in solution.

SCHEME 6: Asparagine Side Chain Tautomerization Followed by Cyclization to Tetrahedral Intermediate

Figure 5. Potential free energy profile for the asparagine side chain tautomerization without explicit H2O molecule.

Figure 6. Potential free energy profile for the asparagine side chain tautomerization through 1 peripheral H2O.
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Amide tautomerization has been subject to some recently
published theoretical studies on smaller amides.33-35 Energetics
for the water-assisted tautomerization reaction for Asn calculated
in this study are in good agreement with these studies, which
showed formamide tautomerization to be approximately 20 kcal/
mol with water assistance.

3b. Ring Closure of Amidic Acid Tautomer.The amidic acid
tautomer formed through tautomerization of the Asn side chain
may undergo ring closure to yield the tetrahedral intermediate
(Scheme 6). The energy required for a concerted ring closure
starting from the amidic acid tautomer is approximately 27 kcal/
mol in the gas phase, but the effect of a polar environment
significantly reduces this barrier to 17.5 kcal/mol in solution
(Figure 8).

A variant of the concerted ring closure mechanism with two
peripheral water molecules was also modeled (Figure 9). These
solvent molecules are not actively involved in the reaction;
however, they lower the barrier by stabilizing the transition state
through a hydrogen bond network.

Ring closure of the amidic acid tautomer can also occur
through a stepwise mechanism with active water assistance
(Figure 10). In the first step of the stepwise ring closure, the
backbone NH proton is transferred to the Asn side chain through
a water molecule, forming a zwitterionic intermediate, which
then undergoes ring closure to form the tetrahedral intermediate.
The overall free energy of activation for the stepwise ring
closure of the amidic acid tautomer is 4.4 kcal/mol lower than
the energy of the concerted ring closure with no water assistance
(Figure 8).

The favorable interactions in Figure 9 and the stepwise
mechanism in Figure 10, which prove to be helpful in reducing
the activation barrier, have been combined to model the stepwise
ring closure of the amidic acid tautomer with three peripheral
water molecules (Figure 11), where only one of the water
molecules is actively involved in the reaction mechanism. The
three water-assisted ring closure mechanisms (Figures 9-11)
have comparable barriers.

Figure 7. Potential free energy profile for the asparagine side chain tautomerization through 2 peripheral H2O.

Figure 8. Potential free energy profile for the concerted ring closure in amidic acid tautomer.
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It is imperative to indicate that the activation barriers
associated with the ring closure of the amidic acid tautomer
(Figures 8-11) cannot be directly compared with barriers of
concerted (Figures 1-3) or stepwise (Figure 4) cyclizations. It
should be noted that the amidic acid tautomer must first be
formed before it can undergo a ring closure to give the
tetrahedral intermediate. The mechanism and energetics for the
formation of the amidic acid tautomers were previously shown
in Figures 5-7. Hence, the reactants in Figures 8-11 are higher
in energy than the reactants in Figures 1-4.

The concerted (Figure 3) and stepwise (Figure 4) water-
assisted cyclization and the stepwise water-assisted ring closure
of the amidic acid tautomer (Figure 11) have three peripheral
H2O molecules, i.e., identical molecularities, enabling a legiti-
mate comparison of the free energy of activation for these

mechanisms. The reactants in Figures 3 and 4 have similar
geometries and are energetically almost identical. For an
appropriate comparison of the energetics for these three mech-
anisms, the overall barrier for the mechanism in Figure 11 was
reevaluated, taking the reactants of Figures 3 and 4 as the
starting point. The overall barrier for the cyclization through
the tautomerization route (Figure 11) starting from the reactants
of Figures 3 and 4 was computed to be 33.4 kcal/mol. In light
of this result, it is important to point out that the second step in
both the stepwise water-assisted cyclization (Figure 4) and the
stepwise water-assisted ring closure of the amidic acid tautomer
(Figure 11) are identical. Whether the reactant undergoes a
deprotonation/protonation followed by a backbone rotation
(Figure 4) or a side chain tautomerization followed by a
deprotonation/protonation step (Figure 11), it ends up at the

Figure 9. Potential free energy profile for the concerted ring closure in amidic acid tautomer with passive assistance of 2 H2O molecules.

Figure 10. Potential free energy profile for the stepwise ring closure in amidic acid tautomer with active assistance of 1 H2O molecule.
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same zwitterionic intermediate, which explains the identical
barriers of activation for these two mechanisms. However, it
should be noted that the stepwise water-assisted cyclization
mechanism (Figure 4) is probably less likely to occur, because
the first step of this mechanism is highly reversible. The
concerted water-assisted mechanism (Figure 3) has a slightly

higher barrier among the three mechanisms compared. As a
result, the tautomerization route could be suggested to be the
most probable mechanism for the formation of the tetrahedral
intermediate. However, because the difference in activation
energies are small, the most prominent outcome of these results
is that all water-assisted mechanisms are more than 10 kcal/

Figure 11. Potential free energy profile for the stepwise ring closure in amidic acid tautomer with active assistance of 2 H2O molecule

Figure 12. Potential free energy profile for the deamination without explicit H2O molecules.

SCHEME 7: Deamination (Loss of NH3) in the Tetrahedral Intermediate To Yield the Succinimide Intermediate
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mol lower in energy than the previously proposed waterless
concerted cyclization mechanism.14

B. Deamination.The deamination step is the loss of an NH3

molecule from the tetrahedral intermediate to give the succin-
imide intermediate that Capasso et al. have previously proposed
(Scheme 7). The NH2 group in the tetrahedral intermediate was
originally part of the amide functional group in the Asn side
chain. The carbon atom bearing the-OH group is the carbonyl
carbon of the Asn side chain, which has been protonated
throughout the course of the reaction. A proton transfer from
the-OH to the NH2 causes consecutive departure of the amine
(NH3). In addition, as the proton is abstracted a second CdO
forms on the ring, expanding the surface for the delocalization
of electrons through resonance. In this way, a much more stable
intermediate known as the succinimide is formed.

The proton transfer may take place with or without the
assistance of surrounding solvent molecules. However, proton

transfer through water molecules is expected to have a sub-
stantially lower barrier of activation, as shown throughout this
study.

In this part of the study, the deamination of the tetrahedral
intermediate with no H2O assistance, as previously proposed,14

has been reevaluated with the new model compound (Figure
12) and a higher basis set, similar to the case for the cyclization
reaction. This is a concerted four-centered step with a barrier
of 31.5 kcal/mol in gas phase. If deamination is considered to
go through a four-centered mechanism,14 comparison of ener-
getics between cyclization and deamination suggests that
deamination may as well be the rate determining step in neutral
media rather than the cyclization step. However, water-assisted
deamination mechanisms prove otherwise. The proton-transfer
goes through a H2O molecule which is H-bonded to both the
-NH2 and the-OH involved in the reaction (Figure 13). The
∆Gq for the one H2O-assisted deamination in gas phase is half

Figure 13. Potential free energy profile for the deamination with 1 H2O molecule.

Figure 14. Potential free energy profile for the deamination with 2 H2O molecules.
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that for the 4-centered mechanism (Figure 12). Furthermore,
the activation barrier in solution for the one H2O-assisted
deamination process is as low as 9.1 kcal/mol. The deamination
process through two H2O molecules, in which the proton transfer
takes place via two solvent molecules has also been explored
(Figure 14). The energetics for both H2O-assisted deamination
mechanisms are comparable. The exothermicity of the deami-
nation reaction step is also noteworthy, indicating the stabiliza-
tion in the ring.

Once the succinimide ring forms, the reversal to the Asn
residue is considered not feasible. NH3 attack on the succinimide
ring is not forseen, due to the negligibly small amount of NH3

produced during the reaction. At this point, hydrolysis is
inevitable and either an Asp or an iso-Asp residue will form.

Conclusion

The aim of this study was to reinvestigate the energetics of
the deamidation mechanism in peptides with the effect of solvent
molecules, suggesting different pathways involving the as-
sistance of explicit H2O molecules.

Three different mechanisms were suggested for the cyclization
step of the deamidation reaction, which was previously proposed
to be the rate determining step.14 All water-assisted cyclization
reactions investigated in this study were shown to have a
significantly lower barrier than the previously proposed con-
certed waterless mechanism. Three water-assisted mechanisms
with identical molecularities (Figures 3, 4 and 11) were shown
to have overall barriers in the range 34-37 kcal/mol, ap-
proximately 15 kcal/mol lower in energy than the concerted
waterless mechanism previously proposed. The most probable
mechanism for the formation of the tetrahedral intermediate is
proposed to be the tautomerization route; nevertheless, because
the barrier differences between these three mechanisms is small,
the other two should also be considered as competitive reaction
pathways.

This study has established the effect of water molecules on
the deamination step of the deamidation reaction, verifying that
the cyclization step, with a substantially higher barrier for
activation, is the rate determining step. It is also noteworthy
that the involvement of water molecules in the deamination step
has lowered the barrier to half.

This study has shown that water molecules in the vicinity of
asparaginyl residues serve as a catalyst in deamidation reactions.
Deamidation in proteins may as well be enhanced by other
residues, which are capable of accepting or donating protons.
However, experimental results have shown that the three-
dimensional structure of the protein accelerates deamidation in
only 6% of the cases.7,36 Therefore, one may conclude that
deamidation in proteins or enzymes will be more probable for
those potential deamidating sites that exhibit the largest acces-
sibility by solvent molecules.

This investigation also suggests that a quantitative description
of the process may require carrying out a detailed statistical
treatment of the solvent effect. This will be done in future studies
using molecular dynamics simulations and combined QM/MM
potentials. Further investigations will also include examination
of (1) solvent-assisted mechanisms in enzymes having sites with
different deamidation rates and (2) the effect of the identity of
the n + 1 residue on deamidation, which is known to have
different half-times for different amino acids.
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