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ABSTRACT: Deamidation is the uncatalyzed process by which asparagine
or glutamine can be transformed into aspartic acid or glutamic acid,
respectively. In its active homodimeric form, mammalian triosephosphate
isomerase (TPI) contains two deamidation sites per monomer.
Experimental evidence shows that the primary deamidation site (Asn71-
Gly72) deamidates faster than the secondary deamidation site (Asn15-
Gly16). To evaluate the factors controlling the rates of these two
deamidation sites in TPI, we have performed graphics processing unit-
enabled microsecond long molecular dynamics simulations of rabbit TPI.
The kinetics of asparagine dipeptide and two deamidation sites in mammalian TPI are also investigated using quantum
mechanical/molecular mechanical tools with the umbrella sampling technique. Analysis of the simulations has been performed
using independent global and local descriptors that can influence the deamidation rates: desolvation effects, backbone acidity, and
side chain conformations. Our findings show that all the descriptors add up to favor the primary deamidation site over the
secondary one in mammalian TPI: Asn71 deamidates faster because it is more solvent accessible, the adjacent glycine NH
backbone acidity is enhanced, and the Asn side chain has a preferential near attack conformation. The crucial impact of the
backbone amide acidity of the adjacent glycine on the deamidation rate is shown by kinetic analysis. Our findings also shed light
on the effect of high-order structure on deamidation: the deamidation in a small peptide is favored first because of the higher
reactivity of the asparagine residue and then because of the stronger stability of the tetrahedral intermediate.

Deamidation of asparagine (Asn) is the reversible
conversion of a neutral amide side chain to a negatively

charged carboxylic acid, yielding an aspartic acid residue (Asp).
This conversion in the amino acid sequence causes
destabilization of peptide structures, which enhances chemical
degradation of peptides and limits the lifetime of proteins.1 The
rate of deamidation of asparagine is mostly dependent on the
primary structure of the peptides, and the reaction with an
asparagine-glycine (Gly) sequence is known to be the most
rapid conversion.2 Under physiological conditions, deamidation
occurs via a succinimide intermediate, and this formation is the
rate-determining step of the overall reaction (Scheme 1).3,4 As
shown in the schematic representation of the suggested
mechanism (Scheme 1), the formation of the succinimide
intermediate is initiated by deprotonation of the backbone
amide nitrogen of glycine [asn-gly(−)].
The nucleophilic attack of the backbone nitrogen on the

asparagine side chain produces a metastable cyclic tetrahedral
intermediate (tet). This intermediate is protonated, resulting in
the release of one ammonia molecule. This step generates a
relatively stable succinimide (suc) intermediate that is
converted to asparagine (asp-gly) in further hydrolysis. Because
of the biological importance of the deamidation reaction, there

have been several studies dedicated to elucidating the details of
the mentioned mechanism.5−12 All of these studies concluded
that the reaction should start via the removal of the glycine
backbone amide hydrogen. In addition, Catak et al.11

emphasized the importance of solvation in deamidation,
demonstrating that water assistance enhances this phenomen-
on. This observation is in agreement with the experimental
results showing that deamidation is prevented in low-water
concentration media.13

Capasso et al. proved that the reaction mechanism of
deamidation bears the same features in small peptides and in
proteins.14 However, it is known that it occurs much faster in
peptides than in proteins.1 Besides, there is a wide range of
deamidation half-lives of several proteins that exhibit the same
primary structure.15

In the study presented here, deamidation in the enzyme
triosephosphate isomerase (TPI) is investigated. It has been
proposed that deamidation in TPI regulates protein turnover,
based on the fact that it is controlled by catalytic activity and
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that it causes protein degradation.1 Two distinct asparagines
were found to be unstable under physiological conditions in
each monomer of the homodimeric TPI: Asn15 and Asn71.1,16

It has been suggested that deamidation in TPI occurs in a
sequential order in a way that deamidation of Asn71 triggers
Asn15 deamidation.1 This interrelated deamidation in TPI
allows us to compare the significance of desolvation, backbone
acidity, and flexibility on this reaction. The special features of
deamidation in TPI can be summarized as follows.
(1) In mammalian TPI, deamidation occurs at MetA-

sn15GlyArg and ThrAsn71GlyAla, which are located at the
interdigitating loops (loop 1 and loop 3, respectively) of the
two identical monomers of this homodimeric enzyme.16

(2) ThrAsn71GlyAla deamidates earlier than MetA-
sn15GlyArg, with the relative ratios of deamidated products
[Asp71:Asp15] being 2.54:1 for human TPI and 1.73:1 for
rabbit TPI.16 Asn71 and Asn15 are depicted as primary (1°)
and secondary (2°) deamidation sites in TPI, respectively.
(3) The in vitro half-life of the deamidation reaction in

mammalian TPI was found to be 37.8 days (in 0.05 M
phosphate at pH 7.0 and 37 °C).1 Under the same conditions,
the half-life of a small peptide is found to be 1.04 days.
(4) Mammalian TPI is active only as a dimer. There are four

deamidation sites in an active homodimeric TPI, and they are
located in a way that Asn71Gly (1° deamidation site) of one
monomer is juxtaposed to Asn15Gly (2° deamidation site) of
the other monomer, and vice versa (Figure 1).
(5) The rate of deamidation of Asn71 is enhanced by the

increased catalytic activity of mammalian TPI.16

(6) Deamidation in TPI follows the general base catalysis
mechanism.16

(7) It has been proposed that deamidated Asn71 [Asp71]
would be a prerequisite for Asn15 deamidation.17 However,

Robinson et al. computed the deamidation coefficient (CD) of
Asp71:Asp15 (2.27:1),18 which is in agreement with the
experimental characterization of the TPI deamidation (2.54:1
for human TPI and 1.73:1 for rabbit TPI). Considering the fact
that CD values are calculated on crystal structures (i.e., on
structures without any deamidation), it has been suggested that
these two deamidations can also be considered as independent
events.1

Robinson et al.1 made an extensive review of deamidation
and suggested several factors that would control the
deamidation rate. Among these factors, the following are
crucial for the different deamidation rates of the distinct Asn’s
under the same conditions:1 (1) the intrinsic acidity of the
involved nitrogen (i.e., the nitrogen atom of the backbone
neighboring residue), (2) peptide steric hindrance that would
control the formation of the tetrahedral intermediate, and (3)
the leaving group probability of the tetrahedral intermediate.
In our previous study,19 in which the initiation of

deamidation in triosephosphate isomerase (TPI) has been
investigated by molecular dynamics, it has been suggested that
the global desolvation generated by the secondary structure
would affect the deamidation rate. The effect of global
desolvation on the rate of deamidation can be explained first
by its relevance with acidity and flexibility. As the degree of
desolvation increases, the acidity of the backbone amide and
the flexibility of the amino acid would decrease.19,20 Second,
more desolvated residues would have less water in their first
hydration shell, which would diminish the rate of deamidation
considering the enhancing effect of water in deamidation.
Here, apo mammalian TPI was simulated by classical force

field and molecular dynamics (MD) techniques to improve our
understanding of the higher reactivity in Asn71 deamidation.
The different reactivities of Asn15 and Asn71 in mammalian
TPI were elucidated by considering the rate-determining factors
mentioned above.1 To investigate these factors, several
descriptors were determined and applied to the MD
trajectories. MD simulations were performed up to 1.5 μs
using cuda-enabled graphics processing units (GPUs). To the
best of our knowledge, these simulations are the longest MD
simulations performed on TPI.
The kinetics of tetrahedral formation was also elucidated for

both deamidation sites of TPI using QM/MM−MD with the
umbrella sampling technique. To explain the slower rate in TPI,
asparagine dipeptide is also modeled with the same protocol
used for TPI. Because it has been shown with extensive
experimental1,21 and computational studies10,11,22 that succini-
mide formation is the rate-determining step of the overall
deamidation reaction and that succinimide formation is
controlled by the rate of tetrahedral intermediate formation,
this work focuses on tetrahedral formation only.

■ COMPUTATIONAL METHODS

Preparation of the Sample. The mammalian TPI
structure was extracted from a rabbit TPI crystal structure

Scheme 1. Suggested Deamidation Mechanism of Capasso and Co-Workers under Physiological Conditions (pH 7.4)3,4

Figure 1. Location of Asn71 (1° deamidation site) and Asn15 (2°
deamidation site) on the mammalian TPI crystal structure (Protein
Data Bank entry 1R2R23).
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(Protein Data Bank entry 1R2R, 1.5 Å resolution23). This
protein consists of two identical monomers that are differ-
entiated by the conformation of their active sites. The
monomers are labeled as monomers A and B, and this
nomenclature is used to distinguish the amino acids located on
either of these monomers (AsnA71, GlyB72, etc.).
The system was hydrogenated following a validation of the

protonation states of the charged side chains with PROP-
KA,20,24−26 and histidine residues were protonated according to
their polar environment. The tleap module of AMBER1227 was
used to build topology and coordinate files. The system was
solvated with explicit TIP3P28 water molecules, resulting in
cubic boxes with an edge length of 93.13 Å. Using a locally
developed python script (see the Supporting Information),
water molecules were added around the protein to obtain an
initial density of 1.0 g/cm3. The system contains ∼24000 water
molecules (for a total of ∼80000 atoms). This corresponds to a
protein concentration in the box of approximately half that of
the original TPI crystal.
Molecular Dynamics Simulations. The simulations were

performed using the AMBER1227 program package with the
pmemd module, and the cuda-enabled graphics processing
units (GPUs) version of pmemd was used29,30 for the
production runs. All the simulations were performed using
the ff0331 and TIP3P28 force field parameters for the protein
and the water molecules, respectively. Periodic boundary
conditions were applied, and an NVT ensemble was used
with Andersen32 temperature coupling. The particle mesh
ewald (PME)33 method was used to calculate long-range
electrostatic interactions beyond a cutoff distance of 8 Å. Only
the bonds involving hydrogen atom were constrained with the
SHAKE34 algorithm. The time step was 2 fs for both
equilibration and production. The equilibrations were con-
ducted in five stages. (1) To provide a proper geometry of the
hydrogen atoms, all the heavy atoms, including water oxygen,
were restrained with a harmonic potential of 50 kcal mol−1 Å−2

for 100.0 ps, at 10 K. (2) The same potential was applied for an
additional 100.0 ps, but with removal of the restraint on the
water oxygens to ensure optimized positions of water with
respect to the protein environment. (3) This last step was
repeated by decreasing the harmonic potential to 5 kcal mol−1

Å−2 for 100.0 ps. (4) The potential was removed for an
additional 100.0 ps at 10 K to equilibrate the whole system. (5)
The system was gradually heated to 300 K for 2000.0 ps. The
velocities were randomly updated every 10 steps for
equilibration stages 1−4 and every 100 for stage 5. The
production runs were performed for 1.5 μs with velocities
updated every 1000 steps.
Umbrella Sampling Calculations. Preparation of the

Systems Prior to QM/MM−MD Calculations. The asparagine
dipeptide was solvated with TIP3P28 water molecules to result
in a cubic system with edges of 55.8 Å, containing 5763 water
molecules. Topology and coordinate files of this system were
prepared with the tleap module of the AMBER12 program
package,27 and equilibration was performed using the same
protocol as for the TPI sample.
For TPI structures, three frames were extracted from

molecular dynamics trajectories. The criteria for extracting
the structures are discussed in the relevant section. These
structures consist of approximately 80000 atoms. Because of
the large dimensions of the system, stochastic boundary
conditions were applied.35 A sphere with a radius of 20 Å
from the center of mass of Asn15 and Asn71 was chosen to

form the reaction region, and atoms 20−26 Å form the buffer
region. The rest of the system was excluded by replacing the
exterior protein residues with N-methylamide and acetamide. A
harmonic restraint with a 20 kcal mol−1 Å−2 force constant was
applied to atoms of both protein and water in the buffer region.
To obtain comparative results with the asparagine dipeptide,

the water box of this system was also truncated with the same
range defined for TPI (i.e., buffer region 20−26 Å from the
center of mass of the solute).

Construction of the Reaction Coordinates. The conversion
of asparagine to the tetrahedral intermediate with the umbrella
sampling technique was investigated with a two-dimensional
potential of mean force (PMF). The N−H deprotonation is
described by one reaction coordinate (RC1) that is defined as
the antisymmetric combination of distances d1 and d2 (Figure
2). The distance between the glycine backbone N and the side
chain C (d3 in Figure 2) was chosen as the second reaction
coordinate (RC2).

QM/MM−MD Calculations. In the case of the asparagine
dipeptide, the solute and the water molecules are defined as the
QM and the MM parts of the system, respectively (Figure 3a

shows the QM part of the asparagine dipeptide). For TPI, the
QM part contains Asn and Gly residues of the corresponding
deamidation site (e.g., for the 1° and 2° deamidation site
Asn71Gly72 and Asn15Gly16 belong to the QM region,
respectively). Because the neighboring residues of either Asn or
Gly are different for the 1° [ThrAsn71GlyAla] and 2°
deamidation [MetAsn15GlyArg] sites, the QM part is limited
to only Asn-Gly, to obtain a consistent comparison of the
energetics between these two deamidation sites. Therefore, the
effect of the neighboring atoms is included as an MM
perturbation (e.g., van der Waals and electrostatics inter-
actions) of the QM wave functions. In addition to the reactive
Asn and Gly residues, four additional atoms from the N-
terminal and C-terminal residues of Asn and Gly were included
in the QM region to define the link atoms properly (i.e., to
include the peptide bonds that link the deamidation region to
its neighboring amino acids). The resulting QM part of TPI

Figure 2. Definition of the reaction coordinates used to model the
formation of the tetrahedral intermediate (tet) from asparagine (asn).

Figure 3. Representative figures for (a) the asparagine dipeptide and
(b) the QM region of TPI. Asparagine and glycine residues are colored
cyan and magenta, respectively, in panel b.
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consists of 27 reactive atoms, including two link atoms (Figure
3b).
The effect of the QM size in our QM/MM−MD calculations

is validated by including an additional amino acid in the QM
part of one of the model systems studied here (see the
Supporting Information for the details and results).
QM/MM−MD simulations were performed using the

AMBER1227 program package with the SANDER module.
The MM region of TPI [protein and water atoms within 26 Å
of the center of mass of the QM part (see above)] was treated
with ff03 force field parameters.31 The QM part was treated by
SCC-DFTB for the calculations of the peptide in explicit water
and TPI. SCC-DFTB has been chosen following a benchmark
study of several approximated QM methods, including recent
semiemprical Hamiltonians (see the Supporting Information
for the computational details and the results of this analysis).
The window size was defined as 0.10 Å, yielding a total of

852 windows within the range of [RC1:RC2] = [−2.0, 1.0:1.5,
3.5]. To control the reaction coordinates, a harmonic potential
centered on each window was applied with a force constant of
300 kcal mol−1 Å−2. Each window was simulated during 15 ps
with a time step of 0.5 fs. The results were analyzed using
WHAM36 to obtain the PMF of the corresponding
mechanisms.

■ RESULTS
Stability of the Simulations. The root-mean-square

deviations (rmsd’s) of the Cα atom of (1) the dimer, (2)
each monomer, and (3) α helices and β sheets of each
monomer were monitored along the simulation with respect to
the reference crystal structure. The deviations are more
noticeable considering the rmsd of the dimer, compared to
the deviations in the separated monomers (Figure 4). This

result correlates with our previous molecular dynamics
simulation analysis of six different TPI structures on a shorter
time scale (60−90 ns).19 The correlated motions of the
monomers in the dimeric TPI enzyme, which was previously
observed,37 explain the rather high rmsd values of the dimer.
On the other hand, deviations of each monomer hold a low
rmsd value along the trajectory at 2.0−2.5 Å (Figure 4).
Combining these remarks, we can conclude that our simulation
is stable.

Solvent Accessibility. As demonstrated previously, “global
desolvation (N15.5 Å)” can be used as an efficient descriptor to
investigate the solvent accessibility of the amino acids of
interest.19 This descriptor was introduced by Li et al.20 to
predict the pKa shift with respect to the global desolvation of
amino acids in a protein environment, and it has been
implemented in the previous versions of PROPKA.20,24,26

Global desolvation analysis for both the Asn side chain and the
Gly backbone was performed following the same protocol used
in our previous study19 and will not be detailed here.
N15.5 Å of the Asn side chain of all of the deamidation sites

was monitored along the simulation time (Figure 5), and the

Asn side chain desolvation with respect to the Gly backbone
desolvation was plotted (Figure 6). To gain insights into

populations of solvated residues along the simulation time,
frames with Asn or Gly with N15.5 Å values of <400 (i.e., the
cutoff for solvation as suggested by Li et al.20) were identified
and considered to be solvated. The number of frames having
solvated residues was summed and divided by the total number
of frames in the simulation to obtain the percent occurrence of
“N15.5 Å < 400” (Table 1).
Side chains of Asn in the 1° deamidation site on both

monomers go to the solvated state at the beginning of the
simulation (Figure 5). They stay solvated along the simulation
(Figure 6), resulting in percent occurrences of “N15.5 Å < 400”
equal to 84.7 and 98.0% for monomers A and B, respectively
(Table 1). Backbones of GlyA and GlyB in the 1° deamidation
site have probabilities of 19.0 and 96.2%, respectively, to be
solvated.

Figure 4. rmsd fluctuations along the molecular dynamics trajectory
with respect to the crystallographic structure of each system. rmsd’s are
computed for the complete dimer structure (red), monomer A only
(green), monomer B only (blue), all α helices and β sheets of subunit
A (magenta), and all α helices and β sheets of subunit B (cyan).

Figure 5. N15.5 Å of the Asn side chain with respect to time (AsnA15,
-A71, -B15, and -B71 are colored blue, red, magenta, and green,
respectively).

Figure 6. N15.5 Å of the Asn side chain vs N15.5 Å of the Gly backbone.
Red and green points represent the 1° deamidation sites of monomers
A and B, respectively. Blue and magenta points represent the 2°
deamidation sites of monomers A and B, respectively. The probability
distribution of N15.5 Å of each deamidation site is shown with the
corresponding colors.
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In the 2° deamidation site, AsnA and AsnB are solvated over
74.4 and 15.3% of the simulation, respectively. GlyA and GlyB
of the 2° deamidation site always stay buried along the
simulation (Figure 6) with probability to be solvated almost
zero (Table 1).
The difference in percent solvation of Asn in the 2°

deamidation site on monomer A (74.4%) and B (15.3%) is
notable. A similar difference can be observed for Gly in the 1°
deamidation site with the solvation values: 19.0% for GlyA72
and 96.2% for GlyB72. The question that arises from these
results is whether this large gap between the same residue on
different monomers is a realistic picture indicating a strongly
different behavior of the two monomers, or whether it is just a
matter of the way of defining the descriptor of solvation. From
Figure 6, it can be seen that both GlyA72 (a, red, y-axis) and
AsnB15 (b, magenta, x-axis) gather on the border of the
solvation limit (400). The solvation limit of 400 has been
chosen to describe the global desolvation of residues as it is
proposed by Li et al. However, considering the observed
specific characteristics of TPI, here we suggest to use 420 as a
limit to define solvated and desolvated frames. The updated
solvation probabilities (“N15.5 Å < 420”) of GlyA72 and AsnB15
are 77.6 and 71.4%, respectively, which are much closer to their
counterparts in other monomers [98.6% for GlyB72 and 94.3%
for AsnA15 (Table 1)]. Choosing either 400 or 420 as a limit of
desolvation does not change the overall trend of solvation,
which can be summarized as follows.
(1) Asn residues in the 1° deamidation site on both of the

monomers are always solvated along the simulation.
(2) Gly residues in the 1° deamidation site are also solvated

but have probabilities smaller than those of their Asn neighbors.
(3) Asn residue in the 2° deamidation site are solvated but

less so than Asn residue in the 1° deamidation site.
(4) Gly residue in the 2° deamidation site always stay buried.
Backbone Amide Acidity. Radkiewicz et al.5 showed that

the acidity of the Gly backbone amide hydrogen is highly
correlated with the peptide conformation by calculating the
relative proton affinity of N-formyl-glycinamide as a function of
the Ramachandran plot (Φ and Ψ angles) (HF/6-31+G*//
HF/3-21G).
In this study, the relative proton affinity (PA) and the change

in Gibbs free energy in aqueous media (ΔGaq) of 2-acetamido-
N-methylacetamide [M1 (Scheme 2)] were calculated using a
higher optimization scheme (see the Supporting Information
for the computational details).
The deviations of PA and ΔGaq with respect to the

Ramachandran plot of 2-acetamido-N-methylacetamide are
given in Figure 7. In accordance with those of Radkiewicz et
al., our results suggest that (1) the PA (or ΔGaq) of the Gly
backbone amide deviates up to ∼24 kcal/mol (or ∼17 kcal/

mol) with respect to changes in backbone conformation, (2)
the acidity decreases going from region I to III (Figure 7), and
(3) either the PA or ΔGaq is mainly dependent on the Ψ angle
rather than Φ.
The accuracy of the PA and ΔGaq analysis obtained by model

M1 (Scheme 2) has been validated using a larger model, which
contains an asparagine residue as an addition to model M1
[model M2 (Scheme 2)]. The results corresponding to this
larger model also describe the most acidic conformations in
region I and the most basic ones in region III (see the
Supporting Information for the computational details and for
the results).
Radkiewicz et al.5 used the strong relationship between the

conformation and backbone amide acidity to explain the
relative ease of deamidation in peptides that have Gly next to
Asn, compared to other neighboring amino acids.5 They
concluded that5 the extra flexibility of glycine allows the system
to occupy more acidic conformations and consequently
increases the rate of deamidation. Here we investigate if the
same correlation can also be used to explain the different rates
of Asn15Gly and Asn71Gly in TPI, because the flexibility of
glycine will be limited within a protein and might be different in
the primary and secondary structures of the protein (i.e.,
Asn15Gly and Asn71Gly are located on loop 1 and loop 3 in
TPI, respectively).
The Ramachandran plots of the Gly backbone were plotted

within the simulation time. Gly of the 1° deamidation site
mostly populates region I or the border between regions I and
II (Figure 8), which corresponds to the most acidic
conformation of glycine with respect to the ΔPA and ΔΔGaq
results (Figure 7), whereas Gly of the 2° deamidation site
occupies region III and some parts of region II that are closer to

Table 1. Percent Occurrence of Solvated Conformations of
Asn and Gly in 1° and 2° Deamidation Sites (DSs) of
Monomers A and B

1° DS 2° DS

Asn71 Gly72 Asn15 Gly16

N15.5 Å < 400
A 84.7 19.0 74.4 0.4
B 98.0 96.2 15.3 0.4

N15.5 Å < 420
A 97.8 77.6 94.3 1.0
B 99.7 98.6 71.4 0.7

Scheme 2. Model Peptides for QM Calculations without
(M1) or with (M2) an Asparagine Side Chaina

aThe backbone amide nitrogen is colored red. Φ and Ψ dihedrals are
shown on M1 only.

Figure 7. Correlation of the acidity of the amide backbone hydrogen
of model M1 as a function of the Ramachandran plot at the B3LYP/6-
31+G level of theory. Contour lines divide the surfaces into three
regions with increments of 8 and 5.6 kcal/mol in energy difference for
ΔPA and ΔΔGaq, respectively. Aqueous phase calculations are
conducted with CPCM. The relative proton affinity (ΔPA) and
ΔΔGaq increase upon going from blue to red as the acidity decreases.
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region III (Figure 8). These fields are less acidic than the
regions occupied by Gly of the 1° deamidation site.
The variations of conformations in the Ramachandran plot

with respect to time for the 1° deamidation site are shown in
Figure 9. Conformations at the border of region I and II are

classified as in region I for the sake of simplicity. The most
acidic conformation I is observed after 32 ns for GlyA72, and
this conformation remains until the end of the simulation
(1500 ns) (Figure 9). On the other hand, for GlyB72,
clustering on the most acidic conformation (region I) does not
occur before 289 ns (Figure 9). This geometry is occupied for
only 40 ns, and then the system goes back to a basic
conformation for an additional 130 ns. The most probable
conformation of this residue (region I) is filled starting from
462 ns to the end of the simulation (Figure 9). The fluctuations
are less significant for the 2° deamidation site of TPI, because
all GlyA16 and GlyB16 invade a much more narrow area on the
Ramachandran plot compared to GlyA72 and GlyB72 (data not
shown).
To gain insights into stabilizing factors of the more acidic and

more basic conformations, hydrogen bond analysis is
performed. The analysis showed that the 2° deamidation site,
for both A and B monomers, is engaged in strong protein
interactions more significant than the 1° one (see Figure 10 and

the Supporting Information for the details). In addition, the 2°
deamidation site is rigidified by the intramonomeric inter-
actions that might be the stabilizing effect of more basic
conformations in the 2° deamidation site of TPI.

Near Attack Conformations (NAC’s). One of the main
hypotheses that explains the diminishing rate of deamidation in
proteins with respect to small peptides is that the loss of
flexibility would prohibit the required orientation of Asn and
Gly to deamidate. To accomplish deamidation, the peptide
backbone should rotate freely.1 In addition, the distance
between Gly@N and Asn@CG (Figure 3) should be small
enough to produce a cyclic intermediate via a nucleophilic
attack.10,11 Here, this critical distance was determined to be 3.5
Å in accordance with previous QM studies.10,11 Again in these
studies, the Asn Ψ dihedral (Ψasn) of the reactive conformation
was defined to be ∼185° (Figure 3). Considering the dynamical
behavior of our systems, we have chosen to define the most
favorable dihedral for tetrahedral formation in the range of Ψasn
[110°:260°] that corresponds to the widest range around Ψasn
= 185°. The trajectories were analyzed, and the geometries that
meet those two criteria were classified as near attack
conformers (NAC’s), as generally described in the literature.
The importance of NAC formation in obtaining biologically
relevant reaction rates has been previously shown.38

The probabilities of finding NAC’s within the whole
simulation are listed in Table 2. The 1° deamidation site

holds the geometrical features susceptible to deamidation
almost half or more of the simulation with percent occurrence
values of 67.2 and 45.0% in monomers A and B, respectively.
On the other hand, NAC’s rarely occur in the 2° deamidation
site of TPI (1.5 and 3.1% for monomers A and B, respectively).
Figure 11 shows the representative structures of the 1° and the
2° deamidation sites of TPI, including the most frequently
observed dihedrals and hydrogen bond interactions. As
discussed above, the 2° deamidation site is involved in a strong

Figure 8. Probability distribution of Φ and Ψ dihedrals of (a) GlyA72,
(b) GlyB72, (c) GlyA16, and (d) GlyB16. The probability increases
from white to black.

Figure 9. Changes of conformations in the Ramachandran plot8 with
respect to time.

Figure 10. Hydrogen bond network of the 1° and the 2° deamidation
sites. The percent occupancies of hydrogen bonds between Asn@O
(or Gly@H, Gly@O, or Ala/Arg@H) and protein atoms are given.
Asn, Gly, and Ala/Arg are colored red, black, and green, respectively.

Table 2. Percent Occurrences of Near Attack Conformers
(Gly@N-Asn@CG distance of <3.5 Å, +110.0° ≤ Ψasn ≤
+260.0°)

residue 71A residue 71B residue 15A residue 15B

NAC percentage 67.2 45.0 1.5 3.1
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hydrogen bond network. The correlation between this
hydrogen bonding pattern and the geometrical features of the
Asn15Gly16 residues can be seen from Figure 11. Combining
hydrogen bond and NAC analysis results with Figure 11, we
can conclude that this network stabilizes the 2° deamidation
site of TPI in a geometry that disfavors tetrahedral formation.
Comprehensive Results. Up to this point, differentiations

in terms of global desolvation, acidity, and NAC analysis of TPI
were introduced. Global desolvation and peptide conforma-
tion−acidity analysis determine the intrinsic acidity of the
glycine backbone amide, and the NAC analysis measures the
conformational availability for tetrahedral formation. As stated
by Robinson et al.,1 “the properly aligned side chain (NAC)
reacts only if deprotonation has occured prior to alignment”.
Hence, the correspondence among these conditions should be
evaluated. This is accomplished by analyzing if these events
(solvation, acidity, and NAC) are observed within the same
frame or different frames during the simulation time (see the
Supporting Information for the definition of each descriptor,
solvation, acidity, and NAC).
For the 1° deamidation site of mammalian TPI, the

probabilities of being both solvated, acidic, and resembling
NAC (solvation ∩ acidity ∩ NAC) are 53.4 and 39.7% for
monomers A and B, respectively (Figure 12). In the case of the
2° deamidation site of TPI, there are no frame that meets these
criteria in the same frame, returning 0 probability in the
intercept (Figure 12).
For the 2° deamidation site of TPI, in which the solvation

probabilities are almost 0, acidic conformations of GlyA and
GlyB are observed as 10.5% (A) and 31.6% (B). The 1°
deamidation site A of TPI also has a considerably large amount
of acidic conformations in unsolvated areas {total 20.6% →
[acidity/(solvation ∩ NAC)] + [(acidity ∩ NAC)/solvation] =
7.0% + 13.6% = 20.6%}. These results indicate that Gly might
have the acidic conformations, although it is buried inside the

protein and its flexibility is limited by intermolecular
interactions.
To test the reliability of our results, the same analysis was

performed on the first 1 μs of our simulations (see the
Supporting Information for the results). The trend of the
distribution of the frames is found to be the same for the
analysis on either 1 μs (Supporting Information) or 1.5 μs
(Figure 12), revealing that our simulations can be considered as
converged.

Kinetic Aspects: Free Energy Calculations. In Backbone
Amide Acidity, we have proposed that Asn71 should deamidate
faster than Asn15 because the NH group of Gly72 deprotonates
easier, so that the reaction would be initiated faster. Here, this
claim has been tested with free energy calculations using QM/
MM tools with the umbrella sampling technique. The statistics
on the Ramachandran plots obtained in that section were used
to refine the possible frames that will be subject to umbrella
sampling calculations. This approach allows us to combine the
classical statistics with the kinetic results. The refinement is
accomplished by extracting snapshots from the regions where
Gly16 and Gly72 have the highest probability to be found in
the Ramachandran plot according to our MD statistics (Figure
8). As disscussed above, these regions correspond to more
acidic and less acidic regions for Asn71Gly72 [region I (Figure
8)] and Asn15Gly16 [region III (Figure 8)], respectively.
These structures are labeled as C1-A (Asn71Gly72) and C2
(Asn15Gly16).
For the QM/MM−MD calculations, the reactive parts of the

models (residues treated by QM) are defined as Asn71Gly72
and Asn15Gly16 for models C1-A and C2, respectively. To
make a more decent comparison of the glycine amide acidity,
an additional snapshot is extracted from the Ramachandran plot
of Asn71Gly72 (C1-B). The geometrical features of this
snapshot correspond to a less acidic conformation of Gly72
[region III (Figure 8)]. To gain deeper insights into the effect
of high-order structure on the rate of tetrahedral formation, the
asparagine dipeptide is also included in the model. Considering
the computational expense, the simulations were performed
within the region [RC1:RC2] = [−2.0, 1.0:1.5, 3.5]. Within this
region, the initial geometry [RC1, RC2 = (1.0, 3.5)]
corresponds to the NAC for all of the models.

Figure 11. Representative structures of the 1° and 2° deamidation
sites showing the most frequently observed interactions and dihedrals.
Asn, Gly, and the rest of the peptide are colored cyan, green, and
purple, respectively.

Figure 12. Percent occurrences of solvation, glycine backbone amide
acidity, and NAC.
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The formation of the tetrahedral intermediate occurs via a
concerted mechanism for all three models [C1-A, C1-B, and C2
(Figure 13)]. The first-order saddle point was detected around

(RC1, RC2) = (−1.5 Å, 2.5 Å), revealing a late transition state
as suggested in previous DFT calculations10,11 and the
calculations performed in the study present here (see the
Supporting Information).
For models C1-A and C1-B, the energy barriers are found at

∼35 and ∼41 kcal/mol, respectively, indicating that the
reaction barrier increases with decreasing acidity (see the
Supporting Information for the details).
For model C2, although the TS is located approximately in

the same region and shows geometrical features similar to those
of either of the models of the 1° deamidation site (see the
Supporting Information for the details), the activation barrier is
∼14 and ∼8 kcal/mol higher than those of models C1-A and
C1-B, respectively. The relative energies of the tetrahedral
intermediate (tet) are ∼23, ∼26, and ∼28 kcal/mol for C1-A,
C1-B, and C2, respectively. The stabilization of the tet is in
accordance with Hammond’s postulate as the relative energy of
the product increases with an increase in the barrier.39

In the Supporting Information, the representative frames of
the transition states for three of the models are given. In all
cases (C1-A, C1-B, and C2), it can be seen that no residue
within 5 Å of the Gly backbone nitrogen has strong attractive
(or repulsive) interactions with the deamidation site.
A comparison with the asparagine dipeptide shows that the

barriers of the more acidic conformation (C1-A) and the
asparagine dipeptide are isoenergetic (∼34 and ∼35 kcal/mol,
respectively). On the other hand, the less acidic conformation
of the 1° deamidation site (C1-B) has a barrier 6 kcal/mol
higher than that of the asparagine dipeptide. The tetrahedral
intermediate is approximately 11 and 14 kcal/mol less stabilized
the asparagine dipeptide for C1-A and C1-B, respectively. For

the 2° deamidation site, the barrier is 14 kcal/mol higher than
the barrier found for the asparagine dipeptide, and the
tetrahedral intermediate is approximately 16 kcal/mol less
stabilized.

■ DISCUSSION
Why Does Asn71 Deamidate Faster Than Asn15 in

Mammalian TPI? To explain the relatively rapid reaction in
the 1° deamidation site of TPI, global desolvation, backbone
amide acidity, and near attack conformer analysis were
performed for Asn15Gly16 and Asn71Gly72. According to
global desolvation analysis, the 1° deamidation site is more
solvated than the 2° deamidation site (Figure 6), showing that
the former would be exposed to water more frequently than the
latter. This result would explain the faster reaction at the 1°
deamidation site, considering the enhancing effect of water on
deamidation.11

The more significant result obtained from global desolvation
analysis is the great difference between the desolvation of Gly16
and Gly72. Although Gly72 might be solvated more than half of
the simulation, Gly16 is always buried (desolvated) (Scheme 1
and Table 1). The greater value of desolvation on Gly16 would
lead to a higher pKa in the backbone amide. The higher pKa of
the 2° deamidation site will cause the shift of the AsnGly ↔
AsnGly(−) equilibrium in Figure 1 to the reactant side
(AsnGly). As a result of the decrease in the amount of activated
Gly [asngly(−)], initiation of deamidation would be prohibited.
In addition to global desolvation, a more local view of the

glycine backbone amide acidity (Backbone Amide Acidity) was
also examined by its correlation with backbone conformations
(Ramachandran plot). This analysis showed that the 1°
deamidation site has a greater probability of being found in
the most acidic regions (region I) of the Ramachandran plot
compared to the 2° deamidation site (Figure 8). Thus, Gly
amide of the 2° deamidation site would be less acidic than the
1° deamidation site. Hence, via combination of both global and
local effects, the deprotonation of the Gly amide would require
a greater energy in the case of the 2° deamidation site.
To test this hypothesis, free energy calculations were

performed on two deamidation sites of mammalian TPI using
QM/MM tools. The activation barrier of the less acidic
conformation (C1-B) is found to be 6 kcal/mol higher than
that of the more acidic one (C1-A) (Figure 13). In addition,
model C2 in which tetrahedral formation is modeled at the
secondary deamidation site has a barrier 14 kcal/mol higher
than that of model C1-A. This model also represents a less
acidic structure of Gly16 with respect to the backbone
conformations. Combining these facts, we can conclude that
the acidity of the backbone amide has a crucial impact on the
initiation of the deamidation reaction.
In the deamidation reaction, deprotonation of the Gly amide

is followed by the formation of a cyclic tetrahedral intermediate
(Scheme 1). The energy required to form this cyclic
intermediate would be diminished by the increased possibility
of bearing conformers that resemble the transition state
geometry (NAC). The percent occurrence of near attack
conformers (NAC’s) was found to be around 50% in the case
of the 1° deamidation site (Table 2). NAC’s were almost never
observed in the 2° deamidation site, affirming that the
formation of a tetrahedral intermediate would be much slower
than that of the 1° deamidation site.
Via combination of the remarks on glycine amide acidity and

probability of having near attack conformers, it can be

Figure 13. Free energy profile for the tetrahedral (tet) formation from
asparagine (asn) in TPI for models C1-A, C1-B, and C2 (SCC-DFTB/
MM−MD). Energetics are given in kilocalories per mole (the counter
level is 1.5 kcal/mol). Regions having free energy values of >70 kcal/
mol use the color of 70 kcal/mol.
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concluded that both deprotonation and cyclization steps
require more energy in the case of Asn15 deamidation than
in the case of Asn71 deamidation.
Up to this point, the deamidation reaction was analyzed by

discriminated steps (i.e., deprotonation, tetrahedral intermedi-
ate formation). To achieve a successful reaction, the
neighboring Gly should be acidic enough (considering both
local and global factors), and at the same time, geometries
should resemble NAC’s. In the 1° deamidation site, these three
descriptors were observed at the same time almost half of the
frames of the simulation (see Figure 12, top). In the case of the
2° deamidation site, the probability of being found in these
three states is zero (see Figure 12, bottom). This result
indicates that under the same conditions, almost half of the
geometries of the 1° deamidation site can initiate deamidation,
whereas none of the geometries in the 2° deamidation site are
reactive.
Why Is the Half-Life of the Small Asn Peptide Smaller

Than That of TPI? Under the same experimental conditions,
the deamidation half-lives of a small peptide and TPI are found
to be 1.04 and 37.8 days, respectively. Previous studies suggest
that the slower rate of deamidation in proteins compared to
those of their small counterparts might be caused by the less
acidic character of the neighboring residue or by the lower
flexibility in proteins.1,7,11 The lower flexibility could be related
to them being located on more rigid conformations (e.g., α
helices). On the other hand, deamidation sites that exhibit a
less rigid secondary structure conformation (i.e., loops) could
also be stabilized by strong hydrogen bond networks. All of
these proposals point out that deamidation rates of small
peptides and proteins would be discriminated in the initiation
step.
In this study, the initial step of deamidation is modeled in the

asparagine dipeptide to mimic a small peptide and
consequently to compare its kinetics with those of TPI. Both
Asn71 and Asn15 are located on flexible loops of TPI; this fact
eliminates the possible effect of a more complex secondary
structure (i.e., α helices). In addition, no special interactions
that would hinder the formation of a tetrahedral intermediate
were found (see Figure 4 of the Supporting Information).
Hence the comparison between the asparagine dipeptide and
the models from TPI focuses on only the relative acidity of the
glycine backbone amide.
Models C1-B and C2 have activation barriers (41 and 49

kcal/mol, respectively) higher than that of the asparagine
dipeptide (34 kcal/mol). Only model C1-A has an approx-
imately isoenergetic barrier (35 kcal/mol) with the asparagine
dipeptide. The initial structures of C1-B and C2 are relatively
less acidic than that of C1-A. Thus, if the geometrical features
allow the TPI deamidation site to be acidic enough, the forward
barrier (asn → tet) would be as small as the small peptide.
These results are in agreement with the proposals that suggest
that deamidation would be slower in proteins because of the
diminished acidity of the glycine amide.
On the other hand, more crucial differences between the

kinetics of the small peptide and TPI arise in the stabilization of
the tetrahedral intermediate. This intermediate is more than
∼10 kcal/mol less stabilized for any of the models of TPI than
the asparagine dipeptide. The tetrahedral intermediate is a five-
membered heterocyclic compound. The relatively less stable
intermediate in the case of TPI might be explained by the
higher strain energy introduced by the long peptide chain in
TPI. This result indicates that the barrier of reverse reaction

(tet → asn) is much smaller for TPI than it is for the small
peptide. Hence, the slower rate in TPI compared to that of its
smaller counterpart stems not only from the weaker reactivity
(i.e., higher forward barrier) but also from the poorer stability
of the tetrahedral intermediate (i.e., lower backward barrier).

Tertiary Structure Effect. The analysis of global desolva-
tion along the simulation can shed light on the effect of the
tertiary structure on different rates of deamidation. As shown
previously,19 the higher solvation values for the 1° deamidation
site can be explained by the relative flexibility of loop 3 on
which Asn71Gly is located, compared to loop 1 involving
Asn15Gly.

Primary Structure Effect. Most of the studies in the
literature, related to the primary structure effect on
deamidation, focus on the residues in the C-terminal (n + 1)
or N-terminal (n − 1) position with respect to Asn. In these
studies, n + 1 residues are found to be the most crucial factors
affecting the deamidation rates, while the effects of n − 1
residues are found to be negligible.1,40 Despite the observed
changes in rates of pentapeptides bearing different n + 2
residues,1 there are not enough studies that sufficiently explain
its impact on deamidation. In mammalian TPI, AsnGly is
followed by Ala and Arg in the 1° and 2° deamidation sites,
respectively. Hydrogen bond analysis of this study indicates
that both of the Asn residues are stabilized by their n + 2
residues (see the Supporting Information). The hydrogen bond
between the Ala backbone amide and the Asn side chain in the
1° deamidation site favors the formation of near attack
conformations (Figure 11). On the other hand, the stable
interaction between the Asn and Arg backbone in the 2°
deamidation site limits the Φ and Ψ rotations; therefore, the
probability of being found in the relatively more acidic regions
is diminished. These results illustrate that the n + 2 residue may
favor or disfavor the initiation of deamidation. Hence, we
suggest that the effect of the n + 2 residue should be included in
further formulations of the deamidation rate prediction.

■ CONCLUSIONS
We have explored the different reactivities of two deamidation
sites in the enzyme TPI using microsecond MD simulations.
The formation of the tetrahedral intermediate was modeled
using the umbrella sampling technique with QM/MM−MD
tools. Three descriptors were introduced to analyze the
deamidation reaction: (i) global desolvation, (ii) backbone
amide acidity, and (iii) near attack conformer analysis. These
independent descriptors were efficiently used to gain insights
into the sequential deamidation process in mammalian TPI.
According to these analyses, the initiation of deamidation
would be facilitated at Asn71 because of its greater degree of
solvation and also because of the higher acidity of the adjacent
glycine (Gly72) backbone amide. With respect to the results
obtained from near attack conformer analysis, the initiation
would be faster in the case of Asn71 and tetrahedral formation
would require less energy. Combining these outcomes, we can
conclude that deamidation at Asn15 is hindered by both global
and local factors.
The tetrahedral intermediate formation was also modeled

with asparagine dipeptide to compare the kinetics with the two
different deamidation sites in TPI. The most significant
difference between the deamidation rates of TPI and the
small peptide appears to be the stabilization of the tetrahedral
intermediate. The tetrahedral intermediate is more than 10
kcal/mol less stabilized in TPI than in the asparagine dipeptide.
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To the best of our knowledge, these are the first kinetic results
that relate the diminishing effect of the high-order structure
with the stability of the intermediate in the deamidation
reaction.
Our findings also contribute to the understanding of the

impact of the peptide sequence on the deamidation rate. The
global desolvation analysis points to the importance of tertiary
structure on deamidation. The backbone acidity and the near
attack conformation results highlight the possible role of
residues n + 2 to Asn.
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