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a b s t r a c t

O-linked b-N-acetyl-D-glucosamine (O-GlcNAc) transferase (OGT) is an essential enzyme in many cellu-
lar physiological catalytic reactions that regulates protein O-GlcNAcylation. Aberrant O-GlcNAcylation is
related to insulin resistance, diabetic complications, cancer and neurodegenerative diseases.
Understanding the peptide delivery in OGT is significant in comprehending enzymatic catalytic process,
target-protein recognition and pathogenic mechanism. Herein extensive molecular dynamics (MD) sim-
ulations combined with various techniques are utilized to study the recognizing and binding mechanism
of peptide fragment extracted from casein kinase II by OGT from atomic level. The residues of His496,
His558, Thr633, Lys634, and Pro897 are demonstrated to play a dominant role in the peptide stabilization
via hydrogen bonds and r-p interaction, whose van der Waals and non-polar solvent effects provide the
main driving force. In addition, two channels are identified. The delivery mode, mechanism together with
thermodynamic and dynamic characterizations for the most favorable channel are determined. The pep-
tide is more inclined to be recognized by OGT through the cavity comprised of residues 799–812, 893–
899, and 865–871, and Tyr13-terminal is prior recognized to Met26-terminal. The transportation process
is accompanied with conformation changes between the ‘‘spread” and ‘‘V” shapes. The whole process is
strong exothermic that is highly dependent on the variation of hydrogen bond interactions between pep-
tide and OGT as well as the performance of different subsections of peptide. Besides that, multiple com-
putational methods combinations may contribute meaningfully to calculation of similar bio-systems
with long and flexible substrate.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many new biological functions are glycated to advanced glyca-
tion end products through the activation of sugar in organisms as a
result of the catalysis of glycosyltransferases. This connects to dif-
ferent receptor molecules, such as proteins, nucleic acids, oligosac-
charides, lipids and small molecules [1]. Sugar attaches to proteins
or lipids through the act of enzymes, which is the process known as
glycosylation. Glycosylation starts from the endoplasmic reticulum
and ends at the Golgi apparatus [2]. O-GlcNAc glycosylation is a
post-translational modification, which has been involved in many
cell functions, such as regulation of gene expression [3–5], circa-
dian rhythm [6,7], vesicle transport, protein localization [8,9] and
signal transduction [10–12]. Numerous diseases, including dia-
betes [13], cancer [14], neurodegenerative diseases [15], and car-
diovascular disorders [16] (see Fig. 1) arise due to the mutations
of O-linked glycosylation on a variety of protein substrates. Previ-
ous studies show that a wide variety of proteins can be O-GlcNAc
glycosylation, such as RNA polymerase II, heat shock proteins,
cytoskeletal proteins, etc [17–19].

The O-GlcNAc transferase (OGT) is the gene encoding glycosyl-
transferase in the organism, which catalyzes the connection of N-
acetylglucosamine (GlcNAc) with serine or threonine residues of
target protein through an O-linked b-glycosidic bond [20]. The
gene is located on the X chromosome, which is essential for the
survival and development of embryonic stem cells [21]. OGT
includes two different regions as illustrated in Fig. 2: a series of
superhelical tetratricopeptide repeat (TPR) [22] units that locates
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Fig. 1. The relationship of O-GlcNAc glycosylation and human diseases, the role of peptide recognition of OGT as well as the overview of OGT and OGA.

Fig. 2. (a) Different views of the crystal structures of OGT (PDB: 3TAX). (gold: N-Cat, purple: C-Cat, pink: Int-D, red: TRP units green: Peptide). (b) OGT composition. (c) The
peptide from casein kinase II. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in N-terminal of OGT and the multi-domain catalytic region that
lies in C-terminal. The former is mainly responsible for substrate
recognition, and the repeat number is dependent on the species
and type of alternating splicing isoforms. The latter is crucial in
enzymatic catalysis, which is comprised of three parts: the N-
terminal domain (N-cat), the intervening domain (Int-D), and the
C-terminal domain (C-Cat) [23].

The protein O-GlcNAcylation was first discovered by using
bovine galactosyltransferase to transfer the [3H] galactose moiety
of UDP-[3H] galactose onto glycoproteins which contains terminal
GlcNAc residues. This process was conducted by Hart and Torres
thirty five years ago [24]. More recently, Lazarus and his co-
workers reported the co-crystallized X-ray structure of truncated
human OGT, which contains 4.5 N-terminal TPR sequences, com-
plete C-terminal catalytic domain, UDP and CKII polypeptides
2046
[25] (see Fig. 2). Based on the crystal structure, they found that
OGT adopts an ordered bi-bi mechanism, which is prior in combi-
nation with sugar substrate to polypeptide [25].

The binding mode of OGT-UDP binary complex and the delivery
mechanism of UDP were previously studied in our group by apply-
ing molecular dynamic simulations. The research helps to under-
stand the enzymatic process, and also improves the design of
OGT inhibitor on a basis of UDP and UDP-GlcNAc [26]. Here the
main focus is on the transportation of peptide, which is a vital step
in the entire nucleotide sugar metabolism process. A fragment of
casein kinase II (CKII) is chosen as the peptide in this study, and
this peptide includes three important serines, which can be recog-
nized by OGT. Selecting the peptide mainly due to the observed
complete crystal structure of OGT-UDP-peptide complex (PDB ID:
3TAX) in previous experiment [27], whose bi-substrates are stabi-
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lized in the active site of OGT. In addition, the complex of OGT-CKII
peptide helps to focus on the interaction between OGT and adaptor
protein such as p38 [28].

As mentioned above, several key issues need to be resolved: (i)
what are the main factors that contribute the key residues of OGT
in peptide recognition and binding; (ii) in the possible transport
channels for peptide, which channel is the most competitive
one? (iii) how about the understanding and resolution of thermo-
dynamics and dynamic properties in the process; (iv) what is the
most favourable mode for the transportation of peptide in OGT?
(v) what are the main factors that effect the transportation of pep-
tide? Is there any noticeable characteristic during the whole pro-
cess? Therefore, extensive molecular dynamic simulations with
various technologies are carried out to study the delivery mecha-
nism of CKII-peptide from atomic view to clarify these issues. This
research would help the deep understanding of the enzymatic
catalysis for OGT and recognition mechanism of target protein
by, especially for CKII, OGT from an atomic perspective. The result
will able to improve the design of the inhibitor which influences
the interaction of OGT and target protein. Overall, this research will
provide directions and ideas for further potential theoretical and
experimental studies.
2. Computational methods

2.1. Preparation of the simulated system

On the basis of crystal structure of OGT-UDP-peptide (PDB ID:
3TAX) from the protein data bank, the initial model of OGT com-
plex with sugar substrate and peptide is built by removing the
repeat segment (see Fig. 2). The missing fragments of 715–718
and 747–761 residues are added using homologous modeling tech-
nique in SYBYL-X 2.1.1 program [29]. The protonation states of the
charged residues are determined using the PROPKA 3.1 [30,31]
package at pH 7.0 and the surrounding environment. The sugar
substrate is treated with AMBER GAFF force field [32], and the
OGT and peptide are dealt with AMEBR99SB [33] force field. The
complex is solvated into an 86 � 98 � 127 Å cubic TIP3P water
box [34] with 10 Å buffer distance between the box edge and the
nearest solute atoms, which is neutralized by adding Na+ ions.
The protons are automatically added to gain the initial coordinates
and the topology parameters using the tleap module in AMBER 12
package [35].
2.2. Molecular dynamics simulations

First of all, the model is minimized for 10,000 steps by the
steepest descent method, followed by another 10,000 minimiza-
tion steps using the conjugate gradient method to correct poor
interatomic contacts. Next, the system is heated gradually from
0 K to 300 K under the NPT ensemble for 100 ps. After that, an addi-
tional 100 ps MD simulation is performed to loosen the system
density to about 1.0 g/cm3. Ultimately, a standard 50 ns MD simu-
lation under the NVT ensemble is undertaken with an integration
time step of 1 fs based on the periodic boundary condition [36].
12 Å cutoff is set to calculate van der Waals interactions and elec-
trostatic interactions. The SHAKE [37,38] algorithm is employed to
constrain all of the hydrogen-containing bonds with a tolerance of
10�5. The Langevin method [39] is utilized to keep the temperature
at 300 K. The stability of backbone for OGT is analyzed by root
mean square deviation (RMSD). The hydrogen bonds are counted
using the equilibrium trajectories in the MM MD simulations. All
the computational simulations are executed with the AMBER 12
package [35].
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2.3. MM/GBSA calculations

Molecular mechanics/generalized born surface area (MM/GBSA)
method [40] is successfully used to calculate binding free energy
[41], which shows good performance in ranking binding affinity.
Here the modified generalized Born model (GBOBC1) [42] developed
by Onufriev and his co-workers [43] is selected to calculate the
polar solvation energy according to our previous test [44]. The free
energy decomposition is performed on the basis of 50 snapshots
extracted from the last 5 ns equilibrium trajectory by MM/GBSA
method. The internal dielectric constant of the molecule and the
dielectric constant of the solvent are set as 1.0 and 78.5, respec-
tively. The maximum distance between the atomic pairs involved
in the Born radius is set to be 25 Å. The surface tension used to cal-
culate the non-polar contribution of the solvation free energy is
0.005 kcal/mol/Å2. All calculations in this part are implemented
using the AMBER 12 package [35].

2.4. RAMD MD simulations

Elucidation of ligand binding and release channel is crucial in
drug discovery and application of target protein. RAMD simulation
[45,46] is a widely used technique that deals with the problemwell
[47,48]. In RAMD MD simulations, a constant force in a random
direction is applied to the center of mass of the ligand. When this
ligand moves out of the threshold distance, this direction will be
preserved; otherwise, another new random direction will be set
to determine the release route of the ligand. The ligand automati-
cally moves around the active site to find a feasible escape channel
without determining the direction. This is the advantage of this
method. If the random force is excessive, the ligand may move
towards the wrong direction, and thus the classical MD simulation
can be carried out to relax the system to avoid the error. In this
work, on the basis of the equilibrium configuration, RAMD MD is
performed, and the force field is the same with MM MD simula-
tions. The random accelerations of 0.50, 0.45, 0.40, 0.35, 0.30,
0.25, and 0.20 kcal/Å/g and a threshold of 0.2, 0.3, 0.4, and 0.5 Å
are applied to peptide, respectively. 112 RAMD MD trajectories
are acquired. The simulations are carried out by employing NAMD
package [49].

2.5. SMD simulations

Since the peptide is highly flexible, more than one release mode
may be observed. Hence, for the most advantage channel, the con-
stant velocity pulling (PCV) method in steer molecular dynamics
with different schemes are performed. This is mainly for detection
of the favorable mode. The head, middle and tail of peptide are set
as pulling part, respectively. The Amber99SB force field [33] is used
for OGT and peptide, and AMBER GAFF force field [32] is applied for
UDP. Chen and his co-workers [50] described the determination of
appropriate parameters by judging the stability and quantity of
information in the curve to ensure a moderate separation between
proteins and ligands. Here one pulling scheme is selected for
parameter testing. The spring constant k is selected as 4, 5, 6, 7,
8, 10, 12, 15, 18 kcal/mol/Å2, while keeping velocity v fixed at
5 � 10-3 Å/fs to achieve the requirement of the stiff-spring approx-
imation. Then the v is set as 1 � 10-3, 2 � 10-3, 2.5 � 10-3, 3 � 10-3,
4 � 10-3, 5 � 10-3, 6 � 10-3 Å/fs while keeping k at 5 kcal/mol/Å2

(Fig. S4). By evaluating the pulling detail along the simulation time
and trajectory animation, the most favorable k and v are chosen as
5 kcal/mol/Å2 and 5 � 10-3 Å/fs, which will be used for the other
two schemes in SMD simulations. For more reliable results, ten
paralleled 60 ps SMD simulations are carried out for each release
mode to accommodate the departure of the peptide. The calcula-
tions are performed with NAMD package [49].
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2.6. Umbrella sampling

Umbrella sampling (US) method is first proposed by Torrie and
Valleau [51,52] in the 1970 s. According to the optimal delivery
mode of the most favorable channel determined by RAMD MD
and SMD simulations, the MM MD simulation combined with
umbrella sampling method is performed to obtain the detail mech-
anism, thermodynamic and kinetic properties as well as key resi-
dues for process of peptide delivery. On the basis of the delivery
direction of peptide, the reaction coordinate is defined by selecting
reference atoms with one moved to the ‘‘door”. For each window,
20 ns MM MD simulation with harmonic bias potential is per-
formed to guarantee the sampling arrives at reasonable overlap.
The weighted histogram analysis (WHAM) [53] is utilized to pro-
duce the free energy profile. All the calculations in this part are
performed by using AMBER 12 package [35].

3. Results and discussion

3.1. OGT-peptide complex

Estimation of the root mean square deviation (RMSD) of the
backbone for OGT, the system is detected to stabilize after 8 ns
(see Fig. 3). The equilibrium snapshot is consistent with two crystal
structures obtained by previous experiments [23,27] both in key
residues around the peptide and protein conformation (see
Fig. S1 and Fig. S2). It implies that the model is reliable to some
extent by MM MD simulations. Moreover, ten snapshots extracted
from the last 5 ns are almost overlapped for both protein and pep-
tide as described in Fig. 3, which also means that the peptide is
stable in the active site of OGT. It is located below the peptide
chain, forming a stable OGT-peptide complex. Therefore, the bind-
ing mode in the active site is analyzed on the basis of statistic snap-
shot from equilibrium states. Since the peptide is long and flexible,
it is divided into three parts as head, middle, and tail that refer to
Fig. 3. (a) The last 5 ns overlap image of umbrella sampling and RMSD of backbone
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Tyr13-Ser17, Thr18-Ser21, and Ser22-Met26, respectively (see
Fig. S3) to facilitate analysis more understandable. The residues
of His496, His558, Thr633, Lys634 and Pro897 interact with polar
amino acids of peptide through six hydrogen bonds. At the same
time, the conjugate ring of His496, His558, Pro897 and Tyr13,
Pro19, and Ala23 of CKII peptide form the r-p interaction. To fur-
ther understand the specific role of each residue, the binding free
energy of the OGT-peptide complex is analyzed by the MM/GBSA
method. The binding free energy decomposition (see Fig. 4) shows
that His496, His558, Pro559, Thr633, Lys634, Phe868, and Pro897
have a greater contribution to the binding of OGT-peptide. The
total binding free energy is �17.74 kcal/mol, which mainly comes
from the non-polar interaction (-101.11 kcal/mol) that comprised
of van der Waals and non-polar solvation energy. Meanwhile, the
polar interactions (83.36 kcal/mol) included electrostatic interac-
tion and polar solvation energy play a negative role in peptide
binding. In addition, both side chain and main chain of these key
residues of OGT are pivotal for the peptide binding as presented
in Table S2. The side chain of His496, Pro559, Lys634, and
Phe868 accounts for a larger proportion of the interaction, while
for Pro897, Lys634, and Thr633, the main chain has a stronger
contribution.

In order to identify the role of specific residues, His496, His558,
Thr633, Lys634 Phe868, and Pro897 are selected to take site-
directed mutation to alanine, respectively. The mutant systems
are named as His496Ala, Pro559Ala, Thr633Ala, Lys634Ala,
Phe868Ala, and Pro897Ala. The alanine scanning in MM/GBSA
method is used to calculate the binding free energy by 50 confor-
mations that extracted from the last 5 ns MM MD trajectory. As
demonstrated in Table 1, Table S1, and Fig. 4, the binding free
energy for mutant system is decreased, among which the binding
free energy of His496Ala decreases the most by 6.76 kcal/mol.
With regard to Lys634Ala, Thr633Ala, and Pro897Ala, the extent
of the decreased binding free energy is smaller than that of other
three mutant systems. It is mainly because the interaction between
for OGT-peptide complex; (b) Binding mode of peptide in the active site of OGT.



Fig. 4. (a) Free energy decomposition for the residues; (b) Interaction energy for the OGT and peptide complex in wild and mutant systems and binding free energy
decomposition of the wild and six mutation systems.

Table 1
Binding free energy and corresponding standard deviation of the mutant systems
(kcal/mol).

Mutated System DGwild-DGmutant

H496A �6.76 ± 1.94
P559A �1.67 ± 0.80
T633A �1.38 ± 0.59
K634A �0.31 ± 0.57
F868A �2.85 ± 0.43
P897A �1.50 ± 0.39
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main chain of these residues and peptide is dominant (see
Table S3). The results are consistent with free energy decomposi-
tion and binding mode of wide system as above mentioned.
3.2. Explore the possible dissociated channel and mode of peptide

The dissociation of peptide plays a crucial role in the whole cat-
alytic and recognized process of O-GlcNAc glycosylation. Thus,
based on RAMD MD and SMD simulations, the possible channels
and modes for peptide delivery are analyzed.
2049
Here 112 trajectories for peptide dissociation are obtained by
using RAMD MD simulations. Among them, nine trajectories show
that peptide is not successfully released from OGT, accounting for
8.0% of all release trajectories. The remaining 103 trajectories are
divided into two channels based on the release direction, which
named as P1 and P2. The details of the amino acid fragment and
the corresponding release probability are shown in Fig. 5 and
Table S5. Located among Loop 1, 2 and 3 is the P1 channel, which
accounts for a significant proportion of 82.1% in all release trajec-
tories. It is the most statistical advantage channel, and we will con-
duct a detailed analysis for it.

To observe the possible release modes of the most dominant
channel P1, PCV method in SMD simulations is carried out for
departure of peptide from OGT. In the equilibrium state of OGT-
peptide complex, the peptide is located in the exposed cavity
formed by the fragments of Loop 1, 2 and 3. Due to the large cavity
and the peptide’s flexible feature, there may be a string of confor-
mation changes such as turning, folding, and bending for peptide in
the cavity. For this reason, the stretched atoms are selected from
the main chain of residues located in head, middle and tail parts
of the peptide, respectively. The most advantages release mode



Fig. 5. Key segments in the possible channels for the release of peptide from OGT determined by RAMD MD simulations. (Loop 1: 799–812; Loop 2: 893–899; Loop 3: 865–
871; Loop 4: 431–436; Loop 5: 398–402). The red shade shows the fragments of Loop 1, 2 and 3. The green shade denotes the fragments of Loop 4 and Loop 5. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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will be obtained by comparing pulling force of the process. The
detail stretched coordinates of three pulling modes are listed in
Fig. S5 and Table S4.

As presented in Fig. 6, ten parallel trajectories are obtained for
each mode. The corresponding maximum pulling forces are
1500–1800 pN, 1800–2000 pN, and 1800–2200 pN for Mode 1 to
3, respectively. The smaller the pulling force is, the easier the pep-
tide releases from the cavity. Based on tension minimization, Mode
1 is the best choice for peptide release. To further identify the main
factors influencing the peptide release, the binding modes of OGT
and peptide at the location with the largest pulling forces are ana-
lyzed. In Mode 1, when peptide moves 11 ps, the pulling force
reaches maximum, and the distance between the two reference
atoms is 19.1 Å. The Asn805, Gln839, Lys634, Lys396, and
Asn393 form five hydrogen bonds with peptide. Among them,
Gln839, Lys396, Lys634, and Asn393 will hinder the departure of
peptide, while Asn805 will facilitate the departure of peptide. As
a result, the peptide needs energy to overcome the hydrogen bond
interactions formed by preventing residues in its escaping. With
regard to Mode 2, the strongest force mainly occurs at 23.2 Å
between CA atom of His920 and CA19 atom of peptide after
25 ps of SMD simulations. Four strong hydrogen bonds form
between peptide and residues of Lys634, Asn805, and Asp431,
which prevent peptide fleeing away from the cavity. It is short of
benefit driving force for peptide release, and thus the Mode 2 is
inferior to the Mode 1 with longer time and bigger pulling force.
As to Mode 3, the peptide experiences a conformation change with
head prior to tail part. Therefore, it will take longer time to reach
the maximum force, and this mode is not favorable for peptide
release.

The SMD method provides a great convenience for selecting the
best pulling mode on the basis of evaluating pulling force. With the
above analysis, the maximum pulling force is about 1800 pN when
pulling the tail, which is less than the pulling force required for the
head and the middle parts, implying that this pulling mode is the
most favorable one. Moreover, based on pulling trait, if pulling
force is applied to the tail of the peptide, the hydrogen bonds at
the head of the peptide gradually disappear as the tail approaches
the exit, which relax for escaping from exit freely. However, if the
force acts on the head part, there is an additional constrain applied
for limitation of the mobile direction for peptide. If the force per-
forms on the middle part, colossal conformation changes for the
peptide will be occurred. Consequently, the latter two schemes
are not optimal choice.
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According to RAMD MD and SMD simulations, the most favor-
able channel and best pulling mode for the peptide dissociation
are obtained. The process is preliminarily identified that tail part
of the peptide flees away first along P1. Its inverse process is the
peptide recognition and binding, which is of great concern to us.
Since the external position of the peptide is uncertain, it is difficult
to build the model for entering of peptide from outside to the
active site. It should be noted that the process of substrate enters
the active site has been discovered similar with the product release
in the possible pathways and delivery mechanism [54]. Therefore,
in order to further comprehend the mechanism, key residues
together with corresponding thermodynamic and dynamic proper-
ties for the best channel and release mode in the recognition and
binding process of CKII peptide, the classical MM MD simulations
combined with umbrella sampling technology will be performed.

3.3. Thermodynamic and kinetic characteristics of the recognition
mechanism of peptide.

The distance between the CA atom of Lys498 and the C26 atom
of peptide is selected as the reaction coordinate (RC) in umbrella
sampling calculations (see Fig. 7). A total of 1340 ns MM MD sim-
ulations for 67 windows with appropriate biasing harmonic poten-
tials from 17.0 Å to 50.0 Å with a 0.5 Å resolution are performed to
map the free energy profile and explore the peptide delivery mech-
anism. For each window, the root mean square deviation (RMSD) is
used to verify the stability of the trajectory, and a series of biasing
harmonic potentials are tested to ensure full sampling and suffi-
cient overlap between adjacent windows (see Fig. S6 and Fig. S7).
Different time periods and districts are considered on the basis of
previous studies [55,56] to prove the convergence of free energy
curves (see Fig. S8). It can be seen that the free energy curves arrive
at convergence after 15 ns, and thus the sampling during time
durations of 16–18 ns, 18–20 ns, and 16–20 ns is adopted for get-
ting reliable free energy files, whose maximal SD is 0.6 kcal/mol.
According to the conformation changes and recognition character-
istics of protein and peptide as well as the trend of free energy, the
entire recognizing and binding process can be divided into five
stages (Fig. 8).

In the first stage (50.0 Å � RC ˃ 42.5 Å), the head and middle
part of peptide is priority recognized by the residues around the
entrance cavity of OGT. The two residues of Val895 and Asn805
are most importantly among these residues for binding head part
of peptide through two hydrogen bonds, whose probability of



Fig. 6. Pulling forces and residues around peptide at maximum pulling force in SMD.

Fig. 7. Reaction coordinate definition in umbrella sampling for the most favorable pulling mode along P1.
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forming the interactions approaches 90% with the head part of
peptide during the stage. Furthermore, Asp431 and Gln839 are
extremely essential by one or two hydrogen bonds with the middle
2051
part of peptide alternately, which also has a high probability as the
peptide moving. Besides that, Asn557 also assists the recognition
of peptide, which mainly acts on the head part. However, as to



Fig. 8. The conformation change and location of the peptide recognize along P1 in
MM MD simulations combined with umbrella sampling technology in five stages.
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the tail part, it is freely floating around the interacted cavity. Here
it should be noted that the conformation of the peptide presents a
curly ‘‘V” shape during the whole stage.

In the second stage (42.5 Å � RC ˃ 30.0 Å), a great deal of hydro-
gen bonds between OGT and peptide gradually increase to further
bind the peptide, which are mainly located in the middle and tail
part of the peptide. They provide a driving force for recognition
of the peptide, especially for Lys396, exceeding 90% probability
of occurrence. Moreover, other residues, such as Val401, Lys430,
Tyr632, Lys634, Gln399, and Gly635 also contribute to the peptide
delivery. The peptide continues to show a ‘‘V” shape, and most of
the snapshots along the reaction coordinate present more visible
crimp for the peptide than the first stage. It is probably caused
by the recognition of tail part of peptide. First notably, Lys634
mostly forms hydrogen bonds with both middle and tail part by
high probability simultaneously, which may be the main reason
for the noticeable crimp for peptide. In addition, the hydrogen
bond between peptide and residues of Asp431 is going from the
middle to the tail gradually. Moreover, the Gly635 arises with high
probability during the later period and the residues such as
Gln399, Val401, and Arg637 appear around the tail part. All of
them form hydrogen bonds with peptide. These factors influence
the degree of crook for peptide. The Gln839 sostenuto forms hydro-
gen bonds with the head or middle part by stability probability in
the snapshots that with deep bending for peptide, which also
implies that the interaction came from the residue is important
for the conformation changes of peptide.

In the third stage (30.0 Å � RC ˃ 25.0 Å), the peptide is still
wavering to the active site with an obvious folding, whose struc-
ture experiences ‘‘V ? spread” conformation changes. It is worth
noting that the residues around the head part of the peptide
become unstable, particularly as Asp587, Gly783, Val895, and
Thr801. When the latter three residues present around the head
part, the peptide shows ‘‘spread” shape, otherwise, the ‘‘V” shape
can be observed. On the contrary, if Asp587 interacts with head
part of peptide, ‘‘V” shape can be identified, otherwise, the peptide
shows ‘‘spread” shape. Therefore, it may be one of the reasons for
the conformation perturbation of peptide, which guides mobile
direction for the peptide. Moreover, more residues of OGT than
those of the second stage appear to form hydrogen bonds with
middle and tail part of peptide alternately with erratic probability,
such as Gln839, His498, His461, Asp431, Lys396, Asn393, con-
tributing to the obvious conformation of peptide. Among these
residues, the new hydrogen bonds formed by His498, His461,
and Asn393 are useful for the delivery of peptide towards the
active site. In addition, the hydrogen bonds formed between the
fragment of residues Tyr632-Arg637 and peptide can be detected,
which is also conducive for the peptide moving.

In the fourth stage (25.0 Å � RC ˃ 20.0 Å), due to the softness of
peptide and specific interactions between key residues and pep-
tide, the conformation of the peptide is back to ‘‘V” shape, then
fluctuates to ‘‘spread” shape again, and then back again to relaxed
‘‘V” shape. The hydrogen bond environment is generally similar to
that of the third stage, which is also alternately by comparing each
window. The head part of the peptide keeps swinging up and
down, while the middle and tail parts are relatively stable. That
is why a folding or bending change for the peptide can be detected,
which is similar with that of last stage. The obvious alternated
changes of hydrogen bond interactions between residue of Tyr13
located in the head part of peptide and residues of Asp587,
Asp554, Ser432, and Val895 of OGT are the main reason for wobble
of head part of peptide. If the first three residues form interactions
with head part of peptide, ‘‘V” shape can be detected, while if
Val895 instead of them that appears in the head part, the peptide
shows ‘‘spread” shape. The fragment comprised of Tyr632-Arg637
of OGT as well as the residues of His496, His461, and Lys396 alter-
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nately interact with the middle and tail part of peptide through
hydrogen bonds. They can stabilize peptide in the cavity, which
are benefit to peptide binding. It is worth mentioning that the
probability of occurrence for Asn393 and His496 is obviously
increased than the above stage, which plays a pivotal role in
attracting peptide moving to the active site.

In the fifth stage (20.0 Å � RC � 17.0 Å), peptide is stabilized at
the active site of OGT gradually, and its conformation shows
‘‘spread” shape with little fluctuation. Thr801, Asn805, and
Pro897 form hydrogen bonds with the head part, which is benefit
for peptide moving to the active site and maintaining stretched
mode. Moreover, Lys634 and His496 are identified to play an
important role in constraining the middle and tail part of peptide
with high probability by hydrogen bond interactions. For the
mobility of peptide, other residues, such as His517, Tyr632,
Thr633, and Gln839 also form key interactions with the substrate.

What is noteworthy is that the release mechanism is strongly
related with the interactions between OGT and different subsec-
tion of the peptide. Typically, we find that if the peptide is divided
into two segments according to the characteristic of interactions
around the peptide and the conformation changes of the peptide,
more particular and deep comprehending can be acquired. The
two segments are the residues of Tyr13-Pro19 and Val20-Met26,
which are named as first part and second part, respectively, as
Fig. 9 and Fig. 10 depicted. For the first part, it swings strongly
because of the flexible property of peptide and alternated residues
around them. It should take major responsibility for guidance of
mobile direction and three times of ‘‘V ? spread” conformation
changes of peptide. It is related with the region comprised with
residues Thr315-Ala650 of OGT. As to the second part, great major-
ity hydrogen bond interactions are formed with it, which mainly
provide the driving force for peptide binding and locating. It is rel-
evant to the part involved with residues of Met651-Lys1028. In
order to clearly clarify the feature of two segments, the key points
during the whole process are extracted with new present mode
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shown in Fig. 9. We can see clearly that in the first stage, the first
part is prior recognized and the second part is freely outside the
protein. Along the further binding of the peptide, the second part
is recognized, and then the two parts are both binding gradually.
During the second to fourth stage, the first part guides the binding
direction by swinging that influences the conformation changes of
peptide, and the second part is relatively stable with growing
hydrogen bond interactions. The behavior of both sections is ben-
efit for further transportation of peptide to the inward of OGT. In
the fifth stage, the first part finds the most comfortable direction,
and both segments are stabilized in the active site with stable con-
formation and interactions. Consequently, it can be further proved
that the peptide recognition and binding process are highly depen-
dent on the features of surroundings for the different subsection of
peptide.

Let us go back to the free energy profile, which is depicted in
Fig. 11. In the first stage, the peptide is recognized primitively by
OGT with head and middle part prior binding. Meanwhile, the tail
part floats freely outside the entrance without any constrains. For
the high occurred probability of key residues, stable hydrogen
bond interactions and the similar conformations of each window,
the free energy exhibits gently decreased trend with about
4.0 kcal/mol. As to the second stage, the new hydrogen bond inter-
actions increased significantly by comparing that of first stage,
especially for the location around the middle and tail part of pep-
tide. It implies that the middle and tail part is gradually further rec-
ognized, which provides the driving force for the peptide delivery
towards the interior of OGT. Moreover, the quantity of broken
interactions between OGT and peptide is obviously less than the
formation interactions. In addition, the peptide continues to show
the curly ‘‘V” shape with weak conformation changes. Accordingly,
the free energy shows a gradual exothermic trend by gathering up
the threads for about 15.4 kcal/mol. With regard to the third stage,
the number of hydrogen bond interactions is further increased
along the peptide moving toward the active site. Here more inter-
actions arisen from residues of Asn393, His461 and His498. The
fragment of Tyr632-Arg637 distinctly appeared around the middle
and tail part of peptide that offers main driving force for the pep-
tide binding. Furthermore, it should be noted that obvious confor-
mation changes have been detected from ‘‘V” to ‘‘spread” shape,
and the peptide shows a comfortable stretch state by its delivery.
Accordingly, by the above points, the free energy falls off speedily
by 15.1 kcal/mol with higher rate than that of the second stage. For
the fourth stage, the overall number of hydrogen bond interactions
is similar with the third stage, while the appeared probability of
Asn393 and His496 is apparently increased than the third stage,
which plays a major role in attracting peptide further binding. In
addition, the peptide gradually transitions to a relaxed state by
its moving. Both reasons imply that the free energy continues to
exothermic by 4.7 kcal/mol with mild pattern compared with the
third stage. During the fifth stage, the peptide experiences a relax-
ation process with a stretched state. It is stabilized in the active site
gradually by reposeful interaction from high occurred probability
residues. Hence the free energy shows a smooth convergence pat-
tern. As a result, the whole process of peptide recognition and
binding by OGT is strongly exothermic with about 39.2 kcal/mol,
which mainly comes from the hydrogen bond interactions forma-
tion that serves as main driving force and conformation relax of
‘‘V ? spread” for peptide.
4. Conclusions

OGT is related to the life activities of more than 1000 proteins,
and it has an extremely important relationship with the occurrence
of many diseases. Recently, it is a hot topic to study the entire



Fig. 9. The location and conformation changes of peptide recognize along P1 from subsection view. For peptide, Tyr13-Pro19 is chosen as the head part that colored with
cyan, and Val20-Met26 is defined as the tail part that colored with red; for protein, Thr315-Ala650 is selected as the left part that colored with purple, and Met651-Lys1028 is
used as the right part that colored with forest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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enzymatic catalysis, protein recognized mechanisms, and design of
inhibitors for OGT. In this paper, MM MD simulations combined
with MM/GBSA, RAMD MD, SMD and umbrella sampling are car-
ried out to study the recognition process of CKII peptide in OGT
protein. His496, His558, Thr633, Lys634, and Pro897 stabilize the
peptide at the active site through hydrogen bonds on the basis of
the equilibrium state of OGT-peptide complex from MM MD simu-
lations. Energy decomposing analysis and calculation of six muta-
tion models indicate that the binding free energy is mainly
composed by Van der Waals and electrostatic interaction, and resi-
dues of Lys634, Pro559, Thr633, Pro897, Phe868, His496, and
His558 contribute most to the binding of peptide. As to His496,
Pro559, and Phe868, the side chain plays an extremely significant
role in peptide binding, and for Thr633, Lys634, and Pro897, the
main chain has a great effect. Apart from this, two possible release
channels of P1 and P2 for the peptide are discovered, and P1
located among residues of Loop 1, Loop 2 and Loop 3 is preponder-
ance. Moreover, the head part of peptide is recognized prior to the
tail part for P1. The whole recognition and binding process is
strongly exothermic by 39.2 kcal/mol. The main driving force prob-
ably mainly comes from the increasing formed of the hydrogen
bonds between peptide and OGT and the relaxed of peptide with
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conformation changes. More notably, three distinct properties sig-
nificantly attribute the entire process. Firstly, the hydrogen bond
interactions are identified as the protagonist for driving the recog-
nition and delivery of peptide. Here Val895 and Asn805 are the
most important residues for peptide initial recognition through
hydrogen bonds with high occurred probability. The hydrogen
bonds from Asn393, His461, His496, His498, and Lys634 are key
contributor to drive the further movement of peptide. Secondly,
the conformation of OGT is not changed significantly, while the
peptide experiences particular changes of three times of
‘‘V ? spread” for its flexible feature and various interactions
around its head part, which bring important effect for the peptide
delivery process. If Ser432, Asp554, and Asp587 interacts with
head part of peptide, the ‘‘V” shape can be observed; while when
the Gly783, Thr801, and Val895 appear around the head part, the
‘‘spread” shape can be detected. Finally, different parts of the pep-
tide have different performance. The recognition and binding
mechanism particularly depends on the hydrogen bond interac-
tions between OGT and different subsections of the peptide.
Tyr13-Pro19 of peptide leads its moving direction, which directly
influences the conformation changes; meanwhile interactions
mainly focus on Val20-Met26 are responsible for the location



Fig. 11. Potential of mean force (PMF) for peptide recognizing and binding along
the P1 channel by using MM MD simulations combined with umbrella sampling
technology.

Fig. 10. Two segments of peptide, first part is colored as cyan that refers Tyr13-Pro19, and the second part is colored as red that refers Val20-Met26. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and stability of peptide. Although the CKII peptide recognition and
binding mechanism studied here is typical, it also offers important
useful theoretical clues for understanding performance of the other
peptide with similar residues and features. For one thing, similar
residues probably have similar interactions, which are closely
related to recognition and binding mechanisms. For another, with
regards to the long and flexible properties of peptide, the different
performance of different parts may appear. In addition, what is also
noteworthy is that various methods combination provide a general
framework. It can be applied in the transported mechanism calcu-
lation for long substrate with flexible properties in enzyme system.
Therefore, our results provide important theoretical clues for the
peptide recognition and delivery process in enzymatic catalysis
at the atomic level, which is also crucial for protein identification.
Furthermore, it is probably useful for the inhibitor design that tar-
gets the interaction between OGT and target proteins. We hope
this work will accelerate the progress of the related research both
in theory and experiment.
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