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ABSTRACT: Post-translational modifications (PTMs) are pivotal in
the orchestration of diverse physiological and pathological processes.
Despite this, the identification of functional PTM sites within the vast
amount of data remains challenging. Conventionally, those PTM sites
are discerned through labor-intensive and time-consuming experi-
ments. Here, we developed an integrated analytical approach for the
identification of functional PTM sites on metabolic enzymes via a
screening process. Through gene ontology (GO) analysis, we
identified 269 enzymes with lysine 2-hydroxyisobutyrylation (Khib)
from our proteomics data set of Escherichia coli. The first round of
screening was performed based on the enzyme structures/predicted
structures using the TM-score engineer, a tool designed to evaluate the
impact of PTM on the protein structure. Subsequently, we examined
the influence of Khib on the enzyme−substrate interactions through both static and dynamic analyses, molecular docking, and
molecular dynamics simulation. Ultimately, we identified NfsB K181hib and ThiF K83hib as potential functional sites. This work has
established a novel analytical approach for the identification of functional protein PTM sites, thereby contributing to the
understanding of Khib functions.

■ INTRODUCTION
Post-translational modifications (PTMs) are essential for the
regulation of protein functions in various biological processes.
While a vast amount of PTM data sets have been acquired,
understanding these modifications is crucial for deciphering
protein functions. For example, tyrosine phosphorylation is
recognized to play an important role in cell signal trans-
duction,1−4 while ubiquitination is involved in inducing
unstructured regions for proteasome interaction and regulation
of protein degradation.5,6 Despite the increasing discovery of
new PTMs (e.g., acylation), the functional significance of many
PTMs remains unclear, posing a significant challenge to fully
understand their functional roles.
The advancement of mass spectrometry and enrichment

techniques has led to a significant increase in the identification
of lysine acylation, indicating its widespread biological
implications. For instance, lysine lactylation (Kla) may be
associated with dysregulated cancer metabolism.7 Lysine
crotonylation (Kcr) has been found in active promoters or
potential enhancers in human somatic cells and mouse male
germ cells.8 And aberrant lysine succinylation (Ksucc) is
strongly linked to human diseases such as cancer and
neurodegenerative diseases.9 However, the functional PTM
sites are far from being completely understood, considering the
high prevalence of lysine acylation. Therefore, it is crucial to
develop a novel method for determining functional PTM sites
from the extensive database.

Wet experiments are the primary approach for discovering
functional PTM sites, which are typically costly and time-
consuming. With the rapid development of bioinformatics, the
field of protein structure prediction has advanced significantly.
Currently, computational tools can predict the potential
function of PTMs,10 such as phosphorylation, ubiquitination,
and acetylation, by using large amounts of biological data.
However, due to insufficient knowledge, identifying the
functional sites of newly discovered PTMs remains difficult.
Here, we developed a novel approach to screen functional

PTM sites (Figure 1). First, we categorized the metabolic
enzymes with lysine 2-hydroxyisobutyrylation (Khib) from our
previous proteomics data set of Escherichia coli. Subsequently,
we conducted screening using TM-score, followed by
molecular docking and molecular dynamics (MD) simulation
to determine functional Khib sites. Ultimately, we identified
NfsB K181hib and ThiF K83hib as potential functional sites.
Our approach offers a promising method for predicting and
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screening functional PTM sites, thereby contributing to the
comprehensive understanding of PTMs in cellular regulation.

■ EXPERIMENTAL DESCRIPTION
A total of 1137 proteins containing 7122 specific Khib sites
were screened to identify the functional Khib sites. First, the
structures of proteins with and without Khib sites were
compared using the TM-score website to initially evaluate the
impact of the Khib site. Subsequently, the proteins displaying
obvious structural changes underwent molecular docking to
further analyze the effect of the Khib site on substrate binding.
The protein structures with unmodified and several different
Khib sites, respectively, docked with the same substrate to
compare the binding strength. A genetic algorithm was used to
search for the optimal binding mode, and an empirical energy
function was employed to estimate the binding energy. The
docking box size was set to 40 × 40 × 40 Å, and the other
docking parameters were kept at their default values. Based on
the comparison of docking energy, proteins with a significant
energy difference between the unmodified and Khib sites were
selected for MD simulation. The optimal docking model of the
substrate within the protein was considered the initial structure
and placed in a cubic box with the SPC water model. To
neutralize the system, chloride or sodium ions were randomly
added to the simulation box. The energy minimization of the
entire system was conducted over 50,000 steps using the
steepest descent method. After minimization, a 500 ps NVT
equilibration at 300 K and a 500 ps NPT equilibration at 1 bar
were performed. The conventional molecular dynamics (MD)
simulation was run for 100 ns with a time interval of 2 fs.
During the MD simulations, the long-range Coulombic
interactions were handled by using the particle mesh Ewald
(PME) method. The trajectory of MD was utilized to calculate
the root-mean-square deviation (RMSD), distance, number of
hydrogen bonds, and binding free energy.

■ RESULTS AND DISCUSSION
The Characterization of Khib Omics in E. coli. Khib was

originally discovered on histones in eukaryotic cells.11 Soon

afterward, we reported that Khib is a kind of conserved PTM
and widely existed in prokaryotes,12 further demonstrating that
CobB is an extensive lysine de-2-hyroxyisobutyryltransferase,
which mediates Khib of metabolic enzyme to regulate
glycolysis in prokaryotes,13 and that TmcA is a lysine 2-
hydroxyisobutyryltransferase, which regulates transcription
through a Khib-mediated molecular mechanism.14 We revealed
the regulation mechanism of Khib in prokaryote; however, the
functional Khib sites we have known are still very limited.
Here, we first analyzed the characterization of the Khib sites

that were collected from our previous study. A total of 7122
Khib sites were identified on 1137 proteins in E. coli (Table
S1). The amount of Khib sites on each protein was counted
(Figure S1A,B), and 240 proteins with over 10 Khib sites were
found. To understand the significance of Khib sites in
prokaryotes, we performed GO enrichment analysis of the
1137 substrate proteins of Khib. We further found that Khib
proteins are enriched in metabolism and biosynthesis and
occur mainly in mitochondrion, ribosomes, and cytosols with
diverse binding activities (Figure S1C), suggesting that Khib
may have an important effect on metabolism. Given that
metabolic enzymes are the core basis of generating materials
and energy in cell activities, we focused on the effect of Khib
on the activities of 269 metabolic enzymes.

Screening by TM-Score. It has been known that the basic
function of metabolic enzyme is to catalyze the transformation
of metabolites, requiring that the metabolites (ligands) bind
with metabolic enzymes. We screened protein structures based
on the following conditions: (1) we prefer to choose the
protein structures analyzed by X-ray, which are more reliable;
(2) the protein structure analyzed by X-ray should contain
Khib sites and the highest resolution. We reasonably
hypothesized that the key Khib sites may have an effect on
the structures of metabolic enzymes. Thus, we collected the
protein structures of metabolic enzymes with Khib and
corresponding ligand structures.
To examine preliminarily the influence of Khib on

substrates, we chose TM-score, which is a metric for assessing
the topological similarity of protein structures to native

Figure 1. Flowchart for the screening of functional Khib sites by an integrated analytical approach (TM-score, molecular docking, and dynamics
simulation) in E. coli.
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structures using the TM-Score program.15 The quality of the
protein prediction model was assessed by referring to several
metrics.16 For the proteins with both experimentally
determined structure and ligand binding information, the
TM-score value was calculated through the TM-Score program
after the addition of the Vienna-PTM 2.0 modification, a
resource for exploring PTMs using MD simulations.17−19 By
executing 1363 calculations based on TM-score engineer, 122
Khib sites (about 10%) were screened out as candidates (Table
S2 and Figure S2).

Assessment by Molecular Docking. To further
determine whether Khib influences the activity of the
candidate proteins, we conduct static analysis by calculating
their interactions with substrates using molecular docking. To
compare the effect of PTM effectively on the substrate, we
divided the receptor into two different states, unmodified and
modified (Khib), which are bound to the same substrate. That
is, two sets of different systems were constructed for the
control experiments. Thus, 122 Khib sites were docked with
their substrates, and as shown in Table S3 and Figure S3, NfsB
K181hib, ThiF K83hib, MtnN K47hib, and YdhF K83hib show
the obvious differences in binding energy between the Khib
group and the correspondingly unmodified group.
The two-dimensional (2D) interactions of proteins NfsB,

ThiF, MtnN, and YdhF with their ligands were further
analyzed using LigPlot+ software, the electrostatic potential
energy was calculated using PyMOL software, and the optimal
binding conformation of the ligand was also displayed. The
binding positions of FMN within NfsB-FMN and NfsB
K181hib-FMN differ by a tiny offset distance (1.0 Å) after
the two complexes, NfsB-FMN and NfsB K181hib-FMN, are
superimposed. This is also the case with YdhF-NAP and YdhF
K83hib-NAP (3.9 Å) (Figure S5A). However, the positions of
the small molecules in the other two control groups, ThiF-ATP
and ThiF K83hib-ATP (8.7 Å; Figure 2A), and MtnN-DF9
and MtnN K47hib-DF9 (6.9 Å; Figure S4A), have shifted

significantly after docking. By comparing the overall electro-
static potential energy of the two systems, we found that there
is an obvious difference between the two docking systems
NfsB-FMN and NfsB K181hib-FMN (1.683 kcal/mol; Figure
S6B), as well as ThiF-ATP and ThiF K83hib-ATP (1.831 kcal/
mol) (Figure 2B). The difference between MtnN-DF9 and
MtnN K47hib-DF9 (1.145 kcal/mol) (Figure S4B) and YdhF-
NAP and YdhF K83hib-NAP (0.133 kcal/mol) (Figure S5B)
are both not significant. Each system’s hydrophobic and
hydrogen bond interactions differ in the 2D interaction study.
After docking with NfsB-FMN, the hydrogen bonding of the
NfsB K181hib-FMN system varies significantly (Figure
S6C,D). The remaining three control groups, YdhF-NAP
and YdhF K83hib-NAP (Figure S5C,D), MtnN-DF9 and
MtnN K47hib-DF9 (Figure S4C,D), and ThiF K83hib-ATP
and ThiF-ATP (Figure 2C,D), were primarily represented by
the hydrophobic interaction difference. In summary, the
docking results suggested that four Khib sites have an obvious
effect on the protein function from a static perspective, and
then MD simulation was applied to examine the specific effects
from a dynamic perspective.

Analysis by Molecular Dynamics Simulations. In MD
simulations (100 ns), the effect of Khib on the structure (the
initial structure is the original structure downloaded from the
PDB) was further analyzed in detail after molecular docking.
For this purpose, we conducted analysis from four aspects
including the root-mean-square deviation (RMSD), hydrogen
bond number, distances, and binding free energy. To observe
the dynamic stability of the eight system complexes including
NfsB-FMN and NfsB K181hib-FMN, ThiF-ATP and ThiF
K83hib-ATP, MtnN-DF9 and MtnN K47hib-DF9, and YdhF-
NAP and YdhF K83hib-NAP, we calculated RMSD using the
starting structure. And thus, we found that the RMSD of the
eight system complexes fluctuated slightly (Figures 3A, S7A,B,
and S8A), indicating that all eight systems were stable.

Figure 2. Molecular docking results of ThiF. (A) Three-dimensional (3D) analysis of ThiF-ATP and ThiF K83hib-ATP systems, molecular
docking result. (B) Electrostatic potential surface of ThiF-ATP and ThiF K83hib-ATP systems, molecular docking result. (C) Hydrogen bonds and
hydrophobic interactions between ThiF and ATP as shown by LigPlot+, setting the docking box at 40 × 40 × 40 Å. (D) Hydrogen bonds and
hydrophobic interactions between ThiF K83hib and ATP as shown by LigPlot+, setting the docking box at 40 × 40 × 40 Å.
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Given that the hydrogen bond number contributes to the
stability of the system, we further calculated the number of
hydrogen bonds in the last 50 ns simulation of the eight
systems. The geometric criteria for hydrogen bond formation
between the ligand and acceptor are kept within 3.5 Å, and the
angle between the donor and acceptor is set at 30 Å. Next, we
measured the distance between the nitrogen atom on the side
chain of the modification site and the central carbon atom of
the ligand in the eight systems, given that such distances can
better reflect the effect on binding. Furthermore, binding free
energy can be effectively used to evaluate the affinity trend
between the protein and ligand, and a more negative value
indicates a more stable binding between the protein and ligand,
whereas we finally computed the binding energy based on the
conformations extracted from the last 50 ns simulation
trajectories. In the results of the aforesaid analysis, there are
obvious differences between NfsB-FMN and NfsB K181hib-
FMN and ThiF-ATP and ThiF K83hib-ATP, compared to
other systems (Figure S7C−F).
Next, we found that the number of hydrogen bonds varies

greatly in the NfsB-FMN and NfsB K181hib-FMN systems
(Figure S8C). During the simulation, NfsB-FMN can establish
stable hydrogen bond connections. Furthermore, we discov-
ered that the two systems’ distance fluctuations were varied
(Figure S8D). The average binding energies of NfsB-FMN and

NfsB K181hib-FMN were −80.480 and −23.871 kJ/mol
(Figure S8B), respectively. The NfsB-FMN systems have lower
binding free-energy values, which indicates that the binding
affinity is stronger. In two simulations of NfsB-FMN and NfsB
K181hib-FMN, respectively, we retrieved the stable final
structure (100 ns) to analyze the polarity action and
electrostatic potential energy analysis in order to detect the
microstructure changes. We found that there are two distinct
systems (Figure S8G,H) containing residues that generate
polarity when combined with FMN. The electrostatic potential
energy distributions of NfsB-FMN and NfsB K181hib-FMN
systems have obvious differences (Figure S8E,F). Thus, these
results suggest that K181hib blocks the binding between FMN
and NfsB and reduces the activity of NfsB.
The creation of hydrogen bonds in the ThiF K83hib-ATP

system increased, reaching a maximum of 10 hydrogen links,
while no hydrogen bonds formed in the ThiF-ATP system
(Figure 3C). As a result, ThiF K83hib-ATP can establish stable
hydrogen-bonding connections during the simulation. In the
distance, K83 and ATP are particularly distinguished from
K83hib and ATP (Figure 3D). Moreover, ThiF-ATP and ThiF
K83hib-ATP had average binding energies of −3.637 and
−87.704 kJ/mol, respectively (Figure 3B). Lower binding free-
energy values for the ThiF K83hib-ATP systems imply a higher
binding affinity. These results showed that K83hib may

Figure 3. Molecular dynamics results of ThiF. (A) RMSD of the MD simulation for ThiF-ATP (black) and ThiF K83hib-ATP (red). (B) The
binding free energy of the MD simulation for ThiF-ATP (black) and ThiF K83hib-ATP (red). (C) The number of hydrogen bonds of the MD
simulation from 50 to 100 ns for ThiF-ATP (black) and ThiF K83hib-ATP (red). (D) The distance of the MD simulation for ThiF-ATP (black)
and ThiF K83hib-ATP (red). The distance indicates the distance between the ThiF K83 side-chain nitrogen atom and the ATP central carbon
atom.
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promote the binding between ATP and ThiF. Notably, the
effect of ThiF K83hib on the protein structure and function
had been verified by the previous study.20

■ CONCLUSIONS
In summary, we developed an integrated analytical approach
for screening functional PTM sites in metabolic enzymes. By
the use of Khib on metabolism enzymes as a paradigm, we
showed a multistep screening method (TM-score, molecular
docking, and MD simulation) and identified NfsB K181hib
and ThiF K83hib as functional Khib sites in E. coli. This study
develops a new method for the screening and predicting
functional sites of new protein modifications, providing a basis
for the function and physiological consequence study of Khib.
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