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Abstract: Post-Translational Modification (PTM) of proteins plays a vital role in both disease and
normal states. Protein acetylation is an important PITM in eukaryotes as it greatly changes the
properties of a protein including hydrophobicity and solubility. Therefore, in both metabolism and
regulatory processes, acetylation and other PTMs perform a critical role. By Investigating and
accurately spotting lysine acetylation sites can stop or alter faulty modifications that were
previously supposed to occur. This can help in changing the course of microbiological diseases like
Bacteremia, UTI's, meningitis and others. Several models have been developed to identify lysine
acetylation (Kace) sites with appreciable performances. This manuscript presents an improved
approach to identify lysine acetylation (Kace) sites which achieves 0.951, 0.891, 0.813, 0.969, 0.946,
and 1.0 MCC for B. subtilis, C. glutamicum, E. coli, G. kaustophilus, M. tuberculosis and S.
typhimurium species respectively. Machine Learning algorithms require feature extraction from
protein sequences, which is a complex and time taking process. This study has introduced an
approach to identify kace sites using a deep learning-based model. The proposed approach
significantly outperforms the existing approaches. The experimental results on the benchmark and
independent datasets achieve significantly higher accuracy, very close to the actual labels. The
source code accurate prokaryotic-lysine-acetylation-site-prediction for the proposed approach is
made publicly available online for validation purposes.

Keywords: Lysine Acetylation; Post-Translational Modification (PTM); Deep Learning; Protein
Acetylation.

1. Introduction

There are two steps in protein formation. The first step is transcription and the second is translation.
In the transcription phase, first the messenger RNA is formed from DNA which then translates into a
specific type of protein based on the information it carries [1]. Every protein has its specific RNA that
contains amino acids sequence. When a protein is formed, it may go through some modifications through
a process known as Post-Translational Modification (PTM) to enable it to perform various functions. More
than 400 types of PTMs have been identified that can occur in human cells [2]. Phosphorylation, Acetylation
and Ubiquitination are among the more important post-translational changes [3]. Lysine acetylation (also
called Kace) is one of the most commonly occurring PTM with further 3 sub-types described as alpha,
sigma and ortho, according to locations. Sigma acetylation is the most important of the three, controlling
actin nucleation, cell cycle regulation, chromatin stability and various other important functions including
Protein-Protein Interactions (PPIs). The alpha acetylation occurs more commonly in eukaryotes. Disruption
in the regulation of Kace can result in aging and various diseases like cancer, immune disorders,
cardiovascular problems, etc. Thus, acetylation plays a major role in cell physiology and pathophysiology.

Several experimental methods have been devised including radioactivity methods and mass
spectrometry to investigate the exact locations of Kace sites. Recently, Artificial Intelligence (AlI) based
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methods using machine learning and deep learning models have also been designed for the identification
of Kace sites. Although, improvements in speed and accuracy of finding Kace sites have been made, yet
limitations like use of elementary algorithms only and limited feature space of methods still need to be
addressed and overcome.

Artificial intelligence (AI) is when machines perform tasks that are generally attributed to human
intelligence. Machine Learning (ML) is a branch of Al in which machines can obtain skills and learn things.
In ML, handcrafted features need to be extracted from the data so that these can be passed to machines (or
models) and train them to do predictions in future. The architecture of the machine learning model is
shown in Figure 1.
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Figure 1. Architecture of the Machine Learning Model

Deep Learning (DL) is a branch of ML which uses Artificial Neural Networks (ANN) to learn from
data without explicitly providing them with the features of the datasets. We pass raw data to a deep
learning model, and it generates features by itself. A neural network is a kind of network which is inspired
by the human brain [4]. In deep learning, the model is trained to perform specific tasks by taking raw
inputs from labeled data. The dataset could contain sound, text, sequences, or images. The results that are
achieved now by deep learning methods were never possible before. These trained models of deep learning
can even exceed human-level performance due to ultra-high accuracy. It is because deep learning models
use multiple layered neural network architecture and large labeled dataset [5]. The architecture of the deep
learning model is shown in Figure 2.
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Figure 2. Architecture of the Deep Learning Model

Traditionally, many experimental methods have been developed to detect Kace post-translational
modifications (PTMs) sites [6]. With the help of technological advancement, detecting performance of Kace
sites has been improved significantly. However, if we consider the size of the proteome, we have only
identified a small part of the lysine yet as modifying and testing every kind lysine that resides in a protein
is a difficult task.

Several ML algorithms have been used in the identification and prediction of lysine acetylation sites.
Wankun et al. conducted a study for the prediction of histone acetyltransferase (HAT) specific modification
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sites which resides in a protein sequences through GPS PAIL model [7]. They collected 702 Non-redundant
acetylation sites which are HATSs specific for 205 protein protein substrates. In their experiment, they
performed analysis on nine eukaryotic organisms and seven HAT-specific sites. They identify the
eukaryotes and prokaryotes sites that play a vital role several biological processes and cellular pathways.
There are 58000 acetylation sites identified and characterized in both eukaryotes and prokaryotes species.
Multiple algorithms were developed to predict the general acetylation sites, but few algorithms were
developed for HAT-specific sites prediction. GPA PAIL provided better results for the identification and
prediction of HAT-specific sites.

Qingxiao et al. conducted a study on lysine acetylation sites prediction based on Long-Short Term
Memory (LSTM) algorithm [8]. Two machine learning models K-Nearest Neighbor (KNN) and Support
Vector Machines (SVM), and a Deep Learning model LSTM, were trained and tested to predict lysine
acetylation. However, in their experiments, results concluded that the deep learning-based LSTM model
performed better than both machine learning algorithms as KNN algorithm which achieved the accuracy
of 0.6969 and SVM model achieved 0.7428. Whereas LSTM model achieved an Accuracy score of 0.8152.

Kai et al. conducted a study on the prediction of reversible Acetyltransferase of Histones
(HAT)/Deacetylase of Histones (HDAC)-specific lysine acetylation by using deep learning-based model
[9]. They integrated numerous structures of genetic factors with a deep neural network and evaluated the
hyper-parameters with element’s multitude evaluation, which achieved a notable performance. They
employed cross-validations as well as testing sets of data for the validation of the model. The study
describes that protein-protein connections could develop enzyme-specific alteration supervisory
interactions. Visualization of their results is possible on the Deep PLA server. Moreover, the study also
describes cancer’s cross-examination of transformation-associated alterations and discovers that regulation
of acetylation can be completely disrupted by alterations in cancers and is seriously concerned in the
instruction of cancer gesturing. The results of these findings might offer sufficient regulatory information
to reveal the implementation of protein alterations in numerous biological procedures and to stimulate the
study of the prediction and cure of cancers.

Yingxi et al. conducted a study on Generative Adversarial networks (GAN) [10], the purpose of this
study was to predict and analyze of multiple protein lysine modified sites. They worked on a dataset
involving 18 lysine modifications. Different features were extracted from the dataset and 1497 features
were selected. The model achieved an accuracy of 0.8589 and Matthews correlation coefficient (MCC) of
0.8376 after 10-fold cross-validation testing. On the independent test data, the model achieved 0.8549
Accuracy and 0.8330 MCC values. Generative adversarial networks (GAN) were used to handle the class
imbalance problem.

Basith et al. conducted a study on recent trends in developing machine learning approaches for the
prediction of lysine acetylation [11]. Their study provides a comprehensive survey on different machine
learning predictors. Furthermore, the study has also discussed the key aspects of developing a successful
predictor.

Chen et al. developed a predictor called ProAcePred [12] for 9 different prokaryotic species and then
further updated it to ProAcePred 2.0 [13] for 6 prokaryotic species.

A stacking-based predictor called STALLION [14] was recently developed for prokaryotic lysine
acetylation prediction. STALLION significantly improved the performance accuracy of lysine acetylation
site prediction as compared to previous approaches. It achieves the maximum accuracy and Mathew
Correlation Coefficient (MCC) values in Kace sites identification. STALLION demonstrates its
performance on a dataset containing six different species. These species are Mycobacterium tuberculosis
(MT), Bacilus subtilis (BS), E. Coli (EC), Corynebacterium glutamicum (CG), S. typhimurium (ST) and
Geobacillus kaustophilus (GK).

Such ML studies give us the idea to understand the differences better in substrate site specificity
between prokaryotic and eukaryotic species. Most of the predictors were designed to predict the
acetylation in eukaryotes and lacked species specifically.

As STALLION shows the maximum performance, we consider it as a benchmark method and
compare our approach with it. It is demonstrated that the proposed method outperforms STALLION for
Kace (lysine acetylation sites) prediction. We have applied Deep Learning algorithms for the accurate
prediction of lysine acetylation sites. We conducted our experiment on the same six species Mycobacterium
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tuberculosis (MT), Bacilus subtilis (BS), E. Coli (EC), Corynebacterium glutamicum (CG), S. typhimurium
(ST) and Geobacillus kaustophilus (GK) used by STALLION.

Recently many convolutional neural network (CNN) based algorithms try to improve exploration by
adapting mutation strategies during the evolution process in comparison to the hand-crafted CNN
architectures and other automatic search methods. The search process becomes fully automatic,
eliminating the need for expert knowledge in CNN design. These algorithms take multiple parameters as
input and find the best parameters according to the dataset [15] [16] [17].

To date, more than a dozen tools have been developed to identify Kace sites like, Pail [18], LysAcet
[19], EnsemblePail [20], N-Ace [21], BPBPHKA [22], PLMLA [23], PSKAcePred [24], KAcePred [25], LAceP
[26], AceK [27], SSPKA [28], iPTM-mLys [29], KA-predictor [30], ProAcePred [12], ProAcePred 2.0 [13],
Ning et al [31], DNNAce [32], KerasTuner [33], DeepKPred [34], MDC Kace [35] and STALLION [14].
Readers can see the details of these approaches by following the references.

2. Materials and Methods

Chen et al. [36] developed a dataset from the PLMD database [37]. It is a non-redundant dataset for
six species namely, B. subtilis, C. glutamicum, E. coli, G. kaustophilus, M. tuberculosis and S. typhimurium.
The dataset summary is presented in Table 1. They applied CD-HIT [38] to remove the homologous
sequences from the dataset by using a sequence identity threshold of 30%. The removal of homologous
sequences is crucial for the model performance. The authors also employed varying sequence lengths and
concluded that sequences of 21-residue length and K at their center are the best choices. They used an
experimental method to validate the Kace (positive) samples and non-Kace (negative) samples. The
STALLION [14] also used the same dataset in their study. In this study, we also use the same dataset
developed by Chen et al. [36] for a fair comparison of the proposed model with STALLION and
ProAcePred 2.0. Table 1. Shows the statistical summary for training and independent dataset.

Table 1. Statistical Summary of Dataset

Species Positive Negative Positive Negative
EC 6592 6592 361 1384
CG 1052 1052 83 830
MT 865 865 68 514
BS 1571 1571 125 1165
ST 198 198 10 217
GK 206 206 17 192

The first column represents the species, the second and third column represents the training dataset,
and the fourth and fifth column represents the independent dataset for testing. We experimented with
several machine learning, Neural Network and Deep Learning methods on the dataset for finding the
optimal performing models. The features were extracted through iFeature [39] library and their live server,
and Chou's 5-step rule [40] for protein features extraction. Multiple features were extracted including
Amino Acid Composition (AAC), Enhanced Amino Acid Composition (EAAC), Dipeptides Composition
(DPC), Enhanced Dipeptides Composition (EDPC) and K-Spaced Amino Acid Composition. Different ML
algorithms were experimented on the features dataset through Lazypredict [41] [47], a Python library that
has an implementation for 40 machine learning algorithms. The best performing algorithm using a method
in which dataset is turned into Train and Test split with data size of 80% and 20% respectively achieved
the MCC 49% for EC on training dataset, but failed on the independent test dataset [49]. The independent
testing achieved 15% overall MCC for all the 6 species [51] [52]. The architecture of the machine learning
model is shown in Figure 3.

In our second experiment, a stacking-based deep learning model was applied to the dataset as
proposed by Anum et al [42]. This model achieved 67% MCC for ST, 55% for BS, 51% for CG, 49% for MT,
31% for ST and 27% for GK on the training dataset. The model achieved 18% overall MCC for all the 6
species and it also failed to outperform STALLION on the independent dataset [53]. The architecture of the
Stacking model is shown in Figure 4.
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Method 1
ML Based

Figure 3. Architecture of Machine Learning Model
Method 2

Stacking

Figure 4. Architecture of Stacking Model
After performing these experiments, LSTM was applied to the dataset. LSTM outperformed
STALLION on two species by 11% on B. subtilis, and by 41% on E. coli. After that, hyperparameter
optimization using KerasTuner [47] [50] was applied to the dataset which outperformed STALLION for all
six species. The architecture of the deep learning model is shown in Figure 5.
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Figure 5. Architecture of Deep Learning Model

2.1. Computational Environment

The proposed algorithm is developed by using various technologies including Google Colaboratory
and Anaconda Python Jupiter Lab. We used Google Colaboratory because python libraries are already
installed on the server, and we don't have to install these manually. Google Colaboratory also provides a
Graphics processing unit (GPU) which enhances the training and testing process relatively faster for deep
learning algorithms. We have used KerasTuner python library and TensorFlow at the back-end.
2.2. Architecture of proposed Deep Learning Model

In the proposed model, first, we implemented the LSTM model. LSTM model outperformed
STALLION for 2 species B. subtilis and E. coli. Parameters used in LSTM are in Table 2.

Table 2. Parameters used in LSTM

Maximum Features 500
Activation Function Softmax
Optimizer Adam
Epochs 100
Batch-Size 32

LSTM outperformed STALLION by 11% in B. subtilis and by 41% in E. coli. LSTM performed well
because the number of the protein sequences for the two species; B. subtilis was 1571 positive and 1571
negative sequences, and E. coli was 6592 positive and 6592 negative sequences. LSTM could not perform
well on the other four species due to the smaller datasets.

In the second experiment, KerasTuner is used to tune the model and TensorFlow is used at the back-
end. In KerasTuner multiple units are passed to the model, so that it can train and test the model according
to these different units. Then the units setting showing the best performance is selected. Table 3 shows
parameters used in KerasTuner.

Table 3. Parameters used in KerasTuner

Maximum Features 500
Activation Function Hidden Layer Relu
Activation Function Output Layer Sigmoid

Units 2,4,8,16,32,64,128
Epochs 20
Batch-Size 32
Type Random Search
Objective Val-Accuracy
Max Trials 10
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Multiple units were passed to KerasTuner. A neuron or a unit typically represents a single object [44].
Max trails represent the number of hyperparameter combinations that will be tested by KerasTuner and
execution per trail is the number of models that will be built and fit to check the robustness of each trail. 2,
4, 8,16, 32, 64 and 128 units were passed to KerasTuner. Here relu and sigmoid were chosen for activation
functions, which makes total of 14 combinations per trail. In this case, max trails are set to 10, and the
KerasTuner is configured to find 10 random tuples of the hidden units and activation function. For each
trial and execution, KerasTuner is set to fit the model with 20 epochs as configured in the script. Figure 6
shows the proposed deep learning model's training accuracy on given units.

Units
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Figure 6. Training Accuracy on Given Units

Total 8 parameters were used in KerasTuner. Table 4 shows the relationship between the model
and dependent variables. As number of the units are changed for the specie, the accuracy starts to

decline.
Table 4. Best units used in KerasTuner
Species Units

E. Coli (EC) 4

C. Glutamicum (CG) 64

M. Tuberculosis (MT) 8

B. Subtilis (BS) 64

S. Syphimurium (ST) 8

G. Kaustophilus (GK) 16

2.3. Performance Evaluation Strategies

Four performance measurements that are widely used in other studies [45] [46] are applied here to
evaluate the model. These measures include Matthew’s correlation coefficient (MCC), Balanced Accuracy
(BAcc), Sensitivity (5Sn) and Specificity (Sp). Sensitivity is the measure that indicates how many of the
positive predictions are actually positive. It's like finding a person who has a disease and predicting him
as a patient. Specificity is the measure indicating the accurate predictions of people as non-patients who
are actually without a disease. Balanced Accuracy is used when a dataset is not balanced, i.e., there is one
class in the majority and the other in minority. The performance values of models trained on imbalanced
datasets could be misleading. The F1 score balances the precision and recall and thus is a better indicator
of a classifier's performance as compared to accuracy. Matthew’s correlation coefficient is more useful,
robust, and reliable, because it calculates a combined score based on given labels and predicted labels.

MCC = TP XTN — FP X FN 1)
\/(TP + FP)(TP + FN)(TN + FP)(TN + FN)

Sn+S 2

BAcc = p @)
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TP (3)
Sn=-———
TP+ FN

TN 4)
Sp=r——
TN + FP

Where TP stands for True Positives, TN is True Negatives, FP is False Positives and FN is False

Negatives.

3. Results

In the first experimental method, machine learning was used to predict the Kace sites. In the first step,
features were extracted from protein sequences from EC and ST species. EC dataset contains the most
sequences and ST is the smallest among six species. Multiple feature extraction methods were used. A total
of 16200 features were extracted from different features extraction method like Amino Acid Composition,
Enhanced Amino Acid Composition, Dipeptides Composition, Tripeptides Composition, K-space amino
acid, and they were fused together. These features were passed to machine learning classifier separately as
well as fused. Total 40 machine learning classifier were tested. 80% data were used for training and 20%
were used for testing. After prediction accuracy on the training dataset, all classifiers were then analyzed.
LGBM classifier achieved 55% MCC on EC and 11% MCC on ST, which is higher than STALLION model
for EC on training dataset, but the classifier failed on the independent dataset. LGBM achieved 9% MCC
on EC and 0.25% MCC on ST. The prediction scores of machine learning classifiers were not up to the mark.
In order to improve the results, we then tried neural network-based approach to improve the prediction
results.

In the stacking method, features were extracted from GAP 0,1,2,3 method and passed to the Neural
Network based classifier, CNN, separately. After that, all trained models were saved and passed to the
Support Vector Machine (SVM) classifier with the addition of amino acid composition features. 80% data
were used for training and 20% were used for testing. On the training dataset Stacking model achieved
59% MCC on EC and 18% MCC on ST. It is higher than the STALLION model for EC. On the independent
testing the Stacking model achieved 19.25% MCC on EC and 0.02 on ST. Prediction score of neural network
based stacking model was not very good. We then tried with advanced deep learning based model to
improve the accuracy.

Both approaches failed because they involve feature extraction from the protein sequences.
Preprocessing had been carried out already on these datasets in a way that increased the accuracy of the
ProAcePred 1.0 model compared to ProAcePred 2.0. The First 30% threshold CD-HIT was applied to
remove similar sequences. After that protein sequence was reduced to 21 sizes and K was placed in the
center of the sequence. Due to this, all feature extraction methods failed to extract sufficient features from
the dataset. To overcome this problem, we implemented deep learning algorithms which generate features
by themselves. But there are some problems in the deep learning algorithms as well because these require
large training samples to train themselves.

Firstly, Long-Short-Term-Memory (LSTM) model was tested, LSTM model is the most cited algorithm
in the past decade. This model is designed in a way that it does not forget the information as the connection
in the neural network recur over a longer period. LSTM require a large amount of dataset to train upon.
Because of this reason, the LSTM model performed well on E. coli as it has 13184 sequences and B. subtilis
as it has 3142 sequences for training the model. This is why the LSTM model outperformed STALLION
achieving 41% better MCC on E. coli and 11% MCC on B. subtilis in the independent testing but failed to
perform very well in the other 4 species because they have lesser sequences then these two species. The
proposed model, optimized using KerasTuner, was first trained on the training dataset and produced
significantly better results with a split of 80-20 as training and testing data respectively. The results on the
training data show that the proposed deep learning model outperformed STALLION on the training
dataset. MCC values of the produced results of the two models are shown in Table 6. The details of the
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specie-specific values of the results produced by the proposed deep learning model for different
performance measures are detailed in Table 6.
Table 5. STALLION and Proposed Deep Learning Results on Training Dataset. (5-fold cross-validation

testing)
Species STALLION Proposed DL
(MCCQC) (MCQ)

EC 0.390 0.784

CG 0.329 0.995

MT 0.380 0.994

BS 0.295 0.997

ST 0.202 1.000

GK 0.259 0.956

Table 6. Proposed Deep Learning Results on Training Dataset (5-fold cross-validation testing)
Species MCC BAcc Sn Sp

EC 0.784 0.881 1.000 0.761
CG 0.995 0.998 1.000 0.995
MT 0.994 0.997 0.994 1.000
BS 0.997 0.998 1.000 0.997
ST 1.000 1.000 1.000 1.000
GK 0.956 0.986 1.000 0.972

3.1. Comparative Analysis

Two deep learning approaches, Long-Short Term Memory (LSTM) and Sequential model were
trained and compared. First, LSTM model was trained that produced good results on the training dataset.
The model also performed well on the independent dataset and outperformed STALLION for two species
B. subtillis and E. coli. However, it could not produce good results for other species.

Secondly, the sequential model from Keras library was trained. KerasTuner was used for the tuning
of the model. KerasTuner is a hyperparameter optimization framework that finds the best hyperparameter
values for a model. It uses Bayesian Optimization, Hyperband and Random Search algorithms. We have
used random Search to tune the hyperparameters of our model. The proposed deep learning model was
trained on the training dataset. After the training of the model, the independent dataset was used to
evaluate the model’s performance.

The model achieved 0.951, 0.891, 0.813, 0.969, 0.946, and 1.0 MCC values for B. subtilis, C. glutamicum,
E. coli, G. kaustophilus, M. tuberculosis and S. typhimurium, respectively. The results produced by the
tuned model on the benchmark dataset outperformed all the other predictors on the independent dataset
including STALLION and ProAcePred 2.0. Figure 7 shows a comparison of the proposed deep learning
model with STALLION and ProAcePred 2.0 on the independent set.

B. subtilis C. glutamicum
1 1
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0.6 0.6
0.5 0.5
0.4 0.4
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Figure 7. Performance comparison of the proposed approach using KerasTuner, STALLION, and
ProAcePred 2.0 in classifying Kace and non-Kace sites on the independent test

4. Discussion

While conducting the experiments, we observed that deep learning (DL) classifiers are consuming
lesser time than machine learning (ML) classifiers. For ML classifiers, first, we have to extract features from
the protein sequences. After extraction, these features are passed to the ML classifiers for training. This
process takes a lot of time and resources, and its results are still not as accurate as DL classifiers. But there
are some limitations in DL classifiers as well. These require a large amount of data to train upon. Due to
this very reason, the LSTM model performed well on E. coli having 13184 sequences and B. subtilis having
3142 sequences for training the model, and outperformed STALLION achieving 41% better MCC in case
of E. coli and 11% better MCC in case of B. subtilis on the independent set but failed to perform well on the
other 4 species having lesser number of sequences. Hyperparameter optimization was performed using
KerasTuner, a hyperparameter tuning framework, to overcome this issue. It trains and tests the model on
different hyperparameter settings (number of layers and number of nodes in a particular layer) and selects
the setting showing the best performance. After conducting the hyperparameter tuning with KerasTuner,
the model outperforms all the other classifiers for prokaryotic lysine acetylation site prediction.

For future research direction, both LSTM and KerasTuner based classifiers' code has been shared. We
have performed experiment on six species in this study. The same code can be used for other species, and
for future development of prediction algorithms in the field of bioinformatics. If a dataset consists of a
large number of training sequences, LSTM can be used to design the prediction system. However, if the
dataset is small then KerasTuner can be used effectively to optimize hyperparameters for designing a
reasonably good prediction system.

5. Conclusions

Multiple ML, neural network and stacking-based deep learning models were designed and applied
in this work. For ML and neural network-based methods, features extraction is necessary. We have
extracted features of protein sequences through multiple ways. These features were given to the ML and
neural network-based classifiers to identify Kace sites. In 5-fold cross-validation on the training dataset,
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these models performed well but failed to show good performance on the independent dataset. Stacking-
based deep learning model uses GAP 0, 1, 2, and 3 features. All these features were fused and given to the
model for training. This technique also failed on the independent dataset. Data fusion was also applied to
the experiment generating 16021 features for a single protein sequence. But it outperformed only one specie
E. coli. The deep learning algorithms outperformed all the other ML-based models for prokaryotic lysine
acetylation site prediction. First LSTM was experimented. LSTM outperformed STALLION in two species,
B. subtilis and E. coli, but failed to outperform on the other four species. Finally, the proposed deep learning
model tuned using KerasTuner, a hyperparameter optimization framework, outperformed the other
predictors in all six species and achieved the best accuracy.
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