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Major highlights of paper:

e This study presents new data that addresses significant gaps in our understanding of key
substrates and enzymes involved in a novel epigenetic process called lactylation, which
modulates the cellular landscape in both cancer and non-cancer cells.

o Specifically, the study found that breast cancer cells secrete lactate into the extracellular
environment during drug-induced cell death.

e Molecular dynamics simulations were then used to predict the potential role of acetyl-
CoA synthetase in generating lactyl-CoA by macrophages and microbiota.

e Additionally, the study suggests that HAT p300 may use lactyl-CoA as a substrate,
similar to the known substrate acetyl-CoA.

o Finally, this paper proposes novel missing links in the shuttling of lactate and its derived
products within the tumor microenvironment, taking into account the roles of tumor-
associated macrophages and microbiotas.
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ABSTRACT

Background

As per the Warburg effect, cancer cells are known to convert pyruvate into lactate. The
accumulation of lactate is associated with metabolic and epigenetic reprogramming, which has
newly been suggested to involve lactylation. However, the role of secreted lactate in modulating
the tumor microenvironment through lactylation remains unclear. Specifically, there are gaps in
our understanding of the enzyme responsible for converting lactate to lactyl-CoA and the nature
of the enzyme that performs lactylation by utilizing lactyl-CoA as a substrate. It is worth noting
that there are limited papers focused on metabolite profiling that detect lactate and lactyl-CoA
levels intracellularly and extracellularly in the context of cancer cells.

Methods

Here, we have employed an in-house developed vertical tube gel electrophoresis (VTGE) and
LC-HRMS assisted profiling of extracellular metabolites of breast cancer cells treated by
anticancer compositions of cow urine DMSO fraction (CUDF) that was reported previously.
Furthermore, we used molecular docking and molecular dynamics (MD) simulations to
determine the potential enzyme that can convert lactate to lactyl-CoA. Next, the histone
acetyltransferase p300 (HAT p300) enzyme (PDB ID: 6GYR) was evaluated as a potential
enzyme that can bind to lactyl-CoA during the lactylation process.

Results

We collected evidence on the secretion of lactate in the extracellular conditioned medium of
breast cancer cells treated by anticancer compositions. MD simulations data projected that
acetyl-CoA synthetase could be a potential enzyme that may convert lactate into lactyl-CoA
similar to a known substrate acetate. Furthermore, a specific and efficient binding (docking
energy -9.6 kcal/mol) of lactyl-CoA with p300 HAT suggested that lactyl-CoA may serve as a
substrate for lactylation similar to acetylation that uses acetyl-CoA as a substrate.

Conclusion

In conclusion, our data provide a hint on the missing link for the lactylation process due to
lactate in terms of a potential enzyme that can convert lactate into lactyl-CoA. This study helped
us to project the HAT p300 enzyme that may use lactyl-CoA as a substrate in the lactylation
process of the tumor microenvironment.

Keywords: Metabolic reprogramming, Glycolysis, Lactic acid, Epigenetic modification, Histone
modification, Warburg effect.



Introduction

A tumor contains various kinds of cancer cells and non-cancer cells including immune cells,
stromal cells, and in close vicinity, microbiotas (1-3). There are strong suggestions that
intracellular and intercellular shuttling of lactate may be required to meet the diverse metabolic,
signaling, and epigenetic regulations of cancer and cancer associated cells (4-7).

Lactate generated by cancer cells may be shuttled to the extracellular milieu so that
lactate could influence metabolic adaptations by macrophages and microbiotas (8-11). Besides
the clear role of lactate in the metabolic rewiring of cancer cells and cancer-associated cells such
as pro-inflammatory macrophages, there is a clear gap in our understanding of lactate-mediated
non-metabolic implications including lactylation form of epigenetic modifications of histones.

The coherence between metabolic and epigenomic process that supports the various
tumor hallmarks including proliferation, invasiveness, metastasis and drug resistance is being
unraveled (8-14). Emerging observations support the role of lactate as a non-metabolic signaling
molecule that promotes lactylation and post-translational modification of a lysine residue on
histone and other target proteins such as PKM2 and beta-catenin (11-14). At the same time,
lactylation is reported in certain types of cells including macrophages, and is linked to the
transcriptional changes that help the M1 macrophages to be changed into M2 macrophages (15-
19).

In essence, M2 macrophages are shown to share similar attributes to that of pro-
inflammatory and tumor-associated macrophages (20-22). A view on the role of extracellular
lactate as a metabolic fuel by microbiotas is proposed. In this way, an indirect role of lactylation
in cancer growth and proliferation is proposed by activating M1 macrophages in the tumor
microenvironment which is in turn transformed into pro-tumor M2 macrophages (15-22). Among
many distinctive features of M1 macrophages, acetyl-CoA synthetase is highly active and
overexpressed which is known to catalyze the formation of acetyl-CoA from acetate (23-30).
However, the role of acetyl-CoA synthetase in lactylation is not explored. The constraints in the
detection of lactate and lactate-derived metabolic products could be due to the highly shuttled
and dynamic nature of lactate in the tumor microenvironment. Therefore, a link that can connect
the generation of lactyl-CoA from lactate by specific enzymes of cancer cells, tumor-associated

macrophages, and microbiotas in the tumor niche is not evident.



In spite of increasing understanding on the novel evidence on the lactylation in various
cellular components of tumor microenvironment, there is a gap regarding the nature of the
enzymes may use lactyl-CoA for lactylation and report of lactyl-CoA in the physiological
setting. At the same time, the possibility of the involvement of histone acetyltransferase (HAT)
p300 which is well-known as a regulator of chromatin remodeling is indirectly proposed, but not
explored (31-37).

In this study, we aimed to investigate lactate excretion in the extracellular conditioned
medium of cancer cells treated with anticancer compositions. To explore the missing link in
lactylation, we utilized molecular docking and molecular dynamics (MD) simulations to identify
potential enzymes capable of generating lactyl-CoA from lactate. Additionally, we conducted
molecular interaction studies to determine the binding affinities of lactate and its derived
products with HAT p300. Our findings shed light on the significant gaps in our understanding of

lactylation, particularly regarding the enzyme that can catalyze lactylation using lactyl-CoA.

Materials and Methods
Materials

Cell culture reagents were purchased from Invitrogen India Pvt. Ltd. and Himedia
Laboratories Pvt. Ltd. MCF-7 breast cancer cells were procured from the National Centre of Cell
Science (NCCS) Pune, India. DMSO, agarose, acrylamide, and other chemicals were of
molecular biology grade and obtained from Himedia Laboratories Pvt. Ltd. India and Merck
India Pvt. Ltd.
Extracellular metabolite profiling

The extracellular conditioned medium of MCF-7 breast cancer cells treated by DMSO
and cow urine DMSO fraction (CUDF) (50 pg/ml) final concentration was collected as per the
previously published procedure (41-43). Then, 750 ul of extracellular conditioned medium was
mixed with 4X loading buffer (0.5 M Tris, pH 6.8, and Glycerol). Next, the conditioned medium
along with the loading buffer was loaded on the vertical tube gel electrophoresis (VTGE)
purification system with a matrix of 15% polyacrylamide gel (acrylamide: bisacrylamide, 30:1)
(42-43). The fractionated extracellular metabolites were collected in the running buffer (96 mM
glycine, pH 8.3). The detailed procedure was adopted from previously published in-house
VTGE-assisted purification of metabolites (42-43). Furthermore, LC-HRMS analyses of VTGE-



purified extracellular metabolite elutes were performed by Agilent TOF/Q-TOF Mass
Spectrometer station Dual AJS ESI ion source. During LC separation, RPC18 Hypersil GOLD
C18 100 x 2.1 mm-3 pm and mobile phase of 100% Water (0.1% FA in water) and 100%
Acetonitrile (90% ACN +10% H20+ 0.1% FA) were used in the proportion of 95% and 5%
(40). Mass spectrometry was performed in a positive mode and analyzed as per the procedure

adopted from previously reported methodology (43).

Molecular Docking

Potential oncometabolites including lactate (PubChem CID: 91435), acetate (PubChem
CID: 175), lactyl-CoA (PubChem CID: 3081970), and acetyl-CoA (PubChem CID-444493)
were retrieved from the database as ligands for molecular docking. The PubChem database was
used to download the structure of ligands in SDF format. Then conversion of ligands into PDB
format took place using the software OpenBable. Before performing molecular docking, both
ligands were energy minimized to obtain stable conformation using Avogadro software (44) with
the steepest descent method and MMFF94s force field. Protein Data Bank (PDB)
(https://www.rcsb.org) was used to download the receptor protein. Here, HAT p300 (PDB ID-

6GYR) and acetyl-CoA synthetase (PDB ID: 2P2F) were taken as target proteins. Hetatoms are
removed from the protein before performing docking. This protein was subjected to the
AutoDock Tool 4.2. to perform the steps of protein preparation, which include the removal of
water molecules, bond correction, assigning AD4 type atoms, adding polar hydrogens, and
adding Kollman charges (45). AutoDock Vina Software was used to perform molecular docking
(46). After the successful docking, confirmation of the binding position of oncometabolite into
the receptor protein and calculation of bond distance has been done by Discovery Studio
Visualizer v3.0 (DSV3) and Accelrys software (47).
Molecular Dynamics (MD) Simulations

The 20ns Molecular Dynamics (MD) simulation of metabolite lactate (PubChem CID:
91435), and acetate (PubChem CID: 175) with acetyl-CoA synthetase (PDB ID: 2P2F) was
performed with the help of Desmond software to confirm the binding stability and strength of the
complex (48). Desmond has inbuilt functions to add pressure, volume system, temperature, and
many functionalities to accomplish protein-ligand binding. Ligand-protein complex was plunged

into a water-filled orthorhombic box of 10 A spacing. The conformational changes upon binding
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of ligands with acetyl-CoA synthetase were recorded by using the 1000 trajectories frames
generated during the 20ns MD simulation and the Root Mean Square Deviation (RMSD) was
calculated to reveal the binding stability of lactate and acetate.
RESULTS
The relevance of intracellular, extracellular, and inter-tissue lactate as metabolic fuel and
signaling molecules that link the epigenetic-metabolic axis in cancer is considered challenging
(4-10). The reason behind the gaps in understanding the role of lactate and its derived metabolic
products such as lactyl-CoA is the lack of detection of lactate and lactyl-CoA at the
physiological concentration at intracellular, extracellular, and inter-tissue levels. The lack of
clear evidence on the levels of lactate and lactyl-CoA could be linked with constraints such as
specific and efficient metabolite profiling methodologies and the highly shuttling and diffusive
nature of lactate and lactyl-CoA in the tumor microenvironment.
Detection of lactate in the extracellular conditioned medium

In this regard, we have attempted to detect the levels of lactate and lactyl-CoA at the
intracellular and extracellular levels of breast cancer cells treated by DMSO and anticancer drug
compositions enriched with free fatty acids and tripeptides (41-43). The use of anticancer drug
composition CUDF is taken as one of the candidate drug models to see the difference in the
detection of lactate and lactyl-CoA compared to the DMSO control. Extracellular metabolite
profiling of MCF-7 breast cancer cells suggested surprising observations that lactate was not
detected in DMSO control (Figure 1A). At the same time, CUDF-treated MCF-7 breast cancer
cells previously reported for inducing cell death indicated the presence of lactate (m/z 89.0239,
RT-1.483, mass-90.0131) in the LC-HRMS derived total ion chromatogram of extracellular
conditioned medium (Figure 1B). The detailed MS and MS/MS spectra displayed clear evidence
of lactate-specific negative ESI fragment ion spectra such as 89.0235 and 96.9594. Interestingly,
LC-HRMS profiling of VTGE-purified intracellular metabolites did not show a detectable level
of lactate and lactyl-CoA. At the same time, extracellular profiling showed the presence of
lactate in the case of breast cancer cells under drug-induced stress and cell death (Figure 2). But,
we did not detect traces of lactyl-CoA in the case of both DMSO and CUDF-treated breast
cancer cells.

Molecular docking on lactate and acetyl-CoA Synthetase



In a quest to find the relevance of lactate as an extracellular signaling molecule, we found
that acetyl-CoA synthetase is known to promote pro-tumor phenotype in macrophages. Also,
acetyl-CoA synthetase is known for the metabolic activities in bacterial cells that could be linked
with the microbiotas in the niche of the tumor microenvironment. By employing molecular
interaction studies, data indicated that lactate (Figure 3A) occupies the same substrate site as in
the case of acetate (Figure 3B). The binding affinity and interactions at the active sites of acetyl-
CoA synthetase are projected to be almost similar from lactate (Figure 3C) over acetate (figure
3D) in terms of residues such as TRP413, TRP414, GLN415, ARG515, ASN512, and ARG526.
The number and nature of interacting forces including hydrogens bonds projected identical.
Besides a missing link on the suitable enzyme that performs the lactylation process, a debate is
pertinent on the existence of an enzyme that converts lactate to lactyl-CoA. By using molecular
docking studies, we have screened various potential enzymes as potential players that may
catalyze the formation of lactyl-CoA from the lactate (data not shown). During the screening, a
key enzyme is predicated as acetyl-CoA synthetase that may potentially prefer the lactate as a
substrate during the formation of lactyl-CoA that is similar to the acetyl-CoA formation from
acetate (Figure 2). Data obtained from DSV3 predicted the almost similar binding pockets with
hydrogen bonds between acetate (GLN415, ARG515, ARG526) and lactate TRP413, TRP414,
GLN415, ARG515, ASN521) for acetyl-CoA synthetase (Figure 3 and Table 1).

Molecular Dynamics (MD) Simulation

To analyze the stability of the lactate-acetyl CoA complex, the MD simulations were carried
out for a length of 20 ns. For comparison, a known substrate acetate is selected as a positive
control for MD simulations of acetyl-CoA synthetase. We have analyzed the conformation of the
protein-ligand complex obtained during the simulation period of 20ns. Root mean square
deviation (RMSD) was calculated during the simulation trajectory of 20ns for the ligands such as
lactate and acetate against acetyl-CoA synthetase. The RMSD evolution plot of acetyl-CoA
synthetase on the Y-axis suggests that values (1.2 to 2.4 A) for lactate (Figure 4A) is within the
well-accepted range, 1-3 A and almost similar to acetate (Figure 4B) RMSD value (0.9 to 2.7 A)
Furthermore, it is important to note that simulations are converged and appear to be stabilized at
the end of simulations of length between 12 to 20 ns for lactate and a known substrate of acetyl-

CoA synthetase.



Next, root mean square fluctuation (RMSF) values of acetyl-CoA synthetase in complex
with lactate suggested a well-acceptable range of fluctuations for lactate (0.4 to 1.8 A) and
acetate (0.5 to 1.6 A) specifically in the region spanning from 280 to 550 amino acid residues
(Figure 5A and 5B). These residues from 280 to 550 position of acetyl-CoA synthetase is known
for substrate binding and catalytic activity. The MD simulations explain the interaction fraction
of the acetyl-CoA enzyme residues with the lactate and acetate, which means how much % of the
simulation time the specific interactions of these residues maintained ligand-protein complexes.
Here, the ligand-protein contact map of lactate (Figure 6A) and acetate (Figure 6B) showed
similar interaction profiles in terms of ranges on Y-axis from 0 to 2. Most notable amino acid
residues that contributed to the stable ligand-protein complexes are found common such as
THR416, ASN521, GLY524, and ARG526.

Molecular docking on lactyl-CoA and HAT p300

Concerning the recent discovery of an epigenetic lactylation process, there is a substantial
gap between the substrate and the enzyme which is known to play a vital role in lactylation for
histone modification. However, suggestions are put forth on the involvement of lactate-derived
metabolites such as lactyl-CoA during the lactylation process (12-18).

In this direction, we have employed in silico approach to understanding the epigenetic
modification by the process of lactylation. Autodock Vina was used to perform molecular
docking experiments due to its better accuracy in predicting binding patterns, less run time,
higher reproducibility, and its ability to powerfully search for potential energy surfaces (30). The
molecular binding patterns of lactyl-CoA and acetyl-CoA against HAT p300 showed similar
attributes in terms of binding energy and interacting amino acid residues (Table 1). DSV3 was
used after molecular docking to find the binding residues and details of polar bonds including
hydrogen bonds. Lactyl-CoA binds through six strong conventional hydrogen bonds to the
binding residues ARG1312, GLU1423, LYS1426, LYS1427, GLU1477, ARG1478) of HAT
p300 protein (Figure 7A and Figure 7C, Table 1). The binding affinity (-9.6 kcal/mol) and
specificity of lactyl-CoA within the active site of HAT p300 shared almost identical binding
attributes such as docking energy (-10.3 kcal/mol) and key residues (ARG1305, ASP1306,
ARG1312, GLU1416, GLU1423, GLU1477, ARG1478) responsible for hydrogen bonds for a
stable acetyl-CoA and HAT p300 enzyme complex (Figure 7B and Figure 7D). Molecular



interactions suggested that lactyl-CoA may display equivalent binding affinity that occupies the
similar binding pocket of acetyl-CoA in the substrate binding site of the HAT p300 enzyme.
DISCUSSION

Cancer cells within the tumor microenvironment achieve metabolic reprogramming by
concerted contributions from cellular and non-cellular factors (1-4). Indeed, the requirements of
cancer cells are met through various metabolic networking including glucose metabolism and
distinctive metabolic products including lactate (5-11). Given Warburg's effects on cancer cells,
the production of lactate is suggested as a waste product. Currently, there is an emergence of
understanding that cancer cells may export metabolic waste lactate to fuel the growth and
metastasis by supporting various intracellular metabolic and non-metabolic epigenetic
regulations of cancer-supporting cells such as macrophages within the tumor microenvironment
(12-19).

Epigenetic alterations such as methylation, acetylation, succinylation, and newly included
lactylation of histones and other protein targets are known to alter the pro-tumor attributes of
cancer and cancer-supporting cells including macrophages (8-10). Furthermore, accumulating
shreds of evidence have shown the existence of an axis between epigenetic changes and
metabolic adaptations (11-19). At the same time, however, the key insights on the nature of
substrate, the biological abundance of a substrate, and associated enzymes are missing.

Here, our data suggested a possible role of acetyl-CoA synthetase as a key enzyme that
allows the binding of lactate to the same binding site as acetate. Interestingly, active site binding
amino acid residues such as TRP413, TRP414, GLN415, ARG515, ASN521 are earlier reported
in case of acetyl-CoA synthetase as in case of lactate vs. acetate (23-30). These findings hinted at
the potential uses of acetyl-CoA synthetase by cancer cells to generate lactyl-CoA for the
proposed lactylation process because of metabolic reprogramming. Then non-cancer cells
including microbiotas with suitable enzymes may convert lactate to lactyl-CoA and then lactyl-
CoA is released into the tumor microenvironment (23-27). The role of acetyl-CoA synthetase is
depicted in the activation of macrophages mediated by pro-inflammatory bacteria (28-30).

In recent, modulation of epigenetic writer enzymes such as HATSs are implicated in the
inflammatory landscape of tumor microenvironment specifically in the context of polarization of
M1 macrophage to M2 macrophage (31-34). Among various HATS, the enzymatic role of HAT

p300 to alter the acetylation mark on histone and other tumor suppressors is highlighted (35-37.



But the relevance of HAT p300 in contributing lactylation marks on histone and other proteins
using lactyl-CoA as a substrate remains obscure. The possibility of metabolic strategies by
cancer cells to use lactylation as a part of mitigating acetylation marks on histone proteins could
be explored. This would be almost similar to shunting off HATs by cancer and cancer-associated
cells as a part of the activation of oncoproteins during chromatin remodeling to achieve pro-
tumor attributes. In recent, non-histone proteins such as PKM2 and beta-catenin are suggested as
protein targets that modulate the macrophage phenotype transition in cancer and other human
disease conditions (11-19). The relevance of HAT p300 in modulating the transcriptional
landscape of cancer cells and tumor-associated immune cells such as macrophages is considered
as a link between the metabolic-epigenomic axis that may use metabolites such as acetyl-CoA
and lactyl-CoA

In a direction to the unresolved question of the nature of substrate and enzymes in
lactylation, there is a hint of the potential enzymatic role by HAT p300 (15-19). Among various
HATs, HAT p300 is suggested to modulate the transcription of genes that are linked to the
development of various human diseases including cancer and immune-related diseases that
involve macrophages in their tissue environment (31-37). HAT p300 is determined to comprise
several domains including HAT domain (1285-1664) amino acid residues (24-27). HAT p300
catalytic domain is antagonized by various small molecules including A-485, I-CBP112, natural
products, and bi-substrate analogs (Lys-CoA) (31-37). However, binding affinity and position by
lactyl-CoA to p300 HAT is not known and may be potentially linked with the lactylation
process. Although the active site on HAT p300 is reported in earlier works by showing key
amino acid residues such as PHE1374, LEU1398, SER1400, ARG1410, THR1411, TYR1414,
HIS1415, ARG1312, GLU1423, LYS1426, LYS1427, GLU1477, and ARG1478 (31-37).
Importantly, molecular docking data on specific and similar binding by both lactyl-CoA and
acetyl-CoA indicated a strong binding to the reported amino acid residues such as ARG1312,
GLU1423, LYS1426, LYS1427, GLU1477, and ARG1478. These amino acid residues interact
with several known natural and synthetic substrates including acetyl-CoA, lysyl-CoA, A-485,
and I-CBP112. It is interesting to note that lactate did not have any binding affinity within the
active site of HAT p300

The above observations are in coherence with a recent finding that the lactylation process

modulates the transcriptional gene regulation in M1 macrophage and allows it to change into M2



macrophage (18-19). Zhang et al.* discovered the process of lactylation with experimental
evidence at molecular and cellular levels. However, pertinent questions were not answered on
the nature of the enzyme and biological source and relevance of lactyl-CoA that may potentially
act as a substrate for a potential enzyme such as HAT p300. Our data is the first and novel
proposition on the biological possibilities of lactyl-CoA within the tumor microenvironment and
the mode of lactylation mediated by the HAT p300 enzyme.

One of the crucial messages that could be derived from this work is that extracellular
lactate due to drug-induced stress and death may be an additional adaptive mechanism by cancer
cells to suppress and fine-tune immune cells including the transition of macrophage phenotype
(11-22).

Future propositions

e It would be interesting to explore the relevance of extracellular lactate in the tumor niche
and conversion into lactyl-CoA by pro-tumor microbiotas (35-37) by utilizing acetyl-
CoA synthetase enzyme. This will uncover additional mechanisms that can explain the
availability of lactyl-CoA.

e Since both lactyl-CoA and acetyl-CoA bind to the same active HAT domain of HAT
p300, it would be interesting to evaluate whether lactylation epigenetic marks may inhibit
acetylation marks on chromatin that could drive certain cells such as macrophages toward
polarization from anti-tumor M1-macrophage to pro-tumor M2 macrophage in the tumor
microenvironment.

e In addition, the authors make a proposition that the availability of lactyl-CoA within the
tumor microenvironment may be linked to the nature of microbiotas that are equipped
with an enzyme that may convert lactate into lactyl-CoA. Hence shuttling of lactate and
lactyl-CoA is proposed between cancer cells, microbiotas, and immune cells such as
macrophages within the tumor microenvironment.

e The impact of these findings will have a significant contribution to solving the
unanswered questions on the molecular mechanisms of lactylation in the context of the
tumor microenvironment. Herein, the authors propose a future model in that lactate is
shuttled into the tumor niche harboring microbiotas during external agents-mediated cell

death to cancer cells.



e In this way, microbiotas are equipped with the metabolic machinery including lactyl-
coenzyme A and acetyl-CoA enzyme to generate lactyl-CoA from lactate (35-36).

e In the future, research attempts would be challenging to understand and evaluate the
shuttling of lactate and lactyl-CoA among cancer cells, cancer-supporting macrophages,
and microbiotas that could contribute to the pro-tumor microenvironment.

e Hence, this study proposes future investigations to understand the lactylation process in
the tumor microenvironment by exploring cellular links among cancer cells,
macrophages, and pro-tumor microbiotas.

e A future link between the overexpression of P-gp in cancer cells and the distribution of
CoA, lactate, lactyl-CoA, and acetyl-CoA among cellular components of the tumor
microenvironment may be explored and linked with pro-tumor metabolic and epigenetic
reprogramming.

e In the future, small pharmacological inhibitors of HAT p300 could be employed to
quench the polarization of macrophage and in turn, this would be an additional avenue
for combinatorial therapies along with chemotherapy to lead to drug resistance by
upregulating lactylation mediated process.

e A concept of mimetic of lactate and lactyl-CoA could be considered to hinder the
polarization of macrophages and metabolic reprogramming of microbiotas in the tumor
niche to achieve new avenues of anticancer therapies.

e A very recent paper revealed the mechanism of lysine lactylation in E. coli (34) and it
would be fascinating to see the effects of microbiotas with the machinery of lactylation
enzymes such as YiaC, CobB, and YdiF that can use extracellular lactate in the tumor
microenvironment and providing signaling molecules to cancer cells and cancer-
associated immune such as macrophages as pro-tumor phenotype.

e A proposed model on the relevance of extracellular lactate in the lactylation process in
cancer and cancer-supporting cells such as macrophages that shape up the pro-tumor
microenvironment is presented (Figure 8).

CONCLUSION
In conclusion, our data suggested the presence of extracellular lactate in response to
anticancer drug compositions enriched with free fatty acids and tripeptides. Importantly, lactate

was not noticeable in the extracellular compartment of DMSO-treated breast cancer cells.



Additionally, lactyl-CoA was not detected in the extracellular compartment of breast cancer
cells. Molecular docking and MD simulations predicted that lactate could serve as a substrate for
acetyl-CoA synthetase besides its known substrate acetate. These projections helped to
hypothesize that acetyl-CoA could have the potential to convert lactate into lactyl-CoA in the
tumor microenvironment and the ensuing lactylation-mediated epigenetic process. Furthermore,
molecular interaction studies helped to propose that HAT p300 may serve as a potential enzyme
that can use lactyl-CoA to transfer the lactate group for the lactylation of histones and other
target proteins. The nature of the data is based on in vitro detection of lactate and molecular
docking and MD simulations, and these findings are novel and could be a meaningful

incremental step to resolve gaps in the lactylation and tumor microenvironment.

Acknowledgement: This manuscript was uploaded on preprint server.

Patel R, Kumar A, Lokhande KB, Swamy KV, pal JK, Sharma PNK. Molecular Docking and
Simulation Studies Predict Lactyl-CoA as the Substrate for P300 Directed Lactylation.
ChemRxiv. Cambridge: Cambridge Open Engage; 2020. 10.26434/chemrxiv.12770360.v1.

Authors Declarations:
“Data availability” statements
e The datasets used and/or analysed during the current study available from the
corresponding author on reasonable request.
e All data generated or analysed during this study are included in this published article
[and its supplementary information files].
Funding: The authors acknowledge research funding support from Dr. D. Y. Patil
Vidyapeeth, Pune, India as an intramural grant.
Conflicts of interest/Competing interests: They declare no Conflicts of interest.
Availability of data and material (data transparency): The authors accept the data
transparency
Code availability (software application or custom code): Not applicable
Authors’ contributions:
Rushikesh Patel: Data collection, Methodology, Interpretation
Ajay Kumar: Data collection, Methodology, Manuscript draft preparation

Kiran B Lokhande: Data collection, Methodology, Manuscript draft preparation



Mrudula Joshi: Data collection, Methodology

Kratika Khandelwal: Data collection, Methodology

Jayanta K. Pal’ Interpretation, Manuscript draft preparation

Nilesh Kumar Sharma’ Conceptualization/ldea, Interpretation, Manuscript draft preparation

Reference:

1. Levine AJ, Puzio-Kuter AM. The control of the metabolic switch in cancers by oncogenes
and tumor suppressor genes. Science. 2010. 330(6009):1340-1344.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011. 144:646—
74.

3. Lyssiotis CA, Kimmelman AC. Metabolic interactions in the tumor microenvironment.
Trends Cell Biol. 2017. 27:863-75.

4. Warburg O.On respiratory impairment in cancer cells. Science (New York, N.Y.). 1956.
2124(3215):269-270.

5. Brooks GA. The science and translation of lactate shuttle theory. Cell Metab. 2018.
27:757-85.

6. Garcia-Cafaveras JC, Chen L, Rabinowitz JD. The Tumor Metabolic Microenvironment:
Lessons from Lactate. Cancer Res. 2019. 79(13):3155-3162.

7. Ngwa VM, Edwards DN, Philip M, Chen J. Microenvironmental Metabolism Regulates
Antitumor Immunity. Cancer Res. 2019. 79(16):4003-4008.

8. Esteller M. Epigenetics in cancer. N Engl J Med. 2008. 358:1148-1159.



9. Kinnaird A, Zhao S, Wellen KE, Michelakis ED. Metabolic control of epigenetics in
cancer. Nat Rev Cancer. 2016. 16(11):694-707.

10. Sabari BR, Zhang D, Allis CD, Zhao Y. Metabolic regulation of gene expression through
histone acylations. Nat Rev Mol Cell Biol. 2017;18(2):90-101.

11. Sharma NK, Pal JK. Metabolic ink lactate modulates epigenomic landscape: A concerted
role of pro-tumor microenvironment and macroenvironment during carcinogenesis. Curr Mol
Med. 2020. 10.2174/1566524020666200521075252.

12. Zhang D, Tang Z, Huang H, et al. Metabolic regulation of gene expression by histone
lactylation. Nature. 2019. 574(7779):575-580.

13. Liberti MV, Locasale JW. Histone Lactylation: A New Role for Glucose Metabolism.
Trends Biochem Sci. 2020. 45(3):179-182.

14. Varner EL, Trefely S, Bartee D, von Krusenstiern E, 1zzo L, Bekeova C, O'Connor RS,
Seifert EL, Wellen KE, Meier JL, Snyder NW. Quantification of lactoyl-CoA (lactyl-CoA)
by liquid chromatography mass spectrometry in mammalian cells and tissues. Open Biol.
2020. 10(9):200187.

15. Wang J, Yang P, Yu T, Gao M, Liu D, Zhang J, Lu C, Chen X, Zhang X, Liu Y.
Lactylation of PKM2 Suppresses Inflammatory Metabolic Adaptation in Pro-inflammatory
Macrophages. Int J Biol Sci. 2022. 18(16):6210-6225.

16. Ye L, Jiang Y, Zhang M. Crosstalk between glucose metabolism, lactate production and
immune response modulation. Cytokine Growth Factor Rev. 2022. 68:81-92.

17. Dong H, Zhang J, Zhang H, Han Y, Lu C, Chen C, Tan X, Wang S, Bai X, Zhai G, Tian
S, Zhang T, Cheng Z, Li E, Xu L, Zhang K. YiaC and CobB regulate lysine lactylation in
Escherichia coli. Nat Commun. 2022. 13(1):6628.

18. Lin J, Liu G, Chen L, Kwok HF, Lin Y. Targeting lactate-related cell cycle activities for
cancer therapy. Semin Cancer Biol. 2022. 86(Pt 3):1231-1243.

19. Gu J, Zhou J, Chen Q, Xu X, Gao J, Li X, Shao Q, Zhou B, Zhou H, Wei S, Wang Q,
Liang Y, Lu L. Tumor metabolite lactate promotes tumorigenesis by modulating MOESIN
lactylation and enhancing TGF-f signaling in regulatory T cells. Cell Rep. 2022.
36(12):110986.

20. Megraw RE, Reeves HC, Ajl SJ. Formation of lactyl-coenzyme A and pyruvyl-coenzyme
A from lactic acid by Escherichia coli. J Bacteriol. 1965. 90(4):984-988.



21. Zhang X, Mao Y, Wang B, et al. Screening, expression, purification and characterization
of CoA-transferases for lactoyl-CoA generation. J Ind Microbiol Biotechnol. 20109.
46(7):899-909.

22. Zhang X, Mao Y, Wang B, Cui Z, Zhang Z, Wang Z, Chen T. Screening, expression,
purification and characterization of CoA-transferases for lactoyl-CoA generation. J Ind
Microbiol Biotechnol. 2019. 46(7):899-9009.

23. Rubinow KB, Wall VZ, Nelson J, Mar D, Bomsztyk K, Askari B, Lai MA, Smith KD,
Han MS, Vivekanandan-Giri A, Pennathur S, Albert CJ, Ford DA, Davis RJ, Bornfeldt KE.
Acyl-CoA synthetase 1 is induced by Gram-negative bacteria and lipopolysaccharide and is
required for phospholipid turnover in stimulated macrophages. J Biol Chem. 2013.
288(14):9957-9970.

24. Miao Z, Zhao X, Liu X. Hypoxia induced [B-catenin lactylation promotes the cell
proliferation and stemness of colorectal cancer through the wnt signaling pathway. Exp Cell
Res. 2022 Dec 1;422(1):113439.

25. Kanter JE, Kramer F, Barnhart S, Averill MM, Vivekanandan-Giri A, Vickery T, Li LO,
Becker L, Yuan W, Chait A, Braun KR, Potter-Perigo S, Sanda S, Wight TN, Pennathur S,
Serhan CN, Heinecke JW, Coleman RA, Bornfeldt KE. Diabetes promotes an inflammatory
macrophage phenotype and atherosclerosis through acyl-CoA synthetase 1. Proc Natl Acad
Sci U S A. 2012. 109(12):E715-24.

26. Reger AS, Carney JM, Gulick AM. Biochemical and crystallographic analysis of
substrate binding and conformational changes in acetyl-CoA synthetase. Biochemistry. 2007.
46(22):6536-46.

27. Schug ZT, Peck B, Jones DT, Zhang Q, Grosskurth S, Alam IS, Goodwin LM, Smethurst
E, Mason S, Blyth K, McGarry L, James D, Shanks E, Kalna G, Saunders RE, 28. Jiang M,
Howell M, Lassailly F, Thin MZ, Spencer-Dene B, Stamp G, van den Broek NJ, Mackay G,
Bulusu V, Kamphorst JJ, Tardito S, Strachan D, Harris AL, Aboagye EO, Critchlow SE,
Wakelam MJ, Schulze A, Gottlieb E. Acetyl-CoA synthetase 2 promotes acetate utilization
and maintains cancer cell growth under metabolic stress. Cancer Cell. 2015. 27(1):57-71.

29. Miller KD, Schug ZT. Targeting acetate metabolism: Achilles' nightmare. Br J Cancer.
2021. 124(12):1900-1901.



30. Liu M, Liu N, Wang J, Fu S, Wang X, Chen D. Acetyl-CoA Synthetase 2 as a
Therapeutic Target in Tumor Metabolism. Cancers (Basel). 2022.14(12):2896.

31. Liu X, Wang L, Zhao K, et al. The structural basis of protein acetylation by the
p300/CBP transcriptional coactivator. Nature. 2008. 451(7180):846-850.

32. Bowers EM, Yan G, Mukherjee C, et al. Virtual ligand screening of the p300/CBP
histone acetyltransferase: identification of a selective small molecule inhibitor. Chem Biol.
2010. 17(5):471-482.

33. Lasko LM, Jakob CG, Edalji RP, et al. Discovery of a selective catalytic p300/CBP
inhibitor that targets lineage-specific tumours. Nature. 2017. 550(7674):128-132.

34. Ortega E, Rengachari S, Ibrahim Z, Hoghoughi N, Gaucher J, Holehouse AS, Khochbin
S, Panne D. Transcription factor dimerization activates the p300 acetyltransferase. Nature.
2018. 562(7728):538-544.

35. Li W, Wang Y, Zhu L, Du S, Mao J, Wang Y, Wang S, Bo Q, Tu Y, Yi Q. The
P300/XBP1s/Herpudl axis promotes macrophage M2 polarization and the development of
choroidal neovascularization. J Cell Mol Med. 2021. 25(14):6709-6720.

36. Veerasubramanian PK, Shao H, Meli VS, Phan TAQ, Luu TU, Liu WF, Downing TL. A
Src-H3 acetylation signaling axis integrates macrophage mechanosensation with
inflammatory response. Biomaterials. 2021. 279:121236.

37. Lauterbach MA, Hanke JE, Serefidou M, Mangan MSJ, Kolbe CC, Hess T, Rothe M,
Kaiser R, Hoss F, Gehlen J, Engels G, Kreutzenbeck M, Schmidt SV, Christ A, Imhof A,
Hiller K, Latz E. Toll-like Receptor Signaling Rewires Macrophage Metabolism and
Promotes Histone Acetylation via ATP-Citrate Lyase. Immunity. 2019. 51(6):997-1011.e7.
41. Kumar A, Swati Swami, Nilesh Kumar Sharma. 2020. Distinct DNA metabolism and
anti-proliferative effects of goat urine metabolites: An explanation for Xxeno-tumor
heterogeneity. Current Chemical Biology. 2020. 14(1): 48-57.

42. Kumar A, Patel S, Bhatkar D, Sarode SC, Sharma NK. A novel method to detect
intracellular metabolite alterations in MCF-7 cells by doxorubicin induced cell death.
Metabolomics. 2021 Jan 3;17(1):3.

43. Raj AK, Upadhyay V, Lokhande KB, Swamy KV, Bhonde RR, Sarode SC, Sharma NK.
Free Fatty Acids from Cow Urine DMSO Fraction Induce Cell Death in Breast Cancer Cells
without Affecting Normal GMSCs. Biomedicines. 2023. 11(3):889.



44. Hanwell MD, Curtis DE, Lonie DC, Vandermeersch T, Zurek E, and Hutchison GR.
Avogadro: an advanced semantic chemical editor, visualization, and analysis platform. J.
Cheminform. 2012: 4:17.

45. Morris GM, Huey R, Lindstrom W, Sanner MF. Autodock4 and AutoDockTools4:
automated docking with selective receptor flexiblity. J. Computational Chemistry. 20009.
16:2785-91.

46. Trott O1, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with
a new scoring function, efficient optimization, and multithreading. J Comput Chem. 2010.
31(2):455-61.

47. DSV3(2010). Discovery Studio Visualizer v3.0. Accelrys software inc.

48. Schrodinger Release 2019-4: Desmond Molecular Dynamics System, D. E. Shaw
Research, New York, NY, 20109.

49. Patel R, Kumar A, Lokhande KB, Swamy KV, pal JK, Sharma PNK. Molecular Docking
and Simulation Studies Predict Lactyl-CoA as the Substrate for P300 Directed Lactylation.
ChemRxiv. Cambridge: Cambridge Open Engage; 2020. 10.26434/chemrxiv.12770360.v1.



Details of Figures and their legends:

<10 7 [FESI BPC@Il -1 Scan Frag=175.0V DPU1-ve.d
1

Arbitrary Unit (A.U.)

o.15
2 /\M\/
©.05 n
=] ) _ T S o

9 2 3 a4 8 6 7 & © 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 265 26 27 28 29
Counts vs. Acquisition Time (min)

=10 7 [FESI BPC@GI (1D Scan Frag=175.0V DPU2-ve.d
1

- Lactate (RT-1.483)

Arbitrary Unit (A.U.)

Sl S~ LL S e N

i 2 3 a4 S5 6 7 8 © 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Counts ve. Acquisition Time (min)

Figure 1. Distinctive extracellular metabolite profiling of MCF-7 breast cancer cells treated by
DMSO and CUDF, anticancer drug compositions.

Negative ESI total ion chromatogram of extracellular conditioned medium of MCF-7 breast
cancer cells. A. DMSO treated MCF-7 breast cancer cells. B. CUDF treated MCF-7 breast

cancer cells.
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Figure 2. Lactate is detected in the extracellular conditioned medium of MCF-7 breast cancer
cells.
Negative ESI MS and MS/MS fragment ion spectra of lactate by LC-HRMS.
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Figure 3: A metabolite lactate (PubChem 1D-91435) shows similar molecular interactions as
acetate (PubChem ID-30089) with Acetyl-CoA Synthetase (PDB ID: 2P2F)

(A). An emphasized 3-D ribbon structure on a docked site of lactate with Acetyl-CoA Synthetase
bound (B). DSV3 assisted 3-D image of Docked pocket surface structure between lactate and
Acetyl-CoA Synthetase showing H-bond interaction (Green colour) and steric interaction (Violet
colour) between ligand and target protein. (C). An emphasized 3-D ribbon structure on a docked
site of acetate with Acetyl-CoA Synthetase. (D). DSV3 assisted 3-D image of docked pocket
surface structure between acetate and Acetyl-CoA Synthetase showing H-bond interaction

(Green colour) and steric interaction (Violet colour) between ligand and target protein.
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Figure 4. Protein-ligand Room Mean Square Deviation (RMSD) shows the stable complex
between lactate and Acetyl-CoA Synthetase and attributes match with a known substrate acetate.

In this figure, the left-Y axis denotes the RMSD evolution of Acetyl-CoA Synthetase because of
structural conformation during simulation for a duration 20ns. The order of changes of RMSD
values of protein is within the acceptable range of 1-3A. (A). RMSD plot of lactate-acetyl-CoA
synthetase complex. (B). RMSD plot of acetate-acetyl-CoA synthetase complex
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Figure 5. Protein-ligand Room Mean Square fluctuations (RMSF) plot depicts the good stability
between lactate and Acetyl-CoA Synthetase and the least fluctuation attributes match with a
known substrate acetate.

In this figure, the left-Y axis denotes the RMSF evolution of Acetyl-CoA Synthetase because of
structural conformation during simulation for a duration 20ns. The order of changes of RMSF
values of protein is within the acceptable range of 1-2A. (A). RMSF plot of lactate-acetyl-CoA

synthetase complex. (B). RMSF plot of acetate-acetyl-CoA synthetase complex
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Figure 6. Protein Acetyl-CoA synthetase shows an appreciable and similar contact map with
lactate and acetate, a known substrate.
(A). Protein-ligand contact map lactate-acetyl-CoA synthetase complex. (B). Protein-ligand

contact map of acetate-acetyl-CoA synthetase complex
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Figure 7. A lactate-derived metabolic product lactyl-CoA (PubChem CID: 3081970) showed
strong and specific binding to acetyl-CoA synthetase and lactyl-CoA is predicted as a substrate
for lactylation.

(A). A ribbon structure with a full 3D view between lactyl-CoA and acetyl-CoA synthetase (B)
A ribbon structure with a full 3D view between acetyl-CoA and acetyl-CoA synthetase (C).
DSV3 assisted 3-D image of Docked pocket surface structure between lactyl-CoA and acetyl-
CoA synthetase (D) DSV3 assisted 3-D image of Docked pocket surface structure between
acetyl-CoA and acetyl-CoA synthetase.
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Figure 8. A proposed model on the role of lactate and lactyl-CoA in the lactylation process
during epigenetic changes in the tumor. A possible pathway is speculated within the tumor
microenvironment that hosts cancer cells and non-cancer cells including immune cells, stromal

cells, and microbiotas.



Table 1. Molecular interactions of lactate, acetate, lactyl-CoA and acetyl-CoA to HAT p300 and
acetyl-CoA synthetase using AutoDock Vina and DSV3.

Name of Protein Binding Interacting No. of
LIGAND | PDBID energy residues | Hydrogen | RMSD | RMSD
and (-kcal/mol) bonds value value
name of l.b. u.b
chain
lactate acetyl- -3.9 TRP413 5 0.0 0.0
(PubChem CoA TRP414
CID: synthetase GLN415
91435) (PDB ID: ARG515
2P2F) ASN521
acetate acetyl- -3.1 GLN415 3 0.0 0.0
(PubChem CoA ARG515
CID: 175) | synthetase ARG526
(PDB ID:
2P2F)
lactate HAT -4.0 GLN1455 1 0.0 0.0
(PubChem p300
CID: (PDB ID:
91435) 6GYR)
lactyl- HAT -9.6 ARG1312 6 0.0 0.0
CoA p300 GLU1423
(PubChem | (PDB ID: LYS1426
CID: 6GYR) LYS1427
3081970) GLU1477
ARG1478
acetyl- HAT -10.3 ARG1305 7 0.0 0.0
CoA p300 ASP1306
(PubChem | (PDB ID: ARG1312
CID- 6GYR) GLU1416
444493) GLU1423
GLU1477

ARG1478




