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ABSTRACT

Diacylglycerol O-acyltransferase 1 (DGAT1) is an integral membrane protein that uses acyl-coenzyme A (acyl-CoA) and dia-
cylglycerol (DAG) to catalyze the formation of triacylglycerides (TAGs). The acyl transfer reaction occurs between the activated
carboxylate group of the fatty acid and the free hydroxyl group on the glycerol backbone of DAG. However, how the two sub-
strates enter DGAT1's catalytic reaction chamber and interact with DGAT1 remains elusive. This study aims to explore the struc-
tural basis of DGAT1's substrate recognition by investigating each substrate's pathway to the reaction chamber. Using a human
DGAT]1 cryo-EM structure in complex with an oleoyl-CoA substrate, we designed two different all-atom molecular dynamics
(MD) simulation systems: DGAT12%® (both acyl-CoA and DAG away from the reaction chamber) and DGAT1*°'"¢ (acyl-CoA
bound in and DAG away from the reaction chamber). Our DGAT1*"® simulations reveal that acyl-CoA approaches the reaction
chamber via interactions with positively charged residues in transmembrane helix 7. DGAT1"°""d simulations show DAGs en-
tering into the reaction chamber from the cytosol leaflet. The bound acyl-CoA's fatty acid lines up with the headgroup of DAG,
which appears to be competent to TAG formation. We then converted them into TAG and coenzyme (CoA) and used adaptive
biasing force (ABF) simulations to explore the egress pathways of the products. We identify their escape routes, which are aligned
with their respective entry pathways. Visualization of the substrate and product pathways and their interactions with DGAT1 is
expected to guide future experimental design to better understand DGAT1 structure and function.

1 | Introduction

A proper storage of energy reserves is vital for the survival of all
living organisms, serving as a preparation for potential future
challenging conditions. Triacylglycerols (TAGs) represent the
most efficient and commonly utilized form of energy storage,
consisting of three acyl chains esterified to a glycerol backbone
[1, 2]. TAGs are generally manufactured in the endoplasmic re-
ticulum (ER) of the liver and adipose tissues via a series of steps
referred to as the Kennedy pathway [3, 4]. In the final phase of

this pathway, diacylglycerol O-acyltransferase 1 (DGAT1) is re-
sponsible for an enzymatic reaction to convert diacylglycerol
(DAG) and acyl-CoA into TAG and CoA by transferring an acyl
group from acyl-CoA to the sn-3 position of DAG. Such a TAG
production can then be stored in lipid droplets for specific func-
tions [4-6].

Elevated levels of TAGs are associated with metabolic disorders
such as cardiovascular disease and diabetes, often connected to
obesity and dysregulated TAG metabolism in humans (7, 8]. Given
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its essential function in lipid metabolism and its importance for
numerous physiological activities, interest in DGAT1 has signifi-
cantly increased in recent years. In addition to a crucial energy
storage system, TAG production enables cells to handle surplus
free fatty acids and avoid their accumulation to dangerous levels
[9-13]. Therefore, by promoting TAG production, DGAT1 ensures
that cells can securely store these fatty acids and utilize them when
necessary, preserving lipid equilibrium and preventing metabolic
disorders. Also, DGATT1 is required for liver metabolism, particu-
larly concerning nonalcoholic fatty liver disease, which is marked
by an excessive buildup of fat in liver cells.

Beyond its function in lipid metabolism, DGAT1 is involved
in various physiological and pathological processes as well. In
terms of cardiovascular diseases, an excessive accumulation of
lipids, especially TAGs, can lead to issues such as atherosclerosis
and other circulatory ailments. An imbalance in DGAT1 activity
may worsen the accumulation of lipids in blood vessels, height-
ening the risk of plaque development and resulting in inflam-
mation and damage to the vascular system [8]. Additionally,
various cancers exhibit elevated production of TAGs, indicating
a potential influence on the survival and proliferation of cancer
cells [14, 15]. These various roles of DGAT1 indicate why it has
gained significant interest from researchers recently. It acts as
an essential link between energy storage, lipid metabolism, and
the regulation of numerous cellular processes.

DGAT1 belongs to the MBOAT (membrane-bound O-acyl
transferase) family, a diverse collection of enzymes present in
all living organisms [16-18]. In the human genome, there are
11 unique MBOAT enzymes, each with its own specialization
in acylating various lipids or proteins [19-21]. These enzymes,
including DGAT1, share a common structural framework with
9-12 transmembrane (TM) domains within organelle mem-
branes such as the ER. MBOAT enzymes have specific cavities
or pockets known as reaction chambers, which are crucial for
substrate binding and enzymatic processes. These cavities en-
able the enzymes to accommodate substrates of varying mo-
lecular shapes and sizes, ensuring specificity in the acylation
process.

FIGURE 1 | Cartoon and chemical structure representations of DGAT1, DAG, acyl-CoA, and TAG. (A) Topology of DGAT1. Each secondary

The single-particle cryo-electron microscopy (cryo-EM) tech-
nique has been used to resolve the structure of dimeric human
DGAT1 (Figure 1) [22, 23]. An oleoyl-CoA is observed in the
reaction chamber within the membrane hydrophobic core.
The oleoyl-CoA, positioned near the HIS415 residue (a critical
residue for the enzymatic reaction) [16-23], exhibits a curved
acyl tail conformation and occupies a substantial opening be-
tween TM7 (399-424), TM8 (428 to 447), and TM9 (450-481).
Furthermore, there is an additional lateral opening on the oppo-
site side of the protein, adjacent to TM1 (85-111), EL1 (112-130),
and TM5 (274-307), mostly embedded in the bilayer membrane
as part of the protein's outermost side on the cytosolic side,
which might be used for DAG entry and TAG egress (Figure S1).
Although DGAT1-substrate binding has been explored using ex-
perimental techniques, to the best of our knowledge, there are
no simulation studies to investigate the interactions between
DGAT1 and its substrates and products, as well as their entry
and egress pathways. In this study, we have used all-atom mo-
lecular dynamics (MD) simulations to explore intricate interac-
tions between the DGAT1 dimeric complex and its substrates
(DAG and acyl-CoA) and products (TAG and CoA), as well as
their entry and egress pathways.

2 | Methods
2.1 | Simulation System Details

To investigate the entry pathways of two substrates (DAG and
acyl-CoA)to DGAT1, twosets of all-atom MD simulation systems
(Table 1) were prepared with the cryo-EM DGAT1 dimer struc-
ture (PDB ID: 6VP0) [22]. First, 1,2-dioleoyl-3-phosphatidylcho
line (DOPC), 1,2-dioleoyl-3-phosphatidylethanolamine (DOPE),
and 1,2,-dioleoyl-3-phosphatidylserine (DOPS) were added to
the system at a ratio of DOPC:DOPE:DOPS =5:3:2 to mimic a
common ER membrane. In addition, 10 1,2-dioleoyl-glycerol
DAG molecules were randomly distributed in the membrane
away from DGATI1. Additionally, we included the acyl-CoA
molecule in the reaction chamber based on the 6VPO structure
(DGAT1P°und, Figure 2A). For the second system (DGAT12%%,

structure is colored differently. Note that the cytosolic side is always in the lower leaflet side in all membrane-containing figures in this work. (B) Top

view of the reaction chamber from the ER lumen side with acyl-CoA (gray density) bound. (C) Side view of DGAT1 dimeric complex. (D, E) Chemical

structures of (D) acyl-CoA and (E) DAG and TAG used in this study.
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TABLE1 | Simulation systems with acyl-CoA, DAG, CoA, and TAG.

System Acyl-CoA CoA DAGs TAG Replicas Time Phospholipids ratio
DGAT1beund Bound X Unbound 1 10us DOPC:DOPE:DOPS  5:3:2
DGAT1#%&Y Unbound X Unbound 1 10us

DGAT1TAG X Bound X Bound 3 5us

DGAT1TAG-ABF X Bound X Bound 152 100ns

2Three different initial conformations were used, with five replica systems for each conformation.

o
Tt

FIGURE 2 | Snapshots of initial simulation systems. (A) DGAT1*“" with acyl-CoA located at the reaction chamber of each protomer, and 10
DAGs freely distributed on the bilayer membrane. (B) DGAT1*%® with both substrates (10 acyl-CoA and 10 DAG molecules) located away from
DGAT1I. Protomers A and B are colored in blue and red, respectively. DAG is colored cyan (tails) and red (headgroup), and acyl-CoA is colored purple.

Ions and water are omitted for clarity.

Figure 2B), we removed the acyl-CoA molecule in the reaction
chamber and placed 10 copies of acyl-CoA molecules randomly
in the cytoplasmic leaflet away from DGAT1. All simulation sys-
tems were generated using CHARMM-GUI Membrane Builder
[24-27] and equilibrated by following the Membrane Builder
standard minimization and equilibration protocols. A total of
150mM KCl and TIP3P water [28] were added to the bulk region.
The temperature was held at 310.15K by Langevin dynamics,
and pressure was maintained at 1bar under the semi-isotropic
Monte-Carlo barostat method with a 5ps~ coupling frequency
[29, 30]. All equilibration simulations of 5us were performed
using OpenMM [31, 32]. Then, the equilibrated systems were
converted into Anton2 format to extend the simulation time
up to 10us [33]. The CHARMM36m force field for protein and
lipid was used [34-37]. For the Anton simulation, NPT ensem-
ble pressure coupling was handled using Martyna-Tobias-Klein
barostat with Nose-Hoover temperature coupling to maintain
the temperature at 310.5K [38]. Trajectories are saved based on
a 2fs timestep with 240ps frame frequency. A 10-12A cutoff
force-switching method [39] for the van der Waals interactions
was employed, and the particle-mesh Ewald method [40] was
used for long-range electrostatic interactions. The figures were
generated with VMD [41] and PyMOL package.

From the DGAT1*°""d Anton simulation, the last snapshot that
contained the close arrangement between DAG's oxygen atoms
and acyl-CoA's sulfur atom was extracted. Through a short
minimization using CHARMM [35], the DAG and acyl-CoA
molecules were converted into TAG and CoA molecules. After
conversion, a 5us equilibration simulation was carried out using
OpenMM. As there was no observation of the product egress,

three random snapshots from the OpenMM trajectory were cho-
sen, and five replicas of each snapshot were used for adaptive bi-
asing force (ABF) [42] simulations. For the ABF simulation, the
CHARMM-GUI Enhanced Sampler [43] module was utilized. A
total of 100ns ABF simulations for 15 replicas were done utiliz-
ing NAMD [44] with 0.4A bin size and 100 full samples. Two
collective variables (CVs) were defined by the distance between
the center of mass (COM) of HIS415 in the reaction chamber and
either the CoA sulfur atom or a TAG oxygen atom. A value of
20A for the lower boundary and lower wall and a value of 90 A
for the upper boundary and upper wall were used with a wall
constant of 10kcal/(mol-A2).

3 | Results and Discussion

3.1 | Acyl-CoA Approaches the Catalytic Reaction
Chamber Through TM7-TM8 Opening via
Electrostatic Interactions

Our initial focus was on investigations of interactions be-
tween acyl-CoA and DGAT1 and how such interactions guide
acyl-CoA's entry toward the reaction chamber. During the 5us
OpenMM simulation of DGAT1#%%, certain acyl-CoA molecules
ended up at considerable distances from the protein, and oth-
ers moved closer to the protein complex, either to the vicinity of
the reaction chamber or to different parts of the protein. Some
acyl-CoA molecules attempted to enter the catalytic pocket by
interacting with TM7 and TMS. In such cases, as acyl-CoA ap-
proached the outer part of the reaction chamber, the acyl-CoA
head group first initiated contact with both TMs (Figure 3A).
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Final Snapshot

Cytosolic View MD 3VPO

FIGURE 3 | Entry pathway of acyl-CoA. (A) Initial contact of acyl-CoA with TM7 (colored in red)-TM8 (colored in purple) residues (LYS400,
ARG404, and ARG441). (B) Interaction between HIS415 with sulfur in acyl-CoA. (C) Side view of complete entering behavior of acyl-CoA through
the gap between TM7 and TM8. Top view of an entering snapshot from the cytosol side is shown next to the side view. (D) Final conformations of

acyl-CoA from MD simulation and the cryo-EM structure.

In particular, the phosphate groups of acyl-CoA formed strong
electrostatic interactions with positively charged residues, such
as ARG404 and LYS400 on TM7 and ARG441 on TM8. During
the extended Anton simulation, while the acyl-CoA phosphate
groups remained outside interacting with TM7 and TMS, the
acyl tail moved in between TM7 and TM8 and then into the re-
action chamber, and consequently, its sulfur atom maintained
interaction with HIS415 (Figure 3B). Then, the acyl-CoA head
group moved into the reaction chamber through the gap be-
tween TM7 and TM8 (Figure 3C). The final snapshot after 10 us
Anton simulation displayed an acyl-CoA conformation compa-
rable to that of oleoyl-CoA in the cryo-EM structure (Figure 3D).
It is interesting to note that not a single DAG molecule showed
any event to enter the reaction chamber in DGAT1*"¥, suggest-
ing the significance of acyl-tail donor binding before the accep-
tor substrate (DAG) in DGAT1 in our simulation study.

3.2 | DAGs Prefer to Enter DGAT1 With Acyl-CoA
Bound in the Reaction Chamber

Next, DAG's entry pathways were explored with the presence of
acyl-CoA in the reaction chamber as in the cryo-EM structure.
During the 5us OpenMM simulation of DGAT1U"d, DAGs
moved freely within the membrane (i.e., flip-flopped). Certain
DAG molecules came into closer proximity to the protein, and
numerous instances of DAG's attempts to enter the reaction
chamber were observed. At 2us of the extended Anton simu-
lation, one DAG entered the chamber through a cavity-like hy-
drophobic tunnel (we call it a DAG tunnel) made by TM1-EL1
and TM5 and remained until the end of 10us (Figures 4A and
S1). The DAG tunnel is positioned on the opposite side of the

acyl-CoA entry route. Starting from the cytosolic side and with-
out a flip-flop action (Figure 4A), the DAG molecule entered the
reaction chamber with an orientation aligning the headgroup
oxygen atoms with the acyl-CoA sulfur atom with the parallel
alignment of the tail groups of both substrates (Figure 4B).

3.3 | Egress Pathways of TAG and CoA Match With
the Entry Pathways of DAG and Acyl-CoA

In the DGTA1 reaction chamber, one acyl tail is transferred from
acyl-CoA to DAG as part of the protein's acyltransferase activ-
ity. After DGAT1 completes its enzymatic activity, the products
(TAG and CoA) need to be released from the reaction chamber.
To explore their egress pathways, we constructed a simulation
system containing CoA and TAG (DGAT1TA€ in Table 1) by con-
verting DAG and acyl-CoA in the reaction chamber to TAG and
CoA with a brief minimization as the positions of key atoms (ox-
ygens from DAG and sulfur from acyl-CoA) were in sufficient
proximity (Figure 5).

During the initial 5us OpenMM simulation, both TAG and CoA
exhibited different conformations inside the catalytic pocket. In
most instances, the two products were in close proximity to the
interaction between CoA-sulfur and TAG-oxygen. In the event
of separation, the TAG headgroup shifted away and moved
toward the same space in the DAG tunnel, similar to what
DAG used in the DGAT1Y*"" simulation. Simultaneously, the
CoA rose toward the TM7-TM8 gap through which acyl-CoA
entered the reaction chamber in the DGAT1*"# simulation.
Despite showcasing diverse conformations within the reac-
tion chamber, both products remained inside, making separate
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FIGURE4 | DAG entry pathway. (A) DAG entering snapshots with TM7 (red) and TM8 (purple). The lower panel has a different view for a better
representation of the two substrates. The black dotted lines represent the position of the lipid head group in each leaflet. (B) Final conformation of

acyl-CoA and DAG in the reaction chamber.

Acyl-CoA CoA s
DAG

DGAT1

FIGURES5 | Structure representations of each substrate and product of DGAT1-mediated catalysis.

attempts to exit from the protein complex. Therefore, to gain
more insight into the post-catalytic egress process, we opted to
utilize an ABF method to enhance the sampling by implement-
ing continuous adjustments to free energy along two selected
CVs (the distances between the COM of HIS415 in the reaction
chamber and either the CoA sulfur atom or a TAG oxygen atom,
see also Methods). While ABF is commonly employed for free
energy assessments, our focus was on comprehending the sub-
strate's transition within the system. As a result, we chose not
to perform free energy calculations in our ABF simulations,
since they were not essential to our investigation, which pri-
marily concentrated on analyzing the substrate’s behavior and
transitions.

Initially, CoA primarily resided near the gap between TM7 and
TMS, while the CoA-headgroup maintained interactions with
polar and charged residues on TM7 (THR371, TYR390, LYS400,
and ARG404) and TM8 (ALA441, ARG446, and THR371)
(Figure S2). Following their exit, CoA moved toward the bulk

solvent region rather than the membrane bilayer. Afterward, we
observed how TAG exited the reaction chamber using the same
tunnel utilized for DAG entry (Figure S1). As TAG left the pro-
tein complex, it was released to the bilayer membrane alongside
other phospholipids and DAG (Figure S3). During their exit path,
the headgroup briefly interacted with GLN292 on TM5, which is
closely positioned to TM1, and TYR477 on TM9, located directly
behind TMS5 (Figure S3). In a different instance, TAG exited by
moving directly upward above the membrane bilayer and into
the bulk water, rather than integrating into the bilayer with other
lipids. This behavior could potentially be an artifact of ABF sim-
ulations or a limitation to enhanced sampling methods, which
may not always fully capture the true free energy landscape.
However, further simulations with no ABF show TAG's integra-
tion into the bilayer. To validate the accuracy of our ABF results,
additional investigations into the TAG egress pathway are nec-
essary with careful interpretation. Overall, the ABF simulation
effectively shows the unique pathways for both products to exit
the DGAT1 dimeric complex. Following the catalytic process, an
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accumulation of TAG within the membrane is known to occur,
resulting in the creation of lipid droplets [45, 46].

4 | Conclusions

Using conventional MD simulation and the ABF enhanced
sampling method, we have identified the pathways of two sub-
strates (DAG and acyl-CoA) and products (TAG and CoA) in
DGAT1. Throughout our simulation time, each substrate and
product showed a distinctive choice for their entry and egress
pathways. Acyl-CoA accessed the reaction chamber through the
TM7-TMS8 opening as it approached the protein from the out-
side of the bilayer membrane on the cytosolic side. Conversely,
DAGs attempted to reach the reaction chamber through a dif-
ferent opening located on the opposite side of the protein (TM1-
EL1-TM5) on the cytosolic side. During the entering process,
a single DAG entered the reaction chamber and made contact
with bound acyl-CoA. In the absence of acyl-CoA, no DAGs
managed to enter the protein (during our simulation time),
which could indicate the significance of substrate binding order.
While the binding of acyl-CoA did not result in any conforma-
tional changes in the protein, it may have an impact on the re-
cruitment of DAGs.

In the previous studies [22, 23], a few key residues were exper-
imentally mutated to test their involvement in DGAT1 enzy-
matic activities. The point mutation at these residues (THR371,
TYR390, LYS400, and ARG404) that are located near the reac-
tion chamber resulted in a moderate reduction of enzymatic ac-
tivity (30%-70%). Additionally, mutations occurring at residues
deeper within the reaction chamber (TRP377, ASN378, HIS382,
and SER411) led to a more significant decrease in activity, ex-
ceeding 80% reduction. This may indicate that the acyl-CoA sub-
strate needs to be stabilized during the catalytic process by the
residues located within the reaction chamber. Mutations of the
residues at the active site, HIS415 and GLU416—both of which
are highly conserved in the MBOAT family—resulted in almost
complete activity disruptions. Similar results were observed in
another study as well. A mutation of the well-conserved resi-
due, HIS415, to alanine completely abolished enzymatic activ-
ity, highlighting its role in the acyl-transfer process. ASN378,
GLN437, and GLN465 mutations to alanine also significantly
reduced DGAT]1 activity by 50%-75%, demonstrating the func-
tional significance of residues in the reaction chamber. The
MET324 mutation also showed a reduced activity, which is
known as a residue forming a hydrogen bond with His415 in the
absence of the substrate. Furthermore, mutagenesis on VAL381,
CYS385, VAL407, and SER411 showed the importance of TM7-
TMS8 contribution as the DGAT1 activity decreased with the sub-
stitution of these residues with larger hydrophobic amino acids.

Clearly, all previous mutation studies were based on the existing
structures and mostly focused on the residues around the reac-
tion chamber. We believe that our simulations offer unique op-
portunities to study the residues that are involved in the substrate
entry and product egress pathways. ARG404 and LYS400 on TM7
and ARG441 on TM8 form strong electrostatic interactions with
acyl-CoA and appear to attract it to the TM7-TM8 gap and then
to the reaction chamber (Figure 3). These interactions are also
involved in the CoA egress (Figure S2). During the DAG entry

through the TM1-EL1-TM5 tunnel, DAG appears to interact with
various residues: TYR111, VAL115, and PRO117 on TM1-EL1,
MET285, ILE296, and TRP340 on TMS5, as well as ASN141 on
TM2. During its egress pathway, TAG also interacts with simi-
lar residues, especially TYR111, LEU114, and VAL115 on TM1-
EL1-TM2 (Figure S3). It would be interesting to see mutational
studies on these residues and their impacts on DGAT1 function.

Since DGAT1's genetic knockout mice studies showed a mark-
edly reduced level of TAG synthesis in various tissues [7, 47, 48],
numerous clinical studies were conducted, mostly focusing
on pharmacological small molecule inhibitor development
[49-53]. These inhibitors are designed to bind to the active site
of DGAT]1, thereby blocking its enzymatic activity and reduc-
ing TAG synthesis. Despite the progress, the specific molecular
processes that lead to the blocking of DGAT1 and TAG produc-
tion by these substances are not fully understood. In preclin-
ical studies, several DGAT1 inhibitors, such as A922500 [54],
PF-04620110 [55, 56|, and T863 [57], have shown potential in
reducing TAG levels, indicating their possible use in manag-
ing lipid-related disorders. For example, inhibitor T863 binds to
the fatty acid-CoA binding site of DGAT]1, preventing fatty acid
entry and reducing TAG production [23]. In a Type 2 diabetic
mouse model, Pfizer's PF-04620110 has been shown to lower
blood TAG levels and inflammation by specifically inhibiting
DGATI1. However, these inhibitors can have significant side
effects. AstraZeneca's AZD7687 [53] caused nausea, vomiting,
and diarrhea during clinical trials, while PF-04620110 led to se-
vere diarrhea and even fatalities in animal testing. Additionally,
compounds like Pradigastat [58] and A922500 have been associ-
ated with skin issues in mice, including hair loss and sebaceous
gland atrophy, suggesting possible long-term adverse effects. In
this context, our study represents a major step forward in this
area by presenting a comprehensive visualization of the path-
ways taken by both substrates and products within the DGAT1
protein complex. This visualization offers important perspec-
tives that may help reveal the details of processes responsible
for the observed inhibition, thus opening the door for focused
treatment approaches in lipid metabolism disorders. Using ex-
tensive MD simulations, we have carefully pinpointed and de-
scribed distinct entry points and interacting residues for both
acyl-CoA and DAG molecules. This in-depth exploration of sub-
strate interactions and structural changes not only enhances
our comprehension of the intricate architecture of DGAT1, but
also provides a valuable understanding of the wider MBOAT
protein family. Furthermore, they lay the groundwork for forth-
coming advancements that may transform how we investigate
and control the functions of MBOAT family members.
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