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ABSTRACT: Lipoproteins are essential for bacterial survival.
Bacterial lipoprotein biosynthesis is accomplished by
sequential modification by three enzymes in the inner
membrane, all of which are emerging antimicrobial targets.
The X-ray crystal structure of prolipoprotein diacylglyceryl
transferase (Lgt) and apolipoprotein N-acyl transferase (Lnt)
has been reported. However, the mechanisms of the post-
translational modification catalyzed by these enzymes have not
been understood. Here, we studied the mechanism of the
transacylation reaction catalyzed by Lgt, the first enzyme for
lipoprotein modification using molecular docking, molecular
dynamics, and quantum mechanics/molecular mechanics

(QM/MM) calculations. Our results suggest that Argl43, Arg239, and Glu202 play a critical role in stabilizing the glycerol-
1-phosphate head group and activating the glycerol C3—O ester bond of the phosphatidylglycerol (PG) substrate. With PG
binding, the opening of the L6—7 loop mediated by the highly conserved Arg236 residue as a gatekeeper is observed, which
facilitates the release of the modified lipoprotein product, as well as the entry of another PG substrate. Further QM/MM studies
revealed that His103 acts as a catalytic base to abstract a proton from the cysteine residue of the preproliprotein, initiating the
diacylglyceryl transfer from PG to preprolipoprotein. This is the first study on the mechanism of lipoprotein modification
catalyzed by a post-translocational processing enzyme. The transacylation mechanism of Lgt would shed light on the
development of novel antimicrobial therapies targeting the challenging enzymes involved in the post-translocational

modification pathway of lipoproteins.

B INTRODUCTION

Bacterial lipoproteins are a functionally diverse class of
peripheral membrane proteins that are well represented in
prokaryotic proteomes.' > During post-translocation, bacterial
lipoprotein precursors are processed by the Sec or TAT
systems and then modified by three enzymes sequentially. The
first enzyme is prolipoprotein diacylglyceryl transferase (Lgt),
which transfers a diglyceride from phospholipids onto an
invariant cysteine of the signal peptide in precursor lip-
oproteins (preprolipoproteins) anchored on cell mem-
branes”*” (Figure 1A). Lipoprotein signal peptidase (LspA)
then cleaves the signal peptide from diacylglyceryl-modified
prolipoproteinsG’7 and finally, in many but not all taxa,
apolipoprotein N-acyl transferase (Lnt) catalyzes the N-
acylation of the apolipoprotein.*” The post-translational
modification pathways for processing functionally diverse
lipoproteins encoded in bacterial genomes are conserved
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across the bacterial domain and are essential for bacterial
physiology; they are unique to bacteria and thus represent
potentially novel antimicrobial targets.'’

Lgt, the gate and defining integral membrane protein of the
pathway, recognizes a consensus sequence “lipobox” ([LVI]-
[ASTVI]-[GAS]-C) located at the N-terminal signal peptide of
preprolipoproteins. The recently elucidated X-ray crystallo-
graphic structure of an Escherichia coli Lgt enzyme in complex
with phosphatidylglycerol (PG) and diacylglyceryl (DAG, a
hydrolyzed product of the PG in the active site) molecules
(PDB: SAZC”) revealed that Lgt has seven transmembrane
(TM) helices, with a significant periplasmic domain (between
TM4 and TMS) and two other loops forming “arms” (the first
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Figure 1. (A) Schematic representation of the transfer of the diacylglyceryl group from the phosphatidylglycerol (PG) to the conserved cysteine of
the preprolipoprotein in the lipid bilayer catalyzed by Lgt enzyme. (B) X-ray crystal structure of Lgt enzyme (pdb: SAZC). The protein is shown in
the cartoon representation using Chimera. The phosphatidylglycerol (PG) molecule in the first binding site and the diacylglyceryl (DAG) in the
active site of Lgt are shown in blue. The active site residue of the Lgt enzymes Argl43, Arg239, and Glu202 are shown in the stick representation.
The central cavity is shown in the green shade and the side cleft is illustrated by the red shade. (C) Lgt in the 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE) lipid bilayer. Lgt is shown by the surface representation in yellow and lipid bilayers shown in blue. The water
molecules, sodium ion, and chloride ion are shown in gray, green, and pink, respectively.

preceding TM1 and the other between TM2 and TM3), a
central cavity with two binding sites for the PG substrate
(Figure 1B).” It was proposed that PG moves from the first site
to the second site. In the second binding site, the diacylglyceryl
moiety of PG transfers to the lipobox of the preprolipoprotein
and the modified lipobox exits from the side cleft of Lgt.
However, in the crystal structure of Lgt, the second PG
binding site (the active site) is occupied by a DAG molecule
(the hydrolyzed product of PG) instead of a PG substrate. In
addition, a lipobox characteristic of the preprolipoprotein
signal peptide is missing in the crystal structure, indicating that
this structure may be catalytically unproductive.

Here, we investigated the binding mode of PG and the
prolipoprotein in E. coli Lgt using molecular docking and
molecular dynamics (MD) simulations. By using hybrid
quantum mechanics/molecular mechanics (QM/MM) calcu-
lations, we elucidated the mechanism of lipid modification by
Lgt and found that His103 functions as a catalytic base in the
diglyceride transfer from PG to prepolipoprotein, abstracting a
proton from the conserved cysteine residue of the
preprolipoprotein. The present study provides important
insight for lipid modification by Lgt and would shed light on
the design of novel antimicrobial therapies targeting the key
post-translocational modification enzymes.

B METHODS

Structure Preparation and Molecular Docking. The
crystal structure of the E. coli Lgt (PDB: SAZC?) in complex
with the substrate PG and a DAG inhibitor was used as the
initial structure. The DAG molecule at the second binding site
was modified into a PG molecule by adding the head group
(R) glycerol-1-phosphate using GaussView 5.0.'' The
protonation states of titratable residues were predicted using
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H++ server'” at pH 7 and was used in the subsequent
modeling study. The His7 was protonated, and His24, His103,
and His196 were in the neutral form with the epsilon nitrogen
protonated (Table S1). The side chains of arginine and lysine
residues were protonated, and all of the glutamic acid and
aspartic acid side chains were deprotonated.

The parameters for the PG and DAG molecules were taken
from the Lipid14 force field'® implemented in the Amber 16
package.'* The partial sequence of the substrate signal peptide
of preprolipoprotein, spanning the characteristic lipobox
(GSTLLAGCSSN), was obtained from Mao et al. 2016 and
docked into the active site of Lgt using the Flexpepdock."*'®
Ten models were generated in total (Table S2), and the default
parameters were adopted during the flexible docking. The
preprolipoprotein peptide was docked into the representative
structure obtained from MD simulations of the Lgt—PG
complex (ie, Lgt bound with two PG molecules). Two
different sites located at the (1) front cleft and (2) side cleft
were considered, respectively.

MD Simulations. The docked poses were assessed for the
liability for the diacylglyceryl reaction to happen, based on the
distance between the C3 atom of PG and cysteine sulfur of the
lipobox and their orientation. The most favorable docked pose
was selected for MD simulations. The productive atomistic
MD simulations were performed at 310 K using the GPU
version of the PMEMD'” engine integrated with the Amber 16
package.'"* The MD simulations were conducted on three
complex systems: (I) Lgt in complex with PG and DAG (Lgt—
PG—DAG), (II) Lgt in complex with two PG molecules (Lgt—
PG), and (III) Lgt in complex with two PG molecules and a
docked preprolipoprotein (Lgt—PG—lipobox). All of the MD
simulations were performed in a lipid bilayer consisting of 1-
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palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) (Figure
1C), which was adopted in the MD simulations of Lnt.*

The orientation of the Lgt protein in the lipid bilayer was
assessed using the orientation of the protein in the membrane
database.'® The CHARMM-GUI lipid builder'® was used to
insert Lgt into the POPE lipid bilayer consisting of 250 POPE
lipid molecules in each of the upper and lower leaflets of the
bilayer. The TIP3P* water molecules were used to solvate the
bilayer, and the counterions were added using Monte-Carlo
simulations with a concentration of 0.15 M NaCl. The enzyme
system consisted of a total size of ~128 000 atoms with a box
dimension of 125.81 X 125.81 X 85.36 A°.

The FF14SB”' and Lipid14" force fields were used in all
simulations. The entire system was placed in a rectangular box,
and the periodic boundary conditions were employed. Long-
range electrostatic interactions were calculated using the
particle mesh Ewald method™* with a cutoff of 10 A, and
van der Waals interactions were computed with the same real-
space cutoff. The various systems were subjected to energy
minimization using steepest descent (2000 steps) followed by
conjugate gradient algorithms (1000 steps). The protein and
the bilayer were first restrained using a potential of 50 kcal
mol™" A% and only solvent and ions were allowed to relax.
Then, a full minimization of the entire system was conducted
using steepest descent (5000 steps) and conjugate gradient
(2500 steps) methods.

The systems were then subjected to controlled heating from
0 to 100 K for 400 ps using the Langevin thermostat with a
collision frequency of 1 ps~' and a canonical ensemble (NVT).
In the second round of the heating, the system was gently
heated from 100 to 310 K using a Langevin thermostat for
another 400 ps. Anisotropic Berendsen weak-coupling barostat
was used to control the pressure during the heating. The
bilayer was restrained using a harmonic potential of 50 kcal
mol™" A? during both heating cycles. The SHAKE algorithm
was used to constrain all of the bonds involving hydrogen
atoms.”> To equilibrate the density and dimensions of the
system, equilibration was performed at 310 K in an NPT
ensemble for 50 ns without restraints on the solute molecules.
The Berendsen barostat was used to maintain the pressure at 1
bar during the equilibration phase.”* A 700 ns production MD
run was performed for Lgt—PG—DAG, 2.5 ps for Lgt—PG, and
150 ns for the Lgt—PG—lipobox in an NPT ensemble with a
target pressure of 1 bar and a pressure coupling constant of 2
ps. The frames from the production run were saved every 20
ps. The trajectories were analyzed using CPPTRAJ,”® VMD,*
and UCSF Chimera.”’ The root-mean-square deviation
(RMSD) of the backbone Ca atoms of the protein and the
heavy atoms of the lipid bilayer were analyzed with reference
to the minimized crystal structure. The root-mean-square
fluctuations (RMSFs), electrostatic interactions, hydrogen
bonding, principal component analysis, and cluster analysis
were conducted using CPPTRAJ.>

QM/MM Calculations. The snapshots for the QM/MM
calculations were obtained from the cluster analysis for the last
100 ns equilibrated MD trajectory of the Lgt enzyme in
complex with the preprolipoprotein. The criteria for the
selections of the snapshot were based upon the distance
between the side-chain Ne atom of His103, the cysteine sulfur
atom of the preprolipoprotein, and the carbonyl atom C3 of
the C3—O ester bond of the PG molecule (Figure 1A). To
obtain a catalytically competent reactant complex, the MD
snapshots were selected, where the thiol group of the cysteine
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formed hydrogen bonds with the Ne atom of His103, and the
distance between the sulfur atom and the carbonyl C3 atom of
C3—0 ester bond was less than 4.0 A. The lipid bilayer was
excluded in the QM/MM setup, but the water molecules that
were present near the PG binding site from the MD
simulations were included in the setup.

These snapshots were first subjected to 2000 steps of
steepest descent energy minimization followed by 2000 steps
of conjugate gradient minimization using Amber 16."* The
minimized snapshots were then prepared for QM/MM setup
using TAO package”® and optimized using ONIOM*”*” in the
Gaussion09.”" The system was divided into two layers in the
QM/MM calculations. The QM region was calculated with
density functional theory (DFT) using B3LYP**~** functional
and 6-31+G(d,p) basis set. A mechanical embedding method
was applied to integrate the point charge from the MM layer
into the QM layer. Single-point corrections were performed at
the QM/MM level on the stationary points using the
electrostatic embedding scheme and the B3LYP functional
theory with 6-311G(3df,3pd) basis sets. Single-point calcu-
lations on the optimized structures of the stationary points
were also performed using @B97XD functional™ to include the
empirical dispersion corrections with a high exchange for long-
range electron—electron interactions.

The QM region is composed of His103, Argl43, Asnl46,
Glu202, Arg239, Tyr23S, the cysteine residue of the
preprolipoprotein, and the PG molecule in the second binding
site. The residues (including water molecules) that are within
10 A of the QM region were allowed to move freely and the
rest of the system was frozen during geometry optimization.
The link atom approach was adopted to saturate the dangling
bond in the QM/MM calculation. The reaction coordinates
used in the potential energy scan were the distance between
the sulfur atom of a cysteine residue of the preprolipoprotein
and the C3 carbon atom of the C3—O ester bond of the PG
molecule. The optimized reactant structure was used as the
starting points for potential energy scan, which was conducted
along the designated reaction coordinates with a decrement of
0.1 A. Minima and the transition states (TS) obtained from the
potential energy surface (PES) were fully optimized and
validated by frequency calculations. The TS was characterized
by the presence of one imaginary frequency. Intrinsic reaction
coordinate (IRC) calculations were performed to validate that
the TS connects the reactant and product.

B RESULTS AND DISCUSSION

Conformational Dynamics of Lgt in the Presence of
PG. Microbial lipoproteins are essential for the growth of
Gram-negative bacteria, and lipid modification is an important
post-translocational process that can be targeted for the
development of antimicrobial therapies.'’ So far, there is little
information on the reaction mechanism of lipid modification
by lipoprotein modification enzymes during post-translocation
process. Lgt is the first and gate enzyme in the lipid
modification of prolipoproteins. To study the reaction
mechanism of diacylglyceryl transfer, it is necessary to obtain
an active conformation membrane-bound Lgt in complex with
the PG substrate and lipobox. However, in the resolved crystal
structure of Lgt,” the active site is occupied by a DAG
molecule (a PG analogue in the absence of the head group)
and the prolipoprotein is also absent.

Here, we built the complex structure of Lgt bound with PG
and studied the conformational dynamics by molecular
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dynamics simulations. Multiple replicas of MD runs can give
reliable conformational information.” Five replicas of 500 ns
MD simulations were run. The structural fluctuation of the Lgt
enzyme in complex with PG was examined by the RMSD
analysis on the Car atoms of the protein with reference to the
minimized crystal structure, which showed that the simulations
of the Lgt enzyme in complex with a PG substrate or a DAG
molecule at the second binding site reached equilibration
around 200 ns with an average RMSD value of 2.0 A (Figure
S1).

The cluster analysis of the equilibrated trajectory of the
Lgt—PG MD simulations showed that the two PG molecules
interact with each other through flexible aliphatic chains
(Figure S2). The flexibility of the residues of the Lgt enzyme
was analyzed by the RMSF analysis based on the last 300 ns of
the equilibrated MD simulation trajectory (Figure 2).

In Lgt, a large central cavity with a periplasmic exit is
composed of two clefts, “front cleft” and “side cleft”.” While
the enzyme is bound with a second PG (Lgt—PG), the %2 loop
region (residues 95—101) of arm-2 and the L6—7 region near
the front cleft adopted a more open conformation in the Lgt—
PG complex than that in the Lgt—PG—DAG complex, making

Figure 2. MD simulation of the Lgt—PG complex. (A) Secondary
structures represented in coral color exhibit the highest flexibility for
the Lgt—PG complex. The two PG molecules are shown in green and
yellow spheres. (B) RMSF analyses of the Lgt—PG and Lgt—PG—
DAG are shown in red and black colors, respectively.
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the front cleft more open, liable for the PG molecule to enter
(Figures 3 and S3B). In addition, the loop region L6—7
(residues 245—254) displayed an obvious structural fluctuation
throughout the 2.5 ps MD simulations (Figure S3A). The
comparison of the X-ray structure and MD-simulated
structures of Lgt—PG—DAG complex and Lgt—PG complex
showed that L6—7 loop in Lgt bound with a second PG
molecule changed into a more open conformation than that of
Lgt—PG—DAG complex (Figure S3B). The TM3 region at the
side cleft of the Lgt—PG complex (residues 101—120), which
harbors the catalytic residue His103,*° showed increased
flexibility in comparison with Lgt—PG—DAG complex (Figure
2). The high flexibility of the front cleft and the side cleft may
allow the sliding of the PG molecule in the large central cavity
from the first binding site to the catalytic site of Lgt.

First Binding Site of Lgt. The binding mode of PG in the
first binding site of Lgt was studied. Tyr26 located on the TM1
was suggested to be important for the Lgt activity.” In the
crystal structure of Lgt, the hydroxyl group of the Tyr26 was
3.7 A away from the O2 oxygen (ester oxygen of the sn2 lipid
chain) of the PG. The side chain of Asnl149 on TM4 and
Glul51 formed a hydrogen bond with the glycerol head group
of the PG molecule in the X-ray structure. With time evolution,
PG in the MD-simulated structure of Lgt—PG moved away
from these residues due to the extra room in the central cavity
formed by the opening of loop L6—7 (Figure S4).

This indicates that the PG molecule is rather mobile after it
is initially bound in the first binding site, liable to slide in the
large binding cavity of the Lgt enzyme. In the X-ray structure,
the side chain of the Arg73 was 6.2 A away from the O11 of
the PG sn-1 chain and was consistent with the average distance
between Arg73 and O1l1 in the representative structures from
the five replica runs of MD simulations (5.7 A) (Figure S4).
Superposition of the X-ray crystal structure and MD cluster
structure of Lgt—PG showed a displacement of PG molecule in
the first binding site toward the arm-2 of Lgt (Figure SS).
These results indicate the mobile nature of the PG in the first
binding site, which is attributed to the high flexibility of arm-2
and L6—7 at the front cleft of the enzyme.

Catalytic Site of Lgt. The second binding site of PG in the
Lgt enzyme is where catalysis takes place.” In the crystal
structure of Lgt—PG—DAG complex, Arg239 formed a salt
bridge interaction with Glu243 (Figure 4A), although it is far
away from the DAG molecule. With time evolution, the DAG
molecule in the Lgt—PG—DAG complex flipped far away from
the active site (Figure 4B).

In the crystal structures of Lgt bound with a DAG and an
inhibitor palmitic acid (PDB: SAZC and SAZB) at the second
site, a highly conserved residue Arg239 on TM6 exhibited
multiple conformations.” Interestingly, during the MD
simulations of Lgt in complex with a PG molecule (with the
glycerol head group added to the DAG molecule) in the
second binding site, Arg239 turned toward PG, forming an
electrostatic interaction with the phosphate of the glycerol
head group of PG with an average distance of 3.8 A (Figures
4C and S6). Thus, the binding of the PG molecule in the
second site induced a conformational change of Arg239, which
stabilizes the negatively charged head group of the PG by
electrostatic interactions.

In the X-ray crystal structure, Ser198 pointed away from the
catalytic site (Figure 4A). In contrast, in the MD-simulated
structure of Lgt in complex with PG in the catalytic site,
Ser198 turned toward the catalytic site and interacts with
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Figure 3. Opening of the front cleft from the MD-simulated structures. (A) Lgt—DAG (Lgt in complex with DAG and PG), (B) Lgt—PG (Lgt in
complex with two PG), (C) Lgt—PG—lipobox (Lgt in complex with two PG and lipobox). The loop L6—7 at the front cleft is shown in ribbon
representation; the lipobox is shown in the blue surface; DAG/PG in the MD-simulated structures are shown in CPK mode. Only the PG/DAG in

the second site is shown.

Glu202, which, in turn, interacts with Arg246, stabilizing the
glycerol head group of PG by a hydrogen bond (Figure 4C).

The C3—0 ester bond needs to be activated to facilitate the
subsequent nucleophilic attack by the deprotonated cysteine
residue of the preprolipoprotein. In the X-ray structure of Lgt
bound with a DAG molecule, Argl43 was hydrogen-bonded
with the O1 atom (ester oxygen of the sn-1 lipid chain) of
DAG (Figure 4A). In contrast, in the MD-simulated structure
of Lgt in complex with a PG molecule (a phosphate head was
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added to DAG), Argl43 formed stable electrostatic inter-
actions with the phosphate O3 of PG molecule in the second
binding site (Figure 4C). In addition, Argl43 made stable
ionic interactions with Glu206. Thus, the presence of the
glycerol head group in the PG molecule helps to orientate the
catalytically important residues Argl43 and Arg239 and
therefore organize the active site for the diacylglycerol transfer.

This is in accordance with the previous mutagenesis study
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Figure 4. (A) X-ray structure of Lgt enzyme in complex with DAG molecule at the second site. The representative structures of Lgt complexes
from the cluster analysis of MD simulation are shown in (B)—(D): (B) the Lgt—DAG complex (Lgt in complex with DAG and PG). (C) Lgt—PG
(Lgt in complex with two PG molecules). (D) Lgt—PG—lipobox (Lgt in complex with two PG molecules and preprolipoprotein signal peptide).
The DAG/PG molecule is shown in stick and ball, and active site residues are shown in stick representations. The lipobox is shown in blue ribbon

cartoon.

where the mutation of these residues had a dramatic effect on
the enzyme activity of the Lgt enzyme.”
Lgt—PG—Preprolipoprotein (Enzyme—Substrate)
Complex. Aside from the head group of the PG molecule,
the preprolipoprotein signal peptide is also missing in the X-ray
structure of the Lgt enzyme.” To understand the transacylation
mechanism, the structure of Lgt in complex with both PG
molecules and a lipobox signature peptide was constructed by
docking the partial preprolipoprotein signal peptide spanning
the lipobox motif (GSTLLAGCSSN) to the representative
structures of Lgt—PG complex obtained from 2.5 ps MD
simulations. The potential binding site of the preprolipoprotein
signal peptide (lipobox) in E. coli Lgt was proposed to be the
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H!'®GGL motif near the side cleft of the enzyme.” The
preprolipoprotein peptide was docked in the front cleft and
side cleft (Figure 1B), respectively, and the docked poses were
further studied by MD simulations (Figure S7A,B).

The preprolipoprotein peptide was first docked near the side
cleft and subjected to MD simulations; however, with time
evolution, the Cys residue moved on average 12.0 A away from
the PG in the second binding site and His103 made no
interaction with the side chain of Cys (Figure S7C); hence, the
docked preprolipoprotein peptide near the side cleft of Lgt
represented an unfavorable pose for the catalysis and was not
studied further.
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Figure S. Gate opening mediated by Arg239 resulted in the opening of loop L6—7, which facilitates the substrate entry and product release. (A)
Superimposing of the crystal structure with the MD structure of Lgt—PG, (B) superimposing of the MD structures of Lgt—PG and Lgt—PG—
lipobox. The X-ray structure of Lgt—PG—DAG (PDB: SAZC) is in pink, the MD structure of Lgt—PG is in blue, and the MD structure of Lgt—
PG—lipobox is shown in orange. Arg239 of the MD structure of Lgt—PG—lipobox is shown in yellow and highlighted by a red circle.

Figure 6. QM/MM optimized structures of the Lgt enzyme. (ES) Lgt—reactant complex, (TS) Lgt—transition state complex, (EP) Lgt—product
complex.

Then, the preprolipoprotein peptide was positioned in the ns MD simulation was run for the resulted Lgt—PG—lipobox
proximity of the front cleft (Table S2, Figure S7A), and a 150 complex (Figure S8). Similar to the simulated structure of the
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Figure 7. Schematic representation of the reaction mechanism of diacylglyceryl transfer from PG to a preprolipoprotein signal peptide in Lgt.

Lgt—PG complex (Figure 4C), the catalytic residue Argl43
formed a hydrogen bond with Glu206 and the O3 oxygen
atom of the PG molecule (Figure 4D). In addition, Glu202
stabilized the head group of the PG molecule by H-bond
interaction with the glycerol hydroxyl. Notably, in the presence
of the preprolipoprotein peptide, Glu243 turned away from
Arg239 so that the ionic interaction between Glu243 and
Arg239 observed in the absence of the lipobox was lost; in the
meantime, Arg239 turned toward the phosphate group of PG
molecule, forming an electrostatic interaction with it (Figures
4D and S9).

Hence, we propose that Arg239 located on HM6 serves as a
gate (Figure S). In the absence of the lipobox, the gate is open,
whereas the gate is closed with lipobox binding, and the L6—7
loop exhibits an open conformation, which may facilitate the
release of the product sideways, as well as the entry of another
PG molecule in the first binding site. This is in accordance
with the previous hypothesis that PG sliding may induce the
opening of the gate formed around the loop region L6—7.
The protein—lipid interaction still represents high complexity®”
although the entry and exit of membrane-embedded ligands to
the protein have been extensively studied.”® Actually, the
opening of the binding channel triggered by TM helix tilting
has been reported in other lipid-processing enzymes® "' and
was also observed during substrate binding in some GPCR
proteins such as sphingosine-1-phosphate receptor 1** and
rhodopsin.*>**

Sankaran et al., 1997 performed site-directed mutagenesis on
all of the histidine present in the Lgt enzyme and found that
His103 was essential for the enzyme activity.45 Mao et al., 2016
also identified His103 as a critical residue for the Lgt enzyme
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activity.” The MD-simulated structure of Lgt—PG-lipobox
showed the average distances between the cysteine thiol group
of the preprolipoprotein signal peptide in relation to the crucial
C3 carbon of the ester bond of the PG molecule and that
between His103 of the Lgt enzyme were 3.5 A (+0.3) and 4.0
A (+0.5), respectively (Figures 4D and S9). This indicates that
His103 may function as a catalytic base to abstract a proton
from the lipobox cysteine, which subsequently undergoes a
nucleophilic attack on the C3 atom of the PG substrate.

It should be noted that although His103 is well conserved in
Proteobacteria Lgt sequences, it is not strictly conserved in all
Lgt enzymes. Alternative residues such as tyrosine, phenyl-
alanine, and tryptophan replace the histidine residue based on
the multiple sequence alignment of Lgt proteins from a range
of bacterial phyla (Figure S10). Further modeling and
structural studies are therefore needed to determine the
deprotonation mechanism of cysteine in other Lgt enzymes
where the histidine residue is absent at position 103.

Reaction Pathway of Lgt Revealed by QM/MM.
Hybrid QM/MM method can be used to study the reaction
in enzyme systems.*® To elucidate the reaction mechanism of
the nucleophilic attack of the C3—O ester bond in the PG
molecule by cysteine of the docked preprolipoprotein, QM/
MM studies were performed on the Lgt—PG-lipobox
complex. The important residues identified from our MD
simulations and previous mutagenesis studies of Lgt”** were
included in the QM region. These include His103, Argl43,
Asnl46, Tyr23S, and Arg239, the cysteine residue of the
lipobox, and three water molecules identified in the vicinity of
the phosphate head group in the active site of Lgt.
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In the QM/MM optimized reactant complex, the side chain
of His103 formed a hydrogen bond with the thiol group of
cysteine with a distance of 1.99 A (Figure 6). The distance
between the sulfur atom of the cysteine and the carbon of the
C3—0 ester bond is 3.59 A. In the QM/MM  optimized
structure, the C3—O ester bond of PG formed an H-bond with
Argl43, which was further involved in the H-bond interaction
with Asn146. The phosphate group of the PG is stabilized by
the hydrogen bonds with three water molecules. Tyr235 makes
water-assisted hydrogen bonds with the oxygen of the
phosphate group. Glu202 and Arg239 stabilize the glycerol
oxygen atoms of the PG by hydrogen-bonding interactions.

A potential energy surface (PES) scan was conducted by
scanning the distance between the sulfur atom of the cysteine
and the C3 carbon of the C3—O ester bond. In the QM/MM
optimized TS complex, the distance of the epsilon nitrogen to
the proton of cysteine was 1.11 A and the distance between the
proton and the sulfur atom was 1.95 A (Figure 6). The
distance between the C3 carbon atom of the C3—O ester bond
and the phosphate oxygen became 2.00 A. The deprotonated
sulfur atom of cysteine was 2.60 A away from the C3. This
distance is in good agreement with the transition state
associated with the acylation reaction in bile salt hydrolase
enzyme, where the nucleophile cysteine anion was 2.60 A away
from the carbon_yl carbon of the amide bond of tauroconju-
gated bile acid.*” The developed negative charge due to the
cleavage of the C3—O on the phosphate group was stabilized
by the electrostatic interaction with Arg143. The side chain of
Asnl46 approached Argl43, maintaining a stable hydrogen
bond with it.

The QM/MM calculations show that the diacylglyceryl
transfer from PG to the prolipoprotein peptide substrate
proceeds via an SN2-like concerted mechanism (Figure 7).
His103 acts as a catalytic base to abstract the proton from the
cysteine residue of the prolipoprotein peptide. The deproto-
nated cysteine then undergoes nucleophilic attack on the C3
carbon of the C3—O ester in PG to form a diacylglyceryl—
prolipoprotein. The estimated activation energy of the reaction
was 18.6 kcal mol™" (Figure 8). It is in good agreement with

Figure 8. QM/MM reaction profile of the Lgt enzyme computed
using the B3LYP functional with 6-31+G(d,p) basis set. The values in
parentheses and square bracket are the single-point QM/MM
calculations performed with the 6-311++G(3df,3pd) basis set using
B3LYP and @wB97XD functional, respectively.

the experimental activation energy barrier of Lgt enzyme (Vi
=25.5 nmol mg™" min™!,* ~21.0 kcal mol™), since the QM/
MM DFT calculations using the B3LYP functional are known
to underestimate the organic reaction barrier with a mean
absolute error of ~3 kcal mol™.** The energy of the product

formed was —13.0 kcal mol™' lower than that of the ES,
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indicating that the overall reaction is exothermic in nature. The
transition state was located and validated by a unique
imaginary frequency of —442.3 cm™', and intrinsic reaction
coordinate (IRC) scan calculations were performed on the
transition state, which showed that it connects the reactant and
product (Figure S11). Potential surface scan starting from an
alternative starting structure selected from MD-simulated
trajectory and gave similar reaction profiles (Figures S12 and
S13).

We also examined the possibility of the stepwise reaction
mechanism by studying the proton transfer from the cysteine
thiol group of the lipobox to His103 of Lgt. The QM/MM
potential energy scan in the quest for a possible ionic pair
showed that the energy kept increasing (Figure S14).
Optimization of the structure closest to an ionic pair on the
reaction profile leads to the neutral form, ie., the proton
moved back to cysteine. In addition, no transition state could
be located corresponding to the proton transfer from cysteine
to His103, indicating that the reaction does not go through an
ionic form and therefore the stepwise mechanism is not viable.

In summary, here, we provide a catalytically active model of
the E. coli Lgt enzyme in complex with preprolipoprotein and
PG substrates; our MD simulations of Lgt—PG—lipobox show
that the product is indeed released sideways relative to the
lipid bilayer, in agreement with the previous hypothesis
proposed by Mao et al. that diacylglyceryl—prolipoprotein is
released sideways relative to the lipid-bilayer-based;” in
addition, our QM/MM studies demonstrate that His103
plays a crucial role in the catalytic process, acting as a catalytic
base to trigger the reaction.

B CONCLUSIONS

Lgt is an important bacterial enzyme in post-translocational
modification of bacterial lipoproteins, and understanding of the
plasticity of the active site of Lgt should provide valuable
insight into the design of novel antibiotic drugs. Here, the Lgt
structure in complex with a PG substrate and prelipoprotein
signature peptide was modeled using MD simulations. We
found a catalytically active conformation of the enzyme
attributed by notable conformational changes of loop L6—7.
In addition, we validated the importance of Argl43, Arg239,
and Glu202 in the stabilization of the glycerol-1-phosphate
head group of the PG substrate. The conserved Arg239
functions as a gate to regulate the opening of the loop L6—7 so
as to facilitate the entry of the PG substrate and the release of
the modified lipoprotein product.

The QM/MM study of the reaction mechanism of E. coli Lgt
enzyme showed that His103 acts as a catalytic base, facilitating
the thiolate anion (conserved cysteine of the preprolipoprotein
signal peptide) to attack the C3 carbon of PG with an
activation barrier of 18.6 kcal mol™". After lipid modification,
diacylglyceryl—prolipoprotein then exits the Lgt enzyme
sideways relative to the lipid bilayer, allowing it to undergo
further modification catalyzed by the LspA and Lnt enzymes.

In summary, here, we present a catalytically active model of
Lgt enzyme in complex with the prolipoprotein and PG
substrate and elucidated the mechanism of diacylglyceryl
transfer from the PG substrate to the prolipoprotein catalyzed
by Lgt. The information obtained on the binding mode of the
prolipoprotein in the Lgt enzyme along with the reaction
mechanism of the diacylglyceryl transfer would provide us
novel insight on the structure-based design of broad-spectrum
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antimicrobial therapies targeting the enzymes involved in the
post-translocational modification of lipoproteins.
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