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ABSTRACT: Polyketide synthases (PKSs) share a subset of
biosynthetic steps in construction of a polyketide, and the oftload
from the PKS main module of specific product release is most often
catalyzed by a thioesterase (TE). In spite of the fact that various
PKS systems have been discovered in polyketide biosynthesis, the
molecular basis of TE-catalyzed macrocyclization remains challeng-
ing. In this study, MD simulations and QM/MM methods were
combined to investigate the catalytic mechanism and substrate
diversity of pikromycin (PIK) TE with two systems (PIK-TE-1 and
PIK-TE-2), where substrates 1 and 2 correspond to TE-catalyzed
precursors of 10-deoxymethynolide and narbonolide, respectively.
The results showed that, in comparison with PIK-TE-2, system
PIK-TE-1 exhibited a greater tendency to form a stable prereaction
state, which is critical to macrocyclization. In addition, the structural
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characteristics of prereaction states were uncovered through analyses of hydrogen-bonding and hydrophobic interactions, which
were found to play a key role in substrate recognition and product release. Furthermore, potential energy surfaces were calculated
to study the molecular mechanism of macrocyclization, including the formation of tetrahedral intermediates from re- and si-face
nucleophilic attacks and the release of products. The energy barrier of macrocyclization from re-face attack was calculated to be
16.3 kcal/mol in PIK-TE-1, 3.6 kcal/mol lower than that from si-face attack and 4.1 kcal/mol lower than that from re-face attack
in PIK-TE-2. These results are in agreement with experimental observations that the yield of 10-deoxymethynolide is superior to
that of narbonolide in PIK TE catalyzed macrocyclization. Our findings elucidate the catalytic mechanism of PIK TE and provide

a better understanding of type I PKS TEs in protein engineering,
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B INTRODUCTION

Polyketides and analogues have been developed as macrolide
antibiotics, antifungal agents, immunosuppressants, and anti-
cancer agents,' > owing to their significant medicinal proper-
ties. They are efficiently assembled by type I polyketide
synthase (PKS),’ which are comprised of multiple requisite
domains (i.e. “modules”). Each module is responsible for a
particular function in the construction of polyketide scaffolds,
including initiation, elongation, reduction, and extension.
Finally, when the polyketide chain reaches the desired size,
the product can be offloaded from the PKSs with the assistance
of a thioesterase (TE) via hydrolysis or macrocyclization.”” "

Pikromycin, a naturally occurring ketolide antibiotic, is
biosynthesized by a type I PKS in Streptomyces venezuelae
ATCC 15439."" Unlike other type I PKS systems, the
pikromycin PKS demonstrates the unique ability to efficiently
generate two types of macrolactone products: methymycin and
pikromycin. As we all know, pikromycin thioesterase (PIK TE)
could serve to cyclize both linear hexaketide and heptaketide
chain elongation intermediates toward the 12- and 14-
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membered macrolactones 10-deoxymethynolide and narbono-
lide, respectively (Figure 1). Further processing of 10-
deoxymethynolide and narbonolide by post-PKS tailoring
enzymes, including a glycosyltransferase and a cytochrome
P450 hydroxylase, completes the biosynthesis of methymycin
and pikromycin.

PIK TE adopts an a,f-hydrolase fold, and it contains a
central seven-stranded f-sheet connected by a-helices, with 52
antiparallel to the remaining strands. Similar to the substrate-
binding region of 6-deoxyerythronolide B synthase (DEBS) TE,
the lid region is composed of two helices (L1 and L2) and a lid
loop (Figure 1). Crystal structures of the two homologous
enzymes show many similarities, including a hydrophobic
interface for dimerization, an open substrate channel, and a
characteristic Ser-His-Asp catalytic triad (Ser148, His268, and
Aspl176 in PIK TE and Ser142, His259, and Asp169 in DEBS
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Figure 1. Stucture of PIK TE and macrocyclization catalyzed by PIK TE with substrates 1 and 2.

TE)."”” The triad is located at the center of a long open
substrate channel."” In vivo, the polyketide substrate is initially
bound to the phosphopantetheinyl arm of an acyl carrier
protein (ACP) and undergoes transesterification to the active
site Ser148 of PIK TE. Intramolecular attack by the distal
hydroxyl group of the substrate on the acyl-enzyme
intermediate affords the macrolactone, with simultaneous
release of the product from the enzyme. Although the
biochemical function of these PKSs has been unveiled,"*"* a
detailed description of how protein dynamics determines their
biological role at the atomic and molecular level remains a
scientific challenge.

As we know, PKS TEs have been shown to be highly specific
in catalytic processes. Both acyl-enzyme intermediate formation
and macrocyclization are substrate specific. For example, the
DEBS TE appears to require a carbonyl function group
connected to the carbon atom of the substrate for the
nucleophilic cyclization. Replacement of the carbonyl group
with a hydroxyl group results in the exclusive occurrence of
hydrolysis.'>'” On the other hand, DEBS TE demonstrates
broad tolerance for the ring size of the polyketide generated. In
more detail, although the natural product of DEBS TE is a 14-
membered ring, this enzyme has been shown to support the
formation of alternatively functionalized 6-, 8-, 12-, 14-, and 16-
membered-ring systems. This study was expected to provide an
understanding of the mechanism and substrate selectivity of
these type I PKS TEs, which could present new opportunities
for chemoenzymatic synthesis of polyketides and analogues,
and thereby accelerate the development of new medicines in
the future.

In this study, PIK TE is employed to develop a high-
resolution model detailing enzyme—substrate interactions to
rationalize macrocyclization of 10-deoxymethonilide and
narbonylide. We combined molecular dynamics (MD)
simulations and quantum mechanics/molecular mechanics
(QM/MM) calculations on PIK-TE-1 and PIK-TE-2 systems
in an aqueous environment. In addition, we report the
formation of a substrate—enzyme prereaction state, which is
critial to mutual recognition and catalytic preparation and
description of its structural characteristics with hydrogen-
bonding and hydrophobic interactions. Furthermore, two-layer
ONIOM-based QM/MM calculations were employed to
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investigate the catalytic mechanism in detail. Transition states
and key intermediates were located in the calculated potential
energy surface. A possible molecular mechanism of the
macrocyclization process was proposed. These results are in
good agreement with biochemical and structural studies. Our
study elucidates the catalytic mechanism of PIK-TE with its
substrates, provides insight into the macrocyclization process of
PIK-TE, and increases a better understanding of type I PKS
TEs in an engineered PKS pathway.

B MATERIALS AND METHODS

System Preparation. The crystal structure of PIK TE
(PDB entry: 2HFK) "> was used as the starting structure in the
preparation of MD simulations. Substrates 1 and 2 were both
covalently bonded to residue Ser148 of PIK TE. Conformation
of the substrates was determined through the following
procedure. (1) We blocked the terminal of the substrates by
adding an N-terminal cap (—CO—CH;) and a C-terminal cap
(-NH—-CH,;). (2) We conducted a classical conformational
search with a systematic search method (CAESAR)'® encoded
in Discovery Studio 3.5, and 300 ligand conformations were
generated. (3) The top 20 low-energy conformations were
picked and further optimized with the PM3 method'*™*" in
Gaussian09.”* (4) The conformation with the lowest energy
was then placed into the PIK TE catalytic pocket and
connected with the protein through a covalent bond, and the
cap was removed from the substrate. Following the steps above,
two complex systems, PIK-TE-1 and PIK-TE-2, were set up.
Files for comflexes were prepared with the tleap module of
AMBER 12.*° After preparation of the complex structures,
parameters for substrates 1 and 2 were generated. We first
performed an conformational optimization with the Gaussian
09 program at the level of HF/ 6-31G(d)*** and then
computed its electrostatic surface potential (ESP) charge. A
two-step restrained electrostatic potential (RESP)*’ charge-
fitting procedure was then carried out on the substrates. Finally,
missing parameters such as bond and dihedral information were
generated by the Antechamber package.

MD Simulation and Trajectory Analysis. MD simu-
lations were performed on PIK-TE-1 and PIK-TE-2 complexes
using the AMBER ff03.r1 force field. The proteins were
solvated in a cubic box of TIP3P water molecules, with the
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Figure 2. Prereaction states in PIK-TE-1 and PIK-TE-2. Substrate 1 is shown in salmon and 2 in magenta.

thickness of the external water layer exceeding 10 A. Sodium
ions were then added to achieve charge neutralization in the
system.

Both solvated systems were subjected to a minimization and
heating cycle, with the temperature gradually being raised to
298 K. After equilibration for 50 ps, a 50 ns molecular dynamics
(MD) simulation was conducted on the complexes without any
restraints under NPT conditions. Afterward, a simulation for
each complex was repeated six times with a different random
number, and one of them was extended to 300 ns. The Particle
Mesh Ewald (PME) method®® was employed to account for
long-range electrostatic interactions, and the SHAKE algorithm
in its matrix form was used to fix bonds and angles involving
hydrogen atoms.”” The cutoff for van der Waals interactions
was set to 10.0 A. This protocol was applied to all MD
simulations for both systems using the parallel version of
PMEMD.cuda in the AMBERI?2 suite.

QM and QM/MM Calculations. QM/MM calculations
were started from one snapshot closest to the ensemble average
of the most dominant cluster from MD trajectories. All of the
QM calculations were performed with the M062x*°/6-31G(d)
method. QM/MM calculations at the ONIOM (M062x/6-
31G(d):Amber) level were performed using a two-layered
ONIOM method*"** encoded in the Gaussian09 program. We
selected substrate 1 or 2, which contains the group
(—O4;—CH,—) of residue Ser148, the anionic carboxymethyl
group (—CH,—COO~) of Aspl76, and the side chain of
His268 as our QM region. A total of 74 atoms were included in
the QM system of substrate 1 and 82 atoms in the system of
substrate 2. This caused the QM level to bear 1 negative charge
while the whole system had 17 negative charges, due to the
removal of Na* ions from the structure.

The QM region was described with density functional theory,
and geometries were optimized with the MO062x exchange-
correlation functional and 6-31G(d) basis set. Single-point
energy calculations were performed on the basis of the
optimized structures using larger basis sets, including 6-
311+G(d), 6-311+G(d,p), and 6-311+G(2df2p). The remain-
der of the system (MM region) was treated with the AMBER
Parm99 force field. QM/MM calculations of PIK-TE-1 and
PIK-TE-2 consisted of 8649 atoms and 8657 atoms,
respectively. The electrostatic interactions between the QM
and MM regions were calculated using the electronic
embedding method, which provides a better description of
the electrostatic interaction between the QM and MM regions
and allows the QM wave function to be polarized.
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B RESULTS AND DISCUSSION

To understand the catalytic mechanism and substrate diversity
of the macrocyclization process catalyzed by PIK TE, the two
complex systems (PIK-TE-1 and PIK-TE-2) were each
constructed six times in SO ns molecular dynamic (MD)
simulations, where substrates 1 and 2 covalently bonded with
the residue Ser148 in the active site of PIK TE. After that, two
additional 300 ns simulations of PIK-TE-1 and PIK-TE-2 were
performed to investigate the structural characteristics of
prereaction states. Furthermore, potential energy surfaces
were calculated with the QM/MM method to study the
molecular mechanism of macrocyclization including (1)
formation of a tetrahedral intermediate from re- or si-face
nucleophilic attack of the C1 carbonyl group and (2) release of
the product 10-deoxymethynolide or narbonolide. Pivotal
transition states were located, and the energy barriers were
obtained. Finally, a detailed mechanism of PIK TE catalyzed
macrocyclization was proposed.

Observation of More “Active” States in PIK-TE-1 in
Comparison to PIK-TE-2. In our previous studies of DEBS
TE,** we observed a prereaction state during MD simulations,
which is not only critical to the precise recognition of enzyme—
substrate but also significant in the macrocyclization process. In
this special conformation, His259 and Asp169 in the catalytic
triad constitute a proton transfer chain to facilitate the
deprotonation of the distal hydroxyl group of the substrate
and further promote the intramolecular nuclear attack to obtain
a tetrahedral intermediate. According to our study, whether the
enzyme—substrate could develop to the prereaction state
seemed to be decisive of whether macrocyclization or
hydrolysis occurred.

To identify the existence of prereaction states in PIK TE
systems, six 50 ns MD simulations were performed in PIK-TE-
1 and PIK-TE-2, respectively (Figure S1). A clustering
algorithm was utilized to collect all typical substrate
conformations on the basis of 12 simulation trajectories. Five
representative conformations were observed to be prereaction
states, including three in the PIK-TE-1 system and two in the
PIK-TE-2 system (Figure 2). Furthermore, we used two
distances, which were highlighted in the DEBS TE prereaction
state, to evaluate the reliability of the prereaction state in PIK
TE. One is defined by the distance between the N, atom of
His268 in the catalytic triad and the O atom of a distal hydroxyl
group of the substrate, designated as d(N,—O11) in PIK-TE-1
and d(N,—O13) in PIK-TE-2, indicating the formation of
hydrogen bonding and further deprotonation of the substrate
hydroxyl group. The other distance is defined between the C1
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Figure 4. d(N,—011)/d(N,—013) and d(C1—011)/d(C1—013) distances in 300 ns MD simulations in PIK-TE-1 and PIK-TE-2. The different

distance proportions are indicated by circles.

and the O atom of the distal hydroxyl group, designated as
d(C1-011) in PIK-TE-1 and d(C1-O13) in PIK-TE-2,
demonstrating the nucleophilic attack on the acyl-enzyme
intermediate.

It has been shown by QM calculations that the
prereaction state adopts a reactive conformation, where the
former distance is around 3.0 A and the latter is close to 4.5 A.
Therefore, conformations with restraints of both d(N,—O11)/
d(N,—013) < 3.0 A and d(C1-011)/d(C1-013) < 45 A
will be an indication of a prereaction state. The two distances

33,34
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were calculated from all conformations of MD simulations, and
their frequency distributions were analyzed to evaluate the
formation of a prereaction state in PIK-TE-1 and PIK-TE-2. In
Figure 3, the average d(N,—O11) distance in all 6 X SO ns
simulations is 4.32 A, less than 4.73 A for d(N,—013) in PIK-
TE-2. On comparison of d(N,—O11) with d(N,—013), it is
found that the population of d(N,—O11) < 3.0 A in PIK-TE-1
is about 24.3%, larger than the 14.2% value of d(N,—O13) in
PIK-TE-2. These results suggest that the formation of a
hydrogen bond between the N, atom of His268 and the O
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atom of the distal hydroxyl group in PIK-TE-1 might be
preferable to that in PIK-TE-2. On the other hand, although
the average d(C1—O11) distance is 4.94 A, similar to 5.03 A of
d(C1—-013), the population of distance d(C1-011) < 4.5 A
in PIK-TE-1 increased by 10.3% in comparison with PIK-TE-2,
suggesting the preference in formation of favorable con-
formations for macrocyclization in PIK-TE-1. Taken together,
these results demonstrated that, in comparison to PIK-TE-2,
PIK-TE-1 could generate more “active” conformations, which
might be easily transformed to prereaction states.

To further uncover the stability of prereaction states,
additional 300 ns MD simulations were performed separately
on the basis of two 50 ns simulations of PIK-TE-1 and PIK-TE-
2. Both d(N,—O11)/d(N,—013) and d(C1-0O11)/d(Cl1—
013) were monitored (Figure 4). According to the 300 ns
root-mean-square deviation (RMSD) values, the PIK-TE-1 and
PIK-TE-2 systems reached their respective equilibriums after 10
ns simulations (Figure S2). To ensure the accuracy of our
results, the first 10 ns simulations were not considered in our
analysis. The MD trajectories revealed that the most prevalent
conformations adopted prereaction states in either PIK-TE-1 or
PIK-TE-2. To be precise, distances d(N,—O11) in almost half
of the conformers (46.0%) are less than 3.0 A in PIK-TE-1,
while the proportion was reduced to 27.5% in PIK-TE-2,
indicating more appropriate orientations of the distal hydroxyl
group toward His268 of PIK TE. What is more, once the
hydrogen bond had formed in PIK-TE-1, it maintained the
bond for simulations of more than 90 ns, reflecting the stability
of the hydrogen bond. On the other hand, although the average
d(C1-011) and d(C1—0O13) distances were essentially in
accord with each other (4.63 A in PIK-TE-1 and 4.59 A in PIK-
TE-2), the proportion of d(C1—011) < 4.5 A in PIK-TE-1 was
24.3%, larger than the 14.2% observed in PIK-TE-2.
Remarkably, the proportions of “active” conformations with
both d(N,—O11) < 3.0 A and d(C1-011) < 4.5 A in PIK-TE-
1 were 11.2%, approximately twice that observed in PIK-TE-2
(5.7%). In conclusion, it was observed again that, in
comparison with PIK-TE-2, PIK-TE-1 was more favorable for
the formation of a prereaction state, and once it emerged, the
prereaction state would remain for a relatively long time in PIK-
TE-1.

Structural Characteristics of Prereaction States. To
further probe into the structural characteristics of prereaction
states, we analyzed the trajectories of PIK-TE-1 and PIK-TE-2
systems. Hydrogen-bonding and hydrophobic interactions
between PIK TE and substrates 1 and 2 were carefully
investigated. More specifically, the critical hydrogen-bonding
interactions between the N, atom of His268 and the active
distal hydroxyl group were observed in both PIK-TE-1 and
PIK-TE-2 (Figure S). Additionally, a hydrogen bond between
the C9 carbonyl and the side chain of Thr77, which is located
in the loop connecting strand 3 and helix a3, was found in
PIK-TE-2. In contrast, a water molecule bridge between the
substrate and side chain of Thr77 was captured in PIK-TE-1
(Figure S3). These were in accord with previous reports that
Thr77 plays a key role in stabilization of the oxygenion
intermediate'®> and the cyclic reactive conformation.’
Furthermore, two dominant hydrophobic interactions between
a binding cavity residue (Ala78 and Gly150) and substrate 1
were found in PIK-TE-1 and three hydrophobic interactions of
Ala78, Gly150, and Tyr178 with substrate 2 existed in PIK-TE-
2. The mutation of Y171F in DEBS TE, corresponding to
Tyr178 in PIK TE, were found to be catalytically inactive,”
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indicating the key role of Tyrl71 in DEBS TE catalysis.
However, theoretical studies on the role of Y178 in PIK TE are
quite rare. According to our simulations, Y178 has hydrophobic
interactions with substrate 2, suggesting a sort of correlation
with substrate recognition. On the other hand, Y178 in PIK-
TE-1 was observed to leave away from active site, expanding
the exit gate and consequently promoting product release
(Figure S4). Therefore, it was proposed that Y178 of PIK-TE
might play a different role in substrate recognition and product
release. In short, these results demonstrated that a hydrogen-
bonding interaction with His268 is essential to the formation of
the prereaction state and hydrophobic interactions may play a
significant role in substrate recognition and product release.

For further study, we focused on the active site pockets in
PIK-TE-1 and PIK-TE-2 in S ns MD simulations (obtained
from the dominant clusters of MD simulations) utilizing
POVME 2.0,°**” a computational tool that characterizes the
shape and size of protein pockets. Although the ring sizes of
substrates 1 and 2 are slightly different, their binding pockets
have comparable volumes of 335 A® in PIK-TE-1 and 355 A® in
PIK-TE-2, indicating the tolerance of PIK TE (Figure 6). We
speculated that PIK TE has sufficient space to accommodate
different substrates in its pockets and that whether the substrate
could transform to its prereaction state seemed to be decisive of
whether macrocyclization occurred.

Next, we carefully compared the active sites of prereaction
states in PIK-TE-1 and PIK-TE-2. It was observed that the
major interactions between PIK TE and substrates were similar
in both systems, especially at the end of the substrates, where
the N, atom of His268 grabbed the distal hydroxyl group (O11
and O13) by a hydrogen bond and further stabilized the
substrates. However, the major difference lay in the reactive
center, where the orientation of the C1 carbonyl group looked
different, if not reverse, in PIK-TE-1 and PIK-TE-2 (Figure 7).
As a result, the nucleophilic attack, accompanied by a
deprotonated hydroxyl group, would target the si- or re-face
of the C1 carbonyl group. The different conformations were
supported by the optimization calculated by the QM/MM
method, where the C1 carbonyl group was found either in the
same direction with the distal hydroxyl group, accompanied by

DOI: 10.1021/acscatal.8b01156
ACS Catal. 2018, 8, 4323-4332


http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b01156/suppl_file/cs8b01156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b01156/suppl_file/cs8b01156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b01156/suppl_file/cs8b01156_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b01156

ACS Catalysis

Research Article

Figure 6. Active binding pocket and exit of PIK TE. Substrate 1 is
shown in salmon and 2 in magenta.
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Figure 7. Scheme of nucleophilic attacks of substrate 1 from the re- or
si-face of the C1 carbonyl group to form tetrahedral intermediates and
the optimized products of 10-deoxymethynolide and narbonolide.

si-face nucleophilic attack, or in the reverse orientation,
followed by re-face attack. In addition, the conformer
corresponding to re-face attack was found to be 7.1 kcal/mol
more stable than that of the si-face, demonstrating the
preponderance of conformer taken by re-face attack. Mean-
while, we optimized 10-deoxymethynolide and narbonolide at
the MO062x/6-31g(d) level and compared their stability.
Products obtained from si-face nucleophilic attack were less
stable than those from re-face by 2.7 kcal/mol (10-
deoxymethynolide) and 3.0 kcal/mol (narbonolide). These
results suggested that macrocyclization from re-face nucleo-
philic attack may be more favorable than that from si-face attack
in thermodynamics.

Macrocyclization in PIK-TE-1. To investigate the energetic
distinction between macrocyclization reacted from re- or si-face
nucleophilic attack, system PIK-TE-1 was carefully studied and
four potential energy surfaces demonstrating the formation of a
tetrahedral intermediate and the release of product 10-
deoxymethynolide were plotted. These computational results
demonstrated that the activated energy barrier via re-face
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nucleophilic attack is 16.3 kcal/mol, 3.6 kcal/mol lower than
that via si-face nucleophilic attack.

Macrocyclization from re-Face. Two two-dimensional
potential energy surfaces were calculated with the QM/MM
method to aid in understanding the macrocylization catalyzed
by PIK TE from re-face nucleophilic attack. First, a potential
energy surface corresponding to formation of a tetrahedral
intermediate was calculated by defining the distances d,(011—
H) and d,(011-Cl1) as the reaction coordinates, which
represents the deprotonation of a hydroxyl group and re-face
nucleophilic attack, respectively. The potential energy surface
with the key structures along the reaction pathway, including
1 TSI and 1_TS2, are shown in Figure 8. The d, distance was

Energy(kcal/mol)

gy(kcal/mol)

Ener
o

Figure 8. Two-dimensional potential energy surfaces in the PIK-TE-1
system including the formation of tetrahedral intermediates from re-
face nucleophilic attack and the release of product 10-deoxymethyno-
lide, shown with optimized structures of transition states.

found to be 2.67 A in the optimized structure 1_R and 1.60 A
in the optimized intermediate 1_IMI1, and the d, distance is
101 A in 1 R and 1.65 A in 1_IMI. The transition state
1_TS1 was located at d; = 1.60 A and d, = 1.60 A. The
calculated potential energy barrier of formation of the
tetrahedral intermediate was 10.2 kcal/mol, indicating that
the formation of a tetrahedral intermediate could proceed
spontaneously.

Next, another potential energy surface was calculated to
uncover the energy barrier of product release step by defining
the distance d;(O,,—C1) and d,(O,,—H) as the reaction
coordinates, which represented the released product and the
refreshed Ser148 hydroxyl group. The d; distance was found to
be 1.46 A in the optimized intermediate 1_IM1 and 2.57 A in
the optimized product 1_P, and the d, distance was 2.36 A in
1_IM1 and 1.00 A in 1_P. The transition state 1_TS2 was
located at d; = 1.80 A and d,, = 1.30 A. The calculated potential
energy barrier of formation of the tetrahedral intermediate was
6.9 kcal/mol. Taken together, the energy barrier of the
macrocylization catalyzed by PIK TE from re-face nucleophilic
attack was 16.3 kcal/mol.

Macrocyclization from si-Face. We also studied the
macrocyclization reaction from si-face nucleophilic attack.
Similar to that from the re-face, the potential energy surfaces
were calculated by defining the d,(O11—-H) and d,(011-C1)
distances as the reaction coordinates, representing the
deprotonation of the hydroxyl group and si-face nucleophilic
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attack. The key structures along the reaction pathway consisting
of 1 TS1' and 1 TS2' were located (Figure 9). The d,

Energy(kcal/mol)

Energy(kcal/mol)

Figure 9. Two-dimensional potential energy surfaces in the PIK-TE-1
system including the formation of tetrahedral intermediates from si-
face nucleophilic attack and the release of product 10-deoxymethyno-
lide are shown with optimized structures of the transition state.

distance was found to be 2.77 A in the optimized structure
1_R’ and 1.58 A in the optimized intermediate 1_IM1’, and
the d, distance was 1.03 Ain 1_R’ and 1.86 A in 1_IM1". The
transition state 1_TS1’ was located at d; = 1.90 A and d, = 1.60
A. The calculated potential energy barrier of formation of the
tetrahedral intermediate from the si-face was 12.3 kcal/mol,
which was 2.1 kcal/mol higher than that from re-face
nucleophilic attack, suggesting macrocyclization procceding
from re-face nucleophilic attack is more favorable in energy
than that from si-face attack.

Next, we carefully examined the structure of 1_IM1’, whose
energy was found to be slightly lower than that of the transtion
state 1_TS1’ by 1.0 kcal/mol, suggesting that dissociation of
the intermediate state could occur easily.***” We proposed a
conformational transition through the movement of imidazole
in His268 to transfer its proton to Ser148, since the distance
between N, of His268 and O of Ser148 is larger than 4.61 A in
1_IM1’. The conformational transition was supported through
further optimizations. 1_IM2" and 1_IM3' were located along
the reaction pathway (Figure 10), which was 1.4 and 2.4 kcal/
mol higher than 1_IMI’ in energy, suggesting that the
conformational transition could proceed spontaneously. This
structural reorganization made the O atom of Ser148 more
inclined to accept the proton of His268 and promote the
release of products.

Then the energy barrier of the product-releasing step was
calculated with a potential energy surface by defining the
dy(O4,—C1) and d,(O,,—H) distances to represent the
departure of the product and the refresh of the Ser148
hydroxyl group. The dj distance was found to be 1.50 A in the
optimized intermediate 1_IM3’ and 2.79 A in the optimized
product 1_P’, and the d, distance was 2.49 A in 1_IM3’ and
1.04 Ain 1_P’. The transition state 1_TS2’ was located at d; =
1.90 A and d, = 1.70 A. The calculated potential energy barrier
of product release was 6.2 kcal/mol, suggesting that the release
step should proceed readily.

Taken together, our computational results revealed that
although the formation of a tetrahedral intermediate is
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Figure 10. Conformational transformations in the PIK-TE-1 system.

advantageous in energy (10.2 and 12.3 kcal/mol), the
dissociation of the intermediate could occur easily, and
macrocyclization proceeding from re-face nucleophilic attack
was more favorable than that from si-face attack (Figure 11).
Therefore, we will focus on the macrocyclization arising from
re-face nucleophilic attack pathway in the following study.

Macrocyclization from re-Face in PIK-TE-2. Similar to PIK-
TE-1 system, two potential energy surfaces were calculated to
understand the formation of the tetrahedral intermediate and
release of product narbonolide in PIK-TE-2. According to
calculations presented above, only the re-face nucleophilic
attack pathway was involved in further study. The d,(013—C1)
and d,(013—H) distances were used to represent nucleophilic
attack and deprotonation of the hydroxyl group, while d;(Og.,—
C1) and d,(O,,,—H) represented the released products and the
refreshed Ser148 hydroxyl group (Figure 12). The d; distance
was found to be 3.33 A in optimized structure 2_R and 1.50 A
in optimized intermediate 2_IM, and the d, distance was 1.00 A
in 2 Rand 1.82 A in 2 IM. The transition state 2_TS1 was
located at d; = 1.50 A and d, = 1.70 A. The potential energy
barrier for the formation of the tetrahedral intermediate was
calculated to be 15.4 kcal/mol, 3.1 kcal/mol higher than that in
PIK-TE-1. Furthermore, the d; distance was found to be 1.46 A
in optimized intermediate 2 IM and 2.66 A in optimized
product 2_P, and the d, distance was 2.10 A in 2_IM and 0.99
A'in2_P. The transition state 2_TS2 was located at d; = 1.70 A
and d, = 1.30 A. The calculated potential energy barrier of
product release was 5.1 kcal/mol, 1.1 kcal/mol lower than that
in PIK-TE-1. To sum up, the energy barrier for the PIK-TE-
catalyzed macrocylization from re-face nucleophilic attack in
PIK-TE-2 was 20.4 kcal/mol (Figure SS).

Catalytic Mechanism. These data together suggest that
nucleophilic attack, when accompanied by the deprotonation of
prereaction state, can proceed from either the re-face or si-face
to result in the formation of a charged tetrahedral intermediate.
In the system PIK-TE-1, the energy barrier was calculated to be
10.2 kecal/mol in the former and 12.3 kcal/mol in the latter.
Unlike in the re-face nucleophilic attack, the conformational
reorganization was found to be indispensable in si-face attack to
refreshing Ser148. Finally, following the collapse of the
transient intermediate, the final macrocyclic product was
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Table 1. Energetic Corrections at Different Levels with M06-2x Method

M062x/6-3 lg(d)

1 —1618.101628 hartree

1_TS1 —1618.085385 hartree
10.2 kcal/mol

1_IM —1618.086696 hartree

1_TS2 —1618.075711 hartree
6.9 kcal/mol

EB“ 16.3 kcal/mol

2 —1770.724558 hartree

2 _TS1 —1770.700096 hartree
15.4 kcal/mol

2 IM —1770.691987 hartree

2 TS2 —1770.728631 hartree
5.1 kcal/mol

EB 20.4 kcal/mol

“EB denotes energy barrier.

MO062x/6-311+g(d)
—1618.550480 hartree
—1618.533414 hartree
10.7 kcal/mol
—1618.534606 hartree
—1618.522130 hartree
7.8 kcal/mol
17.8 kcal/mol
—1771.217906 hartree
—1771.191112 hartree
16.8 kcal/mol
—1771.191075 hartree
—1771.182171 hartree
5.6 kcal/mol
22.4 kcal/mol
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MO062x/6-311+g(d,p)
—1618.607062 hartree
—1618.587198 hartree
12.5 kcal/mol
—1618.588215 hartree
—1618.578242 hartree
6.3 kcal/mol

18.1 kcal/mol
—1771.276472 hartree
—1771.246252 hartree
19.0 kcal/mol
—1771.246289 hartree
—1771.239703 hartree
4.1 kcal/mol

23.1 kcal/mol

M062x/6-31 I+g(2df,2p)
—1618.697213 hartree
—1618.676407 hartree
13.1 kcal/mol
—1618.677421 hartree
—1618.667330 hartree
6.3 kcal/mol
18.8 kcal/mol
—1771.374591 hartree
—1771.343941 hartree
19.2 kcal/mol
—1771.343915 hartree
—1771.33688S5 hartree
4.4 kcal/mol
23.7 kcal/mol
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released with a relatively low barrier of 6.9(6.2) kcal/mol in
PIK-TE-1 and 5.1 kcal/mol in PIK-TE-2. The energy barrier of
the whole pathway was 16.3 kcal/mol in PIK-TE-1 and 20.5
kcal/mol in PIK-TE-2. Moreover, energetic corrections of key
structures at different levels were performed and the results
consistently suggest the favored preference for the product 10-
deoxymethynolide (Table 1). As we all know, the distribution
of polyketide products is governed by a number of
programmed events that are controlled by polyketide synthases.
Herein, our calculated results were coincidentally in agreement
with the experimental observation,” where the catalysis of the
hexaketide N-acetylcysteamine thioester (SNAC) connected
substrate under PIK module 6+TE (in the presence of
cosubstrate methylmalonyl CoA) gave a 4:1 mixture of 10-
deoxymethynolide and narbonolide.

B CONCLUSIONS

TE-catalyzed macrocyclization of a linear polyketide acyl chain
is known to be the offload step in polyketide synthase (PKS)
mediated biosynthesis of macrocyclic polyketides. Although
substantial effort has been undertaken to elucidate the
structural characteristics of TEs, the molecular mechanism
remains unclear. Here we combined MD simulations with QM/
MM calculations on the PIK-TE-1 and PIK-TE-2 complexes to
develop a high-resolution model detailing enzyme—substrate
interactions to rationalize macrocyclization of 10-deoxymetho-
nilide and narbonylide by the pikromycin (PIK) TE. In
comparison with PIK-TE-2, “active” conformers were more
frequently observed in PIK-TE-1 with the potential to easily
transform into the prereaction state, which appeared to be
critical to macrocyclization. In addition, a hydrogen-bonding
interaction with His268 was pivotal to the formation of the
prereaction state and the hydrophobic interactions had
potentially an essential role in substrate recognition and
product release. In particular, Tyr178 was proposed to widen
the exit and promote product release in PIK-TE-1. Calculations
on volumes of binding pockets indicated that PIK TE had
sufficient space to accommodate both substrates 1 and 2,
exhibiting the tolerance of PIK TE. Moreover, potential energy
surfaces were calculated with the QM/MM method to obtain
the transition states and the energy barriers. Our computational
results indicated that the macrocylization catalyzed by PIK TE
from re-face nucleophilic attack is more favorable than that
from si-face attack in both thermodynamic and kinetic aspects.
Although the formation of a tetrahedral intermediate was
advantageous in energy, the reverse dissociation of the
intermediate occurred easily. The energy barrier of the whole
pathway was calculated to be 16.3 kcal/mol in PIK-TE-1 and
20.4 kcal/mol in PIK-TE-2. This is in good agreement with
biochemical and structural studies. Our study provides insight
into TE-catalyzed macrocyclization and increases the under-
standing of type I PKS TEs in the engineered PKS pathway.
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