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Abstract

Polyene polyketides amphotericin B (AMB) and nystatin (NYS) are important antifungal drugs. Thioesterases (TEs), located
at the last module of PKS, control the release of polyketides by cyclization or hydrolysis. Intrigued by the tiny structural
difference between AMB and NYS, as well as the high sequence identity between AMB TE and NYS TE, we constructed
four systems to study the structural characteristics, catalytic mechanism, and product release of AMB TE and NYS TE with
combined MD simulations and QM/MM calculations. The results indicated that compared with AMB TE, NYS TE shows
higher specificity on its natural substrate and R26 as well as D186 were proposed to a key role in substrate recognition. The
energy barrier of macrocyclization in AMB-TE-Amb and AMB-TE-Nys systems were calculated to be 14.0 and 22.7 kcal/mol,
while in NYS-TE-Nys and NYS-TE-Amb systems, their energy barriers were 17.5 and 25.7 kcal/mol, suggesting the cyclization
with their natural substrates were more favorable than that with exchanged substrates. At last, the binding free energy obtained
with the MM-PBSA.py program suggested that it was easier for natural products to leave TE enzymes after cyclization. And
key residues to the departure of polyketide product from the active site were highlighted. We provided a catalytic overview
of AMB TE and NYS TE including substrate recognition, catalytic mechanism and product release. These will improve the
comprehension of polyene polyketide TEs and benefit for broadening the substrate flexibility of polyketide TEs.
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1. Introduction

Polyene polyketides [1,2] consisting of macrolactone cores with 3-8 conjugated double bonds are mainly
synthesized by streptomycetesand related actinobacteria . They are widely used as anti-fungal and anti-
parasitic drugs, especially for the treatment of human systemic fungal infection [3]. The infection, as one of
the major complications of immunodeficiency [4], has become the main cause of death from AIDS and cancer
[5]. Besides, polyenes are uncovered with anti-retroviral, anti-prion, and immunomodulating activities, which
increasingly attract the attention of researchers.

Fig. 1. The structures of amphotericin B (AMB), nystatin (NYS) and their precursors linked to serine of
TE (Amb and Nys).

Amphotericin B (AMB) [6] and nystatin (NYS) are typical polyene polyketides. They are very similar in
structure except for the position of hydroxyl groups and the number of double bonds, shown in Fig. 1.
AMB, produced by Streptomyces nodosus , is a prominent heptaene-containing polyketide [7,8]. Benefited
from broad spectrum of potent antifungal activity and rare drug resistance [9-11], AMB has become one of
the indispensable drugs for the treatment of deep fungal infections [12,13]. In addition, NYS, another famous
tetraene-containing polyketide [14-16], is documented in the World Health Organization’s Essential Medicines
List as one of the most effective and safest drugs required for health systems [17]. Although the outstanding
pharmacological effects are exerted [18], polyene drugs have certain toxic and side effects on human cells (such
as severe hemolytic toxicity, nephrotoxicity and liver toxicity), thus severely limiting their clinical application
for antifungal therapy [19]. Considerable efforts have been made by chemists, biophysicists and biologists to
study the structure-activity relationships of polyenes, which is of great significance for continuously exploring
and developing new types of polyketide drugs with the need for non-toxic antifungals.

Both AMB and NYS are biosynthesized by Modular type I polyketide synthases (PKSs). Considered as
“molecular plant”, PKSs contain a plurality of functional proteins linearly assembled into modules to be
responsible for the synthesis of polyenes through the initiation, elongation, reduction, and extension of
the construction of polyketide scaffolds [20]. The biosynthesis process is like a pipeline: (1) the substrate
covalently bound to acyl carrier protein ACP is transferred to the active site of the next enzyme [21]; (2) the
repeated decarboxylation condensation reaction causes the polyketone chain to grow; (3) the thioesterase
(TE) domain at the end of the PKS catalyzes the cyclization and release of the polyketone chain [22].
Eventually, the lactone ring product is formed and further catalyzed by a series of post-modification enzymes
(e.g., glycosyltransferases and P450 oxidases) to form the final product of the polyketide.

TE is uncovered to be a selective switch for controlling the cyclization or hydrolysis release of polyketides,
and the precise identification of substrates and catalytic efficiency by thioesterase determines the yield of
polyketides to some extent [23,24]. The catalytic mechanism of thioesterase is generally considered to be two
steps. The first step is the loading process of a substrate: the serine of catalytic triad attacks the thioester
bond of the substrate to form a covalent enzyme-substrate complex. The second step is the release of the
product: the complex is attacked by a nucleophilic group of substrates or a water molecule, thus releasing

2



P
os

te
d

on
A

u
th

or
ea

23
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

81
91

95
.5

93
98

26
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

the cyclized polyketide [25] or the hydrolysate. It is worth noticing that the sequence identity between AMB
TE and NYS TE is up to 86.12 %.

Our previous studies [26] have shown that the thioesterase-substrate system will reach Pre-Reaction States
(PRSs) before the cyclization reaction occurs. In this special state, histidine and aspartic acid 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 nucleophilic attack to obtain a tetrahedral intermediate.
The formation of PRS will play a decisive role in the occurrence of the cyclization reaction.

Intrigued by structural similarity between AMB/AMB precursor (Amb) and NYS/NYS precursor (Nys), as
well as high sequence identity between AMB TE and NYS TE, we built four systems as AMB-TE-Amb, AMB-
TE-Nys, NYS-TE-Nys and NYS-TE-Amb to investigate their respective structural characteristics and the
catalytic differences between them with combined MD simulations and QM/MM calculations. By exploring
the details in substrate recognition, catalytic mechanism as well as product release, we found some unique
amino acid residues in AMB and NYS TEs and elucidated the catalytic mechanisms of AMB and NYS TEs.
Our results may provide a better understanding in protein engineering of AMB and NYS TEs, as well as
type I PKS TEs.

2. Materials and Methods

2.1. System Preparation

There is no available crystallization data of AMB TE and NYS TE in PDB Bank, so pikromycin TE [27]
(PDB code: 2H7Y) was used as a template to build AMB TE (sequence similarity: 67.8 %) and NYS TE
(sequence similarity: 67.5 %) structures by homology modeling (http://swissmodel.expasy.org/). Since the
substrate is transferred to TE by forming a covalent enzyme-substrate complex without lactonic ring and
exocyclic mycosamine, the linear Amb and Nys molecules (precursors of AMB and NYS) were utilized as
substrates in our computational models. Classic conformation search method CAESAR [28] was used to
obtain total of 60 conformations of substrates Amb and Nys. After that, the molecules were optimized with
Gaussian 09 [29] AM1 method [30]. Then the energetically stabilized substrates were covalently bonded
to active site Ser136 on AMB TE and Ser134 on NYS TE, with a hydrogen bond forming between their
terminal hydroxyl and Nε of active site His254 in AMB TE and His252 in NYS TE. Furthermore, the
PROPKA program (http://propka.ki.ku.dk/), one of the most commonly used empirical pKa predictors,
was introduced to evaluate the protonated state of residues in AMB TE and NYS TE systems. All ionizable
side chains were maintained in their standard protonation states at pH 7.0. To rationalize the reaction
process, the protonation state of His254 (AMB TE) and His252 (NYS TE) were defined as HID.

To obtain the parameters of linear Amb and Nys substrates, an N-terminal cap (-CO-CH3) and a C-terminal
cap (-NH-CH3) were added onto the disconnected Amb and Nys from Ser to block its ends. Then con-
formational optimization was performed at the level of HF/6-31G(d) on the molecules and calculated the
electrostatic surface potential (ESP) charge of them. A two-step restrained electrostatic potential (RESP)
model was used to determine charge distribution on the substrates. Finally, topology files for protein-
substrate complexes were prepared with tleap module in AMBER 14 [31]. The AMB-TE-substrate systems
(AMB-TE-Amb/ AMB-TE-Nys) and NYS-TE-substrate systems (NYS-TE-Nys/ NYS-TE-Amb) were sol-
vated in an octahedral TIP3P water box [32] with a water thickness extending at least 10 Å away from the
protein surface. Sixteen sodium ions were added to the AMB-TE systems and fourteen sodium ions were
added to the NYS-TE systems to maintain charge neutralization.

2.2. Molecular Dynamics Simulation

The prepared structures mentioned above were taken as the starting points for MD simulations. Four systems
including AMB-TE-Amb, AMB-TE-Nys, NYS-TE-Nys, and NYS-TE-Amb were constructed and 5×50 ns
MD simulations for each system were performed. After that, two additional 300 ns simulations of AMB-
TE-Amb and NYS-TE-Nys were performed to investigate the structural characteristics of TEs with their
natural substrates. RMSD (root-mean-square deviation) and RMSF (root-mean-square fluctuation) analyses

3
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revealed that all trajectories attained their equilibriums (Fig. S1-S2+).

Each MD simulation was carried out using the AMBER program suite with the ff03.r1 force field. First, the
systems were subjected to 10000 steps of steepest descent energy minimization, to avoid any instability that
might occur during the MD simulations. After that, systems changed into 1000 cycles of conjugate gradient
minimization with bonds involving hydrogen constrained by SHAKE algorithm [33] followed by another
10000 steps of steepest descent energy minimization and 5000 cycles of conjugate gradient minimization
with no constraint exerted. The systems were then heated from 0 to 300K through 25000 iterations. After
a 200 ps-equilibrium in NPT ensemble, five 50-ns simulations (300 K, 1 atm) with different random seeds
were conducted and Particle Mesh Ewald (PME) method [34] was used to calculate long-range electrostatic
interactions. The van der Waals (VDW) interactions were cut off at 15 A. Analyses of trajectories were
performed using cpptraj in Ambertools14. The mutant systems were built by Discovery studio 3.5.

2.3. Quantum Mechanics/Molecular Mechanics (QM/MM) Calculations.

QM/MM calculations were performed in the Gaussian 09 program using a two-layered ONIOM method
[35,36]. Initial structures corresponding to pre-reaction state were obtained from the dominant MD clusters
and further subjected to geometry optimization. The QM region consisted of side chains of active site triad
(Ser136, Asp164, and His254 of AMB TE and Ser 134, Asp162, and His252 of NYS TE) and polyketide chain
(substrate Amb or Nys), which added up to 139 atoms in Amb systems and 141 atoms in Nys systems. The
QM layer bored one negative charge and the total system bored sixteen negative charges in AMB-TE system
(fourteen negative charges in NYS-TE system), since all Na+ ions were extracted from the structures. The
optimizations in QM region were carried out under M06-2X [37] functional with 6-31G(d) basis set [38] and
the calculations in MM region were performed with AMBER force field.

2.4. Preparation for Production Release Simulation.

After conformational optimization and parameter preparation for products (cyclized Amb and Nys), four
enzyme-product systems were prepared for MD simulations. Each model was performed with 3x50 ns MD
simulations. After that, the last 10 ns of each 50 ns MD simulation was used for MM-GBSA and MM-PBSA
calculations. Parameter topology files of ligand, receptor, and complex were prepared with ante-MMPBSA.py
and calculation was performed with MMPBSA.py

3. Results and Discussion

3.1. Conformational Analyses in AMB-TE and NYS-TE Systems

According to the general consensus, the macrocyclization easily proceeds when a hydrogen bond forms
between terminal hydroxyl (OsubH) of substrates and Nε atom of catalytic histidine in TE, and the same
Osub atom falls exactly in a conducive range for the nucleophilic attack to carbonyl C1. These conformations
in TE withd (Osub-Nε) [?] 3.0 Å and d (C1-Osub) [?] 4.5A were defined as Pre-Reaction States (PRSs) in
our previous works [25,26]. The PRS has been wildly used in structural comparisons and mutant analyses
[39-41]. To detect the stability of PRSs, our simulations were started from the low-energy structures where
a hydrogen bond was formed between the terminal hydroxyl OsubH and Nε atom of His254 in AMB TE or
His252 in NYS TE.
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Fig. 2. Structures of catalytic centers in AMB-TE-Amb and NYS-TE-Nys systems and PRS proportions
in 5×50 ns MD simulations.

According to our simulations, the proportions ofd (C1-Osub) [?] 4.5A was similar in AMB-TE-Amb (41.45
%) and AMB-TE-Nys (46.56 %) systems, while it rose up to 89.67 % in NYS-TE-Nys system, which strongly
suggested the preference for nucleophilic attack of Nys. On the other hand, both TEs indicated the superiority
of hydrogen-bond formation between Osub and Nε of H254/H252 to its natural substrate, since the proportion
ofd (Osub-Nε) [?] 3.0 Å was found to be 70.17 % in the AMB-TE-Amb system and 60.14 % in the AMB-TE-
Nys system, while it decreased to 45.39 % in AMB-TE-Nys and 9.08 % in NYS-TE-Amb system. Combined
the two parts, the proportions of PRSs in consideration of both distances d (Osub-Nε) andd (C1-Osub) were
found to be 26.04 % in AMB-TE-Amb and 33.16 % in AMB-TE-Nys. The similar conformation proportion
of PRSs suggested the good tolerance of AMB TE to different substrates. On the other hand, the proportion
of PRS in NYS-TE-Nys system was 57.95 % (Fig. 2), much higher than 3.16 % in NYS-TE-Amb system,
suggested that the natural substrate Nys has more favorable conformations in mutual recognition process that
will eventually facilitate the following macrocyclization. In conclusion, NYS TE showed better recognition
towards its natural substrate Nys, while AMB TE presented inconspicuous differences to Amb and Nys.

3.2. Hydrogen Bonding and Hydrophobic Interactions in NYS-TE Systems

Intrigued by obvious differences in conformational statistical analyses between NYS-TE-Nys and NYS-TE-
Amb systems, where the PRSs maintained stably in the former and became collapsed in the latter, we
carefully investigated the interactions between the substrates (Nys and Amb) and NYS TE in both systems.
As shown in Fig. 3, besides the H254 of the catalytic triad, three hydrogen bonds between D186, R26, T179
and hydroxyl groups of its natural substrate Nys were detected. Their proportions of forming hydrogen
bonds in MD simulations reached to 75.97 %, 59.13 %, and 52.03 % in the NYS-TE-Nys system, while they
were sharply reduced to 4.37 %, 13.78 %, and 24.93 % in the NYS-TE-Amb system, respectively. Meanwhile,
the top three were substituted to P68 (48.70 %), D175 (41.03 %), and T135 (39.99 %) in the NYS-TE-Amb
system. These data were collected in Table S1+.
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Fig. 3. Key residues of hydrogen bonds and hydrophobic interaction in NYS-TE systems.

In the NYS-TE-Nys system, R26 was observed form a hydrogen bond with the Nys’s O3 and drag Nys’s
head up (Fig. 4). With head pulling up by R26, the Nys’s tail had more chance to enter reaction active site,
which was similar to a lever, due to the rigidity of conjugate double bonds in Nys. With the help of R26, the
substrate’s tail was easily fixed by D186, which was located at helix α1. To verify the function of residues
R26, 3×50 ns MD simulations were performed for R26A mutant in the NYS-TE-Nys system (Fig. S3+). In
R26A mutant system, the substrate lost traction on its head and tail part detached from helix α1, which
eventually obstructed the formation of PRS. Comparing to the high proportion of PRS (57.95 %) in wild
type (WT), the proportion decreased to 29.01 % in the R26A mutant (Fig. S4+). From these observations,
we proposed that R26 played a critical role in adjusting the substrate position to favorable PRS. Without
the hydrogen bond of R26, the substrate was more likely to rotate randomly, making it difficult to lock the
hydroxyl group tail with the active histidine of NYS TE and making it hard for nucleophilic attack at C1
after deprotonation.
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Fig. 4. Alignments of mutant R26A and R26A/D186A with wild type in NYS-TE-Nys system. Nys is
shown in gray in wild type and is shown in light blue in mutants.

Considering the strong and stable interactions of a hydrogen bond between residue D186 and Nys, 3×50
ns MD simulation were performed for the combined mutant of R26A/D186A (Fig. S5+). As expected, the
proportion of PRS in D186A/R26A system sharply decreased to 19.88 %, while it was 75.97 % in WT. By
losing the interactions with the two critical residues R26 and D186, the structures of the substrate in the
simulations were no longer stable. The head flipped down and the tail turned upside down. These results
indicated that R26 and D186 played a critical role in the recognition process.

Different from Nys, where a carbon-carbon single bond in its hydrophobic side enhanced the flexibility of the
polyene substrate, the conjugated heptaene of Amb made it more difficult to form hydrogen bonds between
R26 and H252. The important hydrogen bonds were collected in Table S2+. Losing the locking effect of
R26 and D186, Amb became unstable and few PRSs were observed in the Nys-TE-Amb system. Therefore,
it could be concluded that R26 and D186 should be the specific recognition sites for NYS TE.

On the other hand, hydrophobic interactions were also remarkable in both systems. To be precise, hy-
drophobic amino acid Y183, F206, and M207 were detected in both systems. Besides that, M25 and P68
highlighted in the NYS-TE-Nys system and F182 and T210 stood out in the NYS-TE-Amb system. Similar
hydrophobic interactions were reported by Akey [42]. With the assistance of hydrophobic amino acids, the
linear and hydrophobic substrates can be induced to the substrate channel into conformations suitable to
form macrocycles.

3.3. Key residues in AMB-TE Systems

Corresponding to R26 in NYS TE, in AMB TE, R28 could partly form a hydrogen bond with the hydroxyl
oxygen atom of Amb. However, owing to the missing of a carbon-carbon single bond in its conjugated
structure, it became difficult for Amb to form a stable hydrogen bond with R28. On the other hand,

7
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although Q78, which was corresponding to D186 in Nys TE, could also form a stable hydrogen bond with
Amb, it was far away from residue Ser132 of the active site (Fig. 5). Therefore, the strong interaction pulled
the hydroxyl group of Amb away from C1, resulting in fewer PRSs in the AMB-TE-Amb system.

Fig. 5. Alignments of mutant Q78L with wild type. Amb is shown in gray in wild type and is shown in
salmon in mutant.

What’s more, 5×50 ns mutation MD simulations were carried out for Q78L in the AMB-TE-Amb system
(Fig. S6-7+). As is shown in Fig. 5, while residue L78 failed to form a hydrogen bond with the substrate,
substrate’s tail could move freely, which made it more possible for the substrate to enter the active site.
Comparing to the PRS proportion in WT (26.04 %), the PRS proportion of Q78L reached 41.74 %, increasing
by 11.86 % (Fig. S8+). These results indicated the obstruction of Q78 in forming PRSs and mutation Q78L
might help to improve the efficiency of macrocyclization. The wet experiment is in processing.

3.4. Catalytic mechanisms in AMB-TE and NYS-TE Systems

The macrocyclization takes place with the deprotonation of a hydroxyl group of polyketides, accompanied
by the anionic oxygen nucleophile attacking C1 and leading to the formation of a tetrahedral intermediate.
Then, following the collapse of the tetrahedral intermediate, the cyclized polyketide product is released and
the catalytic Serine is refreshed (Fig. 6). Herein, we utilized the ONIOM(M06-2X/6-31G(d):Amber) method
to calculate two potential energy surfaces of the whole pathway of macrocyclization.

Fig. 6. The proposed mechanism of macrocyclization catalyzed by AMB TE and NYS TE.

3.4.1. AMB-TE system

8
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First, we defined the distances d1(O11-C1) and d2(O11-H) as the reaction coordinates, which corresponds to
the formation of a tetrahedral intermediate. The potential energy surface with the key structures (TS1 and
TS2) along the reaction pathway in the AMB-TE system are shown in Fig. 7.

Fig. 7. Transition states and energy barriers of macrocyclization in AMB-TE-Amb system. Key residues
in AMB TE are shown in pink and Amb is in salmon.

It was found that d1 distance and d2distance were 2.82 Å and 1.00 Å in the reactant (R ) of AMB-TE-Amb
while they were 1.59 Å and 1.70 Å in the tetrahedral intermediate (IM ) of AMB-TE-Amb (Fig. S9+).
The transition state TS1 was located at the d1=1.82 A and d2=1.73 A. The calculated potential energy
barrier of formation of the tetrahedral intermediate was 10.0 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 the product release step by defining the distance d3(Oser-C1) and d4(Oser-H)
as the reaction coordinates. This represented the process of product releasing and Ser136 hydroxyl group
refreshing. The d3 distance was found to be 1.46 A in the optimized intermediate IM and 2.61 A in the
optimized product (P ) of AMB-TE-Amb, and the d4 distance was 3.68 A in IM and 1.02 A inP . The
transition state TS2 was located at d3=1.72 A and d4=1.58 A. The calculated release potential energy
barrier of the tetrahedral intermediate was 4.9 kcal/mol.

To sum up, the whole energy barrier of the cyclization was 14.0 kcal/mol, which is similar to the barrier
(16.3 kcal/mol) of 10-deoxymethynolide macrocyclization catalyzed by picromycin TE[25]. These results
indicated that AMB-TE can easily catalyze this macrocyclization with its natural substrate Amb.

Fig. 8. Transition states and energy barriers of macrocyclization in AMB-TE-Nys systems. Key residues
in AMB TE are shown in pink and Nys is in blue.

Similar to AMB-TE-Amb system, four reaction coordinates including distances d1(O11-C1) and d2(O11-H),
as well as d3(Oser-C1) and d4(Oser-H) were defined in AMB-TE-Nys system (Fig. 8), where Nys was utilized
as a substrate for the calculations of the two potential energy surfaces. The transition stateTS1 of AMB-
TE-Nys was located at the d1=1.90 Å and d2=1.81 Å. The optimized structures of R ,IM , and P were
collected in Fig. S10+. The calculated formation potential energy barrier of the tetrahedral intermediate
was 14.6 kcal/mol, which was 4.6 kcal/mol higher than the Amb substrate. On the other hand, the TS2
was located at d3=1.94 A and d4=1.49 A. The calculated release potential energy barrier of the tetrahedral
intermediate was 12.6 kcal/mol.
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Compared with the AMB-TE-Amb system, the energy barrier of the macrocyclization catalyzed by AMB-TE
in AMB-TE-Nys was much higher, which was calculated to be 22.7 kcal/mol. Besides, the product seemed
quite unstable, indicating the reversible reaction (i.e ., the reconnection of the intermediate state) could
easily occur.

3.4.2. NYS-TE system

Beside the AMB-TE system, we calculated potential energy surfaces of the NYS-TE system. Similar to that
in AMB-TE system, the potential energy surfaces were calculated through (1) defining the d1(O11-C1) and
d2(O11-H) distances as the reaction coordinates to obtain the energy barrier of formation of the tetrahedral
intermediate; and (2) treating the distance d3(Oser-C1) and d4(Oser-H) as the reaction coordinates to the
product release and the refresh of Serine. The key structures (TS1 and TS2 ) and the reaction pathways
were shown in Fig. 9 and Fig. 10.

Fig. 9. Transition states and energy barriers of macrocyclization in NYS-TE-Nys systems. Key residues in
NYS TE are shown in yellow and Nys is in blue.

In the NYS-TE-Nys system, the transition state TS1 was located at d1=1.98 Å and d2=1.32 Å, andTS2
was obtained at d3=2.18 Å and d4=1.30 Å. The optimized structures of R ,IM , and P were shown in Fig.
S11+. The energy barrier for the first step was calculated to be 17.5 kcal/mol, indicating that the formation
of a tetrahedral intermediate could proceed spontaneously. Also, the energy barrier for the second step was
9.9 kcal/mol, suggesting the release of cyclized product was favorable.

In short, the nucleophilic attack to the formation of tetrahedral intermediate was determined to be the rate-
determining step, and the energy barrier was also in good agreement with that reported energy barrier of
picromycin TE-catalyzed macrocyclization[25]. These results indicated that the macrocyclization catalyzed
by NYS TE with its natural substrate Nys could favorably take place in both thermodynamic and kinetic
aspects.

Next, in NYS-TE-Amb systems, the transition state TS1 was located at the d1=1.90 A and d2=1.51 A.
The optimized structures of R , IM , and P were shown in Fig. S12+. The calculated potential energy
barrier of formation of the tetrahedral intermediate was 18.9 kcal/mol, which was 1.4 kcal/mol higher than
Nys substrate. Also, the TS2 was located at d3=2.14 A and d4=1.41 A. The release energy barrier of
the cyclized product was 8.4 kcal/mol and the whole energy barrier of the macrocyclization catalyzed by
NYS-TE was 25.7 kcal/mol.

10
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Fig. 10. Transition states and energy barriers of macrocyclization in NYS-TE-Amb systems. Key residues
in NYS TE are shown in yellow and Amb is in salmon.

Taken together, the calculated energy barriers indicated that the macrocyclization with its natural substrate
proceeded more easily than with its unnatural substrate in both AMB-TE and NYS-TE systems. Besides,
the unnatural cyclized products (either in AMB-TE-Nys or NYS-TE-Amb system) were more favorable for
the reversible reaction, indicating they were energetic disadvantages in the formation of unnatural products.

3.5. Product Release in AMB-TE and NYS-TE systems

Three times of MD simulations were performed with AMB-TE/NYS-TE and their macrolactone products.
The initial structures were received from QM/MM calculations. The binding energies for the four systems
were calculated with both MM-GBSA and MM-PBSA. The average binding energies obtained by MM-PBSA
were -30.1 kcal/mol in AMB-TE-Amb, -37.3 kcal/mol in AMB-TE-Nys, -27.0 kcal/mol in NYS-TE-Nys and
-37.6 kcal/mol in NYS-TE-Amb. This energy trend was as same as that calculated by MM-GBSA (Table S3).
These data indicated that both AMB TE and NYS TE had a stronger binding ability to unnatural products
than their natural products. In summary, the calculations of binding energy with both MM-GBSA and
MM-PBSA methods demonstrated that in comparison to unnatural products, natural substrates are easier
to leave TE enzymes after macrocyclization, because of their uncomfortable binding state and unfavorable
binding free energy in TE pockets.

Careful analyses were conducted on the disengagement of product from the active site in the four systems.
After cyclization, the product would stay in the vicinity of the active site for a while due to VDW (Van der
Waals’ force) and electrostatic interactions from peripheral residues.
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Fig. 11. Key residues in TE pocket in enzyme-product systems. AMB TE is shown in pink and NYS TE
is shown in yellow.

In AMB-TE system (Fig. 11), the cyclized Amb product was deformed into a slim ring by F208, P172,
E174, N176 and so on (Table S4), while Nys product was more flexible due to a carbon-carbon single bond
in its hydrophobic side, which made it easier to get combined with F208 and L178. Therefore, Amb product
left AMB TE more easily than Nys product after macrocyclization. On the other hand, things changed to
a different situation in NYS TE. There were more hydrophobic amino acids close to product in NYS TE’s
active site than those in AMB TE. In this case, the flexibility of Nys product became its advantage for leaving
TE. With the help of L21, Y168, L176, and F206, Nys product transformed to the suitable conformations,
which is helpful for leaving NYS TE. Similar hydrophobic residues were reported in pikromycin TE [42].

4. Conclusion

In this study, we investigated the catalytic overview of AMB TE and NYS TE including substrate recognition,
catalytic mechanism, and product release. Firstly, 5×50 ns MD simulations on four systems (AMB-TE-Amb,
AMB-TE-Nys, NYS-TE-Nys, and NYS-TE-Amb) were performed for conformational search. Based on the
Pre-reaction states (PRSs) calculations, we found that NYS TE showed better recognition towards its natural
substrate Nys than Amb, while AMB TE showed good tolerance to both Amb and Nys. Furthermore, R26
of NYS TE was discovered to responsible for locking the head of substrate Nys, while D186 prevented the
substrate from turning the tail part upside down. They played a critical role in substrate recognition. Then
the representative PRS structures from the dominant cluster obtained from MD simulations were optimized
with QM/MM calculations to obtain the catalytic mechanism of macrocyclization. The energy barrier of
cyclization in AMB-TE-Amb was calculated to be 14.0 kcal/mol, and in AMB-TE-Nys was 22.7 kcal/mol.
Also, in NYS-TE-Nys and NYS-TE-Amb, their energy barriers were 17.5 kcal/mol and 25.7 kcal/mol, re-
spectively. Our computational results indicated that the macrocyclization catalyzed by both TEs with their
natural substrates were more favorable than that with exchanged substrates. Ultimately, the MM-PBSA pro-
gram was employed to unveil residues mediating product release. The average MM-PBSA and MM-GBSA
energies suggested that it was easier for natural products to leave TE enzymes than unnatural products after
macrocyclization. And key residues playing a part in the departure of polyketide products were uncovered.
We provided an overview of AMB TE and NYS TE catalysis with computational methods, improved the
comprehension of polyene polyketide TEs, and offered conducive opinions for highly-productive drug design.
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