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Pantetheine is ubiquitous in nature in various forms of pantetheine-containing ligands (PCLS),
including coenzyme A and phosphopantetheine. Lack of scalable force field libraries for PCLs has
hampered the computational studies of biological macromolecules containing PCLs. We describe
here the development of the first generation Pantetheine Force Field (PFF) library that is
compatible with Amber force fields; parameterized using Gasteiger, AM1-BCC, or RESP charging
methods combined with gaff 2and ff145B parameter sets. In addition, a “plug-and-play” strategy
was employed to enable the systematic charging of computationally expensive molecules sharing
common substructural motifs. The validation studies performed on the PFF library showed
promising performance where molecular dynamics (MD) simulations results were compared with
experimental data of three representative systems. The PFF library represents the first force field
library capable of modeling systems containing PCLs /n sifico and will aid in various applications
including protein engineering and drug discovery.
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INTRODUCTION

Pantetheine is the cysteamine amide analog of pantothenic acid (vitamin Bs), which is
ubiquitous in nature in various forms of pantetheine-containing ligands (PCLs). Playing a
central role in energy metabolism, coenzyme A (CoA) is arguably one of the most important
universal PCLs. It is present in all known organisms with genomes sequenced to date, and
roughly 4% of known enzymes use either CoA or CoA thioesters as substrates.! Coenzyme
A is important as it plays two major roles in metabolism:2~° (1) energy production, by
participating in two key steps of the citric acid cycle in the form of acetyl-CoA and succinyl-
CoA,; and (2) fatty acid synthesis, by acting as an acyl group carrier that assists in
transferring fatty acid from cytosol to mitochondria during fatty acid oxidation and from
mitochondria to cytosol during fatty acid synthesis. Coenzyme A synthesis from
pantothenate requires the following five steps:®7 (1) Pantothenate phosphorylation to
phsphopantothenate by pantothenate kinase; (2) cysteinylation to phospho-N-
pantothenoylcysteine (PPC) by phosphopantothenoylcysteine synthetase; (3) PPC
decarboxylation to phosphopantetheine (Ppant) by phosphopantothenoylcysteine
decarboxylase; (4) Ppant adenylation to dephospho-CoA by phosphopantetheine
adenylyltransferase (PPAT); (5) dephospho-CoA phosphorylation to form CoA by
dephosphocoenzyme A kinase.

Another important PCL is phosphopantetheine (Ppant), which usually functions as a
prosthetic group by covalently linking to carrier proteins (CPs), such as acyl carrier proteins
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(ACPs) for fatty acid synthases (FASs) or polyketide synthases (PKSs), and peptidyl carrier
proteins or aryl carrier proteins for nonribosomal peptide synthetases (NRPSs).8-11 The
Ppant moiety is post-translationally transferred from CoA to a conserved serine residue on
CPs by the action of phosphopantetheinyl transferase.1% By forming an energy-rich thioester
linkage with intermediates of fatty acids, polyketides, or nonribosomal peptides in their
biosynthetic pathways, Ppant fulfills the demand of providing flexibility and relatively
sufficient length (approximately 2 nm) that allows the covalently tethered intermediates to
navigate and access spatially distinct and structurally diverse enzyme active sites.

Both CoA and Ppant play central roles in carrier protein-based biosynthesis of fatty acids,
polyketides, and nonribosomal peptides, ultimately providing a wide array of complex,
bioactive natural products including valuable pharmaceuticals and precious commodity
chemicals. For fatty acid synthesis, the simplest model system available is the type Il FAS in
Escherichia coli. In this system, an ACP interacts with more than 10 different catalytic
partners, catalyzing the formation of long fatty acid chains from malonyl-CoA with high
efficiency and fidelity.12 For polyketide synthesis, besides a similar mechanism for
polyketide chain elongation with the participation of an ACP and malonyl- CoA, nature has
co-opted the assembly line strategy to produce macrocyclic polyketide natural products by
utilizing additional tailoring domains for increased chemical diversity and biological
function.13 Similarly, NRPSs utilize the carrier protein machinery with elongation by amino
acids instead of acyl groups.1# Recent efforts have been made to engineer these systems to
expand their product diversity as well as to optimize systems for expression in heterologous
hosts.1216 A major hurdle that remains is our poor understanding of the transient substrate—
protein interactions between the CPs with their Ppant-bound intermediates, as well as
protein-protein interactions between CPs and their catalytic partner domains. Molecular
dynamics (MD) and other computational techniques can be used to provide models of these
transient interactions that are difficult to capture experimentally, thus providing an additional
tool to increase yields and expand product diversity for the biosynthesis of “unnatural”
natural products.17-21

The reliability of MD simulations depends on the availability and quality of molecular
mechanics force fields, including both the functional form and parameter sets. Current
Amber force fields provide parameter sets to support modeling standard amino acids,
nucleic acids, sugars, lipids, and other relatively common moieties.22-26 At present, no
scalable force field parameter set exists for PCLs. Performing MD simulations on systems
containing PCLs require extra parameterization works each time, thus reducing the
computational accessibility to potentially critical information on protein—protein and
protein—substrate interactions. In addition, nonstandard residues, such as a
phosphopantetheinyl-serine (Ppant-Ser) covalently embedded in a protein, require more
efforts in parameterization. Furthermore, the size of CoA, Ppant, and Ppant-Ser “apo”
ligands and their corresponding thioesters are at least 80, 43, and 52 atoms, respectively,
making their parameterization processes computationally expensive and time consuming. At
the time of this writing, a search on Protein Data Bank (PDB) database returns about 1700
entries containing CoA, CoA thioesters, Ppant, or Ppant thioesters, the majority of which
contain CoA (603 entries) and acetyl-CoA (222 entries).27-28 However, a search on PubMed
for keywords “molecular dynamics” with “coenzyme A” or “pantetheine” reveals only 141
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or 9 publications, respectively. The limited literature for MD studies of PCLs is directly
linked to the lack of pantetheine force field (PFF) parameters. The availability of a PFF
library would allow researchers to model these enzymes for engineering efforts and provide
medicinal chemists better models for drug design efforts.

Here we report a PFF library built specifically to model and simulate systems containing
PCLs compatible with standard Amber force fields,22 including 12 standalone CoA or CoA-
thioesters, 9 standalone Ppant or Ppant-thioesters, and 9 covalently linked Ppant-Ser or
Ppant-Ser-thioesters with compatible nomenclatures with the Protein Data Bank. The atomic
partial charge parameters were calculated by one of three charging algorithms, including
Gasteiger,2? AM1-BCC,39:31 and restrained electrostatic potential (RESP), matching similar
techniques employed in current Amber force fields.32:33 Inspired by the development of the
LIPID11 force field,34 a “plug-and-play” parameterization scheme utilizing modular
splitting was employed to simplify the computational complexity of using the RESP
algorithm, resulting in a fragmentation strategy that allows for systematic charging of large
molecules sharing common substructural motifs. The remaining parameters, such as those
for bond terms, angle terms, and dihedral angle terms, were adopted from either 745523 or
gaff 2force fields.3° This library is expected to have a significant impact on researchers who
wish to conduct MD simulations of any system that requires PCLs as either substrates or
cofactors.

METHODS

Structural Preparation.

Structural files of PCLs in the CIF (Crystallographic Information File) format containing
observed and idealized structures (calculated by software such as OpenEye’s Omega based
on the known covalent geometry) were obtained from the RCSB Protein Data Bank.28:36
The original hydrogen atoms on each PCL structural file were removed and the Amber/
Reduce program was used to add hydrogen atoms matching its physiological protonation
state.3” A “plug-and-play” fragmentation scheme was employed for the computationally
expensive RESP charging method, which splits CoA, Ppant, and Ppant-Ser into a pool of
eight fragments: (1) methylphosphate, (2) adenosing, (3) dimethyldiphosphate, (4) pantoic
acid, (5) beta-alanine, (6) cysteamine, (7) serine dipeptide, and (8) dimethylphosphate.
Fragments 1—6 were obtained from the structural file of CoA (PDB ID: COA); fragments 7
and 8 were obtained from the structural file of phosphoserine (PDB ID: SEP); extending
fragments for each selected PCL was obtained from the corresponding structural file
directly. Fragments were capped with acetyl, methylamide, methyl, and/or hydroxyl groups
using the Build Structure feature of UCSF Chimera.38

PFF Parameterization.

The RESP ESP charge Derive (R.E.D.)-111.5 tools were used for RESP charge fitting for
each “plug and play” fragment.3° Gaussian 09 was used to optimize the geometry of each
fragment at B3LYP/6-31G* level of quantum mechanical (QM) theory and to derive
molecular electrostatic potential at HF/6-31G* level of QM theory.40 Extra care was taken
during the optimization of the serine dipeptide fragment (fragment 7), where ¢ and y angles
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were constrained at —60.70° and —31.32°, respectively. A four-step RESP fitting strategy
was employed to derive final RESP partial charges, including (1) charge fitting for each
fragment independently, (2) pairwise charge fitting for each pair of connecting fragments,
with intermolecular charge constraints applied on corresponding caps whose net charge was
constrained to 0, (3) fragment merging by averaging the two different charges of each atom
derived at step (2), and (4) charge scaling to ensure integer total charges of intact molecules
with the following equation:

Ci,scaled = Ci X
’ N
z

where C;is the partial charge of the ith atom of the molecule before normalization, and Cy,;
is the total integer charge of the molecule. To reduce the charging error, Rigid-Body
Reorientation Algorithm (RBRA) embedded in R.E.D.-111.5 was applied in step (1).3° The
Amber/ Antechamber program was used to conduct the Gasteiger and AM1-BCC charge
fitting procedures.*!

Non-charge parameters include those for bond, angle, dihedral angle, and van der Waals
terms. For covalent Ppant- Ser PCLs, these parameters were first derived from 714SB force
fields where possible.23 Missing parameters were adopted from gaff2.3% For standalone CoA
and Ppant PCLs, non-charge parameters were derived from the gaff2force field directly. The
parameterization process was handled by the parmchk2 program to obtain parameter
modification (frcmod) files. Finally, the Amber/t/eap program was used to generate OFF
library (lib) files.2

Structural and Normal Mode Analyses of Fragments.

Fragment geometries were sequentially minimized using increasing levels of QM theories in
the order of B3LYP/6-311+G(2d,p), MP2/aug-cc-pVDZ, and MP2/aug-cc-pVTZ using
Gaussian 09, after which the QM normal mode frequencies were obtained.? Scaling factors
of 0.967, 0.959, and 0.953 were applied to B3LYP/6-311+G(2d,p), MP2/aug-cc-pVDZ, and
MP2/aug-cc-pVTZ calculated normal mode frequencies, respectively, as suggested by
precomputed scaling factors of Computational Chemistry Comparison and Benchmark
DataBase (CCCBDB).*3 For molecular mechanical minimization with PFF and OL3 force
fields, the Amber/ pmemd program was used.*244 PFF normal mode analysis was then
performed using the nmode function of the Nucleic Acid Builder (NAB) language.*®

Structural alignment and RMSD calculation between QM minimized structures and PFF or
OL3 minimized structures were conducted using the match command of UCSF Chimera.38

MD Preparation.

Three PCL containing systems were selected for validation purposes, including
phosphopantetheine adenylyltransferase-phosphopantetheine (PPAT-Ppant, PDB ID: 10D6),
46 3-hydroxy-3-methylglutaryl synthase/acyl carrier protein complex (HGMS/ACP-Ppant-
Ser, PDB ID: 5KP7),4’ and diaminobutyrate acetyltransferase-coenzyme A (EctA-CoA,
PDB ID: 6SK1).48 Missing residues in PPAT and HGMS/ACP were added using modeller.*?
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Topology and coordinate files were prepared using the Amber/t/eap program, with standard
residues parameterized by the ff14SB force field and PCLs parameterized by the PFF
library.23:42 Following parameterization, each system was solvated in an octahedral box of
TIP3P water molecules with thickness extending 10 A from the protein surface.>0
Complexes were neutralized by adding counter ions with opposite charges (sodium or
chloride), and extra sodium—chloride ion pairs were added to match reported experimental
salt concentrations.

MD Simulations.

The Amber/pmemd.cuda program was used for all MD simulations.#244 A 10 A cutoff was
set for nonbonded interactions and short-range electrostatic corrections. The SHAKE
algorithm was used to constrain the hydrogen atom bond lengths,>1:52 and the particle mesh
Ewald (PME) method was used to handle long-range electrostatic interactions.>3:54 Energy
minimization was performed to relieve any possible atomic spatial conflicts in two stages.
The first stage was used to relax only water molecules and ions, while the second stage was
used to relax the whole system. Langevin dynamics with a 1 ps~* collision frequency were
used to gradually increase the system temperature from 0 K to reported experimental
temperatures over 200 ps.>® The systems were first equilibrated for 100 ns under constant
pressure and temperature (NPT) to adjust the system density; then, 100 ns production
simulations were performed under constant volume and temperature (NVT) conditions. Both
equilibration and production phases employed a 2 fs integration time step and 200 ps
interval for simulation snapshot extraction. Each simulation was repeated in triplicates with
different random seeds, starting from identical minimized structures.

MD Analysis.

MD simulation results were analyzed using three metrics: comparisons of RMSD between
simulated and experimental conformations, comparisons of simulated and experimental B-
factors, and our previously developed binding stability scoring.%8 All metrics of each
simulation were calculated using the Amber/cpptraf program, employing commands rmsa,
atomicfluct. and nativecontacts, respectively.®’ Simulated B-factor calculations only
included snapshots of the last 10 ns. Both experimental and simulated B-factors were
standardized using the following equation:

Bi—pu

Bi, standardized = I

where yand o are the mean value and standard deviations of all B-factors, respectively. The
stability score (SS) was developed to determine the binding stability of the receptor—ligand
pair during simulation.®® The native atom pairs are defined as the heavy atom pairs that are
within the distance of 7 A in the crystal structure, and the stability score is calculated using
the following equation:

Send

1
SS=—-———— SS;
Send — fstart +1 fz !
start
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where the stability score of the ith frame SS;is the fraction of the amount of these pairs that
remain within 7 A of each other. £t and £,q are the start and end frame numbers,
respectively. In this work, £t was set as 101 and £nq was set as 200 to include the
trajectory snapshots of the last 100 ns. Gaussian kernel density estimation (KDE) plots for
RMSD and scatterplots for standardized B-factors were generated by the Matplotlib package
of Python. B-factor visualizations were generated using the Render by Attribute feature of
UCSF Chimera.38 Statistical analyses of stability scores were conducted by using the R
statistical package.

RESULTS AND DISCUSSION
PFF Library Design.

The current pantetheine force field (PFF) library includes parameters for 30 PCLs available
in the Protein Data Bank (Table 1). Besides “apo” CoA, Ppant, and Ppant-Ser, the PFF
library contains thioesters of CoA, Ppant, and Ppant-Ser with extending units from saturated
fatty acids, whose lengths range from 3 to 16 carbons, or the intermediates of fatty acid
synthesis, including acetyl-, malonyl-, acetoacetyl- CoA; acetyl-Ppant; and acetyl-Ppant-Ser.
All PCLs included in the CoA library and the Ppant library are standalone ligands, and all
PCLs included in the phosphopantetheinyl-serine (Ppant- Ser) library are non-standard
residues covalently linked to proteins. The URL links to the individual page of each PCL is
also shown in Table 1.

The functional form of a typical force field includes terms responsible for bond stretching,
angle bending, dihedral angle torsion, van der Waals, and electrostatic interactions.
Forexample, the additive Amber force field functional form for the total potential energy

(Etotar) is

Eiol = Y kpr—ro+ Y k(0 6)>
bonds angles
+ ) Vy(l+cos(ng - )
dihedrals
N-1 N

D)

i=1j=i+1

Ajj Bij+ 4i4;

RI? R Rij

In this equation, e is the dielectric constant, which has a default value of 1 in Amber and
thus can be omitted. A parameter set including the following parameters has to be provided
to perform tasks, such as minimization and molecular dynamics simulations:

. bond parameters: &,

. angle parameters: ke, 6,

. torsional angle parameters: V;, ¥
. van der Waals parameters: A;iBj;
. charge parameters: g; g;
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For Ppant-Ser PCLs, both covalent parameters (bond, angle, and torsional angle) and
noncovalent van der Waals parameters were first derived from 771458 where possible, to
ensure compatibility with parameters for standard amino acid residues;23 missing parameters
were then obtained from the gaff 2 force field, which were designed for general organic
molecules.35 For standalone CoA and Ppant PCLs, these parameters were directly derived
from the gaff Z2force field. Charge parameters have to be treated separately, since individual
partial charge has to be assigned to each atom for widely used point-charge electrostatic
models. In the PFF library, three common charging algorithms were applied, including
Gasteiger,29 AM1-BCC,30:31and RESP.32:33

The RESP charges depend on molecular geometries provided as input. However, large,
flexible molecules tend to form intramolecular interactions such as hydrogen bonds during
the geometry optimization step, introducing a bias in fitted charges. Moreover, the CPU time
of geometry optimization is positively correlated with molecular sizes. Therefore, a “plug-
and-play” fragmentation approach was employed serving as a consistent charging scheme
for the PFF library development, which splits common substructures of PCLs (CoA, Ppant,
and Ppant-Ser) into a fragment pool including eight components: (1) methylphosphate, (2)
adenosine, (3) dimethyldiphosphate, (4) pantoic acid, (5) beta-alanine, (6) cysteamine, (7)
serine dipeptide, and (8) dimethylphosphate, as shown in Figure 1. Fragments were capped
with acetyl, methylamide, methyl, and/ or hydroxyl groups mimicking the natural chemical
environments of the fragments, and these caps were constrained to 0 net charge and removed
during the fragment merging process. This approach was deemed necessary due primarily to
the flexibility and relatively large size of the pantetheine moiety itself. Indeed, it is common
for primed CoA and Ppant-Ser thioesters to achieve sizes greater than 200 atoms.>® During
the geometry optimization step, extra care was taken for the serine dipeptide fragment
(fragment 7), where @and ¥ angles were constrained at —60.70° and - 31.32° respectively,
according to the analysis of @and ¥ angle distributions of 320 Ppant-Ser conformations
from the Protein Data Bank (Figure S1). In contrast, Gasteiger charges and AM1-BCC
charges were obtained with the whole molecule strategy, i.e., the structural files of the intact
molecule of each PCL were used as inputs, because of the much higher efficiency of the two
charging algorithms than that of the RESP charging method.

A caveat during the PFF library development is that the atomic nomenclatures of common
substructures between different PCLs are inconsistent on the PDB. For example, the amine
nitrogen atom of adenine of coenzyme A (PDB ID: COA), malonyl CoA (PDB ID: MLC)
and propionyl CoA (PDB ID: 1VU) are named as N6A, N6, and N4, respectively. The
nomenclature inconsistency prevents parameter transferability that is necessary for our
fragmentation strategy. To address this problem, an atom renaming program called
PyRenamerwritten in Python that enables converting atom names to corresponding atom
names of a reference molecule was developed. The source code of PyRenamer can be
obtained by contacting the authors.

Structural Comparisons of QM and PFF Optimized Fragments.

To validate PFF parameters, fragments were sequentially minimized with the increasing
level of QM theories in the order of B3LYP/6-311+G(2d,p), MP2/aug-cc-pVDZ. and MP2/
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aug-cc-pVTZ as benchmarks. An acetyl cysteamine fragment was also tested as a
representative thioester extending unit. Due to the increasing computational time complexity
for larger fragments, the highest level of theory used for fragment 2 (adenosine) was
B3LYP/6-311+G(2d,p). For fragments 3 (dimethyldiphosphate), 4 (pantoic acid), and 5
(beta-alanine) and the acetyl cysteamine fragment, the highest level of theory used was
MP2/aug-cc-pVDZ. MP2/aug-cc-pVTZ was only applied to smaller fragments including
fragments 1 (methylphosphate), 6 (cysteamine), and 8 (dimethylphosphate). The RMSD
between QM and PFF optimized fragments ranged from 0.095 to 0.465 A when RESP
charges were used (denoted as PFF/RESP below) (Table 2 and Figure S2) In particular, since
the structure of fragment 2 (adenosine) matches the adenosine (entry name: AN) available in
the Amber/OL 3 force field, the QM- and OL3-optimized fragments were also compared.>®
The RMSD comparison shows that PFF/RESP (0.327 A) has higher accuracy than OL3
(0.550 A) for adenosine. (Figure S3) Additionally, PFF with Gasteiger (PFF/Gasteiger) and
AM1- BCC (PFF/AM1-BCC) charges were also validated similarly. The RMSD between
QM- and PFF/Gasteiger-optimized fragments ranged from 0.102 to 0.519 A, and for PFF/
AM1- BCC-optimized fragments, the RMSD ranged from 0.097 to 0.509 A (Table S1).
Overall, PFF parameters with all three charging methods perform similarly in reproducing
QM-optimized structures for the tested fragments.

Normal Mode Analysis of QM- and PFF-Optimized Fragments.

In order to gain further insights of the quality of PFF parameters, the QM normal mode
frequencies of each fragment were obtained with the same level of theories described above.
Due to the fact that ab /nitio calculated harmonic vibrational frequencies are typically larger
than the experimental vibrational frequencies,®0 scaling factors were applied to QM-
calculated normal mode frequencies. Normal mode plots agreed well between QM
calculations and PFF calculations, except for modes in the high frequency (above 2000 cm
1) region. (Figure 2 and Figures S4 and S5). For example, the frequencies observed in the
450-1100 cm™~1 range include C—O and O—P bond stretching, O—P—O twisting, O—P—
O wagging, and O—P—oO scissoring. S—C bond stretching is observed at 645 and 749 cm
~1 O—C—S bending is observed at 439 cm~1, and the characteristic intense carbonyl
stretch for thioesters at 1720 cm™ at the MP2/aug-cc-pVDZ level of theory. The PFF
frequencies were in good agreement with QM frequencies for both cases.

Partial Charge Comparisons between Three Charge Fitting Methods.

Since the accuracy of PFF parameters for individual fragments has been validated, a four-
step RESP fitting strategy was employed to derive final RESP partial charges as stated in the
Methods section. Figure 3 shows the atom names and partial charges derived by RESP
(fragmentation strategy), Gasteiger (whole molecule strategy), and AM1-BCC methods
(whole molecule strategy), including their deviations from the unconstrained fragmental
partial charges (the “differences” column) for standalone phosphopantetheine (PDB ID:
PNS).

It can be observed that the greatest deviations are from charges derived by the Gasteiger
method, where 17 atoms have differences above 0.15, including 027, P24, 023, 024, 025,
C29, 033, H33, C34, 035, N36, H36, C39, 040, N41, H4, and S44. This is due to the fact
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that Gasteiger charges are not derived to reproduce electrostatic potentials (ESP) as the other
two methods do.29 In contrast, ESP-based AM1-BCC30:31 and RESP32:33 charging methods
produced only 7 or 1 atomic partial charges with differences above 0.15, respectively. It is
reasonable to set 0.15 partial charge deviation as the “red line”, as indicated by L/P/D11
force field development involving a similar fragmentation approach.34 Therefore, it is
expected that AM1- BCC and RESP charges perform better than Gasteiger charges in
subsequent validation tests.

Parameter Validations in MD Simulations.

Three representative systems containing PCLs with available experimental structures were
used for validation purposes: phosphopantetheine adenylyltransferase-phosphopantetheine
(PPAT-Ppant, PDB ID: 10D6),%6 3-hydroxy-3-methylglutaryl synthase/acyl carrier protein
complex (HGMS/ACP-Ppant-Ser, PDB 1D: 5KP7),4” and diaminobutyrate acetyltransferase-
coenzyme A (EctA-CoA, PDB ID: 6SK1).%8 It is notable that (I) Ppant is the substrate of
PPAT in PPAT-Ppant; (2) Ppant-Ser is covalently linked to an ACP as a prosthetic group in
HGMS/ACP-Ppant-Ser; (3) CoA is the cofactor of EctA in EctA-CoA. Since covalent bonds
are typically stronger than noncovalent interactions and cofactors typically remain bound
with proteins, it is reasonable to expect that their binding strengths increase in the order of
PPAT-Ppant, EctA-CoA, and HGMS/ACP-Ppant-Ser.61 Each system was simulated under
reported experimental temperatures and salt concentrations.

RMSD of simulation trajectories to the crystal structure is considered as an important
validation metric of the quality of a force field, since it is reasonable to assume that protein
crystal structures are typically close to the structures at the physiological condition.82
Therefore, the RMSD’s relative to crystal structures were computed for heavy atoms of both
PCLs and protein residues in contact with PCLs (Figures S6-S8), and the probability density
functions estimated were also analyzed via the Gaussian kernel density estimation (KDE), as
shown in Figure 4. For contact residues, the parameter sets of all three charging methods
show similar RMSD distribution patterns, as illustrated in the left panel of Figure 4. For
Ppant-Ser and CoA PCLs, the PFF/AM1-BCC parameter set gave significantly lower RMSD
than the other two charging methods (Figure 4D,F). However, for Ppant PCLs, the PFF/
AM1-BCC parameter set and the PFF/RESP parameter set lead to higher RMSD than the
PFF/Gasteiger parameter set, and the highest RMSD value observed reaches 7 A (Figure
4B). Nevertheless, the PFF/AM1-BCC parameter set is the best in capturing the expected
trend that PPAT-Ppant, EctA-CoA, and HGMS/ACP-Ppant-Ser are in the increasing order of
binding strengths.

The second quantitative validation of the PFF parameter set is the comparison of the
experimental and simulated B-factors, or the temperature factor, reflecting the mobility or
flexibility of various parts of the molecule caused by thermal motion. High B-factors
indicate greater uncertainty about the actual atom position. Figure 5 displays the scatterplots
of standardized B-factors simulated from three charging methods compared with
experimental B-factors of the ligands and contact residues of the PPAT-Ppant system. The
PFF/AM1-BCC parameter set resulted in highest correlation coefficients for both Ppant and
contact residues, and next comes PFF/RESP and PFF/Gasteiger parameter sets. The
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visualization of standardized experimental B-factor and simulated B-factors of the PPAT-
Ppant system illustrating the average structures of the last 10 ns are shown in Figure 6. PFF/
AM1-BCC and PFF/RESP simulations yield similar agreement in Ppant conformations with
respect to experimental structures (Figure 6C,D), although all three charging methods
resulted in similar B-factor patterns for Ppant with the two ends of the linear structure
having higher flexibility than the middle region. The corresponding scatterplots and
structural visualizations of HGMS/ACP-Ppant-Ser and EctA-CoA systems are shown in
Figures S9-S12. Highest correlation coefficients with experimental B-factors are always
observed in PFF/AM1-BCC simulations. However, the simulated B-factors of CoA with all
three charging methods failed to capture the trend that the phosphate group has higher
flexibility than the rest of the molecules (Figures S11 and S12). A closer look into the X-ray
structures of EctA-CoA revealed the existence of the cation—pi interaction between the
adenine ring and Arg 99, which is difficult to be modeled in the current nonpolarizable
Amber force field®3 but is actively investigated in ongoing Amber polarizable force field
developments.64-69

The last quantitative validation for MD simulations is our previously defined binding
stability scoring, which reflects the binding stability between two molecules (ligands and
proteins for example) by counting the native atomic contacts between the two molecules in
each trajectory snapshots.? Higher stability score indicates stronger binding. The last 50 ns
of each trajectory was used for #test analysis of stability scores (Figures S13—S15).
Consistent with previous expectations, the stability scores in PFF/AM1-BCC simulations are
the highest among the three for HGMS/ACP-Ppant-Ser and EctA-CoA, while the lowest for
PPAT-Ppant, reflecting the nature of their expected binding strengths (Figure 7).

Force Field (PFF) Library Website Interface.

A website hosting the pantetheine force field library (http://rayluolab.org/pff-library/) has
been developed. Published on the website are three libraries of force fields for CoA PCLs,
Ppant PCLs, and Ppant-Ser PCLs. For each PCL, an OFF library (lib) file with all structures
and charges and one or two parameter modification (frcmod) file with all missing non-
charge parameters for each charging method are present. OFF library files contain the same
atom names and coordinates as present in the Protein Data Bank for compatibility. Only one
frcmod file is provided for CoA or Ppant PCL, since they are derived from only the gaff 2
force field, while two frcmod files are present for Ppant-Ser PCL, due to the fact that non-
charge parameters of Ppant-Ser PCLs are first derived from the ff14SB force field then from
the gaff 2 force field. Users of PFF files for Ppant-Ser PCLs are expected to load gaff 2
fremod files first then /14SB frcmod files to overwrite overlapping parameters. In addition,
tutorials are present on the website to provide detailed protocols and input files on how to
model and set up simulations containing PCLs. These structures can be used for
minimizations, MD simulations, or as a part of docking studies.

CONCLUSIONS

In this paper, we present the first Amber-compatible force field library for various
pantetheine-containing ligands. The PFF library was parameterized using Gasteiger, AM1-
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BCC, or RESP charging methods in combination with gaff2 parameters. Among three
commonly used charging schemes, the PFF/ AM1-BCC parameter set shows better MD
simulation performance than PFF/Gasteiger and PFF/RESP parameter sets, as indicated by
MD validations. Furthermore, a “plug-and-play” fragmentation strategy was designed to
enable systematic charge fitting for large molecules sharing common substructures.
However, the parameter sets with the RESP charges derived from the fragmentation strategy
does not perform better than that with the AM1-BCC charging method that can be applied to
whole molecules in terms of MD simulations. In fact, the “plug-and-play” strategy applied
in this study generating a fragment pool with extremely small fragments ranging from 9
atoms (methylphosphate) to 32 atoms (adenosine) has the following disadvantages: First, the
increased amount of manual work overshadows the benefits of cheaper computational
expenses during parameterization. Second, many charging errors were introduced due to the
existence of too many merging interfaces between adjacent fragments. Therefore, a natural
improvement of the “plug-and-play” strategy is to employ larger fragments. In a subsequent
version of the PFF library, larger fragments will be explored to reduce errors in the RESP
charging method.

This work paves the foundation for easy setup of MD simulations of biological systems
containing PCLs /1 silico, and it is hoped to be applied in applications such as protein
engineering for the production of novel compounds, or drug discovery for targeting certain
PCL-containing proteins that play critical roles in diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACP acetyl carrier protein
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FAS fatty acid synthase
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NRPS nonribosomal peptide synthetases
PCL pantetheine-containing ligands
PKS polyketide synthase
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Ppant phosphopantetheine

Ppant-Ser phosphopantetheinyl-serine

PPAT phosphopantetheine adenylyltransferase
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Figure 1.

“Plug-and-play” fragmentation strategy of PFF library development. Coenzyme A (CoA)
PCLs, phosphopantetheine (Ppant) PCLs, and phosphopantetheinyl-serine (Ppant-Ser) PCLs
can be fragmented into a fragment pool consisting of eight components: (1)
methylphosphate, (2) adenosine, (3) dimethyldiphosphate, (4) pantoic acid, (5) beta-alanine,
(6) cysteamine, (7) serine dipeptide, and (8) dimethylphosphate. CoA PCLs can be
reconstructed with fragments 1, 2, 3, 4, 5, and 6; Ppant PCLs can be reconstructed with
fragments 1, 4, 5, and 6; Ppant-Ser PCLs can be reconstructed with fragments 4, 5, 6, 7, and
8. Various extending units that form thioester bonds with CoA, Ppant, or Ppant-Ser are
labeled with “R” in red. Acetyl, methylamide, methyl, and hydroxyl caps that were
constrained to 0 net charge and removed during the fragment merging process are depicted
in blue.
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Figure 2.

Comparison of normal mode frequencies of fragments calculated with PFF/RESP and
B3LYP/6-311+G(2d,p), MP2/aug-cc-pVDZ, and MP2/aug-cc-pVTZ levels of theories.
Scaling factors of 0.967, 0.959, and 0.953 were applied to B3LYP/6-311 + G(2d,p), MP2/
aug-cc-pVDZ, and MP2/aug-cc-pVTZ-calculated normal mode frequencies, respectively.
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Atom No. Atom Name No Constraints| RESP Differences Gasteiger Differences AM1-BCC _ Differences

1 027 -0.5529 -0.6569 0.104 -0.3539 -0.199 -0.5602 0.0073

2 P24 12291 1.1893 0.0398 0.0598 1.3409 -0.1118

Fragment 1 3 023 -0.9098 -0.8862 -0.0236 -0.6341 -0.9212 0.0114
4 025 -0.9098 -0.8862 -0.0236 -0.6341 -0.9212 0.0114

5 026 -0.9098 -0.8862 -0.0236 -0.6341 -0.9212 0.0114

6 c29 0.3762 0.3327 0.0435 0.0233 0.3529 -0.111 0.4872

7 c28 0.08 0.0052 0.0748 0.0596 0.0204 0.2274 -0.1474

8 H281 0.0315 0.0527 -0.0212 0.0578 -0.0263 -0.0038 0.0353

9 H282 0.0315 0.0527 -0.0212 0.0578 -0.0263 -0.0038 0.0353

10 c30 -0.084 -0.1458 0.0618 -0.0547 -0.0293 -0.0916 0.0076

11 H301 0.0045 0.0272 -0.0227 0.0238 -0.0193 0.0342 -0.0297

12 H302 0.0045 0.0272 -0.0227 0.0238 -0.0193 0.0342 -0.0297

13 H303 0.0045 0.0272 -0.0227 0.0238 -0.0193 0.0342 -0.0297

Fragment 4 14 31 -0.084 -0.1458 0.0618 -0.0547 -0.0293 -0.0916 0.0076
15 H311 0.0045 0.0272 -0.0227 0.0238 -0.0193 0.0342 -0.0297

16 H312 0.0045 0.0272 -0.0227 0.0238 -0.0193 0.0342 -0.0297

17 H313 0.0045 0.0272 -0.0227 0.0238 -0.0193 0.0342 -0.0297

18 c32 0.0975 0.0714 0.0261 0.1375 -0.04 0.0941 0.0034

19 H32 0.0465 0.0531 -0.0066 0.0709 -0.0244 0.0637 -0.0172

20 033 -0.6238 -0.6058 -0.018 -0.3828 -0.6168 -0.007

21 H33 04 0.3887 0.0113 0.2112 0.1888 0419 -0.019

22 C34 0.4392 0.4929 -0.0537 0.2411 0.1981 0.6211 -0.1819

23 035 -0.5513 -0.5498 -0.0015 -0.2747 -0.6971 0.1458

24 N36 -0.5881 -0.5145 -0.0736 -0.3127 -0.5399 -0.0482

25 H36 0.3476 0.3265 0.0211 0.1494 0.1982 0.3995 -0.0519

26 c37 -0.0224 -0.0136 -0.0088 0.0196 -0.042 0.113 -0.1354

27 H371 0.0933 0.0836 0.0097 0.0472 0.0461 0.0222 0.0711

Fragment 5 28 H372 0.0933 0.0836 0.0097 0.0472 0.0461 0.0222 0.0711
29 c38 0.0023 -0.052 0.0543 0.0399 -0.0376 -0.1754 0.1777

30 H381 0.0296 0.0407 -0.0111 0.0381 -0.0085 0.0952 -0.0656

31 H382 0.0296 0.0407 -0.0111 0.0381 -0.0085 0.0952 -0.0656

32 c39 0.4988 0.542 -0.0432 0.2132 0.2856 0.6571 -0.1583

33 040 -0.5487 -0.5485 -0.0002 -0.2777 -0.7321 0.1834

34 N41 -0.7086 -0.5471 -0.1615 -0.3146 -0.5359 -0.1727

35 H41 0.3729 0.3296 0.0433 0.1494 0.2235 04115 -0.0386

36 ca2 -0.0438 0.0165 -0.0603 0.0198 -0.0636 0.111 -0.1548

37 H421 0.1501 0.1156 0.0345 0.0475 0.1026 0.0312 0.1189

Fragment 6 38 H422 0.1501 0.1156 0.0345 0.0475 0.1026 0.0312 0.1189
39 c4a3 -0.1023 -0.1079 0.0056 0.0058 -0.1081 -0.0103 -0.092

40 H431 0.1118 0.1063 0.0055 0.0394 0.0724 0.1287 -0.0169

41 H432 0.1118 0.1063 0.0055 0.0394 0.0724 0.1287 -0.0169

42 S44 -0.3742 -0.362 -0.0122 -0.1777 -0.1965 -0.4579 0.0837

43 H44 0.2077 0.1994 0.0083 0.1023 0.1054 0.1728 0.0349

Total -2.0561 -2 -0.0561 -2.0002 -0.0559 -2.0001 -0.056

Figure 3.

Comparison of RESP charges, Gasteiger charges, and AM1-BCC charges with

unconstrained fragmental partial charges for standalone phosphopantetheine. The
“differences” column associated with each charging method shows the differences with
unconstrained partial charges of corresponding atoms (the “No Constraints” column). Color

schemes were applied to “differences” columns, where blue indicates negative differences

and red indicates positive differences. The bottom row shows the sum of corresponding
columns.
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Gaussian kernel density estimates (KDEs) of computed RMSD values of heavy atoms of
contact residues (left panel) and PCLs (right panel) relative to the experimental structures.
The diamond markers indicate the mean RMSD values.
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correlation coefficient.
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Figure 6.
Visual comparison of standardized simulated and experimental B-factors for the PPAT-Ppant

system. Ppant is depicted as ball-and-stick; contact residues are depicted as wire. Colors (red
color indicates high B-factors, and blue color indicates low B-factors) and thickness of the
protein backbone also indicate B-factor values; (A) the experimental structure, (B) the
average structure of the last 10 ns trajectory with Gasteiger charges, (C) the average
structure of the last 10 ns trajectory with AM1-BCC charges, (D) the average structure of the
last 10 ns trajectory with RESP charges.

J Chem Inf Model. Author manuscript; available in PMC 2021 October 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stability Score

Zhao et al. Page 23

1.00{ A B C
L — |
EEtd oo
0'75 B —
L] L
sig” M
e o
0.50
0.25
PPAT-Ppant System HGMS/ACP-Ppant-Ser System EctA-CoA System
0.00
Gasteiger AM1-BCC RESP Gasteiger AM1-BCC RESP Gasteiger AM1-BCC RESP
Charging Methods Charging Methods Charging Methods

Figure 7.
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ACP-Ppant-Ser, and (C) EctA-CoA. Significance levels: *** p< 0.001; **** p<0.0001.
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Table 2.

RMSD between QM and PFF/RESP Optimized Fragments

fragment no.

1

o o o~ W N

average

fragment name highest level of theory
methylphosphate MP2/aug-cc-pVTZ
adenosine B3LYP/6-311+G(2d,p)
dimethyldiphosphate  MP2/aug-cc-pVDZ
pantoic acid MP2/aug-cc-pvVDZ
beta-alanine MP2/aug-cc-pVDZ
cysteamine MP2/aug-cc-pVTZ

dimethylphosphate MP2/aug-cc-pVTZ
acetyl-cysteamine MP2/aug-cc-pVDZ

RMSD
0.095
0.327
0.465
0.281
0.386
0.098
0.113
0.401
0.271
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