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ABSTRACT: Nonribosomal peptide synthetases (NRPSs) are
important enzymes that synthesize an array of nongenetically
encoded peptides. The latter have diverse physicochemical
properties and roles. NRPSs are modular enzymes in which, for
example, the condensation (C-) domain catalyzes the formation of
amide bonds. The NRPS tyrocidine synthetase from Brevibacillus
brevis is responsible for synthesizing the cyclic-peptide antibiotic
tyrocidine. The first step is formation of an amide bond between a
proline and phenylalanine which is catalyzed by a C-domain. In
this study, a multiscale computational approach (molecular
dynamics and QM/MM) has been used to investigate substrate
binding and catalytic mechanism of the C-domain of tyrocidine
synthetase. Overall, the mechanism is found to proceed through
three exergonic steps in which an active site Histidine, His222, acts as a base and acid. First, His222 acts as a base to facilitate
nucleophilic attack of the prolyl nitrogen at the phenylalanyl’s carbonyl carbon. This is also the rate-limiting step with a free energy
barrier of 38.8 kJ mol~". The second step is collapse of the resulting tetrahedral intermediate with cleavage of the S—C bond between
the phenylalanyl and its Ppant arm, along with formation of the above amide bond. Meanwhile, the now protonated His222
imidazole has rotated toward the newly formed thiolate of the Ppant arm. In the final step, His222 acts as an acid, protonating the
thiolate and regenerating a neutral His222. The overall mechanism is found to be exergonic with the final product complex being
46.3 kJ] mol™" lower in energy than the initial reactant complex.
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B INTRODUCTION

Bacteria and fungi are known to exploit numerous non-
ribosomal peptides (NRPs), possessing a diverse array of
physicochemical propertles, to perform a broad range of vital
physiological functions."” For example, these functions include
defense against pathogens, role as siderophores, or aid
adaptation and responses to challenging environments.”* As
a result, some NRPs hold promise or are currently being used,
for medicinal and industrial applications including as anti-
biotics, antlcancer agents, insecticides, or immune system
modulators."~7 Thus, there is considerable interest in

then transported to the condensation (C-) domain which,
crucially, catalyzes the formation of an amide bond between
the aminoacyl group and the peptide already attached to the
PCP domain of the preceding module, thereby extending the
peptide.'”'""® That is, the C-domain catalyzes a key
elongation step in the overall formation of NRPs.

Three different NRPS domains are capable of catalyzing the
formation of amide bonds: the condensation, cyclization, and
epimerization domains.'>'® More specifically, the condensa-
tion and epimerization domains feature a highly conserved
HHxxxDG motif,'” with the second histidine (His222 in PDB

elucidating how such diverse NRPs are synthesized.

Within the above organisms, the formation of NRPs is
catalyzed by nonribosomal peptide synthetases (NRPSs )89
The majority of NRPSs are organized in a modular structure,’
where each module contains three main catalytically active
domains responsible for specific chemical reactions.'’ Various
combinations of domains and thus modules ultimately
determine the NRP synthesized. For example, the initial
(adenylation) domain selects and activates a specific amino
acid. The resulting adenylated derivative is then transferred to
a peptide carrier protein (PCP-)/thiolation domain'' where
the aminoacyl is transferred and covalently bound to a
phosphopantetheine prosthetic (Ppant) arm.'”~'* This is
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ID: 2JGP) playing a proposed role in their catalytic
mechanism, akin to other members of the noncanonical C-
domain superfamily, for instance, chloramphenicol acetyl-
transferase, to which they belong. It is noted that the latter
bacterial enzyme is key for bestowing their resistance to the
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Scheme 1. Proposed'” Mechanism for the Amide Bond Formation between a Proline and Phenylalanine as Catalyzed by the

Condensation Domain of the NRPS Tyrocidine Synthetase
Complex)
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antibiotic chloramphenicol."®'” In contrast, the cyclization critical second histidyl may instead be to stabilize transition
domain possesses a conserved DxoxD motif.”>*' The exact states and tetrahedral intermediates.”® Notably, they obtained
mechanism(s) by which these domains initiate and catalyze an X-ray crystal structure of the NRPS surfactin A synthetase
peptide bond formation remains unclear or unknown. with a ligand in its active site (PDB ID: 2VSQ).”” Based on its
In particular, in the active site of the condensation domain, putative hydrogen bond network, they concluded that the
peptide bond formation necessitates the presence of two amino second histidyl is likely not protonated at physiological pH
acid-loaded Ppant arms: one acting as the acceptor and the and, furthermore, that its primary role is in substrate
other as the donor.'®*” This family is characterized by a positioning.**
pseudodimeric structure consisting of approximately 4S50 A greater understanding of the catalytic mechanism of the
residues, forming a V-shape with an active site in between, condensation domain of NRPSs holds the potential to also
covered by a latch that regulates the introduction of the Ppant provide insights into, given their shared motifs, the NRPS
arms.”"** Several studies have aimed to elucidate the role of epimerization domains and to, for example, aid the develop-
key residues and the catalytic mechanism of the condensation ment of new peptides”” and antibiotics.”’ Thus, in this present
domain. In particular, mutation of His222 to alanine study, we have used a multiscale computational approach to
eliminated its ability to catalyze amide bond forma- examine the active site and catalytic mechanism of the
tion.'”*"**** It was proposed'®'”*" that this histidine acts condensatiozr(l) domain of tyrocidine synthetase from Breviba-
as a general base, accepting a proton from the @-amino of the cillus brevis.”” This NRPS catalyzes formation of the antibiotic
aminoacyl group attached to the acceptor PCP. This is tyrocidine, of which the first step is the C-domain catalyzed
illustrated in Scheme 1 which uses the required amide bond formation. of an amide bond between a proline ;.md
formation between a proline and phenylalanine, the first step in phenylalanine (see. Scheme 1). .More . specifically, docking,
the synthesis of the antibiotic tyrocidine, as an example. The molecu?ar dynamics (MD) simulations, and quantum
acceptor’s nitrogen (“N) is then able to nucleophilically attack mechanics/ mQIecula.xr mechanics (QM/ MM) methods hgve
the carbonyl carbon (°C.,) of the aminoacyl carbon group b.een us'ed to investigate the properties ar}d roles of' key active
attached to the donor PCP to form a tetrahedral intermediate. site residues as well as the overall catalytic mechanism.
The final product is then formed via cleavage of the carbon-
sulfur bond between °C_,, and the thiol sulfur of the donor B COMPUTATIONAL METHODS
Ppant arm (see Scheme 1).'”'”?! However, another There is presently no available X-ray crystal structure of the
predominantly experimental study'” in part considered the condensation (C-) domain of tyrocidine synthetase from B.
pK, of the active site His222 in tyrocidine synthetase. brevis with bound substrates. Thus, a suitable model was
Specifically, using the pK, predictor tool H++ they suggested constructed from relevant known structures. More specifically,
that it may in fact be protonated at physiological pH, thus a suitable X-ray crystal structure of an unbound tyrocidine
raising questions about its ability to act as a base. Meanwhile, synthetase C-domain was obtained from the Protein Databank
other experimental studies have suggested that the role of this (PDB ID: 2JGP).”’ Concomitantly, a suitable X-ray crystal
28557 https://doi.org/10.1021/acsomega.4c02531
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structure of the PCP domain with an attached Ppant arm was
also obtained from the Protein Databank (PDB ID: 7KVW).*?
A phenylalanine or proline was attached to the PCP arm to
form the donor (PSubs.) and acceptor (“Subs.) ligands
required for the catalyzed amide bond formation. It is noted
that the Ppant arm is attached to the PCP protein via a
phosphate group. In the chosen X-ray structure of the C-
domain, there are two SO,’” groups: one near Arg4s,
mimicking the putative position of the phosphate group of
PSubs., with the other hydrogen bonded to the active site
His222 residue and positioned near Asp226, and Gly227.*" To
facilitate docking and construction of the fully bound reactive
complex, the Molecular Operating Environment (MOE)
program was used including for the initial determining of the
protein’s charges and hydrogens.”® The protein surface was
then calculated to aid identification of the potential required
channel(s) for substrate binding (i, the two aminoacyl-
loaded PCP complexes) that traversed the active site. Such a
channel was identified that also passed through the sulfate
group bound near Arg4S. Therefore, "Subs. was manually
docked in the channel near Arg4S with #Subs. docked on the
other side and positioned as suggested by the observed
hydrogen bond with His222.

MD Simulations. The Gromacs 2020.2 package was used
for all MD simulations.”* As the primary focus in this study is
on the catalytic mechanisms of the condensation (C-) domain,
which is at a distance from the PCP domains, only their
aminoacyl-loaded Ppant arms were included in MD
simulations and thus, the subsequent Hybrid Quantum
Mechanics/MM calculation analysis. As noted above, the
aminoacyl-loaded acceptor and donor arms are labeled as
ASubs. and PSubs., respectively. For nonstandard residues,
forcefield parameters were generated using acpype,”> while the
Amber99SB-ILDN forcefield was used for all other residues.*
The substrate—ligand complexes were solvated to a distance of
10 A from any protein atom while CI~ and Na' ions were
added to obtain a neutral system. Thus, the final solvated
complex consisted of the condensation domain and the two
model substrates (*Subs and PSubs), which were 8381 atoms,
and Na*/ClI” to neutralize the system’s total charge and water
molecules (which together was an additional 32937 atoms) for
a total of 41318 atoms (Figure S1). The entire solvated
neutralized system was placed inside a box of size 7.8 nm X 7.7
nm X 6.8 nm.

The solvated protein and protein—ligand complexes were
then energy minimized, using the above forcefield until the
root-mean-square gradient fell below 0.01 kcal/mol A. This
was followed by 200 ps equilibrations in both the NVT and
NPT ensembles with a default time step of 2 fs. It is noted that
the default Berendsen thermostat was used and set to 300 K.
The default cutoff range for the nonbonded interactions, 10 A,
was used. For each system, a production 100 ns MD simulation
was then run with a time step of 2 fs. More specifically, this
protocol was applied to two systems: (a) enzyme only and (b)
enzyme with both #Subs. and ®Subs. bound in the active site. It
is noted that 3 MD simulations were run on the fully bound
enzyme-truncated substrate system for a period of 100 ns each
(Figure S2). In all 3 simulations, the systems were similar and
consistent for at least the period 0—30 ns, due to the truncated
PCP substrates, and with the aminoacyl moieties of the
substrates (“Subs and PSubs) positioned adjacent to each
other. Indeed, as part of the analysis, the rmsd of only
substrates themselves, i.e., “Subs + PSubs, was also considered.

These rmsd values were found to be generally low and
consistent over the duration of the first 30 ns of the MD
simulations. Hence, all MD analyses herein are based on this
30 ns MD simulation duration.

For the rmsd calculations of the entire enzyme, the
backbone C, N, and O atoms of all residues were used. For
the bound active site, all atoms of the two substrates, “Subs,
and PSubs, were used, as well as all those of the His221,
His222, Gly226, and Asp227 residues. If only the active site
rmsd was considered, then only those of the His221, His222,
Gly226, and Asp227 residues were used. Cluster analyses of
the structures obtained were done using the gmx tool
implemented in GROMACS, using the GROMOS method,
with the cutoff set to 0.075 nm.

QM/MM Calculations. All ONIOM(QM/MM)*"** cal-
culations were performed using the Gaussianl6é suite of
programs.” For the ONIOM(QM/MM)’"*® studies, after
cluster analysis of the above appropriate MD simulation a
representative structure of the most populated conformation of
the enzyme—ligands complex was chosen. More specifically, for
the most populated cluster obtained based on rmsd of the
active site residues (His221, His222, Asp226, Gly227), we
selected those frames in which concomitantly the mechanis-
tically relevant His222-N--HN-*Subs and “Subs-N---
Ceap-"Subs were less than 3.0 and 3.5 A, respectively. In
addition, noting that in the MD simulations the structures were
most consistent over the last 15—30 ns, a frame meeting the
above distances within this period was selected. The high-level
Quantum Mechanics (QM)-region contained the substrates,
mechanistically important residues, and selected active site
water molecules. The surrounding low-level MM region
contained the rest of the protein as well as all waters up to
20 A from the QM region. To help ensure structural integrity,
all molecules 15—20 A from the QM region were held fixed, all
others being free to move.

For obtaining optimized structures, the QM region was
described using the hybrid density functional theory (DFT)
method B3LYP,"”*' with inclusion of the empirical D3
dispersion correction developed by Grimme,"*’ in combina-
tion with the 6—31G(d,p) basis set. Such methods have been
widely used in the study of similar enzymatic reactions,**~*’
while Grimme’s correction provides improved descriptions of
noncovalent and dispersion interactions and the accuracy of
kinetic barriers.”* The MM region was described using the
Amber force field” as implemented in Gaussianl16.”’
Harmonic vibrational frequency calculations were also
performed at this level of theory to determine the nature of
the stationary points and to calculate Gibbs free energy
corrections (AG,). It is noted that for free energy
corrections, the default temperature of 298.15 K was used.
Relative energies were obtained by performing single-point
energy calculations on the above ONIOM(B3LYP-D3/6-
31G(d,p):Amber) optimized structures at the ONIOM-
(B3LYP-D3/6-311+G(2df,p):Amber) level of theory, and
including the corresponding AG,,. It is noted that all
ONIOM calculations were conducted within a mechanical
embedding (ME) formalism. This methodology has previously
been successfully used to investigate a range of enzymatic
mechanisms.”*~>> The % occurrence of key hydrogen bonds
was calculated using distance and the angle cutoffs between the
key atomic centers. For instance, the distance between the X
and Y centers in the X(—H)---Y hydrogen bond was selected as
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3.0 A while concomitantly the X---H:Y angle was taken into
account and had to lie in the range 140—180°.

B RESULTS AND DISCUSSION

As noted above, it has been suggested that His222 may be
either neutral or protonated. Thus, using the default
Protonate3D algorithm in MOE, we examined the pK, of
His222 and the effects of substrate binding on its value. In the
unbound system, the pK, of His222 was predicted to be 3.9.
Upon substrate binding, the pK, of His222 is further
significantly decreased. That is, in the C-domain, His222
prefers to be neutral, and this is also the case upon substrate
binding. As a result, herein, we have only considered the
catalytic mechanism when His222 is neutral.

Docking and MD Simulations. As noted above, both the
prolyl-loaded acceptor (*Subs.) and phenylalanyl-loaded donor
(PSubs.) Ppant arms, the substrates of the first step in
tyrocidine synthesis, were docked within the active site. In
particular, as shown in Figure 1, the ligands were predicted to

Figure 1. Illustration of the positioning, obtained by Docking, of the
prolyl-loaded acceptor (“Subs.) and phenylalanyl-loaded donor
(PSubs.) substrates within the active site of the NRPS tyrocidine
synthetase.

preferably bind such that the prolyl —NH— “Subs. group was
positioned between and near both the side chain imidazole of
His222, and the carbonyl carbon of “Subs. at which
nucleophilic attack is to occur. In particular, the Subs.—
NH---N—His222 and PSubs.—N(H)---(O)C—ASubs. distances
are 2.13 and 3.32 A, respectively. In the subsequent MD
simulation, these general positions were maintained with
average "Subs.—NH--N—His222 and °Subs.—N(H)--(0)-
C—"Subs. distances of 2.2 and 3.3 A, respectively.

It is noted that a plot of the rmsd of the backbone of the
enzyme-ligand obtained over the course of the production MD
simulation showed that its backbone is conformationally stable
(Figure S3). Importantly, the rmsd of the key active site
residues His221, His222, Asp226, and Gly227, over the course
of the MD simulation, was plotted and is shown in Figure 2A.
As can be seen, the rmsd varies from approximately 0.03 to 0.1
nm over the course of the MD simulation. Analysis of the
contribution of each residue indicated that this variation is in
large part due to conformational changes in the side chain of
Asp226. In particular, its side chain carboxylate is hydrogen
bonded to the backbone —NH-— groups of Phe371 and
Val372. In addition, it is also hydrogen bonded to a side chain
=NH," of Arg359 which is involved in binding and
positioning the substrate. That is, while Asp226 is not directly
involved in substrate binding or catalysis in the C-domain of
tyrocidine synthetase from B. brevis, it appears to have an
important role as a second-shell residue that aids active site
structure and indirectly, substrate binding.

The residue with the second greatest measured variability
was His222. As noted above, its side chain imidazole (Im) is
positioned directly adjacent to the “Subs. substrate and, more
specifically, is proposed to deprotonate the “Subs. prolyl —
NH- group (Figure 2B). Thus, to help gain greater insights
into the potential role of His222 and the hydrogen bond
network in which it is involved, the number and variation in
hydrogen bonding of the imidazole His222 (His222-Im) with
other residues, the substrate’s —NH— group, as well as active
site waters was examined. The average distances and %
occurrence of key hydrogen bond interactions are given in
Table 1.

Table 1. Average Distances, Standard Deviation (Std. Dev.),
and % Occurrence of Key Hydrogen Bonds Involving the
Imidazole Sidechain of His222 with Surrounding Residues
and the ASubs. Substrate

average std. dev. % occurrence
hydrogen bond distance (A) (A) (%)
His222-NeH:--Ocarb-Ala102 2.1 0.53 47
His222-N§---HN-*Subs. 22 0.03 69
His222-No---HO-Tyr119 3.9 0.96 4

As can be seen in Table 1, the Ne—H group of His222-Im is
hydrogen bonded to the backbone carbonyl of Ala102, 47%,
with an average distance of 2.1 A. Tt is noted that this distance

A o014 ;

0.12 +

e
=

RMSD (nm)
° o o
8 & B

0.02 <

15 20 25
Time (ns)
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30

Figure 2. (A) Plot of the rmsd of the active site residues His221, His222, Asp226, and Gly227 obtained over the course of the MD simulation and
(B) snapshots taken from cluster analysis of the MD simulation, of the QM region residues and substrates.
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may be slightly larger due to an observed transitory (~700 ps)
rotation of the His222-Im ring. Meanwhile, the N& center of
His222-Im is quite consistently hydrogen bonded to the —
NH- group of the “Subs. Substrate’s prolyl residue, as
evidenced by its % occurrence of 69% and concomitant lowest
standard deviation (Table 1). Over the 30 ns duration of the
MD simulation, the average distance between the nitrogen
centers of the His222-N---HN-"Subs hydrogen bond is 3.2 A.
It is noted that the His222-Im N§ center also, but markedly
less frequently (4%), forms hydrogen bonds with the phenolic
hydroxyl of Tyrl19. An interchangeable water was also
observed to at times be situated near the NJ center of
His222-Im; however, it did not form hydrogen bonds with
either the His222-Im N§ center of the acceptor substrate’s key
prolyl —=NH— group. Thus, an active site water is not directly
involved in deprotonating the substrate. The conformational
variability of Hs222-Im as well as key active site residues,
ASubs. prolyl group and active site water are further illustrated
in Figure 3. It clearly shows the consistent hydrogen bond
network involving the backbone of Alal02, His222-Im, the
substrate’s —NH— group, and the high positional variability of
the water.

Ala

102

Tyr

119

Figure 3. Overlaid snapshots from the most populated cluster
obtained from rmsd analysis of His222 in the MD simulation.

The results of the docking and MD simulations support
His222 as being the mechanistic base that deprotonates the
prolyl-NH— group of the “Subs. A suitable starting structure
was then selected after cluster analysis from the MD simulation
to study the catalytic mechanism of the condensation domain
of tyrocidine synthetase from B. brevis”® using QM/MM (see
Computational Methods).

QM/MM Investigation of the Enzymatic Mechanism
of Tyrocidine Synthetase. The QM/MM optimized (see
Computational Methods) structures obtained are shown in
Figure 4. Selected key distances and angles are also provided
(see also Tables S1—S7). The relative free energy surface
obtained at the ONIOM(B3LYP-D3/6-311+G-
(2df,p):Amber)-ME//ONIOM(B3LYP-D3/6-31G-
(d,p):Amber)-ME + AG_,,, level of theory (see Computational
Methods), for the condensation domain of tyrocidine
synthetase’s catalyzed formation of an amide (peptide) bond
between the prolyl and phenylalanyl moieties of “Subs. and
PSubs. is provided in Figure S.

In the optimized structure of the reactant complex RC, the
imidazole of His222 forms a moderately short hydrogen bond
with the prolyl —NH— of “Subs. with a length of 1.94 A
(Figure 4). It is noted that the strength of the interaction is
underscored by the fact that the prolyl N—H distance in RC of
1.04 A is 0.02 A longer than for the optimized structure of just

ASubs. obtained at the same level of DFT theory but in a
dielectric medium (&) of 4.0 and 78.35 (i.e, protein and
water). Concomitantly, the lone pair on the prolyl nitrogen is
directed toward the mechanistically important carbonyl carbon
of PSubs. with a ASubs-N---O-"Subs. distance of only 2.18 A.
Meanwhile, the —NH;" terminus of PSubs indirectly hydrogen
bonds, via water, with DSubs key carbonyl oxygen. It is noted
that this interaction is observed in each of the subsequent
intermediates, transition structures, and products. Thus, it may
help facilitate the formation of an oxyanion during the
mechanism, and its subsequent stabilization during the first
step of the overall mechanism. Thus, clearly, in RC, the
substrates are well positioned to react and, furthermore,
His222 is well positioned to deprotonate the “Subs. —NH—
group while a water molecule also seems well positioned to
help stabilize the negative charge on the carbonyl oxygen of
PSubs. It is noted that we have also considered electrostatic
effects of the active site environment on this initial step,
through single points at the EfONIOM(B3LYP-D3/6-31G-
(d,p):Amber)-EE//ONIOM(B3LYP-D3/6-31G-
(d,p):Amber)-ME] — E[ONIOM(B3LYP-D3/6-31G-
(d,p):Amber)-ME] level of theory, and then correcting the
relative free energy previously obtained (see Computational
Methods). It is noted that the activation barrier for this initial
nucleophilic attack increased by 6.7 to 45.5 kJ mol ™" and is still
calculated to be the overall rate-limiting step for this
mechanism (Figure S4).

Indeed, the first step of the overall mechanism is the
nucleophilic attack of the *Subs. prolyl -NH— nitrogen at the
carbonyl carbon of the phenylalanyl moiety of PSubs. This
reaction proceeds via tetrahedral transition structure TSI, at a
cost of 38.8 k] mol ™, to give the tetrahedral intermediate IC1.
The latter lies 22.2 kJ mol™" lower in free energy than RC, and
thus this step is exergonic and is also the rate-limiting step of
the overall mechanism. In TS1, the prolyl -NH— proton has
transferred onto the His222 Imidazole as evidenced by a
His222-N—H bond length of just 1.07 A (Figure 4).
Meanwhile, the “Subs-N---C_,;-"Subs. bond has partially
formed as indicated by its now markedly shortened distance
of 1.54 A. Concomitantly, the C_,;,—O,, bond has lengthened
to 128 A, due to its increased oxyanion character that is
partially stabilized by a strengthened hydrogen bond (1.72 A)
with the active site water. Meanwhile, the C_,;,—S bond, which
must cleave during the mechanism, has lengthened significantly
by 0.23 A to 2.08 A. The key changes in IC1 are that the
ASubs-N--C,,,-"Subs. bond has shortened further to just 1.54
A and importantly, the His222 imidazole has rotated slightly
such that its newly formed —NH— group points between the N
and S centers of the formed intermediate.

The next step was found to be cleavage of the C_,4—S bond
which occurs with concomitant formation of the amide bond
between the initial prolyl and phenylalanyl moieties. This step
proceeds via TS2 at a cost of just 7.5 kJ mol ™" relative to ICI,
to give the slightly lower energy intermediate IC2 which has a
relative free energy of —26.6 k] mol™" with respect to the initial
RC. Thus, this second step is also exergonic but by just 4.4 kJ
mol™" (see Figure S). Structurally, as shown in Figure 4, the
Ceab—S bond has now broken while the newly formed C_,,—N
amide bond length has shortened significantly to just 1.39 A.
The cleaved thiolate group originates from PSubs. (the thiolate
sulfur of the donor Ppant arm) and now forms a moderately
strong hydrogen bond of length 2.16 A with the previously
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Figure 4. Optimized geometries (see Computational Methods) of the reactant and product complexes, intermediates, and transition structures
obtained for tyrocidine synthetase’s catalyzed amide bond formation between the prolyl and phenylalanyl of #Subs. and PSubs. For clarity, only
selected bond lengths (A) and angles (°), and key components of the QM region are shown. Full structures are provided in Tables S1—S7.

His222
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PSubs His222

Reaction Coordinate

Figure 5. Relative free energy (k] mol™') surface obtained (see
Computational Methods) for tyrocidine synthetase’s catalyzed amide
bond formation between the prolyl and phenylalanyl moieties of
ASubs. and PSubs.

formed protonated His222 side chain imidazole. The latter has
undergone further rotation such that it is in fact no longer
directed toward the former prolyl nitrogen of “Subs. (see
Figure 4).

The third and final step of the overall mechanism is a proton
transfer from His222 to the newly formed thiolate, which itself
originated from the Ppant arm component of ®Subs. That is, it
is essentially regeneration of the initial neutral active site
His222 imidazole with concomitant formation of the neutral
donor Ppant arm complex. This proceeds via TS3 with a
barrier of just 7.4 kJ mol™, the lowest barrier of all 3 steps, to

28561

give the final product complex (PC) which is lower in free
energy than RC by 46.3 k] mol™". Thus, the overall catalytic
mechanism is exergonic with each of its individual 3 steps also
being exergonic (Figure S). As shown in Figure 4, the former
thiolate originating from the Ppant arm component of ®Subs is
now neutralized with an S—H bond length of 1.36 A. It is also
noted, however, that the newly formed C_,;,—N amide bond
has shortened further from that observed in IC2 (1.38 A) to
1.37 A

B CONCLUSIONS

The NRPS tyrocidine synthetase from B. brevis is responsible
for synthesizing the antibiotic tyrocidine. Its condensation
(C)-domain catalyzes the first step in this overall process:
amide (peptide) bond formation between the prolyl and
phenylalanyl moieties of its two aminoacyl-Ppant substrates. In
this study, a multiscale computational approach of docking,
MD, and QM/MM methods, has been used to investigate
substrate binding and the catalytic mechanism of the C-
domain. For the latter method, optimized structures, harmonic
vibrational frequencies, and free energy corrections (AG,,,)
were obtained at the ONIOM(B3LYP-D3/6-31G-
(d,p):Amber)-ME level of theory while relative free energies
were obtained at the ONIOM(B3LYP-D3/6-311+G-
(2df,p):Amber)-ME level of theory using the above optimized
structures and corrections.

In the fully bound active site the prolyl substrate’s (“Subs) —
HN-— group directly hydrogen bonds to the side chain
imidazole of His222. Concomitantly, the lone pair electrons of
N-“Subs are directed toward the carbonyl group of the
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phenylalanyl substrate (°Subs). The first step in the overall
mechanism is shown to be an exergonic nucleophilic attack of
the N-*Subs center at the C_,,-"Subs center, with concomitant
transfer of the HN-*Subs proton onto His222. This is the rate-
limiting step of the overall mechanism with a free energy
barrier of 38.8 k] mol™". The resulting tetrahedral intermediate
(IC1) is stabilized by an active site water.

The second step is the collapse of the tetrahedral
intermediate (IC1) with cleavage of the S—C bond in “Subs,
i.e., between the phenylalanyl moiety and its Ppant arm. This
step, which is also found to be exergonic, occurs with a free
energy barrier of just 7.5 kJ] mol™'. In the resulting
intermediate, IC2, an amide bond has now been formed
between the two substrate’s prolyl and phenylalanyl moieties.
Meanwhile, the now protonated imidazole of His222 has
rotated such that it is now directed toward the newly formed
thiolate sulfur of the Ppant arm (PPpant-S~) to which the
phenylalanine was formerly attached.

The final step is proton transfer from His222, i.e., His222
now acts as an acid, onto the DPpant-S_ center, regenerating
the initial neutral active site His222 residue. It is noted that the
PCP domain is also regenerated. This process which occurs
with a free energy barrier of 7.4 kJ mol™" at the present level of
theory is also found to be exergonic. As a result, the overall
mechanism is found to be exergonic with the final product
complex (PC) calculated to lie 46.3 kJ mol™" lower in energy
than the initial reactant complex, RC. The present results
represent an important key step toward a larger-scale
computational investigation of the effects, interplay, and roles
of the multiple catalytic domains within NRPS modules.

As noted previously, the NRPS condensation domain shares
its active site motif, HHxxxDG, with NRPS epimerization
domains as well as several other important enzymes. Thus,
these new insights into substrate binding and the catalytic
mechanism of the C-domain of tyrocidine synthetase from B.
brevis, potentially have wider importance and applicability.
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