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lled secondary structure is
important for the site-selectivity of lanthipeptide
cyclization†

Xuenan Mi, a Emily K. Desormeaux, b Tung T. Le, b Wilfred A. van der Donk *b

and Diwakar Shukla *acd

Lanthipeptides are ribosomally synthesized and post-translationally modified peptides that are generated

from precursor peptides through a dehydration and cyclization process. ProcM, a class II lanthipeptide

synthetase, demonstrates high substrate tolerance. It is enigmatic that a single enzyme can catalyze the

cyclization process of many substrates with high fidelity. Previous studies suggested that the site-

selectivity of lanthionine formation is determined by substrate sequence rather than by the enzyme.

However, exactly how substrate sequence contributes to site-selective lanthipeptide biosynthesis is not

clear. In this study, we performed molecular dynamic simulations for ProcA3.3 variants to explore how

the predicted solution structure of the substrate without enzyme correlates to the final product

formation. Our simulation results support a model in which the secondary structure of the core peptide

is important for the final product's ring pattern for the substrates investigated. We also demonstrate that

the dehydration step in the biosynthesis pathway does not influence the site-selectivity of ring formation.

In addition, we performed simulation for ProcA1.1 and 2.8, which are well-suited candidates to

investigate the connection between order of ring formation and solution structure. Simulation results

indicate that in both cases, C-terminal ring formation is more likely which was supported by

experimental results. Our findings indicate that the substrate sequence and its solution structure can be

used to predict the site-selectivity and order of ring formation, and that secondary structure is a crucial

factor influencing the site-selectivity. Taken together, these findings will facilitate our understanding of

the lanthipeptide biosynthetic mechanism and accelerate bioengineering efforts for lanthipeptide-

derived products.
1 Introduction

Natural products are important sources of new drugs, with
more than 60% of all new drugs derived from natural products
or their derivatives.1 Ribosomally synthesized and post-
translationally modied peptides (RiPPs) are a fast-growing
natural product family because recent developments in
genome mining algorithms have facilitated their discovery.2–9

Most RiPPs follow a similar biosynthetic logic: the precursor
peptide, encoded by a structural gene, is modied by enzymes
to generate the mature natural product. Most precursor
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peptides are composed of a highly conserved leader peptide at
the N-terminus, which is important for recognition by modi-
cation enzymes, as well as a highly variable core sequence at the
C-terminus that is transformed into the mature product.10

Lanthipeptides are the largest group of RiPPs based on
currently sequenced genomes11,12 and have a variety of bioac-
tivities, including antimicrobial,13 antiviral,14 antifungal15 and
antiallodynic activities.16 Lanthipeptide synthetases catalyze the
dehydration of Ser/Thr residues to dehydroalanine (Dha)/(Z)-
dehydrobutyrine (Dhb) respectively, followed by an intra-
molecular Michael-type addition of Cys thiols to the Dha/Dhb to
form the class-dening Lan or MeLan linkages (Fig. 1A and B).17

Aer modication, the leader peptide is removed by proteases
and the mature product is exported. This paper will discuss
class II lanthipeptide synthetases which are single bifunctional
enzymes capable of catalyzing both the dehydration and the
cyclization reactions. Enzymatic modications catalyzed by
many lanthipeptide synthetases demonstrate relaxed substrate
specicity, oen tolerating signicant changes made to the core
peptide sequences.18–21 This feature has been widely utilized for
bioengineering of novel lanthipeptides.22–29 A remarkable
© 2023 The Author(s). Published by the Royal Society of Chemistry
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example of substrate tolerance is the class II lanthipeptide
synthetase ProcM, which was discovered in the marine pico-
cyanobacterium Prochlorococcus MIT9313.30 Unlike most other
lanthipeptide biosynthetic pathways, the ProcM biosynthetic
gene cluster does not encode just a single precursor peptide
with one modifying enzyme.30 Along with ProcM, genes encod-
ing 30 distinct putative precursor peptides were identied in the
genome, termed ProcA; the mature products were called pro-
chlorosins (Pcn). A related enzyme SyncM is encoded in Syn-
echococcus MITS9509 together with up to 80 putative substrate
peptides,31 and SyncM has also been demonstrated to have very
high substrate tolerance.32 ProcM is a bifunctional enzyme with
an N-terminal dehydratase domain and a C-terminal cyclase
domain that acts on its 30 distinct substrate sequences, and
forms lanthipeptides with highly diverse sequences and ring
patterns.30,33,34 Previous studies have provided a possible
explanation for the high substrate tolerance suggesting that the
core peptide sequence rather than the enzyme may determine
the nal ring pattern.35–37 In this proposed model, the substrate
has a propensity towards a specic ring pattern based on its
conformational free energy landscape. ProcM would accelerate
the cyclization by increasing the nucleophilicity of the Cys thi-
olate coordinated to the zinc ion in the active site and covalently
locking the peptide into such favorable conformations.36

In a recent study, Le et al. investigated how substrate
sequence controls site-selectivity of lanthionine formation by
ProcM.35 The ndings with a library of ProcA3.3 precursor
peptide variants supported a model in which substrate
sequence determines the site-selectivity of lanthionine forma-
tion. However, the experimental data could not predict how the
core sequence controls the ring pattern of the nal product
through modulating its conformational free energy landscape.
Computational studies using molecular dynamics (MD)
Fig. 1 Schematic biosynthetic pathway of prochlorosin 3.3. (A) Biosynth
structure. (B) Post-translational modifications carried out by ProcM duri

© 2023 The Author(s). Published by the Royal Society of Chemistry
simulations have been an effective approach to investigate
conformational equilibria of peptides and proteins.38–42 In this
study we used the core peptide of ProcA3.3 as a model and
performed atomic-scale molecular dynamic simulations of
linear peptides in solution to explore the factors that may
determine the ring pattern. Our results revealed that the
secondary structure of the core sequence is an important factor
for controlling the nal product structure. Furthermore, we
investigated whether the order of cyclization is determined by
substrate sequence alone or is also inuenced by ProcM. Pcn1.1
and Pcn2.8, which contain two non-overlapping rings, are well-
suited candidates to study the order of cyclization. Our
computational analysis indicated that the C-terminal rings of
ProcA1.1 and ProcA2.8 have higher probabilities to form based
on energetic stabilities inferred from the simulation-based
conformational energy landscape. To validate our results, we
performed Liquid Chromatography-Mass Spectrometry (LC-MS)
analysis to conrm that ProcA1.1 is cyclized in a C-to-N-terminal
fashion. Our work provides computational evidence to explain
how substrate sequence determines the prochlorosin site-
selectivity and order of cyclization and demonstrates how
secondary structure of the core sequence is a crucial factor to
control ring patterns of nal lanthipeptide products.
2 Methods
2.1 Molecular dynamics (MD) simulation

Atomistic MD simulations were performed starting from the
linear structure of the peptides. All peptides were constructed
using PyMol.43 The peptide was solvated in a TIP3P water box,
and the system was neutralized by Na+ ions and Cl− ions using
Packmol.44 All MD simulations were performed using the
Amber18 soware package employing the Amber ff14SB force
etic route to Pcn3.3 and cartoon representation of the sequence and
ng Pcn3.3 biosynthesis. Xn represents the peptide chain.

Chem. Sci., 2023, 14, 6904–6914 | 6905
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Fig. 2 Different secondary structures lead to distinct ring patterns of ProcA3.3 variants. (A)–(C) Cartoon representation of the most populated
state in the free energy landscape of ProcA3.3 variants (for the entire free energy landscape of all states, see Fig. S3A–C†). In each state, 10
snapshots were randomly selected and aligned together. One snapshot is shown in ice blue, while the others are shown in transparent ice blue.
(D) Probability of formation of ring A′ (Thr11/Cys14) and B′ (Thr18/Cys21) for ProcA3.3 variants. Error bar was calculated by 200 bootstrap samples
with 80% of total trajectories. (E) Distribution of helical content of ProcA3.3 variants.
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eld.45 Parameters for dehydro amino acids were generously
provided by Gonzalo Jiménez-Osés.35 They were generated
originally using the AMBER gaff2 force eld and with partial
charges set to t the electrostatic potential generated with HF/6-
31G(d) using the RESP method.46 The charges were calculated
according to the Merz–Singh–Kollman scheme using Gaussian
16.47 Each MD system was rst minimized for 50 000 cycles
using steepest descent for the rst 5000 cycles and conjugate
Fig. 3 Comparison of unmodified and dehydrated ProcA3.3 variants. (A)–
fully dehydrated WT ProcA3.3. (E)–(H) Distance distribution of four impo

6906 | Chem. Sci., 2023, 14, 6904–6914
gradient for the remaining 45 000 cycles. The systems were
heated from 0 K to 300 K under NVT ensemble. The heating step
was conducted for 3 ns using Langevin thermostat with a colli-
sion frequency of 2 ps−1.48 The systems were equilibrated in
NPT ensemble for 2 ns with a pressure of 1 bar using Monte
Carlo barostat.49 The systems were further equilibrated in NPT
ensemble (300 K and 1 bar) for 50 ns and then underwent
production runs.50 The SHAKE algorithm was used to constrain
(D) Distance distribution of four important features for unmodified and
rtant features for unmodified and fully dehydrated ProcA3.3 Variant1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Probability of formation of all possible rings for ProcA2.8,
with ring formation defined as the distance between the b-carbon of
Thr and the sulfur of Cys being within 7.5 Å. (B) Cartoon representation
of the state leading to rings A and B in the free energy landscape for
ProcA2.8 (for the entire free energy landscape of all states, see
Fig. S8A†). In each state, 10 snapshots were randomly selected and
aligned together. One snapshot is shown in ice blue, while the others
are shown in transparent ice blue. (C) Probability of formation of all
possible rings for ProcA1.1. (D) Cartoon representation of the state in
which ring A and B are formed in the free energy landscape for
ProcA1.1 (for the entire free energy landscape of all states, see
Fig. S8C†). Error bar was calculated by 200 bootstrap samples with
80% of total trajectories.

Fig. 5 (A) Sequence of ProcA1.1 intermediate after leader peptide cleav
tation of ProcA1.1. (C) Table of observed and expected fragment ion ma

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrogen-containing bonds.51 All systems were subject to
hydrogen mass repartitioning (HMR),52 which redistributes
mass between hydrogen atoms and covalently bonded atoms of
the peptide to allow the time step of the simulation to be
increased to 4 fs.

2.2 Adaptive sampling

All simulation data were obtained by applying the adaptive
sampling method, that was used to efficiently sample the
conformational space of the peptide.53 The adaptive sampling
approach has been applied in sampling protein-ion binding,
protein-ligand binding and protein folding processes.54–57 In
this study, the least count based adaptive sampling was used to
nd the new conformational states quickly.53 Adaptive sampling
was performed as follows:

(1) Run a series of short MD simulations from a collection of
starting structures.

(2) Cluster all collected simulation data using a K-means
algorithm.58 The distances of all pairs of residues separated by
two or more residues were used as features to generate 100
clusters.

(3) Randomly pick one state from each of 25 clusters with the
least population as seeds to start a new simulation.

(4) Repeat steps 1–3 until the sampling reaches convergence.

2.3 Markov state model (MSM) construction

In the adaptive sampling, we generated many short trajectories to
capture the dynamic process of the system. MSM was built to
age with observed fragmentation indicated. (B) Tandem-MS fragmen-
sses and the error calculated (ppm).

Chem. Sci., 2023, 14, 6904–6914 | 6907
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connect these independent trajectories thermodynamically and
kinetically, and remove bias introduced by the least count based
adaptive sampling.55,59,60 The distances between residue pairs
separated by two or more residues were used to featurize the
simulation data. The time-lagged independent component anal-
ysis (tICA) was used to reduce dimensions of featurized data. Each
time-lagged independent component (tIC) is a linear combination
of features. Using tICs, we could determine the discrete states of
the system, which have different slowest timescales. The discrete
states were further discretized based on the K-means algorithm.58

ThenMSMwas used to model the entire dynamic system through
the corresponding transition probability matrix (T) between dis-
cretized states. Each element (Tij) in the matrix represents the
probability of transitioning from state i to state j at lag time s,
which is long enough to validate Markovian behavior.60 The lag
time swas estimated from the implied time scale, the minimum s
at which the implied time scale converged was selected as the
MSM lag time (Fig. S10–S16A†). The optimized hyperparameters
(the number of clusters and the number of tICs) of the MSM were
selected by maximizing the VAMP-2 score (Fig. S10–S16B†),
calculated by the sum of squared eigenvalues from the transition
probability matrix,61,62 which maximizes the kinetic variance
contained in the features.63,64 The rst six eigenvalue were used to
calculate the VAMP-2 score and 10-fold cross-validation was
calculated to obtain the average score using pyEMMA.65
2.4 Trajectory analysis

CPPTRAJ module in AMBER 18 (ref. 45) and the python package
MDTraj 1.9.0 (ref. 66) were used to analyze trajectory data, and
VMD 1.9.3 (ref. 67) and PyMol43 were used to visualize MD
snapshots. The python package Matplotlib68 was used to
generate the 2-D plot of the free energy landscape.
2.5 Ring formation probability calculation

MD calculations do not result in chemical transformation due
to the xed atom connectivity of the molecules. Conformations
that potentially lead to ring formation were dened as the
distance between the b-carbon of threonine and the sulfur of
cysteine being within 7.5 Å. This distance is usually used to
dene residue–residue interactions that lead to protein
folding.69,70 Use of alternative distance did not result in signif-
icant differences in probabilities (Fig. S1†). The distance
between atoms was calculated using MDtraj 1.9.0.66 The equi-
librium ring formation probability was calculated as the
product of raw ring formation probability within each MSM
state multiplied by the equilibrium probability of the MSM
state, as follow:

Pring-formation;eq ¼
XNstates

i

Pring-formation;raw;i � pi (1)
2.6 Error analysis

Errors on thermodynamics calculations were generated by
bootstrapping.71 For each bootstrap sample, 80% of the total
6908 | Chem. Sci., 2023, 14, 6904–6914
number of trajectories were randomly selected. We kept the
original state index and built MSM for each sample. We
generated N bootstrap samples and used the standard deviation
of N samples as error bar.

2.7 Purication of ProcA peptides

The genes for His6-tagged ProcA peptides were cloned into
a pET15b vector and overexpressed as previously described.72

Cell paste was resuspended in 20 mL of LanA B1 buffer (6.0 M
guanidine HCl, 20 mM NaH2PO4, 0.5 mM imidazole, 1 mM
TCEP, pH 7.5) for 1 L of cell culture and lysed via sonication at
60% amplitude for 5 min with a 2.0 s on and 6.0 s off pulse. The
lysate was claried via centrifugation at 50 000×g for 1 h and the
supernatant was ltered using 0.45 mm syringe lters. The
ltered lysate was loaded onto a gravity ow Ni-NTA column
with 1 mL of resin preequilibrated with 6 column volumes (CV)
of LanA B1 buffer. The column was washed with 10 CV of LanA
B1 buffer, 5 CV of LanA B2 buffer (6.0 M guanidine HCl, 20 mM
NaH2PO4, 30 mM imidazole, 1 mM TCEP, pH 7.5), and 5 CV of
LanA wash buffer (20 mM NaH2PO4, 30 mM imidazole, 300 mM
NaCl, 1 mM TCEP, pH 7.5). The peptide was then eluted using
10 CV of LanA elution buffer (20 mM NaH2PO4, 1 M imidazole,
100 mM NaCl, 1 mM TCEP, pH 7.5). The buffer of the puried
peptide was then exchanged into a thrombin digestion buffer
(50 mM HEPES, 100 mM NaCl, 1 mM TCEP, pH 8.0) using a 3
kDa Amicon centrifugation lter and the sample was concen-
trated to approximately 5 mL. Bovine thrombin high purify
grade (MP Biomedicals) was added to the sample (100 units)
and the sample was le overnight at 4 °C for removal of the
His6-tag. Thrombin-digested peptides were puried via reversed
phase HPLC using a Phenomenex Luna C5 semiprep column
(250 × 10 mm, 10 mm, 100 Å) at a ow rate of 8 mL min−1 and
with the following gradient over 32 min: 2% B for 10 min, 2–
30% B over 2 min, 30–60% B over 15 min, 60–100% B over
2 min, and hold at 100% B for 3 min (A: 0.1% TFA in H2O, B:
100% MeCN, 0.1% TFA). HPLC-puried peptide was collected
and lyophilized, and the peptides were stored as a powder at
−20 °C until use.

2.8 Purication of ProcM

ProcM was overexpressed as reported earlier utilizing
a pRSFDuet vector.72,73 All purication steps were carried out in
a cold room (4 °C) or on an ice bath. Cell paste was resuspended
in 20 mL of LanM start buffer (20 mM Tris, 500 mM NaCl, 10%
glycerol, pH 7.6) per L of expression and the cell mixture was
allowed to nutate with protease inhibitor (Pierce™), lysozyme
(50 mg L−1 culture), and Benzonase (12 mL L−1 cell culture) for
1 h. Cell lysis was performed via sonication at 35% amplitude
for 15min with a 4.0 s on, 9.9 s off pulse. The lysate was claried
via centrifugation at 50 000×g for 1 h and the supernatant was
ltered using 0.45 mm syringe lters. The ltered lysate was
loaded onto a Ni-Hi-Trap column equilibrated with 6 CV of
ProcM start buffer. The loaded column was manually washed
with 6 CV of ProcM wash buffer (20 mM Tris, 500 mM NaCl,
30 mM imidazole, 10% glycerol, pH 7.6) before being attached
to an Akta fast protein liquid chromatography (FPLC) system to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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complete the elution using ProcM wash and elution buffers
(20 mM Tris, 500 mM NaCl, 1 M imidazole, 10% glycerol, pH
7.6) and monitoring elution at 280 nm with the following
gradient: 0–2% over 2 CV, 2–20% over 10 CV, 20–100% over 0.5
CV. The protein elution fractions were analyzed via gel elec-
trophoresis and fractions containing ProcM were concentrated
using 50 kDa Amicon centrifugal ltration. The ProcM was then
further puried/desalted using a FPLC gel ltration column
(Superdex 200, 1.5 × 60 cm, GE healthcare) using a 1 mL min−1

ow rate and an isocratic elution using ProcM storage buffer
(50 mM HEPES, 500 mM KCl, 5% glycerol, pH 7.6). ProcM
eluted in three peaks (aggregate, then oligomer, followed by
monomer). The monomeric peaks were collected, concentrated
via 50 kDa Amicon centrifugal ltration, aliquoted into single
use portions, ash frozen in liquid nitrogen, and stored at−80 °
C until use.

2.9 ProcM reactions

Prior to initiation of reactions, 4 mM ProcM and 80 mM ProcA
peptide were preincubated separately at 25 °C for 1 h in 750 mL
of reaction mixture (5 mM ATP, 0.17 mM ADP, 5 mM MgCl2,
100 mM HEPES, 0.1 mM TCEP, pH 7.5). The two samples were
mixed thoroughly to initiate a reaction with a nal concentra-
tion of 2 mM ProcM and 40 mM ProcA peptide. An 80 mL aliquot
was removed at desired time points and quenched into 900 mL
of quench buffer (111 mM citrate, 1.11 mM EDTA, pH 3.0). Each
reaction was initially quenched at 15, 30, 45, and 60 min.
Reaction times were adjusted as needed to obtain monocyclized
intermediate (30 min for ProcA1.1). Aer quenching, 100 mL of
100 mM TCEP was added to each aliquot and samples were
incubated at 25 °C for 10 min. The pH of the aliquots was
adjusted to approximately 6.3 via the addition of 40–45 mL of
5 MNaOH. The free thiols were then alkylated by the addition of
11 mL of 1 M N-ethylmaleimide (NEM) in EtOH and the reaction
was incubated at 37 °C for 10 min before the reaction was
quenched by the addition of 11 mL of formic acid.74 The buffer of
the time points was then exchanged to water using 3 kDa
Amicon centrifugal lters. Samples were then lyophilized and
stored dry until used for analysis.

2.10 Liquid chromatography-mass spectrometry

Samples were resuspended in 50 mL of water, and the leader
peptide was removed via the addition of 50 mL of LahT150
solution75 (2.0 mg mL−1) and le overnight. The protease
LahT150 was removed from samples via addition of 100 mL of
MeOH and 5 mL of formic acid. The sample was centrifuged to
pellet any precipitated protein in the sample and 10 mL aliquots
were injected onto an Agilent Innity1260 Liquid Chromatog-
raphy instrument coupled to an Agilent 6454 QTOF mass
spectrometer using a Kinetex® 2.6 mmC8 100 Å, LC column (150
× 2.1 mm). The samples were run with a ow rate of 0.4
mL min−1 at 45 °C. The peptides were eluted using the
following gradient: 0–5% B over 3 min, 5–50% B over 10 min,
and 50–95% B over 1 min for a total run time of 14 min (A: 0.1%
formic acid in water, B: 100% MeCN, 0.1% formic acid). QTOF
data was collected with the following settings: polarity =
© 2023 The Author(s). Published by the Royal Society of Chemistry
positive, data storage= centroid, acquisition range (m/z)= 100–
1700, gas temperature = 325 °C, gas ow = 13 L min−1, nebu-
lizer = 35 psig, sheath gas temp = 275 °C, sheath gas ow = 12
L min−1, Vcap = 4000, nozzle voltage = 500 V, fragmentor =

175 V, skimmer = 65 V, octupole RF peak = 750, scan rate = 5
spectra per s, acquisition mode = target MS, and collision
energy = 20/30 V. Fragmentation at xed collision energy (20/30
V) was performed on the +2/+3 charge species of the target
precursors. The data were processed with Qualitative Analysis
10.0 (Agilent).

3 Results and discussion
3.1 Secondary structure may determine ring patterns of
ProcA3.3 variants

Previous studies suggested that it is not the enzyme ProcM
but rather its substrate sequences that determine the site-
selectivity of lanthionine formation.35,36 Recent work applied
trapped ion mobility spectrometry-tandem mass spectrom-
etry (TIMS-MS/MS) to discern that wild type (WT) ProcA3.3
contains an overlapping ring pattern, whereas ProcA3.3
Variant1 displays a non-overlapping ring pattern and
ProcA3.3 Variant2 displays a mixture of both ring patterns
(the ratio of overlapping and non-overlapping is 40 : 60)
(sequences are shown in Fig. 2). However, experimental
results could not predict how the core sequence controls the
ring pattern of the nal product. We hypothesized that the
solution structure of the core peptide may be a key factor to
control ring pattern. ProcM processing of ProcA3.3 has been
shown previously to be an irreversible process under assay
conditions, and thus the rst ring that is formed determines
the ultimate ring pattern.76

In our study, we rst ran 40 ms MD simulations for the core
peptide of WT ProcA3.3 and the two representative variants to
provide the general energy landscape and identify any
secondary structures. To evaluate the important residue–
residue contacts, we performed time-lagged independent
components analysis (tICA) on the simulation data. tICA is
a method of dimension reduction to identify slow processes by
nding coordinates of maximal autocorrelation at a given lag
time.63 Each time-lagged independent component (tIC) is
a linear combination of different features. Identication of slow
conformational processes (∼0.8–2 ms) is important as it indi-
cates that all dynamics processes have been captured. In addi-
tion, slow structural movements have been shown to oen be
linked to functionally important processes in protein folding77

and conformational changes.78 The rst two tICs (tIC1 and tIC2)
are the slowest components of the system during the MD
simulation. We evaluated all pairwise residue–residue interac-
tions in the peptide, and as shown in Fig. S2,† of the pairwise
interactions that lead to ring formation the distance between
Thr11 and Cys14 has the highest correlation with tIC1, espe-
cially for Variant1. Such a high correlation suggests that the
contact between Thr11 and Cys14 is one of the slowest dynamic
processes during the conformational dynamics. We projected
the MD simulation data along the Thr11-Cys14 distance and a –

helix content of ProcA3.3 to compare ProcA3.3 WT and variants.
Chem. Sci., 2023, 14, 6904–6914 | 6909
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Fig. 2A shows the most populated conformation from the MSM
weighted free energy landscape (Fig. S3A†) for WT ProcA3.3. We
observed that WT ProcA3.3 forms an a-helix spanning residues
4 to 12, with Cys14, Thr18 and Cys21 all located within a exible
loop region. This structure is conducive for formation of rings A
(Cys14/Thr18) and B (Thr11/Cys21). Conversely, the MSM
weighted free energy landscape (Fig. S3B†) for ProcA3.3
Variant1 shows that the a – helix spans residues 8 to 22 (Fig. 2B).
Thr11, Cys14, Thr18 and Cys21 are all located within the helix,
which renders the Thr11-Cys14 residue pair closer and facili-
tates formation of rings A′ (Thr11/Cys14) and B′ (Thr18/Cys21).
For ProcA3.3 Variant2, Thr11 and Cys14 are both within the a –

helix, but Thr18 and Cys21 are in the exible loop region
(Fig. 2C). The a – helix structure enables ring A′ and B′ forma-
tion; simultaneously, there is a chance to form rings A and B.
Therefore, ProcA3.3 Variant2 can form products with both
overlapping and non-overlapping ring patterns.

We next compared probabilities of ring formation quanti-
tatively. The ring formation was dened as conformers in which
the distance between the b-carbon of Thr and the sulfur of Cys
was within 7.5 Å (see Methods). When comparing the proba-
bilities of forming rings A′ and B′ in ProcA3.3 WT and variants,
the two variants clearly have a much higher probability than the
WT (Fig. 2D). When comparing the probabilities of forming ring
A, Variant1 has a higher probability of forming this ring than
WT (Fig. S4A†), because the a – helix also facilitates Cys14 and
Thr18 to be close. We do note that WT has a relatively higher
probability of forming ring B (Fig. S4B†). The higher probability
to form ring A′ and B′ in the two variants would enhance their
contribution to the conformational selection mechanism
toward determining the ring pattern (Fig. 2D). Therefore, these
data support a model in which the substrate sequence plays
a determinate role in the site-selectivity of ProcA3.3 variants.
But the simulations do not explain the preference of ProcM to
form the A ring over the A′ and B′ rings forWT ProcA3.3, because
our simulations predict preferential formation of the A′ and B′

rings for all three peptides (Fig. S6†). We note, however, that the
difference between the probability of forming ring A′/B' and ring
A in the WT is much smaller than the difference in Variant1 and
Variant2. This observation indicates the simulations correctly
predict the trend towards more non-overlapping ring formation
for the variants than the WT ProcA. One limitation of our study
is that we are not investigating the enzyme-peptide binding
which could shed light on the reason why the enzyme prefers to
form the overlapping ring pattern in the WT ProcA3.3.

Here, the distance between the b-carbon of Thr and the
sulfur of Cys was used as a proxy for the likelihood of ring
formation, because the ring is formed between these two
atoms. We also calculated the predicted probabilities of ring
formation if any of their heavy atoms is within a cutoff of 4.5 Å.
Using this denition, we observed the same trend of proba-
bilities of different rings formation among variants of the
ProcA3.3 core peptide (Fig. S4C, S4D and S5†). In addition, we
quantitatively compared the a-helix content in WT and variant
ProcA3.3 core peptide. Fig. 2E shows that Variant1 has
a signicantly higher a-helix content compared to WT and
Variant2.
6910 | Chem. Sci., 2023, 14, 6904–6914
3.2 Dehydration does not inuence ring pattern predictions

Our computational analysis supports the model that substrate
sequence determines the cyclization process of ProcA and
suggests this occurs at least in part through controlling
secondary structure. As mentioned, ProcM processing of
ProcA3.3 is an irreversible process under assay conditions, and
therefore the rst ring that is formed determines the ultimate
ring pattern.76 In the biosynthetic pathway of lanthipeptides,
before the cyclization step, the rst step is dehydration of Ser/
Thr residues in the core peptide to generate dehydroalanine
(Dha from Ser) or (Z)-dehydrobutyrine (Dhb from Thr).17

Therefore, we next ran MD simulations starting from both
unmodied peptides and dehydrated peptides to investigate
whether the dehydration process affects the conformational
preference of the peptides. Four possible initial rings can be
formed from the core peptide of ProcA3.3, connecting Thr11/
Cys14, Thr11/Cys21, Cys14/Thr18 and Thr18/Cys21 residue
pairs. Fig. 3 shows the distance distribution of these four
features for unmodied and fully dehydrated ProcA3.3 WT and
Variant1. Unmodied and dehydrated peptide models demon-
strate consistent distance distributions of all four features,
indicating that the dehydration process does not greatly inu-
ence the predicted solution structure of the peptide in terms of
favored conformations, although some changes in probability
densities are observed. Dehydration did slightly decrease the
helical content of the peptide (Fig. S7†).
3.3 Order of cyclization of prochlorosins

The cyclization process of prochlorosins is an attractive topic
for investigation because for each substrate a single enzyme
with one cyclization active site catalyzes the formation of
a specic ring pattern out of many possible patterns. The
formation of the nal ring pattern is directly related to the order
of cyclization since the rst cyclization sets the nal pattern. In
the prochlorosin family, the three-dimensional structures of
Pcn1.1, 2.1, 2.8, 2.10, 2.11 were determined by nuclear magnetic
resonance (NMR) spectroscopy.34 Among them, both Pcn1.1 and
2.8 contain two non-overlapping rings, but the rings are of
different sizes (Fig. 4). Previous studies of ProcA2.8 have shown
ring B (Ser13/Cys19) is formed rst,73 where the correct forma-
tion of ring B is important for subsequent formation of ring A
(Cys3/Ser9) via preorganization of the peptide structure to
facilitate cyclization.79 To explore whether substrate sequence
can be utilized to predict the order of cyclization, we ran 25 ms
MD simulations for ProcA2.8 in solution and calculated the
probability of the formation of the four possible rings (Cys3/
Ser9, Ser13/Cys19, Cys3/Ser13, Ser9/Cys19). Our result shows
that ring B has a signicantly higher probability to form
(Fig. 4A) and is more energetically favorable than ring A
(Fig. S8A†). Thus, MD simulations mirror the experimental
observation of ring B forming rst.

Similarly, from the MSM weighted free energy landscape of
ProcA1.1 (Fig. S8C†), we concluded that the conformation
leading to ring B (Thr12/Cys16) is more stable than that leading
to ring A (Cys3/Thr7) and has a higher probability of formation
(Fig. 4C). To verify the order of cyclization predicted from
© 2023 The Author(s). Published by the Royal Society of Chemistry
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simulation, ProcM was incubated with ProcA1.1 and the assay
was quenched at various time points as described in the
Methods section. Aer quenching, the samples were derivatized
via NEM alkylation of free thiols to identify partially cyclized
intermediates, and the leader peptide was removed using the
protease LahT150 to obtain the core peptide.75 Assay times and
conditions were optimized to allow buildup of doubly dehy-
drated, singly cyclized intermediates. This peptide intermediate
was then analyzed by LC-ESI MS/MS to obtain fragmentation
data and determine the location(s) of NEM alkylation and thus
cyclization.

The fragmentation data obtained of the monocyclized
intermediate indicates Cys3 is alkylated and that ring B had
been formed (Fig. 5). These ndings indicate that cyclization of
Cys16 occurs before that of Cys3 and that the cyclization order
of ProcA1.1 is similar to that of ProcA2.8.72 Notably, MD simu-
lations correctly predicted the cyclization outcome. Impor-
tantly, C-to-N directionality is not uniform with ProcA
substrates. For example, for WT ProcA3.3 the inner ring is
formed rst.73 Hence, the directionality is not enforced by the
enzyme but is likely a result of the inherent reactivity of each
Cys-Dha/Dhb pair, which in turn is governed by the conforma-
tional energy landscape.

4 Conclusion

In this work, we ranmolecular dynamics simulation for the wild
type substrate peptide ProcA3.3 and its variants in solution.
Without the lanthipeptide synthetase, ProcM, as a catalyst, we
predicted the same ring pattern for the core peptides of two
ProcA3.3 variants as the experimental results, with distance
between reacting residues used as a proxy for the likelihood of
a chemical reaction. Results from MD simulation provide an
orthogonal line of evidence to support and explain how the core
sequence can determine the nal product's ring pattern, rather
than the enzyme. Our simulations also predicted the correct
trend for increased formation of non-overlapping ring patterns
as a function of core peptide sequence. However, the simula-
tions could not predict the preferred formation of the larger A-
ring in WT ProcA3.3 over the smaller A′ and B′ rings. Formation
of smaller rings is typically preferred based on entropic
considerations, and the enzyme overcomes these inherent
preferences. In a recent study, Habibi et al. showed that during
the biosynthesis of another class II lanthipeptide, haloduracin
b, the secondary structure in the core peptide may direct pref-
erential interactions with the active sites of its synthetase and
alter the post-translational modication pattern.80 It is possible
that similar interactions are also involved in A-ring formation in
ProcA3.3.

In addition to correctly predicting trends in cyclization
patterns, we demonstrate that in the biosynthetic pathway to
prochlorosins, the dehydration step does not considerably alter
the predicted solution structure of the precursor peptide. This
nding suggests that even if the core sequence is not dehy-
drated, it can be used to determine the site-selectivity of the
nal products, an important nding for future prediction of
ring patterns from sequence. Furthermore, we show that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
secondary structure of the core peptide sequence is a crucial
factor to control formation of the nal product by determining
the conformational energy landscape in solution.

Another question we investigated in our work is the order of
cyclization. We chose two candidates, ProcA1.1 and ProcA2.8
which both form two non-overlapping rings of different sizes, to
see if we could utilize our simulations to predict the order of
ring formation. Based on our MD simulation analysis of these
two prochlorosins, the C-terminal ring has a higher probability
to form and remain in a more energetically stable conforma-
tion, which suggests that the C-terminal ring will be rst to form
for both peptides. Previous study of ProcA2.8 indeed showed the
C-terminal ring is the rst ring to be formed during the
biosynthesis by ProcM.73 In this study, we also experimentally
veried the prediction from the MD simulation that ProcA1.1 is
also cyclized in a C-to-N terminal order. Thus, for both ProcA1.1
and ProcA2.8, we see the same directionality of cyclization with
and without ProcM as a catalyst, which provides further
evidence to suggest substrate sequence controls the order of
cyclization. However, it is noteworthy that the core peptide
sequence may not be the only factor that determines the order
of cyclization. In addition to possible interactions with active
site residues mentioned above, two studies have suggested that
the leader peptide when physically attached to the core peptide
affects the order of cyclization for lanthipeptide synthetases
that have only one substrate peptide.80,81

Overall, we utilized molecular dynamic simulation to
demonstrate that the substrate core peptide sequence likely
controls the nal ring pattern of the prochlorosins and the
order of the ring formation through determining secondary
structure. This study therefore aids in the understanding of the
mechanism of ring formation in the ProcM system (and likely
the SyncM system32) and the relationship between sequence and
nal product. We emphasize that our studies are specic for
systems in which one enzyme modies a large number of
substrates with highly diverse sequences in which co-evolution
of enzyme and substrates appears unlikely.37 Our approach to
correlate molecular dynamics of peptide in solution with nal
lanthipeptide ring pattern will most likely not be valid for
systems in which the substrate peptide and the lanthipeptide
synthetase have co-evolved to make one specic ring pattern
that displays biological activity for which the enzyme likely
actively governs the formation of those rings that are required
for bioactivity. In addition to explaining order of ring formation
and trends of ring patterns, our work may provide an effective
strategy to facilitate the prediction of the ring pattern of lan-
thipeptides discovered by genome mining by analyzing the
secondary structure of the core sequence and the conforma-
tional energy landscape. Compared to experimental investiga-
tions, the computational methodology is much faster and may
accelerate bioengineering efforts and the design of novel
lanthipeptides.

Data availability

The data and code can be found at the following GitHub
repository: https://github.com/ShuklaGroup/Lanthipeptide.
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62 H. Wu and F. Noé, J. Nonlinear Sci., 2019, 30, 23–66.
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F. Noé, J. Chem. Phys., 2013, 139, 015102.
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