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ABSTRACT:Nisin is a polymacrocyclic peptide antimicrobial with high activity againstGram-positive bacteria.
Lanthionine and methyllanthionine bridges, closing the macrocycles, are stabilized by thioether bonds,
formed between cysteines and dehydrated serine or threonine. The role of polypeptide backbone conforma-
tion in the formation of macrocycles A and B within cysteine mutants of nisin residues 1-12 is investigated
here by molecular dynamics simulations. Enantiomeric combinational space of Cys3 and Cys7 and of Cys8
and Cys11 is examined for the preference of disulfide bond formation over helical turn formation within this
region. A clear preference for spontaneous disulfide formation and closure of rings 3,7 and 8,11 is
demonstrated for the D-Cys3, D-Cys7, L-Cys8, L-Cys11 nisin homologue, while interlinked rings A and B
are obtained through disulfide bridges between L-Cys3 and D-Cys8 and between D-Cys7 and D-Cys11. This
study offers a simple designer approach to solid phase synthesis of macrocyclic peptides and lantibiotic
analogues.

The management of infectious diseases remains a challenge in
modern healthcare. Resistance to all classes of clinically relevant
antibiotics has been reported, with more than 50% of Strepto-
coccus pneumoniae and Staphylococcus aureus resistant to peni-
cillin. Because very few new classes of antibiotics have been
introduced recently, promising novel compounds are sought
among antimicrobial peptides with specific targeted antibacterial
action. Nisin is a peptide antibiotic with high efficiency against
Gram-positive bacteria (1) and no human toxicity. It was
discovered as early as 1928 (2) and has been in industrial use
since the 1950s (3) . Its 34-amino acid residue structure contains
five macrocyclic rings stabilized by thioether bonds, common in
compounds belonging to the class of lanthionine antibiotics.
Nisin binds to negatively charged lipid membranes (4), where it
targets pyrophosphate-containing bacterial cell wall intermedi-
ates lipid II and undecaprenyl pyrophosphate (11PP) (5). Nisin
forms lytic complexes with lipid II (6) and cell wall inhibitory
complexes with 11PP (5), and it interferes with cell shape regu-
lation and bacterial division (7). Target recognition is mediated
by nisin residues 1-12 (8), while residues 13-34 are important
in pore formation.

Nisin is ribosomally synthesized with a leader sequence com-
prising a 57-residue linear peptide containing serine and threo-
nine residues, which are dehydrated after translation to dehy-
droalanine and dehydrobutyric acid by the dehydratase NisB.
The lanthionine and methyllanthionine rings are formed by a
cyclase, NisC, and the peptide is exported across the plasma
membrane by an ABC transporter, NisT (9, 10), at which point
the leader peptide is removed to yield active nisin. It has been
suggested that NisB, NisC, and NisT function as a membrane-
associated complex (11). The biosynthesis of a related lanthionine

antibiotic, subtilin from Bacillus subtilis, has been described
involving a similar protein complex, SpaB, SpaC, and SpaT (12).

Commercial production of nisin relies exclusively on biosyn-
thesis using Lactococcus lactis (3). Considering the industrial
importance of the peptide, numerous strategies for obtaining
chemisynthetic analogues have been developed over the years.
These, however, remain industrially impractical. Challenges in
the synthetic approach have been tackled, and techniques have
been proposed for the synthesis of dehydrated residues (13),
methyllanthionine (14, 15) and lanthionine (15). Multistep syn-
thesis of nisin from disulfide-cyclized analogues has also been
described previously (16).

Ring C in nisin offers a goodmodel for modifications, because
of its relative isolation, and changes in this part of the molecule
affecting antimicrobial activity can be attributed specifically to
the conformation and integrity of that ring. Diastereomeric
analogues of ring C, closed by lanthionine (17) and norlanthio-
nine (18), have been synthesized, and their conformation has been
studied. Alternative linkers for closing ring C have been con-
sidered, including alkene bridges (19) and alkyne bridges (20).
Disulfide-linked ring C analogues of nisin have been prepared
biosynthetically and exhibit antimicrobial activity (21).

The pyrophosphate recognition region of nisin includes two of
the five macrocyclic rings (8), A:3-7 and B:8-11 (Figure 1). In
this work, we investigate the conformation of peptide analogues
of the first 12 residues of nisin, inwhich disulfide cysteines 3 and 7
and cysteines 8 and 11 are substituted for the thioether bonds in
rings A and B (Figure 1b). The chirality of the cysteines 3, 7, 8,
and 11 is altered to cover the enantiomer space, thus producing
the set of 16 analogues listed in Table 1. Molecular dynamics
(MD)1 simulations of the set of analogues, without the disulfide
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bonds between cysteine sulfur atoms, have been conducted to
predict which analogues, if any, favor conformations in which
disulfide bonds between Cys3 and Cys7 and between Cys8 and
Cys11 can form. Intersulfur distances of <5.5 Å have been used
as an indication of high probability of spontaneous disulfide
formation and ring closure.

There are three possible disulfide frameworks for peptides and
proteins with four cysteine residues (CysI, CysII, CysIII, and
CysIV) and two disulfide bonds: globular connectivity (CysI-
CysIII and CysII-CysIV), ribbon connectivity (CysI-CysIV
and CysII-CysIII), and bead connectivity (CysI-CysII and
CysIII-CysIV) (22). Disulfide-rich peptides are produced by
all classes of organisms, where they perform functions such as
defense against insects for plants, defense against bacteria for
animals, and regulatory functions (23). An important class of
disulfide-rich peptides consists of conotoxins, toxins, and venom
components produced by spiders, scorpions, and cone snails,
which have been studied and characterized extensively as possible
drug leads (24). The bead connectivity, which mimics the
topology of the first two macrocyclic rings in nisin that are
necessary for pyrophosphate recognition, has not been observed
in nature (23) but has been made synthetically. Gehrmann
et al. (25) synthesized all three isomers of a two-disulfide
conotoxin and characterized them using NMR. The bead con-
nectivity had a much less well-defined structure than the native
globular and non-native ribbon connectivities, with a more
stable N-terminus, a disordered C-terminus, and deviations from
random coil values, indicating a highly solvent accessible back-
bone.

We are not aware of any studies in which thioether bonds have
been substituted for disulfides, but there are examples of ana-
logues in which disulfides have been replaced with thioethers.
Bondebjerg et al. (26) synthesized thioether analogues of a
conotoxin; the analogues were significantly less potent that the
native conotoxin, but changes to the orientation of the thioether
bonds are expected to increase potency. Levengood and van der
Donk (27) used a cyclase that forms the thioether rings in the
lantibiotic lacticin, by dehydration and cyclization, to synthesize
a thioether analogue of a snake venom conotoxin but did not
report its biological activity.

MD simulations on their own, and in combination with other
computational techniques, have been used to study disulfide
formation and bond shuffling. Schmid et al. (28) used MD
simulations in explicit solvent to study disulfide bridge shuffling
in bovineR-lactalbumin. To improve sampling, they used a repre-
sentation of the cysteine residues with no constraints on bond
length, bond angle, or dihedral angle. The simulations at 353
and 373 K favored a non-native disulfide bond that has been
observed experimentally (29, 30) as a folding intermediate and at
elevated temperatures. Aschi et al. (31) performed MD simula-
tions of two hepcidins, containing four disulfide bonds, in both
reduced and oxidized states and found that the disulfide bonds
are essential for maintaining the β-hairpin motif. Nilsson and
co-workers (32-35) have used MD simulations in combination
with pKa calculations, quantum chemistry calculations, measured
NMR scalar coupling constants, and experimentally determined
pKa values of selected residues to study the disulfide bond at
the active site of the thioredoxin superfamily. The aim was
to investigate how structure and protein environment result in
a difference in redox potential across members of the family and
the thiol-disulfide exchange reaction needed for dissociations of
thioredoxin complexes.

The cysteine residue pattern, loop size, position of non-cysteine
residues, backbone conformation, and preexisting disulfides all
have important roles in forming native disulfide bonds (23), but
how these factors interact varies between peptides. Information
about the structure and dynamics of peptides and proteins can be
obtained by NMR experiments, but analysis of disulfides by
NMRcanbe difficult as intersulfur distances cannot bemeasured
directly. Therefore,MDsimulations are a useful tool for studying

FIGURE 1: (a) Sequence of nisin showing the thioether rings and the unusual amino acids aminobutyric acid (Abu), dehydroalanine (Dha), and
dehydrobutyrine (Dhb). (b) Sequence of the proposed disulfide analogue of the first 12 residues of nisin.

Table 1: Chirality of the Cysteine Residues in Each Nisin Analoguea

nisin analogue Cys3 Cys7 Cys8 Cys11 nisin analogue Cys3 Cys7 Cys8 Cys11

0 L L L L 8 D L L L

1 L L L D 9 D L L D

2 L L D L 10 D L D L

3 L L D D 11 D L D D

4 L D L L 12 D D L L

5 L D L D 13 D D L D

6 L D D L 14 D D D L

7 L D D D 15 D D D D

aThe other residues are L-amino residues.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101214t&iName=master.img-000.png&w=498&h=200
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how structure and dynamics contribute to the formation of
disulfide bonds in the nisin analogues and in peptides more
generally. The results of these simulationswill be used to plan and
conduct experimental work on the synthesis of nisin analogues.

METHODS

The peptide was built in CHARMM (36) with the amino acid
sequence Ile-Ala-Cys-Ile-Ala-Leu-Cys-Cys-Pro-Gly-Cys-Lys.
An acetyl N-terminus and methylamine C-terminus were added
so that the termini were neutral. The lysine residue was positively
charged. The initial conformation of the backbone was fully
extended. The S3-S7 and S8-S11 distances were 14.0 and 12.4 Å,
respectively. We changed the chirality of the cysteine residues
from L to D by deleting the side chain, exchanging the position
of the Cβ and HR atoms, and rebuilding the side chain from the
Cβ atom.Themoleculeswere energyminimized in vacuo using the
steepest descent and adopted basis Newton-Raphson algorithms.
MD simulations were performed using CHARMM version 34b1
with the CHARMM22 protein force field (37). The CMAP force
field term (38), with an energetic correction to the peptide back-
bone, was not used because the correction is not defined for
D-amino acids.

The generalized Born with simple switching (39) (GBSW)
implicit solvent model was used to access a time scale longer
than is available with explicit solvent models. The Born radii
were those optimized by Nina et al. (40), and the GBSW
model parameters were the recommended defaults. Yeh and
Wallqvist (41) compared the effect of GBSW, another implicit
solvent model, GBMV, and explicit solvent on peptide structure
and dynamics; they concluded that structural properties sampled
by the explicit solvent are reasonably represented by the implicit
models, but dynamic properties were not as accurately repre-
sented, unless Langevin dynamics using a friction coefficient of
10 ps-1 was used. Feig (42) compared GBMV with explicit
solvent in simulations of an alanine dipeptide, the B1 domain
of streptococcal protein G, and ubiquitin using either a Nos�e-
Hoover thermostat or Langevin dynamics.Kinetics fromLangevin
dynamics with implicit solvent matched explicit solvent kinetics,
but using aNos�e-Hoover thermostat with implicit solvent impeded
the system’s ability to cross energy barriers, because of the lack of
stochastic collisions.Mor andLevy (43) studied proteins with long,
flexible tails attached to their termini and reported that using a
Berendsen thermostat caused a temperature difference between
the tails and the rigid regions of secondary structure, but using a
Langevin thermostat regulated the temperature of the inhomoge-
neous systems reliably. On the basis of these studies, Langevin
dynamics with a friction coefficient of 10 ps-1 applied to non-
hydrogen atoms was used to regulate temperature and include the
effects of friction and collisions. For each nisin analogue, we
conducted 10 independent runs of equilibration and production.
The seed for the random number generator for the Langevin
stochastic collisions was different for each independent run of each
analogue, and the peptide was equilibrated at 298 K for 2 ns. The
time step for equilibration and production was 1 fs, and the
SHAKE algorithm (44) was used to constrain the lengths of bonds
to hydrogen atoms. The production phase was 50 ns, and the
positions of the atoms were recorded every 1 ps. Thus, a total of
0.5 μs of sampling was generated per analogue.

To understand how the chirality of the cysteine residues
affects the formation of the disulfide bridges, we analyzed the
backbone φ and ψ dihedral angles and hydrogen bonding
patterns. Linear correlation coefficients were calculated between

the sulfur-sulfur distance for each cysteine pair and the distance
between the backbone amide hydrogen and backbone oxygen
atoms for all possible residue combinations for each trajectory. A
hydrogen-oxygen distance of<2.4 Å indicates the formation of
a hydrogen bond. Linear-circular correlation coefficients were
calculated, using Mardia’s method (45), between the sulfur-
sulfur distance and each φ and ψ angle for each trajectory

r2 ¼ ryC
2 þ ryS

2 - 2ryCrySrCS

1- rCS2
ð1Þ

where y represents the linear data, φ represents the circular data,
ryC is the correlation coefficient between y and cos φ, ryS is the
correlation coefficient between y and sin φ, and rCS is the
correlation coefficient between cos φ and sin φ. The range of
r is 0-1, because positive and negative correlation cannot be
distinguished in the circular-linear case. If a variable (H-O
distance, φ, or ψ) and a sulfur-sulfur distance were correlated
over five or more trajectories, with a coefficient of >0.5, the
correlation was investigated further.

RESULTS

To assess the thermodynamic stability of the simulations, the
temperature and total energy as a function of timewere examined
and were stable during all the simulations (data not shown). All
six sulfur-sulfur distances (S3-S7, S3-S8, S3-S11, S7-S8,
S7-S11, and S8-S11) were recorded for each independent trajec-
tory of each nisin analogue, and the associated distributions were
calculated with an interval of 0.1 Å. Subject to the sufficiency of
the conformational sampling, the histograms can be used to
calculate the effective energy, or potential of mean force (PMF),
of different conformational states as a function of sulfur-sulfur
separation, using the Boltzmann relation in eq 2

Ni ¼ N0 exp -
ΔEi

kBT

� �
ð2Þ

whereN0 is the number of conformations in the most populated,
ground state, Ni is the number of conformations in the ith state,
ΔEi is the effective energy difference between the ground state
and the ith state, kB is the Boltzmann constant, and T is the
temperature.

Figure 2 shows some typical histograms and the corresponding
PMFs. The probability of the sulfur-sulfur distance being less
than 5.5 Å, the cutoff for disulfide bridge formation, was
calculated for the S3-S7 and S8-S11 interactions, P(S3-S7)
and P(S8-S11).

Table 2 summarizes the effect of the chirality of Cys3 andCys7
on the energetics of the S3-S7 interaction and P(S3-S7), the
probability of the S3-S7 distance being less than 5.5 Å. For seven
of the analogues in which Cys3 is the L-enantiomer (nisin
analogues 1-7), there is either no minimum or a shallow local
minimum, corresponding to the possible formation of the S3-S7
disulfide bridge, and P(S3-S7) is quite low, between 0.03 and
0.12. Analogue 0 has a deep local minimum when the S3-S7
distance is 5.0 Å and has a higher P(S3-S7) of 0.18. Changing
the chirality of Cys7 from the L-enantiomer (analogues 0-3) to
the D-enantiomer (analogues 4-7) decreases P(S3-S7).

Six of the analogues with D-Cys3 favor the formation of the
S3-S7 disulfide bridge. Two analogues in which Cys3 is the
D-enantiomer andCys7 is the L-enantiomer (analogues 10 and 11)
and two analogues in which both Cys3 and Cys7 are the
D-enantiomer (analogues 14 and 15) have a global energyminimum
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corresponding to the possible formation of the S3-S7 disulfide
bridge, and P(S3-S7) is between 0.28 and 0.36. The other two
analogues in which both Cys3 and Cys7 are the D-enantiomer
(analogues 12 and 13) have deep local minima that correspond to

the formation of the S3-S7 disulfide bridge, and P(S3-S7) is
between 0.23 and 0.29. Analogues 8 and 9 have a lower P(S3-S7)
than the other D-Cys3 analogues (0.08 and 0.15), and the global
energy minima are 13.4 and 13.5 Å, respectively, compared with
values between 4.0 and 8.9 Å for the other 14 analogues. Figure 3
shows two PMFs as a function of S3-S7 distance.Analogue 5 has
an L-Cys3-D-Cys7 pair and does not have a minimum corre-
sponding to the S3-S7 interaction. Analogue 11 has a D-Cys3-
L-Cys7 pair andhas aminimumcorresponding to the sulfur-sulfur
interaction.

The formation of the S3-S7 bridge in analogues 10-15
corresponds to a type IV β-turn between residues 3 and 6. A
type IV β-turn is defined as four consecutive residues inwhich the
distance between the CR atoms of the first and fourth residues is
less than 7 Å and the φ and ψ dihedral angles of the central
residues do not fit the criteria of the standard turn types or
helices (46). The correlation analysis did not identify any back-
bone hydrogen bonds or dihedral angles associated with the
S3-S7 disulfide bridge. For analogues 10-15, the S3-S7 bridge
can form in 29% of trajectory frames; 76% of these frames, or
22% of the total frames, correspond to a CR3-CR6 distance of
<7 Å. For analogues 0-9, the fraction of frames in which both
the S3-S7 distance is less than 5.5 Å and the CR3-CR6 distance is
less than 7 Å is 5%. The mean average values of the central
residues’ (φ and ψ) angles are-90( 20� and -65( 31� for Ile4
and -95 ( 21� and -77 ( 32� for Ala5, respectively. These
averages are calculated across analogues 10-15 when the S3-S7
distance is less than 5.5 Å. The CR3-CR6 distance and φ and
ψ angles confirm that D-Cys3-Ile4-Ala5-Leu6 adopts a type IV
β-turn when the S3-S7 disulfide bridge can form.

FIGURE 2: Histograms (top) and corresponding potentials of mean force (bottom) with respect to the S3-S7 (a and c) and S8-S11 (b and d)
separations for nisin analogue 0, with four L-Cys residues.

Table 2: Effect of Cys3 and Cys7 Chirality on the PMF Surface and

Probability of S3 and S7 Being Sufficiently Close in Space To Form a

Disulfide Bridgea

nisin

analogue

cysteine

chirality

ΔE at 5.5 Å

(kJ/mol) P(S3-S7)

location

of the first

minimum (Å)

0 L-Cys3-L-Cys7 0.9 0.18 5.0 (0.2 kJ/mol)

1 2.2 0.12 4.7 (1.6 kJ/mol)

2 1.1 0.08 7.8

3 2.5 0.11 8.4

4 L-Cys3-D-Cys7 2.7 0.10 7.6

5 4.2 0.04 5.2 (3.9 kJ/mol)

6 6.0 0.03 7.6

7 4.1 0.09 3.8 (2.8 kJ/mol)

8 D-Cys3-L-Cys7 2.6 0.08 5.1 (2.3 kJ/mol)

9 0.8 0.15 5.3 (0.7 kJ/mol)

10 0.7 0.31 5.1

11 0.3 0.31 5.1

12 D-Cys3-D-Cys7 1.2 0.29 3.9 (0.6 kJ/mol)

13 1.8 0.23 3.7 (0.3 kJ/mol)

14 0.5 0.28 4.9

15 2.4 0.36 4.0

aΔE at 5.5 Å is the value of PMF when S3 and S7 are thought to be close
enough in space to form a disulfide bridge;P(S3-S7) is the probability of the
sulfur-sulfur separation being less than 5.5 Å, and the location of the first
minimum gives the sulfur-sulfur separation of the first minimum on the
PMF surface, with its value in parentheses if it is not the global minimum.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101214t&iName=master.img-001.png&w=314&h=321
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The effect of the chirality of Cys8 and Cys11 on the energetics
of the S8-S11 interaction and on P(S8-S11) is summarized in
Table 3. The nisin analogues with Cys8 and Cys11 as L-amino
acids (0, 4, 8, and 12) favor the formation of the S8-S11 disulfide
bridge with the global energy minimum corresponding to the
possible formation of the bridge and a P(S8-S11) value between
0.32 and 0.54. When Cys11 is changed to a D-amino acid and
Cys8 remains an L-amino acid (analogues 1, 5, 9, and 13),
P(S8-S11) drops to between 0.07 and 0.19, and for three of the
analogues, there are local energy minima corresponding to the
S8-S11 bridge, but not a global minimum; the bridge is able to
form, but it is less likely than in the case of L-Cys8 and L-Cys11. A
D-Cys8 stops the formation of the S8-S11 disulfide bridge:
analogues 2, 3, 6, 7, 10, 11, 14, and 15 have lower values for
P(S8-S11) and no energyminima corresponding to the formation
of the S8-S11 bridge. Figure 4 contains examples of PMF as a
function of S8-S11 distance: analogue 4 (L-Cys8-L-Cys11), with

a minimum corresponding to an S8-S11 interaction, and ana-
logue 7 (D-Cys8-D-Cys11) without.

A backbone hydrogen bondbetween the backbone carbonyl of
Cys8 and the backbone amines of Cys11 andLys12was identified
as being associated with the formation of the S8-S11 disulfide
bridge. Table 4 lists the average lifetimes, average occupancies,
and numbers of trajectories at which the occupancy was greater
than 1% for this hydrogen bond. For the analogues in which
both Cys8 and Cys11 are L-amino acids, the formation of the
Cys8-Cys11/Lys12 hydrogen bond brings Cys8 and Cys11
sufficiently close in space that the S8-S11 distance is less than
5.5 Å and the disulfide bridge could form. In simulations of
analogues 4 and 12, the hydrogen bond and the disulfide bridge
contact form simultaneously for parts of nine of the independent
trajectories; during the other trajectory, neither the hydrogen
bond nor the disulfide bridge forms. Similarly, during simula-
tions of analogue 8, the hydrogen bond is associated with the
disulfide interaction for seven of the trajectories, and during the
other three, neither forms. In simulations of analogue 0, the hy-
drogen bond and disulfide bridge contact are simultaneously
formed for parts of all 10 independent trajectories.

A hydrogen bond with a lower occupancy forms between Cys8
and Cys11/Lys12 during simulations of L-Cys8-D-Cys11 ana-
logues 1, 5, 9, and 13; occurrences of this hydrogen bond do
correlate with instances of the S8-S11 disulfide bridge contact.
Although the average lifetime is similar to the simulations of the
analogues in which both cysteines are L-amino acids, the lower
occupancy reducesP(S8-S11) of the L-Cys8-D-Cys11 analogues,
because there is no stabilizing hydrogen bond keeping S8 and S11
close together.

Analogues with a D-Cys8 are unable to form the disulfide
bridge contact between S8 and S11. During the simulations of the
analogues with D-Cys8 and L-Cys11, the Cys8-Cys11/Lys12
hydrogen bond was able to form, but it brought S7 and S11,
rather than S8 and S11, sufficiently close in space to form a
disulfide bridge. For five of the trajectories of analogue 2 and
four of the trajectories of analogue 14, Cys8 forms a stable
hydrogen bond with Cys11 and Lys12, which is associated
with the S7-S11 disulfide bridge contact. For three of the
trajectories of analogue 6, the Cys8-Cys11/Lys12 hydrogen
bond brings S7 and S11 together; for another three trajectories,
the hydrogen bond forms between the carbonyl of Cys7 and the
amine of Cys11. The interaction between S7 and S11 may be
blocked by the side chain of Cys8 when it is the L-enantiomer.

FIGURE 3: Examples of the potential of mean force as a function of the S3-S7 separation: (left) analogue 5 (L-Cys3-D-Cys7-L-Cys8-D-Cys11)
and (right) analogue 11 (D-Cys3-L-Cys7-D-Cys8-D-Cys11).

Table 3: Effect of Cys8 and Cys11 Chirality on the PMF Surface and

Probability of Cys8(S) and Cys11(S) Being Sufficiently Close in Space To

Form a Disulfide Bridgea

nisin

analogue

cysteine

chirality

ΔE at 5.5 Å

(kJ/mol) P(S8-S11)

location

of the first

minimum (Å)

0 L-Cys8-L-Cys11 0.6 0.54 5.0

4 0.4 0.49 5.2

8 0.5 0.25 5.1

12 0.4 0.32 5.2

1 L-Cys8-D-Cys11 1.3 0.19 5.1 (0.8 kJ/mol)

5 2.4 0.07 8.7

9 2.3 0.18 5.2 (2.0 kJ/mol)

13 1.0 0.18 5.1 (0.7 kJ/mol)

2 D-Cys8-L-Cys11 2.2 0.07 6.9

6 5.3 0.02 7.4

10 1.1 0.11 8.0

14 4.1 0.03 10.7

3 D-Cys8-D-Cys11 1.7 0.08 9.5

7 7.7 0.01 9.6

11 2.4 0.06 9.4

15 6.9 0.01 12.0

aΔE at 5.5 Å is the value of the PMF when S8 and S11 are thought to be
close enough in space to form a disulfide bridge; P(S8-S11) is the prob-
ability of the sulfur-sulfur separation being less than 5.5 Å, and the
location of first minimum gives the sulfur-sulfur separation of the first
minimum on the PMF surface, with its value in parentheses if it is not the
global minimum.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101214t&iName=master.img-002.png&w=300&h=160
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Analogue 10 has a high occupancy (80%) and mean lifetime
(21 ps) of the hydrogen bond compared with the other analogues.
Although the Cys8-Cys11/Lys12 hydrogen bond does corre-
spond to the S7-S11 interaction in analogue 10, the hydrogen
bond is much more stable than the sulfur-sulfur interaction.
Analogue 10 has a high probability of formation of the S3-S11
disulfide bridge [P(S3-S11) = 0.59] compared with the other
15 analogues, where P(S3-S11) is between 0.04 and 0.38 and the
mean value is 0.16. The Cys8-Cys11/Lys12 hydrogen bond
corresponds to the S3-S11 disulfide bridge for parts of nine of
the 10 trajectories of analogue 10. The Cys8-Cys11/Lys12
hydrogen bond brings Cys11 close to Cys7, and the D-Cys3-
Ile4-Ala5-Leu6 type IV β-turn brings Cys3 close to Cys7 and
therefore close to Cys11. During the simulations of the analogues
with D-Cys8 and D-Cys11, the Cys8-Cys11/Lys12 hydrogen
bond has low mean lifetimes (4-7 ps) and low occupancies
(1-5%) compared with the other analogues and P(S8-S11)
is low.

During the simulations of the analogues with L-Cys8 and
L-Cys11, residues 8-11 form a type IV β-turn. Across analogues
0, 4, 8, and 12, the average percentage of trajectory frames in

which the S8-S11 bridge can form is 40%; 97% of these frames
correspond to a CR8-CR11 distance of <7 Å. The average values
of the central residues’ φ and ψ angles, which characterize a
β-turn, are-72( 9� and-29( 70� for Pro9 and-128( 78� and
-34( 42� for Gly10, respectively. These averages are calculated
across all analogues with L-Cys8 and L-Cys11 when the S8-S11
distance is less than 5.5 Å and the uncertainty is the angular
deviation.

Three-dimensional histograms of S3-S7 and S8-S11 distances
with an interval of 0.1 Å were used to produce PMF surfaces
using the Boltzmann relation. Figure 5 is the PMF for S3-S7
and S8-S11 distances for analogue 12 has a global minimum
at (3.8 Å, 3.8 Å), corresponding to the bead connectivity.
The S3-S7 and S8-S11 distances during the nisin analogue
12 trajectories were checked every 2.0 ps and the atomic coordi-
nates written for those that corresponded to the bead connectivity.
The resulting conformations were clustered using the kclust
module in MMTSB (47), and Figure 6 shows the centroid of the
most populated cluster. Analogues 7 and 13 are not able to form
the bead connectivity but do have a global minimum correspond-
ing to the globular connectivity at (5.0 Å, 5.0 Å) and at (3.7 Å,
4.6 Å), respectively (Figures 7 and 8). Figure 9 shows the centroid
of the most populated cluster from clustering of trajectory frames,

FIGURE 4: Examples of the potential of mean force as a function of the S8-S11 separation: (left) analogue 4 (L-Cys3-D-Cys7-L-Cys8-L-Cys11)
and (right) analogue 7 (L-Cys3-D-Cys7-D-Cys8-D-Cys11).

Table 4: Properties of the Cys8-Cys11(HN)/Lys12 Hydrogen Bonda

cysteine

chirality analogue

Ælifetimeæ
(ps)

Æoccupancyæ
(%)

no. of trajectories

with an occupancy

of >1%

L-Cys8-L-Cys11 0 14 56 10

4 15 61 9

8 11 17 9

12 13 53 7

L-Cys8-D-Cys11 1 13 19 10

5 11 26 10

9 9 11 10

13 10 15 9

D-Cys8-L-Cys11 2 9 31 5

6 9 14 5

10 21 80 10

14 11 25 4

D-Cys8-D-Cys11 3 4 3 6

7 4 1 4

11 7 5 8

15 6 2 4

aThe Ælifetimeæ is the mean lifetime of the hydrogen bond; the Æoccu-
pancyæ is the mean percentage of frames during which the hydrogen bond
forms.

FIGURE 5: Potential ofmean force as a functionof S3-S7 and S8-S11
separation (bead connectivity) for nisin analogue 12.
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corresponding to the globular connectivity, from the simulations
of nisin analogue 13.

The rms differences between the peptide backbone atoms of
the first 12 residues of the NMR structure of nisin in complex
with lipid II (8) (Protein Data Bank entry 1WCO) and the
centroids of the four most populated clusters calculated for nisin
analogue 12 are listed in Table 5. When the rms difference from
1WCO is calculated with respect to all the residues, residues
1-12, or excluding the termini, residues 2-11, the deviation is
quite high. However, just using the thioether/disulfide rings and
neglecting the flexible linking residues, we found the rms differ-
ence for residues 3-7 is less than 1.7 Å for clusters 2-4 and 1.1 Å
for cluster 1. For residues 8-11, it is 1.0 Å for cluster 1 and less
than 0.7 Å for clusters 2-4. Figure 10 shows an alignment of
backbone atoms for residues 3-7 between 1WCO and cluster 1,
and Figure 11 shows an alignment of backbone atoms for
residues 8-11 between 1WCO and clusters 2-4. The hydrogen
bonding of the centroids of the four most populated clusters was
also examined. Clusters 2-4 have hydrogen bonds between the
carbonyl of Cys8 and the backbone amines of Cys11 and Lys12
and between the carbonyl of Cys3 and the amines of Leu6 and
Cys7. Cluster 1 has hydrogen bonds between the carbonyl of
Cys8 and the amines ofCys11 andLys12, the carbonyl of Ile1 and
the amines of Ala5 andLeu6, the carbonyl of Leu6 and the amine

of Cys3, and the carbonyl of Ala5 and the side chain of Lys12.
Clusters 2-4 are very similar and differ only in the position of the
N-terminus. Cluster 1 is different from the other top three
clusters, with the extra hydrogen bonds among the N-terminus,
the C-terminus, and Ala5 leading to “tucked in” termini.

DISCUSSION

Mitchell and Smith (48) surveyed all peptide and protein
entries in the Protein Data Bank for D-amino acid residues and
observed that D-amino acid residues in L-amino acid chains have
a propensity for forming β-turns. Of a representative subset of 40
D-amino acid residues in L-amino chains, where duplicate

FIGURE 6: Centroid of the most populated cluster from clustering of
trajectory frames from the simulations of nisin analogue 12, which
corresponded to bead connectivity.

FIGURE 7: Potential ofmean force as a function of S3-S8 and S7-S11
separation (globular connectivity) for nisin analogue 7.

FIGURE 8: Potential ofmean force as a functionof S3-S8 and S7-S11
separation (globular connectivity) for nisin analogue 13.

FIGURE 9: Centroid of the most populated cluster from clustering of
trajectory frames from the simulations of nisin analogue 13, which
corresponded to globular connectivity.
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sequences had been removed, 17 of the residueswere involved in a
β-turn, the majority of which were classed as nonstandard, or
type IV. The formation of the 3-6 β-turnwhenCys3 is a D-amino
acid residue brings the sulfur atoms in Cys3 and Cys7 sufficiently
close in space to form a disulfide bridge, for two of the L-Cys7
analogues (10 and 11) and all of the D-Cys7 analogues (12-15).

When the Cys3 is an L-amino acid, the 3-6 β-turn does not form
and P(S3-S7) is reduced.

Ring B is conserved across type A lantibiotics (8), and a
hydrogen bond similar to theCys8-Cys11/Lys12 hydrogen bond
has been observed during NMR experiments: between D-Ala8
and Gly10 and Ala11 in nisin (49), between D-Ala8 and Ala11 in
gallidermin (50), and between D-Ala8 and Gly10 and Ala11 in
mutacin 1140 (51). Ring B is described as a type II β-turn for the
nisin and gallidermin structures (49, 50) and alternates between a
type II and type I β-turn for the mutacin 1140 structure (51). Hsu
et al. (52) substituted different amino acids into a β-hairpin
scaffold between cysteine residues to study their propensity for
forming β-turns and found that Cys-Pro-Gly-Cys particularly
favors β-turn formation. Proline and glycine are residues 9 and
10, respectively, in the nisin analogues.

In the simulations of the nisin analogues, the S8-S11 disulfide
interaction is more stable than the S3-S7 disulfide interaction.
The S8-S11 interaction is stabilized by the hydrogen bond
between Cys8 and Cys11/Lys12 and by the amino acid sequence
Cys-Pro-Gly-Cys, which favors a β-turn conformation. Another
factor in the difference between the S8-S11 and S3-S7 interac-
tions is that the stability of small disulfide loops depends on
whether the number of residues between the cysteines is odd or
even. Zhang and Snyder (53) measured the microscopic disulfide
exchange rate constants for C-Xm-C peptides, where m is the
number of residues between the cysteines. They found that an
even value of m favors disulfide bond formation more than
an odd value, withm values of 2 and 4 most favored form values
of e5.

CONCLUSION

Peptide analogues of nisin target recognition region of residues
1-12, rings A and B, were constructed in silico, and their confor-
mationwas examined usingMDsimulations. Virtual screening of
peptide conformations was performed using the estimated ability
of cysteine analogues to engage in pairwise disulfide bond
formation between side chains of different enantiomeric cysteine
residues. Good convergence in the simulations in all peptides
indicates a clearly preferred backbone conformation of the
peptide. This suggests that the chain in nascent prenisin has a
favorable conformation, which readily presents activated groups
for cyclization by the cyclase NisC. We also conclude that
strategic stereoselective cysteine mutations in nisin analogues
can produce engineered macrocyclic peptides through sponta-
neous formation of disulfide bonds in solid phase-synthesized
peptides.
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