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The 3D Solution Structure of Thurincin H, a Bacteriocin with Four

Sulfur to a-Carbon Crosslinks**

Clarissa S. Sit, Marco J. van Belkum, Ryan T. McKay, Randy W. Worobo, and John C. Vederas*

Bacteriocins are a group of structurally diverse antimicrobial
peptides produced by bacteria to target competing strains of
bacteria within their immediate environment. The bacteriocin
thurincin H, which is produced by Bacillus thuringiensis
SF361, exhibits strong activity against a spectrum of Bacillus
and Listeria spp., including the human pathogen Listeria
monocytogenes.'! Sequencing of the structural gene indicated
that thurincin H is a 31 amino acid peptide with a predicted
average molecular weight of 3147.61 Da.l! However, the
observed molecular weight of purified thurincin H was
3139.51 Da, eight Daltons less than predicted, thus suggesting
the presence of unusual posttranslational modifications in the
mature peptide.’)

We now report the structural elucidation of thurincin H by
using a combination of mass spectrometry and NMR spec-
troscopy techniques. High-resolution MALDI FTICR mass
spectrometry showed that the eight Dalton mass difference
was due to a loss of eight hydrogen atoms from the predicted
molecular formula of the peptide. MS/MS sequencing per-
formed on thurincin H confirmed the amino acid sequence of
the peptide and indicated the positions of posttranslational
modification (Figure 1). Specifically, four residues (Asn19,
Thr22, Thr25, and Ser28) appear to be two mass units lighter
than expected. This phenomenon has previously been
observed with the MS/MS sequencing of Trn-a and Trn-f,
the two components that constitute the bacteriocin thuri-
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Figure 1. The sequence of thurincin H, as confirmed by MS/MS
analysis. Modified residues that appear to have lost two mass units
are highlighted in blue.

cin CD.” Since Trn-a and Trn-p each feature three cysteine
sulfur to a-carbon bridges at the positions of their modified
residues, our MS/MS findings with thurincin H suggest that
similar crosslinks exist between the four cysteine residues and
four modified residues of the peptide.” The presence of thnB,
a gene that encodes for an iron-sulfur oxidoreductase, in the
biosynthetic gene cluster of thurincin H lends further support
to this hypothesis.!! ThnB is a member of the radical S-
adenosylmethionine (SAM) superfamily of enzymes and
shows homology to TrnC/TrnD and AIbA, the oxidoreduc-
tases thought to form the sulfur to a-carbon crosslinks in
thuricin CD and subtilosin A, respectively.**!

NMR spectroscopic studies were carried out in solution to
determine the structure of thurincin H. [*C,"’N]thurincin H
was purified from B. thuringiensis SF361 grown in a 4:1
mixture of ["*C,”N]Celtone-CN-rich media and unlabeled
tryptic soy broth. A series of two- and three-dimensional
NMR experiments were performed on the peptide to assign
the chemical shifts of the majority of the atoms in thurincin H.
Notably, the chemical shifts for the a-carbon atoms of Asn19,
Thr22, Thr25, and Ser28 are 10 to 15 ppm downfield of the
average values expected for unmodified Asn, Thr, and Ser
residues in random coil peptides.!! These downfield values
are similar to the chemical shifts of the modified a-carbon
atoms in thuricin CD and subtilosin A.** Examination of the
TOCSY and "“C-HSQC data indicated that there are no
protons attached to the a-carbon atoms of the modified
residues, which is consistent with the presence of sulfur to a-
carbon linkages at positions 19, 22, 25, and 28 in thurincin H.

The connectivity of the cysteine residues to the modified
residues was determined by analyzing NOE data, which show
through-space interactions between atoms that are in prox-
imity to each other. Long-range '"H-'"H NOE interactions were
observed between the § protons of Cys4 and the amide proton
(HN) of Ser28, the p protons of Cys7 and the HN of Thr25,
and the P protons of Cysl3 and the HN proton of Asnl9.
Likewise, NOE interactions were seen between the a proton
of Cys10 and the HN atom of Thr22, and one of the 3 protons
of Cys10 and the HN proton of Thr22. Altogether, these NOE
data indicate that sulfur to o-carbon thioether linkages
connect Cys4 to Ser28, Cys7 to Thr25, Cys10 to Thr22, and
Cysl3 to Asnl9.
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Since there are four bridges, each of which can adopt one
of two possible stereochemical conformations at the a-carbon
atom, 16 distinct stereoisomers must be considered when
determining the three-dimensional structure of thurincin H.
Structure calculations for all 16 of these stereoisomers were
carried out using the program CYANA 2.1.1 Eight rounds of
structure calculations were performed on each stereoisomer
using the same NMR restraints and, following a protocol
similar to that of Salvatella et al., the results were compared
to determine which structure fit the NMR spectroscopic data
best.[”

Interestingly, the stereoisomer that gave the best match to
the NOE data featured D configurations at Asnl9 (a-S),
Thr22 (a-S), Thr25 (a-S), and Ser28 (a-S; Scheme 1). Having

Scheme 1. The chemical structure of thurincin H.

the same stereochemistry at all four bridges (namely, the
DDDD isomer) is a feature unique to thurincin H; the struc-
tures of thuricin CD and subtilosin A indicate that these
peptides have LLD and LDD configurations, respectively.”*!
The differences in the configurations may result from the
mechanism of action of the radical SAM enzymes, which are
thought to form these thioether linkages via a diradical
intermediate.”” Depending on the conformation of the active
site of the enzyme, rapid bond rotation in the substrate could
occur, thereby leading to a radical inversion prior to the
formation of the sulfur to a-carbon bond.

The ppDD isomer was chosen as the representative
structure of thurincin H instead of the other stereoisomers
for several reasons. Firstly, the ppDDD isomer was the only
structure that did not generate any constraint violations in the
CYANA calculations. All the other stereoisomers gave rise to
structures with at least one distance, van der Waals, angle, or
coupling constant violation. Secondly, the CYANA program
incorporated the greatest number of assigned NOE inter-
actions into the structure calculations for the DDDD isomer,
with anywhere from 3 to 35 more NOE interactions used than
for the other stereoisomers. The bDDD isomer also has, by far,
the lowest average target function value of the 16 stereoiso-
mers, which indicates that its structure most accurately
reflects the NOE restraint data that formed the original
basis of the structure calculations. The backbones of the 20
lowest energy conformers for the DDDD isomer superimpose
quite well (see the Supporting Information), with a reason-
ably low root mean square deviation (rmsd) of (0.74 +0.17) A
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Table 1: Structural statistics for thurincin H (bbpp isomer)

Structural statistics Thurincin H
distance and angle restraints

total cross-peak assignments 502

short (|i—j| <1) 378
medium (1< |i—j| <5) 59

long (|i—j| >5) 65
number of ¢ angles 22
average target function value 0.03

rmsd (A) for residues 1-30

backbone 0.74+0.17
heavy atoms 1.44+£0.22

for the backbone. The struc-
tural  statistics of the
DDDD isomer are summar-
ized in Table 1.

As shown in Figure 2, the
three-dimensional structure
of thurincin H features a hel-
ical backbone that is folded
over and held in position by
its four sulfur to a-carbon
thioether bridges. Similar to
thuricin CD and subtilo-
sin A, most of the side
chains of thurincin H point
outwards (see the Support-

Figure 2. Schematic representation of the three-dimensional solution
structure of thurincin H (DppD isomer). The N and C termini are
labeled in the structure.

ing Information), thereby allowing the helical coils of the
backbone to pack together more tightly along the central axis
of the molecule.”**

Another unusual observation from the NMR spectro-
scopic characterization of thurincin H was that the protons of
the Thr29 methyl group have a chemical shift of 6 =0.14 ppm,
which deviates significantly from the average expected value
of =12 ppm for threonine Hy protons.”! Closer examina-
tion of the 20 lowest energy conformers reveals that the
methyl group of Thr29 spends a predominate amount of time
being held within 5 A of the face of the Trp5 indole ring
(Figure 3). This suggests that the Hy protons experience
significant diamagnetic anisotropy from the electron cloud of
the indole ring, thus providing a rationale for the resultant
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Figure 3. Schematic representation of thurincin H, showing the inter-
action of Thr29 with Trp5. A distance of 4.9 A was measured between
the two side chains.

upfield chemical shift. This structural feature involving Thr29
and Trp5 represents yet another interaction between two
residues widely separated in sequence, thereby reinforcing
the tightly packed nature of the peptide’s structure.

The electrostatic surface potential of thurincin H is
characterized by a net anionic charge (Figure4A). The
regions of negative charge localize at the C-terminal carbox-

Figure 4. A) Electrostatic surface potential of thurincin H, where blue
indicates positive charge and red indicates negative charge. B) Surface
hydrophobicity of thurincin H, where yellow represents hydrophobic
residues and cyan represents hydrophilic residues.

ylate and aspartic acid on one end of the molecule, as well as
at the glutamic acid extending outwards from the other end of
the molecule. Aside from the charged residues, the other
hydrophilic residues cluster together on one face of thur-
incin H, while the hydrophobic residues form prominent
patches over the remaining surface of the peptide (Fig-
ure 4B). If thurincin H operates by disrupting bacterial cell
membranes, similar to the mechanism of action proposed for
subtilosin A, then its amphipathic nature would suggest that it
can form pores in the membranes of its target strains.”!"
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The structural elucidation of thurincin H is significant not
only because it describes the first example of a peptide with
four sulfur to a-carbon bridges, but also because it may
represent the structure of multiple peptides reported in the
literature. From our MALDI MS and FTICR analyses, we
found the exact monoisotopic mass of thurincin H to be
3137.36 Da. By comparison, the monoisotopic masses
reported for thuricin S and cerein MRX1 are 3137.61 Da
and 3137.93 Da, respectively."'"¥ Edman or MS/MS sequenc-
ing indicated that both of these peptides have similar, if not
identical, N-terminal sequences to thurincin H.'""'" Gray
et al. reported the average molecular weight of thuricin 17 to
be 3162 Da. However, a smaller signal at 3139 Da, which is
23 Da or one sodium ion lighter than 3162 Da, can be
observed in the MALDI-QTOF spectrum of the peptide.'™! If
3139 Da represents the average molecular weight of the
parent [M + H]" ion, then its monoisotopic mass would be
calculated as 3137 Da. Coincidentally, the open reading frame
prediction for the thuricin 17 gene gives a predicted peptide
sequence identical to that of thurincin H.!'l Likewise, bac-
thuricin F4 has a homologous N-terminal (DWTXWSXL)
sequence as well as physical and biological properties that are
highly similar to thuricin 17, and a molecular mass of
3160.05 Da, which also happens to be 23 Da heavier than
3137 Da.’>!l  Although further FTICR-MS/MS analysis
would be needed to confirm their amino acid sequences, it
is highly probable that thuricin S, cerein MRX1, thuricin 17,
and bacthuricin F4 all have the same structure as thurincin H.
As such, it is interesting to find that several distinct strains of
Bacillus thuringiensis produce the same peptide, thus under-
scoring the biological and ecological importance of this
molecule. Our future studies on thurincin H will focus on
elucidating its mechanism of action through structure—activity
relationship studies and on identifying its cellular target
through NMR binding studies.
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