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ABSTRACT: Thuricin CD is an antimicrobial factor that
consists of two peptides, Trn-0 and Trn-f3, that exhibit
synergistic activity against drug resistant strains of Clostri-
dium difficile. Trn-0t and Trn-f3 each possess three sulfur to
o.-carbon thioether bridges for which the stereochemistry is
unknown. This report presents the three-dimensional solu-
tion structures of Trn-a and Trn-f3. Structure calculations
were performed for the eight possible stereoisomers of each
peptide based on the same NMR data. The structure of the
stereoisomer that best fit the experimental data was chosen
as the representative structure for each peptide. It was
determined that Trn- has L-stereochemistry at Ser21 (o.-
R), L-stereochemistry at Thr2S (a-R), and p-stereochemis-
try at Thr28 (0.-S) (an LLD isomer). Trn-f3 was also found
to be the LLD isomer, with L-stereochemistry at Thr21 (o.-
R), L-stereochemistry at Ala2S (0-R), and p-stereochemis-
try at Tyr28 (o.-S).

Bacteria can produce a wide range of antimicrobial com-
pounds that feature structurally diverse scaffolds derived
from polyketide and peptide biosynthesis. The bacteriocins,
which are ribosomally synthesized antimicrobial peptides, con-
stitute a specific class of these bacterial metabolites. Recently, we
reported the isolation and characterization of thuricin CD, a two-
component bacteriocin made by Bacillus thuringiensis DPC
6431." The two components of thuricin CD, Trn-a and Trn-f3,
exhibit highly potent synergistic activity against the human
pathogen Clostridium difficile. Structural characterization using
mass spectrometry and NMR spectroscopy led to the discovery
that Trn-at and Trn-f are posttranslationally modified: each
peptide features three cysteine sulfur to O-carbon thioether
bridges.

To better understand the structure and biosynthesis of these
peptides, the operon for thuricin CD was fully sequenced." Aside
from the two structural genes for Trn-ot and Trn-f3, five other
genes were uncovered. Two of these genes encode for TrnF and
TmG that together form an ATP-binding cassette (ABC)
transport system used for exporting the mature peptides out of
the cell. Another gene is responsible for the production of TrnE, a
putative C-terminal processing peptidase that may play a role in
self-immunity to thuricin CD. The remaining two genes give rise
to TrnC and TrnD, both of which show sequence homology to
members of the radical S-adenosylmethionine (SAM) superfamily
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of proteins.” In keeping with this homology, TrnC and TrnD
each contain a cysteine-rich C-X3-C-X,-C motif that binds to a
4Fe-4S iron—sulfur cluster. Using SAM and the iron—sulfur
clusters, TrnC and TrnD are thought to catalyze the formation of
the sulfur to Ot-carbon bridges, potentially through a diradical
mechanism.* As a result, the ribosomally synthesized Trn-ot and
Trn-f precursor peptides are predicted to have all L-stereochem-
istry but, upon posttranslational modification, could feature L- or
D-stereochemistry at the t-carbons of the thioether bridges.

We now report the three-dimensional solution structures of
Trn-&t and Trn-f, determined through calculations based on
multidimensional NMR studies. ["*C, "N]Trm-a and ["°C,
SN]Trn-f were purified from the fermentation of B. thuringiensis
in fully labeled rich media." A suite of two-dimensional and three-
dimensional NMR experiments was then run on each peptide.
After chemical shift assignments were made for nearly every
proton, carbon and nitrogen in Trn-t and Trn-f, structure
calculations were performed using CYANA 2.1.° In order to
determine the stereochemistry at the modified residues, the eight
possible stereoisomers of each peptide were subjected to eight
rounds of structure calculations using the same NMR restraints
file. The resultant structures were analyzed to determine which
isomer best fits the NMR data while maintaining a low root-
mean-square deviation (rmsd).

Comparison of the structures generated by CYANA led to an
interesting finding: for both Trn-0t and Trn-f3, the stereoisomers
that matched best with the nuclear Overhauser effect (NOE)
data had the same pattern of stereochemistry at the modified
Qt-carbons. In Trn-0,, the stereoisomer with L-stereochemistry at
Ser21 (0-R), L-stereochemistry at Thr2S (o-R), and p-stereo-
chemistry at Thr28 (a-S) (LLD isomer) best represented the
NOE data. In Trn-f3, the LLD isomer, with L-stereochemistry at
Thr21 (0-R), L-stereochemistry at Ala2S (0-R), and p-stereo-
chemistry at Tyr28 (0.-S), also gave the best match (Figure 1).

More specifically, the LLD isomers were chosen over the other
possible stereoisomers based on four criteria: greatest number of
assigned NOEs used in the structure, low rmsd, low average
target function value, and absence of constraint violations or
Ramachandran plot irregularities. For Trn-q, the structure of the
LLD isomer used 381 NOE cross-peak assignments. Only one
other isomer, DLD, used the same number of assignments
whereas the remaining six isomers used up to two fewer
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Figure 1. Chemical structures of Trn-0t and Trn-f3.

assignments. In other words, for these six isomers up to two
assignments generated violations that could not be fit and were
automatically discarded from the calculations by CYANA. De-
pending on the isomer, the assignments in question were NOEs
between either a yCH, proton of Ile7 and the amide (HN)
proton of Ala4, the HN of Gly20 and the HN of Leu22, or the Hot
proton of Val23 and the Ho of Gly24. In CYANA'’s automated
structure calculations, exclusion of these NOEs from six of the
stereoisomers led to the generation of unnatural bends in the
otherwise helical loops that form the two arms of the peptide. To
choose between the LLD and DLD isomers, it was noted that
LLD has a lower rmsd, indicating that there is less error between
the 20 averaged structures generated for LLD than for DLD. As
well, the LLD isomer has a lower average target function value,
which serves as a measure of accuracy between the NOE restraint
data entered into CYANA and the structures that are ultimately
generated by the program. Finally, the overall structure of the
LLD isomer gave better-formed at-helical loops than the struc-
ture of the DLD isomer.

For Trn-f3, the structures of the LLD and LDD isomers used
313 NOE cross-peak assignments. Comparison of these struc-
tures with those of the other six isomers revealed a consistent
pattern. If the stereochemistry of Thr21 were set to D instead of
L, the generated structures would discard two NOEs observed
between the Hf of Thr21 and the HN of Glu22. In fact, the
structure calculations for the DLL and DLD isomers generated a
coupling constant violation and a distance constraint violation,
respectively. If the stereochemistry of Tyr28 were set to L instead
of b, along-range NOE between the HN of Tyr28 and one of the
Hp of CysS would be discarded from the structure calculations.
Since these NOEs involve crucial contacts to the posttransla-
tionally modified residues, they provide strong evidence to
support Thr21 having L-stereochemistry and Tyr28 having
L-stereochemistry. To choose between the LLD and LDD isomers,
then, it was again noted that the LLD isomer had alower rmsd and a
lower average target function value than does the LDD isomer.

Overall, the three-dimensional structures of Trn-0t and Trn-f3
each consist of a helical backbone that is folded in half and held
together by three sulfur to t-carbon thioether bridges (Figure 2).
Coordinates for Trn-0t and Trn-3 have been deposited in the
Protein Data Bank (219x and 2la0, respectively), and chemical
shift assignments have been deposited in the BioMagResBank
(17492 and 17495, respectively). To date, the only other three-
dimensional structure that has been reported for a peptide

Figure 2. Cartoon representation of the three-dimensional solution
structures of Trn-0t (LLD isomer) and Trn-3 (LLD isomer). In both
structures, the N-terminus is closer to the lower right-hand corner of
the image.

Table 1. Structural Statistics for Trn-a. LLD and Trn-ff LLD
Trn-¢.LLD Trn-B LLD

Distance and angle restraints

total cross peak assignments 381 313
short (Ji -] < 1) 346 298
medium (1 <|i —j| <5) 26 5
long (i -] = 5) 9 10
no. of gangles 12 19
average target function value 0.05 0.06
rmsd (A) for residues 1-29
backbone 2.02+0.76 1.73+0.50

heavy atoms 2.50+0.94 2.22+049
rmsd (A) for residues 5-13 & 21-28
backbone

heavy atoms

1.62+0.71 1.14+0.29
220+096 1.66+029

containing sulfur to O.-carbon linkages is the solution structure
for subtilosin A.*® Certain similarities can be found when
comparing the structures of Trn-0 and Trn-f3 with the structure
of subtilosin A. In particular, most of the amino acid side chains in
all three peptides are pointing outward, away from the center of
the molecules. In addition, a high prevalence of glycine residues
in each peptide affords greater flexibility, enabling the backbones
to form two helical coils that are packed together in close
proximity.

The structural statistics for Trn-ot LLD and Trn-f3 LLD are
summarized in Table 1. The backbone rmsd's for Trn-ct (2.02 A)
and Trn-f3 (1.73 A) are comparable to the backbone rmsd for
subtilosin A (2.0 A). Since most of the long-range NOEs arise
from the residues that form the thioether bridges, the portions of
the two peptides that are encompassed by the bridges (residues
5—13 and 21—28) are better defined and thus have lower
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Figure 3. Surface hydrophobicity of (A) Trn-ot LLD and (B) Trn-f3
LLD, with hydrophobic residues highlighted in yellow and hydrophilic
residues highlighted in cyan. The backbone coil and sulfur to o.-carbon
bridges are drawn in to indicate the orientation of the peptides.

backbone rmsd's (1.62 A for Trn-o and 1.14 A for Trn-3).
Indeed, if the backbones of the 20 lowest energy conformers for
each peptide are overlaid (see Supporting Information), it can be
seen that the two helical coils (residues 5—13 and 21—28)
superimpose reasonably well. In contrast, the region that con-
nects the two coils (residues 14—20) as well as the N- and
C-termini have poor overlap between the 20 conformers, in-
dicating a high degree of flexibility and freedom of movement in
those segments of the peptides.

Examining the surface properties of each molecule, Trn-0 has
most of its hydrophilic residues bound in the thioether bridges or
concentrated toward the flexible loop region (Figure 3). Trn-f,
on the other hand, has its hydrophilic residues distributed over
different parts of the molecule. In both cases, however, the vast
majority of the peptide surface is hydrophobic as a result of
having a large number of hydrophobic residues with side chains
that point outward. These solution structures help explain the
inherent insolubility of Trn-at and Trn-f3, both of which require
at least 50% organic solvent to dissolve.

The electrostatic surface potential of both peptides is largely
governed by the presence of a glutamic acid residue in each
sequence, as well as by the N- and C-termini. Overall, the
peptides are anionic at neutral pH, with positively and negatively
charged regions distributed evenly over the surfaces of the
peptides (see Supporting Information).

The 3D structures presented in this report have implications
for several areas of study. Due to similarities in their solution
structures and the presence of the sulfur to O.-carbon thioether
bridges, it can be said that Trn-&t and Trn-3 belong to a new,
emerging class of bacteriocins alongside subtilosin A.* Liu et al.
have characterized another example of this class: a sporulation
killing factor (SKF) from Bacillus subtilis that features a thioether
bridge to the @t-carbon of a methionine residue.” There have also
been reports of other peptides with similar amino acid sequences
as Trn-at and Trn-f, suggesting that numerous peptides with
sulfur to -carbon cross-links exist and that our approach could
be used to elucidate the three-dimensional structures of these
highly related bacteriocins.® > More importantly, the solution
structures of Trn-0t and Trn-3 may provide a starting point for
the study of thuricin CD’s mechanism of action. Although it has
been proposed that subtilosin A and related peptides target and
disrupt bacterial cell membranes, no specific receptor has been

identified for these molecules."*'” In this regard, NMR binding
studies to determine the specific target of thuricin CD and the
mechanism of synergistic activity between Trn-at and Trn-f3 may
prove to be highly interesting.
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