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The antibacterial peptide microcin J25 (MccJ25)1 inhibits bacte-
rial transcription by binding within, and obstructing, the nucleotide-
uptake channel of bacterial RNA polymerase.2,3 MccJ25 is produced
by Escherichia colistrains that harbor a plasmid-borne antibiotic-
synthesis and antibiotic-export cassette, consisting of a gene for
MccJ25 precursor (a 58-residue peptide containing a 37-residue
N-terminal pro-sequence), two genes for factors that process MccJ25
precursor into MccJ25, and one gene for export of MccJ25.4

Published covalent and three-dimensional structures indicate that
MccJ25 is a 21-residue cycle.5-7 Here, we show that the published
covalent and three-dimensional structures5-7 are incorrect, and that
MccJ25 in fact is a 21-residue “lariat protoknot”, consisting of an
8-residue cyclic segment followed by a 13-residue linear segment
that loops back and threads through the cyclic segment.

The results in Figure 1 indicate that a 21-residue cycle
synthesized according to the published structure (“21cyc”)8 is
distinct from natural MccJ25,5 being chromatographically distinct
(different retention time in RP-HPLC), biochemically distinct
(inactive in inhibiting transcription), and biologically distinct
(inactive in inhibiting bacterial growth). We conclude that MccJ25
is not a 21-residue cycle.

The results in Figure 2 indicate that 21cyc and MccJ25 have
identical molecular masses (Figure 2a) but different MS/MS
fragmentation patterns (Figure 2b), indicating that 21cyc and
MccJ25 are isomeric. For MccJ25, MS/MS yields no single-
cleavage fragments for residues 1-810 (suggesting that residues
1-8 are part of a cyclic structure), but yields an unambiguous series
of single-cleavage fragments for residues 9-21 (suggesting that
residues 9-21 are not part of a cyclic structure) (Figure 2b, bottom).
The MS/MS results are consistent with a “lariat” structure,
consisting of an 8-residue cyclic segment--with a backbone-side-
chain amide linkage between Gly1 and Glu8--followed by a 13-
residue linear segment. Triple-resonance NMR experiments11

directly confirm the presence of a backbone-side-chain amide
linkage between Gly1 and Glu8 and indicate that the linkage has a
trans conformation (through-bond coherence transfer between
backbone nitrogen atom of Gly1 and side-chain Câ and Cγ atoms
of Glu8; strong NOESY cross-peak between Gly1 HN and each
Glu8 Hδ proton; Figure 2c). We conclude that MccJ25 is a 21-
residue lariat.

Figure 3 shows the solution three-dimensional structure of
MccJ25 determined in methanol by triple-resonance NMR.11,12 In
the three-dimensional structure, the linear segment of the lariat
(residues 9-21) loops back, penetrates, and threads through the
cycle of the lariat, as a thread through a needle eye, resulting in

formation of a “protoknot”13 (also known as an “entanglement”14,15)
(Figure 3a-c). The protoknot has a linking number of Lk) -1
(conventions for chain topology as in ref 16). The four C-terminal
residues (residues 18-21) are in contact with, and encircled by,
the cycle, and a short antiparallelâ-sheet is formed comprising
C-terminal residues (residues 19-20; â2) and residues of the cycle
(residues 6-7; â1)] (Figure 3a-c). The connector between the four
C-terminal residues and the cycle contains a chain reversal (residues
11-14), the backbone conformation of which is less well defined
and possibly dynamically disordered (Figure 3a,b). We conclude
that MccJ25 is a 21-residue lariat protoknot.

Phe19 and Tyr20 bracket the cycle, with the aromatic side-chain
of Phe19 being located on one face of the cycle, and the aromatic
side-chain of Tyr20 being located on the other face of the cycle
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Figure 1. MccJ25 is not a 21-residue cycle. RP-HPLC9 analysis (dashed
line, 21cyc; dotted line, MccJ25; solid line, both 21cyc and MccJ25). (b)
Inhibition of transcription (IC50 from in vitro transcription assays withE.
coli RNA polymerase; methods as in ref 3). (c) Inhibition of bacterial growth
(MBC from minimum-bacteriocidal-concentration assays withE. coli strain
DH5R; methods as in ref 3).

Figure 2. MccJ25 is a 21-residue lariat. (a) ESI-MS analysis. (b) ESI-
MS/MS analysis. All fragments for 21cyc result from double cleavage, with
one cleavage at residue 15 (bold arrow). (c) Strip plots from three-
dimensional HNCACB and three-dimensional CBCAcoNH spectra11 of
MccJ25 showing Gly1-HN/Glu8-Cγ and Gly1-HN/Glu8-Câ cross-peaks due
to coherence transfer across the Gly1-backbone/Glu8-side-chain amide
linkage.
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(Figure 3c). We propose that steric constraints imposed by the side-
chains of Phe19 and Tyr20 lock the register of the threaded segment
relative to the cycle, irreversibly trapping the threaded segment
within the cycle. Consistent with this proposal, the NMR spectra11,12

provide no indication of multiple slowly interconverting conformers
or conformational exchange in this region of the structure.

The proposed presence of an irreversible protoknot, with
irreversible trapping of residues 18-21 within the cycle, has three
implications. First, it accounts for the observations that led to the
incorrect proposal that MccJ25 was a 21-residue cycle: i.e., the
observation that MccJ25 is resistant to carboxypeptidase, and the
observation that cleavage of MccJ25 between residues 10 and 11
yields one product, not two.5,7,16Second, it accounts for the observed
exceptional stability of MccJ25 to denaturation (stable for.10 h
in 8 M urea at 95°C).7 Third, it implies that, during biosynthesis
of MccJ25, the MccJ25 precursor must prefold--at least transiently
adopting a native or near-native conformation, presumably a
â-hairpin containing theâ1/â2 â-sheet--prior to formation of the
backbone-side-chain amide linkage.17

MccJ25 is the first example of a lariat protoknot involving a
backbone-side-chain amide linkage. Like Cys-Cys side-chain-
side-chain linkages18 and Cys-Phe and Cys-Thr side-chain-
backbone linkages,19 lariat protoknots involving a backbone-side-

chain amide linkage provide an effective means of conferring
defined, stable three-dimensional structure to short peptides.
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Figure 3. MccJ25 is a 21-residue lariat protoknot. (a) Stereodiagram of
seven superimposed structures of MccJ25 determined by NMR.11,12 (b)
Representative structure of MccJ25. (c) Two orthogonal views of threading
of the C-terminal segment (residues 18-21 in pink; side-chains of Phe19
and Tyr20 in red) through the cycle (residues 1-8 in cyan; backbone-
side-chain bond in blue). (d) NMR structure-quality statistics.
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