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Abstract

Mechanically interlocked molecules that change their conformation in response to stimuli have
been developed by synthetic chemists as building blocks for molecular machines. Here we
describe a natural product, the lasso peptide benenodin-1, which exhibits conformational
switching between two distinct threaded conformers upon actuation by heat. We have determined
the structures of both conformers and have characterized the kinetics and energetics of the
conformational switch. Single amino acid substitutions to benenodin-1 generate peptides that are
biased to a single conformer, showing that the switching behavior is potentially an evolvable trait
in these peptides. Lasso peptides such as benenodin-1 can be recognized and cleaved by enzymes
called lasso peptide isopeptidases. We show that only the native conformer of benenodin-1 is
cleaved by its cognate isopeptidase. Thus thermally-induced conformational switching of
benenodin-1 may also be relevant to the biological function of these molecules.
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INTRODUCTION

Lasso peptides, one of the many families of ribosomally synthesized and post-translationally
modified peptides (RiPPs),! are naturally-occurring [1]rotaxanes: threaded molecules with
one free end and one linked to the ring.2-3 The threaded slipknot structure is achieved via
installation of an isopeptide bond between the N-terminal amine and either a glutamic acid
or aspartic acid sidechain. The rings of lasso peptides range from 7 aa to 9 aa, or from 23 to
29 backbone atoms.3 Large amino acid sidechains on the thread, referred to as steric locks,
often serve as the stopper moieties in lasso peptides. A subset of these peptides can unthread
upon heating,* technically making these compounds pseudo-[1]rotaxanes. In all examples
studied thus far, the thermal unthreading of lasso peptides is presumed to be irreversible.

With the advent of genome mining tools for lasso peptides,>-8 alpha-proteobacteria have
been a rich source for new examples of these natural products.5~ In addition to genes for the
precursor protein and the two maturation enzymes,8-10 lasso peptide gene clusters from
alpha-proteobacteria include genes for an isopeptidase enzyme, a putative TonB-dependent
transporter, and several putative regulatory proteins.® The lasso peptide isopeptidase cleaves
the sole isopeptide bond within the lasso peptide, rendering the peptide substrate linear.11
The isopeptidase only cleaves threaded substrates, accommodating the “loop” region of the
rotaxane thread in a cavity within the enzyme active site.12-13

Here we describe a new lasso peptide from the alpha-proteobacterium Asticcacaulis
benevestitus. This cold-tolerant organism, originally isolated from a soil sample near the
town of Vorkuta, Russia at the northern end of the Ural Mountainsl# (Figure 1A). We
originally identified the cluster using our precursor-directed approach to lasso peptide
genome mining,® but it was also identified using publicly-available genome mining tools
such as antiSMASH?® and BAGEL.18 The gene cluster is also identified by more recent
global surveys of RiPP biosynthetic gene clusters.17-18 Because the lasso peptide is derived
from A. benevestitus, we have named it benenodin-1. Like all other characterized alpha-
proteobacterial lasso peptides, the benenodin-1 gene cluster encodes an isopeptidase which
linearizes the threaded lasso peptide substrate.11-13. 19 Remarkably, benenodin-1 exhibits
switching between two distinct [1]rotaxane conformers upon heating, and thus is a natural
example of a switchable mechanically-interlocked molecule (MIM).20-21 Synthetic
examples of [1]rotaxanes, several of which exhibit switching, have been reported,22-28 put
this property has not been observed previously in any lasso peptide. In addition, we have
generated two variants of benenodin-1 with single amino acid substitutions, each of which is
biased toward one of the two conformers upon heating. The benenodin-1 isopeptidase is
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only able to recognize and cleave one of the two conformers, providing new insights into
isopeptidase substrate recognition.

RESULTS AND DISCUSSION

Heterologous expression of benenodin-1 lasso peptide

Based on its sequence, benenodin-1 has an 8 aa ring with an isopeptide bond between Gly-1
and Asp-8 (25 backbone atoms, Figure 1B). The isopeptide-bonded ring of benenodin-1 is
one amino acid shorter than the previously characterized astexin-3 (Figure 1B).1 We grew
A. benevestitus, extracted the cell lysate and supernatant, and subjected the extracts to
MALDI-MS, but did not find any masses consistent with benenodin-1. We and

others’: 2-30 have demonstrated that alpha-proteobacterial lasso peptides are often produced
at mg/L yields via heterologous expression in £. coli. We constructed a plasmid for the
heterologous production of benenodin-1 (pCZ35, see Supporting Information for details) in
E. coli (Figure 1C). The native benenodin-1 cluster was cloned into the pASK75 expression
vector containing a strong fef promoter and a ribosome binding site upstream. The natural
stem-loop sequence between benenodin-1 lasso peptide precursor and the maturation
enzymes was kept intact. We expressed the construct in M9 media, and the cell lysate was
analyzed by mass spectrometry and HPLC. For cells harboring pCZ35, both MALDI-MS
and HPLC data revealed the dominant product was a truncation of benenodin-1 lacking its 5
C-terminal aa (benenodin-1 AC5, retention time 14.7 min) (Figure S1). Smaller amounts of a
ACA4 truncation (retention time 14.4 min) were observed in HPLC, while a small signal for
the full-length peptide was observed by mass spectrometry.

NMR structure of benenodin-1 AC5

Based on HPLC analysis, benenodin-1 AC5 was the major product of heterologous
expression, so we chose this variant for structural studies. A sample of benenodin-1 AC5
(2.5 mg/mL) was prepared in 95% H,0/D,0, and COSY, TOCSY, NOESY, 13C-HSQC

and 1°N-HSQC spectra were acquired. TOCSY and NOESY spectra (Figure S2) were used
for proton assignment (Table S1) and generating distance constraints. Simulated annealing
of the structure was carried out using CYANA 2.1, and followed by an energy minimization
step in explicit water using GROMACS (see supplemental methods for additional details on
NMR and structure calculations). NOEs were observed between GIn-15 and each of the 8 aa
in the ring (Figure 2A, Table S2). Similarly, Glu-14 exhibited NOEs to 6 of the 8 ring amino
acids (Figure 2A. Table S2). These data strongly implicate Glu-14 and GIn-15 as the steric
lock residues bracketing the ring. This is in contrast to most other lasso peptides which have
bulkier aromatic or large positively-charged amino acids as steric lock residues.2-3: 31-32
The 20 lowest energy structures of benenodin-1 AC5 are shown in Figure 2. Overall,
benenodin-1 AC5 has an 8 aa ring with 6 aa in the threaded loop and 5 aa in the tail.

Thermally induced conformational switching of benenodin-1 AC5

Based on its NMR structure, we expected benenodin-1 AC5 to be thermolabile due to its
small steric lock residues, Glu-14 and GIn-15. To examine its thermal stability, benenodin-1
AC5 was incubated at 95 °C for up to 18 h, and then analyzed via HPLC and MALDI-MS at
different times. A second peak with the same mass but a different retention time (14.3 min)
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was observed. In contrast to previous studies of lasso peptide unthreading, the area of the
second peak plateaued after an incubation time of 2 hours (Figure 3A). This peak was
collected and treated with carboxypeptidase B and Y, which reports on the threaded state of
the peptide.* 7 No C-terminal degradation products were observed (Figure S3), suggesting
that the peptide in this new peak is still threaded. The peptide in the 14.3 min retention time
peak was isolated and subjected to heat treatment at 95 °C. The same ratio of the two peaks
was achieved upon heating for 2 h or more (Figure 3B). These data suggest that, upon
heating, benenodin-1 AC5 achieves an equilibrium between two threaded conformers:
conformer 1, the native state, and conformer 2, a putative partially unthreaded state. In this
way, benenodin-1 functions as a thermally actuated rotaxane switch.

To gain further insight into this conformational switch, we solved the structure of conformer
2 of benenodin-1 AC5 (Table S1). In stark contrast to the NOESY spectrum of the native
conformer 1 structure, conformer 2 has only a single NOE between Glu-14 and the ring
amino acids (Figure S4, Table S2). The number of NOEs between GIn-15 and the ring is
also reduced in conformer 2 (Table S2). Instead, the ring is now in close proximity to
Lys-17, as evidenced by NOEs between this residue and 6 of the 8 ring residues (Figure 4A).
The energy minimized structure of conformer 2 (Figure 4B) shows that the Ala-16 sidechain
is nearly completely buried within the ring of the peptide, and that Lys-17 is functioning as a
secondary steric lock/stopper that prevents further unthreading of the peptide. Whereas
conformer 1 has loop length of 6 aa and a tail of 5 aa, conformer 2 has a loop of 8 aa
(including Ala-16) and a tail of only 3 aa (Figure 4C).

Kinetics and energetics of conformational switching

To probe the kinetics and energetics of the switch between the two benenodin-1 conformers,
we carried out a series of heating experiments at temperatures ranging from 35-95 °C
(Figure 5). The kinetics of the conformational switch from 55-95 °C fit well to a simple two
state model, and the resulting rate constants fit well to an Arrhenius model (Figure S5),
allowing for an estimation of the barrier height between the two states. We did not include
the data for 35 °C and 45 °C in these fits because equilibrium was not reached over the
course of a week-long experiment. For the conversion of conformer 1 to conformer 2, the
activation energy was estimated to be 27 kcal/mol while the reverse activation energy was
estimated as 23 kcal/mol. Assuming no hysteresis in the conformational switch, this implies
that conformers 1 and 2 have comparable stability, differing by only about 4 kcal/mol
(Figure 5). The equilibrium ratio [conformer 2]/[conformer 1] also varies with temperature
such that ~63% of the peptide switches to conformer 2 at 95 °C, but only ~45% of the
peptide is switched to conformer 2 at 55 °C (Table S3). The equilibrium data fit reasonably
well to a van’t Hoff model (Figure S5), which can be extrapolated to estimate the ratio of the
peptide in each conformer at the temperature at which A. benevestitus lives. At equilibrium
at the average summer temperature of Vorkuta, Russia (13 °C), ~35% of the peptide will
exist in conformer 2. However, based on extrapolations of our kinetic data, it would take
months for this equilibrium to be achieved. These fits also explain why we did not observe
any benenodin-1 conformer 2 in our expressions of the peptide, which were carried out at
20 °C. At this temperature, only 0.2% of the peptide is expected to exist in conformer 2 (Eq.
2, Supplementary Methods).

JAm Chem Soc. Author manuscript; available in PMC 2018 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zong et al. Page 5

Conversion of benenodin-1 conformers into [2]rotaxanes

It has been demonstrated previously that the lasso peptide microcin J25 can be converted
into a [2]rotaxane via protease cleavage of its loop region.33-34 Microcin J25 has large steric
lock residues (Phe and Tyr), so its thread is locked firmly in place within the ring. We were
interested in whether similar [2]rotaxanes could be generated from the two conformers of
benenodin-1 given its small steric lock residues. To this end, we generated a T12R variant of
benenodin-1, installing a trypsin cleavage site within the loop of the peptide (Figure S6A).
This variant was successfully produced by the benenodin-1 maturation machinery, though at
~10% of the yield of the wild-type peptide. After heating the peptide at 95 °C for 3h, it
exhibited switching similar to the wild-type peptide (Figure S6B). We subjected the mixture
of conformer 1 and conformer 2 of this variant to trypsin cleavage for 16 h at 37 °C to
generate potential [2]rotaxanes. Under these conditions, conformer 2 was cleaved
completely while only ~1/4 of the conformer 1 peptide was cleaved (Figure S6B). This
finding is consistent with our structures for the two conformers. In conformer 2, the Arg-12
residue is more accessible to the protease than in conformer 1 since the Arg-12 is moved
away from the ring in conformer 2 (Figure S6A). LC-MS analysis of these cleaved peptides
shows that they are indeed [2]rotaxanes with the threaded structure remaining intact (Figure
S6C).

Mutagenesis of steric lock residues in benenodin-1

Alanine scanning mutagenesis is commonly employed in studies of lasso peptide
stability,% 3% as it can confirm proposed roles of steric lock residues. We generated the
K17A, Q15A, and E14A variants of benenodin-1 AC5 and studied their thermostability at
95 °C. After heating the K17A variant (retention time 15.6 min) for 3 h at 95 °C, nearly all
of the material shifted to a new peak with retention time 13.5 min (Figure S7). This large
change in retention time suggested that the peptide may have fully unthreaded. To confirm
this, the material at 13.5 min was collected and subjected to carboxypeptidase treatment.
After carboxypeptidase treatment, a new peak at 9.5 min appeared, and MALDI-MS
analysis revealed a m/z of 873.39, corresponding to removal of 10 residues from the C-
terminal tail of benenodin-1 AC5. Collectively, these data provide a strong argument that the
Lys-17 residue is indeed serving as a secondary steric lock residue in conformer 2 as its
removal allows for further irreversible unthreading of the lasso.

Based on both HPLC and the carboxypeptidase assay (Figure S8), the Q15A construct
remained in a single conformation after heating for 3 h at 95 °C and thus did not display the
thermally induced switching of the wild-type peptide. This indicates that the Q15A variant is
biased toward conformer 1. The E14A variant had unusual behavior on the HPLC, running
as a broad peak with a retention time of 17.5 min (Figure S9A), suggesting that this peptide
may form a non-specific aggregate at the concentrations used for HPLC analysis. Heat
treatment of the E14A variant resulted in a new, sharp peak at 14.4 min, back in the range of
other benenodin variants (Figure S9C). We propose that this new peak corresponds to a
conformer 2 state. Carboxypeptidase treatment of the material at 17.5 min resulted in the
cleavage of a single amino acid from the C-terminus, generating benenodin-1 E14A AC6
(Figure S9B). In contrast, carboxypeptidase did not cleave the material eluting at 14.4 min

JAm Chem Soc. Author manuscript; available in PMC 2018 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zong et al.

Page 6

(Figure S9D), providing further support for the proposal that this peak corresponds to a
peptide resembling conformer 2.

Substrate recognition by benenodin-1 isopeptidase

As discussed above, a hallmark of alpha-proteobacterial lasso peptide gene clusters is an
isopeptidase (Figure 1) that specifically cleaves the threaded [1]rotaxane form of the lasso
peptide into a linear product. Based on our recently published structure of the astexin-2/
astexin-3 isopeptidase AtxE2,13 we generated a homology model of the benenodin-1
isopeptidase BenE using I-TASSER36-37 (Figure S$10). Overall, the predicted structure of
BenE is very similar to that of AtxE2 with a slight narrowing of the substrate cleft,
consistent with the smaller ring size of the benenodin-1 substrate relative to astexin-3. We
were interested in whether the two different conformers of benenodin-1 AC5 could be
cleaved by the BenE enzyme associated with the benenodin-1 gene cluster. Reactions were
set up under conditions that led to complete cleavage of the lasso peptide astexin-3 by its
cognate isopeptidasel1-12 with the benenodin-1 substrate present at 100 uM and the BenE
enzyme at 100 nM. After a 16 h reaction at 20 °C, all of benenodin-1 conformer 1 was
hydrolyzed, as evidenced by a change in retention time on HPLC, and confirmation by
MALDI. However, when an equilibrium mixture of conformers 1 and 2 was treated under
the same conditions, conformer 2 was not cleaved (Figure 6A, Figure S11). This finding is
consistent with our previous mutagenesis and structural studies on the astexin-3
isopeptidase.}2-13 In this work we showed that the loop region of the lasso peptide was most
important for its recognition by the isopeptidase. Since conformer 2 has a larger loop than
the native form of the peptide (conformer 1), we propose that conformer 2 is no longer able
to be accommodated within the active site of the enzyme.

To probe the importance of the loop size further, we generated a chimeric lasso peptide in
which the first five loop residues of astexin-3 (SVSGQ, Figure 1B) replaced the same 5 loop
residues of benenodin-1 (SILTQ). This “loop swap” only requires 3 relatively conservative
amino acid substitutions (Figure 6B), and was correctly processed into a lasso peptide by the
benenodin maturation machinery. We also attempted to produce the opposite “loop swap”
chimera in which the benenodin-1 loop replaced the astexin-3 loop. Unfortunately, the
astexin-3 maturation machinery did not process this substrate into a lasso peptide. While the
loop size of astexin-3 and benenodin-1 is identical, it should be noted that astexin-3 has a
ring of 9 aa while benenodin’s ring is only 8 aa. The benenodin-1/astexin-3 chimera was
successfully hydrolyzed by both the astexin-3 isopeptidase AtxE211-12 and the benenodin-1
isopeptidase BenE (Figure 6B, Figure S12). The chimeric peptide is actually a better
substrate for AtxE2 than it is for BenE, despite the fact that all of the chimera except for the
loop is derived from benenodin-1. In control experiments (Figure S13), we found that AtxE2
did not cleave wild-type benenodin-1 AC5 (conformer 1) and that BenE did not cleave
astexin-3. These data further support the idea that the loop segment of lasso peptides serves
as the primary recognition element for the isopeptidase. In the case of AtxE2, the chimeric
substrate has the “wrong” ring size (i.e. one aa smaller than its native substrate, Figure S14),
but the enzyme is still able to cleave the chimera due to the shape complementarity of the
loop.
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Since the BenE isopeptidase can discriminate between the two conformers of wild-type
benenodin-1, we tested each of the alanine variants described above, both before and after
heating, as substrates for BenE. As produced by the bacteria, in a putative conformer 1 state,
each of the alanine variants (E14A, Q15A, and K17A) was hydrolyzed by the iso-peptidase
(Figure S15). As expected, the unthreaded K17A variant, generated by heating, was not a
substrate for BenE (Figure S15). We proposed above that the Q15A variant remains in a
conformer 1 state after heating, and this was borne out by isopeptidase treatment
experiments that showed complete hydrolysis of the heated Q15A peptide by BenE (Figure
S16). Similarly, we proposed that, after heating, the E14A variant was biased toward
conformer 2. In accordance with this, the heated E14A peptide was not cleaved by BenE
(Figure S16). These isopeptidase assays confirm that the Q15A variant of benenodin-1 is
biased toward conformer 1 upon heating while the E14A variant displays the opposite
behavior and switches exclusively to conformer 2.

CONCLUSION

Here we describe the isolation of a new lasso peptide natural product from A. benevestitus
that we have named benenodin-1. This name, which translates roughly to “good knot,”
turned out to be particularly apt, because the peptide remains in its knotted state upon
extensive heating. In fact, upon heating, the peptide establishes an equilibrium between two
distinct slipknotted conformers, a property never before observed for lasso peptides. Fitting
of the conformational switching data at different temperatures to an Arrhenius model
allowed us to determine the energy landscape of the two conformers. This work shows that,
in addition to synthetic chemists, nature has also built MIMs that can act as thermally
actuated switches. Since lasso peptides are directly gene-encoded, it means that these MIMs
are subject to evolutionary pressures in nature as well as being readily engineered in the
laboratory. We have shown here that single amino acid substitutions in the steric lock/
stopper amino acids can lead to three different outcomes upon heating: irreversible
unthreading, bias toward the native conformer, and bias toward the switched conformer.

In other recent work from our laboratory, we demonstrated that the lasso peptide microcin
J25 could be cleaved in its loop region, generating a [2]rotaxane, and reassembled using
disulfide bonding into radial [3] and [4]catenanes.3# Due to the bulky steric lock residues of
microcin J25, however, these catenanes were rigid and thus unable to exhibit any switching
behavior. The benenodin-1 peptide, with its built-in switching capability and its ability to be
cleaved within its loop (Figure S6), is a prime candidate for building conformationally
complex peptide-based MIMs such as catenanes that can exhibit switching behavior and
more sophisticated properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Benenodin-1 gene cluster and sequence. A: The gene cluster for lasso peptide benenodin-1
showing the highly conserved architecture typical of lasso peptides produced in alpha-
proteobacteria. The A, B, and C genes are required for lasso peptide biosynthesis while the
E gene encodes lasso peptide isopeptidase. B: Sequence of benenodin-1 aligned with
astexin-3. The conserved threonine in the leader peptide is colored orange, the isopeptide-
bonded glycine is colored blue, and the isopeptide-bonded aspartic acid is colored red. C:
Engineered gene cluster for the heterologous expression of benenodin-1 in £. coli.
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A

Figure 2.
NMR structure of benenodin-1 AC5. A: Cartoon of the structure with grey residues

representing the ring of the peptide, lime green residues in the loop, and blue residues in the
tail. The steric lock residues Glu-14 and GIn-15 are shown in red. Arrows show NOEs
observed between ring residues and steric lock residues. B: The lowest energy conformer of
benenodin-1 showing the backbone of the peptide and the sidechains of the steric lock
residues. Coloring is the same as in the cartoon in part A. C: As in part B, but showing the
20 lowest energy structures.
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Figure 3.

Benenodin-1 establishes an equilibrium between two conformers upon heating. A:
Chromatograms of native benenodin-1 AC5 heated at 95 °C for the indicated times (grey
boxes). About 60% of the native peptide (conformer 1, retention time 14.7 min) is converted
into a new species (conformer 2, retention time 14.3 min). B: Heating of conformer 2 of
benenodin-1 at 95 °C leads to the same equilibrium ratio of the two conformers.
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Figure 4.
Conformer 2 of benenodin-1 ACS5 is partially unthreaded. A: Cartoon representation of the

benenodin-1 AC5 conformer 2 structure showing NOEs between the ring residues (grey) and
the new steric lock residues (Ala-16 and Lys-17, turquoise). B: 20 lowest energy structures
of benenodin-1 AC5 conformer 2 with the same coloring as part A and showing the
sidechains of Glu-14, GIn-15, Ala-16, and Lys-17. C: Comparison of the lowest energy
structures of conformer 1 (left) and conformer 2 (right) of benenodin-1 AC5.
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Figure5.

Kinetics and energetics of conformational switching in benenodin-1. Native benenodin-1
AC5 (conformer 1) was heated at each of the indicated temperatures and the extent of
switching was determined using HPLC. Red points represent conformer 1, blue points are
conformer 2, and the solid lines represent fits to a two-state model (see Supporting methods
for details). Error bars represent the standard deviation of two measurments, goodness of fit
R2 is greater than 0.97 for all fits. These data were used to calculate rate constants of
switching and equilibrium ratios of the two conformers (Table S3). The temperature
dependence of the rate constants was fit to an Arrhenius model in order to estimate the

JAm Chem Soc. Author manuscript; available in PMC 2018 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zong et al.

Page 15

activation energy of switching, giving an estimate of the energy difference between the two
conformers (lower right panel).
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Figure6.
Substrate specificity of benenodin-1 isopeptidase BenE. A: BenE can only hydrolyze

conformer 1 of benenodin-1. Benenodin-1 AC5, conformer 1 (red trace) is completely
hydrolyzed by BenE (green trace). In a mixture of the two conformers generated by heating
(turquoise trace), only conformer 1 is hydrolyzed (purple trace). B: A chimeric substrate
comprised of the loop residues of astexin-3 (red) grafted onto benenodin-1 (green) is
successfully hydrolyzed by both the benenodin-1 isopeptidase BenE and the astexin-3
isopeptidase AtxE2.
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