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ABSTRACT: Lasso peptides are a member of the superclass of ribosomally synthesized and
posttranslationally modified peptides (RiPPs). Like all RiPPs, lasso peptides are derived from a
gene-encoded precursor protein. The biosynthesis of lasso peptides requires two enzymatic
activities: proteolytic cleavage between the leader peptide and the core peptide in the precursor
protein, accomplished by the B enzymes, and ATP-dependent isopeptide bond formation,
accomplished by the C enzymes. In a subset of lasso peptide biosynthetic gene clusters from
Gram-positive organisms, the B enzyme is split between two proteins. One such gene cluster is
found in the organism Rhodococcus jostii, which produces the antimicrobial lasso peptide lariatin.
The B enzyme in R. jostii is split between two open reading frames, larB1 and larB2, both of
which are required for lariatin biosynthesis. While the cysteine catalytic triad is found within the
LarB2 protein, LarB1 is a PqqD homologue expected to bind to the lariatin precursor LarA
based on its structural homology to other RiPP leader peptide binding domains. We show that
LarB1 binds to the leader peptide of the lariatin precursor protein LarA with a sub-micromolar
affinity. We used photocrosslinking with the noncanonical amino acid p-azidophenylalanine and
mass spectrometry to map the interaction of LarA and LarB1. This analysis shows that the LarA leader peptide interacts with a
conserved motif within LarB1 and, unexpectedly, the core peptide of LarA also binds to LarB1 in several positions. A Rosetta
model built from distance restraints from the photocrosslinking experiments shows that the scissile bond between the leader
peptide and core peptide in LarA is in a solvent-exposed loop.

■ INTRODUCTION

The biosynthetic logic of many ribosomally synthesized and
posttranslationally modified peptides (RiPPs)1 involves the
conversion of a precursor peptide into the final natural product
by the action of one or more enzymes. The precursor peptide is
composed of the core peptide, which becomes the natural
product, and an N-terminal leader peptide, which is cleaved off
during RiPP biosynthesis.2 In the case of lasso peptides,3 two
enzymatic activities are required for formation of the final
structure.4 First, the leader peptide must be cleaved from the
precursor peptide in order to generate a free core peptide N-
terminus. That N-terminus is subsequently forged into an
isopeptide bond that defines the lasso peptide fold. For most
lasso peptides studied thus far, these two enzymatic activities
can be mapped onto two distinct proteins.5,6 The B enzymes,
typified by McjB in microcin J25 biosynthesis, are cysteine
proteases that cleave the leader peptide from the core peptide.
The C enzymes, such as McjC, catalyze ATP-dependent
isopeptide bond formation to generate the N-terminal “ring”
portion of the lasso peptide.
In our previous studies to identify lasso peptides by genome

mining,7 we identified four conserved motifs within B enzymes.
Motifs 2, 3, and 4 were found in the C-terminal portion of the
B enzyme and are associated with the cysteine catalytic triad.
Motif 1, on the other hand, was found in the N-terminal
portion of the B enzyme (Figure S1). In the gene cluster for the

antimycobacterial lasso peptide lariatin8 (Figure 1), produced
by Rhodococcus jostii, these four motifs are split between two
ORFs, labeled larC and larD in the original report.9 The larC
ORF was deemed essential for lariatin production via
complementation experiments.9 In addition, the lariatin gene
cluster includes a gene for the lasso peptide precursor, larA, an
mcjC homologue, larB, and an ABC transporter, larE. Marahiel
and co-workers have proposed renaming of these genes10 to be
in accordance with the nomenclature standards1 for lasso
peptides (Figure 1B, Figure S1). In the case of the “split”
cysteine protease B enzyme, we will refer to the larC ORF as
larB1 and the larD ORF as larB2. Burkhart et al. have
demonstrated previously that the LarB1 homologue in the lasso
peptide cluster for streptomonomicin (Stm),11 referred to as
StmE, is a PqqD homologue that binds to the leader peptide of
the Stm precursor protein, StmA.12 These PqqD homologues
appear in several different RiPP biosynthetic enzymes,13−15 and
thus have been termed RiPP precursor protein recognition
elements (RRE).12 We show here that the larB1 gene product
binds the leader peptide with sub-micromolar affinity and
provide insights into the binding kinetics of this interaction.
Furthermore, we map the interaction between the precursor
protein LarA and LarB1 using photocrosslinking, allowing the
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construction of a model of the LarA−LarB1 complex using
Rosetta.

■ RESULTS AND DISCUSSION

Expression of LarB1. The protein product of the larB1
ORF is 84 aa long, and the 15 aa motif 1 we have previously
identified7 corresponds to residues 16−30 of LarB1. We
appended a C-terminal 6×His tag to the protein and were able
to solubly express it in Escherichia coli and purify it under
denaturing conditions (Figure S2). The protein remained
soluble after removal of urea by buffer exchange with a yield of
>10 mg/L of culture. Circular dichroism spectroscopy on this
sample revealed a structure with α-helical content (Figure S3)
in accordance with its function as a PqqD homologue.
Binding Kinetics. With purified LarB1 protein in hand, we

next tested its ability to bind to the lariatin precursor peptide
LarA using biolayer interferometry (BLI). In order to increase
the signal in the BLI measurements, we fused LarA to the N-
terminus of maltose binding protein (MBP). This fusion also
includes a Factor Xa cleavage site (IEGR) between LarA and
MBP. The LarA-MBP fusion was purified using amylose resin
(Figure S4).

We first coated an anti-His biosensor with purified LarB1-His
and used LarA-MBP as an analyte at 10 different concentrations
ranging from 50 nM to 2 μM. LarA-MBP exhibited binding to
LarB1 with an affinity of 440 ± 180 nM (standard deviation of
18 measurements) (Figure 2B). Using MBP alone or a fusion
protein of the core peptide of LarA with MBP (LarACP-MBP)
as analyte, we observed no binding (Figure S5). We also
constructed a fusion protein between the leader peptide of
LarA (LarALP, Figure 2A) with MBP. A four amino acid
flexible linker, Gly-Ser-Ser-Gly, was added between LarALP and
MBP. This construct was also tested using BLI with
concentrations ranging from 100 nM to 2 μM of LarALP-
MBP. Similar binding affinity was observed between LarALP
and LarB1, with the caveat that BLI signal during the
association phase did not reach a clean plateau at high
LarALP-MBP concentrations (Figure S6). As a further
confirmation that the interaction between LarA and LarB1 is
mediated by the leader peptide, we used a 26 aa synthetic
peptide corresponding to the leader peptide segment of LarA as
the analyte in BLI experiments. Because of the small size of this
analyte, we were able to detect binding only at a single, high
concentration of the LarA leader peptide (4 μM). However, the
association and dissociation rate constants were consistent with

Figure 1. Structure and biosynthesis of the lasso peptide lariatin. (A) Lariatin A structure, drawn from coordinates in ref 8. (B) Biosynthetic gene
clusters for microcin J25 (top) and lariatin (bottom). The conserved B enzyme motifs are split between the larB1 and larB2 genes in the lariatin gene
cluster. Motifs 2, 3, and 4 correspond to the cysteine catalytic triad.

Figure 2. Binding of the lariatin precursor to LarB1. (A) Lariatin precursor (LarA) sequence. The leader peptide is shown in blue, and the core
peptide is shown in green. The F21 residue where azidophenylalanine (AzF) was initially incorporated for the photocrosslinking experiments is
marked with a red asterisk. (B) Biolayer interferometry (BLI) traces of LarA-MBP binding to immobilized LarB1-His at five different concentrations
of LarA-MBP. Fits to the association data (ka) and dissociation data (kd) as well as the calculated equilibrium dissociation constant Kd are given in
the table.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.6b00184
ACS Cent. Sci. 2016, 2, 702−709

703

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00184/suppl_file/oc6b00184_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00184/suppl_file/oc6b00184_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00184/suppl_file/oc6b00184_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00184/suppl_file/oc6b00184_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00184/suppl_file/oc6b00184_si_001.pdf
http://dx.doi.org/10.1021/acscentsci.6b00184


the values determined for the MBP fusion constructs (Figure
S5) and gave a Kd value of 280 nM.
Previously, we have found that the N-terminal portion of the

leader peptide of the microcin J25 (MccJ25) precursor was
dispensable with regard to the biosynthesis of MccJ25 in E.
coli.16 To test whether N-terminal truncations of LarA affected
its binding to LarB1, we generated LarA-MBP constructs with
5−15 aa truncated from the N-terminus of LarA, not counting
the N-terminal methionine. BLI experiments with these
constructs showed that the first 5 aa (TSQPS, see Figure 2A)
were dispensable with no effect on binding but the 9 aa, 10 aa,
and 15 aa truncations abolished detectable binding at 2 μM
analyte concentration (Figure S7). From these data we
conclude that LarA and LarB1 interact with a sub-micromolar
Kd, and that the interaction is mediated by the leader peptide
portion of LarA.
LarB1 Homology Model. Recently a prevalent precursor

recognition element (RRE) in RiPPs biosynthesis has been
identified.12 These RREs are homologues of the PqqD protein
involved in pyrroloquinoline quinone biosynthesis.17 They may
be found as standalone proteins as in the case of PqqD, StmE,
and LarB1 or as domains in larger enzymes. PqqD18 bound its
substrate PqqA with sub-micromolar affinity, in agreement with
what we report above for LarA binding to LarB1. PqqD has also
been recently shown to be necessary for the function of radical
S-adenosylmethionine protein PqqE.19 However, no structure
of the PqqA/PqqD complex is currently available.
Three crystal structures of RiPP biosynthetic enzymes with

RRE domains with bound precursors or leader peptides have
been reported. MccB is an enzyme responsible for the
posttranslational adenylation of a heptapeptide to generate
the antibiotic microcin C7.20 The structure of this enzyme in
complex with its heptapeptide substrate MccA13 shows the
peptide bound in an N-terminal domain of MccB which the
authors term a “peptide clamp”. When the peptide clamp
domain was removed from MccB and then added back in trans,
∼20% of the MccB adenylation activity was recovered.13 This is
reminiscent of the two different solutions for leader peptide
cleavage in lasso peptide biosynthesis: leader peptide binding
and protease activity can be either localized to a single protein
or split between two separate proteins. More recently, the
structure of the lantibiotic biosynthetic enzyme NisB in
complex with a portion of its precursor peptide NisA14 and
the structure of the cyanobactin biosynthetic enzyme LynD
with the PatE precursor peptide15 have been determined. NisB
and LynD engage the leader peptide sequence in a similar pose
while MccB engages MccA in an entirely different orientation.21

We constructed a homology model of LarB1 using I-
TASSER,22 and the highest ranking threading template was
PDB file 3G2B, corresponding to PqqD. When we aligned our
LarB1 homology model to either MccB or NisB, there was high
structural similarity to the leader peptide binding domains with
an rmsd of 3.33 Å over 64 amino acids for MccB and 3.45 Å
over 72 amino acids for NisB (Figure 3). This homology model
was used to guide our subsequent photocrosslinking experi-
ments.
Photocrosslinking between LarA and LarB1. To

examine the interaction between LarA and LarB1 in more
detail, we next turned to a photocrosslinking approach.23 Our
BLI experiments above indicated that the N-terminal portion of
a LarA was dispensable with regard to LarB1 binding. Thus, we
first replaced the phenylalanine in position 21 (F21) near the
C-terminus of the LarA leader peptide (Figure 2A) with p-

azidophenylalanine (AzF) (Figure 4A) within the LarA-MBP
fusion. This was accomplished by introducing an amber codon
at the F21 position (Figure 2A) and utilizing an engineered
aminoacyl-tRNA synthetase/tRNA pair24 for the site-specific

Figure 3. Comparison of LarB1 homology model to NisB and MccB
leader peptide binding domain. (A) Homology model of LarB1 (blue)
overlaid with NisB residues 139−225 (red). (B) Homology model of
LarB1 (blue) overlaid with MccB chain B residues 1−81 (pink). NisB
structures drawn from PDB file 4WD9. MccB drawn from PDB file
3H9G.

Figure 4. Photocrosslinking of LarA to LarB1. (A) Structure of
azidophenylalanine (AzF) and the nitrene that forms upon photolysis.
(B) SDS−PAGE analysis showing that the band for LarA−LarB1
adducts grows as expected with the length of UV exposure. (C)
Location of LarA cross-linked to LarB1 as determined by LC−MS/
MS. The AzF incorporated into LarA is labeled Z. Amino acids in
parentheses correspond to missed cleavages in the tryptic digestion.
The observed b- and y-ions are shown, indicating that the cross-linking
occurred to Tyr-28 of LarB1. Spectra corresponding to this figure are
in Figure S9.
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incorporation of AzF. Of the photocrosslinking amino acids
available for amber suppression in E. coli,24−26 AzF is the most
structurally similar to Phe and thus is expected to disrupt the
native interaction between LarA and LarB1 minimally. Upon
photolysis at 365 nm, the aryl azide side chain of AzF eliminates
N2 and generates a nitrene that can insert into nearby C−H or
N−H bonds.27

We incubated 2 μM LarB1-His with 1 μM LarA-MBP(AzF)
under UV illumination at 4 °C. SDS−PAGE analysis of the
reaction showed clear UV-dependent cross-linking that
increases over a period of 1 h (Figure 4B). To determine the
location of the cross-link, we first removed free LarB1 using a
30 kDa cutoff centrifugal filter device. The remaining protein
was digested with Factor Xa to cleave the MBP off of LarA.
Finally, the protein mixture was purified using IMAC
chromatography to isolate photocrosslinked LarA−LarB1
complexes (Figure S8). This protein was digested with trypsin,
and the resulting peptides were analyzed using MALDI-TOF
mass spectrometry (Figure S9A). Assuming total digestion, the
tryptic peptide of LarA that contains AzF is only three amino
acids, ZAR, where Z is AzF. We searched for conjugates of this
peptide with all possible tryptic peptides of LarB1 and found a
peptide with MH+ = 2619.2 Da, close to the expected mass of
2619.3 Da (Figure S9B). In addition, we observed a related
peptide with a missed tryptic cleavage prior to the site of AzF
incorporation, GKZAR, also conjugated to the same LarB1
peptide (Figure S9B). The tryptic peptide that is photo-
crosslinked to the LarA leader peptide corresponds to amino
acids 25−44 of LarB1.
To pinpoint the site of the cross-link between the leader

peptide of LarA and LarB1, we next turned to LC−MS/MS
analysis. Fragmentation of the masses we observed in MALDI
indicated that AzF was covalently attached to Tyr-28 of LarB1
(Figure 4C, Figure S10). To confirm the specificity of the cross-
linking reaction, LarB1 Tyr-28 was then mutated to Ala and
photocrosslinking between LarA F21Z and LarB1 Y28A was
repeated. No cross-linking was observed (Figure S11).
Additionally, BLI measurements between LarB1 Y28A and
LarA were made, showing an approximate 2-fold increase in Kd
(Figure S12) in accordance with alanine scanning experiments
carried out on StmE.12 With the cross-linking reaction carried
out above Kd, the modest change in binding affinity does not
fully account for the abolishment of cross-linking. Instead, we
propose that the aryl ring of Tyr-28 is the likely site of cross-
linking with AzF, and substitution of Tyr-28 with alanine
eliminates the site of cross-linking. Collectively, this data
provides a strong confirmation that the C-terminal portion of
the LarA leader peptide interacts with LarB1. It is also
noteworthy that Tyr-28 is one of the more well-conserved
residues within motif 1 (Figure S1).7

Successful spatial mapping of LarA Phe-21 to LarB1 Tyr-28
using photocrosslinking prompted the analysis of additional
site-specifically incorporated AzF constructs, either in LarA or
LarB1, with the homology model as a guide. The Tyr-28
residue of LarB1 is homologous to Val-169 of NisB. The
segment of NisB including Val-169 is a β-strand and interacts
directly with the NisA leader peptide, indicating that LarB1 may
engage the LarA leader peptide in a similar fashion (Figure
S13A). In the case of MccB, the Tyr-28 of LarB1 is
homologous to Gln-27 in MccB. While Gln-27 is in the
vicinity of the MccA precursor heptapeptide, it does not make
direct contact with MccA (Figure S13B). Thus, we

hypothesized that the LarA/LarB1 interaction is more similar
to the NisA/NisB interaction than the MccA/MccB interaction.
A series of LarB1 constructs with AzF substitution were

created (Figure 5), scanning for interactions between the β3
strand of LarB1 (Figure 5, Figure S1) and the leader peptide of
LarA. The β3 strand is in closest proximity to the leader peptide
in the NisA/NisB complex. The LarB1 Y28Z and LarB1 Q30Z
constructs cross-linked well to LarA-MBP, while other
substitutions in the β3 strand cross-linked weakly or not at
all (Figure 5, Figure S14). LC−MS/MS analysis on the cross-
linked LarB1 Y28Z and LarB1 Q30Z species showed that the
cross-linking was occurring not in the leader peptide region of
LarA but in the core peptide (Figure S15, Figure 5). This result
was surprising given the BLI data presented above showing that
LarACP-MBP does not bind to LarB1 (Figure S5). To verify
this result, cross-linking between LarB1 Q30Z was repeated
with full length LarA-MBP, LarALP-MBP, and LarACP-MBP.
No cross-linking was observed with LarACP-MBP, very weak
cross-linking with LarALP-MBP, and strong cross-linking with
full length LarA-MBP (Figure S16). This is in good agreement
with BLI data that showed that LarB1 binds tightly to the
leader peptide but not to the core peptide, indicating that
leader peptide binding would be necessary to position any
interactions with the core peptide.
The finding that residues in β3 of LarB1 bind the core

peptide suggested a model in which the core peptide must loop
around in order to contact the surface of LarB1 (Figure 5). To
test this model further, we introduced AzF to the Y16 and V19
positions of LarB1. These residues are located in the loop
between β1 and β2, and in the β2 strand of LarB1, respectively.
Both of these constructs cross-linked well to LarA-MBP (Figure
S14), and LC−MS/MS analysis localized the cross-linking to
the C-terminal portion of the LarA leader peptide (Figure 5,
Figure S15). This experiment provided further evidence for a
model in which the leader peptide docks next to β3 of LarB1,
generating a four-stranded antiparallel β-sheet. The core
peptide then curls back on the surface of LarB1, resulting in
the specific interactions observed with the Y28Z and Q30Z
constructs.
Given this model, we wanted to revisit the substitutions in

the β3 strand of LarB1 that gave poor cross-linking results. BLI
measurements were made with the LarB1 D27Z, Y29Z, L31Z,
and N32Z constructs to determine if binding affinities were
affected by the amino acid substitution. The measured Kd’s
were generally within a few fold of the wild-type interaction,
with LarB1 L31Z exhibiting wild-type binding (Figure S17).
For this construct, the AzF residue likely does not point toward
LarA. For LarB1 D27Z, Y29Z, and N32Z, however, the drop in
BLI signal was substantially greater than could just be
accounted for from the drop in Kd. An explanation for this
behavior is that these amino acid substitutions destabilize the
protein to the point that much of the protein bound to the
biosensor is misfolded. The small fraction of folded protein
would still give near wild-type Kd values, while also giving a
decreased signal in the BLI measurements. Thus, we propose
that these residues on β3 of LarB1 play a role in promoting the
stability of the protein.
Lastly, we generated several additional AzF-substituted LarA

constructs to test their cross-linking to LarB1. The Y10Z LarA
construct, with AzF located in the leader peptide well upstream
of the Y21 position discussed earlier, did not cross-link to
LarB1 (Figure 5). However, two variants in which AzF was
inserted in the core peptide, Y32Z and W35Z, did exhibit cross-
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linking (Figure 5, Figure S14). LC−MS/MS analysis on the
W35Z cross-linked adduct (Figure S15) provided further
support for the model in which the LarA core peptide curls
back to interact with LarB1.
LarA−LarB1 Docking Model. Using the photocrosslinking

and BLI data, we sought to build a structural model of the LarA
and LarB1 interaction. The ability of LarA −5 aa to bind as well
as full length LarA while LarA −9 aa lost binding (Figure S7)
indicates that there are important residues between positions 7
and 10 that interact with LarB1. A sequence alignment of
precursors from split-B gene clusters (Figure S18A) reveals a
conserved Tyr/Trp, which is 15 residues upstream of the
conserved Thr residue in lasso peptide leader peptides.16 This
corresponds to Tyr-10 in LarA (Figure 2A). In addition, there
is a highly conserved proline 12 residue upstream of the
conserved Thr residue, position 13 in LarA. Photocrosslinking
data from LarA F21Z and the recent data on alanine scans of
PqqD homologues acting as RREs12 suggest that LarB1 likely
engages the leader peptide of LarA in a fashion similar to how
NisB and LynD engage their leader peptides. Hence we also
aligned B1 protein sequences looking for conserved residues in
β3 and α3 that are expected to interact with the leader peptide.

This revealed a few well conserved residues (Figure S18B),
including an Asp-69 residue in the upper region of the α3 that
likely interacts with the conserved Tyr-10 and Pro-13 region of
the leader peptide (Figure 6B). This interaction would allow
the downstream region of LarA that includes Phe-21 to interact
with the Tyr-28 region of LarB1 β3.
We turned to the interactive Rosetta user interface FoldIt28

to generate the docking model (Figure 6A). FoldIt has been
used to manually generate a structure based on NMR NOEs,
which provide distance restraints.29 We used our AzF cross-
linking data as distance restraints during manual docking of a
segment comprising residues 8−35 of LarA (Figure 2A). The
leader peptide was first docked into the LarB1 model, satisfying
the requirement for LarA Phe-21 to be close to LarB1 Tyr-28
(Figure 6B). The conserved Pro-13 introduced a kink in the
leader peptide sequence that naturally guided the location of
the docking, with the leader peptide docking in a similar fashion
to NisB and LynD. This docking predicts an H-bond
interaction between the conserved Asp-69 in LarB1 with
relatively well-conserved Tyr-10 in LarA. If this interaction is
crucial for leader peptide positioning, it may explain why we
saw no cross-linking with the Y10Z LarA construct (Figure 5).

Figure 5. Photocrosslinking experiments tested. (A) Photocrosslinking results of LarB1 AzF constructs with wild-type LarA. (B) Photocrosslinking
results of LarA AzF constructs with wild-type LarB1. (C) LarB1 homology model with AzF insertion locations highlighted in blue and orange. Blue
positions gave little to no cross-linking while orange positions were strong cross-linkers.
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The replacement of a hydroxyl group in Tyr with the azide
group in AzF would abrogate the H-bond.
Core peptide residues were then added to the precursor

peptide up to Trp-35. The AzF cross-linking data were used as
distance restraints to dock this region of the core peptide
(Figures 6C−6F). Except for the restraint from the LarB1
V19Z construct, all other distance restraints were satisfied in
the model with the lowest estimated energy. Val-19 is in the
general vicinity of the Thr-24−Ala-26 region of LarA but is
facing inward into the hydrophobic core of LarB1. We suspect
that substitution of the larger AzF residue at Val-19 can cause a
significant structural change, perhaps flipping the residue out of
the core due to steric clashes.
The photocrosslinking data showed significant interactions

between the LarB1 protein and the core peptide of LarA. This
biochemical data allowed us to generate a model of 28 aa of the
46 aa precursor in the bound form. The model shows that, in
addition to the expected leader peptide binding function of
LarB1, the LarB1 protein is also positioning the core peptide,
causing it to loop back and interact with the β1 strand and α1
helix of the protein. The scissile bond between the leader and
core peptide regions of LarA is solvent-exposed in this model,
presumably positioning it for cleavage by the cysteine protease

LarB2. It would be of interest to study the cross-linking
behavior of LarA in the presence of both LarB1 and LarB2. We
attempted to produce LarB2 on its own and as a fusion protein,
but were unsuccessful in generating soluble protein. The
aggregation propensity of B2 enzymes has been previously
noted,12 and intact B enzymes such as McjB copurify with
chaperones.6 We cannot rule out the possibility that some of
the LarA−LarB1 contacts we observe would be disturbed in the
presence of LarB2. Given that LarB2 is a relatively small protein
at 147 aa long, we argue that it is unlikely that LarB2 would
disrupt all of the LarA-LarB1 contacts observed.

Functional Significance of Core Peptide−B1 Protein
Interactions. We wished to determine whether residues in
LarB1 that are implicated in core peptide binding had any effect
on the biosynthesis of lasso peptides. Unfortunately, there is no
heterologous expression for lariatin currently available.
However, Y28 of LarB1, one of the residues that cross-linked
the core peptide, is highly conserved among LarB1 homologues
(Figure S18B) and lasso peptide B proteins more broadly
(Figure S19A). As discussed above (Figure S12) and
elsewhere,12 the Y28A substitution has a minimal effect on
leader peptide binding, so any effects this substitution has on
lasso peptide production can instead be ascribed to tyrosine’s

Figure 6. Docking model of LarA and LarB1. Model manually generated using FoldIt with homology models, BLI data, and cross-linking data as
distance restraints. AzF constructs analyzed are shown in red, and corresponding regions of cross-linking are shown in orange. LarB1 is shown in
green, LarA leader peptide residues 8−26 are shown in magenta, and LarA core peptide residues 27−35 are shown in cyan. (A) LarB1 homology
model after LarA docking (LarA hidden). Note the shift of the β1 and β2 strands as compared to the homology model before docking (Figure 5C).
(B) Predicted interaction from bioinformatics analysis between LarA Y10 (dark gray) and LarB1 D69 (light gray); LarA F21Z cross-linked to LarB1
Y28. (C) LarB1 Y28Z cross-linked to the Y32−R33 region of LarA. (D) LarB1 Q30Z cross-linked to the Q29−R33 region of LarA. (E) LarB1 Y16Z
and LarB1 V19Z both cross-linked to the T24−A26 region of LarA. The LarB1 V19Z restraint could not be satisfied, likely because substitution of
V19, a buried hydrophobic residue, with the larger AzF caused a structural change to LarB1. (F) LarA W35Z cross-linked to two regions, LarB1 Y16
and LarB1 A35−A36, that are far apart in amino acid sequence but close together in space.
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interaction with the core peptide. We introduced the
corresponding Tyr to Ala substitution into the B protein in
the astexin-3 heterologous expression system (Figure S19A).30

This substitution reduced the titer of astexin-3 produced by
more than 15-fold (Figure S19B), clearly showing a role for this
Tyr residue in lasso peptide biosynthesis.

■ CONCLUSION

Here we have used photocrosslinking to map the interaction of
the lariatin precursor, LarA, with its PqqD homologue LarB1.
LarB1 binds the leader peptide region of the lariatin precursor
protein LarA with an affinity of ∼400 nM, in agreement with
other recently characterized PqqD homologues. Using the
photocrosslinking amino acid AzF, we mapped the interaction
of LarA with LarB1. This demonstrated that the leader
sequence interaction likely resembles the interaction of the
lantibiotic precursor NisA with its maturation enzyme NisB.
More interestingly, this work demonstrated that LarB1 interacts
with the core sequence as well, likely positioning it to be
processed by the maturation enzymes LarB2 and perhaps LarC.
In the docking model generated using AzF data as distance
restraints, the N-terminus of the core sequence is in a solvent
exposed loop (Figure 6), accessible for cleavage by the LarB2
enzyme. These new data further elucidate the mechanism of
lasso peptide B enzymes: the conserved N-terminal motif of B
enzymes, whether fused to the proteolytic domain or as a
standalone protein, interacts with the leader peptide with high
affinity. The docking of the leader peptide presumably can
dramatically increase the low affinity binding of the core
peptide, which was not detectable without the leader peptide,
via a local concentration effect. The combination of leader
peptide and core peptide binding may line up the precursor
peptide substrate for subsequent cleavage at the cysteine
catalytic triad of B2 enzymes. The photocrosslinking approach
is particularly well-suited for observing weaker interactions such
as the LarA core peptide−LarB1 interaction. Because these
peptide regions are not expected to be well-ordered, they may
not be observable using either NMR or crystallographic
techniques. In addition, it is likely that this photocrosslinking
approach can find utility in studying large protein complexes
that are not amenable to crystallographic approaches.
The prevalence of so-called “split-B” enzymes, in which the

lasso peptide protease activity is divided between two proteins,
in lasso peptide biosynthetic gene clusters has been previously
noted in our genome mining studies.31 The split-B enzymes
appear largely in lasso peptide gene clusters from Gram-positive
bacteria where there is a major clade of lasso peptide producers
among the actinobacteria.7 Experimentally confirmed examples
include R. jostii discussed herein, Streptomyces roseosporus,32 and
Streptomonospora alba, the producer of streptomonomicin.11 In
contrast, most of the Gram-negative proteobacterial lasso
peptide producers10,30 use a single protein for lasso peptide
protease activity. With our demonstration that LarB1 binds
both the leader peptide and core peptide of its cognate
precursor protein, there is mounting evidence that there are
two different catalytic solutions to the problem of precursor
peptide binding and cleavage. However, it remains unclear why
a subset of Gram-positive bacteria prefers to use a split-B
enzyme whereas many other bacteria utilize a single protein.
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