
1 3

J Ind Microbiol Biotechnol (2014) 41:333–344
DOI 10.1007/s10295-013-1357-4

REVIEW

Prospecting genomes for lasso peptides

Mikhail O. Maksimov · A. James Link 

Received: 4 August 2013 / Accepted: 23 September 2013 / Published online: 19 October 2013 
© Society for Industrial Microbiology and Biotechnology 2013

study of natural products is certainly the complete sequenc-
ing of the Streptomyces coelicolor genome, carried out by 
a team led by Sir David Hopwood [4]. In the decade-plus 
since the S. coelicolor genome was published, genomic 
tools have become requisite additions to the natural prod-
ucts researcher’s toolbox. In honor of Sir Hopwood’s 80th 
birthday this year and his myriad contributions to natural 
products research, this article will describe how genome-
mining approaches have been used to increase our under-
standing of lasso peptides, a class of ribosomally derived 
naturally products.

Lasso peptides belong to a large and ever-growing super-
family of natural products arising from ribosomally synthe-
sized polypeptide precursors. This superfamily has recently 
been given the moniker RiPPs for ribosomally synthesized 
and posttranslationally modified peptides [1]. RiPPs lend 
themselves especially to genome  mining approaches [41] 
because of the gene-encoded nature of their precursors. 
Many RiPPs include extensive posttranslational modifica-
tions [10] including chemical moieties reminiscent of mod-
ifications generated by non-ribosomal peptide synthetase 
(NRPS) tailoring enzymes [29]. In contrast to heavily mod-
ified RiPPs such as cyanobactins [8] and bottromycins [15] 
that look little like their ribosomally synthesized precur-
sors, lasso peptides are relatively bereft of posttranslational 
modifications. However, lasso peptides do fold into a truly 
remarkable right-handed, threaded three-dimensional struc-
ture reminiscent of a slipknot or lasso (Fig. 1). This struc-
ture is held together by a single posttranslationally installed 
isopeptide bond that joins the N-terminus of the matured 
peptide to a glutamate or aspartate sidechain eight or nine 
amino acids down the chain. The C-terminal portion of 
the peptide, ranging from 7 to 15 amino acids, is threaded 
through this ring resulting in the lasso structure. Diversity 
in the lasso peptide family comes from the wide variety of 

Abstract  Genome mining has unlocked a veritable treas-
ure chest of natural compounds. However, each family of 
natural products requires a genome-mining approach tai-
lored to its unique features to be successful. Lasso peptides 
are ribosomally synthesized and posttranslationally modi-
fied products with a unique three-dimensional structure. 
Advances in the understanding of these molecules have 
informed the design of strategies to identify new members 
of the class in sequenced genomes. This review presents 
the bioinformatic methods used to discover novel lasso 
peptides and describes how such analyses have afforded 
insights into the biosynthesis and evolution of this peptide 
class.
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Introduction

With the advent of abundant, freely available genome 
sequences, the field of natural products discovery has been 
transformed. The chemistry that endows natural products 
with their beautiful and complex structures is increasingly 
being mapped to specific genes [43]. A related activity, 
genome mining, involves searching genomes for genes or 
gene clusters indicative of natural product biosynthesis. 
A milestone in these genomics-based approaches for the 
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sequences (Fig. 2) that exists in family members as well as 
different lengths and topologies (Fig. 3) that can occur.  

Our group has recently written an authoritative review 
on lasso peptides [27] that describes the broad array of dif-
ferent medicinally relevant activities of known lasso pep-
tides as well as what is known about their structure and bio-
synthesis. We will touch briefly on these topics here, but 
most of this article will focus instead on genome-mining 
approaches to lasso peptide discovery, several of which 
have appeared quite recently. We will describe how genome 
mining for new lasso peptides has not only expanded the 
list of known members of this family, but has also led to 
new insights into their biological function.

Lasso peptide function

Members of the lasso peptide family have a broad spectrum 
of natural activities. Several members have antimicrobial 
[16, 22, 36], anti-viral [7] and anti-metastatic [40] proper-
ties, and some function as receptor antagonists [44, 45] and 
enzyme inhibitors [17, 19]. Antimicrobial activity typically 
extends to either closely related strains or to organisms 
competing with the producer strain for resources. Struc-
ture–activity relationship studies on MccJ25 have estab-
lished its mode of action as an RNA polymerase inhibitor. 
MccJ25 blocks the NTP uptake channel in a “cork-in-bot-
tle” fashion [30], preventing transcription. Recently, RNA 
polymerase has been shown to also be the target of the 
lasso peptide capistruin [23]. A more in-depth discussion 
of the natural activities of lasso peptides can be found in 

our recent review on the topic [27]. The activities of many 
of the lasso peptides discovered more recently through 
genome mining have not been established. However, clues 
from the genomic context of lasso peptide gene clusters can 
provide some insights into their function. We will return to 
this topic later in this review.

Lasso peptide structure

As described in the introduction, lasso peptides get their 
name from their remarkable threaded structure. Segments 
of the peptide above and below the ring are referred to as 
the loop and tail, respectively (Fig.  1a). While all lasso 
peptides share this general fold, three classes have been 
defined based on the presence or absence of disulfide 
bridges (Fig. 2). Class I lasso peptides have two disulfide 
bonds: one between the N-terminal cysteine and the loop, 
and the other between the ring and the tail. Class II lasso 
peptides invariably start with a glycine and lack disulfide 
bonds. The only class III lasso peptide, BI-32169 [21], 
contains a single disulfide bond between a cysteine at the 
C-terminus of the peptide and the ring. All characterized 
examples of lasso peptides are right-handed, which means 
that looking into the plane of the ring such that residue 
number increases in a counter-clockwise direction, the first 
residue of the loop will rise towards the observer (Fig. 1b). 
There is as yet no experimental or theoretical evidence to 
explain the exclusive chirality of lasso peptides [12].

A defining feature of class II lasso peptides is the steric 
lock, sometimes referred to as the plug, that keeps the tail 
from escaping the confines of the ring (Fig. 1a). The lock is 
often a dyad of large amino acids located above and below 
the ring that define the threading position and consequently 
the lengths of the loop and the tail. Since class II peptides 
lack disulfide bonds, they rely entirely on the steric lock 
to restrain their structures. The fact that various residues 
have been observed in the steric locks makes it challeng-
ing to predict where the lasso peptide is threaded from the 
sequence (Fig. 2). Whether or not a specific amino acid is 
able to secure the tail inside the ring can even depend on 
the threading position itself [13]. Thus, determining the 
identity of the steric lock is a topic better suited to bio-
chemical, rather than bioinformatic, investigations.

Lasso peptides have variable structural features and 
amino acid compositions (Fig. 2). Many of the early exam-
ples, such as the class I peptides isolated from Streptomy-
ces and class II peptides MccJ25, anantin and propeptin, 
are predominantly hydrophobic. In contrast, many of the 
recently discovered lasso peptides from proteobacterial 
species are more polar (bottom half of Fig.  2). While the 
rings of lasso peptides are either eight or nine residues 
long, the degree of variability in the relative sizes of loops 

ring 

tail 

loop 

a b 

Fig. 1   Lasso peptides have a unique topology resembling a slipknot. 
a An idealized representation of the lasso peptide backbone. Ring, 
loop and tail portions of the polypeptide are colored red, green and 
orange, respectively. Residues making up the steric lock are drawn 
above and below the plane of the ring (gray). Specific sidechain 
chemical groups on the lock were left off to reflect the diversity of 
possible steric locks in lasso peptides. b Top view of an idealized 
lasso peptide highlights the right-handedness of lasso peptides. Indi-
vidual residues are represented as spheres and coloring is consistent 
with a (color figure online)
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and tails is much greater. Differently sized loops and tails 
provide most of the topological variability in the lasso pep-
tide class (Fig. 3).

Recalcitrance to thermal, proteolytic and chemical treat-
ment is a hallmark of lasso peptides [35] and a major part 

of their appeal as a peptide engineering scaffold. These 
properties are understood to stem from the constrained 
nature of the lasso fold that prevents the kind of denatura-
tion and aggregation that proteins are so susceptible to. 
However, recent experiments on the astexins, caulosegnins 

Class I 

Name Sequence Host organism 

RP 71955/aborycin  CLGIGSCNDFAGCGYAVVCFW Streptomyces sp. 

Siamycin I/MS-271/NP-06   CLGVGSCNDFAGCGYAIVCFW Streptomyces sp. 

Siamycin II  CLGIGSCNDFAGCGYAIVCFW Streptomyces sp. 

SSV-2083 CVWGGDCTDFLGCGTAWICV Streptomyces sviceus 

Anantin  GFIGWGN-DIFGHYSGDF Streptomyces coerulescens 

Capistruin GTPGFQTPDARVISRFGFN Burkholderia thailandensis 

Lariatin A GSQLVYR-EWVGHSNVIKP Rhodococcus sp. K01-B0171 

Lariatin B GSQLVYR-EWVGHSNVIKPGP Rhodococcus sp. K01-B0171 

Microcin J25  GGAGHVP-EYFVGIGTPISFYG Escherichia coli AY25 

Propeptin  GYPWWDYRDLFGGHTFISP Microbispora sp. SNA-115 

RES-701-1  GNWHGTAPDWFFNYYW Streptomyces sp. RE-701 

SRO15-2005 GYFVGSYKEYWSRRII Streptomyces roseosporus 

Astexin-1 GLSQGVEPDIGQTYFEESRINQD Asticcacaulis excentricus CB 48 

Astexin-2 GLTQIQALDSVSGQFRDQLGLSAD Asticcacaulis excentricus CB 48 

Astexin-3 GPTPMVGLDSVSGQYWDQHAPLAD Asticcacaulis excentricus CB 48 

Caulosegnin I GAFVGQP-EAVNPLGREIQG Caulobacter segnis 

Caulosegnin II GTLTPGLPEDFLPGHYMPG Caulobacter segnis 

Caulosegnin III GALVGLLLEDITVARYDPM Caulobacter segnis 

Sungsanpin GFGSKPI-DSFGLSWL Streptomyces sp. 

Burhizin GGAGQYK-EVEAGRWSDRIDSDDE Burkholderia rhizoxinica HKI454 

Caulonodin I GDVLNAP-EPGIGREPTGLSRD Caulobacter sp. K31 

Caulonodin II GDVLFAP-EPGVGRPPMGLSED Caulobacter sp. K31 

Caulonodin III GQIYDHP-EVGIGAYGCEGLQR Caulobacter sp. K31 

Zucinodin GGIGGDF-EDLNKPFDV Phenylobacterium zucineum HLK1 

Rhodanodin GVLPIGN-EFMGHAATPGITE Rhodanobacter thiooxydans LCS2 

Rubrivinodin GAPSLINSEDNPAFPQRV Rubrivivax gelatinosus IL44 

Sphingonodin I GPGGITG-DVGLGENNFGLSDD Sphingobium japonicum UT26 

Sphingonodin II GMGSGST-DQNGQPKNLIGGISDD Sphingobium japonicum UT26 

Syanodin I GISGGTV-DAPAGQGLAGILDD Sphingobium yanoikuyae XLDN2-5 

Sphingopyxin I GIEPLGPVDEDQGEHYLFAGGITADD Sphingopyxis alaskensis RB2256 

Sphingopyxin II GEALIDQ-DVGGGRQQFLTGIAQD Sphingopyxis alaskensis RB2256 

BI-32169 GLPWGCPSDIPGWNTPWAC Streptomyces sp. 

Class II 

Class III 

S S 
S S 

S S 

S S 
S S 

S S 
S S 

S S 
S S 

Fig. 2   The lasso peptide family has grown tremendously since the 
advent of genome mining to total 32 confirmed members. The main 
feature of the secondary structure of lasso peptides is the macrocycle, 
represented by a green arc, formed between the N-terminal amine 
and an internal glutamic or aspartic acid residue in position 8 or 9. 

Disulfide bridges reinforce the structure of class I and class III mem-
bers, while the tails of class II lasso peptides are held in place by 
steric locks. Experimentally determined steric locks are bolded and 
shown in red (color figure online)
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and variants of capistruin have shown that, with regard to 
thermostability, not all lasso peptides are created equal. 
Astexins-1 and -2 and caulosegnins I and III can unthread 
after prolonged heat treatment (50–95  °C). A branched-
cyclic (unthreaded lasso) peptide is formed after the tail 
escapes the ring. The lasso peptide capistruin could be 
made heat-sensitive through mutagenesis of its steric lock 
to much smaller amino acids [20]. This highlighted the size 
of the steric lock relative to the inner diameter of the ring 
as an important determinant of thermostability. Astexin-3 
[26] and caulosegnin II [13], on the other hand, can with-
stand prolonged heating without unfolding. Five of the 12 
newest lasso peptides from proteobacteria [14] were shown 
to unthread at 95  °C. Interestingly, akin to the producers 
of the astexins and the caulosegnins, S. japonicum and S. 
alaskensis were also found to produce both thermostable 
and thermolabile lasso peptides.

Lasso peptide biosynthesis and regulation

Three genes are strictly necessary for lasso peptide bio-
synthesis, and the first gene cluster described for MccJ25 
[38, 39] also included a fourth gene encoding an ABC 
transporter called McjD (Fig.  4). A common “ABCD” 
nomenclature (e.g., McjABCD for MccJ25 and CapABCD 
for capistruin) has been recently adopted to consist-
ently describe these clusters [1]. The A gene encodes a 

precursor peptide that is processed by the B and C matu-
ration enzymes into the lasso fold. Since all lasso peptide 
gene clusters share these three essential genes, they are 
commonly referred to simply as the A, B and C homologs. 
The D gene encodes an ABC transporter that serves as an 
immunity factor for lasso peptides with antimicrobial activ-
ity [32].

As is often observed in the RiPPs superfamily [31], the 
precursor peptide of lasso peptides contains an N-termi-
nal leader sequence preceding the core peptide (Fig.  5). 
The B and C homologs act interdependently to process 
the linear product of the A gene into a lasso. McjB is an 
ATP-dependent cysteine protease [46] that cleaves off the 
leader peptide and is distantly related to the transglutami-
nase family [33]. The McjC enzyme is believed to prime 
the acid sidechain for cyclization by adenylation and has 
been shown to be functionally interdependent with McjB 
[11]. These C enzymes have homology to other enzymes 
that form amide bonds such as asparagine synthetases and 
β-lactam synthetases [11, 33]. Due to the difficulties asso-
ciated with soluble purification of lasso peptide maturation 
enzymes, the exact sequence of steps in the biosynthesis 
of lasso peptides and their kinetics remain unknown. How-
ever, the ATP dependence of McjB suggests that a step in 
which the linear precursor peptide is prefolded into the 
lasso shape may be necessary [46]. No structural infor-
mation is currently available on any lasso peptide B or C 
homolog.

Fig. 3   Molecular models of 
eight lasso peptides whose solu-
tion structure was determined 
by NMR spectroscopy. Rings 
are shown in blue, disulfide 
bonds in yellow and the rest of 
the polypeptide chain in red 
(color figure online)

BI-32169 RP71955 

Microcin J25 Capistruin Lariatin Astexin-1 

Astexin-3 Caulosegnin I 
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Genome mining approaches for lasso peptide discovery

In 2008 with the discovery of capistruin, a lasso peptide 
made by Burkholderia thailandensis, the era of genome 
mining for lasso peptides was launched [22]. Prior to 
this, all lasso peptides had been isolated using functional 
screens and purified from culture broths of the native host. 
Currently, 21 of the 32 known lasso peptides were identi-
fied using genome mining, with many of these examples 
appearing over the last 2 years. Three distinct approaches 
have proven successful in attacking this problem, including 
querying proteins homologous to the maturation enzymes, 
the precursor-centric approach and mass spectrometry-
guided genome mining.

Homology‑based genome mining

Initial steps toward finding unknown lasso peptide biosyn-
thesis clusters were taken using McjB and McjC—the only 
lasso peptide maturation enzymes known at the time—as 

a template in BLAST searches. Despite the lack of strong 
homology of McjB and McjC to other enzymes in the 
global protein database, results of these queries suggested 
that lasso peptide biosynthesis clusters were present in 
other bacterial genomes [11, 37]. This analysis informed 
future lasso peptide genome mining approaches in several 
ways. First, examination of open reading frames that could 
encode precursor peptides in the vicinity of the maturation 
enzymes further reaffirmed that glycine is conserved in the 
first position of the precursor. Further, the lengths of the 
precursor and the relative sizes of the leader and core pep-
tides were shown to be consistent despite a low degree of 
sequence conservation from peptide to peptide.

Prediction of the primary sequence of capistruin and its 
locus in the genome of B. thailandensis, followed by the 
production of the peptide from both the native host and 
heterologously in E. coli, was the first successful applica-
tion of lasso peptide genome mining [22]. The precursor 
peptide for capistruin was not annotated as a putative gene 
in the global database. The authors identified this locus 
by manually surveying the upstream flanking region of 
the McjB homolog gene—CapB. Homologs of McjC and 
McjD were present downstream of CapB, completing the 
capABCD gene cluster. Due to their short length, precursor 
peptides often elude automatic gene prediction and anno-
tation algorithms commonly applied to newly sequenced 
genomes [6]. Capistruin is perhaps the most widely dis-
tributed of the identified lasso peptides. Clusters encoding 
its production can be found in a number of Burkholderia 
strains in addition to B. thailandensis, including B. mallei, 
B. pseudomallei and B. oklahomensis [28].

The strategy of using a McjB-like cysteine protease to 
nucleate the search for novel lasso peptide biosynthesis 

Fig. 4   Lasso peptide gene 
clusters have been found in 
three distinct architectures (a). 
Additional conserved features 
of these architectures have been 
identified using genome min-
ing techniques (b). However, 
many of the thusly identified 
conserved genes have not been 
experimentally linked to lasso 
peptide biosynthesis and are 
shown in gray. The function of 
the B and C enzymes is split 
between two proteins in certain 
clusters. In other clusters one 
part of the B protein is fused to 
the ABC-transporter enzyme

Three types of lasso peptide gene cluster architectures a 
ABC transporter (D) A B C 

A B C 

Isopeptidase (E) A B C 

ABC transporter (D) A C B B 

GntR-like Isopeptidase (E) TonB dependent transporter sigma factor anti-sigma factor A B C 

b Conserved features of lasso peptide gene cluster architectures 

ABC transporter (D) A B C B 

ABC transporter (D) A B C B 
Kinase

+ 

Leader peptide Core peptide 

B 
C 

Fig. 5   Schematic of lasso peptide biosynthesis. The B and C matu-
ration enzymes act cooperatively to process the linear precursor into 
the lasso form. The C enzyme is a cyclase responsible for installing 
the macrocycle into the core portion of the peptide, liberated from the 
leader portion by the B protease
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clusters was used again in the discovery of cauloseg-
nins I-III. A homolog of McjB was found in the genome 
of Caulobacter segnis. After confirming the presence of 
precursor peptides and a McjC-like protein in the putative 
cluster, production of caulosegnins I and II by C. segnis 
was verified by mass spectrometry, and all three peptides 
were expressed heterologously in E. coli. No ABC trans-
porter has been found with the cluster, and yet production 
of peptides was detected in both cells and supernatants of 
C. segnis.

Precursor‑centric genome mining

Many approaches to genome mining for RiPPs have 
focused on finding homologs of maturation enzymes 
arranged in gene cluster architectures associated with their 

natural product classes. Indeed, this approach successfully 
identified many new representatives of various RiPP classes 
[41]. An alternative approach that is both systematic and 
effective first probes short open reading frames for puta-
tive precursor peptides and then surveys the genetic neigh-
borhood for likely maturation enzymes. Application of 
such a method by our group (Fig. 6) toward lasso peptides 
identified 79 putative gene clusters out of 3,000+ known 
genomes at the time of the study. These clusters were dis-
tributed across nine bacterial phyla and an archaeal phylum 
[28]. One of these predicted lasso peptides, astexin-1, was 
heterologously expressed and its solution structure solved 
by NMR. This lasso peptide is unusual because of its large 
size and polar, rather than hydrophobic, composition. It is 
the first lasso peptide to be isolated from a Gram-negative 
freshwater organism Asticcacaulis excentricus.

Precursor-centric approach 

Precursor pattern 

Search for maturation enzymes by motif 
matching (motifs generated by MEME) 

Search for proteins matching precursor 
pattern 

Rank putative clusters by 
number of motifs found 

T X  G                [DE] 
Lasso peptide Leader peptide 

Experimental validation 

Fig. 6   The precursor-centric approach to lasso peptide genome min-
ing is implemented by first querying all short open reading frames in 
a bacterial genome for possible lasso peptide precursors using a pat-
tern built from conserved elements in known lasso peptide precursors. 
The genomic neighborhood of matched precursors is then surveyed 

for the presence of B and C maturation enzymes using sequence 
motifs generated using the MEME suite. Best candidate clusters fea-
turing all necessary lasso peptide biosynthesis genes are then selected 
for experimental validation by expression and mass spectrometric 
analysis
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The crux of the precursor-centric method lies not only in 
being able to efficiently identify precursor genes, but also 
in differentiating the false positives from likely precursor 
hits. To tackle the first task, we constructed a lasso pep-
tide precursor pattern based on their biochemical features. 
A conserved motif is yet to be identified in lasso peptide 
leader sequences, and core peptide sequences appear to be 
hypervariable. Despite this, glycine is highly conserved in 
the first position of class II lasso peptides and threonine in 
the penultimate position of their leader peptides. Addition-
ally, there is a requirement for a glutamic or aspartic acid to 
be present in position 8 or 9 in the ring. These constraints 
along with sensible restrictions on the lengths of both 
leader and core peptides were sufficient to significantly 
narrow the number of putative precursors that needed to 
be considered. Ranking of putative precursor peptides was 
based on the presence of short conserved motifs identi-
fied in the B and C homologs of lasso peptides using the 
MEME software suite [2, 3].

An advantage of the precursor-centric approach is that 
it is highly automated and does not rely on gene annota-
tions. This stands in contrast to integrating results of sepa-
rate B and C homolog queries to identify putative gene 
clusters that may or may not have suitable precursor genes. 

Recent biochemical studies showed that the B homolog of 
lasso peptides is an ATP-dependent cysteine protease and is 
thus highly unique to the lasso peptide family [46]. These 
revelations led Hegemann et  al. [14] to implement the 
reverse of the precursor-centric method and bolster the list 
of putative lasso peptide gene clusters. This method, titled 
the B-protein centric approach by the authors (Fig.  7), 
uses PSI-BLAST to identify lasso B-homologs through 
an iterative approach and is followed by manual checking 
for a suitable precursor. In an impressive display of high-
throughput validation of genome mining, the authors het-
erologously expressed 12 novel lasso peptides and charac-
terized them by mass spectrometry. The sequences of the 
newly validated C gene homologs led them to refine the 
C-homolog motifs from Maksimov et al. [28].

Mass spectrometry‑guided genome mining

The natural product peptidogenomics (NPP) method of 
genome mining (Fig.  8) uses mass spectrometric data to 
connect the chemotypes of as yet uncharacterized but 
expressed natural products to their genotypes [18, 24]. 
Targets are selected by examining MS spectra of micro-
bial extracts or by MALDI-MS imaging of colonies. The 

Fig. 7   The B protein-centric 
method of lasso peptide genome 
mining uses an iterative BLAST 
search to find homologs of the 
B maturation enzyme in bacte-
rial genomes. Precursor pep-
tides and C-homologs are then 
identified in the vicinity of the 
putative B-homolog. To validate 
the likely clusters, putative lasso 
peptides are then expressed 
in the native organism and/or 
heterologously

B protein-centric approach 

BLAST B homolog 

BLAST C homolog 

Precursor pattern 

T X  G                [DE] 
Lasso peptide Leader peptide 

Experimental validation 
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products of interest are then analyzed by MSn during which 
short peptide sequences present in the product are identi-
fied. These are then queried against open reading frame 
translations or substrates for NRPSs in an iterative way, 
while applying the biosynthetic logic of known natural 
products families.

Natural product peptidogenomics has been used to suc-
cessfully identify both ribosomal and non-ribosomal pep-
tide natural products. Among these are two lasso peptides 
from Streptomyces bacteria: one class I (SSV-2083) and the 
other class II (SRO15-2005). The sequence of SSV-2083 is 
significantly different from the highly conserved template 
of the other three known class I lasso peptides, especially 
in the ring. At only 15 residues long, SRO15-2005 is a 
remarkably short lasso peptide. SRO15-2005 was isolated 
from n-butanol extracts of sporulating Streptomyces rose-
osporus, while SSV-2083 was detect by MALDI imag-
ing of sporulating Streptomyces sviceus. Their functions 
remain unknown.

Lessons from genome mining

The first ~17 years of lasso peptide discovery were fueled 
by functional screens targeting bioactive natural products. 
This yielded a wealth of information on the structure and 
function of these molecules and provided some insights 

into their biosynthesis. Since then, these insights have been 
reaffirmed or polished by studies performed on new mem-
bers of the class that were discovered through genome min-
ing. Currently, with 32 confirmed lasso peptides and close 
to a 100 predicted members of the class having been identi-
fied, open questions regarding the distribution, regulation, 
evolution and in vivo activities of these peptides can begin 
to be addressed.

Our precursor-centric genome-mining study demon-
strated that lasso peptides are widely distributed throughout 
proteobacterial and actinobacterial phyla [28]. Class I and 
III lasso peptides have only been identified in actinobac-
teria, while class II peptides characterized thus far appear 
primarily in proteobacterial species. In contrast to other 
RiPPs classes, biosynthesis of lasso peptides is encoded 
on relatively small gene clusters with several types of 
architectures.

The existence of multiple gene cluster architectures 
is one revelation to emerge from genome mining studies 
(Fig.  4a). Prior to the discovery of astexin-1, all known 
lasso peptide gene clusters had an associated ABC trans-
porter responsible for exporting its lasso peptide outside 
of the cell. Minimal “biosynthesis-only” clusters carry-
ing just the precursor gene and the maturation enzymes 
are observed in genome mining data. However, native 
or heterologous expression of lasso peptides encoded by 
them has not been verified experimentally. As an offshoot 

Fig. 8   The mass spectrom-
etry-guided genome mining 
approach starts with a biological 
sample such as a fermentation 
extract, which is subjected to 
mass spectrometric analysis. 
Masses in the range charac-
teristic of natural products are 
then analyzed by tandem mass 
spectrometry. Short sequence 
tags are constructed from mass 
shifts in the MS2 fragmentation 
patterns and then iteratively 
compared to open reading frame 
translations. Using biosynthetic 
logic, unknown masses are 
matched to either ribosomal 
peptide precursors or non-ribo-
somal products

Mass spectrometry-guided approach 

Biological sample 
Calculate mass shifts 

Generate sequence tags 

GGLSM | MSLGG 
GGISM  | MSIGG 
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of our genome mining program, our group has recently 
reported [26] the discovery of a lasso peptide isopeptidase 
in the clusters encoding the astexin family of lasso peptides 
(Fig. 9). Though these clusters lack an ABC transporter, we 
have labeled this gene “E” to avoid confusion with clusters 
harboring a D homolog. This enzyme, called AtxE1 in the 
astexin-1 cluster and AtxE2 in the cluster encoding astex-
ins-2 and -3, specifically hydrolyzes the isopeptide bond 
installed by the B and C enzymes to unfold the lasso, leav-
ing a linearized core peptide. Both astexin clusters contain 
an associated peptidase that cannot recognize lasso pep-
tides in the other cluster. The AtxE2 enzyme was purified 
to homogeneity under native conditions and its kinetic 
parameters measured. Recognition of the astexins by their 
respective isopeptidase appears to be based on structure 
rather than sequence, since AtxE2 cannot hydrolyze ther-
mally unthreaded astexin-2.

Combined, these observations have challenged the 
premise that the antimicrobial activity of lasso peptides was 
concomitant with a presence of a dedicated exporter protein 
for delivering these products into the extracellular medium. 
Indeed, lasso peptides from isopeptidase containing clus-
ters are either weakly antimicrobial or not at all, which 
combined with the lack of a self-immunity factor, suggests 
a bifurcation of activities in the lasso peptide family.

Bioinformatic analysis also revealed several conserved 
features shared by the three types of lasso peptide gene 
cluster architectures (Fig.  4b). The isopeptidase clusters 
share a consistent architecture in which the isopeptidase 
is followed by a TonB-dependent transporter, and often a 
sigma/anti-sigma regulatory pair is encoded. A GntR-like 
transcriptional regulator is often found upstream of the A 
gene in such clusters. GntR homologs have also been found 
upstream of lasso peptide clusters without an isopeptidase 
[14, 26]. The isopeptidase itself is homologous to the prolyl 
oligopeptidase family of serine proteases, which has been 
implicated in the processing of other natural products such 
as amatoxins [25] and the lanthipeptide flavipeptin [42]. 
Phylogenetic analysis of sequences of B and C homologs 
of lasso peptide maturation enzymes suggests the exist-
ence of two evolutionary clades of lasso peptides (Fig. 10). 
Clade I is populated by isopeptidase containing lasso 

peptide clusters, while clade II is made up of the “biosyn-
thesis only” and ABC transporter containing clusters.

Several of the ABC-transporter-containing clusters fea-
ture Hpr kinase and sulfotransferase [14], which may carry 
out further posttranslational modification of their associated 
lasso peptides (Fig. 4b). Another interesting observation on 
cluster architectures in the ABC-transporter clade is the 
rather common occurrence of two separate proteins filling 
the function performed by a single maturation enzyme in 
other clusters (Fig. 4b). This phenomenon is hypothesized 
to have arisen through gene splitting. The biosynthetic 
cluster of lariatin is an experimentally verified example of 
this type of architecture. Remarkably, in four putative gene 
clusters, one of the split maturation enzymes appears to be 
fused to the ABC transporter (Fig. 4b). Several split C pro-
teins have also been observed. These findings continue to 
reinforce the idea of cooperativity between lasso peptide 
maturation enzymes.

The swell in the number of putative and confirmed lasso 
peptides also allowed for a comparison of their precur-
sors through alignment. Hegemann et  al. [14] found that 
the split between eight- and nine-membered rings is close 
to even, while a small minority of peptides is predicted to 
have seven-membered rings. Lasso peptides having such 
narrow rings have not yet been characterized. Interest-
ingly, all of these peptides are predicted to use the longer 
glutamate sidechain for cyclization. Among the larger 
rings, nine-membered rings are preferentially closed by 
an aspartate, while eight residue rings have no preference. 
It may be that the nine-member ring cyclized at the gluta-
mate is simply too long to ensure a stable folding of the 
lasso peptide [9, 13]. In addition to the experimentally veri-
fied conserved threonine in the penultimate position of the 
precursor peptide [5, 34], clade I lasso peptide precursors 
contain a conspicuous hydrophobic patch in the middle of 
the leader peptide. While the core peptide sequences are 
quite variable, most clade I lasso peptides are polar, nega-
tively charged and terminate with one or more aspartic or 
glutamic acid residue. Conversely, clade II lasso peptides 
contain moderately conserved prolines in their leader pep-
tides, and their core peptides are mostly hydrophobic with 
patches of positive charge.

Conclusion: new directions enabled by lasso peptide 
genome mining

The application of genome mining techniques has clearly 
opened up the field of lasso peptide discovery. However, 
there is much more to be learned about this curious class 
of natural products. For example, recent studies from our 
group as well as from Marahiel and coworkers have relied 
on heterologous expression of the lasso peptides predicted 

Lasso peptide 
Isopeptidase

Fig. 9   A lasso peptide isopeptidase linearizes its associated lasso 
peptide by selectively cleaving the isopeptide bond installed by the B 
and C maturation enzymes
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from genome mining. It is often the case that the native pro-
ducers of lasso peptides produce no or very small amounts 
of the natural product necessitating heterologous produc-
tion with artificial promoters and ribosome-binding sites 
[13, 14, 28, 34]. The in vivo regulation of lasso peptides is 
a topic that has received little consideration so far. In iso-
peptidase-containing clusters, the GntR homolog and the 
pair of sigma/anti-sigma regulatory proteins could very well 
tune the level of biosynthesis of the lasso peptide, as well as 
the isopeptidase. GntR homologs found in ABCD-type clus-
ters might serve the same purpose. Further, inverted DNA 
repeats with eight or nine base pair stems have been identi-
fied between the A and B genes of a large number of lasso 
peptide clusters so far. Replacement of these DNA hairpins 
with optimized ribosome-binding-site sequences can favora-
bly affect the production yields of lasso peptides under het-
erologous expression in some cases [28], but in others the 
hairpins have no effect on production [26].

Trading conventional function-based natural product 
discovery for genome mining is both a blessing, as we have 

described above, and a curse. The curse side of the equa-
tion comes from the fact that genome-mining approaches 
do not include functional information a priori. Indeed, most 
of the new lasso peptides discovered over the past 2 years 
reside squarely in the “function unknown” category. How-
ever, careful examination of the genomic context of lasso 
peptide gene clusters can provide some insights into the 
native function of natural products. We have hypothesized 
that the astexins (and by inference potentially all of the 
clade I lasso peptides) may be functioning as scavenging 
molecules. Such molecules could be sent out by a produc-
ing cell to pick up a cargo, be imported by the associated 
TonB-dependent transporter and then be hydrolyzed by the 
isopeptidase to release the cargo.

Another exciting area of future research that is enabled 
by growing genome-mining data is the possibility of using 
the conserved motifs identified in lasso peptide matura-
tion enzymes to develop tools for metagenome and micro-
biome mining. This line of research could lead to the dis-
covery of lasso peptides with new antibiotic activities and 

Isopeptidase containing clusters 

ABC-transporter 
containing clusters 
and biosynthesis-
only clusters 

Clade 1 

Clade 2 

Fig. 10   The phylogenetic tree of known and putative lasso pep-
tide B proteins is split into two distinct clades. Clade I is made up 
of isopeptidase-containing clusters (blue), while clade II consists of 

clusters with ABC transporters (red) and biosynthesis-only clusters 
(black) (color figure online)
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would not rely on having sequenced genomes. Indeed, we 
view the process of genome mining for lasso peptides as 
an inherently cyclic process in which large-scale genome 
searching leads to new testable hypotheses that answer 
questions about lasso peptide biology. These new morsels 
of information can of course be fed back into genome min-
ing algorithms to improve them and make them even more 
fruitful. Today, when it is nearly impossible to think about 
natural products research without the context of genomics, 
it is important to remember that these approaches are possi-
ble because of the exceptional creativity and hard work by 
Sir Hopwood and the other researchers that pushed natural 
products research into the genomic era.
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