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Lasso peptides are a unique family of natural products whose structures feature a specific threaded fold,

which confers these peptides the resistance to thermal and proteolytic degradation. This stability gives

lasso peptides excellent pharmacokinetic properties, which together with their diverse reported

bioactivities have garnered extensive attention because of their drug development potential. Notably, the

threaded fold has proven quite inaccessible by chemical synthesis, which has hindered efficient

generation of structurally diverse lasso peptides. We herein report the discovery of a new lasso peptide

stlassin (1) by gene activation based on a Streptomyces heterologous expression system. Site-directed

mutagenesis on the precursor peptide-encoding gene is carried out systematically, generating 17 stlassin

derivatives (2–17 and 21) with residue-replacements at specific positions of 1. The solution NMR

structures of 1, 3, 4, 14 and 16 are determined, supporting structural comparisons that ultimately enabled

the rational production of disulfide bond-containing derivatives 18 and 19, whose structures do not

belong to any of the four classes currently used to classify lasso peptides. Several site-selective chemical

modifications are first applied on 16 and 21, efficiently generating new derivatives (20, 22–27) whose

structures bear various decorations beyond the peptidyl monotonicity. The high production yields of

these stlassin derivatives facilitate biological assays, which show that 1, 4, 16, 20, 21 and 24 possess

antagonistic activities against the binding of lipopolysaccharides to toll-like receptor 4 (TLR4). These

results demonstrate proof-of-concept for the combined mutational/chemical generation of lasso

peptide libraries to support drug lead development.
Introduction

Lasso peptides are a unique class of ribosomally synthesized
and post-translationally modied peptides (RiPPs); their struc-
tures are characterized by a specic threaded fold, in which the
C-terminal amino acid residues thread through an N-terminal
macrolactam ring in a structure resembling the eponymous
“lasso”.1–4 Owing to this threaded fold, lasso peptides exhibit
resistance to heat,5 denaturing agents,6 and proteases6 (with the
notable exception of lasso peptide isopeptidases7–10). These
thermal and proteolytic stabilities, viewed alongside their
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various reported biological activities (e.g., antibacterial, anti-
cancer and anti-HIV activities),1,11 have garnered strong interest
in pursuing lasso peptides as drug leads with desirable phar-
macokinetic properties. For example, by introducing a tripep-
tide Arg-Gly-Asp (RGD) motif into the MccJ25 lasso peptide, this
engineered MccJ25 derivative acquires potent binding affinity
for integrins (with IC50 values in the nanomolar range) and can
inhibit capillary formation of human umbilical vein endothelial
cells (HUVECs). This MccJ25 derivative shows impressive
proteolytic stability: more than half of it was still present in the
serum aer 30 h, whereas a linear peptide analogue was
completely degraded aer only 4 h.6

However, different from many other peptides that can be
prepared by solid-phase peptide synthesis (SPPS), lasso
peptides have proven quite inaccessible by chemical synthesis.
Nevertheless, the identication and engineering of lasso
peptide biosynthetic pathways from native producer organ-
isms—as well as their subsequent chemical modications—
should help to generate potentially many structurally diverse
lasso peptides for basic studies and for drug development.
Notably, genome mining studies have suggested that the
Chem. Sci., 2021, 12, 12353–12364 | 12353
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number of candidate biosynthetic gene clusters (BGCs) far
exceeds the number of lasso peptides structurally characterized
to date (currently around 80 structures).12–14 As with the BGCs of
many natural products, it can be challenging to culture the
native producer cells; moreover, the lack of relevant biological
understanding oen prevents the transcriptional activation of
a BGC in its native producer.

In lasso peptide biosynthesis, the precursor peptide A (con-
sisting of a leader peptide and a core peptide) is rst processed
by a protease B, which cleaves off the leader peptide; in the
biosynthesis of some lasso peptides from Actinobacteria and
Firmicutes phyla, protease B is an enzyme complex comprising
protein B1 (an example of the RiPP precursor peptide recogni-
tion element, RRE)14,15 and protein B2. Aer cleavage of the
leader peptide, the so-called “core peptide” is the substrate for
N-terminal macrolactam ring formation as catalyzed by
a cyclase C enzyme, thereby generating themature lasso peptide
product (Fig. 1B). Although the precise catalytic mechanisms
employed by the B/C proteins remain uncharacterized, there are
reports indicating that they display some degree of substrate
promiscuity.16–22 This presents an opportunity for using genetic
engineering approaches to efficiently generate lasso peptide
derivatives; that is, it should be possible to simply substitute
amino acid residues of the core peptide, provided such substi-
tutions can be tolerated by downstream processing B/C
proteins.

Recalling the aforementioned problems when working with
BGCs from native producers, it is unsurprising that such
Fig. 1 The biosynthetic gene cluster stla and the proposed biosynthesi
Streptomyces sp. PKU-MA01240. The amino acid sequence of the precu
terminal macrolactam residues of the core peptide in blue (except thema
the core peptide in green. The functional annotations of numbered gene
sites indicates the DNA fragment used in the heterologous expression (
biosynthetic pathway of 1, with StlaB1/B2/C together responsible for the
core peptide in blue, red and green), StlaB2 responsible for proteolysis o
responsible for the formation of the N-terminal macrolactam ring from

12354 | Chem. Sci., 2021, 12, 12353–12364
peptide-encoding gene mutations have been carried out using
E. coli as a heterologous host. However, the production yields
for lasso peptides (and engineered derivatives) are oen very
low in E. coli, limiting the amount of material available for
biological activity assays and synthetic modication studies.
Thus, and given the reports about the successful site-selective
chemical modication of peptides and proteins under mild
conditions (e.g., O-glycosylation of phenolic functionality and S-
arylation of cysteine residues in aqueous solution at room
temperature),23–25 we were interested in the idea of generating
substantial structural diversity in lasso peptide derivatives by
combining an efficient heterologous expression system with
site-selective chemical modications of biosynthetic products.

Pursuing this, we report here the discovery of a new class II
lasso peptide (stlassin, 1) based on heterologous expression and
activation of a BGC (stla) from the marine Streptomyces sp. PKU-
MA01240. Using a Streptomyces heterologous expression system,
we mutationally substituted each position of the core peptide
StlaA and thereby simultaneously generated new lasso peptide
derivatives (2–17 and 21), and identied key residues involved
in the post-translational processing of stlassin peptides by the
B/C enzymes of the stla BGC. Moreover, we determined solution
NMR structures for 1, 3, 4, 14, and 16, which supported struc-
tural comparisons that ultimately enabled the rational design
and successful production of new disulde bond-containing
derivatives 18 and 19, whose structures do not belong to any
of the four classes currently used to classify lasso peptides.5,14

Our structural insights also supported the identication of
s of stlassin (1). (A) The biosynthetic gene cluster stla from the marine
rsor peptide StlaA is displayed, with the leader peptide in black, the N-
crolactam-forming residue Asp8 in red), and the C-terminal residues of
s are shown in ESI Table S1.† The region between two BglII restriction
some parts of genes �13 and 4 were not included). (B) The proposed
pre-folding of the precursor peptide StlaA (leader peptide in black, and
f StlaA to cleave the leader peptide from the core peptide, and StlaC
the core peptide to generate mature stlassin.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modication-accessible residues (tyrosine or cysteine) at
specic core peptide positions, and we successfully achieved
site-selective chemical modications at these sites, generating
new derivatives (20 and 22–27) with O-glycosylation, S-glyco-
sylation, S-arylation, disulde bond formation, in addition to
both the cleavage and formation of C–S bonds. Finally, we
harnessed the high production yields from our heterologous
production and chemical modication efforts and conducted
biological activity assays: these revealed antagonistic activities
of 1, 4, 16, 20, 21, and 24 against the binding of lipopolysac-
charides (LPS) to toll-like receptor 4 (TLR4). Our study thus
identies an exciting class of lasso peptides and illustrates the
powerful combination of biosynthetic gene-manipulations and
chemical modications for the generation of structurally
diverse and bioactive lasso peptide molecules.

Results and discussion
Discovery of stlassin by heterologous expression of a lasso
peptide biosynthetic gene cluster stla

As part of an ongoing project for natural product discovery from
marine bacteria,26–29 we detected a candidate lasso peptide
biosynthetic gene cluster stla (accession number: MZ182273)
from the genome of a marine Streptomyces sp. PKU-MA01240.
The stla gene cluster apparently encodes a precursor peptide
StlaA, a RRE-containing protein StlaB1, a protease StlaB2, and
a cyclase StlaC (Fig. 1A and Table S1†). Sequence analysis of
StlaA indicated that the mature product may be a class II lasso
peptide comprising 15 amino acid residues from the core
peptide (LVVIVQADWNAPGWF), and an N-terminal macro-
lactam ring should be formed between the amino group of Leu1
and the side chain carboxyl group of Asp8 (Fig. 1).

Given that no lasso peptide product was detected in cultures
of S. sp. PKU-MA01240 assessed with HPLC or LC-MS, and
considering that this strain does not readily accept exogenous
plasmids, we explored the heterologous expression of the stla
cluster in experimentally tenable Streptomyces hosts. Using
RecET direct cloning and the Redab recombineering system,30,31

we constructed a plasmid (pMM2002) bearing the 20.3 Kb
fragment covering the stla gene cluster (Fig. 1A and S2†).
pMM2002 was integrated into S. coelicolor A3(2) and S. lividans
K4-114,28 but no lasso peptide was detected by HPLC or LC-MS
analyses of cultures grown using three different media
(Fig. S3†), suggesting that the stla cluster may not be expressed
in these heterologous hosts.

Seeking to activate the stla cluster, a constitutive promoter
KasOp*, which has been used for the activation of other natural
product biosynthetic gene clusters,32–34 was cloned into the
upstream region of the stlaA locus, generating the plasmid
pMM2004 (Fig. S4†). pMM2004 was integrated into S. coelicolor
A3(2) and S. lividans K4-114 and HPLC analysis showed
a product from both strains (�80% amount in the supernatant
and �20% amount in cells, Fig. S5†) cultured in all three tested
media, with the highest yield detected for S. coelicolor A3(2)
cultured in M2 medium (ESI and Fig. S3†). MS analysis of the
product showed an [M–H]� ion at m/z 1694.8662 (Table S4 and
Fig. S16†). This ion would be consistent with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
aforementioned proposed product from the stla cluster.
Subsequently, a 5 L fermentation and isolation using a combi-
nation of chromatographic methods yielded 51 mg of this
compound (named stlassin, 1, Fig. 2). Currently, heterologous
expression of actinobacterial lasso peptide clusters in E. coli is
difficult. Given the increasing discovery of lasso peptides from
Streptomyces,35–41 the Streptomyces expression system here could
benet the investigation of interesting clusters from this
bacterial genus.

The sufficient amount of 1 generated from the heterologous
expression enabled us to determine its solution NMR structure.
The structure of 1 shows a typical right-handed lasso fold. The
N-terminal macrolactam ring is formed between Leu1 and Asp8,
and the C-terminal residues thread through the macrolactam
ring (Fig. 3A). Note that in so-called class II lasso peptides,
a dening feature is the steric lock that keeps the C-terminal tail
from escaping the connes of the macrolactam ring;5 this
differs from the disulde bond present in class I, III, and IV
lasso peptides (Fig. 4B). The structure of 1 obeys the conserved
feature in class II, with bulky residues including Trp14 and
Phe15, which protrude in opposite directions under the mac-
rolactam ring (Fig. 3A).
Generation of stlassin derivatives by single-mutations in the
core peptide

We used the Redab recombineering system to explore the
production of potential stlassin derivatives with a mutation
strategy focused on 15 residues of the core peptide (ESI and
Fig. S7†). These residues (LVVIVQADWNAPGWF) were rst
individually mutated to alanine residues (except Ala7, Asp8, and
Ala11, which were mutated to Gly7, Glu8 and Gly11, respec-
tively). HPLC and LC-MS analyses of extracts from the cells
expressing the V2A, V3A, I4A, V5A, Q6A, N10A, A11G and P12A
variants showed that they produced lasso peptide derivatives (2–
9) at comparable yields to 1 in the control strain without
mutation (Fig. 2 and S8†), suggesting that mutations at these
positons can be tolerated by the downstream processing
proteins StlaB1/B2/C.

Cells expressing the L1A and A7G variants produced lasso
peptide derivatives L1A (10) and A7G (11), which the HPLC data
suggested to be produced at much reduced yields compared to
1. Even lower product yields were detected from cells expressing
the D8E, W9A, and W9R variants (these putative products could
only be detected by LC-MS, Fig. 2, S8 and S27†). Later experi-
ments showed that cells expressing W9F and W9Y variants
produced higher yields of products (named stlassins W9F (12)
and W9Y (13)) compared to products from cells expressing the
W9A and W9R variants. These results suggest that an aromatic
side chain at this position may somehow support the post-
translational processing of these peptides, or help maintain
the threaded lasso products to avoid degradation before export
out of cells.

No product was detected for cells expressing G13A or G13S
variants (Fig. 2 and S8†). The solution NMR structure of 1 shows
that the Gly13 residue is located exactly in the middle of the
macrolactam ring (Fig. 3A). Thus, any residue with a side chain
Chem. Sci., 2021, 12, 12353–12364 | 12355
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Fig. 2 The relative production yields of stlassin derivatives from core peptide mutations to that of stlassin (1). The stlassin derivatives with relative
production yields over 10% (based on HPLC peak area calculations) are shown in blue, and those below 10% are shown in red. “+”means that the
production of stlassin derivatives can only be detected by mass, and “*” indicates no production even based on mass detection. A schematic
presentation of stlassin (1) containing the 15 amino acid residues is also shown.

Fig. 3 The solution NMR structures of stlassin (1) and its derivatives generated from mutations in the core peptide of StlaA. (A)–(F) The solution
NMR structures of 1, 3, 4, 14, 16, and 18. The N-terminal macrolactam residues are shown in gray (except the macrolactam ring-forming Leu1 in
cyan and Asp8 in yellow). The C-terminal residues are shown in magenta, and the residues introduced via mutations are shown in green. The
distances between Val3 (or Ala3) and Pro12 measured from the NMR solution structures in (A)–(E) are indicated with red dashed lines.

12356 | Chem. Sci., 2021, 12, 12353–12364 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Generation of stlassins 18–27, and comparisons of 18, 19 and 23with the four previously defined classes of lasso peptides. (A) Generation
of 18–27 by site-directed mutagenesis of the core peptide of 1 and by site-selective chemical modifications under mild conditions. These
chemical modifications efficiently generate new derivatives with O-glycosylation (20), S-glycosylation (22), intermolecular disulfide bond-
bridged dimerization (23), S-arylation (24), cysteine sulfur elimination (25), and thiol-conjugate addition (26 and 27). (B) Comparisons of 18, 19
and 23with the four previously defined classes of lasso peptides. 18, 19 and 23 are rationally designed to contain both the C-terminal steric lock
(shown as “R”) and disulfide bond (not present in class II lasso peptides). The disulfide bonds in 18, 19 and 23 are generated at different positions
from those in class I, III and IV lasso peptides.
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at this position may generate a steric effect, which may prevent
proper pre-folding. Mutations of the W14 and F15 residues
suggested that aromatic side chainsmay be required for the pre-
folding step of stlassin production: briey, only low-abundance
products were detected from cells expressing the W14A and
© 2021 The Author(s). Published by the Royal Society of Chemistry
F15A variants, whereas cells with W14F, W14Y, F15Y and F15W
produced lasso peptide derivatives named stlassins W14F (14),
W14Y (15), F15Y (16) and F15W (17). Collectively, these muta-
tional studies revealed a rich diversity of stlassin derivatives and
highlighted individual residues of the core peptide that exert
Chem. Sci., 2021, 12, 12353–12364 | 12357
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pronounced effects on the post-translational processing of the
precursor peptide StlaA or the stability of the mature threaded
lasso products.

Solution NMR structure comparisons and thermal stability
evaluation of stlassin derivatives

We conducted large-scale fermentation and product isolation
efforts with cells expressing the V3A, I4A, W14F, and F15Y
variants (ESI†), and successfully obtained stlassin V3A (3), I4A
(4), W14F (14) and F15Y (16), respectively. The solution NMR
structures of 3, 4, 14 and 16 were determined and their struc-
tures were comparatively analyzed with 1.

Our NMR data indicated similar right-handed lasso folds for
3, 4, 14, and 16 (Fig. 3B–E) to that in 1, and structural super-
imposition indicated that the ve main chains overlap well
(Fig. S12A†). In contrast, the side chains of Gln6, Trp9, Asn10,
Trp14 (or Phe14), and Phe15 (or Tyr15) have distinct positions
in these various structures (Fig. S12B†). Interestingly, among
these stlassin derivative structures (except 3), the side chains of
Trp9 and Trp14 (or Phe14) are invariably positioned facing each
other (Fig. 3), which likely help keep the C-terminal tail from
escaping the connes of the macrolactam ring.

The 20 solution structures with the lowest total energy in
each of 1, 3, 4, 14 and 16 are generally the same, with Trp9,
Trp14, and Phe15 (or Tyr15 in 16) displaying the highest extent
of exibility (Fig. S11†). We tested the thermal and proteolytic
stabilities of 1, 3, 4, 14, and 16 by heating experiments and
carboxypeptidase Y-treatment experiments,5,21,42–44 and found
that all of these compounds are stable, with the exception of
stlassin V3A (3) which could be converted to its unthreaded
counterpart upon heating to 95 �C for 3 h (ESI†). In the solution
NMR structures of 1, 4, 14 and 16, the side chains of Val3 and
Pro12 are positioned facing each other (with their shortest
distances ranging from 3.7 �A to 4.4 �A) (Fig. 3A and 3C–E).
However, for 3 there was a larger distance (5.5�A) between Ala3
and Pro12 (Fig. 3B). More NOESY correlations are observed
between Val3 and Pro12 in each of 1, 4, 14 and 16, whereas only
one NOESY correlation is observed between Ala3 and Pro12 in 3,
due to the mutation from Val3 to a smaller side chain-
containing Ala3 (Fig. S13†). The V3A mutation has additional
structural consequences: Gly13 in 3 is not located in the middle
of the macrolactam ring, and the indole ring of 3's Trp14 is not
facing the indole ring of Trp9 any more. Ultimately, these
differences suggest weaker steric locking in 3 than in 1, 4, 14
and 16. This is another example of a residue in the macrolactam
ring contributing to thermal stability, which is additional to the
case that a specic P8A mutation in lasso peptide caulosegnin II
causes higher macrolactam ring exibility and subsequent loss
of thermal stability.45

Rational generation of disulde bond-containing derivatives
based on double mutations in the core peptide

We next explored the generation of additional lasso peptide
derivatives that extend beyond the typical lasso peptide classi-
cation. That is, the lasso peptide family is traditionally divided
into four classes based on the presence (class I/III/IV) or
12358 | Chem. Sci., 2021, 12, 12353–12364
absence (class II) of disulde bond(s). Class I peptides have two
disulde bonds: one between the macrolactam ring and the C-
terminal loop, and another between the macrolactam ring and
the C-terminal tail (the C-terminal region aer threading
through the macrolactam ring). Class II peptides lack any
disulde bonds. Class III peptides have one disulde bond
between the macrolactam ring and the C-terminal tail. Class IV
peptides have one disulde bond within their C-terminal tails
(Fig. 4B).5,11,14 The disulde bonds in class I, III, and IV
peptides—together with C-terminal bulky residues—are known
to promote the stability of the lasso fold.5,41,46,47 The stability of
class II peptides results from steric locking.

We generated double mutant StlaA variants by introducing
two cysteine residues, seeking to generate derivatives of 1
having one disulde bond positioned between the macrolactam
ring and the C-terminal loop. If successful, this should generate
a type of lasso fold that is outside the traditional four classes of
lasso peptides. We excluded several residues including Asp8,
Trp9, and Gly13 as potential cysteine residue replacement sites
based on our results from the single mutant-variants. Given that
the lengths of C–S and S–S bonds are about 1.82 �A and 2.07 �A,
respectively, the distance between the two b-carbons of two
cysteine residues in a disulde bond should be smaller than
5.71 �A (1.82 �A � 2 + 2.07 �A).

We checked the solution NMR structures of 1, 3, 4, 14, and 16
and found four pairs of residues Leu1/Ala11, Val2/Ala11, Val3/
Pro12, and Ala7/Pro12 whose b-carbons distances are smaller
than 5.71 �A (Fig. S9†). We then generated double mutations of
L1C/A11C, V2C/A11C, V3C/P12C and A7C/P12C, and fermented
the strains bearing these mutations (MM20030-MM20033).
HPLC and LC-MS analyses showed that cells expressing the
V2C/A11C and V3C/P12C double cysteine mutant variants
produced derivatives 18 and 19, with [M–2H]2� ions at m/z
863.8757 and 850.8723, respectively (Fig. S8, S34 and S35†). No
products were detected in cells expressing the L1C/A11C and
A7C/P12C variants (Fig. S8†), perhaps owing to the negative
effects from the mutations of Leu1 and Ala7.

Large-scale fermentation and isolation of 18 supported
solution NMR analysis: 18 has a right-handed lasso fold with
a similar C-terminal steric lock to 1 (Fig. 3F). The disulde bond
between Cys2 and Cys11 causes distinct positions of most
residues in 18 from those of 1, 3, 4, 14, and 15. The thermal and
proteolytic stabilities of 18 were tested, showing similarly high
stability to that of 1 (Fig. S6G†). The disulde bond may
decrease the exibilities of both the macrolactam ring and C-
terminal residues, thereby contributing to the thermal
stability of 18. This is supported by the invariably positioned
residues around the disulde bonds in the 20 solution struc-
tures of 18 with the lowest total energy, particularly the C-
terminal residues from Pro12 to the steric lock Trp14
(Fig. S11†).
Rational generation of stlassin derivatives using site-selective
chemical modications

The stlassin derivatives generated above are all based on core
peptide-encoding gene mutations and the substrate
© 2021 The Author(s). Published by the Royal Society of Chemistry
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promiscuities of the post-translation processing proteins
StlaB1/B2/C. Notably, the absence of additional biosynthetic
genes beyond StlaB1/B2/C in the stla cluster results in peptidyl
monotonicity of the stlassin skeletons. We wanted to break
through this structural limitation and generate additional
derivatives, so we adopted a site-selective chemical modication
approach. Some elegant recent work has demonstrated high-
efficiency and selective glycosylation or arylation of tyrosine
and cysteine residues of different peptides under mild reaction
conditions.24,25 Starting from stlassin F15Y (16) with its C-
terminal tyrosine residue, we incubated 16 with a-D-uo-
roglucose and Ca(OH)2 at room temperature in water for 1 h,24

which yielded the glucosylation product stlassin F15Y-I (20)
([M–2H]2� ion at m/z 935.9551) (Fig. S36†) in a high yield (84%)
(Fig. 4A and 5, lane III). The reaction of 1 with a-D-uoroglucose
under the same conditions produced no product (Fig. 5, lane I),
thereby conrming the site-selective O-glucosylation of Tyr15 in
the chemically modied product 20.

Seeking to introduce a cysteine residue in the lasso peptide,
we checked the solution NMR structures of 1, 3, 4, 14, 16, and
18, and selected Ile4 for mutation because (i) the I4A mutation
gave a high yield of the product (4) and (ii) its position far from
the C-terminal loop region may avoid potential steric effects.
Cells expressing a I4C variant produced stlassin I4C (21) ([M–

H]� ion atm/z 1684.7978) (Fig. S8 and S35†), which was isolated
Fig. 5 HPLC analysis of the reactions in the generation of 20 and 22–2
under mild conditions).

© 2021 The Author(s). Published by the Royal Society of Chemistry
and incubated with a-D-uoroglucose and Ca(OH)2 at room
temperature in water for 1 h.24 We detected the glucosylation
product stlassin I4C-I (22) ([M–H]� ion atm/z 1846.8480), but in
a low yield (3%) (Fig. 4A and 5, lane V; Fig. S38†). Interestingly,
a dimerization product stlassin I4C-II (23, [M–2H]2� ion at m/z
1683.7888) with an intermolecular disulde bond was produced
in this reaction, which suggests that the reaction conditions
may provide an oxidative environment facilitating the disulde
bond formation (Fig. 4A and 5, lane V; Fig. S39†). To improve
the glucosylation efficiency of 21, TCEP was added to prevent
the dimerization, which led to an increased yield (24%) of 22
(Fig. 5, lane VI).

Beyond these glycosylation modications, we also explored
arylation of 21 by using the recently developed nickel(II)-
promoted cysteine S-arylation reaction with 2-nitro-substituted
arylboronic acid.25 Compound 21 was incubated with 2-nitro-
phenylboronic acid and Ni(OAc)2 in N-methylmorpholine
(NMM) buffer at 37 �C for 30 min, generating the arylation
product stlassin I4C-III (24, [M–H]� ion at m/z 1805.8148) in
a high yield (93%) (Fig. 4A and 5, lane VIII; Fig. S40†). Note that
a small amount of the aforementioned dimerization product 23
was also produced in this reaction (6%).

Previous studies have shown that some RiPPs such as lan-
thipeptides, thiopeptides, and goadsporins feature dehy-
droalanine (Dha) residue(s).48 Generation of Dha residues can
7 by the indicated site-selective chemical modifications (all achieved
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Fig. 6 The antagonistic activities of stlassins against the binding of lipopolysaccharides (LPS) to toll-like receptor 4 (TLR4). The antagonistic
activities were assessed as optical density (OD) values, measured at 450 nm using enzyme-linked immunosorbent assays (ELISA). Four parallel
experiments were carried out for each sample, and the OD values and error bars were generated based on the calculation of mean � standard
deviation from the four parallel experiments. Stlassin (1) is shown in magenta; stlassins less potent than 1 are shown in blue; stlassins with
comparable potency to 1 are shown in red. For these assays, DMSO was the negative control and the TLR4 inhibitor TAK-242 was the positive
control. The statistical significances (versus DMSO treatments) were set at **P < 0.01 and ***P < 0.001, using one-way ANOVA with Dunnett's
test.
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result from the dehydration of serine by a dehydratase, but no
dehydratase-encoding gene is present in lasso peptide biosyn-
thetic gene clusters reported to date. However, it is possible to
generate Dha residues through sulfur elimination from cysteine
residues under mild conditions.49 Thus, we carried out the bis-
alkylation–elimination reaction of 21 for the conversion of Cys4
to Dha4 using the reagent a,a0-dibromo-adipyl(bis)amide.
When compound 21 was treated with a,a0-dibromo-adipyl(bis)
amide and K2CO3 for 30 min at room temperature, followed
by an additional 4 h at 37 �C, the Dha4-containing product
stlassin I4C-IV (25, [M + H]+ ion atm/z 1652.8258) was generated
in a high yield (91%) (Fig. 4A and 5, lane XI; Fig. S41†).

Dha residues are highly amenable to a diverse range of
modications, including phosphorylation, glycosylation,
methylation, acetylation, and lipidation.49,50 We further modi-
ed 25 by Michael addition-like reactions with thiol mole-
cules.50 The conjugate addition of 2-mercaptoethanol generated
stlassins I4C-V (26a, [M + H]+ ion at m/z 1728.81) and I4C-VI
(26b, [M + H]+ ion at m/z 1728.81) (Fig. 5, lane XIII and
Fig. S42 and S43†), while conjugate addition of N-acetylcyste-
amine generated stlassins I4C-VII (27a, [M + H]+ ion at m/z
1771.89) and I4C-VIII (27b, [M + H]+ ion at m/z 1771.83) (Fig. 5,
lane XV and Fig. S44 and S45†). Products 26a/26b and 27a/27b
are hypothesized as two pairs of epimer products from the thiol
additions, and similar epimer products from the addition of
thiols to Dha have been mentioned in previous literature;49

these were generated in high yields at room temperature aer
only 2 h. The reactions of 21 with 2-mercaptoethanol or N-ace-
tylcysteamine generated no products (Fig. 5, lanes XII and lane
XIV), conrming the site-selective modications on Dha4 in
26a, 26b, 27a, and 27b. Thus, along with the generation of 20
and 22–27, chemical modications under mild conditions can
12360 | Chem. Sci., 2021, 12, 12353–12364
be employed to expand the structural diversity beyond the
limitation of lacking biosynthetic modifying genes.

Biological activity assays reveal antagonistic activities against
the binding of LPS to TLR4

Lasso peptides exert various biological activities, including for
example antibacterial effects.1,11 We found that 1 showed no
antibacterial activities in assays against several Gram-positive
and -negative strains; nor did it exert any obvious cytotoxicity
against multiple human cancer cell lines (ESI†). However, we
did nd that 1 showed antagonistic activity against the binding
of lipopolysaccharides (LPS) to toll-like receptor 4 (TLR4) in
experiments based on biotin–streptavidin-based enzyme-linked
immunosorbent assays (ELISA). For context, binding of LPS is
known to promote dimerization of the TLR4–MD-2 (myeloid
differentiation protein-2) complex, which subsequently recruits
several signalling adaptor molecules and initiates a series of
signaling cascades that result in the release of inammatory
mediators.51–53 Pharmacological regulation of TLR4 activation
could be a benecial strategy for preventing or treating
inammatory diseases.54

To evaluate the antagonistic activities of other stlassin
derivatives, we carried out large-scale fermentations of the
corresponding mutant strains, followed by chemical modica-
tions of the isolated products, to prepare for assays with 2–12,
14–16, 18–21, and 24. Our LPS antagonistic activity assays
showed that stlassins I4A (4), I4C (21), I4C-III (24), F15Y (16),
and F15Y-I (20) exerted comparable inhibitory activities to
stlassin (1). The other stlassin derivatives showed no or less
inhibitory activity (Fig. 6). Dose–response experiments were
carried out for 1, 4, 21, 24, 16, and 20, showing increased
antagonistic activities with increased concentrations of each
compound (Fig. S15†). IC50 values were determined based on
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the dose–response curves (Fig. S15†), in which 16 (IC50 value of
0.273 � 0.022 mM) and 20 (IC50 value of 0.501 � 0.057 mM) gave
smaller IC50 values than 1 (IC50 value of 0.753 � 0.015 mM). The
different inhibitions of these stlassin derivatives provide
important information useful for the generation of more potent
inhibitors, e.g. more mutations and chemical modications on
Ile4 and Phe15 positions in the future.

Conclusions

We successfully expressed the lasso peptide biosynthetic gene
cluster stla from marine Streptomyces sp. PKU-MA01240 using
a Streptomyces heterologous expression system, which produced
the class II lasso peptide stlassin (1). To date, most mutational
investigations of lasso peptides have been carried out in E.
coli,16,42,55–59 with the single exception being a mutational anal-
ysis of lariatin A peptides in the Gram-positive bacteria Rhodo-
coccus jostii.60 In the present study, our single-mutation analysis
of the 15 positions of the core peptide revealed functional
impacts of residues on stlassin peptide formation (including
post-translational processing by StlaB1/B2/C), including Leu1,
Asp8, Ala7, and Trp9 (related to the macrolactam ring forma-
tion), Gly13 (in the middle of the macrolactam ring), and Trp14
and Phe15 (related to the C-terminal steric lock formation).

Mutations of Val2–Gln6 and Asn10–Pro12 in the core peptide
were well tolerated and enabled production of structurally
diverse products, as did substitution of Trp9, Trp14, and Phe15
with other aromatic residues. These results pave the way for
carrying out more mutations at these positions, which could be
an alternative way to random isolation from natural resources
for obtaining new lasso peptides. Seventeen stlassin derivatives
(2–17 and 21, Fig. S10†) were generated, and six solution NMR
structures of stlassin derivatives (1, 3, 4, 14, 16 and 18) were
determined. The solution NMR structural comparisons of 1, 3,
4, 14 and 16 revealed the structural differences related to the
loss of thermal stability of 3. We harnessed this structural
insight to support rational double mutations that enabled the
production of 18 and 19, each of which contains both an
intramolecular disulde bond and a C-terminal steric lock;
these structural features extend beyond the current classica-
tion of lasso peptides (Fig. 4B). Notably, our productions of 18
and 19 support that disulde bonds in class I, III and IV lasso
peptides may form spontaneously.

Moreover, we performed site-selective chemical modica-
tions at specic positions in the stlassin peptides, generating 20
and 22–27. It should be possible to further expand the structural
diversity of stlassin-type lasso peptides by for example intro-
ducing tyrosine, cysteine, or other residues into the core peptide
to support chemical modications. Finally, we found that
stlassin derivatives with mutations and chemical modications
at the Ile4 and Phe15 positions (4, 16, 20, 21 and 24) showed
antagonistic activity against the binding of LPS to TLR4. To the
best of our understanding, no previous studies have reported
this activity for lasso peptides. In sum, our application of
biosynthetic gene mutations and site-selective chemical modi-
cations sets the stage for constructing a unique lasso peptide
library, which can support further efforts for bioactivity-guided
© 2021 The Author(s). Published by the Royal Society of Chemistry
structural optimization and anti-inammatory agent
development.
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48 M. Montalbán-López, T. A. Scott, S. Ramesh, I. R. Rahman,
A. J. van Heel, J. H. Viel, V. Bandarian, E. Dittmann,
O. Genilloud, Y. Goto, M. J. Grande Burgos, C. Hill, S. Kim,
J. Koehnke, J. A. Latham, A. J. Link, B. Mart́ınez, S. K. Nair,
Y. Nicolet, S. Rebuffat, H. G. Sahl, D. Sareen,
E. W. Schmidt, L. Schmitt, K. Severinov, R. D. Süssmuth,
A. W. Truman, H. Wang, J. K. Weng, G. P. van Wezel,
Q. Zhang, J. Zhong, J. Piel, D. A. Mitchell, O. P. Kuipers
and W. A. van der Donk, New developments in RiPP
discovery, enzymology and engineering, Nat. Prod. Rep.,
2021, 38, 130–239.

49 J. M. Chalker, S. B. Gunnoo, O. Boutureira, S. C. Gerstberger,
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