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FIG 4 Alignment of the amino acid sequences of the precursor peptide of leepeptin (GenBank accession number
CQR60041.1) with homologues found in the GenBank database, including Micromonospora carbonacea
(SCF49478.1), Streptomyces sp. L-9-10 (RYJ28011.1), Amycolatopsis xylanica (SDZ36359.1), and Actinomadura fibrosa
(WP_131760281.1). Leader sequences are shown in blue and core peptide sequences in red.

The Glug-Leu, macrocyclization was determined through analysis of NOEs from Glug-8H
(6 1.54) and yH (6 1.67) to Leu,-aH as well as Glug-yH (8 1.67) to Leu,-NH.

There is no NMR evidence for the sequence connectivities of Glug-Glug and Glug-
lle,o, but there is tandem MS (MS?) (Fig. 2c) evidence for these linkages. The lle;y-Asn,,
connection was determined using the correlations between lle;,-NH to Asn,,-BH (&
2.66) and lle;,-NH, aH, BH, yH's, and ¢ (8 0.82) (all to Asn,,-NH). Furthermore, the
Asn,,-Trp,, connection was established using the correlations between Asn,,-NH to
Trp,,-NH and BH (8 2.95). The Trp,,-His;5 connection was established using the
correlations from Trp,,-BH (& 2.95) and His,5-NH. The His,;-Phe,, connection was
determined using the correlations between His,5-NH, aH, and BH (8 1.05) to Phe,,-NH.
Furthermore, the Phe,,-Asp,s connection was determined using the correlations be-
tween Phe,,-BH’s to Asp,s-NH. The Asp,s-Tyr, connection was determined using the
correlation between Asp,s-aH and Tyr, ,-NH. The Tyr,,-Trp,, connection was difficult to
assign using NOEs due to overlapping chemical shifts of multiple residues with those
signals assigned in Trp,,. The Tyr,¢-¢ (6 6.38) correlation to Trp,,-NH and the longer-
range correlation between Asp,s-NH to Trp,,-NH help to place this residue. Lastly, the
Trp,,-Thr,s connection was established using the correlations between Trp-aH, BH's,
and 6H (8 7.37) (all to Thr,4-NH) as well as from Trp,,-NH to Thr,g-aH.

NOESY data are generally used to confirm the residues in class Il lasso peptides that
prevent unthreading of the structure (see reference 15 for a discussion of the different
classes of lasso peptides). Purely on the basis of the number of NOE correlations from
tail residues back to macrocyclic residues, we were able to predict which amino acid
residues in the tail of the peptide play a role in locking the tail in place. Working from
the C-terminal Thr, Trp17 and Tyr16 each contain seven NOE correlations (Fig. S8). Both
of these two residues seem to act as lower plugs, in a “harpoon”-like fashion, which is
unusual among class Il lasso peptides (Fig. 3b). Further up the tail, Phe14 contains seven
NOE correlations, suggesting that it acts as the upper plug (Fig. S8).

In an attempt to establish the absolute configuration of the amino acid residues of
leepeptin, the methodology used in determining the absolute stereochemistry of chaxa-
peptin was followed (4). Marfey’s analysis was used to determine the L conformation for all
amino acids, with the exception of Leu,, Trp,, and Trp,, (overlapping peaks).

Leepeptin represents a new subfamily of lasso peptides. While we could not
detect any close homologues of leepeptin in the data set reported in reference 10,
blastP searches (21) of the GenBank database revealed four homologues encoded by
the genome sequences of Streptomyces sp. L-9-10, Micromonospora carbonacea, Amy-
colatopsis xylanica, and Actinomadura fibrosa (Fig. 4). Generation of a sequence simi-
larity network (SSN) (22) using the precursor peptide sequences identified in Data Set
2 in reference 10 but also including these four newly identified sequences confirmed
the emergence of this new subfamily of lasso peptides (Fig. S9). blastP searches of
precursor or core peptide data sets derived from reference 10 but also including these
four newly identified sequences and using the precursor and core sequences of each
of the five peptides as query sequences confirmed the results of the SSN analyses; the
only significant hits were other members of this new subfamily (data not shown).
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DISCUSSION

Analysis of the genome sequence of S. leeuwenhoekii C34T had revealed three BGCs
with the potential to produce the lasso peptides Lp1, Lp2, and Lp3 (7). Each of these
putative lasso peptides was also later identified at the sequence level in the bioinfor-
matic analysis reported in reference 10 but had not been characterized further. Lp3 was
shown in this work to be identical to the previously published chaxapeptin from the
closely related strain S. leeuwenhoekii C58, also isolated from the Chaxa Lagoon in the
Salar de Atacama. Production by S. leeuwenhoekii C34T and, after heterologous expres-
sion, by S. coelicolor was detected. Unusually, no transporters were encoded by the Lp3
BGC, and the results of our heterologous expression experiments suggest that export
of chaxapeptin is mediated by a nonspecific secretion system commonly present in
Streptomyces species; we are not aware of any other experimental reports of a lack of
a specific transporter for lasso peptide export. Genome sequence information is avail-
able for three of the four strains that possess genes encoding Lp3 homologues (see Fig.
S3 in the supplemental material); while neither of the BGCs identified in S. leeuwen-
hoekii C58 and in S. kanamyceticus encodes identifiable transporters, that present in S.
cinnamoneus encodes a two-component ABC transporter (data not shown). Why some
members of this newly identified family of lasso peptides should apparently utilize a
specific transporter while others do not is unknown.

Although we could not detect production of Lp1 by S. leeuwenhoekii C34T or elicit
its synthesis in S. coelicolor, the predicted product appears to be identical to a member
of the recently identified citrulassin family of lasso peptides (10).

Lp2, which appeared to represent a novel lasso peptide which we subsequently
named leepeptin, could not be detected in the culture supernatant of S. leeuwenhoekii
C34T but could be readily isolated after heterologous expression in S. coelicolor,
enabling its structural elucidation. Lack of production in the native strain but successful
expression of the Lp2 BCG in the heterologous host under the control of the consti-
tutive ermE* promoter presumably reflects lack of activation of the regulatory mecha-
nism required for leepeptin biosynthesis in S. leeuwenhoekii C34T under the growth
conditions used. This may indicate that a specific environmental signal that is required
to elicit leepeptin production in the native host was not provided under the experi-
mental conditions used. Leepeptin appears to represent a new subfamily of lasso
peptides. All three of the S. leeuwenhoekii C34T lasso peptides contain the conserved
leader sequence motif YxxPxLxxxGxxxxxTx, with the sole exception of the replacement
of Leug with Val in the leader peptide of leepeptin, and all three leader peptides possess
the “invariant” (with one known exception; see reference 10) Thr as the penultimate
amino acid residue (Fig. 5).

Lasso peptides are currently an understudied family of natural products. Although
the number of isolated compounds is relatively small (44 were identified in the supple-
mentary information of reference 10), genome mining has revealed gene clusters for
over 1,300 unique lasso peptides occurring across a wide range of bacterial genera (10).
Over 35% of these BGCs are found in Actinobacteria, and many may not be expressed
under laboratory conditions at the levels required for their detection. Consequently, we
believe that the approach of heterologous expression described here could provide a
useful means to unlock this untapped source of novel chemical diversity. Moreover, our
discovery of a structurally novel lasso peptide, leepeptin (whose biological activity
remains to be explored), in samples from the extreme environment of the Chaxa
Lagoon in the high-altitude Atacama Desert provides further support for the hypothesis
that the isolation of microorganisms from relatively little-explored environments such
as this may result in a plethora of new natural products.

MATERIALS AND METHODS

Strains, culture conditions, and general methods. Bacterial strains used and generated during this
study are listed in Table 1. Escherichia coli and Streptomyces strains were cultured, maintained, and
manipulated genetically following the methods described in reference 23 and reference 24, respectively.
Spore stocks of S. leeuwenhoekii were prepared following standard methods from cultures grown on
mannitol soya flour (SFM) agar medium at 37°C for 5 to 7 days. The culture media used for lasso peptide
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FIG 5 The three lasso peptides of S. leeuwenhoekii C34T. Leader sequences are shown in blue, with
conserved leader residues in green; core peptide sequences before and after proteolytic cleavage and
cyclization are shown in red.

production were as follows: R3 (25), TY (TSB [tryptone soya broth; Oxoid CM0129]-YEME [yeast extract-
malt extract; 24] [50:50]), LPM (Lariatin production medium) (17), LS (lassomycin seed medium) (26), and
modified ISP2 (5). Plasmids and oligonucleotides used or constructed during this work are listed in Table 2 and
Table S1 in the supplemental material, respectively. Molecular biology enzymes, reagents, and kits were used
according to the manufacturers’ instructions. High-fidelity PCR ampilification was performed with Phusion or
Q5 DNA polymerases following the instructions of the manufacturer (NEB, Ipswich, MA) with nucleotide
proportions of 15A/15T/35G/35C to improve the amplification efficiency of high-moles-percent (mol%) G+C
Streptomyces DNA. Sanger sequencing was performed using the Eurofins Genomics service (Ebersberg,
Germany) and analyzed using the Staden package, version 2.0.0b9 (http://staden.sourceforge.net) (27). blastP
searches were performed at the NCBI server. Drawing of chemical structures and mass calculations were
performed with Accelrys Draw 4.1 SP1 (Accelrys Inc.) and ChemDraw Professional 18 (PerkinElmer, Inc.).
NMR data were analyzed with MestreNova V12 (Mestrelab Research S.L.).

Construction of plJ12815. A 2.6-kb DNA fragment containing the BGC for Lp3 was PCR amplified
with primers JP127_Ndel (catATGGAACCCCAGATGACTGAG; introduced enzyme restriction sites here and

TABLE 1 Bacterial strains used in this study
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Strain Description Reference(s) and/or source(s)

E. coli DH5« Strain used for routine cloning 29

E. coli ET12567/pUZ8002 Methylation-deficient strain used for conjugation with E. coli ET12567, 30; pUZ8002, David
Streptomyces; pUZ8002 provides conjugation Figurski, personal communication
machinery

S. leeuwenhoekii C347 Type strain 2

S. coelicolor M1152 M145, Aact Ared Acpk Acda rpoB[C1298T] 20

S. coelicolor M1154 M145, Aact Ared Acpk Acda rpoB[C1298T] rpsL[A262G] 20

S. albus 11074 S. albus G derivative J1074 (ilv-1 sal-2 R=— M~) 31

S. viridochromogenes DSM 40736 Wild-type strain NCBI reference sequence; NZ_GG657757.1

S. pristinaspiralis ATCC 25486 Wild-type strain NCBI reference sequence; NZ_CM000950.1

S. davawensis JCM 4913 Wild-type strain 32 (strain also known as S. davaonensis

JCM 49137)
S. roseochromogenes subsp. oscitans Wild-type strain 33
DS 12.976
S. coelicolor M1623 S. coelicolor M1152/plJ12819 This work
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TABLE 2 Plasmids used and constructed during this study

Plasmid Description Reference or source
pBluescript Il KS(+) General cloning vector 34
plJ10257 Expression vector for Streptomyces, with ermE™p, hyg, conjugative 18
(oriT from RK2), integrative (phiC31 attP)
plJ12815 plJ10257 with the Lp3 BGC This work
plJ12819 plJ10257 with the complete Lp2 BGC This work

below are underlined, and nucleotides not present in the genome sequence of S. leeuwenhoekii are
lowercase) and JP128_Pacl (ttaattaaCGTGTCGACCGGTGTCAGG) and genomic DNA from S. leeuwenhoekii
C34T7 as the template. The PCR product was first cloned into Smal-digested pBluescript Il KS(+) and the
sequence verified by Sanger sequencing with universal primers M13F-24mer (CGCCAGGGTTTTCCCAGT
CACGAC) and M13R-22mer (TCACACAGGAAACAGCTATGAC). The verified insertion from one clone was
excised with Ndel and Pacl and cloned in plJ10257 digested with the same enzymes, generating
plJ12815. plJ12815 was introduced into the heterologous Streptomyces expression hosts by conjugation
selecting for hygromycin-resistant integrants (24).

Construction of plJ12819. A 2.8-kb DNA fragment containing the biosynthetic genes for Lp2
(leeCEBA) was PCR amplified with primers JP138_Ndel (aacatATGGAACCCTGCGTCCCG) and JP139_
Hindlll (aaaagcttAGACCCTCATCCGCGCAATG) and genomic DNA from S. leeuwenhoekii C34T as the
template. Independently, a 3.8-kb DNA fragment containing the precursor peptide and transport genes
for Lp2 (leeADF) was PCR amplified with primers JP143_Avrll (aacctaggGCGGGGTGACCTGAGGTGGATG)
and JP144_Ndel (aacatATGGAGCACGACGAGAAGACG) and genomic DNA from S. leeuwenhoekii C34T as
the template. In both cases, the PCR product was first cloned into Smal-digested pBluescript Il KS(+) and
the sequence verified by Sanger sequencing with universal primers M13F-24mer (CGCCAGGGTTTTCCC
AGTCACGAC) and M13R-22mer (TCACACAGGAAACAGCTATGAC). The leeADF fragment was excised by
digestion with BsiWI (internal to leeA) and Notl (provided by the vector polylinker) and ligated to the
pBluescript Il KS(+) derivative containing leeCEBA cut with the same enzymes, reconstructing the
complete Lp2 leeCEBADF BGC (see Fig. S5 in the supplemental material). The insertion from one clone
was excised with Ndel and Avrll and cloned in plJ10257 digested with the same enzymes, generating
plJ12819. plJ12819 was introduced into the heterologous Streptomyces expression hosts by conjugation
selecting for hygromycin-resistant integrants (24).

Large-scale production and purification of leepeptin. S. coelicolor M1623 (S. coelicolor M1152
containing plJ12819) was cultured in 25 ml of production medium (12.5 ml tryptone soya broth [TSB;
Difco]) plus 12.5 ml yeast extract-malt extract (YEME) broth (YEME composition per liter, 3 g yeast extract,
3 g malt extract, 5 g bacteriological peptone, 10 g glucose, and 170 g sucrose) in a 250-ml Erlenmeyer
flask for 8 days. An aliquot of the culture was used to inoculate 150 ml TSB/YEME (50:50) in a 500-ml
Erlenmeyer flask and grown for 7 days at 30°C and with shaking at 200 rpm. This culture was used to
inoculate five 2-liter baffled Erlenmeyer flasks containing 300 ml TSB/YEME (50:50) and incubated for
7 days at 30°C and with shaking at 200 rpm. The purity of the culture was verified at each step by
streaking out an aliquot of the culture on tryptic soy agar (Becton, Dickinson). The cultures were
harvested at 4,000 rpm for 10 min and the supernatant fractions pooled and mixed with 6% (wt/vol)
Diaion HP-20 resin beads (Mitsubishi) and left overnight. The resin beads were recovered by filtering the
solution through glass wool and then soaked in methanol. The methanol fraction was filtered through
filter paper in a vacuum system. The eluent was concentrated at 40°C at reduced pressure, and the
resulting solution was fractionated through an ion exchange column (Strata SAX) (55-m pore size, 70 A,
500 mg/3 ml) using 10% of the packing weight as the loading fraction. The column was equilibrated with
20 column volumes of water before the sample was loaded and washed with 10 column volumes (30 ml)
of different mixtures of methanol-water solutions i to v as follows: (i) water; (i) 75% water and 25%
methanol; (iii) 50% water and 50% methanol; (iv) 25% water and 75% methanol; (iv) 100% methanol; (v)
100% methanol and 0.1% trifluoroacetic acid (TFA). An aliquot of each fraction was concentrated and
analyzed by liquid chromatography-mass spectrometry (LC-MS), and the peptide was detected with highest
intensity in the fraction containing 75% methanol. This fraction was further concentrated and subjected to
semipreparative high-performance liquid chromatography (HPLC; Agilent 1200) through a C,; column
(Waters SunFire) (5-um particle size, 100-A pore size, 250 by 10 mm) connected to a binary pump and a
photodiode array detector set at 280 nm. Solvents used were Milli-Q water—0.1% (vol/vol) formic acid (solvent
A) and methanol-0.1% (vol/vol) formic acid (solvent B). A gradient was set from 0% to 100% solvent B in
30 min and then 100% solvent B for 5 min, giving a total run time of 35 min, with a flow rate of 2 ml/min. The
fraction containing the peptide eluted at around 22 to 23 min. The purified peptide was obtained in a volume
of 3 mg, and the purity of the peptide was assessed by LC-MS (Fig. S10).

Mass spectrometric analyses. Values corresponding to the ions expected from peptide fragmen-
tation by tandem mass spectrometry (MS/MS) were calculated with Fragment lon Calculator software
(http://db.systemsbiology.net:8080/proteomicsToolkit/FraglonServlet.html). For the calculation of A and
B ions, 18.0106 Da was deducted to account for the loss of a water molecule during cyclization. For
MALDI-ToF analyses, the peptide samples were spotted onto a prespotted AnchorChip MALDI target
plate (a-cyano-4-hydroxycinnamic acid matrix; Bruker Daltonics, Coventry, United Kingdom), and the
spots were washed briefly with 10 mM ammonium phosphate-0.1% TFA according to the manufacturer’s
instructions. After drying, the samples were analyzed using MALDI-ToF and an Ultraflex TOF/TOF mass
spectrometer (Bruker). The instrument was calibrated using the prespotted standards (ca. 200 laser
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shots). Samples were analyzed using a method optimized for peptide analysis, and spectra were
summed from ca. 30 X 15 laser shots. The data were processed in FlexAnalysis (Bruker). Several
liquid chromatography-mass spectrometry instruments and methods were employed. LC-IT-ToF MS
methods were performed as previously published (28); briefly, samples were analyzed on a Shimadzu
NexeraX2 LC instrument fitted with a Prominence photo diode array detector and with an LC-IT-ToF mass
spectrometer set for positive-ion-mode detection; samples were injected in a Kinetex XB-C,g column
(part no. 00B-4496-AN; Phenomenex, USA) (2.6-um particle size, 100-A pore size, 50 by 2.10 mm) and
eluted with a gradient of 0.1% formic acid-water-methanol (2% to 100% methanol) over 9.5 min, at a
flow rate of 0.6 ml per min; data acquisition and analysis were performed with LCMSsolution version 3
(Shimadzu). High-resolution mass spectra were acquired by LC-HRMS on a Synapt G2 mass spectrometer
equipped with an Acquity ultraperformance liquid chromatograph (UPLC; Waters, Wilmslow, United
Kingdom). Aliquots of the samples were injected onto an Acquity UPLC ethylene bridged hybrid (BEH)
C,g column (Waters) (1.7-um particle size, 100-A pore size, 1 by 100 mm) and eluted with a gradient of
(solvent B) acetonitrile-0.1% formic acid mixed with (solvent A) water-0.1% formic acid with a flow rate
of 0.4 ml/min at 45°C. The concentration of solvent B was kept at 3% for 1 min followed by a gradient
up to 50% solvent B in 12 min. MS data were collected with the following parameters: resolution mode;
positive-ion mode; scan time, 1 s; mass range, m/z 50 to 2,000 (calibrated with sodium formate); capillary
voltage, 3.0 kV; cone voltage, 40 V; source temperature, 150°C; desolvation temperature, 500°C. Leu-
enkephalin peptide was used to generate a lock-mass calibration with 556.2766 m/z measured every 10
s during the run. For MS/MS fragmentation, a data directed analysis (DDA) method was used with the
following parameters: precursor selection from inclusion list only (807.5; 1,170.5), MS/MS threshold, 7,000;
scan time, 5 s; no dynamic exclusion; collision energy (CE) ramped between 20 and 30 at low mass (m/z 50)
and 30 and 60 at high mass (m/z 2,000). HRMS was also performed on an Agilent Technology 1290 Infinity
Il system fitted with a Kinetex C,5 column (part no. 00D-4462-AN; Phenomenex Inc.) (2.6-um particle size,
100-A pore size, 100 by 2.1 mm), which was kept at 40°C. The system was coupled to a quadrupole time of
flight (QTOF) maXis Il mass spectrometer (Bruker Inc.). For liquid chromatography, a gradient of 95% Milli-Q
water to 100% solvent B (acetonitrile-0.1% formic acid) was used over 10 min with a 5-ul injection volume.
Mass spectrometry was deployed in positive-ionization mode with a mass/charge range of 50 to 2,000. MS/MS
fragmentation of purified leepeptin was obtained using direct injection into a LTQ XL Orbitrap mass
spectrometer using 35% relative collision energy. Marfey’s analysis was carried out using Marfey’s FDLA
[Na-(2,4-dinitro-5-fluorophenyl)-L-leucinylamide] standard (Sigma-Aldrich) and the protocol described in ref-
erence 4.

Nuclear magnetic resonance. All 1D and 2D NMR experiments were performed using a Bruker
Avance Il HD 600-MHz spectrometer (Ascend 14.1 Tesla) with a Prodigy TCl cryoprobe at 25°C.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01752-19.

SUPPLEMENTAL FILE 1, PDF file, 1.8 MB.
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