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Abstract

Sublancin is a 37-amino acid antimicrobial peptide belonging to the glycocin family of natural
products. It contains two helices that are held together by two disulfide bonds, as well as an
unusual S-glucosidic linkage to a Cys in a loop connecting the helices. We report the
reconstitution of the biosynthetic pathway to this natural product in Escherichia coli. This
technology enabled the evaluation of the structure-activity relationships of the solvent-exposed
residues in the helices. The biosynthetic machinery proved tolerant of changes in both helices, and
the bioactivity studies of the resulting mutants show that two residues in helix B are important for
bioactivity, Asn31 and Arg33.

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a fast
expanding class of natural products that display a wide range of interesting biological
activities.: 2 Glycocins (glycopeptide bacteriocins) are a family of RiPPs that are
characterized by one or two sugars installed on serine, threonine or cysteine residues, and
two nested disulfide bonds that serve to stabilize a hairpin structure characterized by a helix-
loop-helix.® The Slinked glycocin sublancin is produced by the Gram-positive soil
bacterium Bacillus subtilis 168. Its mechanism of antimicrobial activity is currently not
known and only very limited structure-activity (SAR) studies have been reported. Sublancin
is encoded on the SPB prophage as a pre-peptide by the sunA gene.# It is produced
biosynthetically from a gene cluster made up of five additional genes (Figure 1). Two thiol-
disulfide oxidoreductases, encoded by badbA and badbB, are responsible for generating the
two disulfide bonds of sublancin, which connect four of the five cysteine residues in the
mature peptide.® The fifth cysteine residue, Cys22, undergoes glucosylation of the sulfur
atom by the glycosyltransferase encoded by the sunSgene.® sunT is responsible for the
export of modified SunA and the proteolytic removal of a leader sequence,® and an
immunity protein is encoded by the gene sun/.’
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Sublancin has antimicrobial activity against several Gram-positive bacteria including
methicillin resistant Staphylococcus aureus (MRSA).8 © The mechanism by which sublancin
kills sensitive strains is still a matter of investigation. Based on previous studies the mscL
gene,10 the alternative sigma factor oWV,11 and the phosphoenolpyruvate:sugar
phosphotransferase system (PTS)!2 play a major role in sensitivity to sublancin. The NMR
structure of the peptide has been elucidated (Figure 2),13 and in this study we used this
structural information to investigate the importance of the solvent exposed residues in the
helices of sublancin for antimicrobial activity. In order to do this, we first established a
system that allows sublancin and analogs to be produced in Escherichia coli.

At present all analogs of sublancin have been generated /in vitro by enzymatic modification
of the precursor peptide or via chemical synthesis.6: 1415 Although these strategies work,
they are time-consuming and do not result in readily renewable materials. Based on previous
success with producing other classes of RiPPs in Escherichia coli, we first constructed a
pRSFDuet-1 vector encoding Hisg-SunA-Xa (Xa refers to the factor Xa protease cleavage
site, which has been engineered in the leader peptide of sublancin by replacing the last four
amino acids with IEGR, the recognition sequence for factor Xa).8 Hisg-SunA-Xa was
encoded in multiple cloning site I (MCSI) and the glycosyltransferase SunS in MCSII. £.
coliBL21 (DE3) cells were transformed with the plasmid, and protein expression was
induced by isopropyl p-D-1-thiogalacto-pyranoside (IPTG). After purification by
immobilized metal affinity chromatography (IMAC), successful formation of glycosylated
SunA was confirmed by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (Figure 3a—b). Since we previously demonstrated that
glycosylated peptide can be oxidatively folded /n vitro followed by leader peptide removal
using Factor Xa, a system for preparing sublancin analogs was in hand.

Having established that we could successfully glycosylate SunA in £. coli, an alanine
scanning mutagenesis approach was chosen to assess which of the residues might be
important for bioactivity. We focused on residues with surface exposed side chains (Figure
2) as these might make interactions that are important for activity. Thus, four of the residues
in helix A (GIn6, Leul2, GIn13 and Ser16) and five of the residues in helix B (Val27, GIn30,
Asn31, Arg33 and GIn34) were chosen for mutagenesis to Ala (Figure S1). Analyses with
the software PSIPRED?® indicated that the alanine mutants would not lead to disruption of
helicity.

The nine SunA mutants were generated using site-directed mutagenesis and the mutant
peptides were co-expressed in £. coliwith SunS. For a representative mutant, SunA-Xa-
R33A, the peptide was isolated using IMAC followed by MALDI-TOF MS analysis
indicating that the sublancin mutant expressed in £. coliwas modified with a hexose moiety
(Figure S2). Unfortunately, the yields of glycosylated products were <0.01 mg/L for all
mutants, which was insufficient for SAR studies. We considered two changes to the strategy.
First, we reasoned that the poor yields might be related to degradation of the linear
glycosylated products. Oxidatively folded sublancin is very stable* and hence we decided to
attempt oxidative folding /n vivo. We chose E£. coli SHuffle T7 Express cells, which
constitutively express the disulfide bond isomerase DsbC aiding oxidative folding.1” All co-
expressions in SHuffle were initially performed with SunS encoded in pETDuet-1 and Hisg-
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SunA-Xa in pRSFDuet-1, thus increasing the substrate to enzyme ratio. MALDI-TOF MS
analysis of the peptides produced confirmed that they were glycosylated (Figure S3). Yields
of peptides after purification IMAC and HPLC were about 100 pg/L of folded sublancin
with the leader peptide still attached.

Previous /n vitro studies have indicated that the leader peptide of sublancin is not essential
for its recognition by the modifying enzyme SunS.® Therefore, to further improve the yields,
we replaced the leader of sublancin with the leader peptide of haloduracin f, a lanthipeptide
that has been produced at higher levels in £. co/i1® We designed a chimeric gene encoding a
hexa-histidine tag, the leader peptide (LP) of the haloduracin B precursor HalA2 followed by
a spacer sequence (NDVNPE) cleavable with endoproteinase GIuC or LicP,19 and then the
core peptide (CP) of sublancin. This chimeric peptide indeed expressed much better from
pRSFDuet-1 than the SunA-Xa peptide, but when it was co-expressed with SunS encoded on
pETDuet-1, much of the product was not glycosylated. This indicated that oxidative folding
outcompeted glycosylation, since previous studies have shown that SunS cannot glycosylate
the oxidatively folded peptide.® Therefore, the gene encoding the chimeric substrate peptide
was inserted into MCSI of pRSFDuet-1 with sunSinserted into MCSII, with the aim of
expressing more SunsS from the high copy number pRSF-Duet-1 plasmid. Co-expression of
Hisg-HalA2| pSunAcp with SunS in £. coli Shuffle indeed led to much improved yields of
the completely glycosylated oxidatively folded peptide (Figure 3c—f). After removal of the
leader peptide by endoproteinase GIuC (which worked more efficiently than LicP with the
folded peptide) and HPLC purification, the yields of sublancin and its mutants were
sufficient for SAR studies (e.g. 2 mg/L for the wild type).

Because in vitro the glycosyltransferase SunS displays high substrate tolerance for
nucleotide sugars other than UDP-glucose, it was essential to establish the identity of the
hexose moiety incorporated on sublancin produced in £. coli. The isolated core peptide was
subjected to acid-catalyzed hydrolysis to release the sugar, which was then subjected to
chemical derivatization of the hydroxyl groups to the corresponding trimethylsilyl ethers.
Gas chromatography-mass spectrometry (GC-MS) analysis was then performed.
Comparison to a series of authentic standards as well as native sublancin established the
identity of the sugar modification on sublancin isolated from E. coli as glucose (Figure S4).
lodoacetamide treatment under native and reducing conditions and chymotrypsin digests and
tandem MS analysis established that wild type sublancin and its mutants had the correct
topology of the disulfides and installation of the glucose on Cys22 (Figure S5). To the best
of our knowledge, this is the first report of production of a glycocin in E. col.

With the expression system in hand, we successfully isolated all the desired mutant peptides
(Figure S6). All mutants were correctly glycosylated and oxidatively folded (Figure S7),
indicating the tolerance of the biosynthetic system. We next evaluated the bioactivity of
sublancin and the mutant peptides using agar diffusion assays (Figure 4), and determined the
minimum inhibitory concentration (MIC) in liquid culture of each peptide against a sensitive
Bacillus subtilis Aspp strain (Figure S8). Most mutations did not significantly affect the
bioactivity of sublancin with the exception of two residues near its C-terminus. Mutation of
either Asn31 or Arg33 in helix B to Ala led to a large decrease in bioactivity, suggesting that
these two residues might have an important role in interacting with the target or delivery to
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the target. Chymotrypsin digests of these two peptides and MS analysis of the fragments
indicated that the mutant peptides had the same native disulfide topology as wild type
sublancin (Figure S9). We also made the R33K mutant to evaluate the importance of positive
charge. This variant displayed activity similar to that of native sublancin. A sequence
alignment with the core peptides of different putative glycocins that display similar disulfide
connectivity as sublancin demonstrates that residues at equivalent positions in these peptides
bear a positive charge in nearly all other glycocins (Figure $10).3

Using the developed robust production system in £. coli, we decided to revisit the
importance of the sugar moiety for the bioactivity of sublancin. Previous investigations
suggested that the sugar on sublancin might not be necessary for its bioactivity.2% This
previous study was performed with non-glycosylated sublancin analogs obtained /n vitro,
which resulted in small quantities because of low yields in the oxidative folding step. We
first produced the oxidatively folded C22S mutant that in this work could be obtained in
much higher quantities such that it could be HPLC-purified. Chymotrypsin digest and
MALDI-TOF MS analysis established that the oxidatively folded mutant peptide had the
same disulfide topology as native sublancin (Figure S11). Agar diffusion growth inhibition
assays showed that the C22S mutant of sublancin was inactive (Figure S12). This result was
in contrast to our previously reported observation, and hence we investigated this result in
more detail. Perhaps the best test of the importance of the sugar would be to produce the
aglycone without any mutations. Previous attempts 77 vitro did not succeed,20 but expression
of HalA2; pSunAcp in the SHuffle strain and subsequent removal of the leader peptide
produced the aglycone. Chymotrypsin digests of the expressed peptide showed fragments
corresponding to correctly folded non-glycosylated sublancin (Figure S13). Evaluation of its
bioactivity showed the absence of any zone of growth inhibition (Figure S14), consistent
with the data obtained with C22S in this work. We then investigated the different
components present in our previous /n vitro oxidative folding conditions that could have led
to the previous conclusion that the C22S mutant was active. We suspect that EDTA present
in the /n vitro oxidative folding conditions was likely responsible for the observed
bioactivity (Figure S12). Collectively, our results indicate that sublancin is ‘glycoactive’.3

In summary, we have developed a general method for the heterologous expression of
glycocins in £. colithat reliably installs all the post-translational modifications. A single in
vitro step of proteolytic removal of the leader peptide gives the natural product. This method
provided a platform for carrying out structure-activity relationship studies of the amino acid
residues in sublancin to complement the previous evaluation of the importance of the
identity of the sugar.® These SAR studies demonstrate that two residues near the C-terminus
of sublancin are important for bioactivity. One of these, Arg33, is at a position where
positive charge appears important based on sequence conservation. Bioinformatic analysis
has revealed putative glycocin gene clusters in a number of other organisms,3 and the current
approach enables the future characterization of glycocins from bacteria that cannot be easily
cultured under laboratory conditions or that do not produce the glycocin in culture.
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METHODS
LC-ESI-Q/TOF MS and MSMS analyses

Data acquisition and analysis were performed as described previously, with minor
modification:® samples were injected on a Phenomenex C4 column (5 pm, 100 A, 50 mm x
2.0 mm) and the gradient was run for 10 min.

HalA2| p-SunAcp and SunS Co-expression

A synthetic gene encoding HalA2leader-NDVNPE was inserted in pET15b (see Supporting
Information, Sl). The gene was sub-cloned using primers HalA2 p_F and HalA2; p R
(Table S1) with Phusion polymerase and purified using a 2% agarose gel. An
oligonucleotide fragment encoding SunAcp and the vector backbone was amplified by PCR
with primers SunAcp_F and SunAcp_R (Table S1) using SunA-Xa_pRSFDuet-1 (see Sl) as
the template and Q5 as the DNA polymerase, followed by purification on a 1.0% agarose
gel. The two fragments were used in a Gibson assembly using a vector:insert ratio of 1:10.
The resulting plasmid (HalA2 p-SunAcp_pRSFDuet-1) was used to transform £. coli
(DH10B) cells. Plasmids were isolated and sequenced as described previously.®

HalA2| p-SunAcp_pRSFDuet-1 was digested with Xhol and EcoRV. sunSwas then
amplified using PCR with SunS_pETDuet-1 (see Sl) as the template and the primers
pRSFSunS_F and pRSFSunS_R (Table S1). Then a Gibson assembly was performed with a
vector:insert ratio of 1:5. Transformation of £. co/i (DH10B) cells and isolation of plasmids
was performed as described previously.® The sequence of the resulting plasmid (HalA2, p-
SunAcp_SunS_pRSFDuet-1) was confirmed by DNA sequencing.

Mutagenesis

Site-directed mutagenesis of HalA2| p-SunAcp_SunS_pRSFDuet-1 was performed by a
standard QuikChange protocol using either Phusion or Q5 as the DNA polymerase.
Methylated non-mutated DNA (i.e. the template plasmid) was digested with Dpnl for 2-3 h.
Transformation of £. coli (DH10B) cells and isolation and sequencing of the resultant
plasmids was carried out as described previously.®

Expression and purification of HisgHalA2| p-SunAcp co-expressed with SunS

E. coli SHuffle T7 Express cells were transformed via electroporation with HalA2, p-
SunAcp_SunS_pRSFDuet-1. Peptide purification was performed as described previously,
with a few modifications:® Terrific Broth (TB) was used as the medium. Following isolation
of the peptide by IMAC, purification was performed by solid phase extraction using a
Vydacc4 Column.

Leader peptide removal

Wild type sublancin or mutants were obtained using endoproteinase GluC. HisgHalA2¢p-
SunAcp obtained after solid phase extraction was dissolved in water, and incubated in 10
mM Tris buffer (pH 8.0), followed by the addition of GIuC at a concentration of 1:100 (w/w)
with respect to the peptide and incubation overnight at 37 °C. Extent of cleavage was
monitored using MALDI-TOF MS. The peptides were purified using a C5-Phenomenex
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column (5 pm, 100 A, 250 mm x 10 mm) with a Shimadzu Prep-HPLC Instrument and
eluted at 19-21 min with a gradient of 2% solvent B to 100% solvent A (solvent A = 0.1%
TFA in water, solvent B = 0.0866% TFA in 80% ACN/20% water) over 39.0 min at a flow
rate of 6.0 mL /min. UV detection identified fractions likely containing peptide which was
confirmed by MALDI-TOF MS. The fractions containing the desired peptides were
lyophilized and then redissolved in water for bioactivity assays and subsequent experiments.

Antimicrobial activity assays of sublancin and its mutants

Ninety-six well agar plates were prepared as described previously.® Peptides (10 uL of 20
UM stock) were added to each well. Plates were evaluated for antibacterial activity as
described previously.8

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Biosynthesis of sublancin in B. subtilis 168. SunS must precede disulfide bond formation,®

but the order of oxidative folding and leader peptide removal is not known. Leader peptide is
depicted in gold. Residues that form the helices are colored blue while the residues that form
the loop region are depicted in purple.13

ACS Chem Biol. Author manuscript; available in PMC 2018 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Biswas et al. Page 9

Figure 2.
(top) Ribbon diagram (PDB:2M1J) of two views of sublancin with the loop, N- and C-

termini colored in pink and the glucose in orange.13 (bottom) Surface diagram depicting the
helices of sublancin. Solvent exposed non-alanine residues in the helices are color coded.
GlIn and Asn are in blue, Leu and Val are in lime, Ser is in cyan, Arg is in red, and all other
residues are in gray. Glucose is depicted in orange. Left panels show view of helix A, right
panels show view of helix B.
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Figure 3.
Representative MALDI-TOF mass spectra of different variants of SunA produced in £. coli.

(@) SunA-Xa-WT; (b) Glycosylated SunA-Xa-WT; (c) Unmodified Hisg-HalA2| pSunAcp
(d) Glycosylated Hisg-HalA2| pSunAcp; (€) lodoacetamide (IAA) treated glycosylated Hisg-
HalA2| pSunAcp. The lack of alkylation indicates the absence of a free Cys, and hence
confirms oxidative folding of the Cys residues. (f) Sample from panel () treated with tris-
(carboxyethyl) phosphine (TCEP) and IAA. TCEP reduces the cysteines involved in
disulfide formation allowing for alkylation by IAA. For observed and expected masses, see
Table S2.
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Figure 4.
Agar diffusion bioactivity assays of sublancin and its mutants against B. subtilis Aspp. An

aliquot of 10 pL of 20 uM of each peptide was spotted in each well. Q30A might be slightly
more active than wild type in this assay, but this is not seen in liquid medium (Figure S8).
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