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ABSTRACT: Mersacidin is an antimicrobial class II lanthipeptide. Mersacidin Ring A mutants
Lanthipeptides are a class of ribosomally synthesized and post-
translationally modified peptides (RiPPs), characterized by intra-
molecular lanthionine rings. These rings give lanthipeptides their
bioactive structure and stability. RiPPs are produced from a gene
cluster that encodes a precursor peptide and its dedicated unique

modification enzymes. The field of RiPP engineering aims to J Ring A only
recombine modification enzymes from different RiPPs to modify

new substrates, resulting in new-to-nature molecules with novel or m
improved functionality. The enzyme MrsM from the mersacidin

gene cluster installs the four lanthionine rings of mersacidin, mm
including the uniquely small ring A. By applying MrsM in RiPP

engineering, this ring could be installed in linear peptides to achieve

stabilization by a very small lanthionine or to create small lanthionine-stabilized modules for chemical modification. However, the
formation of unique intramolecular structures like that of mersacidin’s ring A can be very stringent. Here, the formation of ring A of
mersacidin is characterized by mutagenesis. A range of truncated mersacidin variants was made to identify the smallest possible
construct in which this ring could still be formed. Additionally, mutants were created to study the flexibility of ring A formation. It
was found that although the formation of ring A is stringent, it can be formed in a core peptide as small as five amino acids. The
truncated mersacidin core peptide CTFAL is the smallest ribosomally produced lanthipeptide reported to date, and it has exciting
prospects as a new module for application in RiPP engineering.
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Leader A

H INTRODUCTION single LanM enzyme, MrsM, mersacidin is classified as a class
11 lanthipeptide.*

The mersacidin gene cluster encodes the precursor peptide
and nine enzymes that perform the functions of post-
translational modification, regulation,lo’11 host self-immun-
ity,"” transport,'” and partial leader processing, respectively'>"*
(Figure 2). The precursor peptide MrsA is translated as a linear
peptide, consisting of an N-terminal leader peptide and a C-
terminal core peptide, of which the decarboxylase MrsD
removes the CO, from its C-terminal cysteine residue.'*"®
Then, the lanthionine synthetase MrsM dehydrates the serine
and threonine residues to dehydroalanine (Dha) and
dehydrobutyrine (Dhb), respectively, and subsequently installs
lanthionine rings from the Dhb residues to specific cysteine

residues''® (Figure 1). When fully modified, the peptide is

Mersacidin is a class II lanthipeptide produced by Bacillus
amyloliquefaciens,’ which has good antimicrobial activity
against a range of Gram-positive bacteria, including methi-
cillin-resistant  Staphylococcus aureus strains' > (Figure 1).
Lanthipeptides are a class of ribosomally synthesized and
post-translationally modified peptides (RiPPs).* RiPPs com-
prise a large family of ribosomally synthesized peptides, which
are modified by dedicated enzymes after translation to obtain
their bioactive form. Because of their ribosomally synthesized
nature, the application of synthetic biology methods to
recombine and improve RiPPs with the purpose of creating
new antimicrobial compounds has grown into a useful and
rapidly expanding field of research.”® On RiPPs and RiPP
engineering, there are some excellent recent reviews
available.”® ———
Lanthipeptides are characterized by their intramolecular Received: June 29, 2022 Synihetictiology
thioether rings, which are formed between cysteine residues, Published: September 6, 2022 :
and dehydrated serine or threonine residues.”® These rings
give lanthipeptides their bioactive structure and also make
them more resistant to thermal and proteolytic degradation.’
Because the lanthionine rings of mersacidin are installed by a
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Figure 1. Fully modified mersacidin with leader peptide. The fully
modified core peptide has four lanthionine rings, of which ring A is
uniquely small." The negatively charged leader peptide residues D-5
and E-3 are crucial for the formation of one specific ring, which is
most likely ring A. The rings installed by MrsM, both very small ring
A and large ring B, and the nonleader-dependent decarboxylation by
MrsD, are both fundamentally interesting and useful for the
application in RiPP engineering. Fully modified MrsA is processed
in two steps, MrsT cleaves before residue G-6 before export,'” after
which AprE cleaves the remaining six amino acids in the
supernatant.'® Dha: dehydroalanine, dehydrated serine residue.
Dhb: dehydrobutyrine, dehydrated threonine residue.
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Figure 2. Mersacidin biosynthetic gene cluster. The two-component

system MrsK2R2 regulates the expression of immunity genes

MrsFGE."" MrsR1 regulates the biosynthetic genes.'' The precursor

peptide MrsA is modified by MrsMD,">™"* after which it is exported

by the bifunctional transporter and leader protease MrsT, which also
. 12,13

partially cleaves the leader upon transport.

transported out of the cell by MrsT,'” which cleaves the leader
peptide up to six residues from the core peptide.'® Finally, the
nonspecific extracellular B. amyloliquefaciens protease AprE
cleaves off the remaining residues of the leader peptide,
releasing bioactive mersacidin.'®

Recently, a heterologous expression system for mersacidin in
Escherichia coli has been developed, which requires only three
biosynthetic genes.'” In this system, genes that encode a His-
tagged precursor peptide, His6-MrsA, and the modification
enzymes MrsMD are coexpressed to produce fully modified
His6-MrsA. After removing the leader peptide with the
heterologously expressed His—ta§ged protease AprE-His,
bioactive mersacidin is obtained.'® This system has already
been applied to study the mersacidin leader, identifying the
Asp -5 and Glu -3 residues to be crucial for specific ring
formation, thereby elucidating the function of the two-step
leader processing of mersacidin.'” A next step in the
application of the heterologous expression system is the
characterization of interesting mersacidin modifications,
yielding modules for use in RiPP engineering.

Several RiPP engineering methods have been described that
would greatly benefit from the application of mersacidin
modifications. The C-terminal decarboxylation performed by
the leader-independent tailoring enzyme MrsD and the large
ring B of mersacidin already offer valuable opportunities for
RiPP engineering. However, the greatest prospect of
mersacidin modifications in RiPP engineering lies in the
application of the uniquely small ring A.
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Ring A of mersacidin could, for example, be installed into
linear therapeutic peptides to increase their stability and
thereby their therapeutic value.'® Because installing a
lanthionine ring into a bioactive peptide can interfere with
their biological function, the uniquely small size of ring A
makes it especially suitable for the stabilization of such
peptides. Additionally, ring A might be a suitable replacement
for Pro, X-Pro, or Pro-X'~ sequences since it is expected to
make a structural kink in the chain.

Another very interesting future application for this smallest
ring A could be its application as a stable module for chemical
modifications. It has recently been shown that by adding
functional groups, for example, fatty acid chains, to otherwise
nonactive lanthipeptides, good antimicrobial activity can be
obtained.”” Lanthipeptides or fragments thereof, can in this
sense, be used as a stable module to which all kinds of
modifications can be added in vitro. The proposed ring A
module could be obtained through the incorporation of
noncanonical amino acids that have convenient chemical
handle side chains. For example, the methionine analogues,
azidohomoalanine (Aha) and homopropargylglycine (Hpg),
which are used in click chemistry.”' Another, perhaps more
straightforward approach is the addition of chemical handles to
the purified peptide, which can be directed to the peptide’s C-
terminal carboxyl group or negatively charged residues.””””
The small size of ring A of mersacidin could also be beneficial
here, as the stabilizing lanthionine module could interfere with
the biological activity of any clicked moieties. However, it is
not certain that ring A can be formed without the rest of the
mersacidin peptide.

Ring A of mersacidin has unusual characteristics. It is formed
between the dehydrated Thr2 and its upstream Cysl residue
(Figure 1).">* This is in contrast with the other three rings of
mersacidin, which are formed from dehydrated Thr to
downstream Cys residues. Ring A also spans no additional
amino acids and likely needs specific residues of the leader
peptide to be formed.'” Because of these unusual character-
istics ring A has stringent formation conditions.”® For this
reason, the characterization of ring A formation prerequisites
would greatly aid its application success in RiPP engineering.
To determine the minimal size of a peptide containing ring A
of mersacidin, a range of truncated mersacidin mutants was
produced using the heterologous expression system for
mersacidin in E. coli.'> These peptides, with decreasing length
and number of possible rings, are coexpressed with MrsM to
determine the smallest possible ring A containing construct.

To characterize the flexibility of formation, an additional
range of ring A mutants was created with a varying ring size
and reversed direction of formation. The combined informa-
tion on the minimal ring A construct size and flexibility of ring
A formation gives useful insights into the prospects of its
application in RiPP engineering.

B RESULTS AND DISCUSSION

Truncated Mersacidin Variants. To determine the
minimal size of a construct containing ring A of mersacidin,
a range of truncated mersacidin mutants was created (Table 1)
and coexpressed with MrsM in E. coli."> For straightforward
analysis, the relatively complex region Thr13—Cys20 was
completely removed in all truncated constructs. Construct g,
which deviates the least from wildtype mersacidin, can
theoretically form ring A and ring B. The other truncated
constructs gradually decrease in number of possible post-
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Table 1. Truncated Mersacidin Mutants”

Construct

Sequence Result

Wildtype

Ring formed
Ring formed

Ring formed

Small amount
has ring formed

Ring formed

g (His6 e

Not purified

Ring formed Trace amounts Noring Disulfide bridge
Legend: -g— ........................ g 9

translational modifications and peptide length. All of the
constructs were purified by Ni-NTA chromatography, and the
expression yield of each construct was determined by tricine
SDS-page to be 1—15 mg/L of expression volume (S7). The
Ni-NTA purified peptides were separated by HPLC (S3, $4),
after which promising peptides from candidate peaks were
analyzed by LC—MS. Additionally, LC—MS runs of TCEP-
reduced samples and iodoacetamide (IAA) free-cysteine assays
were used to detect the presence of any disulfide bridges and to
confirm lanthionine ring formation. The IAA free cysteine
assays result in a 57 Da addition to the peptide’s mass per free
cysteine.

For construct a (Table 1), one large candidate peak was
collected from HPLC purification and analyzed by LC—MS
(Figure 3, S4). While this peptide can theoretically be
dehydrated twice and contain two lanthionine rings, the
measured monoisotopic mass of the peptide was 2 Da lower
than the twice dehydrated theoretical mass (7441.47, 7443.49
Da theoretical), pointing toward the formation of a disulfide
bridge. After reducing the peptide with TCEP, the peak shifted
2 Da toward the theoretical mass, confirming the formation of
a disulfide bridge in the large majority of all products (Figure
3). A free cysteine assay was performed on the TCEP-reduced
peptide, shifting nearly all products away from the theoretical
mass, in line with the unmodified control (S4). While the
complete absence of modified product cannot be confirmed,
only trace amounts (at most) of the modified product are
produced in the case of construct a. Interestingly, the yield of
construct a was lower than that of all of the well-modified
truncated constructs (S7). This indicates that the disulfide

bridge of construct a offers less protection from degradation
than the lanthionine rings in other constructs. The lack of ring
formation in this construct is notable because the amino acid
sequence of the first two rings of mersacidin is completely
intact, and the formation of at least ring A should not be
impaired. Previously, the possible formation of a disulfide
bridge was also reported when negatively charged residues
Asp-5 and Glu-3 were removed from the mersacidin leader
sequence.'” Mutation of those residues most likely affected the
dehydration of Thr2."” Taking these results together, it appears
that in mersacidin maturation, the formation of ring A and ring
B are mechanistically interdependent. In this case, closing of
ring A may depend on the prior formation of ring B, which is
discussed later. However, as the construct tested here was fully
dehydrated, it is not clear why MrsM was unable to close either
ring.

In construct b and ¢, Cys12 was replaced by an Asn residue,
which makes the formation of an intramolecular disulfide
bridge impossible, and construct ¢ has an additional Thr4Ala
substitution (Table 1, Figure 4). Both construct b and ¢ were
produced in relatively good amounts (S7), and their
purification yielded fractions containing fully modified
peptides. For construct b, the theoretical mass resembled the
observed mass (7454.52, 7454.53 Da theoretical), and the free
cysteine assay resulted in a 57 Da shift for a small fraction of
the product (Figure S), meaning that the two possible
dehydrations and single lanthionine ring are installed in the
majority of the product.

For construct ¢, two candidate peaks could be isolated
(Figure 4, S4). The first peak contained a fully dehydrated and
cyclized peptide (7442.51, 7442.53 Da theoretical). This
product appears to have a better modification efficiency than
construct b (Figure S). Interestingly, the second peak
contained a dimer of dehydrated uncyclized peptide (Figure
4, S4), which could be reduced by TCEP to yield the expected
product mass (14882.00 Da reduced to 7442.52, 7442.53 Da
theoretical).

When comparing construct b to construct ¢, the Thr4Ala
substitution results in less heterogeneity and more complete
modification (Figure 4, S4). Additionally, the peak of interest
in the HPLC spectrum of construct ¢ is more isolated and can
therefore be purified more easily.

For construct d, which is truncated inside the glycine motif
of ring B, three separate candidate peaks were isolated by
HPLC. The smallest peak, with the lowest retention time,
contained the peptide with both one and two dehydrated
threonines (—2H,O0 = 6958.25, 6958.23 Da theoretical;

a) EBrsleade)OPEDLEEBEBVEODD

LC-MS 7441 47 + TCEP 744349 4 IAA 755756
7500.54

7574.56

(aaans aanas Mas MRAS LAanes aanas hans henat T T LABAS Aasas MASAS MaaRS ARSI RAAS MAGSS
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D OBOBT

2x dehydrated and disulfide bridge

CH,CONH, CH,CONH,

Figure 3. LC—MS and free cysteine assay of purified truncated mersacidin construct a. The product isolated from HPLC purification resembles the
mass of the fully dehydrated peptide —2 Da (7441.47, 7443.49 Da theoretical). Reduction by TCEP increases the mass to the theoretical mass,
meaning a disulfide bridge naturally forms in this construct, and at most small amounts of product contain lanthionine rings (S4).

https://doi.org/10.1021/acssynbio.2c00343
ACS Synth. Biol. 2022, 11, 3078—3087


https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00343/suppl_file/sb2c00343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00343/suppl_file/sb2c00343_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00343?fig=fig3&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

HPLC —
PR 020000000V 00
2 30,00
<C
% 20,00 1 2
g 10,00
: 0,00 PP
2,130010 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Retention time (min)
LC-MS
1 7442 51 2 14882.00
14935.03
740652 | , 749948 7601 43 |
T T T T T T | T 1 T T T T T T T 1
7400 7600 00 14800 15000

Figure 4. HPLC and LC—MS spectra of construct c. The Thr4Ala and Cys12Asn substitution results in much lower modification heterogeneity,
and the substitution of Cys12 prevents the formation of an intramolecular disulfide bridge. In the product under peak 1, the ring is installed
successfully (7442.51, 7442.53 Da theoretical) (S4). However, the product under peak 2 is dehydrated, but it is dimerized through intermolecular
disulfide bonds. TCEP reduction of this peak and a subsequent free cysteine assay reveals the product is fully dehydrated but contains no

lanthionine ring (S4).

—1H,0 = 6976.25, 6976.24 Da theoretical) (Figure S, S4).
The ring was formed in both the single and double dehydrated
peptides from this fraction. This shows that ring A can be
formed without prior dehydration of Thr4 although ring
formation efficiency seems to be generally higher when this
residue is mutated to an Ala residue in constructs ¢ and f.

The product from the second HPLC peak contained mostly
uncyclized peptides, while the third candidate peak contained
an unknown degradation product (S4). While construct d has
a good expression yield (S7) and efficient ring formation in
part of the product, the heterogeneity resulting from the single
and double dehydration states makes this construct less
attractive for ring A applications.

In constructs e and f, the core peptide is reduced to the first
five amino acids of the mersacidin core, in which Thr4 is
replaced by an Ala residue in construct f. Construct e was
produced at around the same high level as that of construct d
(87). HPLC purification of construct e resulted in two
candidate peaks (S4). The major product from peaks one and
two contained 1 X dehydrated peptide (—1H,O = 7013.18,
6708.12 Da theoretical) and 2 X dehydrated peptide (—2H,0
= 6995.17, 6690.11 Da theoretical), respectively, both with an
unknown adduct of ca. 305 Da. Peak two also contains some
product of the expected 2 X dehydrated mass, of which the
majority shifted in the free cysteine assay, confirming the
results from construct d that although Thr4 does not
necessarily needs to be dehydrated for ring A to form, its
dehydration does considerably increase ring A formation.
While the free cysteine assays of peak two indicate that some
fully mature peptide can be formed, the low modification
efficiency and presence of unknown adducts make construct e
not suitable for application.

HPLC purification of construct f resulted in two products of
interest (S4), one of which contained the fully dehydrated
product that showed almost no shift in the free cysteine assay
(6678.11 Da, 6678.11 theoretical) (Figure S). The substitution
of the Thr4 to an Ala residue in construct f is thus the solution
to avoid poor modification efficiency in these truncated
variants, which was also seen in the comparison between
mutants b and c. Not only does this substitution leads to more
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efficient ring formation, but it also results in easier separation
of peaks by HPLC and lower heterogeneity of products
underneath the peaks. The previously mentioned character-
istics combined with the decent expression level (S7) of this
variant make this truncated variant an attractive candidate for
future application.

Finally, the smallest construct, g, of which the core peptide
comprises only the amino acids CTF, could not be purified by
HPLC. The peptide is degraded during the long expression
protocol (87), indicating that the threonine in this construct is
not dehydrated and that MrsM needs more than one amino
acid downstream of Thr2 for dehydration to occur. Three
amino acids downstream of Thr2 are shown to work well in
construct f, and although not tested here, a length of two
amino acids might also be sufficient.

The leader peptide of all mersacidin variants was removed
with AprE-His,'® after which their antimicrobial activity against
Micrococcus flavus was tested (S8). For none of the constructs,
antimicrobial activity could be detected.

In conclusion, construct f is the most suitable construct for
utilization in RiPP engineering. Its small size, simple ring
topology, decent modification efficiency, and good production
yield make this an attractive candidate for future application.

Ring A Mutants. To investigate the flexibility of ring A
formation, a range of ring A mutants was expressed and
analyzed by LC—MS (Table 2). The constructs h and i, where
Thr2 was substituted with an Asn and an Ala residue,
respectively, function as the negative control for lack of
dehydration in ring A. LC—MS of these mutants showed that
they are dehydrated maximally three out of four times (SS).
This is a notable result, as the formation of a maximum of
three dehydrations was also reported when the negatively
charged residues were removed from the GDMEAA sequence
of the mersacidin leader.'” The lack of ring A formation
prevents the dehydration of another Thr residue in the peptide.
This result indicates that the lack of two dehydrations observed
when the GDMEAA sequence is removed results from Thr2 of
Ring A not being dehydrated, preventing its cyclization. This in
turn, prevents the dehydration of another Thr residue in the
peptide.
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Figure 5. LC—MS and free cysteine assays of the best modified
HPLC fraction per truncated mersacidin variant. An overview of the
best modified products, purified by HPLC for each of the constructs,
showing the fully modified mass (underlined blue) and the mass shifts
resulting from the free cysteine assays (underlined red). In general,
the mutants containing both Thr2 and Thr4 have a lower
modification efficiency than those containing only Thr2. The
modification efficiency of construct ¢ is better than that of construct
b, and the modification efficiency of construct f is much better than
that of construct e. The fractions from constructs ¢ and d contain only
fully modified products. However, construct ¢ still has a quite long
amino acid sequence, and construct d has a higher modification
heterogeneity due to its two Thr residues. Construct f is very short,
has low modification heterogeneity, and its ring is formed in almost all
dehydrated products. For these reasons, it is the most promising
candidate for further optimization and application (S4, S6).

Table 2. Mutants of Ring A

Mutant Sequence Max. dehydrations
Wildtype 50f5

h 3of4

i 3of4

j 40f5

k 40f5

i 4 0of5

m 40f5

n 4 0of5

o 50f5

“R1 = His6-mersacidin —48 to —7, R2 = mersacidin 9 to 20.
Ring formed Unknown No ring

Legend:

Next, the effect of reversing the direction of ring A was
tested (Table 2 jkl, Figure 6). Since the distance from the

DOOPOBE

Wild type
e 79857
79677 |B "
soo27 W7 .. 8
7 79096 79437 | |
e e aa At Aaneans e
7900 7950 8000 8050

J) Reversed direction ring A, distance D-5 to C restored_

MEORDO®

79326
A
79I1::|5 . 79496 80126
1 79656
o Ol N
T e e e e
7900 7950 8000 /8050
k) Reversed direction ring A MWEEEDO®
A
O 8019.7
80357
79094 79256 794I3-7 797|0.7 L
= Il " L | I 4
e e s Laa e o e o s aa |
7900 7950 8000 8050

I) Reversed direction ring A, distance D-5to T
restored MWEAAADOE

8056.72 A 8090.71
0| 807371

8107.71 8154.¢
812372 814271
68 8014.68 803372 | | [ | |
ai T ¥ Saaass T T T T T + T T
8000 8050 8100 8150

@ 5H,0 0 4HO A-3H0

Figure 6. LC—MS of reversed ring A mersacidin variants. LC—MS
analysis was performed on the constructs where the ring A formation
direction was reversed. Although in all of the constructs, the
maximum number of dehydrations occurring is four out of five,
there are differences in the modification efficiency between the
different constructs. The lowest modification efficiency is seen for
construct j, where the distance from Asp-S to Cys2 is restored to the
original distance. For this construct, the majority of the product is
dehydrated three times. In construct k, the ring direction is reversed
without altering the leader sequence, which leads to a higher
modification efficiency. Restoring the distance from Asp-5 to Thrl in
construct [ appears to slightly increase the modification efficiency, but
in none of the constructs, five dehydrations could be installed. The
uniquely small ring A of mersacidin can thus not be formed in the
same direction as its other three rings.

mersacidin leader residues Asp-5 and Glu-3 to ring A is crucial
for ring formation,'” constructs were made to restore the
distance of these residues to the Cys (j) or Thr (I) residue of
ring A, in addition to the construct only reversing the ring (k).
Neither of these constructs was dehydrated more than four
times, although the construct restoring the distance of Asp-$
and Glu-3 to ring A’s Thr residue (I) is dehydrated much more
efficiently than the construct restoring the distance of Asp-5
and Glu-3 to the Cys residue (j) (Figure 6).

This result indicates that the Thrl residue can still be
efficiently dehydrated without forming a ring, especially when
the original distance to Asp-5 and Glu-3 is maintained. The
lack of ring A formation then prevents the dehydration of a
downstream residue, as is observed in the control constructs h
and j. Alternatively, a different ring topology could be present
in constructs jkl.
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Constructs m and n, where ring A direction is reversed and
where the ring size is increased by one through the addition of
an Ala residue, showed the same dehydration pattern as the
construct where the ring size was not increased (k) (SS).
However, this result is in line with the observation that the
distance of Asp-5 and Glu-3 to the Thr residue of ring A leads
to a higher modification efficiency (Table 2, Figure 6). The
expression yield of construct m is relatively high compared to
all other tested ring A mutants (S7). It is possible that for this
construct, a ring is formed from Cys3 to Thr4, as Glu-3 is in
relative position —$ to these residues, which would meet the
prerequisites for ring A formation.'” While it is possible that
ring A is installed from Cys3 to Thr4, this would prevent the
formation of ring B.

Finally, a construct was tested that increased the ring size of
ring A by the insertion of an Ala residue while keeping the
original direction intact (Table 2 o, Figure 7). While it has

Wild type (LC-MS) ©@BBOB®
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Figure 7. LC—MS analysis of ring A mutant o, which has an increased
ring A size. LC—MS analysis of ring A mutant o shows a dehydration
pattern that is similar, yet with a lower modification efficiency, to the
wildtype mersacidin (S5). To determine if all rings can still be formed,
a NEM-free cysteine assay was performed (Figure 8).

previously been shown that the size of ring A cannot be
increased,”” the recently elucidated importance of the
GDMEAA sequence and its distance to the core peptide
suggests that it might be possible to take a different approach.
By increasing the ring size, the distance of Asp-5 to the Thr of
ring A is increased by one residue, decreasing dehydration
efficiency. Next to having an increased ring size, construct o has
an Ala removed from the GDMEAA sequence to restore the
distance of Asp-S to the Thr residue of Ring A to its original
length. LC—MS analysis of construct o revealed that it could be
fully dehydrated (Figure 7) (SS), but the subsequent free
cysteine assay showed that it cannot be fully cyclized (Figure
8). It is not certain why all dehydrations could occur in
construct o, but in none of the other constructs, especially
construct I. A clear difference in construct o is that its Cysl
residue has the largest distance to ring B, but other factors such
as influences on the secondary structure of the peptide might
well be involved.

It is clear that the formation of ring A and possibly ring B
have multiple dependencies on specific surrounding amino
acid sequences for correct modification to occur. In the
formation of ring A of mersacidin, the distance from Asp-5 and
Glu-3 to Thr2 plays an important role in the dehydration
efficiency. For ring A formation to occur, it is crucial that
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Figure 8. MALDI-TOF analysis of the NEM-free cysteine assay on
ring A mutant o, which has an increased ring A size. Because construct
o0 was shown to be fully dehydrated in the LC—MS analysis, a NEM-
free cysteine assay was performed. As the differently dehydrated
species show up as a centroid peak in MALDI-TOF analysis of
products of this mass, the masses were confirmed by LC—MS prior to
the free cysteine assay (S4). Any free cysteines should result in a shift
of 125 Da. While the observed mass of the wildtype control partially
undergoes mass shifts that indicate free cysteines, about 25% of the
product does not shift and is thus fully modified. In contrast, all of the
products of construct o shift after the free cysteine assay, meaning that
in none of the products, all rings are formed and that it is thus not
possible to increase the size of ring A by inserting an alanine, even
when restoring the distance from Asp-S to the Thr of ring A to six
residues.

residue Cysl is directly upstream of Thr2. When compensating
one parameter by, for example, the addition or removal of an
extra amino acid to facilitate dehydration, ring formation no
longer occurs, and vice versa. Additionally, the position of the
residues of ring A impact the maturation of the rest of the
peptide.

Just like the truncated variants, all of the ring A mutants
were scanned for antimicrobial activity after leader peptide
removal with AprE-His.'® No activity could be detected for
these variants, which was expected since none of the mutants
was fully modified (S8).

Many more single amino acid mutants can be conceived that
could shed more light on mersacidin maturation, such as
mutants of Phe3 of the core peptide. Previously, a mutational
analysis of mersacidin has been reported, in which 12 mutants
of Phe3 were tested.”> Some of these mutants were better
expressed than others, but no obvious pattern can be identified
between expression levels and amino acid traits such as
hydrophobicity or size.

While it would be interesting to test such mutants in a
simplified environment, such as testing a Phe3 mutant of
construct f, results from such experiments would not allow for
conclusive statements on the order of mersacidin’s ring
formation. As is shown here, ring A can be formed without
the presence of ring B in construct f. However, when the amino
acid sequence for ring B is also present, like in construct 4, the
first ring is no longer formed. When Ring C and D are also
present, like in wildtype mersacidin, ring a can be formed
again. Ring B is thus not crucial for the formation of ring A, but
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from these results, it cannot be derived whether A is formed
before ring B in wildtype mersacidin, merely that it is
physically possible. Likewise, mutants of Phe3 or any other
single amino acids could interfere with the formation of
secondary structures that affect the formation of any ring of
mersacidin. Effectively, single amino acid mutants cannot be
the sole strategy for determining the order of ring formation in
mersacidin.

Perspectives. Although the flexibility of ring A formation
could be further explored to some extent, it is becoming
increasingly evident that the GDMEAA sequence and the
subsequent ring A structure function as a cassette with little
flexibility. And so, while the amino acid sequence downstream
of ring A can probably still be improved, the original ring A
should be applied as a nonchanging module. While different
amino acid substitutions have already been performed on the
residues downstream of ring A, the effect of these mutations
was tested against the maturation efficiency of the whole
mersacidin molecule instead of just ring A. Therefore,
additional mutation analysis is needed to optimize ring A
formation. Additionally, the expression protocols that are
optimized for mersacidin production might not be optimal for
ring A expression and could therefore potentially be improved
upon. Since expression of wildtype mersacidin in Bacillus'
species leads to h;gher yields than expression in E. coli,”
MiniBacillus PG10** could be a suitable production strain for
the ring A module. In PG10, the native transporter MrsT may
be employed to further increase expression yield. Since MrsT
has been shown to recognize and cleave part of the leader
peptide even in the absence of the core peptide,'® it would
likely be able to export the ring A module. While in such a
system the N-terminal His-tag would be cleaved upon export,
its purification from the supernatant, rather than the
intracellular fraction, can be done through other methods.

The minimal ring A core peptide CTFAL can be used as a
very small lanthipeptide module for chemical modifications.
These can be installed through the incorporation of non-
canonical amino acids with chemical handles,****>*° to which
functional moieties can be added through chemical addition in
vitro (Figure 9). Alternatively, in vitro chemical additions can
be performed on the negatively charged C-terminus.””>” The
approaches for the chemical modification of lanthipeptides

A Optimize construct and expression B Incorporate chemical handles

) UrETeade) OMEBD-N=N=N

C Add functional groups or other D Add (linear) peptides ribosomally

peptides

NS, TR
EEDOSEE0 ' _

14" 120

Figure 9. Suggestions for further optimization and application of the
uniquely small ring A of mersacidin in RiPP engineering. (A)
Efficiency of ring A formation can potentially be improved by
optimizing residues downstream of the ring in combination with
expression optimization. (B) Chemical handles can be installed, for
example, through chemical addition to the C-terminal carboxyl
group”®*” or the incorporation of noncanonical amino acids. (C)
After chemical handles have been installed, functional groups such as
fatty acid chains can be added to the ring A construct to obtain the
intended functionality.”® (D) Linear peptides can be added to the
minimal ring a construct in a ribosomal way to obtain lanthionine-
stabilized linear peptides.
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have already been reported in the literature,’ and only the
compatibility of MrsM with noncanonical amino acids can
potentially cause difficulties. However, since the noncanonical
amino acids can be positioned downstream of ring A, such
difficulties can theoretically be prevented.

Since MrsM can dehydrate serine residues without forming a
ring, and MrsM has been found in this study to form a
dehydrobutyrine from residue Thr4, which cannot form a ring
in construct b, d, and e, another option for in vitro modification
is available. Reported modifications of dehydrated residues
through Diels—Alders™® addition and Cu II—catalyzed p-
borylation® offer more design options in the creation of
lanthionine-stabilized new molecules.

An option allowing for even more freedom of the design
would be the creation of a truncated mersacidin construct that
contains ring A and the recognition sequence of MrsD,
allowing the peptide’s C-terminus to be decarboxylated. The
introduction of negatively charged amino acids into this
peptide would then allow for the direction of chemical
additions to the carboxyl group of Asp or Glu residues.
Substitution of Glul7, which is probably in the MrsD
recognition sequence, has already been shown to not prevent
decarboxylation of the C-terminus,”’ and it can thus be
removed to facilitate the insertion of negative charges at
different sites. While this approach requires more preparation
work and characterization to be done, it can allow for the
creation of even more exciting new molecules.

B CONCLUSIONS

Here, the smallest construct containing ring A of mersacidin
has been determined to be the pentapeptide CTFAL. This
construct has a good yield, decent modification efficiency,
naturally low heterogeneity and it can be easily purified by
HPLC. Additionally, it offers opportunities for further
optimization and diversification. The formation of ring A itself
was found to be quite stringent, and a reversal or expansion of
this ring does not seem to be possible. Taking all this into
account, the application of ring A of mersacidin in the form of
the module CTFAL or its derivatives offers good opportunities
for the creation of new and useful molecules through RiPP
engineering using mersacidin modification enzymes and
elements.

B MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. For all
cloning purposes, E. coli TOP10 was used, and E. coli
BL21(DE3) was used for all expression purposes. M. flavus
was used as the indicator strain in antimicrobial activity tests.
All bacterial strains were grown in LB medium (Foremedium)
at 225 rpm or on LB agar plates (Foremedium) at 37 °C unless
stated otherwise. When growing E. coli strains with the
plasmids pACYC or pBAD, growth media were supplemented
with 15 pg/mL chloramphenicol or 100 pg/mL ampicillin,
respectively.

Molecular Cloning. All molecular cloning was done
according to well-established protocols™ supplemented with
manufacturer directions. All constructs created in this study
(S1) were derived through mutagenic round PCR from
pACYC His-MrsA + MrsM or pACYC His-MrsA in the case of
negative control plasmids."> Mutagenic primers were designed
to introduce desired mutations and compatible Eco31I
overhangs and ordered from Biolegio (Nijmegen, The
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Netherlands) (S2). PCR reactions to obtain the linear
fragments were done using Phusion polymerase (Thermo
Scientific), and products were purified using a NucleoSpin Gel
and PCR clean-up kit (Macherey-Nagel). The cleaned-up
products were digested using FastDigest Eco31I and Dpnl
restriction enzymes (Thermo Scientific), after which they were
subjected to a second clean-up step. Next, the Eco31I-digested
linear DNA was self-ligated using T4 ligase (Thermo
Scientific), after which E. coli TOP10 was transformed with
the resulting ligated plasmid DNA. Several colonies from the
transformation were picked up and grown overnight, after
which the overnight cultures were used to make glycerol stocks
and to isolate the plasmid DNA using a NucleoSpin Plasmid
EasyPure kit (Macherey-Nagel). The purified plasmid DNA
was sent to Macrogen Europe (Amsterdam, The Netherlands)
for sequencing. Plasmid DNA from positive clones was used to
transform E. coli BL21(DE3) for expression purposes.

Peptide and Protein Expression. For the expression of
truncated mersacidin constructs and ring A variants in
combination with MrsM, fresh transformants of E. coli
BL21(DE3) were created using the relevant pACYC plasmid
DNA, with the addition of pBAD MrsD in the case of the
nontruncated ring A mutants. Several colonies were picked up
for each expression and grown overnight. Then, they were
diluted 100X in 300 mL of fresh medium and grown for 2.5 h.
Next, the cultures were cooled to 16 °C in an ice water bath,
after which they were induced with 1 mM IPTG (pACYC) and
0.2% arabinose (pBAD). After induction, the cultures were
grown at 16 °C for 29 h, after which the cells were harvested.

Expression of the truncated mersacidin constructs without
MrsM, which functioned as negative controls in the free
cysteine assays, was done in a similar way with the following
exceptions. To prevent degradation, the cultures were not
cooled, both were induced at 37 °C, and then grown for 4 h at
37 °C before harvesting the cells.

Expression and purification of the protease AprE-His, which
was used in the antimicrobial activity tests, was done as
previously described."®

Peptide Purification. All expressed peptides contain a
His-tag, and they were initially purified through Ni-NTA
chromatography. All buffers contained 20 mM H,NaPO,
(Merck) and 0.5 M NaCl (VWR), and they were set at pH
7.4. The binding, wash, and elution buffer contained 20, 50,
and 500 mM imidazole (Merck), respectively. After spinning
down the expression cultures, they were washed using 25 mL
of binding buffer (bb) and then resuspended in 10 mL bb.
Sonication was used to lyse the cells, after which the insoluble
fragments were removed by centrifugation. A Ni-NTA
chromatography column was prepared by pipetting 0.9 mL
of Ni-NTA agarose slurry (Qiagen) into an empty column,
resulting in a column volume (CV) of ca. 0.45 mL. After
calibrating the column with 3 CV of bb, the cell lysate
supernatant was loaded onto it. The column was washed using
10 CV of bb and then washed again using 10 CV of wash
buffer. Finally, the peptide was eluted from the column using 4
CV of elution buffer.

After Ni-NTA chromatography, all samples were further
purified by reversed-phase chromatography using an open C-
18 column. The samples were prepared by acidifying them by
adding 0.5% trifluoroacetic acid (TFA) (Sigma) solution until
pH < 4.0. The column was prepared by adding 0.25 g of 55—
105 pm C18 resin (Waters) to an empty column, resulting in a
CV of ca. 1 mL. After wetting the column with 2 CV of
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acetonitrile (ACN) (VWR) + 0.1% TFA, it was calibrated with
Milli-Q + 0.1% TFA, and the sample was loaded onto the
column. Next, the column was washed with 10 CV Milli-Q_+
0.1% TFA, after which it was washed again with 5 CV 20%
ACN + 0.1% TFA. Finally, the sample was eluted in 4 mL of
50% ACN + 0.1% TFA. The elution samples were freeze-dried
and stored at —20 °C.

To prepare the samples for HPLC purification, they were
dissolved in 150 uL of Milli-Q water. 125 uL of this solution
was added to 175 uL of Milli-Q water, setting the total volume
to 300 uL. This solution was then filtered (0.2 ym) and
injected following the described protocol (S3).

Free Cysteine Assays and Mass Spectrometry. LC—
MS and MALDI-TOF mass spectrometry were performed as
previously described.”’ TCEP reduction of samples was done
by adding 1 mM TCEP HCI to 10 uL of the dissolved peptide
and incubating for S min at room temperature. The IAA-free
cysteine assay of TCEP-reduced samples was done by
adjusting the pH of the sample to 7 by adding 100 mM
ammonium bicarbonate buffer and then adding 55 mM IAA.
The sample was then incubated for 30 min at room
temperature and used to perform LC—MS analysis. The N-
ethylmaleimide (NEM)-free cysteine assay was performed as
described previously.'”

Tricine SDS-page. Tricine SDS-page gels were prepared as
described previously.”* For each sample, 12 uL of Ni- NTA
chromatography elution sample was mixed with 4 uL of 5X
loading buffer [SSO mM dithiothreitol (Sigma-Aldrich), 250
mM Tris—HCI (Boom), 50% glycerol (Boom), 10% sodium
dodecyl sulfate (Sigma-Aldrich), 0.5% Coomassie Blue R-250
(Bio-Rad), pH 7.0]. The gels were run using the described
protocol with a prestained marker (PageRuler, Thermo
Scientific).

Antimicrobial Activity Tests. For all antimicrobial
activity tests, the samples were digested using AprE-His. For
the mutants, 8 uL of freeze-dried peptide, dissolved in 150 uL
of Milli-Q water, was added, and 2 uL of the peptide was used
for the wildtype control. To each sample, 1 uL of AprE-His
was added, after which the volume was set to 10 L by adding
Milli-Q water. The digestions were incubated at 37 °C for 1 h.
To prepare antimicrobial activity plates, a S0—50 mixture of
LB broth and LB agar was prepared. When hand warm, a fresh
overnight culture of M. flavus was diluted 1000 times in this
mixture. 12 mL of the resulting indicator mixture was used to
create each activity plate. 9 uL of each digested peptide and the
positive control of 25 ng/uL nisin were spotted on the plate.
The plates were incubated overnight at 30 °C.
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