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Multi-species activity screening of microcin J25 mutants yields
antimicrobials with increased specificity towards pathogenic
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Abstract

Modern large-scale agricultural practices that incorporate high density farming with sub-
therapeutic antibiotic dosing are considered a major contributor to the rise of antibiotic resistant
bacterial infections of humans with species of Salmonellabeing a leading agriculture-based
bacterial infection. Microcin J25, a potent and highly stable antimicrobial peptide active against
Enterobacteriaceae is a candidate antimicrobial against multiple Sa/monella species. Emerging
evidence supports the hypothesis that the composition of the microbiota of the gastrointestinal
tract prevents a variety of diseases by preventing infectious agents from proliferating. Reducing
clearance of off-target bacteria may decrease susceptibility to secondary infection. Of the
Enterobacteriaceae susceptible to microcin J25, Escherichia coli are the most abundant within the
human gut. To explore the modulation of specificity, a collection of 207 mutants encompassing 12
positions in both the ring and loop of microcin J25 was built and tested for activity against
Salmonellaand Escherichia coli strain7s. As has been found previously, mutational tolerance of
ring residues was lower than loop residues, with 22% and 51% of mutations, respectively,
retaining activity towards at least one target within the target organism test panel. The multi-target
screening elucidated increased mutational tolerance at position G2, G3, and G14 than previously
identified in panels composed of single targets. Multiple mutations conferred differential response
between the different targets. Examination of specificity differences between mutants found that
30% showed significant improvements to specificity towards any of the targets. Generation and
testing of a combinatorial library designed from the point-mutant study revealed that microcin
J25'13T reduces off-target activity towards commensal human-derived £. coliisolates by 81%
relative to Salmonella enterica serovar Enteritidis. These /in vitro specificity improvements are
likely to improve /n vivo treatment efficacy by reducing clearance of commensal bacteria in the
gastrointestinal tract of hosts.
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Introduction

It is estimated that every year two million people in the United States suffer from antibiotic
resistant infections, with at least 23,000 resulting in death (Martens and Demain, 2017).
Overuse and decreased development of antibiotics in multiple economic sectors in both
developed and emerging countries is projected to result in increased numbers of infections
and deaths over time (O’Neill, 2014). One of the largest avenues of infection by antibiotic
resistant bacteria is from agricultural products (Van Boeckel et al., 2015). In the United
States a leading foodborne infectious agent is Sa/monella (Scallan et al., 2011). Due to both
concerns over development and spread of antibiotic resistance amongst bacterial
communities as well as the decreased antibiotic discovery rate across the pharmaceutical
industry (Lewis, 2013), there is growing desire for so-called next generation antimicrobials
(The White House Administration, 2015). Among other features, these agents are designed
to have improved efficacy and specificity towards target organisms. Improved specificity is
important for at least the following two reasons: first, for reducing selective pressure on
broader bacterial communities to develop mechanisms of resistance, which can be spread by
horizontal gene transfer (Ochman et al., 2000); second for reducing clearance, or
modification of the composition, of microbiota within bacterial communities such as in the
gastrointestinal tract. These microfloral environments provide protection against primary
and opportunistic infection and are a contributor to a wide variety of factors of human health
(Guinane and Cotter, 2013).

One potential development platform is the use of antimicrobial peptides (AMPs), either as
free proteins (Lopez et al., 2007), or secreted via engineered probiotics at the site of
infection (Borrero et al., 2014; Forkus et al., 2017; Geldart et al., 2015; Geldart et al., 2016;
Hwang et al., 2017). Microcin J25 (MccJ25) is one such AMP with high activity against
multiple species of Salmonellaand other enterobacteriaceae such as Escherichia coli
(Duguesne and Destoumieux-Garzon, 2007; Hegemann et al., 2015; Li et al., 2015;
Maksimov et al., 2012; Sablé et al., 2000; Severinov et al., 2007; Vincent et al., 2004).
Mature MccJ25 is a 21 amino acid lasso protoknot with high thermal, chemical, and
proteolytic stability (Pan et al., 2011). Its complete maturation and export require the co-
expression of two cytoplasmic enzymes and an export protein (Figure 1.A, proteins B, C, D)
(Yan et al., 2012). Its primary mode of action is the inhibition of RNA polymerase via
competitive binding to the secondary channel (Adelman et al., 2004; Mukhopadhyay et al.,
2004).

Variants of MccJ25 have previously been studied in order to address questions about the
flexibility of the maturation machinery, the export mechanism, as well as improved activity
(Ducasse et al., 2012; Pan and Link, 2011; Pavlova et al., 2008). As it relates to this work
Pavlova et al. previously evaluated nearly the complete set of single mutants of MccJ25 for
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production, £. coli RNA polymerase inhibition, as well as growth inhibition of £. colistrain
DH5a. However, with the exception of one multi-target comparison for a single mutant
(MccJ25T15G) the study exclusively focused on a single target organism. Their work
revealed that only 45% of MccJ25 point-mutants, which could be produced, exported, and
inhibit RNA polymerase /n vitro, retained antimicrobial activity. This discrepancy is due to
the import process of MccJ25, whose fine details are not yet fully understood (Duquesne and
Destoumieux-Garzon, 2007; Severinov et al., 2007). Differences among proteins involved in
the import of MccJ25 from different bacterial targets could potentially enable the specificity
of MccJ25 to be modulated. The lack of a detailed biophysical description of MccJ25’s
interaction with import machinery necessitates high-throughput activity assays to develop
MccJ25 variants with improved target specificity. This modulation is critical, as £. coli
isolates from humans show high susceptibility to MccJ25 (Figure 1.C).

Though there has been considerable effort to study AMP mutants for improved activity
(Avram et al., 2011; Boakes et al., 2012; Field et al., 2013; Healy et al., 2013; Liu and
Hansen, 1992; McClintock et al., 2016; Molloy et al., 2013; Tominaga and Hatakeyama,
2006; Tominaga and Hatakeyama, 2007) there are few examples of studies focusing on the
modulation of AMP specificity (Haugen et al., 2011; Kazazic et al., 2002). To our
knowledge an evaluation of specificity modulation of MccJ25 has not been undertaken and
herein we present specificity differences between single-mutant variants of MccJ25 between
a collection of Salmonellaand E. colitargets (Supplemental Table I). We also explore the
ability of a combinatorial library incorporating the most promising mutants to generate
functional variants of MccJ25.

Materials and Methods

Bacterial culture and strains

All bacterial growth was performed in either liquid or solid (1% agar) lysogeny broth (LB)
with or without supplements. For propagation and maintenance of NEB 19 cells transformed
with pJP4 and derivatives, 100 ug/mL ampicillin were used. For induction of MccJ25 variant
production, in liquid or solid, isopropyl p-D-1-thiogalactopyranoside (IPTG) was added to
final concentration of 0.5 mM. For a complete list of plasmids, Escherichia coli production
strains, as well as bacterial indicator strains including human commensal £. coliisolates
(generously provided by University of Minnesota students and Veterans Affairs Hospital
patients and/or their families via Dr. Johnson of the VA Medical Center of Minneapolis),
pathogenic £. coli, and Salmonella see Supplemental Table I.

Generation of pJP4 for MccJ25 variant expression

Plasmid containing MccJ25 and maturation operon (pJP3), provided by the Link lab from
Princeton (Pan et al., 2010), was digested with Xhol and Hindlll (New England Biolabs).
Modified MccJ25 insert (Supplemental Table I1) containing the sequence to move Xhol
downstream as well as an optimized ribosomal binding site (Espah Borujeni et al., 2014)
were Gibson assembled (HiFi Assembly Kit, New England Biolabs) with digested plasmid
to generate pJP4. This was done to both reduce the size of library inserts used by 30%, as
well as remove high redundancy present in the promoter region, simplifying library
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assembly. This plasmid possesses the T5 promoter under regulation with LacO/Lacl to
enable inducible production of MccJ25.

Generation of single-site saturation mutagenic libraries of MccJ25

For single-site saturation mutagenesis, oligonucleotides (Supplemental Table 11) with NNK
degeneracy (all amino acids + stop) at positions 2—7 and 9-14 (each site independently
randomized on an independent oligonucleotide) were synthesized and assembled via
polymerase chain reaction (PCR, all PCRs conducted with NEB Q5 Polymerase) with
additional oligonucleotides to construct MccJ25 variant inserts. Inserts and pJP4 were
digested with Xhol and Hindlll, and subsequently ligated together with T4 DNA ligase
(New England Biolabs) overnight at 16°C. Subsequently, each of the 12 ligations was
transformed separately into NEB Express 19 and plated on LB with ampicillin. Once grown,
random colonies from each transformation were inoculated into 100 uL LB with ampicillin
in 12 sterile 96-well plates and grown overnight. Once grown, 5 uL from each well on each
plate were added to a new sterile 96-well plate and mixed to preserve well locations in the
final mixed plate. Whole-cell PCR was then conducted to amplify each well separately with
unique 4-base pair row and column indices adjacent to the coding region of mature MccJ25.
PCR products were then mixed, purified (Qiagen spin column), and amplified with a
subsequent PCR to append appropriate adapters for Illumina Sequencing.

Illumina MiSeq sequencing (1/8™ lane) generated 1.3 million reads. Sequences lacking full-
length MccJ25 with indices with E>33 at all positions were discarded. Unique sequences
with >100 reads were isolated and analyzed by a custom MATLAB script. The identity of
each mutant within the 96-well plates was processed excluding out-of-library mutants as
well as wells with multiple entries identified. For each amino acid mutant, the optimal codon
sampled was selected based on that codon’s usage in £. coli (Nakamura et al., 1999).

Generation of multi-site saturation mutagenesis libraries of MccJ25

Oligonucleotides (Supplemental Table I1) were synthesized with the introduction of
degenerate codons at positions 2, 3, 6, 11, 13, and 14. Degenerate codons were selected that
included the desired set of mutant amino acids as well as wild-type. Oligonucleotides were
assembled via PCR, restriction digested with Xhol and HindllIl, ligated into linearized pJP4
as described above and transformed into NEB Express 19 cells. Random colonies were
selected from transformation plates and used directly for screening as described in the
following section.

After screening, active clones from the multi-mutant library were indexed in a 96-well plate
format using the same indexing primers described previously. To sequence all variants
screened, screened plates were scraped for bacteria and plasmid DNA was purified. Plasmid
DNA recovered was used for amplification in the same aforementioned indexed primer set.
Illumina MiSeq sequencing (1/8™ lane) was then used to determine sequence identities for
active variants as well as the total pool of variants screened.
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Agar-diffusion assay to measure growth inhibition of MccJ25 and variants

For single-mutant evaluation selected MccJ25 variants were inoculated from fresh colonies
into 100 uL of LB in 96 well sterile polystyrene plates and incubated overnight shaking at
250 rpm at 37°C. Separately, pathogens to be evaluated were inoculated into 3 mL of LB
and grown overnight at 250 rpm at 37°C. The following day, optical densities were
determined, and wells were diluted to a final OD600 value of 1.0 (pathlength corrected to
1.0 cm). In addition, plates containing pathogenic target were prepared. This was done by
first spreading 50 mL of LB agar supplemented with IPTG. Once solidified, 25 mL of LB
agar (cooled to 42°C) supplemented with IPTG as well as 1000x dilution of pathogenic
target grown overnight was spread as a thin layer on the plate. Once solidified, 2 pL of cell
suspension was then deposited on target pathogen plates using a multi-channel pipette,
allowed to dry, and placed at 37°C for overnight growth. After growth, the zone of inhibition
was measured using a custom MATLAB script (see Supplemental Figure 1 for example
output).

For initial multi-mutant library panning, plates containing Salmonella enterica serovar
Enteritidis were prepared as described above. Fresh, randomly selected colonies from the
multi-mutant library were transferred onto the pathogen plate and grown overnight at 37°C.
Following growth, colonies with any sized zone of growth inhibition surrounding them were
classified as active.

For evaluation of active candidates from the multi-mutant screen, fresh colonies of mutants
were inoculated into 1 mL of LB supplemented with IPTG in sterile deep 96-well plates and
grown at 250 rpm at 37°C for 20 hours. Following this, cells were pelleted at 1000g for 15
minutes. The top 0.5 mL were removed from each well and stored in 1.5 mL sterilized
microcentrifuge tubes (supernatant). Supernatant was then sterilized by heating to 98°C for
15 minutes. Plates containing Sa/monellatargets as well as the subset of commensal £. coli
susceptible to MccJ25 were prepared as described above. 5 uL of sterilized supernatant of
each variant were then applied using a multi-channel pipette. Once supernatants had dried,
plates were grown overnight at 37°C.

For determination of activity of wild-type MccJ25 and MccJ25'13T against Sa/monella and
commensal £. coli, supernatants from producers as prepared before were diluted with spent
LB (prepared the same as supernatants described above but with a non-expressing producer
cell line). 5 pL of dilutions were plated on Sa/monella as well as commensal £. coliplates as
described above, allowed to dry, and grown overnight at 37°C. Minimum inhibitory
concentration was determined as a linear fit of the dilution number to diameter of zone of
inhibited target growth.

Proteolytic stability assay

Supernatants of MccJ25 and variants, whose production was described previously, were
incubated at 60°C for 10 minutes as a 1:1 mixture with phosphate buffered saline (PBS) and
varying concentrations of proteinase K (New Englad Biolabs). The samples were then
heated to 98°C for 20 minutes to inactive proteinase K. Residual activity of treated
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supernatants was then determined as described previously using indicator strain Sa/monella
enterica serovar Enteritidis.

Acid stability assay

Supernatants of MccJ25 and variants, whose production was described previously, had pH
adjusted to 1.5 using 1 M HCI and were incubated at 37°C for 30 minutes. Following
incubation pH was normalized to 7.0 using 1 M NaOH. Residual activity of treated
supernatants was then determined as described previously using indicator strain Sa/monella
enterica serovar Enteritidis.

Bactericidal/bacteriostatic assay

Supernatants of MccJ25 and variants, whose production was described previously, were
applied to indicator strains, in exponential phase growth at 108 colony forming units
(cfu)/mL in LB, to a final volume fraction of 20% MccJ25 supernatant. Indicator strains
were incubated for one hour at 37°C. Following incubation, cell suspensions were dilution-
plated to determine cfu after treatment.

MccJ25 purification

Following (Pan et al., 2010), supernatants of MccJ25 and variants, whose production was
described previously, were vigorously mixed with two volumes of n-butanol. The n-butanol
phase was removed and dried under vacuum; dried solute was then resuspended in 200 pL of
ultrapure (MilliQ) water. Samples were then analyzed by reverse-phase high-performance
liquid chromatography (RP-HPLC) with a XBridge Peptide BEH C18 300 A column with a
10-90% gradient of acetonitrile in water and 0.1% trifluoroacetic acid. All peaks were
isolated and evaluated for activity against indicator Sa/monella strain. Active peaks were
freeze-dried under vacuum, resuspended in ultrapure water and analyzed for identity via
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry using an AB
Sciex TOF/TOF 5800. Active peaks were re-assessed for activity in ultrapure water against
indicator Sa/monella strain.

Normalized activity analysis

Throughout this text, normalized activity (N; ;) for a particular mutant (j) on a particular
target organism (i) refers to the normalization of activity data to the activity data of wild-
type MccJ25. In the case of the agar-plate assay presented, these wild-type data come from
the same plate; thus, this is referred to as intra-plate normalization.

Specific normalized activity analysis

Throughout this text, specific normalized activity refers to the ratio of normalized activity
between some organism and the global reference organism (/.e. Salmonella enterica serovar
Enteritidis in this text). The principle for this normalization is to evaluate the relative
effectiveness of a mutant of MccJ25 compared with wild-type MccJ25 in the context of the
assays conducted.
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Specificity analysis
In the context of the four-pathogen screening, a mutation (j) is deemed to be specific if it
causes a statistically significant deviation in the specificity metric compared to wild type.
This metric is defined to be:

There exists no universal metric to evaluate specificity of a process. To enable quantitative
analysis of specificity the above metric was generated with the following property: range
from zero (all equal normalized activity) to one (only one target having activity greater than
zero). The significance of this metric was determined by bootstrap sampling wild-type
measurements that were normalized to the intra-plate average activity of two wild-type
MccJ25 measurements and performing the above calculation. Based upon this null
distribution, values of S;>0.3127 were deemed significant (p<0.001).

Statistical analysis of specific normalized activity of MccJ2513T

For statistical analysis of specific normalized activity of MccJ2513T against commensal £,
colirelative to Salmonella enteritidis a two-sample t-test with unequal variance with the
Bonferri correction was utilized. Isolates were deemed significant with p<0.05.

Results

Library Construction and Validation

A collection of degenerate oligonucleotides was used to synthesize point-mutants of MccJ25
at 12 residues. Six of these sites were in the ring region (positions 2—7) which has been
previously identified to be highly sensitive to mutation (Pavlova et al., 2008) and form
critical interactions with the plug domain of FhuA (Figure 1.B) (Lai and Kaznessis, 2017;
Mathavan et al., 2014). Six other sites from the loop region were selected to incorporate
positions immediately following the lactam linked E8 as well as several sites previously
identified (Pan and Link, 2011; Pavlova et al., 2008) to have high mutational tolerance
(positions 9-14). Randomly selected colonies from each sub-library were grown in 96-well
plates. The following day, aliquots from each plate were pooled with maintained plate
indices into a master 96-well plate. Whole-cell PCR was conducted on each of the wells in
isolation (see Supplemental Table I1 for primers). This process appended row and column
indices to each construct which were then used to identify mutant identity via deep
sequencing.

Following colony isolation and high-throughput sequencing it was determined that 207 of
the 228 (91%) possible point mutations across MccJ25 positions 2—7 and 9-14 were
generated via the site saturation mutagenesis. This compares reasonably with the 221
variants (97%) that would be expected by completely random sampling with three-fold
coverage of the NNK diversity, as some sampling efficiency was lost due to wells containing
multiple mutants.
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Single Mutant Activity Analysis

Point mutants were evaluated for growth inhibition, upon recombinant production and
secretion, via an agar diffusion assay against two strains of Sa/monella enterica (serovar
Enteritidis (SE) and serovar Tennessee (STen)) and two strains of £. co/i (JJ1887 and
0157:H7). These strains were selected due to their known susceptibility to MccJ25,
prevalence in multiple domains as pathogens, and high level of laboratory characterization
including available genomic data. Following overnight growth, the sizes of the zones of
growth inhibition were measured and normalized to the sizes of wild-type MccJ25 zones on
each plate (see Materials and Methods for analysis). These data, summarized in Figure 2.A,
reveal a range of mutational tolerance. Against all targets, mutations at positions G4 and F10
had no detectable activity, while tolerance was strongly limited at H5 (only R mutant
tolerated), P7 (only A mutant tolerated and with notably weaker activity), and F9 (only Y
mutant tolerated and with notably weaker activity) (Figure 2.B). Conversely, sites 3 and 12—
14 exhibit high tolerance, with moderate mutational tolerance observed for sites 2, 6, and 11.
In the context of the assay, ring and loop positions showed an average per-residue mutational
tolerance of 22% and 51%, respectively (Supplemental Figure 2).

Negatively charged mutations are broadly unsupported (active in only 4% of test pairs),
whereas positively charged mutations show higher broad tolerance (31%), with near-
complete tolerance in positions 12-14 (92%).

Chemical homology between wild-type residues and mutants was predictive of activity
differences at positions G2, A3, V6, V11, and 113 (p < 0.05; Supplemental Figure 3).
Activities of mutants of G12 or G14 were not predictable by homology, despite having high
mutational tolerance (84% and 78%, respectively). Tolerated mutations at G2 and A3 were
mostly substitutions of small amino acids (A, G, C, S). Against Sa/monella targets, partial
activity was observed for several hydrophobic mutations (W, P, M, I, L, V) of A3.

This multi-target activity evaluation also enables the determination of how mutations impact
the normalized specificity. Across the entirety of MccJ25, 63/207 (30%) mutations show
statistically significant specificity modulation (p < 0.001; Figure 3.A). Specificity was
negatively correlated with the maximum activity against the four targets (p < 0.001; Figure
3.B). Mutants in the ring region active against at least one target showed higher specificity
than mutants in the loop (p < 0.01; Figure 2.C). Chemical homology was not found to be
predictive of specificity (Supplemental Figure 4).

Multiple Mutant Activity Analysis

Utilizing the single mutant activity data, a collection of mutations across both the ring and
loop regions were combined in a multi-mutant library. To design the library, the set of
mutants with an average activity against SE and STen of at least 0.5 and a significant
specificity metric were identified. A3T was selected as an exception due to differential
response between the two Salmonella strains. Three positions in each region were selected:
residues 2, 3, and 6 from the ring and residues 11, 13, and 14 from the loop. Due to higher
specificity metrics, ring positions were preferentially given more phenotypic variation (4, 5,
and 3 options) relative to loop positions (2, 4, and 2 options). Repertoire for each residue
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was selected with preference for SE and STen as targets with reduced activity against one or
both pathogenic £. colistrains. G2T and A3D were included because of codon degeneracy
and not selected for attributes of interest. G12 remained fixed in contrast to 13 and 14 to
reduce library diversity and give preference to the top of the loop region (Table I). In
addition to aforementioned mutational options, library degeneracy included all wild-type
residues.

From this library of 960 possible unique sequences, 2000 randomly selected colonies were
screened for activity against SE with 64 colonies showing some level of activity (Table I).
The relative rarity of active clones was surprising given the library was composed of
combinations of active single-mutants (extended observation provided in Discussion).
Following Illumina deep sequencing of active and inactive colonies, it was found that the
screened set contained 919 unique in-library sequences covering 96% of the designed library
sequence space. There was a total of 32 unique sequences (31 mutants and wild-type, Table
I1) which showed functional activity against SE in the assay. Six mutants of the 12 sampled
active single-mutants did not show activity in this assay whereas they did in the first (G2S,
A3N, V6F, V6L, 113S, I114A). Codon usage is unable to explain these differences (p > 0.1;
Supplemental Table I11). Though unidentified as single mutants, each of these single mutants
was represented in variants with 2 or more mutations.

The activity of MccJ25 and all active multi-mutants were tested against randomly selected
human commensal £. coliisolates. These isolates are identified via genetic screening to be
probable non-extraintestinal pathogenic £. coli (Johnson et al., 2003), representing non-
pathogenic commensal £. coliand are gathered from both urine and fecal samples. Of these
20 isolates, 18 were found to have susceptibility to wild-type MccJ25 in a liquid-culture
growth inhibition assay (Supplemental Figure 5).

Those isolates which showed susceptibility were tested against heat-sterilized supernatant
derived from active variants from the multi-mutant MccJ25 library (examples from multi-
mutant screening stages displayed in Supplemental Figure 6). It was found that the 113T
single mutation significantly reduces the specific normalized activity against 15 of 18 of the
strains, susceptible to MccJ25 in liquid culture, relative to SE (p<0.05; Figure 4.A-C).
Assessment of MccJ25 and 113T for bactericidal/bacteriostatic action demonstrated similar
responses against three commensal £. coli strains with a range of MccJ25 responses as well
as the indicator Salmonella strains (Figure 4.D). On average, this mutation reduced the
specific normalized activity against the 18 evaluated commensals by 81%. This mutation
also maintained >50% supernatant activity compared to wild-type MccJ25 against SE. This
contrasted with the majority of multi-mutants which had considerable lower normalized
activity against SE (Table I1).

MccJ25 and MccJ25'13T exhibit good thermal stability as evidenced by their activity after
heat sterilization (98°C for 15 min) in the previous assay. Stabilities in the presence of
protease and acidic conditions were also evaluated. MccJ25'13T and MccJ25 are essentially
equivalent in protease tolerance up to the highly stringent condition of 0.25 U/mL proteinase
K at 60°C for 10 minutes. At more extreme conditions, MccJ25'13T does lose activity,
dropping to zero with 1 U/mL protease whereas MccJ25 retained 50% residual activity up to

Biotechnol Bioeng. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ritter et al.

Page 10

4 U/mL protease. To assess stability in acid conditions, supernatants of both MccJ25 and
MccJ25'13T were incubated at pH 1.5 for 30 min via HCI addition and returned to pH 7.0 via
NaOH addition. Both peptides retained full activity (Figure 5.B). The activities of purified
MccJ25 and MccJ25'13T | extracted and purified from supernatant, were assessed against SE,
demonstrating activity of the pure form of both (Supplemental Figure 7).

Discussion

Significant effort remains to develop platforms for next generation antimicrobials. The use
of ribosomally synthesized AMPs offers the advantage to explore functional sequence space
using straightforward genetic manipulation toolkits. Though many efforts have explored the
functional sequence landscape of ribosomally synthesized AMPs, few studies have focused
on the modulation of specificity of these proteins. Improved specificity for target pathogens
can reduce the pressure for AMP resistance development against off-target bacteria as well
as improve patient standard of care by reducing microfloral disruption.

Through the evaluation of a collection of single- and multi-mutants of MccJ25, an 113T
mutation was identified which significantly reduces activity towards 15 of 18 randomly
selected £. coliisolates from humans relative to activity against SE. Though wild-type
MccJ25 specificity and efficacy is an improvement over tradition broad-spectrum antibiotics,
its high efficacy towards commensal £. coli could pose an issue for human application. Of
the E. coliisolates tested, 90% have susceptibility to MccJ25, 55% have susceptibility at
least half that of SE and 10% show higher susceptibility. In contrast, 83% of MccJ25-
susceptible isolates have reduced susceptibility to MccJ25'13T relative to SE, with an
average reduction of 81%.

All testing was done using assays that measure total activity, the combination of production
rate and per-molecule activity. The high specificity modulation of ring-position mutants,
possibly driven by interactions during binding to the plug domain of FhuA, lost out in the
screening performed likely because of the significant losses to activity these mutations
acquired. Future studies could explore promising ring-position mutations further to evaluate
per-molecule activity.

In addition to the specificity modulation, it should be noted that though the mutational
tolerance data provided by singletons is complementary of work done by Pavlova et al.,
there are several deviations. Several mutations at position G2 (A, C, S) were found to be
active in the agar diffusion assay used here, however they were not detected for production,
maturation, export, and stability by Pavlova et al. It is possible that the expression system in
this work may produce larger quantities of MccJ25 and variants than the naturally-occurring
gene cluster utilized in Pavlova et al.’s work. The gene cluster used in this work is derived
from the cluster developed by Pan and co-workers (Pan et al., 2010).

As demonstrated in Figure 3.B, there is an inverse relationship between specificity and
activity for single-mutants of MccJ25. Though unexplored in AMP research, this trade-off is
well known in other protein classes, most notably enzymes (Tawfik, 2014). This tradeoff is
due to the large combinatorial landscape of proteins, resulting in multi-function optima
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being rare. A direct consequence of this property is the lack of multi-mutants retaining high
levels of activity, further highlighting the necessity of high-throughput screening to discover
mutants with both specificity as well as high activity.

MccJ25 and MccJ25'13T exhibit high stability under thermal, acidic, and proteolytic stresses.
Though MccJ25'13T showed higher susceptibility to proteinase K, the conditions of the
assay (60°C for 10 minutes, high concentration of nonspecific protease) were elevated in
comparison to physiological conditions in order to stress the peptides.

In this work it was demonstrated that mutagenic libraries can be used to identify variants of
MccJ25 with improved specificity towards pathogenic targets over commensal organisms.
This study resonates with previous work regarding the flexibility of MccJ25’s loop region to
functional modification (Knappe et al., 2011; Pan and Link, 2011; Pomares et al., 2009)
suggesting a capacity of MccJ25 to be tailored to applications of interest. Though these
methods are laborious, scaling linearly with target screening, they offer tremendous
opportunity to tune AMPs for use in treating human infections. For many AMPs, in
particular bacteriocins produced by gram-negative bacteria, the lack of information provided
by homologous sequences, solved structures, or descriptions of uptake and mode of action,
necessitates studies such as this to provide insight which can be utilized to design sequences
with desired properties.
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Figure 1.
MccJ25 maturation, export, and activity

(A) MccJ25 is the product of a 4-gene cluster composed of A, a 58 amino-acid precursor, B,
an ATP-dependent cysteine protease, C, an amidotransferase, and D, an ATP-binding
cassette transporter. Following export from a producing bacterium, mature MccJ25 is
uptaken through homologs of the iron-siderophore receptor FhuA in a TonB-system
mediated transport process. Once intracellular, MccJ25 exerts its more common mode of
action, binding to the secondary channel of RNA polymerase thus inhibiting transcription.
(B, PDB: 4CU4) Uptake through the FhuA receptor (blue) involves the specific interaction
of MccJ25 (orange). (C) Wild-type MccJ25 shows strong activity against pathogenic
Salmonella strains (grey) as well as non-pathogenic commensal £. coli (white) isolated from
human patients.
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Figure2.
Normalized activity of MccJ25 single-site mutants against four targets

(A) The normalized activities of MccJ25 mutants against two strains of Sa/monella as well
as two pathogenic £. coli were determined via the size of zones of growth inhibition
surrounding colonies of producer cells in solid culture. Each box corresponds to a MccJ25
site and particular amino acid variant (or wild-type as indicated) with four quadrants each
that correspond to activity against the four indicated strains. (B-C) The main chain structure
of mature MccJ25 with residues highlighted across the mutated position in the ring (2-7),
and loop (9-14) as spheres. (B) Mutated positions are colored according to their mutational
tolerance, defined as the fraction of mutations showing activity against at least one target.
(C) Mutated positions colored according to the average of the specificity metric for mutants
at that position which had activity against at least one target.
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Figure 3.
Mutant specificity and correlation with maximum activity

(A) The computed specificity metric across all mutants (including non-active, which have
specificity of zero) is presented. The dashed line indicates the 99.999 percentile of the
bootstrap sampled wild-type distribution which was defined as the null. Mutants with
specificity greater than this were deemed statistically significant from 0. (B) The specificity
of active mutants is plotted versus the maximum activity and specificity for mutations with a
max activity above 0 for ring (closed circle), and loop (open circle) positions. Spearman’s
rho: —0.58 (p = 2.3x10-8). When comparing the specificities of the ring and loop positions,
it is found that the mutations in the ring confer greater specificity than those of the loop
when considering active mutants (p = 0.0016, Wilcoxon rank-sum right-tailed statistic,

Hring™Hioop)-

Biotechnol Bioeng. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ritter et al.

Specific Activity (BU)
I &

o
w»

B

Omwt
El13T

i

«)Nmmmmmmmwmgc) gf‘-ﬂ)l“- we
N0 OO M= =00 iDcD-w @
:F!—FFN(')M(D l"'-CD O
FEEEEEEEERLOL

E:D:: D::LIJI.U‘.ULIJI.I..IUJ UU
[l &&EEEEREE E>

Figure 4.

-y

ot
]

Specific Normalized Activity (BU)
o o
o (=]

o
%)

o

z

€

3

T
=
o
E
=
i L jg
. ©

. . e
. .

-s - L ﬂ
mmmmmmmww wr\-u_lc
WHOOHO W~ cn "(ﬂ
_-'-'--Nnn 00O | v

________ 1—v—-— w
SEEEEEEEE

QOOOO0
&:DDDDDDDUJLLIUJUJLUL[M
“ﬁﬁﬁﬂmﬂmﬁﬁﬁﬁmm>>a

MccJ2513T demonstrates improved specificity
For pre-purified activity quantification MccJ25 mutants were first grown and induced in
liquid culture, then the supernatants were isolated and sterilized by heating to 98 °C for 15
min. and then plated on agar containing target organisms yielding a spectrum of responses
(A, left: STen, middle: PUTI 53, right: FVEC 964). The specific activity, assessed via
dilution plating, of wild-type MccJ25 (B, light bars) and MccJ25'13T (B, dark bars), as well
as the specific normalized activity (C) are shown against 18 commensal £. co/i human
isolates (grey bars) as well as well as two strains of Sa/monella (blue bars). Data use
Salmonella enterica serovar enteritidis (SE) as a reference point. These data demonstrate
significant reduction of specific normalized activity for 15 of the 18 £. coliisolates (p<0.05).
(D) To differentiate bactericidal from only bacteriostatic response, a subset of commensal E£.
coli and both Salmonellawere incubated for one hour in exponential phase growth with
MccJ25 or MccJ25'13T and colony forming units (cfu) determined. A value below unity
(109) is indicative of bactericidal activity.
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Figureb5.
Proteolytic and acid stability of MccJ25 and MccJ25113T

(A) Supernatant of wild-type MccJ25 (WT, open circles) and MccJ2513T (113T, filled
circles) were incubated at 60°C for 10 minutes in the presence of varying concentrations of
Proteinase K followed by Proteinase K inactivation by incubating at 98°C for 20 minutes.
These processed supernatants were then deposited on SE-seeded LB agar plates. Following
growth, the size of the zones of growth inhibition were measured to determine residual
activity. (B) Supernatant of WT and 113T were incubated at 37°C for 30 minutes at pH 1.5
(via HCI, grey bars) followed by normalization to pH 7.0 (via NaOH). Residual activity was
then determined using SE as an indicator strain.

Biotechnol Bioeng. Author manuscript; available in PMC 2019 October 01.



1duosnuey Joyiny

Ritter et al. Page 20

Table I.

Multi-mutant saturation mutagenic library of MccJ25

The composition of the multi-mutant library. Each of the listed positions was encoded using a set of
degenerate oligonucleotides to include all combinations of the wild-type and mutant amino acids. The genetic
diversity as well as screening results for activity are included.

Position Wild-Type | Mutants
2 G TS,A
3 A M,N,D, T
6 \Y% FL
11 \% M
13 | Y,ST
14 G A
Theoretical Diversity 960
Sampled Colonies 2000
Unique In-library Sequences 919
Active Sequences 32
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