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Abstract

Vancomycin-resistant Enterococci infections are a significant clinical problem. One proposed
solution is to use probiotics, such as lactic acid bacteria, to produce antimicrobial peptides at the
site of infection. Enterocin A, a class 2a bacteriocin, exhibits inhibitory activity against £. faecium
and £. faecalis, which account for 86% of vancomycin-resistant Enterococci infections. In this
study, we aimed to engineer enterocin A mutants with enhanced potency within a lactic acid
bacterial production system. Peptide mutants resulting from saturation mutagenesis at sites A24
and T27 were efficiently screened in a 96-well plate assay for inhibition of pathogen growth.
Several mutants exhibit increased potency relative to wild-type enterocin A in both liquid- and
solid-medium growth assays. In particular, A24P and T27G exhibit enhanced inhibition of
multiple strains of E£. faeciumand E. faecalis, including clinically isolated vancomycin-resistant
strains. A24P and T27G enhance killing of £. faecium 8 by 13+3- and 18+4-fold, respectively. The
engineered enterocin A/lactic acid bacteria systems offer significant potential to combat antibiotic-
resistant infections.
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Introduction

Over two million people are infected with antibiotic-resistant bacteria in the United States
each year, causing over 23,000 fatalities (CDC, 2013). Antibiotic-resistant bacterial
infections undermine many routine medical practices such as chemotherapy, dialysis,
transplant, and surgery (CDC, 2013; WHO, 2012). There has been a dramatic increase in
antibiotic resistance in the past 50 years, but the development of new classes of antibiotics
has not shared the same pace (Amyes, 2000; Laxminarayan et al., 2013). Vancomycin-
resistant Enterococci (VRE) are of particular concern to the medical community, as
vancomycin is a drug of last resort (CDC, 2013). In 2013, the Centers for Disease Control
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and Prevention reported 30% of hospital-acquired enterococcal infections were resistant to
vancomycin. Of these infections, 86% were attributed to £. faecalisand E. faecium. Both of
these species exhibit resistance to multiple antibiotics classes, such as p-lactam,
clindamycin, and low levels of aminoglycosides (Arias and Murray, 2012). In addition to
antibiotic-resistance and environmental resilience (Hugas et al., 2003; Shepard and Gilmore,
2002), both species of Enterococcihave the ability to transfer resistance to other species like
Staphylococcus aureus (Arias and Murray, 2012; Huycke et al., 1998; Paulsen et al., 2003).
Improved methods to combat VRE are needed.

Antimicrobial peptides (AMPs) are natural products that show promise in antibacterial
applications for both the health care and food industries (Drider et al., 2006; Grosu-Tudor et
al., 2014; Hu et al., 2014; Kjos et al., 2011a; Snyder and Worobo, 2014; Zhao et al., 2013).
AMPs are typically cationic, amphiphilic peptides that serve as defense proteins for the
producing organism (Drider et al., 2006; Fimland et al., 2005; Hwang and Vogel, 1998). As
AMPs are found in many life forms, there is a wide spectrum of classes that target many
different types of cells (Hancock and Diamond, 2000; Peschel and Sahl, 2006). Due to the
variety of AMPs that exist, they have the potential to be used for antibacterial treatment
(Drider et al., 2006; Hwang and Vogel, 1998; McPhee et al., 2003). Delivery of these AMPs
for in vivo applications, however, is not trivial as they can be easily degraded by proteases
(Cintas et al., 1997; Giuliani and Rinaldi, 2011; De Kwaadsteniet et al., 2005; Park et al.,
2011). One proposed solution is to use lactic acid bacteria (LAB) as a local delivery system
to produce the AMPs at the site of infection (Borrero et al., 2014; Geldart et al., 2015).
Many LAB are probiotics, including one system used for treatment of Crohn’s disease
(Tuohy et al., 2003). Lactococcus lactis, in particular, is used commercially for heterologous
production of peptides and has been developed as a delivery system for insulin to the
intestinal tract (Morello et al., 2008; Ng and Sarkar, 2011).

Bacteriocins are a specific group of AMPs that are produced by bacteria and, when created
by LAB, are typically heat-stable (Drider et al., 2006; Tagg et al., 1976). Bacteriocins have
been studied for their potential in antibacterial applications both in the health care and food
industries (Drider et al., 2006; Grosu-Tudor et al., 2014; Hu et al., 2014; Kjos et al., 2011a;
Snyder and Worobo, 2014; Zhao et al., 2013). Enterocin A (entA) is a class 2a bacteriocin
isolated from E£. faecium CTC492 and shows inhibition of £. faecalis, Pediococcus, Listeria,
and some strains of £. faecium (Aymerich et al., 1996). The potential exists to improve
entA’s activity for use in medical applications and food preservation. In general, class 2a
bacteriocins are anti-Listeria peptides with up to 80% sequence similarity including -sheets
in the N-terminal portion and amphiphilic a-helixes in the C-terminal portion (Ennahar et
al., 2000).

Mutational studies have examined some sequence-function relationships in class 2a
bacteriocins. Electrostatic interactions impact binding between cell membranes and AMPs
including pediocin PA-1 (Chen et al., 1997) and sakacin P (Kazazic et al., 2002). Reduction
in net positive charge of sakacin P decreased activity, but only one in five introductions of a
cationic residue (T20K) improved potency (Kazazic et al., 2002). Likewise, only one of
three sites of lysine introduction in pediocin PA-1 (S13K) improved efficacy (Song et al.,
2014). A disulfide bond in the C-terminal portion of sakacin P and pediocin PA-1 broadens
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activity and improves activity at an elevated temperature (Fimland et al., 2000). A chimera
of the N-terminal portion of enterocin A and the C-terminal portion of pediocin PA-1 was
more active than either parent against a strain of Leuconostoc lactis (Tominaga and
Hatakeyama, 2007). Shuffling of the N-terminal portion with various class 2a bacteriocins
yielded several mutants with varying degrees of improved activity against several bacterial
strains. Saturation scanning of pediocin PA-1, albeit with only 35 colonies evaluated per site,
indicated mutationally tolerant and intolerant sites, but did not identify improved mutants
(Tominaga and Hatakeyama, 2006). Five mutations at each of five sites in pediocin PA-1
revealed a range of tolerant and intolerant mutants but no demonstratively improved mutants
(Haugen et al., 2011).

The current study aimed to develop a screen with a sufficient efficiency and throughput to
deepen the evaluation of sequence space. Previous efforts to engineer and screen bacterial
agents have predominantly relied upon microtiter plate analysis (Geis et al., 1983), agar
diffusion tests (Borrero et al., 2011), or colony counting experiments (Deslouches et al.,
2014). One example of an innovative way to engineer and test AMPs was used for the
peptide bactenecin (Hilpert and Hancock, 2007). Derivative peptides were synthesized on
cellulose sheets and tested for activity using a luciferase assay. While the assay enables
high-throughput synthesis and analysis of peptide sequences, it does not allow for testing of
biological production nor does it yield enough peptide for easily testing multiple pathogens.

In this study, an improved screen was developed for quantifying potency of entA secreted
from LAB. Saturation mutagenesis identified several entA/LAB systems with improved
activity against £. faecium. In particular, entA mutants A24G, A24P, and T27G showed
increased activity. A24P and T27G exhibited improvements against more than one species of
Enterococci.

Materials and Methods

Cell Types, Plasmids and Standard Growth Conditions

Supplementary Table S1 lists the bacteria used in this study for production and testing of
entA. The production bacteria L. /actis NZ9000 was cultured in GM17, which is M17 media
(Oxoid Ltd., Basingstoke, UK) supplemented with 0.5% glucose (Sigma—Aldrich, St. Louis,
MO) and 5 pg/mL chloramphenicol (Mediatech, Manassas, VA), at 32°C. Enterococcal
strains were grown in brain heart infusion medium (BHI; Becton Dickinson, Franklin Lakes,
NJ) at 37°C. For E. faecium 8, BHI media was supplemented with 100 pg/mL ampicillin
(Sigma—Aldrich). For plate experiments, the respective media was supplemented with 1.5%
wt/vol agar (Sigma—Aldrich).

Assay Development with pBK2idTZ:Bac

The high-throughput assay was designed using pBK2idTZ:Bac (Borrero et al., 2014). AMP
production scale was reduced incrementally from 100 mL to 330 L to ensure AMP activity
at each production level including 100 mL, 10 mL, 2 mL and 330 pL (data not shown). Ten
microliters of mineral oil (Sigma—Aldrich) was added to the top of 330 uL of growth
medium to reduce oxygen transfer. For the mock screen, 62 wells in a 96-well plate were
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randomly inoculated with L. /factis containing pBK2idTZ:LacZ (producing lacZ as negative
control) and 10 wells were inoculated with L. /actis containing pBK2idTZ:Bac (Borrero et
al., 2014) (producing entA, hiracin JM79, and enterocin P). Protein production was induced
via addition of 50 ng/uL ccF10 pheromone (Mimotopes, Clayton, Australia) when the
culture reached an ODggq of 0.4. Production was allowed to continue for 4 h. Cell-free
supernatant was obtained by centrifugation of the 96-well plate at 3800g, 4°C for 30 min.
The supernatant was then removed and heated at 100°C for 10 min before being stored at
—20°C until use. To test for bactericidal activity, 1% v/v supernatant was added to BHI and
108 CFU/mL from an overnight culture of £. faecium. The absorbance at 600 nm was
measured at 10, 12, 14, and 16 h on a SpectraMax Plus384 (Molecular Devices, Sunnyvale,
CA).

Homology Model

A homology model for entA was prepared from the entA sequence
(TTHSGKYYGNGVYCTKNKCTVDWAKATTCIAGMSIGGFLGGAIPGKC) using the I-
TASSER server (Roy et al., 2010). The image was rendered using PyMOL.

EntA Construction

The entA gene cassette includes a leader sequence, the bacteriocin, immunity protein, and
induction factor (Hancock and Diamond, 2000; Peschel and Sahl, 2006). However,
heterologous production of entA can be achieved if the leader sequence is replaced by
another signal peptide, in this case usp45 (McPhee et al., 2003; Peschel and Sahl, 2006).
This cassette was cloned into a plasmid derivative of pNZ8048, which contains a chloride
promoter system (Geldart et al., 2015) (Supplementary Figure S1). Site-specific mutations
were made at sites A24 and T27 within the a-helix using NNK degenerate primers from IDT
(Supplementary Table S2). The libraries were built using standard molecular cloning
techniques (Sambrook et al., 1989). Gel purifications were conducted using Qiagen’s
Minelute Kit (Menlo, Netherlands). Restriction enzymes were purchased from New England
Biolabs (Ipswich, MA) and digestions were concentrated using Zymo Research’s DNACIean
and Concentrator Kit (Irvine, CA). Ligations were transformed into electrocompetent L.
Jactis NZ9000 using Gene Pulser XCell (Bio-Rad Laboratories, Hercules, CA) and
previously described methods (Holo and Nes, 1989).

Production of entA and Mutants with pNZC:entA

L. /actis containing mutant entA plasmids were seeded into a 96-well plate for production
and testing. Selecting 90 clones provides a 94% sampling probability for each codon in an
NNK library. Saturated overnight cultures were used to inoculate production cultures (at 3%
saturation) of 330 uL GM17 (Oxoid) supplemented with 0.1 M NaCl (Sigma—Aldrich) and 5
g/L chloramphenicol and was topped with 10 pL of mineral oil. Protein production was done
in triplicate and allowed to continue for 8 h post inoculation. After 8 h, the supernatant was
isolated using centrifugation at 3800g, 4°C for 30 min. The supernatant was heated for 10
min at 100°C and then stored at —20°C until tested. AMP was also produced in 2 mL
volumes when needed: 1.88 mL GM17 supplemented with 0.1 M NaCl, 3% overnight L.
Jactis culture and 58 UL mineral oil.
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Testing EntA Against E. faecium

The isolated supernatant containing entA was tested in 96 well plates at 10% concentration
(90% BHI medium with 100 mg/L ampicillin and pathogen and 10% entA supernatant)
against clinical isolate 8 of £. faecium. Growth was monitored every hour for 14 h initially
using ODggg on the Synergy H1 152 Multi-Mode Reader (BioTek, Winooski, VT).
Derivative entA clones with a comparable (within the parental standard error) or higher
activity were isolated for further testing. For every test, new supernatant containing protein
was made unless otherwise noted. LacZ, entA, and derivative peptides were then verified by
being reproduced at 340 pL scale and tested by monitoring the ODgq of a pathogen culture
for 16 h at 3% or 10% v/v concentration. Values presented are the average * standard error
of biological production triplicates evaluated at the average time for lacZ cultures to reach
ODgqg of 0.8. After the initial screen, each biological production replicate was tested three
times in a pathogen test. Statistical significance was calculated in Microsoft Excel, using a
one-tailed Student’s #test with unequal variances.

Stab-on-Agar Tests

BHI was supplemented with 0.8% agar and overnight cultures of 0.5 uL/mL for all £.
faecalis strains and 0.75 uL/mL for £. faecium 8. Once the agar solidified, five different
colonies of L. /actis expressing A24P, T27G, A24G, entA, or lacZ were spotted onto the
plate. The plates were incubated overnight at 37°C. Halo diameter was determined by using
ImageJ (Schneider et al., 2012) to calculate the diameter of the inhibition zone minus the
size of the colony.

E. faecium Viability Assay

Results

E. faecium 8 was grown overnight and then diluted to 108 CFU/mL in a 5 mL culture
containing GM17 supplemented with ampicillin and 10% v/v of supernatant containing
either lacZ, entA, A24P, T27G, or entA A24P/T27G. Aliquots were removed every 2 h after
the first hour of growth for up to 11 h as well as at 24 h. Ten microliters of tenfold serial
dilutions were plated on GM17 medium with ampicillin and allowed to grow for 16 h. Data
are presented as average * standard error of three biological replicates with three technical
replicates each.

Development of a High-Throughput Activity Assay for LAB-Generated AMPs

L. Jactis have previously been engineered to express three AMPs—entA, hiracin JIM79, and
enterocin P—under the control of a pathogen-inducible promoter pCF10 (Borrero et al.,
2014). Diluted supernatant, at 10% of final culture volume, effectively limits growth of £.
faecium 8, a clinical isolate from the University of Minnesota hospital. To enable an efficient
high-throughput assay that evaluates pathogen growth inhibition of numerous mutants, we
sought to miniaturize and parallelize L. /actis-based production of AMP, processing, and
antimicrobial assay. The assay was initially optimized with L. /factis spp. cremoris
expressing entA, hiracin JIM79, and enterocin P from the pBK2idTZ expression vector
inducible by ccF10, an Enterococcal pheromone. In the optimized assay, performed in 96-
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well plates throughout, (i) L. /actis are cultured in 330 pL of medium plus a mineral oil
layer; (ii) AMP production is induced; (iii) cell-free supernatant is acquired by
centrifugation and heat killing of L. /actis, (iv) cell-free supernatant is applied to cultures of
E. faecium;, and (V) E. faecium growth is monitored by optical density. In a mock screen to
evaluate system performance, L. /actis harboring the three-AMP plasmid were readily
identified versus cells with lacZ control plasmid by dramatically hindering growth of clinical
isolate indicator strain, £. faecium 8, at 1% supernatant volume/total volume (v/v) (Fig. 1).
Analysis at 10 and 12 h yields no false positives (7= 62 lacZ control samples) and no false
negatives (7= 10 AMP samples). At 14 and 16 h, a single false positive or negative
(depending on the choice of threshold) was identified.

Saturation Mutagenesis Analysis of Sites A24 and T27 in EntA

This efficient screen was applied to study sequence/function relationships in entA. The entA
gene was cloned with the secretion peptide usp45 and its respective immunity gene into
pNZC, a derivative of pNZ8048 containing a chloride inducible promoter (Supplementary
Figure S1). The chloride promoter is an environmentally induced promoter that is active
within the biological range of chloride concentrations in the intestine (approximately 0.01-
0.15 M) (Fordtran and Locklear, 1966; Geldart et al., 2015). Saturation mutagenesis libraries
were created at site A24 and, separately, T27 in entA by introducing an NNK codon—which
encodes for all 20 natural amino acids—and transforming the resultant plasmids into L.
Jactfs. These two sites were selected because homology modeling predicts that they will be
part of the a-helix, which has been implicated in impacting AMP selectivity (Johnsen et al.,
2005) (Fig. 2). Moreover, the sites represent two ends of the spectrum for evolutionary
conservation. Site 24 is conserved as a small residue (54% G, 22% A, and 14% S, Table I)
and has a Shannon entropy (Shannon, 1948) of 1.8. Site 27 is more diverse: 23% T, 21% I,
16% W, and 15% Kwith a Shannon entropy of 2.9. Fifteen sequences from the A24 library
and 10 sequences from the T27 library were sequenced with 13 and 9 showing proper
construction, respectively. Ninety transformants from each library, which provide an average
of 96% probability of sampling for each of the 20 amino acids, were evaluated in triplicate
in the assay against £. faecium 8. The E. faecium growth assay used 90% growth medium
and 10% supernatant, which is sufficient for parental entA to be modestly potent thereby
allowing the ability to observe improved activity. Seven derivatives from the A24X library
and 10 derivatives from the T27X library exhibited greater or comparable activity to the
parental entA (Fig. 3a). These mutants were sequenced, and their inhibition was tested for
reproducibility. Six of seven A24X mutants and nine of ten T24X mutants again inhibited
growth (Fig. 3b). Inhibition was generally even stronger in the validation runs. A24P and
A24G exhibit especially strong inhibition while A24S and A24T yield intermediate
inhibition. T27G, T27N, T27S (TCTor AGT codon but not TCG codon) exhibit strong
inhibition while T27E yields intermediate inhibition. Note that TCT and AGT are used in
26% and 23% of L. /actis serine codons whereas TCG is only 5%. Eighteen non-beneficial
mutants were also re-tested, which validated reproducibility.

Four beneficial mutants exhibited mutations in the immunity gene in addition to site 24 or
27. In two cases, the corresponding entA mutant (A24S or T27G) was also observed with a
wild-type immunity gene allowing direct evaluation of the immunity gene mutation,
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however no impact was observed. The immunity mechanism is not fully understood (Kjos et
al., 2011a), but an immunity gene mutation could perhaps hinder L. /actis health or entA
production. The growth of the L. /actis was monitored for significant variations, but none
were observed. A24P* exhibited a mutation in the secretion peptide causing reduced, but
functional, pathogen inhibition.

To identify the most potent A24X and T27X mutants for further evaluation and
development, the stringency of the assay was increased by reducing the supernatant
concentration to 3% v/v in the pathogen culture. Three mutants maintained strong inhibition
relative to parental activity: A24G (P = 0.0035), A24P (P=0.0097), and T27G (P = 0.059)

(Fig. 4).

Growth Inhibition of E. faecium and E. faecalis Strains

The three lead mutants, A24G, A24P, and T27G, were evaluated in spot-on-agar tests in
which AMP-producing L. /actisis cultured in a spot on an agar plate harboring E. faecium.
Potent LAB/AMP systems are capable of inhibiting pathogen growth in a zone surrounding
the L. /actis spot (Fig. 5a). All three entA mutants exhibited superior growth inhibition of £.
faecium 8 relative to wild-type entA (Fig. 5b). The spot-on-agar assays were expanded to
five E. faecalis strains (Fig. 5b). T27G showed improved growth inhibition, relative to wild-
type entA, against all five E. faecalis strains (£ < 0.03), while A24P showed improved
activity against three of the five £. faecalis strains (OG1RF, V583, and CH116) and
comparable activity on Com1 and JH2-2. A24G showed reduced activity, yet still inhibited
growth relative to lacZ control, against all strains of £. faecalis (Fig. 5b).

A24P and T27G were also evaluated in liquid pathogen inhibition assays against several
strains of £. faecalis and E. faecium. The mutants exhibited improved efficacy, relative to
wild-type entA, against two of three strains of E. faecalis (Com1 and OG1RF whereas
comparable inhibition was observed for V583) and two additional clinically isolated strains
of E. faecium (E. faecium 6 and 7) (Fig. 6).

Pathogen Viability

The reduction in pathogen cell density several hours post-exposure to entA and its mutants
could result from cell death, reduction in growth rate, or a combination thereof. To evaluate
these possibilities, viable cell density was measured dynamically starting at the time of
initial exposure to 10% v/v entA-containing supernatant. The viable £. faecium density
decreases to 5.4% + 0.2% of initial upon exposure to entA (Fig. 7). A24P and T27G exhibit
greater potency with a reduction of viable £. faecium density to 0.4% = 0.1% and 0.31%

+ 0.06% of initial, respectively (Fig. 7a). After 7 h, entA and the two mutants exhibit cell
growth rates comparable to lacZ control. At 24 h, inhibition is not evident, which is likely
due to pathogen resistance as previously demonstrated for class 2a bacteriocins (Geldart et
al., 2015; Kjos et al., 2011a,b).

A24P/T27G Double Mutant

A double mutant containing both mutations A24P and T27G was built and tested to see if
the mutational benefits were additive. When monitoring ODgqg, entA A24P/T27G exhibited
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similar behavior to both T27G and A24P (data not shown). £. faecium viability
measurements were performed to compare the double mutant to lacZ and T27G. In these
tests entA A24P/T27G did not perform as well as T27G, with 2.2 + 0.6-fold less killing (Fig.
7b). After 5 h, A24P/T27G and T27G grew similarly to the lacZ control.

Discussion

VRE pose a significant threat to the modern healthcare system (CDC, 2013); as such,
innovative methods for discovery of new or improved antimicrobial systems is imperative.
AMPs are one proposed solution to treating antibiotic-resistant infections. LAB have been
posed as a potential production host (Bermudez-Humaran et al., 2011; Martin et al., 2007;
Morello et al., 2008) and delivery vehicle (Borrero et al., 2014; Geldart et al., 2015; Ng and
Sarkar, 2011). Enhanced potency of LAB/AMP systems would be advantageous. Previous
studies have predominantly reported production of AMPs in cultures greater than 10 mL
(Aymerich et al., 1996; Van Den Berghe et al., 2006; Borrero et al., 2011; Casaus et al.,
1997; Rehaiem et al., 2011), which are inefficient for combinatorial library-based
approaches. Miniaturization of the assay drives efficient parallelization, which
accommodates a more extensive search of derivative AMPs, production strains, and different
types of pathogens. Use of a liquid assay allows for dynamic growth evaluation using simple
ODggg measurements. The developed assay performed well in the mock screen with the
triple-AMP system (no false positives or negatives at 10 and 12 h; a single false positive/
negative at 14 and 16 h). When used for discovery of entA mutants with enhanced inhibition
of E. faecium 8, initial hits of substantial inhibition were validated in a follow-up assay
while mutants with slight inhibition yielded modest variance (Fig. 3b).

The parallelized assay empowered site saturation mutagenesis (probability of sampling each
amino acid is 94%, on average, and 92%, minimum when accounting for library
construction quality) at sites 24 and 27. Despite focusing on only two sites in this initial
study, mutants of substantial improvement were identified. A24P and T27G kill E. faecium 8
to a 13 = 3-fold and 18 + 4-fold greater extent than parental entA, respectively, (Fig. 7) and
yield significant potency even at 3% v/v (Fig. 4). Moreover, the mutants exhibit enhanced
activity against numerous strains of £. faeciumand E. faecalis in both liquid and spot-on-
agar assays (Figures 5 and 6). The lone exceptionwas £. faecalis V583, against which the
mutants exhibited comparable activity relative to entA. This could be due to a number of
reasons including, but not limited to: downregulation of the mannose phosphotransferase
system for sugar transport; strain-specific variations within the mannose phosphotransferase
sequence; or use of a wider variety of sugar transporters (Kjos et al., 2011a,b). Importantly,
the mutant plasmids were also rebuilt to verify that the indicated entA mutations were
responsible for the improved performance rather than extraneous mutations or LAB strain
modifications; inhibitory performance was maintained with the rebuilt plasmids introduced
into fresh L. /actis. Thus, saturation mutagenesis at even two sites is sufficient to identify
improvements in antimicrobial activity. Future studies can explore additional sites and
mutant combinations, empowered by the efficient screening assay. It remains unclear
whether the peptides show increased activity due to increased production, increased specific
activity, or a combination thereof.
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The utility of an efficient screen to assess diverse mutants in a combinatorial manner is
noteworthy since the most effective mutants were unlikely to be identified via rational
approaches. Although sites 24 and 27 have different diversities in natural homologs, both
sites offer significant evolvability relative to wild-type as four amino acids at each site
provided superior inhibition relative to wild-type. It is intriguing that, despite the presumed
existence—based on homology modeling—of A24 and T27 within the core of the entA
alpha helix (Fig. 2), the three most effective mutations (A24G, T27G, and A24P) introduce
amino acids that are less frequently observed in a helices (Blaber et al., 1993; Pace and
Scholtz, 1998). Structural studies will be needed to evaluate the impacts on this particular
helix. All four improved mutations from A24 (P, G, T, and S) introduce a side chain with
increased hydrophilicity relative to wild-type. Similarly, three of the four improved
mutations from T27 (N, S, and E) increase hydrophilicity, while the best mutation, T27G,
provides comparable hydrophilicity.

One of the top mutants, A24G introduces a mutation that is dominant among entA homologs
(57% G at site 24 within 138 natural entA homologs (Table 1)). While this result is
consistent with the concept of consensus design (Steipe et al., 1994), the other top mutations
conflicted with this approach (Fig. 8). At site 24, proline is observed only once in 138
natural entA homologs. Similarly, glycine is not seen at site 27 in any of the homologous
peptides. Yet site T28 is glycine 18% of the time, suggesting local tolerance for
conformationally flexible glycine. In short, a consensus design approach would have yielded
false negative designs (A24P and T27G)—mutants predicted to be non-functional that
instead were advantageous. Moreover, the thorough search of sequence space enables
identification of false positive consensus designs—mutants that are frequent in natural
homologs but not advantageous in inhibiting £. faeciunr. T271 (21% naturally but non-
inhibitory (Fig. 3) as well as T27W and T27K, which are present 16% and 15% naturally but
were not identified as inhibitory mutants (each with a 92% likelihood of being evaluated in
the 90 clones tested). Thus, amino acid frequency in natural homologs is insufficient for
identifying beneficial mutations; combinatorial library screening provides an efficient means
to evaluate sequence-function relationships and identify functional AMPs.

The thorough evaluation of sequence space is also beneficial for evaluating codon-dependent
effects. For one of the top amino acid mutations, T27G, both of the possible NNK-encoded
codons (GGG and GGT) were identified as improved relative to parental entA. Conversely,
for A24P, the CCT codon mutant was identified but CCG was not. This can potentially be
explained by the rare use of the CCG codon in L. /actis (only 5% of P encoded by CCG vs.
20% by CCT). Alternatively, it is possible that the CCG codon mutant was not present in the
90 clones analyzed (8% likelihood of omission). For A24G, the GGG mutant was identified
as a significant improvement relative to parental entA whereas the GGT mutant was
ineffective. The failure of the GGT mutant cannot be explained by rare codon usage as GGT
is used to encode for 39% of glycines in L. /actis. While further experimentation would be
needed to elucidate the alternative regulatory mechanisms responsible for these results, it is
important to note the value of thorough analysis of genetic sequence space in addition to
amino acid sequence space.
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Conclusions

VRE pose a significant threat to the modern healthcare system both through the increased
risk of an antibiotic-resistant infection and the possibility of horizontal gene transfer
(Huycke et al., 1998; Palmer et al., 2010). Historically, optimizing compounds from other
organisms’ defense mechanisms has led to the development of effective antibiotics. In a
similar fashion, we have worked to optimize entA efficacy against multiple strains of £.
faecalis and E. faecium. We developed a high-throughput assay to analyze the antimicrobial
activity of an LAB/AMP system and applied it to saturation mutagenesis studies at A24 and
T27 of entA. Through this system we identified two mutants—A24P and T27G—that kill
pathogenic Enterococcus strains to a greater extent than native entA.
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Figurel.
Testing a miniaturized assay using an ideal LAB/AMP system. L. /actis NZ9000 containing

plasmid to produce either LacZ (/7= 62; white) or a combination of three enterocins (entA,
enterocin P, and hiracin JM79; n=10; gray) were randomly seeded into a 96-well plate.
After LAB growth and peptide production, the cell-free supernatant was collected and
applied (as 1% v/v) to 108 CFU/mL E. faecium 8 and fresh BHI medium. Pathogen cell
density was measured as ODgg at 10, 12, 14, and 16 h. The data are shown in a box and
whisker plot where the mean, first quartile, third quartile, standard deviation, and extrema
are represented by the centerline, bottom line, top line, whiskers, and X’s, respectively.
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Figure 2.
Homology model of entA structure. A homology model for entA was prepared from the

entA sequence using the I-TASSER server. The image was rendered using PyMOL. Sites
A24 and T27 are labeled.
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Figure 3.
Screening of A24X and T27X libraries. (a) A24X and T27X mutant libraries were

constructed and 90 colonies were seeded into 96-well plates. Biological triplicates of AMP
were produced and applied (as 10% v/v) to 108 CFU/mL E. faecium 8. Pathogen cell density
(ODgqp) after 9 h of AMP exposure is plotted as average + standard error. Seventeen
derivative AMPs were selected for additional testing based on their activity compared to the
parental enterocin A. (b) The 17 functional clones were retested to identify false positives,
and eighteen random ineffective AMPs were retested to identify false negatives. Average and
standard error (7= 3) are shown for both the initial (solid) and the verification (empty)
assays. The mutant amino acid and codon (if different—otherwise Supplementary Table S3)
are indicated. T denotes a mutation in the amino acid sequence in either the secretion peptide
or immunity gene for entA.
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Figure 4.
Supernatant activity at 3%. For increased stringency, the eleven AMP derivatives

maintaining pathogen density at or below ODggg = 0.2 with 10% supernatant (Fig. 3) were
tested at 3% v/v against £. faecium 8. The supernatant production and processing were
conducted as previously described (n7= 3 with standard error bars for all supernatant
production except A24T for which n=2 therefore no error bars were added). Cell densities
were monitored every hour for 16 h; the data shown is at the average time it takes lacZ to
reach an ODggg of 0.8 to allow for comparison across multiple days. A one-tailed Student’s
ttest compared mutants to entA. *indicates A<0.05, and **indicates ~<0.01.
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Figureb.
EntA and derivatives tested against multiple pathogens. (a) A24G, A24P, and T27G

constructs were tested against multiple species of E. faecalis using a stab-on agar test. BHI
with 0.8% agar and 0.5 pL/mL (£. faecalis) or 0.75 uL/mL (£. faecium) were allowed to
solidify. Five colonies of L. /actis containing each construct were stabbed on to agar
containing pathogen and allowed to grow at 37°C overnight. (b) The average halo diameter
was measured using ImagelJ. A one-tailed Student’s #test compared mutants to entA.
*indicates A<0.05, and **indicates ~<0.01.
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Figure 6.
EntA and derivatives tested against multiple pathogens in liquid culture. The A24G, A24P,

and T27G constructs were evaluated in liquid phase pathogen inhibition assays as in Figure
3 but against six strains of Enterococci. The average and standard error (1 = 3) of pathogen
cell density is shown at the time for which lacZ control reached ODggg = 0.8. A one-tailed
Student’s #test compared mutants to entA. *indicates A<0.05, and **indicates A<0.01.
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Figure7.

E. faecium viability assays. LAB/AMP supernatant was produced at 2 mL scale and applied
(at 10% v/v) to 5 mL E. faecium 8 (initially at 0.6% density from an overnight culture).
Cultures were incubated at 37°C for 24 h. Viable cell density was measured by dilution
plating on GM17 medium at 0, 1, 3,5, 7, 9, 11, and 24 h. (a) A24P and T27G constructs are
compared to those of the parental entA and the control protein, lacZ. (b) The double mutant
containing both mutations was compared to T27G and lacZ.
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arax

T2

Inefficiency of consensus design. The E£. faecium density after exposure to 10% v/v
supernatant (from Fig. 3b) is plotted versus the frequency of the mutant amino acid in

natural homologs.
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Table |

Amino acid frequencies at sites 24 and 27 in entA homologs.

AminoAcid Site24 Site27
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Natural homologs of entA (7= 138) were identified in the Pfam database. Amino acid frequencies at sites 24 and 27 were calculated. The impact of
identical sequences was dampened by counting the square root of their occurrence.
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