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Abstract

Colicins are antimicrobial proteins produced by Escherichia coli, which, upon secretion from the host, kill non-hostE. coli
strains by forming pores in the inner membrane and degrading internal cellular components such as DNA and RNA. Due to
their unique cell-killing activities, colicins are considered viable alternatives to conventional antibiotics. Recombinant
production of colicins requires co-production of immunity proteins to protect host cells; otherwise, the colicins are lethal to
the host. In this study, we used cell-free protein synthesis (CFPS) to produce active colicins without the need for protein
purification and co-production of immunity proteins. Cell-free synthesized colicins were active in killing model E. coli cells
with different modes of cytotoxicity. Pore-forming colicins E1 and nuclease colicin E2 killed actively growing cells in a
nutrient-rich medium, but the cytotoxicity of colicin Ia was low compared to E1 and E2. Moreover, colicin E1 effectively
killed cells in a nutrient-free solution, while the activity of E2 was decreased compared to nutrient-rich conditions. Both
colicins E1 and E2 decreased the level of persister cells (metabolically dormant cell populations that are insensitive to
antibiotics) by up to six orders of magnitude compared to that of the rifampin pretreated persister cells. This study finds
that colicins can eradicate non-growing cells including persisters, and that CFPS is a promising platform for rapid produc-

tion and characterization of toxic proteins.
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1. Introduction

Colicins are a type of bacteriocin produced by Escherichia coli
which kill non-host E. coli strains by forming pores in the inner
membrane, inhibiting cell-wall synthesis and degrading nucleic
acids (1). All colicins must bind to and cross the outer membrane
of target cells, and some colicins must cross the inner membrane,
depending on their mode of cytotoxicity (2). For transport, coli-
cins use nutrient transporters located at the outer membrane
and a group of inner membrane and periplasmic proteins.

Colicins consist of three functional domains, including a central
receptor binding domain, N-terminal translocation domain and
C-terminal cytotoxicity domain. The central receptor binding do-
main helps colicins to recognize target cells by binding to a cell
surface receptor protein with high affinity, the N-terminal trans-
location domain enables the colicins to cross the outer mem-
brane into or through the periplasm and the C-terminal
cytotoxicity domain disrupts the target components via pore for-
mation or enzymatic degradation (3). Colicin transport into cells
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requires energy during release from the outer membrane recep-
tor and transfer of the colicin polypeptide across the outer mem-
brane through the translocator. Additionally, nuclease colicins
require energy during extracellular release of their bound immu-
nity protein (2). Such energy is supplied via TolAQR (for Group A
colicin) or TonB/ExbB/ExbD (for Group B colicin) proteins which
are responsible for maintaining membrane integrity and for
transducing energy from the inner membrane to the outer mem-
brane for substrate uptake into the E. coli cell (2).

Upon colicin release by cell lysis induced by the cellular
stress response, the colicin invades the target cell by binding to
the receptor protein of the cell, resulting in target cell killing.
During growth, the colicin-producing host cells are protected
by an immunity protein that blocks the activity of its cognate
colicin (4). The immunity proteins of nuclease colicins form a
complex with colicins by binding to their cytotoxicity domains,
neutralizing their catalytic activity. The immunity proteins of
pore-forming colicins localize in the inner membrane,
disabling pore formation by the colicin. Over 20 colicins have
been studied and the functional diversity of colicins offers
unique cell-killing mechanisms (1). For example, colicins Ia (5)
and E1 (6) form pores on the inner membrane, colicin M inhib-
its cell-wall biosynthesis by degrading an undecaprenyl
phosphate-linked peptidoglycan precursor (7), colicin E2
degrades DNA templates (8) and colicin E3 degrades 16S
ribosomal RNA resulting in slow translation (9). Therefore,
colicins can target specific microbes by penetrating cells and
disrupting cellular components.

Colicins are considered viable alternatives to antibiotics (10)
for several compelling reasons. First, the cell-killing activities of
colicins that physically disrupt cellular components are distinct
from most conventional antibiotics that disable bacterial growth
by inhibiting protein synthesis (e.g. kanamycin), cell-wall
biosynthesis (e.g. penicillin) and DNA replication/repair (e.g. cip-
rofloxacin) (11). Colicins may have the ability to kill non-growing
cells known as persisters that can survive under antibiotic
treatments by entering a metabolically dormant state (12).
Second, colicins may not be toxic to humans because their
cytotoxicity is only effective on bacteria that produce receptor
proteins such as BtuB, Cir, FhuA and OmpF (1), which are not
present in human cells. This hypothesis is supported by
reports that some colicins including E1, E3 and E7 demonstrate
little toxicity to mammalian cells (13). Third, the cell-killing
kinetics of colicins are fast, which may eradicate harmful
bacteria during early growth stage (6, 14), preventing the
formation of persistent or resistant bacteria. Lastly, multiple

domains of colicins provide flexibility to engineer new types of
colicins by combining them with other bacteriocins. For exam-
ple, chimeric forms of bacteriocins have been synthesized by
exchanging domains between colicins (E2 and E3) of E. coli and
pyocins (S1 and S2) of Pseudomonas aeruginosa (15). Hence, fur-
ther engineering of colicins may provide new proteins with
novel functional and structural properties that can be applied
to control bacterial infections.

Cell-free protein synthesis (CFPS) is a promising platform for
flexible expression and screening of enzymes (16). CFPS has
been used to construct antimicrobial peptide libraries (17),
characterize enterocins L50A and L50B (18), and identify colicin
E1 production from Col E1 plasmid DNA (19, 20). CFPS was also
applied to produce toxic proteins such as the cancer therapeutic
onconase (21). Compared to the live-cell systems, CFPS is a
more flexible and controllable experimentation platform,
providing several important advantages for researchers (22).
First, the open reaction environment brings an unprecedented
level of control and freedom of design for a newly synthesized
protein (23). Second, cell-free system can obviate the need for
time-consuming cloning steps by using linear DNA templates
generated by polymerase chain reaction (PCR) (24-26). Third,
cell-free systems can produce toxic proteins without cell via-
bility restraints (27). As a rapid protein prototyping method,
CFPS can use small-scale batch reactions; however, CFPS has
also been shown to scale linearly over six orders of magnitude
to provide a cost-effective, industrial protein production plat-
form (28). Typically, bacterial extract gives higher protein yield
than eukaryotic cell extract, but has limitations in the production
of active and soluble mammalian therapeutics such as antibodies
(29). To address these limitations while utilizing the advantages
of bacterial cell-free systems, additional bacterial CFPS technolo-
gies have been developed that enhance protein folding (28) and
introduce post-translational modifications (30), thereby enabling
the synthesis of active therapeutic proteins.

In this study, we used E. coli-based CFPS systems for rapid
synthesis and characterization of colicins. We examined the
cytotoxicity of the cell-free synthesized colicins M, Ia, E1 and E2
with different mechanisms on a model E. coli K361 strain and
investigated the activity of colicins in killing non-growing
bacterial populations including persister cells. We report, for
the first time, that colicins E1 and E2 effectively eradicate
persister cells. This study further demonstrates the feasibility of
CFPS systems for toxic protein synthesis and characterization
and provides a new platform for developing colicins as next-
generation antimicrobials.

Table 1. Strains and plasmids used in this study. Str®, Km®, Amp® are streptomycin, kanamycin, ampicillin resistance, respectively

Strains and plasmids Genotype/relevant characteristics Source
Strains
E. coli K361 Wild type W3110 strain with Str® (31)
E. coli BL21(DE3) Star F ompT, hsdSg (15 mg), gal, dem, rmel131 (DE3) Invitrogen
E. coli K964 K91 containing pColE2 (52)
E. coli TG1 Strain containing colicin plasmid (6)
Plasmids
pJL1-sfGFP KmR, P1,::sfGFP, C-terminal Strep-tag, pY71-sfGFP (53)
pJL1-cma KmbR, Pr;::cma encoding colicin M This study
pCC1-cia Amp®, Pry::cia encoding colicin Ia This study
pJL1-imm KmR, Pr;::cma encoding E2 immunity This study
pSL101 Str®, containing luxABCDE operon and axe-txe cassette (54)
pKSJ331 Amp~, ColE1 operon 6)

pKSJ340

Amp~, Colla operon

©)




2. Materials and methods
2.1 Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed
in Table 1. We used E. coli K361 strain as an indicator for colicin
cell-killing activity (31) and BL21(DE3) Star strain for making cell
extracts for CFPS. Kanamycin (50 pg/ml), ampicillin (100 ug/ml)
and streptomycin (100 pg/ml) were used to maintain plasmids
as necessary.

2.2 Crude extract preparation

Escherichia coli cell extract was prepared from BL21(DE3) Star
strain using a high-throughput sonication method (32).
Overnight culture was diluted 1000 times with 1.0L of 2xYTPG
media (16g/l tryptone, 10g/l yeast extract, 5g/l NaCl, 7 gl
K,HPOy,, 3 g/l KH,PO,4 and 18 g/l glucose; adjusted pH to 7.2 with
KOH) in a 2.5L of Tunair flask. Cells were grown to a turbidity at
600nm (ODgoonm) ©of 0.5 in 1.0L of 2xYTPG media at 37°C
220rpm, and T7 RNA polymerase production was induced by
adding 1 mM of isopropyl B-p-1-thiogalactopyranoside. The cells
were further grown until ODgoonm Of 3.0. Cells were pelleted by
centrifuging for 15 min at 5000xg at 4°C, washed twice with cold
S30 buffer [10mM tris-acetate pH 8.2, 14 mM magnesium ace-
tate, 60 mM potassium acetate and 1mM dithiothreitol (DTT)]
and stored at —80°C. Thawed cells were suspended in 1ml of
S30 buffer per gram of cells and lysed on ice using a Q125 soni-
cator (Qsonica, Newtown, CT, USA) with 45s pulses and 60s
intervals three times at 50% amplitude setting. Cell debris and
insoluble components were removed by two rounds of centrifu-
gation for 10min at 14 000xg at 4°C. In order to completely re-
move the unlysed remaining cells, the crude extract was
filtered by a 0.2 pm sterile syringe filter (Corning, NY, USA). The
total protein concentration of the extracts was approximately
50mg/ml, as measured by Quick-Start Bradford protein assay
kit (Bio-Rad, Hercules, CA, USA). The ‘cell-free’ crude extract
was stored at —80°C until use.

2.3 Gibson assembly

Gibson assembly (33) was used to construct a plasmid contain-
ing a gene cma encoding colicin M. The DNA sequence of cma
was synthesized by Integrated DNA Technologies (Coralville, 1A,
USA) and amplified using GAcol-F and GAcol-R primers
(Supplementary Table S1), and the pJL1 vector was amplified
from pJL1-sfGFP using pJL1-F and pJL1-R primers (Supplementary
Table S1). The plasmid pJL1-cma was confirmed by DNA sequenc-
ing using T7-Pro and T7-Ter primers (Supplementary Table S1).

2.4 Linear DNA template amplification of colicin genes

Colicin genes were amplified by PCR. The cma gene encoding co-
licin M was amplified from pJL1-cma plasmid using GAcol-F and
GAcol-R, cia encoding colicin Ia was amplified from pKSJ340
plasmid using Colla-F and Colla-R, cea encoding colicin E1 was
amplified from pKSJ331 plasmid using ColE1-F and ColE1-R and
col encoding colicin E2 was amplified from K964 using ColE2-F
and ColE2-R. PCR was performed using Phusion High-Fidelity
DNA polymerase (New England Biolabs, Ipswich, MA, USA) at
98°C for 30s, with 30 cycles of 98°C for 10s, 55 or 60°C for 30s
and 72°C for 2min 30s, and a final extension at 72°C for 10 min.
Three rounds of PCR were performed to insert T7 promotor and
T7 terminator sequences for genes of colicin M, Ia, E1 and E2.
The first PCR was used to amplify the colicin genes with the
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addition of a Strep-tag (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) at the
C-terminus. The second PCR was used to add the T7 promotor
sequence and some overlapping portion before the T7 termina-
tor. The third PCR added the T7 terminator sequence. All the
primers used in this study are listed in Supplementary Table S1.
DNA sequences of all colicin genes are listed in Supplementary
Table S2. E.Z.N.A. Cycle Pure kit (Omega Bio-Tek, Norcross, GA,
USA) was used to purify the PCR products before adding to CFPS.

2.5 E2 immunity protein preparation

E2 immunity gene imm was amplified from K964 using E2Imm-F
and E2Imm-R containing a Strep-tag at the C-terminus and
Ndel and Sall restriction enzyme sites. The PCR fragment was
double digested by Ndel and Sall and ligated into pJL1-backbone
at the same restriction sites. The ligation mix was electropo-
rated into BL21(DE3) Star competent cell. To produce E2 immu-
nity protein, overnight culture of E. coli BL21(DE3) Star/pJL1-imm
was diluted 100 times in 250 ml of Luria-Bertani (LB) media with
50pg/ml of kanamycin in 1L flask and incubated at 37°C at
220 rpm until ODgponm ~ 0.5. Then, 1 mM of isopropyl p-p-1-thio-
galactopyranoside was added to induce E2 immunity protein
production and incubated at 37°C at 220 rpm for another 5h. E2
immunity protein was purified by a Strep-Tactin column by fol-
lowing the manufacturer’s suggested protocol (IBA, Gottingen,
Germany). The concentration of the purified E2 immunity pro-
tein was 520 pg/ml, measured by Quick-Start Bradford protein
assay kit (Bio-Rad, Hercules, CA, USA).

2.6 Colicin E2 nuclease activity assay with E2 immunity
protein

Cell-free reaction product containing colicin E2 or no colicin
(S pl) was pre-incubated at 37°C for 30 min with and without E2
immunity protein (70 pg/ml). Upon addition of pSL101 plasmid
(13 277 bp, 1000 ng) (Table 1) into each reaction tube, the mixture
(15 pl reaction volume) was incubated at 37°C for 3hin a 15 ul re-
action. Then, DNA in the reaction mixture was purified with
E.Z.N.A. Cycle Pure kit (Omega Bio-Tek, Norcross, GA, USA) and
loaded on 1% agarose gel to check the amount of DNA
degradation.

2.7 CFPS reaction

CFPS reactions were performed to produce colicins. Fifteen micro-
litre of CFPS reaction in a 1.5ml microcentrifuge tube was pre-
pared by mixing the following components: 1.2mM ATP; 0.85 mM
each of GTP, UTP and CTP; 34.0 pg/ml folinic acid; 200 ng plasmid
or linear DNA template; 100pg/ml T7 RNA polymerase; 2mM
each of 20 standard amino acids; 0.33 mM nicotinamide adenine
dinucleotide (NAD); 0.27 mM coenzyme-A (CoA); 1.5mM spermi-
dine; 1mM putrescine; 4 mM sodium oxalate; 130 mM potassium
glutamate; 10 mM ammonium glutamate; 12 mM magnesium glu-
tamate; 33mM phosphoenolpyruvate (PEP); 4pl of ‘cell-free’ ex-
tract. The sample was incubated for 20h at 30°C.

2.8 Radioactive **C-Leu assay

To quantify colicins, total and soluble protein yields were mea-
sured by determining radioactive *C-Leu incorporation (34).
Briefly, triplicate CFPS reactions were supplemented with 10 uM
C-leucine (Perkin Elmer, Waltham, MA, USA) and incubated at
30°C for specified periods of time. When the reaction was com-
plete, proteins were precipitated and washed three times with
5% trichloroacetic acid (TCA), washed in 100% ethanol, and
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quantified using a Microbeta2 liquid scintillation counter
(Perkin Elmer, Waltham, MA, USA). Soluble fractions were taken
after centrifugation at 12 000xg for 15min at 4°C. Background
radioactivity and protein synthesis from a no plasmid control
has been subtracted.

2.9 Autoradiogram

CFPS reactions were supplemented with 10puM of radioactive
C-Leu. Three microlitre of the soluble fraction of each reaction
was loaded on a 4-12% NuPAGE sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) gel in 3-(N-morpholino)
propanesulfonic acid (MOPS) buffer (Invitrogen, Carlsbad, CA,
USA) after heat-denaturation and reduction by 1,4-dithiothreitol
(DTT). The gel was stained using InstantBlue Coomassie stain
(Expedeon, San Diego, CA, USA) for 1h, destained overnight,
soaked in Gel Drying Solution (Bio-Rad, Hercules, CA, USA) for
30min, fixed with cellophane films, dried overnight in GelAir
Dryer (Bio-Rad, Hercules, CA, USA) and exposed for 72h on
Storage Phosphor Screen (GE Healthcare Biosciences, Pittsburgh,
PA, USA). The autoradiogram was scanned using a Typhoon
FLA7000 Imager (GE Healthcare Biosciences, Pittsburgh, PA, USA).

2.10 Cell viability test

Overnight culture of K361 strain grown in LB at 220rpm at 37°C
was diluted 100 times in fresh LB medium and kept incubating at
220rpm at 37°C until ODgoonm Of 0.7-0.9. Cells were pelleted by
centrifuging at 14000xg at room temperature and washed twice
with 0.85% NaCl solution and adjusted to ODgoonm 0.01 (equivalent
to 5.0 x 10° CFU/ml) or 1.0 (equivalent to 5.0 x 10% CFU/ml) with LB
medium or 0.85% NaCl solution. Adjusted culture solution was
aliquoted 1.2ml into 14 ml culture tubes and incubated with the
addition of cell-free products containing colicins (750ng/ml) at
220rpm at 37°C for 1h. The samples were washed with 1ml of
0.85% NaCl solution twice, diluted serially (10*~10° dilution) and
dropped 10 pl each on LB agar plate to quantify cell viability.

To determine the activity of each colicin, we treated cells at
high initial population (5.0 x 108 CFU/ml) with different concen-
trations (2, 4, 8, 16, 32, 64, 128, 256, 512 and 1024 ng/ml) of each
colicin for 3min and 1h. We quantified colicin cytotoxicity by
calculating effective multiplicities (m). Effective multiplicity
indicates the exponential loss of surviving cell populations (S)
relative to populations of untreated control cells (So) as a func-
tion of added colicin (i.e. S/So=e"™) (35).

2.11 Persister assay

Persister levels were determined by counting colony forming
units grown on LB agar plates after exposing cells to antibiotics,
washing and serial dilution (36). To determine the number of
surviving persister cells, overnight culture of K361 strain grown
in LB at 220rpm at 37°C was diluted 100 times in fresh LB me-
dium and incubated at 220 rpm at 37°C until ODggonm 0.7-0.9 for
exponential phase or 3.0 for stationary phase. Cells were pel-
leted by centrifuging at 14000xg at room temperature, washed
twice with 0.85% NaCl solution and adjusted to ODgponm 0f 1.0
(equivalent to 5.0 x 10° CFU/ml) with LB medium containing
5 ng/ml of ciprofloxacin. Density-adjusted culture was aliquoted
into 1.2ml fractions in 14 ml culture tubes, exposed to 750 ng/ml
of different colicins, and then incubated at 37°C at 220 rpm for
3h. The samples were washed with 1 ml of 0.85% NacCl solution
twice, diluted serially (10’~10* dilution) and added 10ul each
onto LB agar plates to quantify persister cell viability.

For rifampin pretreatment, adjusted exponential phase cells
were pretreated with 100 pg/ml of rifampin and washed twice
with 0.85% NaCl solution. Cell culture was resuspended with LB
medium containing 5 pg/ml of ciprofloxacin, exposed to 750 ng/
ml of different colicins and incubated at 37°C at 220 rpm for 3h.
The samples were washed with 1ml of 0.85% NaCl solution
twice, diluted serially and added 10 pl each onto LB agar plate to
quantify persister cell viability.

2.12 Statistical analysis

Statistical significance was assessed by using two-tailed t-tests
between samples and no colicin controls. The null hypothesis
stated that the means of the number of cells which survived
colicin treatment are equal to the means of the number of
untreated cells. If the P-value calculated from two-tailed t-tests is
less than 0.05, then the null hypothesis has failed, indicating that
the observed reduction in cell survival following colicin treatment
is statistically significant. Statistical significance is indicated by
asterisks in figures. All reported data are average * standard
deviation.

3. Results and discussions
3.1 Preparation of ‘cell-free’ extract

Cell lysate was prepared from a culture of E. coli BL21(DE3) Star
strain using a sonication method (32). Although cell debris and
most intact cells were removed via centrifugation during the ex-
tract preparation, 10° cells per ml of the extract remained. Since
the presence of the unlysed cells may interfere with the assess-
ment of colicin activity by cell viability, we eliminated the
unlysed live cells from the extract by a syringe filtration and
confirmed the complete removal of the cells in the extract
(Supplementary Figure S1A). The ‘cell-free’ filtered extract
exhibited similar protein synthesis activity compared to the un-
filtered extract as assessed by the fluorescence intensity of
green fluorescent protein (Supplementary Figure S1B). We used
this filtered ‘cell-free’ extract to synthesize colicins.

3.2 Colicins synthesized via CFPS

We produced different types of colicins with various functions
including peptidoglycan biosynthesis-inhibiting colicin M (7),
pore-forming colicins Ia (5) and E1 (6) and nuclease colicin E2
(8). Although in vivo production requires co-production of im-
munity proteins to protect the host cells from colicin activity
(1), CFPS is not limited by cell viability constraints (27, 28), allow-
ing us to produce colicins at high titers without immunity pro-
teins. Colicin genes were amplified using PCR from colicin
plasmids. 5'- and 3'-untranslated regions that include T7 pro-
moter and terminator sequences were added during the PCR
amplification. We conducted the CFPS reactions at 30°C for 20 h
by mixing PCR products with the ‘cell-free’ extract and CFPS
reagents. Radioactive *C-Leu incorporation showed that coli-
cins Ia, E1 and E2 were almost 100% soluble with yields around
300 pg/ml (Figure 1A and Table 2). The yield of soluble colicins
using CFPS was 10-fold higher compared to in vivo colicin pro-
duction which is typically about 24-28 ng/ml (37). The majority
of colicins produced using CFPS were full-length protein on the
autoradiogram gel (Figure 1B). However, only 5% of the colicin M
protein was soluble (Figure 1A and Table 2). Furthermore,
only the soluble M was active in killing cells (Supplementary
Figure S2). The observed low solubility of colicin M may explain
the low yield of colicin M from living cells (5mg/l) (7) compared
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Figure 1. Cell-free colicin production. (A) Total and soluble protein yield of cell-free produced colicins quantified by **C-Leu scintillation counting. Error bars indicate
standard deviations from three independent CFPS samples. (B) Autoradiogram gel of soluble colicins made in CFPS. (C) Time course of soluble colicin Ia production us-

ing PCR product (40ng and 200 ng) and plasmid (200 ng) DNA templates.

Table 2. Total and soluble colicin concentration

Colicin Total protein (ug/ml) Soluble protein
M 51070 30+10
Ia 370+ 10 350+ 20
El 295+8 300 =30
E2 250 =20 260 =10

Total and soluble proteins of cell-free synthesized native and fusion colicins
were quantified by radioactive **C-Leu scintillation counting.

to the other colicins (24-28 mg/l) (37), as only the soluble M
might be purified from cells.

We chose to use linear DNA templates of colicin genes for
more rapid colicin production compared to time-consuming
cloning (26). To see if colicin production from the linear DNA
template is comparable to colicin production from the plasmid
template, we synthesized colicin Ia by adding plasmid and dif-
ferent amounts of linear DNA template in 15l cell-free reac-
tions and then monitored colicin Ia production over time using
C-Leu scintillation counting. Linear DNA template is suscepti-
ble to degradation during the cell-free reaction compared to the
circular DNA template as reported previously (26). As expected,
when the same copy number of templates was used [40 ng of Ia
gene PCR product (2091 bp) compared to 200 ng of pCC1-cia plas-
mid (10 104 bp)], Ia production from the PCR template was only
75% of Ia yield from the plasmid template (Figure 1C). However,
we could enhance the Ia yield to almost similar levels to the
plasmid-templated Ia production by increasing the amount of
PCR templates (200ng of Ia gene PCR product compared to
200ng of pCC1-cia plasmid) (Figure 1C). Moreover, we observed
that most protein synthesis was achieved at early time points
(3.5h) and maintained over the time course (Figure 1C).

3.3 Nuclease colicin E2 is produced by CFPS without
immunity protein

To avoid host-cell toxicity, a colicin must be blocked by the
binding of a cognate immunity protein to the cytotoxicity do-
main (1). For example, colicin E2 functions as a DNase and the

E2 immunity protein is coproduced in the same operon in vivo.
We produced 260 + 10 pg/ml of E2 using CFPS in the absence of
E2 immunity protein (Figure 1A), but it is possible that E2 pro-
duction might be inhibited by degrading its own DNA template
during the cell-free reaction. To see if colicin E2 production is
enhanced by the presence of an immunity protein, we added
purified E2 immunity protein into the CFPS reaction so that the
cytotoxicity domain of colicin E2 is immediately blocked by the
E2 immunity protein upon synthesis, thereby protecting the E2
colicin DNA template. We confirmed that the purified E2 immu-
nity protein was active by observing protection of the pSL101
plasmid DNA from degradation by colicin E2 (Figure 2A). Then,
we added the purified E2 immunity protein at the start of the E2
colicin cell-free synthesis reaction. We added equimolar con-
centrations of the E2 immunity protein (10kDa) to the antici-
pated yield of the E2 colicin (61kDa) (Table 2) but did not
observe an increase in cell-free E2 colicin production (Figure 2B).
Further increase of E2 immunity protein (three times higher) ad-
versely affected the yield of E2 colicin (Figure 2B). This result
may be explained by an excess of DNA added as shown in Ia
production (Figure 1C) or that transcription mediated by T7 po-
lymerase may be fast enough to produce enough mRNA for
translation (38) before the DNA template is degraded. These
results show that nuclease E2 colicin can be produced using
CFPS in the absence of the immunity protein without concern
for DNA template degradation by the synthesized colicin E2.

3.4 Cell-free synthesized colicins are active in cell killing

We investigated the cell-killing activity of cell-free synthesized
colicins without purification. First, we performed cell viability
tests using various concentrations of colicin E1 to determine its
optimal concentration. A culture of E. coli K361 strain was incu-
bated to reach exponential growth phase with a turbidity
(ODgoonm) between 0.7 and 0.9, centrifuged, and resuspended in
fresh LB to adjust cell populations to approximately 5.0 x 10°
CFU/ml. The diluted cells were exposed to colicin E1 at 37°C for
1h with shaking at 220 rpm. The surviving cells were quantified
by serial dilution followed by plating on LB agar. We did not de-
tect any surviving cells after exposure to colicin E1 at
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concentrations of 250ng/ml or higher (Figure 3A). It was previ-
ously reported that colicins rapidly deactivate more than 99% of
target cells within 1 min (39). Corroborating this previous study,
we observed that cell-free synthesized E1 (750ng/ml) inacti-
vated cells over 99.9% with just a 1-min exposure (Figure 3B),
and that the cell culture treated with E1 did not show growth
but remained transparent as an evidence of killing (Figure 3C).
However, the cultures without colicin treatment increased in
cell population (Figure 3B) and the turbidity (Figure 3C). Along
with the colicin E1 activity, we also observed substantial cell
death in samples exposed to colicins Ia and E2 in LB medium
(Figure 3D). These results indicate that cell-free synthesized col-
icins without purification are active and rapidly inactivate cells
in a rich medium.

3.5 Comparison of activity of colicins in between
nutrient-rich and nutrient-free conditions

Because mechanisms of colicin cell killing physically damage
the inner membrane or cleave nucleic acids of target cells, we
assessed the activities of colicins toward cells under non-
growing, nutrient-free conditions to determine if colicins can
provide an advantage over antibiotics, most of which can only
kill growing cells. To inhibit cell growth, we washed and resus-
pended cells in a 0.85% NacCl solution. We confirmed that cells
do not grow in 0.85% NaCl solution that does not contain
nutrients (Supplementary Figure S3). Then, the cells were ex-
posed to colicins under the same condition tested above except
that LB medium was replaced with 0.85% NaCl. Contrary to its
behavior in nutrient-rich LB medium, pore-forming colicin Ia
barely reduced cell viability in 0.85% NaCl (~3-fold) (Figure 3D).

Interestingly, E1 (another pore-forming colicin) killed nearly all
cells in the nutrient-free condition, similar to the E1 activity ob-
served in the nutrient-rich condition (Figure 3D). Also, colicin E2
which has nuclease activity (8) killed nearly all of the cells in
0.85% NaCl solution (Figure 3D). Because we were unable to de-
tect any surviving cells when colicins were added to K361 cul-
tures with 5x 10° CFU/ml, we were not able to compare the
activity of colicins in the LB and 0.85% NaCl conditions.
Therefore, we increased initial cell density to 5x 10® CFU/ml
and assessed the cell viability upon colicin treatment for 1h in
LB and 0.85% NaCl solution. We then calculated the effective
multiplicity (m) which provides a quantitative measure of coli-
cin activity using the relative ratio of surviving cells after colicin
treatment to untreated cells (35). Contrary to the case of low ini-
tial cell density (Figure 3D), colicin Ia only slightly reduced cell
viability with a multiplicity of 1.7 at 750ng/ml (Table 3) in
nutrient-rich LB medium and showed negligible inhibitory be-
havior (m=1.1) under nutrient-free conditions at high initial
cell density (Figure 3E). Colicins E1 and E2 decreased the cell via-
bility by five orders of magnitude in LB (Figure 3E) with multi-
plicities of 13.1 and 12.2, respectively (Table 3). E1 and E2 did not
show complete cell killing when the initial cell population was
high, which is consistent with the previous observation that a
small portion of the cells survived E1 treatment even at a very
high concentration of this colicin (10 pg/ml) (40). In 0.85% NaCl
solution, E1 resulted in a similar level of cell killing (m=12.4) as
in LB, but the E2 cell-killing activity was significantly attenuated
by showing only 60-fold cell killing compared to the untreated
cells (m=4.0). We also observed a slight decrease in the cytotox-
icity of E1 and Ia in 0.85% NaCl (Table 3, Figure 3E). The reduc-
tion of colicin cytotoxicity in 0.85% NaCl solution may be due to


https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysy004#supplementary-data

>
O

108

108
104
102
ND ND
100

250 750 2,500
E1 Conc. (ng/mL)

108 BNo Col DCol E1

Cell survival
(CFU/mL)

10¢
104

102

Cell survival
(CFU/mL)
*

100

Cell growth ©O
(OD600nm)

0+ T
20 40 60
Time (min)

Cell survival (CFU/mL)

Cell survival (CFU/mL) ™

X.Jinetal. | 7

107 In fresh LB,
108 * K361 nutrient-rich
o 1hincubation
1 05 In 0.85% NaCl,
nutrient-free
104
i oLB
102 00.85% NaCl
10°
100 . ND .
No Col E2
10°
10° oLB
107 30.85% NaCl
108
105
104
108
102
101
100
No Col

Figure 3. Activity of cell-free synthesized colicins. K361 cells were exposed to cell-free synthesized colicins, no added colicin plasmid was assessed as a control (No
Col). (A) K361 cells (initial cell density 5 x 10° CFU/ml) where treated with various concentrations of colicin E1 for 60 min at 37°C at 220 rpm. (B) Time course cell viability
upon the addition of colicin E1 (750 ng/ml). (C) Cell growth of K361 culture (initial cell density 5 x 10’ CFU/ml) with colicin E1 (750 ng/ml) treatment. The inset picture
shows K361 culture after a 60 min exposure of cells to E1. Cell-killing activities of colicins Ia, E1 and E2 (750 ng/ml) at (D) low initial cell density (5 x 10° CFU/ml) and (E)
high initial cell density (5 x 10° CFU/ml) during growth in LB medium and under a nutrient-free, non-growing condition in 0.85% NaCl solution. Error bars indicate stan-
dard deviations from two independent cultures with three plating replicates each. *Represents significant difference compared to No Col samples under the same me-

dia conditions with P-value <0.05. ND indicates ‘not detected’.

Table 3. Effective multiplicity of different colicins under growing
(LB) and non-growing (0.85% NaCl) conditions

Colicins LB 0.85% NacCl
No Col 0 0

Ta 1.7 1.1

El 13.1 12.4

E2 12.2 4.0

Effective multiplicity (m) was calculated based on the equation shown in
Section 2 for quantitative measurement of colicin activity using cell-killing data
shown in Figure 3E.

the lack of energy source in the solution because the initiation
of colicin action requires energy (2). The amount of energy re-
quirement may be different depending on the type of colicins
and energy supply. For example, anaerobic conditions lower the
cell-killing rate of colicins compared to aerobic conditions (41).
Furthermore, starved cells reincubated in the presence of en-
ergy sources such as glucose and p-lactate initiated cell killing
by colicins but exhibited different levels of cytotoxicity for coli-
cins K, E2 and E3 (41). It was also reported that colicin E1
requires a small amount of cellular energy to initiate its trans-
mission response (42). Our results confirm that colicin cytotox-
icity is dependent on the metabolic state of the target cells,
most likely because the uptake requires energy. Cell-killing

activity may vary between types of colicins and may be reduced
if target cells are not sufficiently energized by a nutrient supply.

3.6 Comparison of cytotoxicity of different colicins at
different concentrations

To compare cytotoxicity between cell-free synthesized colicins,
we assessed cell viability upon colicin treatment with varying
concentrations. First, we exposed K361 cells (5 x 10® CFU/ml) to
colicins for 3min (Figure 4A). We used a 3min time-frame be-
cause colicins are known to rapidly deactivate the target cells
(39) and previous studies have assessed the cytotoxicity of coli-
cin E1 just 5min after treating target cells (43). Greater colicin E1
concentrations led to increased cell killing until maximum cell
killing was reached at concentrations above 128ng/ml
(Figure 4A) when multiplicity values of about 13 were observed
(Supplementary Table S3). However, the multiplicity of
Ia remained near 1, even at the highest concentration of
1024 ng/ml, indicating that the cell-free synthesized Ia is ineffi-
cient. The multiplicity of E2 was 4.3 at a concentration of
128 ng/ml and maintained similar multiplicity at higher concen-
trations (Supplementary Table S3). Because we previously ob-
served active cell killing of both E1 and E2 after 1h treatment
(Figure 3E) but did not observe high cell killing by E2 in our
3 min cytotoxicity test (Figure 4A), we evaluated colicin cytotox-
icity at various concentrations after a 1h exposure (Figure 4B).
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Colicin E1 showed consistently high levels of cell killing after
1h, confirming that E1 has high cytotoxicity. We found that the
cytotoxicity of E2 was much higher after a 1h treatment
(m=10.8 at 128 ng/ml) compared to a 3min (m=4.3 at 128 ng/ml)
treatment (Supplementary Table S3). Since colicin E2 inactivates
cells by degrading cellular DNA (8), E2 might require additional
time to exhibit cytotoxicity compared to E1. A 1h incubation
was sufficient for E2 to effectively kill the target cells. On the
other hand, the cytotoxicity of colicin Ia did not increase after a
1h incubation (Figure 4B), further implying that the overall
cytotoxicity of colicin Ia is substantially lower than E1 or E2. Our
cytotoxicity experiment results confirm that the colicin concen-
tration (750 ng/ml) that we used elsewhere in this study is well
within the range of maximum cytotoxicity and that colicins E1
and E2 have high cytotoxicity, but Ia does not.

Previous studies reported that 200ng/ml of colicin E1 pro-
duced in the cells had an effective multiplicity of 13 (44) and that
30ng/ml of colicin E1 had a multiplicity of 6 after a 5min expo-
sure time (45). Corroborating these previous reports, we found
that E1 exhibited a multiplicity of 12.9 at 256ng/ml and 6.4 at
32ng/ml after a 3min treatment (Supplementary Table S3).
These results indicate that the cytotoxicity of cell-free synthe-
sized colicin E1 is comparable to that of in vivo produced colicin.

3.7 Colicins E1 and E2 kill persister cells

Since colicins E1 and E2 kill cells in 0.85% NaCl as well as
LB (Figure 3D and E), we reasoned that these colicins may be
effective in killing persister cells, which are dormant, non-
metabolizing cell populations formed under stressed conditions
(46). Because persister cells are not growing, they are insensitive
to high concentrations of antibiotics, even without the acquisi-
tion of resistance mechanisms (46). As antibiotic levels drop,

persister cells revive and repopulate (47). This resurgence is a
serious problem in treating chronic infectious diseases (12). We
performed a persister assay on E. coli K361 cells prepared from a
culture grown to exponential growth phase then exposed to
5 pg/ml of ciprofloxacin for 3h in LB. As expected, a small popu-
lation (0.002%) of the cells were not killed by ciprofloxacin
(Figure 5A), which is a characteristic of persister cells (48). When
we added 750 ng/ml of each colicin, which is sufficient to maxi-
mize colicin cytotoxicity (Figure 4A and 4B), together with cipro-
floxacin to the cell culture during persister cell formation, E1
and E2 killed nearly all remaining cells; however, Ia exhibited
low cytotoxicity and barely decreased persister cell levels
(Figure 5A). The enhanced cell killing achieved by adding E1 dur-
ing persister cell formation was similar to the E1 activity toward
cells under nutrient-free conditions (Figure 3E). However, treat-
ment with E2 and ciprofloxacin was surprisingly effective at
repressing persister levels given the lower cell-killing activity ob-
served in 0.85% NaCl solution (Figure 3E). Contrary to the cells in
the nutrient-free 0.85% NaCl solution, persister cells are still in
nutrient-rich LB medium. However, persister cells do not utilize
nutrients to maintain active cellular metabolism but become
metabolically inactive to protect themselves from the antibiotics
that typically target actively metabolizing cells. E2 might be effec-
tive in killing cells still in the process of entering dormant state in
LB medium. When we tested persister cell formation by adding
colicins (512ng/ml Ia, 16 ng/ml E1 and 8 ng/ml E2) with the same
multiplicity (~1.6) (Supplementary Table S3), we did not observe a
noticeable change in persister levels compared to the cells treated
with ciprofloxacin only (Supplementary Figure S4).

Next, we increased the level of persister cells formed at the
start of our assay in two different ways by (i) treating cells with
the antibiotic rifampin which halts transcription (49) and (ii)
growing cells until stationary phase which makes cells grow


https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysy004#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysy004#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysy004#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysy004#supplementary-data

>

100 4

10

1 -

0.1 4
0.01 4
0.001 4
0.0001
0.00001

Cell survival (%)

X.Jinetal. | 9

Exponential phase

0.000001 v
0h Cipro
only

100 4 pm

10 4

1 4

0.1 +

0.01 4
0.001
0.0001
0.00001
0.000001

Cell survival (%)

e e e e e e

*
%
[fl ND
E1 E2

No Col la

Rifampin pretreated

(9]

100 A

10 4

1 4

0.1 -

0.01 4
0.001
0.0001
0.00001
0.000001

Cell survival (%)

0 h Rif pre Cipro No la
(0.5h) only Col

E1 E2

Stationary phase

*

[

Oh

Cipro la
only

E1 E2

Figure 5. Eradication of persister cells by colicins. (A) K361 cells were grown to exponential phase, adjusted to ODgoonm 1.0 with fresh LB, and exposed to ciprofloxacin
(Cipro, 5pg/ml) and each cell-free produced colicin (750 ng/ml) for 3h with shaking at 220 rpm at 37°C. Cell viability was quantified by counting colony forming units
(CFU). (B) Exponential phase cells were pretreated with rifampin (Rif pre, 100 ug/ml) for 30 min. Then, the Rif-pretreated cells were exposed to ciprofloxacin and differ-
ent colicins for 3h. (C) Stationary phase cells were exposed to ciprofloxacin and colicins for 3h. Error bars indicate standard deviations from two independent cultures
with three plating replicates each. *Represents significant difference compared to Cipro only with P-value <0.05. ND indicates ‘not detected’.

more slowly (50). Rifampin pretreatment increased the fraction
of persister cells remaining after ciprofloxacin treatment to 5%
(Figure 5B), which was 1000-fold higher compared to no rifam-
pin pretreatment (Figure 5A). Colicin E1 dramatically decreased
persister populations by six orders of magnitude compared to
the rifampin pretreated persister cells with ciprofloxacin only,
and a similar result was obtained by E2 (Figure 5B). E1 and E2
also significantly decreased stationary phase persister cell pop-
ulation by four orders of magnitude compared to ciprofloxacin
alone (Figure 5C). On the other hand, colicin Ia was less effective
at killing persister cells, decreasing rifampin-pretreated per-
sister cells by 80-fold (Figure 5B) and showing almost no effect

to stationary phase cells (Figure 5C). Taken together, colicins
can penetrate target cells in diverse persister states and physi-
cally damage inner membranes (by E1) or degrade DNA (by E2),
which cannot be achieved by antibiotics. Unique cell-killing ac-
tivities of colicins may lead us to the development of novel
strategies to control non-growing persister cells.

The activity spectrum of native colicins is limited to E. coli
and closely related bacterial species (51). However, the activity
spectrum can be redirected by engineering colicin receptor
binding domains or constructing chimeric colicins fused with
other types of bacteriocins, as demonstrated previously by con-
structing pyocin-colicin chimeras to kill Pseudomonas with
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colicin activity or E. coli with pyocin activity (15). Activity
domains of colicins with diverse modes of action can be fused
with receptor binding and translocation domains of other bac-
teriocins to target specific types of cells and vice versa. We ex-
pect that the narrow spectrum of colicins will be a benefit for
the development of target-specific antimicrobials that can se-
lectively kill cells of interest without influencing other essential
or beneficial bacteria. Understanding the interactions between
colicin domains and the structural conformation changes would
also aid in the construction of engineered or customized coli-
cins as alternatives to antibiotics.

In summary, we showed that antimicrobial colicins can be
produced using CFPS, and that cell-free synthesized colicins can
effectively kill target cells without purification. CFPS enabled us
to produce and characterize colicins rapidly from linear DNA
templates and without the need for co-production of immunity
proteins. We also found that colicins E1 and E2 exhibited cell-
killing under nutrient-free conditions and eradicated persister
cells. Effective killing of non-metabolizing and persister cells by
colicins presents opportunities to use colicins as powerful new
tools to address the growing problem of antimicrobial resis-
tance. In addition, this study further demonstrates the advan-
tages of CFPS for producing toxic proteins and expands the
application of CFPS platforms for high-throughput protein syn-
thesis and characterization.

Supplementary data
Supplementary Data are available at SYNBIO Online.
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