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17I formulated a systematic approach to screen for colicin resistance-associated genes by using an attenuated coli-
18cin mutant and demonstrated its utility in a screen of genes related to colicin E5 resistance. Screening of an
19Escherichia coli genome library revealed rstA as a partial resistance gene to colicin E5. Transcript expression of
20BtuB and OmpF, proteins responsible for translocation of nuclease E colicins, was clearly inhibited in an rstA-
21overexpressing strain. In addition, the tatA::recN fusion gene provides resistance to an attenuated colicin E5mu-
22tant. Improving tatA::recN by directed coevolution, I created a novel gene with enhanced resistance to colicin E5
23and concluded that attenuated colicin-based screening is useful for the discovery and creation of novel colicin
24resistance-associated genes.

25 © 2014 Published by Elsevier B.V.
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30 1. Introduction

31 Colicins are toxic proteins encoded on the colicinogenic plasmid
32 pCol and are produced by Escherichia coli harboring pCol under stresses
33 such as nutrient depletion and overcrowding (Cascales et al., 2007;
34 Sharma et al., 2009). Colicins, through various modes of action, induce
35 cell death in E. coli that are competent for colicin translocation, but do
36 not harbor the corresponding immunity protein (Cascales et al., 2007).
37 Colicinogenic E. coli co-express colicin and the corresponding immunity
38 protein and thus escape colicin-induced suicide (Cascales et al., 2007).
39 The first step of colicin invasion involves colicin binding to a cell surface
40 receptor. The group E colicins, which bind to the vitamin B12 transporter
41 BtuB, include 10 kinds of colicins (colicin A, E1 to E9) (Cascales et al.,
42 2007; Di Masi et al., 1973). Colicin A and E1 produce a pore in the
43 inner membrane that permits ion leakage. Colicins E2, E7, E8, and E9
44 randomly degrade DNA. Colicins E3, E4, and E6 cleave the 3′-end loop
45 of 16S rRNA. Colicin E5 cleaves the anticodon loops of 4 tRNAs (tRNATyr,
46 tRNAHis, tRNAAsn, and tRNAAsp) (Cascales et al., 2007; Ogawa et al.,
47 1999). After binding to the BtuB receptor, unstructured N-terminal do-
48 main of these nuclease type E colicins (E2 to E9) threads through the
49 outer membrane via OmpF or OmpC and capture TolB on the other
50 side of the outer membrane for triggering colicin import (Housden
51 et al., 2013). Colicin binding to TolB promotes the interaction of TolB
52 with TolA, giving the colicin access to the inner membrane potential

53to drive entry of the C-terminal nuclease domain into the cytoplasm
54(Housden et al., 2013). After cytoplasmic entry, the C-terminal nuclease
55domain degrades its target nucleic acid (Cascales et al., 2007;
56Kleanthous, 2010).
57Natural colicin-resistant E. coli strains have been identified (Cascales
58et al., 2007). Colicin resistance is genetically encoded; the immunity
59gene, which encodes an immunity protein, is the most remarkable ex-
60ample (Cascales et al., 2007). Genes encoding colicin receptor proteins
61(e.g., btuB) were identified by their phenotypes: suppression of these
62genes produces colicin resistance (Cascales et al., 2007; Di Masi et al.,
631973). Other genes provide partial resistance (e.g., gadX and gadY)
64(Lei et al., 2011). In some cases, study of resistance-associated genes
65has revealed general cellular mechanisms; for example, translocation
66of the nuclease type E colicins is considered a model of protein translo-
67cation through the cell membrane (Sharma et al., 2009). The study of
68btuB and transporter BtuB has revealed the mechanism of nuclease
69type E colicin translocation (Cascales et al., 2007; Di Masi et al., 1973).
70The study of gadX and gadY revealed that GadX is a transcriptional in-
71hibitor of btuB and a novel gene network in E. coli (Lei et al., 2011). An
72E. coli-based gene library, e.g., single-gene knockout or overexpression
73strains can be screened for colicin resistance to identify some, but not
74all, resistance-associated genes. For example, deletion of lon, which en-
75codes an ATP-dependent protease, confers partial resistance to colicin
76E7 (Lee et al., 2006); however, a comprehensive genetic screen for
77colicin resistance in a single-gene knockout library of the entire E. coli
78genome did not yield lon (Sharma et al., 2009). Identification of genes
79that confer partial resistance is limited by screening conditions. Thus,
80to capture a greater diversity of colicin resistance genes, screening sys-
81tems must be sufficiently broad to identify partial resistance genes.
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82 The lethality of colicin is so strong [a singlemolecule is thought to be
83 sufficient to induce cell death (Shannon and Hedges, 1967)], current
84 screening systems cannot identify all resistance-associated genes. To
85 screen a greater diversity of colicin resistance-associated genes, I pro-
86 posed to use an attenuated colicin derivative (Inoue-Ito et al., 2012).
87 Genes that confer resistance to this attenuated colicin could then be
88 screened for partial resistance to wild-type colicin and subsequently
89 be used to elucidate novel cellular mechanisms. Furthermore, some
90 genes could be improved by directed evolution to derive novel genes
91 with enhanced resistance to wild-type colicin (Arnold, 1998).
92 To determine the utility of attenuated colicin for comprehensive
93 screening of genes related to colicin resistance, I chose colicin E5 as
94 a representative colicin and an attenuated E5 mutant (K60Q), which
95 bears an amino acid mutation at the active site residue of colicin E5
96 C-terminal ribonuclease domain (E5-CRD) and thus invades to E. coli
97 cell in the same manner as wild-type E5 (Inoue-Ito et al., 2012; Yajima
98 et al., 2006). Transformants bearing plasmids containing E. coli genome
99 fragments were incubated with the attenuated colicin E5 derivative. By
100 sequencing the plasmids from surviving cells, genes that confer resis-
101 tance to the attenuated E5 derivative were identified. Further study re-
102 vealed that one of these genes is associatedwith resistance towild-type
103 E5, and this resistance is causedby a novel genetic network between the
104 identified gene and genes encoding proteins used for invasion of colicin
105 E5. By using the screened gene as material for directed evolution, I
106 created a novel gene with enhanced resistance to wild-type E5.

107 2. Materials and methods

108 2.1. Purification of colicin/immunity protein complexes

109 Plasmids for expressing colicin E5 derivatives (colicin E5K60Q and
110 E5I94M) were constructed from the wild-type ColE5 plasmid pKF601,
111 which carries the colicin promoter, gene, and corresponding immunity
112 protein (Im5)-encoding gene (Inoue-Ito et al., 2012; Yajima et al.,
113 2006). Colicin E5K60Q bears a Lys-60 of E5-CRD to Gln mutation
114 and its cytotoxicity is about 1/16–1/64 the cytotoxicity of colicin
115 E5 (Inoue-Ito et al., 2012; Yajima et al., 2006). Colicin E5I94M
116 bears an Ile-94 of E5-CRD to Met mutation and its cytotoxicity is about
117 1/4–1/16 the cytotoxicity of colicin E5 (Fig. 1). These plasmids were
118 constructed using the QuickChange mutagenesis kit (Stratagene) and
119 the mutation-generating primer pairs (Table 1). E. coli RR1 cells were
120 transformed with the mutant or wild-type ColE5 plasmid. Overnight
121 transformant cultures were diluted 100-fold in L-broth consisting of
122 10 g tryptone (Becton, Dickinson and Company), 5 g yeast extract
123 (Becton, Dickinson and Company), and 5 g NaCl per liter, adjusted
124 to pH 7. When the culture density (OD660) reached 0.7, expression of
125 colicin/immunity protein complexes was induced by mitomycin C
126 0.4 mg/L. The cultures were incubated for an additional 3 h at 37 °C.
127 Each transformant culture was harvested by centrifugation and resus-
128 pended in 40 mL 20 mM Tris–HCl (pH 8.0) followed by sonication and
129 centrifugation at 15,000 rpm for 30 min. The supernatant was applied
130 to a DEAE-TOYOPEARL 650S (Tosoh) column and eluted with a KCl

131gradient from 0 to 500mM in 20mMTris–HCl (pH 8.0). The colicin/im-
132munity protein complex fraction was applied to a Mono S column
133(Amersham-Pharmacia Biotech) and eluted with a KCl gradient from 0
134to 500 mM in 20 mM sodium acetate buffer (pH 6.0). Purified proteins
135were analyzed by SDS-PAGE, and concentrated to 2.5 μg/mL. Copurified
136immunity proteins are removed from colicin during the infectious event
137and do not inhibit colicin activity (Cascales et al., 2007). The cytotoxicity
138of colicin E5K60Q, E5I94M, and E5 was determined by the spot test
139(Masaki and Ohta, 1985). Colicins were serially diluted (1:4) from a
140starting concentration of 2.5 μg/mL with L-broth; 5 μL of each dilution

Fig. 1. Cytotoxicity of wild-type colicin E5 and attenuated mutants E5K60Q and
E5194M, Each colicin was serially diluted (1:4) from a starting concentration of
2.5 μg/mL with L-broth an 5 μL of each dilution was applied to a soft agar surface of
sensitive indicator strain (DH5a).

t1:1Table 1
t1:2Oligonucleotide sequencesa.

Oligonucleotide Sequence (5′–3′) t1:3

Colicin E5 mutation–generation t1:4

K60Q(+) GTAGTCCGAAGCAAACACCTCCAGAC t1:5

K60Q(−) GTCTGGAGGTGTTTGCTTCGGACTAC t1:6

I94(+) GGTGAGGTTACTCAGNNSAGTGATAAGACA
GATCC t1:7

I94(−) GGATCTGTCTTATCACTSNNCTGAGTAACCTC
ACC t1:8

Drug resistance genes amplification t1:9

Kanamycin F CCTGCAGGCCCTGGGGGGAAAGCCACGTTGTG t1:10

Kanamycin R TGCAGGGCCTGGGGGGCGCTGAGGTCTG t1:11

Chloramphenicol-1F GCAGAAGGACCAAATCCTGGTGTCCCTGTTGA
TAC t1:12

Chloramphenicol-2R CATTGCCATACGAAACTCCGGATGAGC t1:13

Chloramphenicol-2F GCTCATCCGGAGTTTCGTATGGCAATG t1:14

Chloramphenicol-3R TGCGTATAATATTTGCCCATAGTGAAAACGGG t1:15

Chloramphenicol-3F CCCGTTTTCACTATGGGCAAATATTATACGCA t1:16

Chloramphenicol-4R AACGGGTCCACCGTTTTTATCAGGCTCTGG t1:17

rstA and glpMmutation–generation t1:18

ΔrstA TTTATATCTACCGTGTAATAATAAAACACTATC
GTATTTG t1:19

ΔglpM TTAAGGTAAAAAGATGTAATAAGTAATCAAAGC
CGC t1:20

Screened genes amplification t1:21

rstAF TCTACCATGGATGTTATGAACACTATCGTATT
TGTG t1:22

rstAR TTTGGATCCTTATTCCCATGCATGAGGCG t1:23

argRF GGGTGACCCATGGGAAGCTCGGCTAAG t1:24

argRR GACGGGGGGATCCTTAAAGCTCCTGGTCG t1:25

yhcNF TGTGCCATGGGTCACGAAACAAAGGC t1:26

yhcNR CGATGGATCCTTATTTGTACAGTTCAGCCGTAGC t1:27

tatA::recNF ACATCCATGGGTGGTATCAGTATTTGGCAG t1:28

tatA::recNR GCAGGAAGGATCCTTACGCTGCAAGCAG t1:29

Real-time PCR t1:30

16S rRNA-F CCACGGAAGTTTTCAGAGATGAG t1:31

16S rRNA-R ACCGCTGGCAACAAAGGA t1:32

btuB-F TTCCCTATTGCGCTTGTCC t1:33

btuB-R TCCCCACCCTGCTGAAA t1:34

ompF-F TCGCCAACAAAACGCAAG t1:35

ompF-R CACCAGATCAACATCACCGATAC t1:36

ompC-F AGGTTTCGGTATCGGTGGTG t1:37

ompC-R GAGCAGCCAGGTAGATGTTGTTAG t1:38

ompR-F GCTGACGACTACATTCCAAAACC t1:39

ompR-R AAAGCAATTACCGCCTCTTCC t1:40

tolA-F GATCTGGAGTTCGTTCGATGAG t1:41

tolA-R CGCTTGATTCCTGGCTTTG t1:42

tolB-F AAACTGACCGGCATTAAAGGTG t1:43

tolB-R GGTGAACGGTGAACGACAAA t1:44

tolQ-F TCGGGGCGGTAAAACAAG t1:45

tolQ-R TGGTTGAGGCGGTTGTAGG t1:46

tolR-F GCCAGTGATTGTTGAAGTGTCTG t1:47

tolR-R TCGGGTTGGCCTTGAAAC t1:48

tatA and recN amplification t1:49

tatA-F ACATCCATGGGTGGTATCAGTATTTGGCAG t1:50

tatA-R AAAGGATCCTTACACCTGCTCTTTATCGTGGCG t1:51

recN-F CGATCATGATGGCACAACTGACCATCA t1:52

recN-R GCAGGAAGGATCCTTACGCTGCAAGCAG t1:53

tatA::recN ΔC-terminal amplification t1:54

tatA N-F ACATCCATGGGTGGTATCAGTATTTGGCAG t1:55

tatA N-R GTTGGATCCTTAATCGGAACCGATGGAG t1:56

recN C-F ATCGGTTCCATGGTCGATCCCAACCG t1:57

recN C-R GCAGGAAGGATCCTTACGCTGCAAGCAG t1:58

t1:59a Bold letters show the nucleotides used to introduce the mutations.
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