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The directed mutagenesis study of the Im7 protein of
olicin E7 revealed that three residues, D31, D35, and
39, located in the loop 1 and helix 2 regions of the
rotein were critical for initiating the complex forma-
ion with its cognate colicin E7. Interestingly, the im-
ortance of these three critical residues in conferring
pecific immunity to its own colicin was exhibited in a
ierarchical order, respectively. Moreover, we found
hat existence of the three critical residues was com-
on among the DNase-type Im proteins. Most likely

he three residues of the DNase-type immunity pro-
eins are critical for initiating the unique protein–
rotein interactions with their cognate colicin. In ad-
ition, replacement of the helix 2 of Im7 by the
orresponding region of Im8 produced a phenotype of
he mutant protein very similar to that of Im8. This
esult suggests that the DNase-type Im proteins in-
eed share a “homologous-structural framework” and
volution of the Im proteins may be engendered by
inor amino acid changes in this specific immunity-

etermining region without causing structural alter-
tion of the proteins. © 1999 Academic Press

The E-group colicins are plasmid-borne bacteriocins,
hich exhibit antibiotic-like inhibition of growth of

ensitive Escherichia coli and closely related coliform
acteria (1). Colicin-producing organisms coexpress a
pecific immunity protein, which forms a tight, stoichi-
metric complex with the C-terminal toxic domain of
olicin thus neutralizing its toxicity in the host.
-group colicins fall into three cytotoxic classes, includ-

ng pore-forming agents such as colicin E1 (2), RNase
uch as colicin E3 (3) and E6 (4), and DNase such as
olicin E2 (5), E7 (6), E8 (7) and E9 (6).

1 To whom correspondence should be addressed. Fax: (886)
-28264843. E-mail: kfchak@mailsrv.ym.edu.tw.
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The DNase-type colicins have almost identical amino
cid sequences in their translocation and receptor rec-
gnition domains. Otherwise, the C-terminal endonu-
lease domains (T2A domain) are approximately 80%
dentical and sequences of their corresponding immu-
ity proteins are 60–70% identical (6, 8). However,
espite the high level of sequence identity, an immu-
ity protein can only completely protect a cell from the
ction of its own cognate colicin at the normal level of
xpression implicating that each immunity protein
eutralizes exclusively its specific colicin endonuclease
omain (9). The crystal structure of the Im7 protein
hows that several exposed acidic residues located at
oop 1, helix 1, helix 2, and loop 2 regions are possibly
nvolved in specific binding to the basic endonuclease
omain of colicin (10). NMR chemical shift perturba-
ion studies (11) have demonstrated that in addition to
elix 2, helix 3 which is homologous in the DNase-type

mmunity family, is important for general binding.
In the present study, we demonstrate that the exis-

ence of three critical residues located at the loop 1 and
elix 2 regions of the ImE7 protein are specifically
esponsible for the initiation of ColE-Im complex for-
ation. However, helix 2 of the protein as a whole

etermines the specificity of inhibitory effect (immu-
ity) against its cognate colicin. For some extent, these
esults also provide invaluable information for under-
tanding the evolution of the DNase-type immunity
roteins.

ATERIALS AND METHODS

Bacterial strains and plasmids. Plasmid pUC18 was used as the
loning vector. ColE7-K317, ColE8-J and ColE2 were used as
emplates for cloning ceiE7 and ceiE8 and ceiE2 genes, respec-
ively. E. coli JM101 was used as the host for recombinant plas-
ids.

Site-directed mutagenesis mediated by polymerase chain reac-
ion. The strategy and detailed procedure for PCR-mediated,
ligonucleotide-directed site specific mutagenesis was as previously
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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escribed (12, 13). A pair of universal external oligonucleotide prim-
rs, ExtF and ExtR flanking the cloning site of pUC18 for PCR is
isted in Table 1. The carboxyl groups of the negatively charged
esidues in the surface of the putative specific immunity-
etermining region of the Im7 proteins (10) were changed to amide
roups. The amino acid sequences alignment of Im7, Im8, Im2, Im9,
nd the hybrid protein ImMi are listed in Fig. 1. All mutants gener-
ted are listed in Table 2, Figs. 2 to 3, respectively.
In order to test the role of the loop 1–helix 2 region of immunity

rotein for specific immunity, we modified this region of Im7 toward
m8 by site-directed mutagenesis. Based on the sequence of Im7, we
eleted V27 and A29 in order to keep the length of the loop 1 of the
utant the same as that of Im8 (Fig. 1). In addition, the following

esidues of Im7 were mutated in helix 2: D31E, D32K, V33K, L34Q,
36D, L37N, V42I, K43S, and I44V. The resulting chimeric protein
as designated as ImMi. Sequences of primers for the construction of

mMi are listed in Table 1. The detailed procedures of the three-step
ite-directed mutagenesis for the construction of ImMi are shown as
ollows:

Step 1. The result of first step site-directed mutagenesis caused
eletion of V27 and A29 in the loop 1 region of Im7. In addition,
31E, D32K, V33K, and L34Q mutations were created in the helix 2

egion.

Oligonucleotide Primer Sequences for the Construction

Plasmid constructed Oligonucleotide primer sequen

pIE7-1 F: 59-GCAACTAATGATGTGTTAGA
R: 59-AACACATCATTAGTTGCAG-

pIE7-2 F: 59-CAACTGATAATGTGTTAGAT
R: 59-ATCTAACACATTATCAGTTG

pIE7-5 F: 59-TGTGTTAAATGTGTTACTC-3
R: 59-GTAACACATTTAACACATCA

pIE7-9 F: 59-GTTACTCCAACACTTTG-39
R: 59-CAAAGTGTTGGAGTAAC-39

pIE7-59 F: 59-GTTACTCCAACACTTTG-39
R: 59-CAAAGTGTTGGAGTAAC-39

pIE7-259 F: 59-GCAACTGATAATGTGTTAAA
R: 59-CACATTTAACACATTATCAG

pIE7-2590 F: 59-TATCCTAGTAATAATAGAGA
R: 59-TATCGTCTCTATTATTACTA

pIE7M F: 59-GCAACTAATAATGTGTTAAA
R: 59-AACACATTATTAGTTGCAG-

pIE7-1590 F: 59-GCAACTAATGATGTGTTAAA
R: 59-AACACATCATTAGTTGCAG-

pIE7-159 F: 59-CAACTAATGATGTGTTAAAT
R: 59-ATTTAACACATCATTAGTTG

pIE7-125 F: 59-CAACTAATAATGTGTTAAAT
R: 59-ATTTAACACATTATTAGTTG

pIE7-129 F: 59-CAACTAATAATGTGTTAAAT
R: 59-ATTTAACACATTATTAGTTG

pIE7-0 F: 59-TATCCTAGTAATAATAGAGA
R: 59-TATCGTCTCTATTATTACTA

pIE7-150 F: 59-CAACTAATGATGTGTTAAAT
R: 59-ATTTAACACATCATTAGTTG

ExtF F: 59-GTAAAACGACGGCCAGT-39
ExtR R: 59-AACAGCTATGACCATG-39

Note. The mismatched bases are underlined.
1 Nucleotide sequence of ceiE7 gene has previously been reported
2 The universal primers flank on both sides of the multiple clonin
70
D31E D32KV33K L34Q

Forward: 59-AGAAT-CGT-ACTGAGAAGAAGCAAGATG-39

(1123 to 1155 of ceiE7)

Reverse: 59-CTTCTCAGT-AGC-ATTCTCTTTTTCAATTTC-39

(1145 to 1110 of ceiE7)

Step 2. The resultant mutant DNA from first step was used
s template for the second step of mutagenesis. As a result,
36D and L37N mutations were created in the helix 2 region.

V36D L37N

Forward: 59-GAAGAAGCAAGATGATAACCTCGAACAC-39

(1142 to 1169 of ceiE7)

Reverse: 59-TCGAGGTTATCATCTTGCTTCTTCTCAG-39

(1165 to 1142 of ceiE7)

Step 3. The resultant mutant DNA from second step was used as
emplate for the third step of mutagenesis. As a result, V42I, K43S
nd I44V mutations were created in the helix 2 region.

Mutant ceiE7 Gene in Various Recombinant Plasmids

s Position on ceiE71 Template used

-39 1134–1155 pIE7
1150–1132

39 1135–1155 pIE7
9 1154–1134

1145–1163 pIE7
-39 1161–1140

1157–1173 pIE7
1173–1157
1157–1173 pIE7-5
1173–1157

TG-39 1134–1157 pIE7-9
GC-39 1157–1134
-39 1215–1236 pIE7-259
-39 1239–1218
-39 1134–1155 pIE7-2590

1150–1132
-39 1134–1155 pIE7M

1150–1132
G-39 1135–1157 pIE7-9
G-39 1154–1132
G-39 1135–1157 pIE7-5
G-39 1154–1132
G-39 1135–1157 pIE7-9
G-39 1154–1132
-39 1215–1236 pIE7
-39 1239–1218
G-39 1135–1157 pIE7-0
G-39 1154–1132

pUC forward primer2

pUC reverse primer2

Chak et al. (6).
te of pUC18.
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V42I K43S I44V

Forward: 59-CGAACACTTTATAAGTGTTACTGAGC-39

(1163 to 1188 of ceiE7)

Reverse: 59-GCTCAGTAACACTTATAAAGTGTTCG-39

(1188 to 1163 of ceiE7)

he mismatched nucleotides are underlined. Dash indicates deletion
f an amino acid residue in the corresponding positions, respectively.
he positions of the mutated residues are indicated. The positions of
he oligonucleotide primers on ceiE7 gene are also shown.

Protein purification and CD spectroscopy. The detailed purifi-
ation methods for both wild-type and mutant Im proteins are
reviously described (14, 15). Protein purity was examined by
DS-PAGE. The quantity of purified proteins was checked by DC
rotein assay (Bio-Rad). The secondary structure of the mutant
roteins was examined by CD spectroscopy as described by Chak
t al. (1998).

Preparation of colicin and in vivo immunity test. These methods
re the same as previously described (13).

ESULTS

Identification of critical residues conferring specific
mmunity for Im7. The negatively charged residues
31, D32, D35, E39, and D59 in the loop 1–helix
–loop 2 region are highly exposed to solvent and are
robably involved in specific interactions with colicins
Fig. 1, 10). Thus they were selected as candidate res-
dues for the analysis of the recognition between im-

unity and colicin proteins.
Site-directed mutagenesis was used to change the

arboxyl group of these acidic residues either individ-
ally or in multiple combinations to the amide group
see Materials and Methods). The phenotype of mu-

FIG. 1. Amino acid sequences and sequences alignment of the fou
rotein derived from replacement of helix 2 of Im7 by the same regi
rotein. The location of four helices and loops are indicated below th
. The position of the three critical residues for conferring specific im
71
ants against the colicin E7 is shown in Table 2. Sub-
titution of any of the five residues either with alanine
data not shown) or their amide group (Table 2) indi-
idually did not diminish the immunity towards colicin
7. Moreover, mutant containing multiple mutations,
32N 1 D35N 1 E39Q 1 D59N still conferred immu-
ity to colicin E7 (Table 2). Most interestingly, reduc-
ion of the immunity phenotype of the mutant was
bserved only if D31N was included in the Im protein
ith multiple mutations (Table 2). In immunity tests,

ells containing pIE7-159 (D31N 1 D35N 1 E39Q),
IE7-125 (D31N 1 D32N 1 D35N), and pIE7-129
D31N 1 D32N 1 E39Q) produced clear zones in di-
inishing order (Fig. 2). Furthermore, cells containing

IE7-150 (D31N 1 D35N 1 D59N) produced the small-
st and a turbid zone in immunity testing. Thus these
esults would indicate that D31 appears to be the most
ritical residue, and that D32 and D59 are the two least
mportant residues for conferring specific immunity.
ased on the sizes of inhibitory zones produced in

mmunity tests, the deduced hierarchical order of the
esidues for conferring specific immunity against its
ognate ColE7 is D31 . D35 . E39. The intervals of
hese three critical residues are separated by 4 amino
cids (Fig. 1), therefore, these three critical acidic res-
dues are exposed to the same side of the surface of the
elix 2 of the Im7 protein (10).

The critical residues conferring specific immunity for
ther DNase-type Im proteins. To further investigate
he existence of the three critical residues in other
Nase-type Im proteins, an experiment was set up to
isrupt the specific immunity of Im8 and Im2 proteins

Nase-type immunity proteins and ImMi proteins. ImMi is a hybrid
from Im8. The numbers refer to the position of residues of the Im7
quences. Construction of the mutant protein ImMi is shown in Fig.
unity is shown in boxes.
r D
on
e se
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ased on what we had found for the Im7 protein. The
m8 protein is two residues shorter than that of the
m7 protein. Thus the residues E29, D33 and E37 of
he Im8 protein are equivalent to those of the three
ritical residues for specific immunity of the Im7 pro-
ein (Fig. 1). The results of mutagenic studies showed

FIG. 2. Identification of the importance of critical residues for
onferring specific immunity in loop 1–helix 2 region of Im7 by in
ivo immunity assay. An aliquot (20 ml) of colicin E7 were spotted
nto a blank disk on a LA plate seeded with cells harboring various
ecombinant plasmids. E. coli cells harboring a wild-type ceiE7 gene
n a recombinant plasmid (pIE7) as a positive control. E. coli cells
ontaining pUC18 cloning vector as a negative control. pIE-159
D31N 1 D35N 1 E39Q), pIE-125 (D31N 1 D32N1D35N), pIE-129
D31E 1 D32N 1 E39Q), and pIE-150 (D31N 1 D35N 1 D59N) are
he four recombinant plasmids containing multiple combinations of
utations along the loop 1–helix 2–loop 3 region of the Im7 protein.
he sequences and the positions of oligonucleotide primers on ceiE7
ene are listed in Table 1.
72
hat a single point mutation of Im8, either E29Q, D33N
r E37Q retained the Im8 phenotype (data not shown).
n contrast, cells containing pIE8M (E29Q 1 D33N 1
37Q) in the immunity assay produced a clear inhibi-

ion zone similar to that of the cells harboring pUC18
Fig. 3) suggesting that E29, D33 and E37 of the Im8
re the three critical residues conferring specific im-
unity to its cognate ColE8. Similarly, mutation of

m2 at the corresponding regions, E30Q 1 N34A 1
38A (Im2 is one residue shorter than Im7, Fig. 1), lost

nhibitory effect to its cognate ColE2 (data not shown).
n earlier finding showed that changing V34 to D

equivalent D33 for Im8 and D35 for Im7, Fig. 1) of Im9
ained some cross-reactivity towards colicin E8 (16).
hus all data imply that the three critical residues for
onferring specific immunity are common in DNase-
ype immunity proteins.

Helix 2 as a whole plays a crucial role in conferring
pecificity for immunity proteins. The amino acid se-
uence alignment of the immunity proteins indicated
hat loop 1 and helix 2 are the most variable regions
mong the tested Im proteins (Fig. 1). In this work we
how that loop 1–helix 2 is the common specific
mmunity-determining region of the DNase-type im-

unity proteins. Thus, it may be possible to alter the
mmunity phenotype from one type to another by sim-
ly swapping the helix 2 among the immunity proteins.
n order to test this hypothesis, we attempted to
hange the phenotype of Im7 to Im8 by swapping the
elix 2 of the Im7 with the corresponding region of the
m8 protein.

The resultant recombinant plasmid, pImMi was con-
tructed (see Materials and Methods, Fig. 4) and the
mmunity assay showed that the phenotype of cells
arboring pImMi did not confer immunity against the
olE7 but exerted partial immunity against ColE8

Fig. 4). Cells containing wild-type ColE8 plasmids con-
er partial immunity to colicin E7 (Fig. 4). Thus the
esult indicated that phenotype of cells harboring
ImMi had been converted from Im7 toward Im8. In
onclusion, the specific spatial arrangement of all res-
dues in helix 2 region are crucial for conferring the
verall specific immunity of an Im protein.

CD spectroscopy of wild-type and mutant Im7 pro-
eins. The negatively charged residues D31, D32,
35, and E39 located in the loop 1–helix 2 region are
ighly exposed to solvent (10). Therefore, it can be
upposed that replacement of the carboxyl group of
hese acidic residues to amide group by site-directed
utagenesis could possibly maintain the original con-

ormation of the mutant Im protein. Nevertheless, CD
pectroscopy was used to investigate the possible
hange of secondary structure of the mutant Im pro-
eins. The far-UV spectra of the CD measurement of
ild-type and mutant Im7 proteins were very similar
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data not shown) in which the major signatures for
helical conformation” of wild-type and three mutant
m7 proteins (IE7M, IE7-1590 and IE7-2590; Table 1)
ere 20.25, 19.25, 20.3 and 19.82, respectively. The

ignatures for “turn conformation” were 6.75, 6.95,
.87 and 6.8, respectively. The data of CD spectra
ndicated that conformational change of the mutant
m7 proteins is insignificant. Therefore we predicted
hat lost of specific inhibitory effect of the mutant Im7

FIG. 3. Identification of critical residues for conferring specific im
arboring plasmid with wild-type ceiE8 gene, served as positive contr
eiE8 gene. Three mutations, E29Q 1 D33N 1 E37Q, were generated
cid residues of four E-group immunity proteins is shown in Fig. 1. S
onstruction of pIE8M are listed as follows:

E29Q
Forward: 59-CAAAAAAAA
Reverse: 59-GGAGGTTAT

he mismatched nucleotides of the two primers are underlined. The

TABLE 2

Phenotype of Site-Directed Mutagenesis of Im7

Plasmid Mutated residues Immunity

UC18 no (no cei) 2
IE7 no (wild-type) 1
IE7-1 D31N 1
IE7-2 D32N 1
IE7-5 D35N 1
IE7-9 E39Q 1
IE7-59 D35N1E39Q 1
IE7-259 D32N1D35N1E39Q 1
IE7-2590 D32N1D35N1E39Q1D59N 1
IE7M D31N1D32N1D35N1E39Q1D59N 2
IE7-1590 D31N1D35N1E39Q1D59N 2

Note. The substituted residues are shown. The phenotype of the
utant proteins were determined by in vivo immunity test (see
aterials and Methods) of cells harboring various plasmid. “1” rep-

esents cells conferring immunity to colicin E7, while “2” represents
ells sensitive to colicin E7.
73
roteins such as IE7M and IE7-1590 are due to the
hange of individual critical residues for a protein-
rotein interaction with its cognate colicin and not
ecause of the effect of conformational change in the
utant proteins.

ISCUSSION

We have demonstrated in this work that three crit-
cal residues, D31, D35 and E39 located at loop 1–helix

region of the Im7 protein for conferring specific im-
unity is exhibited in a hierarchical order, respec-

ively. These results suggest that the three residues
ay play a distinct role in initiating the unique

rotein-protein interactions with its cognate colicin E7.
xistence of the three critical residues for conferring
pecific immunity is also found in other DNase-type Im
roteins.
Recently Wallis et al. (17) reported that the five

mportant residues (D30, L33, V34, V37, and E41) from
elix 2 of the Im9 are important for the determination
f the specific protein–protein interaction. Moreover,
e found that mutant protein with multiple mutations

n helix 2 of the Im7 still confers specific immunity to
olicin E7 (Table 2) unless D31 is included in the mul-
iple combinations of the mutant protein (Table 2). The
mino acid sequences alignment showed that residue
1 of Im7 (the last residue of the loop-1) and residues at
he corresponding position of three other DNase-type

nity of the Im8 protein by in vivo immunity assay. E. coli (pIE8) cells
E. coli (pIE8M) are the cells harboring the plasmid with the mutated
the region equivalent to helix 2 of the ImE7. The alignment of amino
ences of the two overlapping mutagenic oligonucleotide primers for

D33N E37Q
GAATGATAACCTCCAGC-39

TTCTGTTTTTTTTGATC-39

sitions of the mutated residues are also shown.
mu
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mmunity proteins are all negatively charged (Fig. 1).
t indicates that the negatively charged residues in this
osition may play a crucial role both in steric and
lectrostatic clashes for initiating the unique complex
ormation. D35 and E39 of the Im7 are the other two

FIG. 4. Identification of helix 2 of Im protein as a dominant sp
oward Im8 of equivalent by site-directed mutagenesis. The gener
ethods and the amino acid sequence of the mutant protein is show
ethods) achieved the construction of this mutant. The phenotype o

anel, immunity assay of cells harboring various plasmids against col
gainst colicin E8. Im7, cells containing recombinant plasmid with
ith the mutant ceiE7 gene in which the nucleotide sequence of the

ells containing recombinant plasmid with the wild-type ceiE8 gene
olE7, but increased inhibitory activity against ColE8.
74
east important residues for protein recognition. Both
m7 and Im8 contain negatively charged residues in
hese two corresponding positions. However, Im2 and
m9 contain hydrophobic, polar or even positively
harged residues at the corresponding positions. The

ficity–immunity determining region. Helix 2 of Im7 was converted
trategy for construction of ImMi was described in Materials and
Fig. 1. Three steps of site-directed mutagenesis (see Materials and

e ImMi proteins was determined by in vivo immunity test (13). Left
E7; right panel, immunity assay of cells harboring various plasmids
wild-type ceiE7 gene. ImMi, cells containing recombinant plasmid

lix 2 region was substituted by the equivalent region of cieE8. Im8,
e chimera ImMi protein shows reduced inhibitory activity against
eci
al s
n in
f th
icin
the
he
. Th
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inding affinity study showed that the dissociation con-
tant for the Im9 in complex with its cognate ColE9
Nase is 10214 M, while the non-cognate Im proteins in

omplex with the ColE9 DNase are 1028 M for Im2,
026 M for Im8 and 1024 M for Im7(18). Im7 and Im8
ind less tightly with ColE9 which implies that the
esidues in position D35 and E39 for Im7; D33 and E37
or Im8 must be involved in the stabilization of a
rotein-protein interaction between an immunity pro-
ein and its cognate colicin. Furthermore, these results
lso indicated that residues on helix 2 as a whole
etermine the overall immunity specificity (19).
The crystal structure of the DNase-Im7 complex

15) shows that the three critical residues of Im7
nteract with the DNase domain by forming six hy-
rogen bonds in which D31, D35 and E39 make
hree, two and one hydrogen bonds, respectively.
his result has been further confirmed by the recent
ublished crystal structure of the DNase-Im9 com-
lex (20). Thus the results of crystal structure are
onsistent with the in vivo mutagenesis and further
onfirm that the three critical residues are indeed
rranged in a hierarchical order.
In conclusion, all these results suggest that the
Nase-type immunity proteins indeed share a ho-
ologous structural framework for a protein-protein

nteraction with their cognate colicins. Thus, evolu-
ion of immunity proteins may be engendered just by
mino acid changes in this region either by positive
election of diversity or recombinational shuffling
ithout causing any conformational change of the Im
roteins. In characterizing the crystal structure of
Nase-Im7 complex (15), we found that the three

ritical residues do not interact directly with the
ctivity site of the DNase domain. How this Im pro-
ein inhibits the toxicity of the DNase domain is still
emains to be resolved.
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