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Abstract

Colicin E3 is a protein that kills Escherichia coli cells by a process that involves binding to a surface receptor, entering the cell and
inactivating its protein biosynthetic machinery. Colicin E3 kills cells by a catalytic mechanism of a specific ribonucleolytic cleavage in 16S
rRNA at the ribosomal decoding A-site between A1493 and G1494 (E. coli numbering system). The breaking of this single phosphodiester
bond results in a complete cessation of protein biosynthesis and cell death. The inactive E517Q mutant of the catalytic domain of colicin
E3 binds to 30S ribosomal subunits of Thermus thermophilus, as demonstrated by an immunoblotting assay. A model structure of the
complex of the ribosomal subunit 30S and colicin E3, obtained via docking, explains the role of the catalytic residues, suggests a catalytic
mechanism and provides insight into the specificity of the reaction. Furthermore, the model structure suggests that the inhibitory action of
bound immunity is due to charge repulsion of this acidic protein by the negatively charged rRNA backbone © 2002 Société francaise de
biochimie et biologie moléculaire / Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Calicin E3 (colE3) is a protein antibiotic of Escherichia
coli that exerts its lethal function by an enzymatic mecha-
nism. It belongs to the family of E group nuclease colicins
(for areview see [1]). In contrast to the DNase E colicins
that cleave the target cell genome in a non-specific manner,
colicin E3 acts as a highly specific RNase (for areview on
RNase E calicins see [2]).

The mode of action of colicin E3 involvesthe cleavage of
asingle phosphodiester bond of E. coli 16S ribosomal RNA,
which contains more than 1500 nucleotides [3-5]. The
cleavage site, between adenine 1493 and guanine 1494
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(E. coli numbering system), is close to the turn of the
penultimate helix 44 in the vicinity of the 3' end and the
interface between the small and large ribosomal subunits,
and is at a critical position for the interactions of the A-site
tRNA and the mRNA with the ribosome [6]. The same
cleavage occurs in vitro, when isolated 70S ribosomes are
incubated with purified colicin E3 [7,8]. This cleavage
resultsin a complete inactivation of the ribosome leading to
the death of the target cell. One of these two nucleotides,
A1493, together with A1492 and G530, is actively involved
in selecting and binding of cognate tRNA [9]. These three
bases undergo conformational changes upon tRNA binding,
and flip out so that A1493 interacts with the minor groove of
thefirst codon—anticodon base pair and A1492 and G530 are
tightly packed into the second base pair of the codon-anti-
codon helix. Initiation factor 1 (IF1) binds to the two
nucleotides of 16S rRNA immediately preceding the colicin
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E3 cleavage site and causes substantia conformational
changes on the ribosome required for the onset of protein
biosynthesis [10]. Hence, it is likely that the colicin E3
cleavage of 16S rRNA cripples the ribosome in such a way
that it blocksinitiation of protein biosynthesis. However, the
molecular details of the interaction between the RNase
domain of colicin E3 and the ribosome have not yet been
revedled experimentaly.

The resistance of the producing organism towards its
own colicin E3 is due to the presence of an “immunity
protein” (IP) of molecular weight 9.8 kD, which forms a
tight 1:1 complex with colicin E3 [11]. IP specifically
blocks the activity of colicin E3 [12,13]. When isolated
under mild conditions, colicin E3 is aways found in the
complexed form with IP. Free IPis produced in large excess
by the cell to protect it from the toxicity of endogenous or
exogenous colicin E3 [11].

Although bacterial species other than E. coli are not the
natural target of colicin E3, because they lack the necessary
outer membrane receptors or translocation proteins, ribo-
somes from unrelated species, such as Bacillus stearother-
mophilus and Azotobacter vinelandii are inactivated by
colicin E3 in vitro [14]. We show here that an inactive
mutant of the RNase domain of colicin E3 binds to 30S
ribosomal subunits of Thermus thermophilus. It is therefore
reasonable to assume that colicin E3 would inactivate
T. thermophilus ribosomes. Thisisthejustification for using
crystal structures of T. thermophilus ribosomal particles as
targets for colicin E3 docking. In an attempt to derive a
mechanism of the action, we have built a model of the
interaction of colicin E3 and 16S rRNA by docking the
crystal structure of the RNase domain of colicin E3 [15,16]
onto the crystal structure of the 30S ribosomal subunit
[17-19] in silico. This model suggests a catalytic mecha
nism for the A1493-G1494 cleavage and explains the
results of site-specific mutagenesis of active site residues. It
also suggests that the inhibitory action of bound IPis dueto
charge repulsion and not to steric hindrance.

2. Materials and methods

2.1. Preparation of the E517Q mutant of the colicin E3
RNase domain (CE3_455t0551 E517Q)

The E517Q mutant of colicin E3 was prepared as
described previously [15]. The C-terminal colicin E3 resi-
dues 455-551, containing the E517Q mutation
(CE3_455t0551 E517Q), were cloned by PCR into
the Novagen vector pET15-b between the Xhol and
BamHI sites. This construct, named pKSJ187, corresponds
to a 13453 Da protein of sequence
MGSSHHHHHHSSGLVPRGSHMLEKGFKDY GHDY HPA
PKTENIKGLGDLKPGIPKTPKQNGGGKRKRWTGDKG
RK1YEWDSQHGELQGY RASDGQHLGSFDPKTGNQL
KGPDPKRNIKKYL. The N-termina residues, including

the hexa-histidine tag, from the pET15-b vector are shown
in italics. The mutated Q517 is underlined. A 48 ml over-
night culture of pKSJ187 in the expression strain C41(DE3)
[20] was grown in LB/Amp (100 ug/ml) and used to
inoculate 4.8 L LB/Amp media. The cells were grown at
37 °Ctoadensity of ODgy, = 0.6. At thispoint, 1 mM IPTG
was added to induce the expression of the target protein for
2h at 37°C. Cells were harvested by centrifugation at
6000 rpm at 4 °C and stored at —80 °C. The cell pellet was
resuspended in 100 ml column buffer (20 mM Tris—HCI, pH
7.9, 0.5M NaCl, 5 mM imidazole). The cells were broken
by sonication on ice. Cell debris was removed by centrifu-
gation at 39,000 g for 25 min at 4 °C. The supernatant was
filtered through a 0.45 um filter. The protein was purified by
cobalt affinity chromatography (TALON) of the histidine
tag. The filtered cell supernatant was mixed with 15 ml
cobalt resin for 1 h at 4 °C, and then the resin was poured
into a column. The column was washed with 200 ml column
buffer and then with 100 ml washing buffer (20 mM

TrisHCI, pH 7.9, 0.5M NaCl, 40 mM imidazole), to
remove any weakly bound protein. The protein was eluted
from the column with 1 M imidazole in 20 mM Tris-HClI,
pH 7.9, 0.5 M NaCl. Theyield was 10 mg protein from 4.8 |
of culture. The protein was concentrated to 10 mg/ml, and
dialyzed against 10 mM HEPES, pH 7.5, 50 mM NaCl,
0.02% NaNg, 10% glycerol and stored at —80 °C.

2.2. Binding assay to 30S ribosomal subunits

Binding of the CE3 455t0551 E517Q protein to 30S
ribosomal subunits of T.thermophilus (T30S) was moni-
tored by incubation of a 3.5 molar excess of the protein over
ribosomal subunits at 37 °C for 30 min in T30S crystalliza-
tion buffer (1 nM T30S in 10 MM HEPES, pH 7.8, 10 mM
MgCl,, 60mM NH,CI, 0.1 mM DTT). The goa of the
experiment was to demonstrate binding at conditions con-
ducive to crystal formation of T30S particles; i.e. in the
presence of the crystallization reagent methyl-pentane diol
(MPD). In order for the reactants to remain in solution,
conditions were selected on the approach towards crystalli-
zation of the ribosomal subunits by stepwise addition of
MPD. The MPD concentration was increased by 1% every
20 min to avoid any precipitation. When the final concen-
tration of MPD reached 15%, the complexes were incubated
for 24 h at 20 °C. Unbound CE3_455t0551 E517Q protein
was separated from the complex on a Sephadex S-200
column (0.5 x 20 cm). The T30S peak was collected and the
RNA was stripped off the complex by acetic acid treatment
(100 MM MgCl,, 67% (v/v) glacial acetic acid, stirred for
3 h, centrifuged at 12,000 rpm for 30 min, dialyzed against
2% acetic acid and lyophilized overnight). The dried pro-
teins were dissolved in 20 ul SDS-PAGE sample buffer,
divided into two parts and applied on 12% SDS-PAGE. One
gel was dyed with Coomassie Blue G and the other was
blotted onto a nitrocellulose membrane. Col E3 was detected
by immunoblotting using mouse anti-his-tag antibodies
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(Sigma) and enhanced chemiluminescence western blotting
detection reagents (Amersham Pharmacia Biotech).

2.3. Ste-gpecific mutagenesis

Mutagenesis was carried out as described previously
[15]. Stratagene’s QuikChange Site-Directed Mutagenesis
Kit was used to create two separate mutations, H526A and
D542A. The presence of each mutation was confirmed by
DNA sequencing. ColE3 was expressed from plasmids in
C41 (DE3) cells [20]. Ten-ml cultures were grown in
fortified broth [21] to mid-log phase and induced with
mitomycin C (0.5 ug/ml) for 3h. Cells were harvested,
resuspended in 1 ml TM buffer (50 mM Tris-HCI, pH 7.6,
30 mM ammonium chloride, 10 MM magnesium acetate),
and broken by sonication. Particulate material was removed
by centrifugation and 10-fold dilutions of the supernatant
were spot-tested on lawns of sensitive indicator E. coli.

2.4. Molecular docking

The model structure of the complex between subunit 30S
of the ribosome and colicin E3 was obtained by docking.
We used the program MolFit [22], which projects each
molecule onto a 3D grid and calculates a correlation
function between the two grid-representations. Mol Fit treats
the molecules as rigid bodies. It performs a full
rotation/translation scan providing an estimate of the degree
of surface complementarity (score) for each relative posi-
tion. Charge complementarity is not taken into account by
the algorithm. We used a modified version of MolFit in
which contacts involving residues A1493 and G1494 were
given extra weight (details of the algorithm will be pub-
lished elsewhere).

The structure of the colicin E3C domain, residues
465-551, taken from entry 1le44 in the PDB [16], was
docked to three structures of the 30S subunit: native
T. thermophilus 30S [19] (PDB code 1i94), the 30S subunit
from the complex 30S:paromomycin [28] (PDB code 1fjg)
and the 30S subunit from the complex 30S:1F1 [10] (PDB
code 1hr0). ColE3 residues 455464 were excluded from
the docking calculations because they are not part of the
six-stranded antiparallel 3-sheet that makes up the bulk of
the C domain. This N-terminal stretch does not contain any
active site residues. Since this stretch makes no contact with
the rest of the colicin E3 molecule, it may well function as
alinker to the preceding R domain. Upon completion of the
docking process, these residues 455465 were added to the
model by superposition of the corresponding parts from the
crystal structure (pdb code 1e44 [16]). All the water
molecules were omitted, as well as the magnesium ions, the
tungsten cluster and the termina regions that bind the
tungsten cluster (residues S2:2-38, 226-250, S18:7-21) in
native 30S. Each molecule was projected onto a
250 x 250 x 250 grid, employing a grid interva of
1.277-1.302 A, depending on the specific structure of the

30S subunit. The angular interval in each scan was 12°,
resulting in 8760 relative orientations [23] and for each
orientation we kept only one best solution. The 8760
solutions in each scan were sorted by their weighted
complementarity scores. The chosen orientation was
slightly adjusted manually in order to bring the active site
residues within hydrogen bonding distance of the scissile
phosphodiester bond. The coordinates were subseguently
subjected to conjugate gradient energy minimization in
program CNS [24] with T30S coordinates kept fixed.

Figures were prepared with programs RIBBONS [25],
MOLSCRIPT [26] and RASTER3D [27].

3. Results and discussion

3.1. Binding of the CE3 455t0551 E517Q protein to 30S
ribosomal subunits of T. thermophilus

The CE3_455t0551 E517Q protein binds to 30S riboso-
mal subunits of T.thermophilus (T30S), as shown by
immunoblotting of the Hiss-tagged protein with anti-Hiss
antibodies (Fig. 1). In order to check for binding under the
crystallization conditions of T30S, increasing concentra-
tions of MPD were added to the reaction mixture. As can be
seenin Fig. 1B, the CE3_455t0551 E517Q protein bindsto
T30S even at 15% MPD.

3.2. Docking of colicin E3 onto 30S ribosomal subunits

Thetop ranking docking solutions from the three docking
tests against the T30S subunit were viewed and analyzed.
The second highest solution in the docking of colicin E3
against native T30S places the active site residues of the
RNase molecule next to A1493 and G1494. A very similar
solution is ranked third when colicin E3 is docked against
the 30S subunit from the complex 30S:paromomycin [28].
However, such an orientation was not found among the top
ranking solutions when colicin E3 was docked against the
30S subunit from the 30S:IF1 complex, where a different
conformation of the bases of A1493 and G1494 is observed
[10]. Notably, the extra weight given to residues A1493 and
G1494 (see Section 2) prefers docking solutions in which
colE3 resides near these residues. However, none of the
colicin E3 residues was given extra weight, hence its
orientation relative to the 30S subunit was unconstrained.

Fig. 2 depicts the model structure of the 30S:colE3
complex formed when colE3 is docked to native T30S,
where the conformation of A1493 and G1494 allows colE3
binding without clashes. Colicin E3 occupies the position of
the A-site tRNA. The active site of colE3 wraps around the
upper part of helix H44, as described below.

The recognition between T30S and col E3 is facilitated by
interactions of several colE3 loops with several 30S rRNA
domains and with protein S12. Loops 471-480 and 500-505
of colE3 interact with the 30S head (H34, H30, H31 of the
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Fig. 1. (A) 12% SDS-PAGE stained with Coomassie Blue. The lanes are as follows: 1 and 10, molecular weight markers; 2, colE3_455t0551_E517Q protein
(25ug); 3, T30S protein extract; 4, T30S protein extract + colE3_455to551 _E517Q protein; 5, T30S protein extract + colE3_455t0551 E517Q
protein + 1 mM [-mercaptoethanol; 6, T30S protein extract + colE3_455t0551_E517Q protein + 0.1 mM DTT; 7, T30S proteins + colE3_455t0551 E517Q
protein + 1 mM DTT. This figure shows that the addition of the colE3_455t0551_E517Q protein alters the protein pattern of T30S. (B) Immunoblotting with
mouse anti-His-tag antibodies. The only protein in the system with a His tag is colE3_455t0551_E517Q. The lanes are the same as in panel A. This figure
demonstrates binding of the colE3_455t0551 E517Q protein to T30S. In addition to the colE3_455t0551 E517Q band, there are higher molecular weight
bands containing the His tag. These may indicate the presence of colE3 complexes that are stable under SDS-PAGE conditions. Non-covaent protein
complexes occasionally survive the harsh treatment of SDS-PAGE [35].
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Fig. 2. Docking of the RNase domain of colicin E3 (CE3), shown in
yellow, onto the crystal structure of the 16S rRNA portion of T. thermo-
philus 30S ribosomal subunits, shown as gray ribbons [19] (PDB code
1i94), reveals binding to the ribosomal A decoding site located in the neck
region of the 30S subunit. In addition to numerous contacts with 16S
rRNA, CE3 also binds to ribosomal proteins, notably S12, shown in green.

rRNA), mostly via electrostatic interactions. For example,
Lys 474 and Arg 504 interact with the rRNA backbone O1P
atoms of U932 and G1179, respectively. Loops 483495
and 548-551 of colE3 bridge between H18 in the shoulder
of 30S and the penultimate helix H44, which interacts with
the 50S subunit in the assembled ribosome. The col E3 loops
also make contact with protein S12, which serves as a glue
in this region of 30S (Fig. 2). The interactions involving
loops 483-495 and 548-551 are a mixture of hydrophobic
contacts and H-bond interactions at the protein—protein
interface and electrostatic interactions with the rRNA back-
bone (for example, Lys 485, which interacts with G513 of
30S). Loops 520-525 interact with H28 in the neck region
of 30S, mainly with the flip-out nucleotide C1379.

Residues in the active site of colE3 interact with A1493
and G1494 (E. coli numbering) in the upper part of H44
(Fig. 3). Thus, residues Glu517, Asp510, Args45 and
His513 in col E3, which abolish activity when mutated [15],
are at interaction distance to the cleavage point between
A1493 and G1494.

3.3. A plausible mechanism for specific 16S rRNA
cleavage

Based upon the docking results, a mechanism presents
itself for the specific cleavage of 16S rRNA by colicin E3,
which is similar to the mechanism proposed for ribonu-
clease T, by Takahashi and Moore [29]. The catalytic triad
consists of Glus17, His513 and Asp510. In thefirst step, the
carboxylate of Glu517 acts as a general base to abstract a
proton from the ribose O2'hydroxyl of adenine 1493 (Fig.
4). Thisleads to a nucleophilic attack of the O2' atom on the
phosphate to form a cyclic 2—3' phosphate that bears a
negative charge. The carboxylate of Asp510 activates the
imidazole moiety of His513 to stabilize its protonated state.
This enables His513 to donate a proton to the leaving 5'-OH
RNA fragment upon cleavage. In the second step, His513
actsasageneral baseto activate awater molecule poised for
a nucleophilic attack on the phosphorus atom of the 2'-3'
cyclic phosphate. Glu517 acts as a general acid to donate its
proton to the O2' oxygen atom. Another residue that has
been shown to be important in the catalytic mechanism is
Arg545 [15]. The role of Arg545 is to stabilize the penta-
coordinated cyclic phosphate intermediate, which bears a
negative charge. In order to do so, Arg545 has to adopt a
rotamer different from the crystal structures of free colicin
E3. This proposed role for Arg545 is in accordance with
mutagenesis results, in which the Argb45Ala mutant exhib-
ited diminished activity [15].

Besides Hisb13, there is an additional histidine in the
vicinity of the active site, namely His526. Our mutagenesis
results indicate that the His526Ala mutant is as active as
wild type, so, His526 cannot be involved in cataysis.
Likewise, nearby Asp542 is not involved in catalysis, since
the Aspb542Ala mutant has wild-type activity.

Based upon the crystal structure of recently determined
inhibitor complexes of the large-subunit ribotoxic RNase,
a-sarcin [30], and of a hairpin ribozyme inhibitor complex
[31], it was suggested that its cleavage reaction requires
flipping of the scissile bond base to aign the 2'-hydroxyl
groups for nucleophilic in-line attack on the scissile bond.
Our results do not indicate arequirement for base flipping to
facilitate catalysis, but they also do not provide evidence
against it.

3.4. Inhibition of the RNase activity by the immunity
protein

No information about IP was included in the docking
process. To study the inhibitory mechanism of IP, we
superimposed the structure of the col E3:1Pcomplex onto the
colE3 position in the model 30S:colE3 structure. Interest
ingly, there are no steric clashes between IP and the 30S
subunit in the superposition, a result that could not have
been anticipated a priori (Fig. 5). However, we find many
negatively charged residues of I P pointing in the direction of
the 30S rRNA backbone, resulting in strong electrostatic
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Fig. 3. The interaction of active site residues with the scissile phosphodiester bond linking A1493 and G1494 in 16S rRNA. Atoms within H-bond distance
are indicated by broken lines. Glu517 and His513 act as a general base and genera acid, respectively. A positive charge on Hisb13 is stabilized by the
interaction with Asp510. The cyclic phosphate intermediate is stabilized by an electrostatic interaction with Arg545, not shown here for clarity.

repulsion. For example, Asp67 and Asp70 from the immu-
nity protein point towards the C1191 and C1190 phosphate
oxygen atoms. Interestingly, some of the negative residues
of IPinteract with positive residues of colE3 in the |P:colE3
complex (IP:Glul4 with ColE3:Lys485 and IP:Asp49 with
ColE3:Lys494), which, according to our model, must be
freed in order to interact with 30S. These findings are
consistent both with the fact that the immunity protein
protects the ribosomes of the producing cell from the colicin
they are making and with the idea that the immunity protein
must be removed from the colicin a some point before it
enters the cytoplasm of the target cell.

3.5. Interaction with intact 70S particles

Colicin E3 interacts with intact 70S ribosomes and
inactivates them both in vivo and in vitro [7,8]. The docking
of the C domain of colicin E3 onto the crystal structure of
T30S was extended to include the large subunit as well.
Docked calicin E3 makes no contact with the large subunit.

This observation is in accordance with in vitro studies on
the role of 50S components in ribosome inactivation by
colicin E3[32]. No individual 50S component was found to
affect colicin E3 activity. 50S particles devoid of al but 11
proteins retained their capacity to render ribosomes suscep-
tible to colicin E3 inactivation upon incubation with 30S
particles at 10 mM Mg?*. The addition of 23S rRNA aone
did not activate 30S particles for inhibition of protein
biosynthesis by calicin E3. Association of the 50S with the
30S subunit may alter the conformation of helix 44 of 16S
rRNA, which is in direct contact with the large subunit in
the crystal structure of the 70S ribosome [6]. This in turn
may poise the scissile phosphodiester bond between A1493
and G1494 for cleavage by colicin E3.

3.6. Protection from colE3 cleavage by mRNA or tRNA
The position of colE3 in the mode structure of the

complex 30S:col E3 suggests that mRNA and col E3 binding
to the 30S subunit are mutually exclusive. Similarly, tRNA
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Fig. 4. Schematic representation of the proposed enzymatic mechanism of
the ribonuclease activity of colicin E3. R and R' are the RNA chains
downstream and upstream of the cleavage site, respectively; A adenine, G
guanine.

and col E3 binding are mutually exclusive. These predictions
are in agreement with experimenta results that mRNA as
well tRNA confers protection of ribosomes from colE3
attack [33,34]. In contrast, the P-site isfree to bind tRNA in
the presence of colE3.

4, Conclusion

The interaction of colE3 with the ribosome has been
established by demonstrating binding of the inactive E517Q
col E3 mutant catalytic domain peptide to T30S. Docking of
the RNase domain of colE3 onto T30S suggests the colE3
cleavage is confined to aloop of helix 44 on 16S rRNA due
to shape complementarity. The scissile bond between A1493
and G1494 is poised for cleavage by the action of the
catalytic triad Glu517, His513 and Asp510. Additionally,
Arg545 stabilizes the negatively charged pentacoordinated
phosphorus atom transition state. The inhibitory action of
bound immunity protein is due to charge repulsion rather
than steric hindrance.

Fig. 5. Surface representation of intact colicin E3 docked onto the 30S
ribosomes from T.thermophilus. C catalytic domain, T translocation
domain, R receptor-binding domain, 1P immunity protein. A, with bound
the immunity protein; B, a view rotated by 90°, without the immunity
protein. Thereis no steric hindrance with the ribosome. The presence of the
negatively charged immunity protein prevents colicin E3 action on the
negatively charged ribosomal RNA due to charge repulsion.
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