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The complex between the ribonuclease domain of the ribosome-

inactivating colicin E3 and its protein inhibitor, the cognate immunity

Im3, has been crystallized and preliminary X-ray characterization has

been performed. Single crystals of the 1:1 complex were grown from

hanging-drop vapour-diffusion experiments using 2-propanol as a

precipitant. The space group is P3121 or P3221, with unit-cell

parameters a = b = 93.7, c = 76.2 AÊ . When cryocooled, these crystals

diffract to a resolution of 2.4 AÊ . A search for suitable conventional

heavy-atom derivatives was unsuccessful and so Im3 mutants

containing engineered cysteine or methionine residues have been

produced for mercury soaks and selenomethionine-labelling experi-

ments, respectively.
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1. Introduction

The colicins are plasmid-encoded antibacterial

proteins produced by the Enterobacteriacae

which are classi®ed on the basis of the cell-

surface receptor to which they bind. The

E-class colicins bind to the btuB gene product,

a receptor involved in the high-af®nity trans-

port of vitamin B12 in Escherichia coli (DiMasi

et al., 1973). This class has been further

subdivided into nine immunity groups (Col

E1±E9; Males & Stocker, 1982; Cooper &

James, 1984) which exhibit four modes of

cytotoxicity; cytoplasmic membrane depolar-

ization (Col E1; Cramer et al., 1990), speci®c

cleavage of ribosomal RNA (Col E3, Col E4

and Col E6; Bowman et al., 1971; Senior &

Holland, 1971), cleavage of speci®c tRNAs

(Col E5; Ogawa et al., 1999) or non-speci®c

cleavage of chromosomal DNA (Col E2, Col

E7, Col E8 and Col E9; Schaller & Nomura,

1976; Toba et al., 1988; Eaton & James, 1989;

Chak et al., 1991).

The ribonuclease (RNase) E3 colicin plas-

mids encode the 58 kDa toxin, a 9.5 kDa

inhibitor protein (termed the immunity

protein) which affords protection to the

producing cell against the cytotoxic activity of

the colicin and a 5.6 kDa lysis protein. Synth-

esis of these proteins in K12 strains of E. coli is

under the control of the SOS promoter and as

such is initiated by DNA damage (Pugsley &

Schwartz, 1983). The expressed lysis protein

causes partial cell lysis upon strong induction

and is thought to be responsible for the release

of the heterodimeric colicin complex into the

extracellular medium.

The bacteriocidal activity of these colicins

progresses through three distinct steps

(receptor binding, translocation and cytotoxi-

city), each of which is associated with a speci®c

domain in the toxin. Receptor binding involves

the central domain of colicin E3 interacting

with the BtuB receptor, while the subsequent

translocation across the outer membrane

involves the N-terminal domain of the toxin

interacting with components of the E. coli tol

translocation system (Lazdunski et al., 1998).

Once inside the cell, colicin E3 kills the target

bacterium by ribosomal inactivation. In vivo,

this involves a single nucleolytic break of 16S

ribosomal RNA between bases 1493 and 1494

(Bowman et al., 1971). The cytotoxic activity is

associated with the 11.8 kDa C-terminal

domain of the colicin (96 amino acids). This

domain can be isolated as a stable folded

protein and it is to this domain that the

84-residue immunity protein binds to form a

stoichiometric complex that abolishes colicin

activity (Ohno et al., 1977).

The structures of a number of pore-forming

colicins, colicin A (Parker et al., 1989), colicin

Ia (Wiener et al., 1997) and colicin N (Vetter et

al., 1998), have been reported. Also, the DNase

domains of colicins E9 and E7 in complex with

their respective cognate immunities have been

structurally characterized (Kleanthous et al.,

1999; Ko et al., 1999). However, the structures

of the RNase colicins remain unsolved. Struc-

tural data is however available for the colicin

E3 immunity protein (Li et al., 1999; Yajima et

al., 1993) and the crystallization of colicin E3 in

complex with its immunity protein has been

reported (Frolow & Shoham, 1990; Shoham &

Djebli, 1992).

The aim of this study is to de®ne the struc-

ture of the RNase domain of colicin E3 and to

characterize the interaction with its cognate

immunity protein (Im3). The 21.3 kDa

complex has been crystallized and preliminary
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X-ray analysis has been performed. Site-

directed mutants of Im3 containing surface

serine to cysteine or non-surface residue to

methionine substitutions have been

prepared for derivatization and crystallized

using mercurous salts or for incorporation of

selenomethionine, respectively.

2. Materials and methods

2.1. Protein expression and purification

The expression and puri®cation of the

colicin E3 RNase domain and immunity

protein Im3 will be described elsewhere

(Walker et al., manuscript in preparation).

2.2. Crystallization and crystal

characterization

Protein solution in 10 mM Tris±HCl pH

7.5 was concentrated to 45±50 mg mlÿ1 using

an Amicon dia®ltration device at 277 K.

Initial crystallization screening experiments

were carried out at both 277 and 281 K using

the screens of Jancarik & Kim (1991) and

Cudney et al. (1994) and the hanging-drop

vapour-diffusion technique. Each experi-

ment utilized a 4 ml drop containing equal

volumes of concentrated protein solution

and screen solution. Each hanging drop was

equilibrated against a 700 ml reservoir of

screen solution. Crystals were observed after

several days from a screen solution

containing 0.1 M sodium citrate pH 5.6,

20%(v/v) PEG 4K and 20%(v/v) 2-propanol

at 277 K. Optimization around this condi-

tion involved the variation of pH in the

range 5.0±6.0, PEG concentration between 0

and 30%(v/v), and 2-propanol concentration

between 0 and 30%(v/v). All manipulations

were carried out at 277 K.

For cryoprotection experiments, single

crystals were soaked sequentially in crystal-

lization solutions containing ®rstly

7.5%(v/v) ethylene glycol and then

15%(v/v) ethylene glycol. Both cryoprotec-

tion solutions also contained a concentration

of PEG 4K that was 5%(w/v) greater than

that found in the crystallization solution.

Cryocooling was achieved by mounting

single crystals in cryo-loops (Hampton

Research, CA, USA) followed by either

immediate immersion in a nitrogen-gas

stream at 100 K, or by prior immersion into

liquid nitrogen. Preliminary diffraction trials

were carried out using a Rigaku R-AXIS IV

area detector on an RU-200HB rotating

copper-anode generator with focusing

mirror optics operated at 50 kV, 100 mA. A

native diffraction data set was also collected

to 2.4 AÊ resolution at a wavelength of 0.95 AÊ

on station 9.5 at the SRS (Daresbury,

England). The data was processed and

scaled using DENZO and

SCALEPACK (Otwinoski &

Minor, 1997).

2.3. Generation of derivatives

for phasing experiments

In a search for heavy-atom

derivatives, native crystals were

soaked in 30 ml solutions of

heavy-atom salts at various

concentrations using sitting-drop

vapour-diffusion conditions at

277 K. Other potential deriva-

tives were produced by introdu-

cing mutations into the Im3

protein by mega-primer PCR

mutagenesis (Sarker & Sommer,

1990). Firstly, cysteine mutants

of Im3 were produced for deri-

vatization with mercury and this

involved the mutation of the

native serine residues at posi-

tions 12, 30 or 69 to cysteine.

Secondly, mutants containing

engineered methionine residues

were produced (native Im3 has a

single methionine at position 32)

with a view to producing

selenomethionyl-labelled protein

suitable for phasing the structure by

multiple-wavelength anomalous dispersion

(MAD) (i.e. selenomethionine at position 32

and also at the site of the mutation). The

extra methionine was introduced at residue

37 (V37M mutant) or 47 (C47M mutant).

2.4. Preparation and analysis of

selenomethionine-labelled Im3

Methionine-containing mutants were

expressed and puri®ed in the same manner

as for the native Im3. Selenomethionine-

labelled protein was expressed and puri®ed

as described elsewhere (KuÈ hlmann et al.,

1999). To test for the incorporation of the

desired mutation, the masses of samples of

puri®ed mutant Im3 proteins were measured

using a PBS-II SELDI ProteinChip system

(Ciphergen, UK) and compared with that

expected from sequence analysis. The

incorporation of selenium into seleno-

methionyl-derivatized protein was assayed

by a comparison of the masses of selenium-

containing methionyl-mutant proteins to

those of the non-selenium-containing

methionyl-mutant proteins.

X-ray ¯uorescence spectra were

measured on station BM14 at the ESRF

(Grenoble, France) using a single crystal of

doubly labelled C47M selenomethionine-

containing complex. Calculation of anom-

alous scattering factors from the raw ¯uor-

escence spectrum was performed using the

CHOOCH program (Evans, 1998). Preli-

minary diffraction data were collected using

an ADSC Quantum IV CCD detector at an

X-ray energy of 12.66 keV (0.979 AÊ ) and a

crystal-to-detector distance of 185 mm.

Indexing and data processing was performed

using the HKL program suite (Otwinowski

& Minor, 1997).

3. Results and discussion

Initial crystallization experiments using

puri®ed native colicin E3 RNase±Im3

complex produced large single crystals after

5 d in hanging-drop vapour-diffusion

experiments. Variation of the 2-propanol

concentration had no effect on crystal

growth, but crystals only grew in the pH

range 5.4±5.8. A reduction of the concen-

tration of PEG 4K from 20 to 10%(w/v) was

also required to reproducibly grow large

crystals. PEG 4K was not critical for crystal

growth and encouraged non-crystalline

precipitation at higher concentrations.

However, its presence greatly increased the

stability of the crystals and rendered them

less susceptible to cracking, although they

still remained temperature sensitive. The

Figure 1
SELDI mass analysis of native Im3, C47M Im3, V37M Im3, Se-Met
C47M Im3 and Se-Met V37M Im3.
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optimal condition was found to be 0.1 M

sodium citrate pH 5.6, 20%(v/v) 2-propanol,

10%(w/v) PEG 4K; this produced crystals of

typical dimensions 500 � 250 � 250 mm.

SDS±PAGE analysis of proteins from seri-

ally washed crystals displayed three bands

when stained with Coomassie blue rather

than the expected two (data not shown).

These correspond to the full-length Im3 and

a doublet corresponding to the E3 RNase

domain (freshly puri®ed protein runs as a

single band). Thus, the immunity protein

appears stable to proteolytic degradation

over the time course of the

crystallization experiment,

whereas the RNase appears to

break down. The RNase gene

construct used corresponds to

residues Asp447±Leu551 of

colicin E3 and it has been shown

that Lys454 is a very permissive

site in terms of proteolytic clea-

vage (Ohno et al., 1977). It is

therefore likely (although this

has not been veri®ed) that this is

the site of the cleavage occurring

during crystallization.

Cryoprotectant conditions

were required as the crystals

deteriorated very rapidly at

room temperature. Good-quality diffraction

was only observed when ethylene glycol was

used as cryoprotectant and the greatest

success was seen with crystals transferred

sequentially into solutions of increasing

ethylene glycol concentration.

Diffraction trials from crystals cryo-

protected with 15%(v/v) ethylene glycol and

mounted in cryoloops showed strong

diffraction to 2.8 AÊ resolution. Autoindexing

and consideration of systematically absent

re¯ections reveal that the crystals belong to

space group P3121 or P3221, with typical

unit-cell parameters a = b = 93.7,

c = 76.2 AÊ , � = � = 90, 
 = 120�.
Diffraction data collection from

single crystals using synchrotron

radiation gave a native data set

to a maximum resolution of

2.4 AÊ (Table 1). Assuming the

usual crystal solvent content,

there may be one or two mole-

cules per asymmetric unit. These

correspond to calculated solvent

contents of approximately 72

and 45%(v/v), respectively. The

native crystals also displayed an

inherent lack of isomorphism,

which suggests that MAD

phasing will be required to solve

the structure.

Soaking native crystals in

crystallization solutions contain-

ing 10 mM K2PtBr4 or 20 mM

mercurous acetate followed by

back-soaking into heavy-atom-

free cryoprotectant solution

produced crystals with X-ray

¯uorescence spectra character-

istic of either Pt or Hg, respec-

tively. This suggested incorpora-

tion of the heavy atoms into

the crystal lattice. However,

Patterson maps generated using

the CCP4 program suite (Colla-

borative Computational Project, Number 4,

1994) from complete data sets collected at

the optimal wavelength for anomalous

scattering failed to locate any ordered

heavy-atom sites. All other soaks resulted in

crystal dissolution. The failure of this

approach led us to prepare two classes of

site-directed mutant of the Im3 protein that

when complexed might lead to the incor-

poration of anomalous scatterers. These

were (i) mutation of native serine residues to

cysteine in order to facilitate mercury deri-

vatization and (ii) mutation of various resi-

dues to methionine with a view to producing

selenomethionyl-labelled protein. The Im3

protein already contains a single methionine

residue at position 32, but this is the only

native methionine present in the complex

(removal of the N-terminal methionine

occurs for both the ribonuclease domain and

the immunity) and we were concerned that

this would not provide suf®cient phasing

power to solve the structure of the 20 kDa

complex. Therefore, in order to ensure the

success of a selenomethionyl MAD experi-

ment, extra methionine residues were engi-

neered at residues 37 (Im3 V37M) and 47

(Im3 C47M) to give two single-site mutants.

Experiments aimed at the introduction of

additional cysteine or methionine residues

into the immunity protein were performed

in parallel. The mutation of residue serine 12

to cysteine was performed (Im3 S12C) and

its success veri®ed by DNA sequencing

(data not shown). Gel-®ltration analysis was

performed to ensure that complexation still

occurred between the RNase domain and

Im3 S12C. A single band corresponding to a

species of apparent molecular weight

20 kDa was seen, demonstrating that Im3

S12C still bound the E3 RNase domain.

Extensive rescreening around the native

protein crystallization condition did not

produce any crystals large enough for

diffraction data collection for this mutant.

Methionine mutants at both positions 37 and

47 were veri®ed as such by SELDI (Fig. 1)

and the masses of the mutants were found to

be within 2±3 Da of the mass expected from

sequence analysis (data not shown). The

location of engineered methionine residues

was decided by sequence homology between

Im3, Im6 and Im4 (the latter two being

immunity proteins for RNase colicins E6

and E4, respectively). In both homologous

immunity proteins, there is a methionine

residue at position 37 and the Im3 V37M

mutant was therefore produced. Secondly,

cysteine 47 has been shown to be involved in

the binding of Im3 to E3 (Masaki et al.,

1991) and analysis of homologous sequences

reveals this to be a mutational hot spot (for

Table 1
Colicin RNase±immunity complex (E3±Im3) X-ray diffraction
data-collection statistics.

Figures in parentheses refer to data in the highest resolution bin (2.55±
2.4 AÊ resolution).

Native E3±Im3 Se-Met E3±Im3 C47M

Wavelength (AÊ ) 0.95 0.9795
Temperature (K) 100 100
Collected at Station 9.5, SRS Station BM14, ESRF
Space group P3121 or P3221 P3121 or P3221
Unit-cell parameters (AÊ ) a = b = 93.7,

c = 76.2
a = b = 92.8,

c = 77.2
Resolution (AÊ ) 2.4 2.8
Completeness (%) 98.7 (97.5) 99.2 (94.4)
Rmerge (%) 3.9 (23.7) 5.4 (24.6)
hIi/h�(I)i 37.8 (2.8) 21.1 (4.1)
Independent re¯ections 14892 9779

Figure 2
(a) X-ray ¯uorescence spectrum of a single crystal of Se-Met E3±
Im3 C47M complex; (b) anomalous scattering factors determined
from the spectrum in (a) as a function of X-ray energy.
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example, this residue is a tryptophan in Im6)

and so could potentially accommodate a

methionine residue. Again, gel-®ltration

analysis veri®ed complexation for both

methionine mutants. Selenomethionine

incorporation was successful for both

mutants as veri®ed by SELDI experiments

and the results for Im3 C47M with and

without selenium are presented in Fig. 1.

Screening and optimization around the

native crystallization condition failed to

produce crystals when the complex

contained Im3 V37M, but large single crys-

tals were observed with the Se-Met E3±Im3

C47M complex.

The X-ray ¯uorescence spectrum was

measured at the selenium K edge for an

Se-Met E3±Im3 C47M complex crystal;

calculated anomalous scattering factors as a

function of X-ray energy are presented in

Fig. 2. The anomalous scattering factors f 0

(in¯ection point) and f 00 (peak) calculated

from the measured ¯uorescence spectrum

were ÿ10.2 e at 12 662.6 eV and 6.1 e at

12 664.7 eV, respectively. The diffraction

images collected from this crystal showed

diffraction to 2.8 AÊ . The clearly resolved

selenium K edge apparent from the ¯uor-

escence spectrum together with the quality

of the diffraction from this crystal indicate

that a selenium MAD phasing experiment is

likely to be successful.
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beamline at the ESRF, Grenoble and to SRS

station 9.5, Daresbury Laboratory. We

would like to acknowledge the contribution

of Dr Gordon Leonard (ESRF) for assis-

tance with measurements of X-ray ¯uores-

cence spectra.
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