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A novel role of ImmE7 in the autoregulatory
expression of the ColE7 operon and identification of
possible RNase active sites in the crystal structure
of dimeric ImmE?7

Shih-Yang Hsieh, Tzu-Ping Ko, damage to the cellular membrane (Pugsley and Schwartz,
Ming-Yu Tseng, Wen-yen Ku'2, 1984). Thereby, overproduction of ticel gene can cause
Kin-Fu Chak3 and Hanna S.Yuan'?3 cell lysis. This ‘suicidal phenomenon’ arising from

dramatic overexpression of the ColE operon has been
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ImMmE7 protein can bind to the endonuclease domain
' _ ' of ColE7 and neutralize its toxicity. The interaction
S.-Y.Hsieh and T.-P.Ko contributed equally to this work between colicin and its cognate immunity protein is not

, . , . only specific but is also the tightest among all known
Site-specific cleavage of mMRNA has been identified systems (Walliset al, 1995a,b). Recently, the three-
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in vivo for the polycistronic colicin E7 operon (ColE7), dimensional crystal structure of monomeric ImmE?7 protein
which occurs between G and A nucleotides located at 35 peen determined (Chakal,, 1996). It was suggested
the Asp52 codon (GAT) of the immunity gene ¢eiE?). that the acidic protruding areas of ImmE7 may be involved

In vitro, this specific cleavage occurs only in the jp interacting with the basic T2A domain of colicin. From
presence of theceiE7 gene product (IMmE7). The  the present study, a specific endonucleolytic cleavage of

crystal structure of dimeric InmE7 has been deter-  the transcript has been found in the coding region of
mined at 1.8 A resolution by X-ray crystallographic ceiE7. Using anin vitro transcription system, we observed
analysis. We found that several residues located at the  that this specific endonucleolytic activity originated from
interface of dimeric InmE7 bear surprising resemb- ImmE? itself. This observation was further supported by

lance to the active sites of some RNases. These results crystallographic analysis showing that the interface of
suggest that dimeric InmE7 may possess anovelRNase  gimeric ImmE7 presented possible RNase active sites
activity that cleaves its own mRNA at a specific site  gimilar to those of mammalian RNase A (Campbell and
and thus autoregulates translational expression of the Petsko, 1987; Wlodawest al, 1988) and some microbial
downstream celE7 gene as well as degradation of the  RNases, including RNase Rh (Kurihast al, 1992),
upstream ceakE7mRNA. o barnase (Maugueret al, 1982), RNase T1 (Koepke
Keywords colicin E7 operon/dimeric ImmE?7 structure/ et al, 1989), RNase Sa (Sevcit al, 1991), RNase
immunity genes/RNase activity/site-specific cleavage F1 (Vassylyevet al, 1993) and RNase Ms (Nonaka
et al, 1993).

This paper reports the novel ribonucleolytic activty of
ImMmE7 protein and its role in regulating expression of
Introduction the ColE7 operon. The biological significance of the
ColE7 operon coding a multifunctional ImmE7 protein is

The plasmid-encoded E group colicins bind to the vitamin

By, receptor ptuB gene product ofEscherichia cotli discussed.
DiMasi et al, 1973) and have been subdivided by
immunity tests into colicins E1-E9 (Watsen al., 1981; Results

Cooper and James, 1984). The bactericidal activities of

some E group colicins are well documented: colicin E1 Measurement of the transcriptional strength

exhibits an ionophore effect on the membrane of target across the junctions of the cea-cei-cel

cells (Tokuda and Konisky, 1979); colicin E3 is an RNase polycistronic transcript

(Bowmanet al., 1971); colicins E2 and E7—E9 are DNases Oligonucleotide primer design and the strategy for the

(Schaller and Nomura, 1976; Toket al, 1988; Chak reverse transcriptase (retrotherm reverse transcriptase)
et al, 1991). polymerase chain reaction (RT-PCR) are shown in Figure

Three genescea cei and cel, located on the ColE 1A. The oligonucleotide primer P4 is the common forward
operon are involved in colicin production, protecting primer and primers P5, P1 and P2 are reverse primers.
colicin-producing cells against the action of their own The PCR product (378 bp) amplified by oligonucleotide
colicin and release of the colicin-immunity protein com- primers P4 and P5 represents the strength of transcriptional
plex respectively. Overexpression of the ColE operon is read-through frooe#t€rgene to the 5end ofceiE7,

controlled by an SOS response promoter (Herschman andthe 566 bp fragment indicates the strength of transcriptional
Helinski, 1967; Little and Mount, 1982). Lysis proteins read-through foemE7to the 3-end ofceiE7. Similarly,
(the cel gene product) among E group colicins may the 757 bp PCR product shows the expression level from
activate cell envelope phospholipase A and cause extensiveceaE7to celE7.

1444 © Oxford University Press



A
Pcea Pcei T1 T2
\l/ cea \l/ cei 4.(-)“7 cel i
—pEE LI
| <rs P4 @P5 @P1 @P2
SOS box 378 bp EZZZZZZ
566 bp ETZZZZZZZZZZZ
757 bp E N

A novel RNase activity and structure of ImmE7

30' 60’
3456 789

80 90
10 11 12 13 14 15 16

M )

1 2

1636 —
1018 —

757

<566
517 _
506

396
344
298

<378

Fig. 1. Detection of the transcriptional strength across the junction of the ColE7 polycistronic transcript by RT-PCR arglyie $trategy for

RT-PCR amplification of the polycistronic transcripts from the ColE7 operon. Open bars represent the open reading frames of the ColE7 operon
(Soonget al., 1991). Locations of the oligonucleotide primers, P1-P5, on the ColE7 operon are indicated. P4 is a common forward oligonucleotide
primer and P2, P1 and P5 are reverse oligonucleotide primers for the detection of transcriptional strength at the designated junctions of the
polycistronic transcript. PB is an oligonucleotide primer for the detection of transcriptional initiation sites of the ColE7 operon. The hatched bars
represent the sizes of the PCR-amplified fragments. The relative position of the SOS box is also sleaandHeei are the promoters of theea

andcei genes respectively. T1 and T2 indicate the relative locations of two putative hairpin structures of the dd)eAmarfse gel electrophoresis

of the RT-PCR amplified fragments. The RT-PCR products were analyzed by 3% agarose gel electrophoresis. At each time jopuosal, 20

mRNA from W3110(pColE7) were used for RT-PCR analysis. 2.5 U retrotherm reverse transcriptase were useglireadi®n mixture for each
reaction. After reaction, 1fil RT-PCR product from each time interval were loaded onto a 3% agaorose gel. Lane 1, molecular mass markers.

Lane 2, amplification of the 378, 566 and 757 bp fragments with ColE7 plasmid DNA as template, mixed P4, P5, P1 and P2 as primers and
retrotherm reverse transcriptase as polymerase for the PCR. This amplification pattern was used as a reference. Lanes 3-14, RNA samples from the
corresponding time points (30, 60, 80 and 90 min respectively) after mitomycin Gu¢dnl) induction were amplified with retrotherm reverse
transcriptase. Lanes 3, 6, 9 and 12, amplification patterns of the 378 bp fragment with P4 and P5 as primers; lanes 4, 7, 10 and 13, amplification
pattern of the 566 bp fragment with P4 and P1 as primers; lanes 5, 8, 11 and 14, amplification pattern of the 757 bp fragment with P4 and P2 as
primers. Lanes 15 and 16 are negative control panels. Lane 15, amplification of a RNA sample from the 90 min time point with Tag polymerase,
instead of retrotherm reverse transcriptase, and P1, P2, P4 and P5 as mixed primers. Lane 16, RNA isolated from W3110(pUC18) amplified by
retrotherm reverse transcriptase with P1, P2, P4 and P5 as mixed primers. Positions of the 378, 566 and 757 bp fragments on the agarose gel are

indicated.+ and —, positive and negative control panels respectively.

The results of PCR amplification of the DNA template
from the ColE7 plasmid are shown in Figure 1B (lane
2). This positive control experiment indicated that the
amplification intensity of the 757, 566 and 378 bp frag-
ments were derived from the same copy number of DNA
templates. Using this RT-PCR method to amplify the
MRNA extracted from cells containing the ColE7 operon
at different time intervals, we found that the intensities of

enon may most probably be due to post-transcriptional
processing or decay of the polycistronic ColE7 mRNA.

Localization of site-specific cleavage of the ceiE7
transcript
To investigate the cause of the differential degradation
rates of MRNA during induction, we performed primer
extension with P1 as the extension oligonucleotide primer

these three fragments at the 30 min time point were similar and ceicel transcript as the template. Surprisingly, ‘a 5

(Figure 1B, lanes 3-5). Comparing the relative intensities
of the RT-PCR products (Figure 1B, time intervals 30—
90 min), it was found that the copy number of the target
mRNA amplified by oligonucleotide primers P4 and P5
was far more than that of mRNA amplified by the other
two sets of oligonucleotide primers. In contrast to the
increase in promoter activity during induction (oligo-

nucleotide primer PB as extension primer; data not shown),

the quantities of mMRNA produced from the RT-PCR

end truncated transcript which terminated at a specific site

between the G and A nucleotides of the Asp52 codon of
ceiE7 (Figure 2) was detected. This result was further
confirmed by using oligonucleotide primer P2 for primer

extension (data not shown). Neither primer P1 nor P2
could be used to detect the transcription initiation site

for thei gene (Figure 2). However, two transcription
initiation sites (Soonget al., 1994) for thecei gene were

detected when primer P5 was used. It seems most likely

products gradually decreased. Moreover, production for that breakage of the transcript at the Asp52 codon of the
these three fragments appeared to be different. It wasceiE7 transcript is indeed a specific cleavage site created
noticed that the amounts of the 566 and 757 bp fragmentsafter transcription. This specific cleavage was found under

decreased faster than that of the 378 bp fragment. These

both non-induced and induced conditions (Figure 2).

unexpected patterns of amplification indicated that some Furthermore, the accumulation of a larger amount of

unknown factor(s) may be involved in the regulation of

truncatedcel transcript coincided with an increase in

copy number of mMRNAs during induction. This phenom- transcriptional initiation at the SOS response promoter of

1445



S.-Y.Hsieh et al.

+MMC

| |
15'30'60'80"

-MMC
™ |
C G T A 3045600

A -

C

C

T — -

T -

G -

C

c i
»T

A

G -

A -

C .

T

A

Fig. 2. Localization of the specific cleavage site of tt&E7

transcript. RNAs were prepared from cultures either with or without
mitomycin C induction. Sampling time points for RNA preparation are
indicated. A 40ug RNA aliquot from each sample was used as
template and primer P1 was used for both primer extension and
nucleotide sequencing of the region. The method for primer extension
is described in Materials and methods. Location of the specific
cleavage site of theeiE7transcript was identified by the sequencing
ladder, which was run alongside the extension signals. An arrow
indicates the location of the specific cleavage site ofchi&7

transcript. MMC, mitomycin C+ and —, with and without MMC
induction respectively.

the ColE7 operon (Soongt al, 1994). Because of this
specific cleavage, intacea-ceicel transcripts should be
rarein vivo and can only be detected by a more sensitive
RT-PCR amplification method (Figure 1, the 757 bp
fragment).

Site-specific cleavage of the ceiE7 transcript is
mediated by ImnmE7 protein

RNase E and RNase Il are the two most common
endonucleases for degradation of RNA (for reviews see
Belasco and Higgins, 1988; Higgiesal.,, 1992). However,
the ceiE7mRNA extracted from RNase-deficient mutants
(Escherichia coliN3433, N3431, RS6521 and SW001)
carrying the ColE7 operon could not prevent the transcripts

from being cleaved at the specific cleavage site (data

not shown).

In vitro transcription was employed to study whether the
specific cleavage occurred spontaneously or conditionally.
When under the control of the SP6 promoter (Melton
et al, 1984), a full-lengttceiE7run-off transcript (528 nt)
initiated at the SP6 promoter was obtained (Figure 3).
Specific cleavage was not observed under thiesétro
conditions (Figure 3, lane 1). Specific cleavage was
reproduced only if either purified ImmE7 or a crude
extract fromE.coli harboring aceiE7gene was present in

Fig. 3. ImmE7-dependent site-specific cleavagecef E7 mRNA. In

vitro run-off ceiE7 transcripts were prepared using the SP6 expression
system. The 528 bp fragment as indicated was a full-length run-off
transcript. Primer P1 was used both for primer extension and for
nucleotide sequencing of the region. 100 ng SP6 promoter-transcribed
RNA were used for each primer extension experiment. Lane 1, primer
extension of the untreated run-off transcripts. Lanes 2—7, primer
extensions of the run-off transcripts under different experimental
conditions. Lanes 2 and 3, transcripts were treated withu@.Burified
ImmE7 for 5 or 10 min respectively; lane 4, transcripts were treated
with 0.3 pug purified colicin E7; lane 5, transcripts were treated with

5 ul cell extract fromE.coli IM109 containing pGEM3Z(f) for

30 min; lanes 6 and 7, transcripts were treated wifll 6ell extract

from E.coli IM109 containing plasmid pYAN13R (an expression
vector containing theeiE7 gene for the preparation of run-off
transcripts in this work) for 5 or 10 min respectively. Lanes 8 and 9,
negative and positive controls. Lane 8, primer extension ofi¢0

RNA preparedn vivo from E.coli W3110 containing pUC18. Lane 9,
primer extension of 5ug RNA preparedn vivo from E.coli W3110
containing pColE7. All primer extensions were performed in20
reaction mixtures and fil of each sample were loaded in each lane
for electrophoresis. Since the positions of the full-length run-off
transcripts and the truncated-@énd transcripts on the sequencing gel
are wide apart, for clarity only the top and bottom parts of the gel are
shown.

chromatography (data not shown). This protein crystallizes
in two distinct forms with the vapor diffusion method (Ku
et al, 1995) The monomeric ImmE7 structure was solved
by the multiple isomorphous replacement method using
orthorhombic crystals (Chadt al., 1996) Dimeric ImmE7
crystallizes in monoclinic space group P&ith cell
dimensionsa = 28.94 A b = 101.67 A,c = 52.62 A
andp = 92.6°, indicating that four InmE7 molecules are
arranged in an asymmetric unit. The Matthew’s coefficient
(Matthews, 1968) would be 2.043Da and the estimated

the assay system (Figure 3, lanes 2, 3, 6 and 7). Thesesolvent content is 40%. The structure was solved by
experimental results thus imply that the ImmE7 protein is the molecular replacement method using the monomeric
required for this specific cleavage. Probably, ImmE7 ImmE7 structure (Chalt al, 1996) as searching model.
exhibits a novel RNase activity to cleave its own transcripts Details of structure determination are described in
at a specific site. Materials and methods.

The final model contains two dimeric pairs (M1/M3
Crystal structure of dimeric ImmE7 and M2/M4) of ImmE7 with 2792 non-hydrogen atoms
The ImmE7 protein maintains an equilibrium between and 127 water molecules. The structure of the four
monomeric and dimeric forms that can be detected by individual molecules, M1, M2, M3 and M4, in the asym-
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responsible for docking the N-terminal strand of the

Table I. X-ray diffraction statistics for monoclinic InmE7 . . . .
counter monomer. Several acidic amino acid residues,

Crystal size (mnxmmxmm) 0.5x0.3x0.1 Asp32, Asp35 and Glu39, located in the protruding area
Space group P2 of Helix 1, Helix 2 and Variable Loop 2 of monomeric
Unit cell dimensions as igf?AA IMmE?7 (Chaket al., 1996) were predicted to be involved
c=526 A in interaction with ColE7. In contrast, these residues are
o =y=90°p = 92.6° buried in dimeric ImmE?7, indicating that interaction of
Resolution (A) 1.8 dimeric ImmE7 with colicin seems impossible. This result
Molecules per asymmetric unit 4 suggests that dimeric ImmE7 could have some distinct
Number of observed reflections 182 726 biological functions other than inhibition of its cognate
Number of unigue reflections 28 088 lici
Completeness (to 1.8 A) 97.4% coficin.
Rmergea 6.3%
Number of non-hydrogen atoms The crystal structure of dimeric InmE7 presents
éll (t|n_clud|ng solvent molecules) 227%:;9 possible RNase active sites
Solvent molecules e The structures of RNase A and its complexes with various
R factor (%) 6.0-1.8 A 18.4 substrat(_e analo_gs have established a mechanism for the
Riree (%) 26.8 hydrolysis reaction (Wodakt al., 1977; Nachmaret al.,
r.m.s. deviation from standard geometry 1990; Zegerset al, 1994). Three residues in the active
sond fr:‘%tehss(ﬂ’;) 0020 site, His12, Lys41 and His119, of RNase A participate in
AverageB fgctor (23) ' the hydrolysis reaction. His12 and His119 are located on
For all non-hydrogen atoms 27.7 either side of the cleaved phosphate group and the amino
All protein atoms 275 group (NZ) of Lys41 lies in the vicinity of the ribose
Solvent atoms 329

phosphate portion of the inhibitor. His12 behaves as a
general base and substracts a proton from th©R2

group, whereas His119 acts as a general acid and furnishes

a proton to the 5oxygen as it is being displaced from

the phosphorus by nucleophilic attack of theoXygen

metric unit contains all of the 87 residues, which are atom. Lys4l forms a salt bridge with the negatively
numbered 101-187, 201-287, 301-387 and 401-487 charged oxygen bound to the phosphorus and stabilizes
respectively. Details of crystallographic statistics are listed the transition state.

aRmerge: ZhZi/Ih,i—Eﬂh[]]/ZhZilh,i, Where[I]hIZIis the mean intensity af
observations for a given reflectidn

in Table I. The Ramachandran plot (Ramakrishnan and By examining the structure of dimeric ImmE7, we
Ramachandran, 1965) shows that all but three residuesfound a pair of histidine residues (His40) which are located
have@, | angles out of the allowed range. The geometry in the interface of the two subunits (Figure 4). His140

was further checked by the program PROCHECK and His340 refer to the same His40 residue from different
(Laskowski et al, 1993), in which 303 non-glycine subunits (M1 and M3 respectively). The distance between
residues (93.5%) are in the most favored area and 21the a-carbons of the two histidine residues, His140 and
(6.5%) in allowed regions. His340, is ~7 A, comparedn8tA for RNase A (His12

The backbone secondary structure of the dimer asand His119). A lysine residue (Lys343) which is located
assigned by PROCHECK is found to be identical to close to the histidine residues is also found in ImmE7.
monomeric ImmE7 (Chalet al, 1996) in that they all Superimposition of the three residues (His12, His119 and
consist of four anti-paralleti-helices: Helix 1 (12-25), Lys41l in RNase A and His340, His140 and Lys343 in
Helix 2 (32-45), Helix 3 (52-55) and Helix 4 (65-78). In ImmE7) by least squares fitting of the corresponding
the monomeric structure, the N-terminal strand is parallel atoms gave an average r.m.s. deviation of only 1.20 A.
to Helix 2, however, in the dimeric structure, it is almost As shown in Figure 5A, when the active site of RNase A
perpendicular to Helix 2. The ‘open’ conformation of the is superimposed on the proposed one of ImMmE7, the
N-terminal strand helps to interlock the counter subunit in imidazole rings of the histidines in the two enzymes can
the dimeric structure (see Figure 4). The major interactions be overlapped in the same region by rotating the dihedral
between the two ImmE7 molecules in a dimer involve angle (G—Cg) of His140 by 120° in the ImmE7 structure.
Helix 2. The two helices propagate in opposite directions, This rotation is allowed because it would not cause
with the nearest backbone atoms separated by 6.5 A andadditional unfavorable Van der Waal's contacts. It has
an angle between the two Helices 2 of ~75°. Three been shown that the general acid His119 in RNase A
residues, Val33, Val36 and Leu37, from each monomer exhibits conformational mobility. By rotating about its
are involved in hydrophobic contacts. These side chains ,—Gg bond, the imidazole side chain can occupy two
form a hydrophobic core structure at the dimer interface. distinct conformations (Zegeet al,, 1994). It is possible

Surface areas of individual ImmE7 monomers range from that the conformation of His40 in ImmE7 may change
5538 to 5711 A The buried solvent-accessible surfaces after binding to RNA.

for each molecule are 882%Xor the dimer M1/M3 and The striking resemblance between RNase A and ImmE7
859 A2 for the dimer M2/M4 (calculated by Areamol in is not only found in the proteins, but also in their water
CCP4). A stable dimer of comparable molecular weight structures. In the structure of phosphate-free RNase A
covers ~750 A (Janinet al., 1988), therefore, this dimeric ~ (Wlodaweret al., 1988), two water molecules were found
ImMmE7 structure should be stable in solution. In addition in the phosphate binding pocket. When compared with
to the central hydrophobic core, residues Leu34, Leu38 the structure of substrate-bound RNase A, one of the
and/or Val42 form a hydrophobic patch which may be water molecules overlapped with the phosphate oxygen
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Fig. 4. Stereo views of the overall fold of dimeric ImmE7. The two subunits are colored pink and blue (M1 and M3) respectively. The four helices
in the pink monomer are labeledl-a4. The N-terminal tails are oriented in an ‘open’ conformation to interlock with the counter subunit. The
residues possibly involved in the RNase active site are colored yellow for His40, blue for Lys43 and red for Glu39. His140 and His340 refer to the
same His40 residues from subunits M1 and M3 respectively. The figure was prepared with MOLSCRIPT (Kraulis, 1991).

atom (near position O2). In dimeric InmE7, there are also GRASP (Nicholls and Honig, 1991) shows a groove at

two water molecules located between the two histidine the interface of dimeric ImnmE7 between two adjacent

residues (see Figure 5A), indicating that His140 and Helices 2 (Figure 6A). A deep hole in the middle of the

His340 in dimeric ImmE7 could act as a general acid and groove could be the binding site for the phosphate group

base for RNase activity. and the two histidines are located exactly above and
In addition to mammalian RNases, the structure of one beneath the hole. Figure 6B shows a close-up of the

enzyme, RNase Rh, in the larger microbial family has proposed RNase active site in dimeric ImmE7, with the

also been solved. The active site of RNase Rh (Kurihara three residues His140, His340 and Lys343 located on the

et al, 1992) is similar to that of RNase A. Furthermore, molecular surface, reachable by mRNA. There are several

study of a smaller family of microbial RNases suggested exposed basic residues located along the groove (Lys43,

that a histidine and a glutamate are the general acid and Lys81 and Arg76) (Figure 6A). Thus, this long groove

base. These two residues in RNase Ms (Nonekal., in the dimeric interface could be the binding site for

1993) nearly coincide with the His12 and His119 residues ribonucleic acids.

in RNase A. Despite the differences in their primary

amino acid sequences and tertiary structural folding, Site-specific cleavage of ceiE7 mRNA can regulate

there are similarities between mammalian RNase A and translational expression of the downstream celE7

microbial RNases in the arrangement of the catalytic transcript

residues (Nonakeet al, 1993). These enzymes may celE7 is the third gene of the ColE7 operon and is

have similar chemical mechanisms for phosphodiester promoterless (Chak and James, 19&%;aCha891).
hydrolysis. The regulation of expression @elE7 is still unclear. It

In the vicinity of the active pocket we also find a nearby has been noted that not only is the translational stop codon
glutamate (Glu39) that could act as a general base, asof ceiE7 located within the T1 stem—loop (Figure 7A),
observed in the smaller family of microbial RNases. It but also that the ribosome binding s@H=ais situated
seems possible that the general acid and base of ImnmE7ear the 3-end of the T1 stem—loop structure (Figure 7A).
are a histidine and a glutamate from either monomer. As Therefore, we speculate that cleacagfe/ thRNA
shown in Figure 5B, the residues His240, Glu439 and may play animportant role in the regulation of translational
Lys243 of dimer M2/M4 overlap nicely with the corres- expressiot@E7 mRNA.
ponding residues of barnase. With distinct InmE7 dimer  In order to investigate the regulation oélE7 expres-
pairs (Figure 5A and B) for comparison, it was demon- sion, three translational fusion mutants were generated.

strated that the structures of the active sites in dimers M1/ The recombinant plasmids, pHK001-13R, pHK001-14R

M3 and M2/M4 are identical. The average r.m.s. deviation and pSE4R, contaildiog promoter€eiE7celE7

between the corresponding atoms of the residues involvedfusions (Figure 7B), were constructed. pHK14R was an

in the active site in barnase and ImmE7 is 1.43 A. out-of-frame fusion mutant that created a new translational
The molecular surface of ImmE7 calculated using stop codon, UAG, 88 nt upstream of the original stop
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Fig. 5. (A) Superimposition of the active site of dimeric ImmE7 (M1 and M3, in yellow) on that of mammalian RNase A (in green). The residues
His12, His119 and Lys41 of RNase A overlap with His340, His140 and Lys343 of dimeric ImnmE7 at the same positions when the imidazole ring of
His340 is rotated by ~120°. The rotated His340 is colored gray. Two water molecules, indicated by round spheres, are observed in the pocket of the
active site of phosphate-free RNase and two water molecules were also found in the proposed active site of BjnSupérimposition of the

active site of dimeric ImmE7 (M2 and M4, in yellow) on that of microbial barnase (in green). The residues involved in the hydrolysis reaction in
barnase, His102, Lys27 and Glu73, are located in the same region as His240, Lys243 and Glu439 of ImnmE7. The two overlapping figures used two
different dimer pairs (M1/M3 and M2/M4) to show that the geometry of the residues located at the proposed active sites in both of the dimers are
similar.

codon (Figure 7A). pSE4R produced a translational stop ribosome to the Shine—Dalgano sequesi€d ahd
site (UGA) located 29 nt downstream of tlkeeiE7 stop thus translation of theelE7gene is impossible. Obviously,
codon. With isopropypB-p-thiogalactoside (IPTG) induc- cleavage of tteE7transcript may have a similar effect
tion, cells containing either pHK001-13R (in-frame fusion; in favoring formation of the T1 stem—loop structure.
Figure 7A) or pSE4R started to lyse 30 min after induction Consequently, translational coupliegE@fand celE7
(Figure 7B), whereas cell lysis was not observed in cells is disrupted.

carrying pHK001-14R upon IPTG induction. These results

suggest that ribosome pausing at the translational stopp: .

cogcg)n of theceiE7 cistroﬁ mayghinder formation of the PDiscussion

T1 hairpin structure in such a way that binding of the Bothvivo andin vitro evidence support the idea that
ribosome to the Shine—Dalgano sequenceaE7is not ImMmE7 may autoregulate the cleavage of its own mRNA.
interfered with and as a result translation ofIE7 is The crystal structure of dimeric ImMmE7 shows that the
initiated (Figure 7B). In contrast, as in the case of pHK001- possible RNase active site is located at the dimer interface.

14R (Figure 7B), ribosome pausing occurs 88 nt upstream The cleavage event may induce decay of upstream mRNA
of the original termination codon and thus formation of and at the same time turn off translational expression of

the stem—loop structure in the T1 region is favored. As a downstoedaY. The sequence specificity of this putat-

result, this hairpin structure may block binding of the ive enzyme is unclear, but the specific cleavage site of
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A

Fig. 6. (A) The molecular surface of InmE7. The groove at the interface of dimeric ImMmE7 between two adjacent Helices 2 was calculated by
GRASP. This figure also displays the locations of the two histidines (His140 and His340) and all the basic residues (Lys and Arg). The surface
histidine is colored yellow, lysine blue and arginine green. The basic residues are distributed along the groove and therefore could be responsible for
docking the mRNA into the grooveB] A close-up of the proposed RNase active site of dimeric ImmE7. The RNase active sites are located in a

deep pocket in the middle of the groove in dimeric InmE7. Residues His140, His340 and Lys343 are located on the surface of the central pocket
and the two histidines, which are probably the general acid and base for the phosphodiester hydrolysis reaction, are located exactly above and
beneath the pocket.
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site

lacZ promotor
—>

T1 stem loop Cell Lysis

GG IPTG-Induced
pHKOO1-14R stop A A ( )
A u pHKO01-13R UGA
éJ AS UB ﬁG wild type MRNA \ Translation
€8 GU cei —— cel +
UA UG pSE4R stop
AU UA pHKOOT-14R G
Cleavage UUAA dc
CG GU lacZ:: cei ®
A6 / UAAU ((:: g out frame of cei > -
UG
GGUACUG AL”A 6< ™
C AU PSE4R
cgcA AU i e
UA uG € lacZ: cei
AU A out frame of cei — | RS . +
AAAAAUUACUGAGC  AGCCCCGAAGGGAUUGUCAAG Uﬁ 8
A
A
GUCGAGCGGUAAGAAAUUA® cej stop!G ¢ cel start
o UA _
UAACGGUAAGCCAGGAUUUAAACAGGGE  CAACAAGGAGULGUUAUGAAAAAA v, N WV %
Ribosome binding site lacz cei cel pepetide ribosome

Fig. 7. Translational coupling ofeiE7andcelE7. (A) Predicted secondary structure of tt&E7 mRNA showing the possible specific cleavage site
and the T1 stem-loop structure. The arrow indicates the ImmE7-dependent cleavage site. Positions of the original stop codomrelE3Andf

the ribosome binding site, GGAGU, oEIE7 are indicated. Locations of the created stop signs (pHK001-14R and pSE4R) oei-telE7

polycistronic transcript by out-of-frame translational fusion are also shoB)nS¢hematic representation of the translational read-through éeiii7?

to celE7. The genetic organization of the ColE7 operon (not to scale) is shown. The hypothetical position of the specific cleavage sitei on the
gene is shown by a downward arrow. Positions of the two stem—loop structures (T1 and T2) of the operon are also shown. Horizontal arrows
indicate either the direction of transcription or translation of recombinant plasmids pHK001-13R, pHK001-14R and pSE4R respectively. pHKOO01-
14R and pSE4R are two out-of-frame fusions and pHK001-13R is an in-frame fusion. The effects of IPTG induBioaligtrain JIM109

harboring the corresponding recombinant plasmids are shown in the right hand panel. Cells were grown in LB mediurggtpo @Pand then

IPTG was added to a final concentration of @ml. + and —, cell lysis occurred or did not occur respectively after MMC induction.
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ceiE7 mMRNA has been identified and located in the enough to protect cells from the toxic effects of either
proposed secondary structure (Figure 7A). Furthermore, exogenous or endogenous colicin produced by basal level
ImMmE7 protein is a multifunctional protein. It is well expression of the operon. If the amount of ColE7 polycis-
documented that this protein protects colicin-producing tronic transcript increases substantially by overexpression
cells by inactivating colicin toxicity. The monomeric from the inducible promoter, then a new state of dynamic
crystal structure of ImMmE7 suggests that the highly nega- equilibrium will be created, whereby more dimeric ImmE7
tively charged Helix-1-Loop—Helix-2 region of the protein  from the ImmE7 pool will be formed to cleave its own
may bind to the T2A domain of colicin (Ket al., 1995; transcript. As a result, autoregulation of translational
Chaket al., 1996) and as a result the DNase domain of expression of the ColE7 operon will be achieved.
colicin is inactivated. Translocation of colicins is coupled  Delayed expression of theel gene in response to
with that of its cognate immunity protein, suggesting that induction of the SOS promoter (Lu and Chak, 1996) has
Imm protein may act as a chaperone-like substance tobeen observed. This phenomenon can be explained by
assist exportation of colicins through the membrane. the presently proposed autoregulatory pathway. Excessive
Interestingly, cells containing theeiE7 gene are more  amounts of housekeeping dimeric InmE7 may cleave the
resistant to low temperatures than host cells containing cea-ceicel polycistronic transcripts at a specific site
noceigene (data not shown), suggesting that the functional located in thecei gene, leading to uncoupling of transla-
targets of InmE7 may be far broader than we previously tional expression (Figure 7B) of theel gene. However,
expected. if induction of the SOS response promoter is sustained
Bovine seminal RNase, which belongs to the same for 100 min, as in the case of the ColE7 operon (Lu and
superfamily as RNase A, is the only dimeric RNase Chak, 1996), the amount of housekeeping dimeric ImmE7
isolated thus far (Piccolet al, 1992). Two disulfides is no longer sufficient to cope with the vastly increased
reinforce the non-covalent links between the two subunits. Numbers ofcea-cei-cel polycistronic transcripts and, in
In the crystal structure of naturally dimerized seminal this situation, overexpression of tkel gene would cause
RNase, the two subunits swap their N-terminal segments cell lysis. o o
and the composite active sites are made by residues from It is known that translation |_nfluences the access!bm_ty
the two different subunits. The nature of these shared Of endonuclease cleavage sites (Belasco and Higgins,
active sites is similar to that proposed for dimeric Inmg7. 1988; Higginset al, 1992). Pauses in polypeptide chain
Rop protein, encoded by the ColE1 plasmidEotoli, is elongation have bee;n reported to result from unusual
another example of a dimeric RNA-binding protein (Predki €odon usage for colicins (Varenre al, 1982; Morlon
etal,, 1995). It binds hairpin pairs formed between RNA || €t al, 1983). We have also observed that many non-
and RNA | and regulates plasmid copy number. X-ray optimal codons are used eeiE7mRNA. This observation
crystallographic studies (Bannet al., 1987) have shown ~ indicates that translational pausing may occur during
that dimeric Rop forms a four helix bundie structure and ranslation ofcei mRNA, thereby the formation of a
a recent genetic analysis demonstrated that RNA binding specific MRNA secondary structure dueto thls_translatlonal
determinants reside on one face of the protein formed by P2Useé may be susceptible to ribonucleolytic attack by

two helices (1 and ), one from each monomer. The dlrg?rlc lmrInEZ"d directed sit " . s of
residues form a thin stripe down the center of this face Igonucieoude-directed Site-Specilic mutagenesis o

and it is suggested that the protein and RNA interact in a the cei gene has been carried out to investigate the actual

parale fasion. The cenral core of cimerc Imm7 s S, Ste beeer IEL and COET praen. e
similar to a four helix bundle structure and we suspect

. : ; of the putative RNase active site of ImnmE7. We have also
that RNA binds between the two Helices 2. The predicted , . -
secondary structure of the mRNA around the pcleavage designed a set of experiments to locate the mRNA binding

S - . . site of dimeric ImmE7. Moreover, co-crystallization of
site Is a hairpin structure. It is "’.IISO possible that ImmE7 ImmE7 with ColE7 or RNA analogs is under investigation.
specifically recognizes this kind of RNA structure,
similarly to Rop, the binding of which has been shown to
be structure specific.

The proposed autoregulatory pathway of expression of Bacterial strains, plasmids and growth conditions
the ColE7 operon controlled by ImmE7 is shown in EscherichiacolW3110 (ColE7-K317) from the collection of Dr R.James
Figure 8. The central theme of this autoregulation is the (l%gg')‘et al 1091) ancE.coll Wa110 and JM109 (varisch Perrenal,

. T . . . were the ostsotepasmlsuse in this s gherichia coli
dynamlc eqU|I|br|um between the monome”_c and dimeric K12 isogenic strains N3433acz43, relA, sporl, thil), N3431 (ne-
form of |mmE7_- We_pfopose that_the funC_UOr? of mono- 3071ts), RS6521rc: Tn1GTet mc) and SWOO1 ic:: Tnl0is (ne-
meric ImmE7 is to inactivate colicin by binding to the 3071) Tet mc?) were kindly provided by Dr Sue Lin-Chao. Plasmids
T2A domain. In addition. dimeric ImmE7 exhibits a novel PHKO001-13R and pHKO001-14R were constructed from derivatives of

L . Exolll-digested pHKO01 (Soongt al, 1992). pHK001-13R contains
RNase activity and can be expected to regulate translationaly . yya fragment ofcei-cel from nt 110 to theEcaRI site of pColE7

expression _Of theel as W?” as th@eagene by specjfic (the first nucleotide of theeiE7 start codon is defined as1), while
cleavage of it own transcriptseiE7contains two constitu- pHKO001-14R and pSE4R include the sequence frob#1 to theEcoRI
tive promoters (Soongt al., 1994). Therefore, we hypo- site and+252 to theEcaR site respectively. These three DNA fragments

; ; Y . L were cloned into pUC19. pYAN13R was as pHK001-13R except that
thesize that expression of theeiE7 gene is mdependent . the cloning vector was pGEM3Z(f). Bacteria were cultured in L broth.
of the SOS response promoter of the ColE7 operon. Th_|5 For selection or induction, ampicillin, IPTG and mitomycin C (MMC)
speculation has been confirmed by Western blot analysis,were added to final concentrations of 100, 20 anc.@nl respectively.
which demonstrated that IMmE7 is at least 20 times in pun 00 oy techniques
excess of colicin E7 (our unpublished data). Therefore, restriction enzymes, SP6 RNA polymerase, RNase-free DNase |, T4
the amount of housekeeping IMME7Y protein is more than polynucleotide kinase, M-MLV and retrotherm reverse transcriptases,

Materials and methods
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Fig. 8. Autoregulatory pathway for control of expression of the ColE7 operon. The amounts of monomeric and dimeric ImmE?7 iproteinare
in a state of dynamic equilibrium. Monomeric ImmE?7 inhibits the toxicity of colicin by binding to the T2A domain, whereas dimeric ImmE7

exhibits a specific RNase activity to control translational expression of the ColE7 operon. If induction of the SOS response promoter only lasts for a
short time, the uncoupling of transcription and translation exerted by the ribonucleolytic activity of dimeric InmE7 can keep the Lys pebteins (

gene product) well below the lethal dosage. Thereby cell integrity will be maintained. On the other hand, if induction of the SOS promoter lasts for
an extended period, the amount of dimeric ImmE7 will not be adequate to keep the Lys proteins below the lethal threshold level and thereby cell
lysis of the producing cell may occur. A detailed description of this autoregulatory pathway is provided in the Discussion section. A possible role of
LysE7 in exportation of the Col-Imm complex is shown. TolA and TolB are the two outer membrane proteins involved in translocation of colicins.

A schematic map of the ColE7 operon and the possible specific cleavage sitecefi trenscript are also shown.

DNA sequenase and DNA ligase were purchased from BRL, Promega,
Boehringer Mannhein or Epicentre Co. and were used according to the
manufacturer’s instructions. Plasmid isolation, restriction, ligation and
transformation were carried out as described by Sambebak (1989).

Isolation of total RNA, primer extension and RT-PCR
Total RNA was extracted from lysed cells by the hot phenol method as
described by von Gabaiet al (1983). For induction, bacteria were
grown to an ORgyof 0.4 in L broth before addition of MMC (0.ag/ml)
or IPTG (20pg/ml). Samples were withdrawn at different time points
and total RNA extracted and analyzed by primer extension (Sambrook
et al, 1989) or used as templates for RT-PCR amplification.
Oligonucleotide primers used in the experiment were as follows:'P1, 5
CTGGCTTACCGTTAGCAGC; P2, 5GACGACGGTGATACTGTCC;
P4, 53-GACTTAGGTTCTCCTGTTCC; P5, 5CTAACACATCATCA-
GT,; PB, B-CCACCTGTGTTATGTGCGCC.
RT-PCR was performed at 94°C for 1 mim, 40°C for 5 min and 70°C
for 10 mim for the first cycle and at 94°C for 1 min, 45°C for 75 s and
70°C for 2 min for another 30 cycles.

Preparation of crude extracts and purification of ColE7 and
ImmE7

with a linear DNA template containtej geme. The detailed
procedure was as described previously by Mekoml. (1984).

X-ray data collection and processing

Single monoclinic crystals were grown at room temperature by the
sitting-drop vapor diffusion method from ammonium phosphate solution
as described earlier (Ket al, 1995). X-ray diffraction data were
collected using an R-AXIS |l image plate detector equipped with a
Rigaku RU-300 generator operating at 50 kV and 80 mA. The data
collected on a single monoclinic crystal at room temperature were
processed using RAXIS software. Detailed statistics for the native data
are listed in Table I.

Structure determination

The monoclinic crystal form of ImmE7 belongs to space group. P2
Calculations of self-rotation maps at different resolution ranges using
XPLOR (Brunger, 1992) yielded prominent peaks for two non-crystallo-
graphic dyads in the directions of tlee and c-axes, corresponding to
spherical angles af = 90° andp = 0 and 90° respectively. The refined
structure from the orthorhombic 1222 crystal was employed as a search
model in a cross-rotational search. Several different resolution limits,
ranging from 5 to 2.5 A, were used in the rotation function calculations.

Preparation of S-30 extracts was according to the method described by The rotation function searches yielded 150-200 highest peaks, which

Mackie (1991). Purification of ColE7 and ImmE7 were as described
previously (Chalket al., 1991; Kuet al.,, 1995).

Assay of RNase activity and in vitro transcription
RNase activity assays were performed as described by Mackie (1991).
In vitro transcription oteiE7was carried out using SP6 RNA polymerase
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were then subjected to filtering by PC refinement procedures in XPLOR.
No straightforward solution was obtained from a single search, but
among the peak positions with the highest PC values, four sets of angles
were extracted by comparing results from different resolution ranges.

These angles persistently appeared at the top of the lists and represented

four possible orientations of InmE7 molecules in the monoclinic unit



cell. They are §,, 8,, 83) = (65.5°, 66.5°, 97.5°), (66.5°, 63.0°, 273.5°),
(228.0°, 73.0°, 159.5°) and (238.5°, 77.0°, 333.5°). We noticed that the
first orientation (M1) is related to the second (M2) and the third (M3)
is related to the fourth (M4) by a non-crystallographic 2-fold symmetry
that is almost parallel to the-axis.

The translational function search was divided into two parts: (i) a
search in thea— plane for each of the four InmE7 molecules; (ii) a
search along the-axis for relative positions between the molecules. To
carry out (i), different resolution ranges were tested to produce a clearly
interpretable map for each molecule. Four major peaksxat)( =
(0.188, 0.094) for M1, (0.281, 0.094) for M2, (0.483, 0.047) for M3 and
(0.031, 0.063) for M4 were found. For the translational search (i),
diffraction data between 12 dr8 A resolution withF/c > 3 were used
in the calculation of intermolecular translation functions in which M1
was fixed at the origin while M2, M3 or M4 was moved along the
b-axis. A unique peak was observed for M2 yat= 0.789, with the
addition of the half-lattice vector (0, 0, 1/2); for M3 it wasyat= 0.031
with vector (1/2, 0, 1/2); for M4y = 0.750 with vector (1/2, 0, 0).
Highly consistent results were obtained with one of the other three
molecules fixed and these reconfirmed the disposition of ImmE7 molec-
ules in the monoclinic unit cell.

The N-terminus of M1 was in poor contact with Helix 2 of M3 near
residue 36 in the starting model. The N-terminus of M3 was also in
contact with Helix 2 of M1, again near residue 36. Similar relationships
were observed between M2 and M4. In spite of the N-terminus and
Helix 2 being in poor contact, no other parts of the protein molecules
interacted unfavorably with its neighbors. Rigid-body refinement of the
four molecules against 19 710 reflections between 2D23A resolution
with F/o > 2 yielded anR value of 0.42. The N-terminal residue Leu3

A novel RNase activity and structure of ImmE7

B12 and the E colicins on the outer membrane of the cell envelope.
J. Bacteriol, 115 506-573.
Herschman,H.R. and Helinski,D.R. (1967) Comparative study of the
events associated with colicin inductiah. Bacteriol, 94, 691-699.
Higgins,C.F., Peltz,S.W. and Jacobson,A. (1992) Turnover of mRNA in
prokaryotes and lower eukaryot€xurr. Opin. Genet. Dey2, 739-747.
Janin,J., Miller,S. and Chothia,C. (1988) Surface, subunit interfaces and
interior of oligomeric proteinsJ. Mol. Biol., 204, 155-164.
Jensen,R.B. and Gerdes,K. (1995) Programmed cell death in bacteria:
proteic plasmid stabilization systenmdol. Microbiol., 17, 205-210.
Koepke,J., Maslowska,M., Heinemann,U. and Saenger,W. (1989) Three-
dimensional structure of ribonuclease T1 complexed with guanyly-
25'-guanosine at 1.8 A resolutiod. Mol. Biol., 206, 474-488.
Kraulis,P.J. (1991) MOLSCRIPT: a program to produce both detailed
and schematic plots of protein strudtufgspl. Crystallogr, 24,
946-950.
Ku,W.-Y., Wang,C.-S., Chen,C.-Y., Chak,K.-F., Safo,M.K. and Yuan,H.S.
(1995) Crystallization and preliminary x-ray crystallographic analysis
of ImmE7 protein of coliciRr&e@ins Struct. Funct. Genef3,
588-590.
Kurihara,H., Mitsui,Y., Ohgi,K., Irie,M., Mizuno,H. and Nakamura,K.T.
(1992) Crystal and molecular structure of RNase Rh, a new class
of microbial ribonucleaseRhiropus niveusFEBS Lett, 306,
189-192.
Laskowski,R.A., MacArthur,M.W., Moss,D.S. and Thornton,J.M. (1993)
PROCHECK: a program to check the stereochemical quality of protein
structlwrégpl. Crystallogr, 26, 283-291.
Little,J.W. and Mount,D.W. (1982) The SOS regulatory system of
Escherichia coli Cell, 29, 11-12.

was displaced by 5 A, because there were densities corresponding toLu,F.-M. and Chak,K.-F. (1996) Two overlapping SOS-boxes in ColE

this new position, and relieved the poor contact with Helix 2 of its

operons are responsible for the viability of cells harboring the Col

neighbor. There were also densities in the adjacent regions for possible plasmid.Mol. Gen. Genet 251, 407—411.

extension towards the two terminal residues Metl and Glu2, which were
not observed in the orthorhombic crystal. The conformations of the
N-terminal strands were similar but not identical in all four cases. The
final model consists of four polypeptide chains, in which the residues

Mackie,G.A. (1991) Specific endonucleolytic cleavage of the mRNA for
ribosomal protein S20 dEscherichia colirequires the product of the
amsgenein vivo andin vitro. J. Bacteriol, 173 2488-2497.

Matthews,B.W. (1968) Solvent content of protein crysfalMol. Biol.,

were numbered 101-187, 201-287, 301-387 and 401-487, and 127 33, 491-497.

water molecules. With 8% of data reserved ff.e the R factor is
18.4% andRyee is 26.8 %, using a total of 24 783 reflections wih>
2 o(F) in the 6.0-1.8 A resolution shell.
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