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Summary. A third of the 6.6 kb genome of ColE1 is devoted 
to mobilization (mob) genes necessary to promote its specif- 
ic transfer in the presence of conjugative plasmids. The mob 
region is genetically complex: two mob genes are entirely 
overlapped by a third. Oligonucleotide-directed mutagene- 
sis was used to insert an amber codon into one of the over- 
lapped genes and make possible a full complementation 
analysis of mob. Four mob genes essential for mobilization 
by R64drdll  were thus identified. Fragments of mob were 
subcloned under control of the Pt,c promoter in a suitable 
vector, overexpressed in minicells and the mobilization pro- 
teins visualized. A comprehensive alignment of the mob re- 
gion of ColE1 with those of its close relatives ColK and 
ColA demonstrating that the four essential mob genes are 
conserved is also presented. 
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Introduction 

The conjugative transfer of plasmid DNA is a process com- 
parable in complexity to DNA replication and requires the 
concerted action of many gene products (Willetts and Wil- 
kins 1984; Ippen-Ihler and Minkley 1986). While large, con- 
jugative plasmids like F can transfer autonomously, much 
smaller plasmids, belonging to a class typified by ColEI,  
are only transferred - mobilized - in the presence of a conju- 
gative plasmid. The role of the conjugative plasmid in mobi- 
lization is almost certainly to provide the initial, pilus-me- 
diated cell contact, the subsequent formation of a conjuga- 
tion pore and other morphological functions. ColE1 exists 
in vivo largely as "relaxation complex" (Clewell and He- 
linski 1969), a specific association of proteins with oriT. 
The existence of the complex correlates with the presence 
of a full complement of mobilization (mob) genes, so we 
believe the proteins are mob-encoded and constitute the ma- 
chine that nicks ColE1 prior to mediating the transfer of 
the nicked strand. It seems likely therefore that the mob 
genes of ColEI and similar plasmids represent a minimal 
subset required only for the DNA metabolism at the core 
of the process, i.e. the specific nicking at oriT (= born; Fin- 
negan and Sherratt 1982), the "piloting" of the 5' end of 
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the nicked strand into the recipient (Boyd and Sherratt 
1986), recircularization, and perhaps the priming of comple- 
mentary strand synthesis in the recipient (Willetts and Wil- 
kins 1984). The fact that ColE1 can be mobilized by any 
of a highly diverse set of conjugative plasmids suggests that 
it is able to carry out these processes independently. Thus, 
scrutiny of the mode of action of mob genes and their prod- 
ucts should lead to a clearer understanding of the central 
steps of plasmid transfer. 

In this study, we present evidence for four genes in- 
volved in mobilization of ColE1. We show that less than 
2.1 kb of ColE1 is required for trans-acting mobilization 
functions and that the overlapping gene organization sug- 
gested by the DNA sequence (Chan et al. 1985) does indeed 
exist. Moreover, the same organization is observed in two 
related plasmids ColK (Archer 1985) and ColA (Morlon 
et al. 1988a). Implications for the expression of mbe genes 
are discussed. 

Note. Following the example of Summers et al. (1985) with 
the resolution sites of ColEl-like plasmids (cer for ColE1, 
ckr for ColK etc.) we propose that the specific mob genes 
of ColEI, ColK and Co la  be designated robe, mbk and 
mba, respectively; the name mob being used therefore only 
as a generic term to describe genes (or proteins) common 
to all three plasmids. Thus, "mobA"  refers to mbeA, mbkA 
and mbaA as a class of conserved mob genes rather than 
to any one in particular. 

Materials and methods 

Bacterial strains and plasmid vectors. (Only relevant charac- 
teristics shown.) The hosts DS631, CB133 and CB257 used 
in mobilization experiments were R64drdll-containing de- 
rivatives of AB2463 (Boyd and Sherratt 1986), CSH26 (sup- 
pressor-free; Miller 1972) and CR63 (cured of F by acridine 
orange treatment; supD; Bachmann 1972), respectively. 
The recipient used was CB56, a spontaneous Rif ~ mutant 
of CSH26. The minicell-producing strain was CB175, a de- 
rivative of DS410 (Warren and Sherratt 1977) carrying an 
F'laclqZAM15 to repress the Ptac promoter of pACB62. 
Transformations after cloning were into strains JM83, 
JM101 or BMH71-18, all of  which carry the lacZAM15 
allele for alpha-complementation. JM101 and BMH71-18 
also carry the lacI q mutation (Norrander et al. 1983). 

For complementation experiments, the vectors used 
were: pMBI replicons; pUC9 (Ap r, Born-, 2.7 kb; Vieira 
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and Messing 1982), priG171 (Ap r, Bom +, 3.4 kb; Stewart 
et al. 1986); and 2dv replicons; pACB101 (Cm ~, Born-, 
5.0 kb; Boyd and Sherratt 1986), pACB104 (similar to 
pACB101 but with the pUC18 polylinker of  Norrander 
et al. 1983; Cm ~, Born-, 4.3 kb; manuscript in preparation), 
pACB107 (a pACB104 derivative with the pUC19 poly- 
linker and containing ColE1 born on a TaqI--PvuII frag- 
ment; Cm r, Born +, 4.6 kb). (Morlon et al. (1988b) were 
mistaken in stating that pUC plasmids are mobilizable; all 
have had the AccI site and flanking regions originally sited 
adjacent to oriT deleted and are demonstrably Bom-. )  For 
overexpression of mbe proteins, pACB62 (Ap r, 3.9 kb), a 
born- rom- derivative of  the P,ar promoter vector pKK223- 
3 (Pharmacia; Analects (1984) 12(3): pp 1-2; Amann et al. 
1983), was constructed essentially by deleting the 705 bp 
of DNA corresponding to the HaeII B and H fragments 
of  pBR322 (Twigg and Sherratt 1980). By deleting born 
we expected to eliminate any sequestering or other effects 
of  the vector on the cloned mob gene products. The removal 
of  rom had the useful property of  increasing the copy 
number by two- to threefold (Twigg and Sherratt 1980). 

Media and antibiotics. These were as described previously 
(Boyd and Sherratt 1986). Ap, ampicillin; Cm, chloram- 
phenicol. 

Mobilization assays. Mid-log donor cells (0.4 ml) were 
mixed with 0.4 ml of  stationary phase recipient cells, spread 
on an L plate and incubated at 37~ for 2-3 h. Viable 
counts of donors and recipients at the beginning of mating 
were performed: there was always at least a tenfold excess 
of  recipients. Under these conditions, R64drd11 transfer 
approaches 100%. Cells were harvested into 2 ml L broth 
using a glass spreader. I f  the mobilizable plasmid was Ap r, 
the harvested cells were then immediately washed three 
times with L broth to remove fl-lactamase from the medium. 
Dilutions were made and spread on plates selective for 
transfer of R64drd11 only and for transfer of  both 
R64drd11 and the Bom+ plasmid, so that co-transfer fre- 
quencies could readily be calculated. 

Recombinant DNA and single clone plasmid screening tech- 
niques. These were as described previously (Boyd and Sher- 
ratt 1986). Restriction enzymes, ligase and Klenow frag- 
ment were purchased from Boehringer and used as recom- 
mended. 

Oligonucleotide mutagenesis. A 17-mer oligonucleotide, 5'- 
C C T C T G T C T A G G C T G T G - 3 '  complementary to the robe 
sense strand between coordinates 3032 and 3048 (Chan 
et al. 1985), except that the underlined T residue replaces 
the original G residue, was synthesized by John Keyte (De- 
partment of  Biochemistry, University of Leicester, UK)  as 
described (Boyd et al. 1986). The single base change to be 
effected by the oligonucleotide was chosen such that the 
protein sequence of  mbeA was not affected (the leucine co- 
don at 3038-3040 is changed from CTC to CTA) while 
an amber stop codon TAG is inserted in place of  the serine 
codon TCG (3039-3041) within the overlapping mbeB read- 
ing frame. The F4 fragment of ColE1 (Fig. 1) was sub- 
cloned into the HincII site of M13mp9 in the appropriate 
orientation. The single-stranded DNA preparation, oligo- 
nucleotide annealing, extension by Klenow polymerase, and 
ligation steps were essentially as described by Grundstrom 
et al. (1985). The duplex circles were then cleaved immedi- 
ately with HindIII and EcoRI to excise the heteroduplex 
F4 fragment and ligated to HindIII/EcoRI cleaved pACB62 
which had been purified from an agarose gel slice (Tautz 
and Renz 1983). JM101 was transformed with the ligation 
mix and Ap r clones selected. Plasmid minipreparations 
(Birnboim and Doly 1979) were screened for the presence 
of the extra MaeI restriction site (CTAG) created by the 
oligonucleotide. DNA from one such positive clone was 
purified and used as the source of mutant mbeB gene in 
the construction of pACB97 (Table 2). 

Minicells. These were prepared from CB175 carrying the 
appropriate pACB62 derivatives as described (Haltewell 
and Sherratt 1976), except for the inclusion of an isopropyl 
fl-D-thiogalactoside (IPTG) induction step. Minicells were 
incubated in M9 minimal medium at 37 ~ C for 30 rain and 
then split into two aliquots. IPTG to 2 mM was added 
to one aliquot 15 min prior to the addition of [35S]methion- 
ine to both. After incubation for 45 min, L broth containing 
40 lag/ml methionine was added as chase and incubation 
continued for a further 45 rain. Minicells were then lysed 
and loaded onto a 12.5% SDS/polyacrylamide gel 
(Laemmli 1970). 

Sequencing of  ColK mob. Restriction fragments of  ColK 
were shotgun cloned into M13 vectors and sequenced by 
the dideoxy method (Archer 1985; Messing et al. 1981). 

Construction ofF9. A plasmid containing the F1 fragment 
of  ColEI (Fig. 1), with unique sites for ClaI and StuI in 
the mbeA reading frame, was cleaved with both enzymes. 
After overnight self-ligation, the mixture was heat treated 
to kill ligase activity and re-incubated with ClaI and StuI 
to remove reconstituted parent plasmid. BMH71-18 was 
then transformed by the mixture and spread on Ap plates. 
One colony was recovered from an original input of 2 ~tg 
of plasmid DNA and proved to contain a plasmid with 
a restriction pattern profile consistent with the deletion of 
ca. 250 bp between the restriction sites. We assume that 
it arose by some illegitimate event such as ligation between 
the blunt StuI end and the 2 base 5' single-strand protrusion 
of the ClaI end: its exact provenance is of no consequence 
since the F9 fragment it provided had the expected Mbe-  
phenotype. F9 was subcloned into priG171 to generate 
pACB97 (Fig. 2). 

Results 

Identification of  reading frames in mbe 

Open reading frames (ORFs) in the ColE1 mob region were 
identified by plotting start and stop codons on one-dimen- 
sional graphs of the sequence for each frame (Fig. 1). A 
program based on work described by Stormo et al. (1982) 
was used to locate potential ribosome binding sites. While 
the Perceptron algorithm used by the program is not 
ideal, and although many genes have poor or absent ribo- 
some binding sites, sequences yielding high scores usually 
correlate with real ribosome binding sites. A combination 
of these computer methods allowed us provisionally to as- 
sign ORFs to genes (as highlighted in Fig. 1 and tabulated 
in Table 1), two of which are entirely overlapped by a third. 
We include the robe8 reading frame which, although not 
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Fig. 1. Reading frames in robe. The three 
anticlockwise frames of the mbe region 
extending from 1350-4000 are shown in linear 
form below the circular ColEI map (cea, colicin 
gene; imm, colicin immunity region). Vertical 
lines extending right across the bands denote 
stop codons; those extending half way down, 
ATG codons; and those extending a quarter of 
the way up, GTG codons. The essential rnbe 
genes are boxed: * is the rnbe8 reading frame. 
The four regions of mbeA discussed in the text 
are indicated in Roman numerals beneath the 
three frames. Labels (FI-F10) and extents of 
mbe DNA fragments subcloned for 
complementation and expression experiments 
(Table 2) are shown beneath the scale line, 
together with the restriction enzymes defining 
their boundaries. Shared boundaries are 
indicated by arrows (T)- Scale in kilobases 

Fig. 2. The effect of overexpression of mbeB. Tracks 2, 3, 5, 6 
and 7 of a 1% agarose gel were loaded with single-clone extracts 
(Boyd and Sherratt 1986) of cells containing pACB4: the others 
were from cells containing a control plasmid with an insert lacking 
mbeB. Xsome, chromosome; OC, open circular DNA; LIN, linear 
DNA; SC, supercoiled DNA 

an essential robe gene (see below), appears  to be expressed 
in the minicell system described here. 

In  Table 1 the mbe O R F s  are renamed in accordance 
with the proposals  of  Demerec et al. (1966), the letters being 
assigned in order  of  decreasing O R F  length. Our  interpreta-  
t ion of  the reading frame assignments to genes is in b road  
agreement with that  described by Chan et al. (1985). 

Similar analyses were carried out  for the complementary  
s trand of the rnbe region. Al though there are several ORFs ,  
in par t icular  one very long one in-phase with rnbeA, none 
have likely r ibosome binding sites or conserved start  co- 
dons. Significantly, no complementary  s t rand O R F s  are 
conserved in the mob regions of  ColK (Archer 1985) and 
ColA (Mor ion  et al. 1988a). We conclude, in agreement 
with Chan et al. (1985), that  the complementary  s t rand does 
not  encode protein.  

Identification o f  the four  essential mbe genes 

A series of  subclones of  the robe region was made,  initially 
in pUC9 and later in o ther  vectors (see Fig. 1 for the rele- 



Table 1. ColEI mob genes and proteins : coordinates and molecular weights 

Old ~ name New name ColEP Figure 4 Number of Calculated Estimated 
coordinates coordinates amino acids size (daltons) size b 
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mob2 mbeC 1867-2190 1- 324 107 12883 12000 
mob3 rnbeA 2180-3733 314-1924 517 57744 60000 
NA c mbeA-I 2180-2866 31 4-1000 229 NA NA 
NA mbeA-II 2867-3394 1001-1585 176 NA NA 
NA mbeA-III 3395-3604 1586-1795 d 70 NA NA 
NA mbeA-IV 3605-3733 1796-1922 42 NA NA 
mob6 mbeB 2868-3386 1002-1577 t 72 19525 17 000 
mob7 robeD 3393-3626 1584-1817 77 9299 9000 
mob8 NA 3657-3818 1847-2008 53 6116 6000 

a Chan et al. (1985) 
b Estimated from gel migration in Fig. 3 
r Not applicable 
a Corresponds to coordinate of mbaD stop codon (Fig. 4) 

TaMe 2. Directory of pACB plasmids containing ColE1 fragments 

Frag- Frag- Vectors mbe genotype 
ment merit a 

coor- pUC9 2dv b Ptae r pHGI71 A B C D 8 
dinates 

F1 1685--4076 7 52* 66 + + + + + 
F2 1685-2309 63 + 
F3 2023-3836 9 48 65 + + - + + 
F4 2746-3715 42 -- + - + -- 
F5 2746-3435 47 - + 
F6 3371-3786 50 + -- 
F7 1685-3786 53* + + + + -- 
F8 1685-3836 95a, 96 + _+ + + + 
F9 16854076 97 - + + + + 
F10 1324-2309 41" + -- -- 

a From Chan et al. (1985) 
b Starred plasmids contain born and are derivatives of pACB107, 
except pACB41 which is a derivative of pACBI01 and contains 
bom on the F10 fragment inserted in its polylinker. The other 
2dv plasmids are derived from pACB101 or pACB104 
r pACB62 
d pACB95 has the amber mutation in mbeB: pACB96 is its wild- 
type equivalent 

vant fragments  subcloned and Table 2 for a cross reference 
of  inserts and vectors). The parent  plasmid for most  of  
the subclonings was pACB4 (Boyd and Sherrat t  1986), a 
pUC9 derivative containing the 2.9 kb XmnI  B fragment  
of  ColE1 cloned into the polyl inker  HinclI  site. In the con- 
struction o f  pACB4,  we obtained only one or ientat ion of  
the insert, that  is, with t ranscript ion from P~ac proceeding 
anti-sense to the mbe genes. This suggests that  expression 
of  one or  more  mbe genes from Plar on a high copy number  
vector like pUC9 is deleterious to the cell. Even without  
t ranscript ion from Plar the presence of  pACB4 in cells re- 
duces their viabil i ty:  colonies are translucent and flattened 
and, in the absence of  selection, plasmid-free segregants 
rapidly dominate .  Gel  analysis of  crude extracts of  strains 
containing pACB4 display marked  plasmid D N A  degrada-  
t ion (Fig. 2), including the appearance  of  l inear forms. We 
later identified mbeB as the O R F  responsible for this effect 
(see below). All  the pUC9,  2dv and pr iG171 derivatives 
used in this work  have inserts in the same, anti-P~c orienta- 
tion. 

Table  3 shows the results o f  typical  experiments demon-  
strat ing that  all four  O R F s  highlighted in Fig. 1 are essen- 
tial rnbe genes. In each case, cells harbour ing  R64drd l l  
in which all but  one rnbe O R F  is intact  were shown not  
to mobil ize the oriT-containing plasmid. When  the wild- 
type rnbe O R F  was supplied, however, normal  mobi l iza t ion 
proficiency was restored, thus verifying that  the O R F  en- 
coded essential protein. We can interpret  these results to 
confi rm that  rnbeC, rnbeA, rnbeB and rnbeD are coding re- 
gions as follows: 
1. rnbeC. The plasmid pACB9 has all o f  rnbe except rnbeC, 
and does not  mobil ize a 2dr  plasmid containing only born 
(pACB107). I f  a 2dv plasmid containing both rnbeC and 
born (pACB41) is co-resident  however, complementa t ion  
occurs and pACB41 is efficiently mobilized.  
2. rnbeA. The born + plasmid pACB97 contains  intact  all 
rnbe O R F s  except rnbeA, which has had an internal delet ion 
of  ca. 250 bp (see Mater ia ls  and methods  for construct ion 
of  F9). In the presence o f  pACB48,  a 2dv plasmid contain-  
ing rnbeA (and therefore necessarily rnbeB and rnbeD), 
pACB97 is mobilized,  demonst ra t ing  complementa t ion  of  
the mbeA lesion. The control  shows that  providing mbeB 
and mbeD in trans alone is not  sufficient. 
3. mbeB and mbeD. In the case o f  the over lapped genes, 
a more  complex interpreta t ion is required. We observe that  
mobi l izat ion o f  the plasmid carrying the muta ted  rnbeB 
O R F  (pACB95) is reduced 40-fold compared  to its wild- 
type analogue (pACB96). (That  the lesion in mbeB is an 
ol igonucleotide-directed amber  muta t ion  (see Mater ia ls  and 
methods)  is confirmed by its suppression in the supD host.) 
This is a much less significant reduction in mobi l iza t ion 
proficiency than for mbeC and mbeA, and is p robab ly  an 
effect o f  the small amoun t  of  spurious suppression in the 
host  strain. More  surprisingly, the muta t ion  is not  comple-  
mented at all when rnbeB alone is provided in trans (on 
pACB47),  but  is complemented in the presence o f  a plasmid 
containing both  rnbeB and rnbeD (pACB42). This pat tern  
o f  complementa t ion  confirms that  both  mbeB and rnbeD 
are essential genes. I t  could be that  the rnbeB muta t ion  
has a strong polar  effect on the expression o f  the down-  
s tream rnbeD gene, or  that  wild-type rnbeB and rnbeD genes 
need to be present in cis for mobi l iza t ion to occur. (There 
are precedents for this: at  low efficiency, U G A  codons  can 
be mistranslated as t ryp tophan  and cause t ransla t ional  
read through (Fox 1987). The mbeB gene terminates in 
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Table 3. Results of mobilization experiments to identify robe genes 

Host strain Test a Co-resident a Percentage 
plasmid plasmid co-transfer b 

with R64drd11 

Effect shown 

DS631 9 c (F3) 107 < 0.005 
DS631 9 (F3) 41 (F10) 17 
DS631 7 (F1) 107 30 

CB133 97 (F9) -- <0.005 
CB133 97 (F9) 48 (F3) 47 
CB133 97 (F9) 42 (F4) < 0.005 

CB133 95 (F8) - 2.2 
CB257 95 (F8) -- 61 
CB133 96 (F8) -- 88 
CB257 96 (F8) -- 81 
CB133 95 (F8) 47 (F5) 0.44 
CB133 95 (F8) 50 (F6) 0.18 
CB133 95 (F8) 42 (F4) 69 

mbeC- implies Mbe 
Complementation by mbeC + restores Mbe § 
Control: pACBI07 is Born + 

mbeA- implies Mbe-  
Complementation by mbeA § restores Mbe + 
Control: no complementation by rnbeB+/mbeD § alone 

mbeB ~m implies Mbe- 
Suppression in supD background 
Control: plasmid without amber mutation 
Control: plasmid without amber mutation 
Non-complementation by mbeB § alone 
Effect of mbeD + alone 
Complementation by mbeB § § 

a Number of cloned ColE1 fragment (if present) shown in brackets 
b Calculated as 100 x (transfer frequency of the mobilized plasmid/transfer frequency of R64drdll). Host strains with the test and/or 
co-resident plasmids were mated with CB56 and the transfer of the mobilized plasmid was selected for using ampicillin or chloramphenicol 
as appropriate 
c pACB prefixes omitted for clarity 

U G A . )  Since the complementing plasmid pACB42 ex- 
presses mbeB and mbeD in the wild-type cis configuration,  
we are investigating the lat ter  possibil i ty by performing 
complementa t ion  experiments in which two plasmids ex- 
press mbeB and mbeD separately. We are also construct ing 
an amber  muta t ion  of  robeD in order  to obta in  direct confir- 
ma tory  evidence that  it  is an essential mbe gene. (It is inter- 
esting also to note that  the mobi l iza t ion proficiency of  the 
mutan t  p lasmid pACB95 is reduced somewhat  in the pres- 
ence of  2dv plasmids pACB47 and pACB50, carrying O R F s  
mbeB and mbeD, respectively. We do not  yet know whether 
this is due to specific inhibi t ion by robe gene products ,  or  
whether some competi t ive effect o f  the 2dv replicon itself 
is responsible.) 

The mbe region was initially crudely delimited by trans- 
poson  insert ions (Dougan  and Sherra t t  1977). We used the 
restr ict ion map  deduced from the sequence to help con- 
struct a minimal  Mbe  + subclone of  ColE1. A 2dv deriva- 
tive, pACB53,  containing 2.1 kb of  ColE1 (fragment F8, 
Fig. 1) from the XmnI site at 1685 (within rom) to the RsaI 
site at  3786 (within rnbe8) was constructed in a series of  
steps (not shown) and was found to be Mbe  § with an effi- 
ciency indist inguishable from that  o f  pACB52 which in- 
cludes mbe8. While this construct  removes only the last 
ten amino acids of  the putat ive mbe8 protein,  this still con- 
stitutes a delet ion of  approaching  20%. It  is likely that  
such a delet ion in an essential mbe gene would have a mea- 
surable effect on mobi l izat ion proficiency, so we conclude 
that  the intact  mbe8 O R F  is not  essential for mobil izat ion.  

The complementa t ion  results described above, together  
with the fact that  the plasmid pACB53 (containing intact  
only mbeA, mbeB, rebeC and mbeD) is Mbe  +, suggest 
s trongly that  these four genes are necessary and sufficient 
for the mobi l iza t ion of  ColE1 by R64drd11. 

Overexpression o f m b e  genes in minicells 

Previous a t tempts  to identify proteins encoded by the 
ColEI  mob region have yielded disappoint ing results (Ebina 

Fig. 3. SDS/polyacrylamide gel analysis of aSS-labelled minicell ex- 
tracts. Track M contains the size markers; the A, B and C tracks 
show expression of cloned robe genes in constructs pACB63, 
pACB65 and pACB66, respectively; the V tracks show expression 
of vector-specific (pACB62) polypeptides. For each of the paired 
tracks, + and - refer to incubation with or without isopropyl 
fl-D-thiogalactoside prior to minicell lysis. Sizes are shown in kDa: 
bands marked x are forms offl-lactamase 

et al. 1979; Inselburg and App lebaum 1978; Collins 1979; 
Chen and Zubay  1983). We belieye this to be a consequence 
of  the low level o f  mbe gene expression. To identify which 
mbe O R F s  described above were pro te in  coding, therefore, 
we subcloned suitable fragments (including F1, F2 and F3;  
Fig. 1) into a specially constructed expression vector, 
pACB62 (see Mater ia ls  and methods).  

Overexpression of  genes under  the control  of  Ptae is of- 
ten deleterious to the cell (Brosius 1984). We have found 
that  any mbeB-containing fragments (e.g. F1 and F3)  
cloned into pACB62 and oriented so that  the mbeB gene 
is expressed by Ptac can only be t ransformed into strains 
like JM101 that  overproduce the Lac repressor. Fur ther -  
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ColE1 ATGCTCAC~TACGGGTTACTGATGATG~CATGCCCGGTTACTTG~CGCT~TGAGGGTAAAC~CTGGCGGTATGGATGCGGCGGGTCTGCCTGGGGG 

ColK ........ G ........ C..G ..... G ........ G...C.G..G.C...T ........ A ........ T...TC ......... TAA ..... C.TG...CA 

ColA ........ C..GT .... G..G..A..C ..... CCGG..CC.G.,G..G ..... C..C ........ G..C .... CC ........ A.A.AC...T .... AC. 

ii0 120 130 140 150 160 170 180 190 200 

mbeC P V A R S G K L P T L A P P L L R Q L A A I G N N L N Q T A R K V  

mbkC A I E N V - S . . . . . . . .  V . F S V . . . . . .  I . I 

mbaC N R . . A . . . .  S I S . A . . . . . .  G M . . . . . .  I . . R . 

ColE1 A~CCGGTTGCCCGTTCCGGAAAACT~CCGACACTG~CACCGCCGTTACTGCGTCAGCTGGCCGCCATCGG~ATAACCTGAATCAGACAGCCCGTAAGGT 

COlK CCG.CA.C.AAAACGT.---.GT..T .................. C.GG.T..C...T.C..TT.GG .... C ................ T ...... G...A. 

Cola ..~CCGG..A...G .......... T..,T.GA.CT.G...G..C .... T ........ C .... GG..G..T..C ........ C .... TT ..... ACG... 

210 220 230 240 250 260 270 280 290 300 

mbeC N S G Q W S S G D R V Q V V A A L M A I G D E L R R L R L A V R E  

mbkC . . . . . .  G H . H . . . . . . . . .  R . . S E D E . . K 

mbaC . A . A G T G H . . . . . . . . . . . .  D A G . E . . . H . . L . 

ColE1 ~CAGCGG~CAGTGGTCTTCCGGTGACCGG~TTCAGGTGGTGGCCGCACTGATGGCCATCGGGGATGAG~TGC~CCGGCTGCGT~TGGcTGTCAGGG~ 

ColK A ........ A ........ GGGGCA ............ T ........ T ................. ACG...A...A.TGA .... A.GGAT.AG...C.TA.. 

ColA T,..GC.,.TGCCG.TA.CGG.CA.,,T.,C..G ..... T ..... G..G ............. AT.CC,GA..TGAG..A..A..G.AC..G..GCT .... 

310 320 330 340 350 360 370 380 390 400 

mbeC Q G A R D D S 

mbkC . E . . . .  * 

mbaC K E . . R * 

mbeA M I V K F H A R G K G G G S G P V D Y L L G R E R N R E G  

mbkA . . . . . . . . . .  S . . . . . . . . . . . . . . . .  V 

mbaA . . . . . .  P �9 �9 R , . . A . . . . . . . .  K D . L . T . 

ColE1 CAGGGGGCGCGGGATGATAGTTAAATTTCATGCCAGGGGAAAAGGTGGTGGCAGTGGTCCGGTTGATTACCTGCTGGGGAGGGAGCGT~CCGCGAAGGC 

ColK ..... A.~ ............... G .............. G...A.C ................................ CC ............. G.TT..G 

COlA A.A ..... TGA ....... C ..... G ...... C ....... GCGC..C ..... TGCC..C ..... G ..... T ........ A.~..C..GCTG...ACC..T 

410 420 430 440 450 460 470 480 490 500 

mbeA A T V L Q G N P E E V R E L I D A T P F A K K Y T S G V L S F A E K  

mbkA R . . R A . Q . . . . . . . . . . . . . . . . . . . . . . . .  Q 

mbaA . V F . . . K . . . . . . . . . .  S . Y . . . . . . . . . . . . .  Q 

COIEI ~C~CGGTGCTTCA~GGT~TCCGG~G~GTCCGG~CTCATcGATGCCACGCCATTTGCG~G~ATACACGTCCGGTGTTCTGTCGTTCGCGGAGA 

ColK ..G.GA..T..G.G .... GC,..CC .... G..G ....................... G ........ A ........ C..G..G ........ T..T..A...C 

Cola ...GT.T.T..G ..... C,.G ..... G ........ T..G..T..T..C...T.A..C.A...C..A ..... T..C ..... G..GT ....... T..C..AC 

510 520 530 540 55Q 560 570 580 590 600 

mbeA E L P P G G R E K V M A S F E R V L M P G L E K N Q Y S I L W V E  

mbkA T . . . .  E . R , E . . . . . . . . . . . . . . . . . . . . .  

mbaA D . . . .  O . . . L . . . . . . . . . . . .  D . D . , . V . . . .  

ColE1 A~AGCTGCCGCC~GAGGACGTGAAAAAGTGATG~GAGCTTTGAGCGTGTACTGATGCCcGGTCTCGAAAAAAATCAGTACA~CATCCTGTGGGTGGA 

ColK ..ACC ..... A ....... AG ....... GG ....... A ............ C ................. T ................................ 

ColA .... TT .... C..C..TCAG..G ..... G~ .......... T ........ G..T ........... C ..... T...G.C ......... G.A ........ C.. 

610 620 630 640 650 660 670 680 690 700 

mbeA H Q D K G R L E L N F V I P N M E L Q T G K R L Q P Y Y D R A D R  

mbkA . . . . . . . . . . . . . . . . . .  A S . . . . . . . . . . . . .  

mbaA . . . . . . . . . . .  L . . , T . . L . . . . . . . . . . . . . .  

ColE1 GCACCAGGAC~GGACGGCTTGAGCTG~TTTTGTCATTCCG~CATGGA~CTACAGACCGGAAAACGCCTCCAGCCGTACTACGACCGCGCAGACAGG 

ColK ............... G..T .................... C ..... T ........ GGC..G ......... G ........ C..T ........ A..G...C.T 

ColA ...T ..... T ........... G ..... T..C..CC.G..C ....... C...A..GTT ...... C..G..G ........... T ........... C...C.T 

710 720 730 740 750 760 770 780 790 800 

mbeA p R I D A W Q T L V N H H Y G L H D P N A P E N R R T L T L P D N L  

mbkA N . . . . . . . . . . . . . . . . . . . . . . . .  V T . N . 

mbaA . . . . . . . .  I , . G R L . . . . . . . . . . . .  V . V T . S A . 

C~IEI CCTAGAATTGATGCCTGGCAGA•GCTGGTAAATCACCATTACGGGCTGCATGACCCGAACGCCCCGGAGAACCGCAGGACGCTGACACTCCCTGATAACC 

COIK ..GC .... CA ............. A ..... G .................... C ........... A ......... A.GC .... A..TGTCAC...GA .... T. 

CoIA ..AC.C,.C ..... T ........ CA.C..T..CGGT.GGCTG..A ..... C ........... G ..... A ..... GC.TGT .... GTCACA..ATCCGCG. 

810 820 830 840 850 860 870 880 890 900 

mbeA P E T K Q A L A E G V T R G I D A L Y H A G E I K G R Q D V I Q A  

mbkA . K A . E A . A I . . L E . . . .  T A L T . . . .  T E . 

mbaA . . A . . E A . . T r . . . L L . . A S S . . V . N . . . .  T E V 

ColE1 T•CCTGAAACGAAACAGGCGCTTGCTGAGG••GTCACGCGAGGTATAGATGCACTTTACCATGCCGGAGAGATAAAAGGCC•TCAGGATGTGATTCA•GC 

ColM .... GA..G ......... A.GCC..A..A.CGA.T...A.G~ ......... A ...... C.C ..... ACG ........... C.C.G .... 

Cola .A..A...G .... G .... Ao~C..A..~CGA .... A ...... T.GCT...C...GC.TCAT .... G...G.G...AA ......... C..C.C.G...T 

910 920 930 940 950 960 970 980 990 1000 

mbeA L T E A G L E V V R V T R T S I S I A D P N G G K N I R L K G A F  

mbkA . A . F . . . .  T . . S . . . . . . .  E . . R . L . . . . .  V 

mbaA . E N . . F . . . .  T . K N . . . . . . .  D . . R  . . . . . . .  I 

CoIEI GCTCACTGAGGCGGG~CTGG~GTGGTCAGGGTGACGCG~CGAGTATCAGCATTGCAGATCCGAACGGCGGG~GAATATCAGGCTGAAAGGAGCATTT 

COIK CT.A..A.C...A.,TT.T..G..T~ ........ T..C..C..C...G.G..T...CGT...C ............. G..CG.G 

ColA ...GGAAA~ ..... GC.CACC..AAA.,AC .............. C.~ .... G...CGA..C...C.A..T..G..G..CA.C 

1010 1020 1030 I040 1050 1060 1070 1080 1090 ii00 

mbeA Y E Q S F A D G R G V R E K A E R E S R I Y R E N A E Q R V Q E A R  

mbkA . . . . .  T N D R L . . E T . A C . L . �9 H . . . . . . . . .  

mbaA . . . . .  N A . E . P G A E I . . A A A . . . K D M . . N N . I . R . . 

mbeB M S N L L O T G A E F E K K L K E R A E S T E K  L N  E F R R L  

mbkB . . . . . .  M . T D . . . . . . . . .  V . N . . S . . K 

mbaB , . S . . T L A K D L . L . S . . Q Q Q , . . R . . K T V . S E H  

ColE1 TA~AGC~TCTTTTGCAGACGGGCGCGGAGTTCGAGAA~GCTGA~GA~AGAGCCG~TCTACAGAGAAAATGCTG~C~CGAGTTCAGGAGGCTC 

ColK ............... A..A.T.,.GA.A..C ........ G..A ......... C.T .... TC ........... C .......... G ........... A .... 

COlA ........ G ...... ~C.CT..CG~...CC.G...CTG..ATC ....... CAGCAGC .......... A.GG ........ A.C..TA ..... CGA.~ 

Fig. 4 (continuation see page 494) 
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iii0 i120 1130 1140 1150 1160 1170 1180 i190 1200 

mbeA R I C K R G C D I K R D E N Q R R Y S P V H S L D R G I A G K T P  

mbkA S A . R Q . T E L  . A .  S . Q R T  . S G E R T T . D A E  

mbaA T V S . . A E . T E T R . . E T . . . . .  H Q RL . . . . . . . . . . .  PH RR 
m b e B G E  V S  A V  S N E  K I R D A I A  F T A S T E E S L E K  

m b k B E A L  D R E L N L . G Q .  . A .  S A H  . A V K  Q . T L N  

m b a B E R . . R Q E L N E S A K R . S . . . S  . . . . . . . . . . . .  .E 

ColE1 GGcG~TCTGT~GCGAGGCTGTGACATCAAACGAGACGAAAATCAGAGACG~TATAGCCCTGTTCACAGCCTCGACAGAGG~TCGCTGGAAAAACACC 

ColK .~.CGCT .... GA.AG..~C...AC.T ..... G.CA ........... C ...... CAG.GCACA ...... AG..GTGA.A...C~ ..... G.CG.TGA 

Cola .~CGG ........ GC...~C...ACGA..G..C..A..G ...... C ..... C..CAG.GC ................................. C...G 

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 

mb~A G R G E R G D D A A Q E G R V K A G R E Y G H D V T G D S L S - -  

mbkA Q C R - - - E R . V . A H . E R T . P A A . R A A L E A G Q R A D  

mbaA E G Y D . . . A V E P A E . D A Y . . A D V A . H H D G I R A - -  

mbeB E G V K E A M M Q H R R D V L K L A G N T G M M L L G I V F L - -  

mbkB S A . - - - N A . F . P T E N E . . R R Q E E L . W K L . K G R I  

mbaB K . M T  . . . Q S N . L S . M R M V . R . W L T I T M V S G - -  

ColE1 GGGAAGGGGTGAAAGAGGCGATGATGCAGCACAGGAGGGACGTGTTAAAGCTGGCAGGGAATACGGGCATGATGTTACTGGGGATAGTCTTTCT ...... 

ColK ACAGT.CC..- ........ ..ACGC .... TT .... CCCACA.A.~CG.A ..... CC..CGGCA..AAGA.C..C.CTG.AA.C.G..,AAAGGGCGGAT 

Cola A.A.G..TA...C .......... CA.TC.A..C..CT.AG .... A.GCGTA...TC...CGG...T.GC...CCA.CAC.AT.G..TC.GGG..- ..... 

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 

mbeA . . . . . . . . . .  - - - P V Y R E W R D A L V S W R E D T G E P G  

mbkA T V P V A D A L W S T G G I F L . L . G L I Q W Q E S R S C . . H p  

mbaA . . . . . . . . . . . . .  T . F QA p E . G T L V PL G E G S . S VA QN " " 
mbeB . . . . . . . . . . . . .  L F T S G G T W Y G R I Q L 

mbkB L Y P S L T R F G P R A G F  C G Y .  S F S G R K A G V A .  I 

mbaB . . . . . . . . . . . . .  . . S S L S . V . . . Q . S L . A S . Q 

ColE1 ....................................... CCTGTTTACCGCGAGTGGCGGGACGCTCTGGTATCTTGGAGGGAGGATACAGGCG~CCTG 

ColK ACTGTACCCGTCGCTGACGcGCTTTGGTCCACGGGCGGGAT.T..CTG..GCTA...G..CT.AT..A.TGGCAGGAA..CCG.AG.TGC ....... A.C 

ColA ....................................... A ...... T.,AGCCTGA ..... GTA..G ..... C.AG..GA.TCT .... GC.T.C .... A. 

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500 

mbeA R N Q E A G R D I A E T E R E D M G R G V C A G R E Q E I P C P S  

mbkA G Y . G P . . G A G . . P E K T W . C D . S R . Q . R . . S S V A  

mbaA G~ . C . EECEG ALVQNKA L . . . .  V W . . D AFP G RDQ QNR TKF . . ALA 
m b e B E ~ I R K ' Q  T N A K T  G V E  V Q .  G R F L V  P 

mbkB L A . . D . �9 �9 A . A . R K H G . . T Y H E G R , G . . . . . .  

mbaB A . . V . . N A A . S T . . . . . . . .  T H Q E . N , G R . . . . .  

ColE1 G~G~ATCAGG~GCAGG~GAGACATTGCAGAAACTG~CGCGAAGACATGGGG~GTGGAGTTTGTGCAGGACGGG~CAGGAAATTCCTTGTCCTT~ 

ColK CTG.CT ...... G.C... ...... G.GC..GC. ..... CCGGAAA..ACATG .... T...AC..A.CACG...G.A ..... G ....... T..A..GT.G. 

ColA .CG ..... TGT ....... A.T.C.G.GC..TCA.CG .............. G ......... AC.CACCA.G.A...~C...G.ACGT ........ G..G. 

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600 

mheA V R E I S  . . . .  G G D S L S G E R V G T S E G V T Q S D R A G N  

mbkA . . G E G G K Q L D . G E - - E . S K . G Q . S E Y . . . . .  

mbaA Ey G G N K E s . R N G L D . G I Q R F E A G . . S W E 6H G . . . R A D . . . . .  
mbeB/D A . . . .  E V P Q K E V L K E * V T E L E T 

mbkB/DS V K G E N N W T . E - - - K N A V R L V R  * M . . . .  M 

m b a B / D K . M K . E T G W T A D N G K R N A V K L V . . *  M . . . . .  

ColE1 CGTACGGGAAATCAGC ............ GGAGGTGATTCCCTTTCAGGGGAAAGAGTGGGTACATCTG~GGAGTGACACAGAGTGACAGAGCTGGAAAC 

ColK ...C .... GTG~G.GGGAAAAC~CTG.AC .... GAGS ...... .~...C.CAGT~G..TGG.C.G ..... A.GTG..TA ............... T 

Cola ..A,G..A.TG~...CGAAACGGGCTG.AC..C.GACAA.GGGA..C .... C.CAGT.~G.TGG ........... GGGCTGA .... C ........... 

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700 

mbeA T F A E R L R A A A T G L Y A A A E R M G E R L R G I A E D V F A Y  

mbkA A L T . . . . .  I . A . . . . .  P , L V H F A Y . R . D 

mbaA . V L . . . I . . TQ A . . L M ,Q K R . G . . . . . . . .  M . . . .  W S 
mbeD H L N A L E Q L  Q D Y  L S E W E S A F V E L Q K M F S L  

mbkD . . . . . . . . . . . . . . . . .  K D . . . . .  T D . H . . E . 

mbaD Q . . S . . . . . . . . .  S . . . D . . . . . .  A . W . R . C G . 

ColE1 ACATTTGCTG~CGCCTTAGAGCAGCTGC~CAGGACTATATGCAGCGGCTGAGCG~TGGGAGAGCGCCTTCGTGGAATTGCAGAAGATGTTTTCGCTT 

ColK G..C..A ................. AT .... G ................. C .... ~..C ........... G...AC...T ...... C.T ..... CGA...G 

COlA ...G ....... G...A ........... A..G ........ CTC...~ ..... GA .................... C ..... G ..... G ..... G.GGT... 

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 

mbeA A T G Q R D A E R A G H A V E S A G A A L E R A D R T L E P V I Q  

mbkA T E . A T  G T V R R L  . . . . .  E I S  . G G P .  , S. , Y 

mbaA E . G . . . .  R . K L . . S G S . . . .  T E S F . V . �9 Q . . . .  
mbeDT R D N A M L N E R V M Q L S Q Q V Q H L S E Q T E R L S Q L Y S  

mbkD , R Q E  G Q . R  Q C D D  . . . . . .  R A G . V D H  . R . F I  

mbaD M . . E . . A . S . . . T N . . . . .  D R . . G . L S . . . R * 

COI~ ACGC~CGGGAC~CGCGATGCTG~CGAGCGGGTCATGCAGTTGAGTCAGCAGGTGCAGCACTTGAGCGAGCAGACAGAACGCTTGAGCCAGTTATACA 

ColK ..A.G..A...G .... G.C~ .... GG..A.A.TG.GACG.C .................. AGA..AGC..G .... GTG..C.A ...... T.G ..... TT. 

COlA .T ......... G ...... GC ..... G ...... C .... C~.C ........... A...G.T.G ........ G...ACTGAGT..T ....... G..AG,G.. 

1810 1820 1030 1840 1850 1860 1870 1880 1890 1900 

mbeA R E L E I R E E R L I Q E R E H V L S L E R E R Q P E I Q E R T L  

mbkA H . Q Q . . D . Q E R . A . L E R E L R G P G M K S R N G K H G Y  

mbaA . - - - - H . Y E V A A A . A R . V H E Q H  K E - L V K  . E Y  

mbeD E N W R * 

mbkD T . S * 

COLE1 GCGAG~CTGGAGAT~GAGAGG~CGGCTGATACAGGAGCGCGAACATGTGTTATCCCTGGAA~GGGAGCGTCAGCCGGAAATACAGG~CGCACGCTG 

COlK T.AC .... A.C ....... G..T .... A.G~.GG .... CA...CTGG.ACG.GAGCTG.GC.GT.CT.GCATGA..AGCAGG.ACGG.A.G.A.GG.TAT 

ColA ...G ............ CAC...T.CGA.G..GCTGCA.CA..T.CG.GG...G.GCATGA.C.G.AT..AAAGG..---CTTG.CA.A..G..GGA.TAT 

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 

mbeA D G P S L G W *  

mbkA G V A R Q * 

mbaA P M . R . * 

ColE1 GATGGCCCTTCGCTGGGATGGTGAAACCATGAAAAATGGCAGCTTCAGTGGATT~GTGGGGGTAATGTGGCCTGTACCCTCTGGTTGCATAGGTATTCA 

ColK .GC.TGG.CCGT.~TAGGTA..TG..GG...GTTG.TC.G.GCG.GA.TCTGGCGTGTC.TT.TTGT.~CTG...TTTGC~.CT .... CAGATAGCG.T 

COlA CCGATG..GCGA...TA.C..~..GAGCCTG...CGT.G.TTACAG.GTT...TTA...T~AA.CACGCA.TGA.T.A.CTG.C.GCATGGTTATGCAG 

Fig. 4. Alignment of  mob 
sequences from ColE1, ColK 
and ColA. The coordinate 
system is arbitrary and is 
defined such that coordinate 
1 = first base of  mobC gene. 
For both the protein and 
D N A  sequences, a dot 
represents identity with the 
ColE1 amino acid or base at 
that position. Asterisks 
represent stop codons: 
hyphens are inserted where 
strictly necessary to maximize 
similarity 



Table 4. Percentage similarity scores a for mob genes of ColE1 (El), ColK (K) and ColA (A) 

Comparison mobC mobA mobA-I mobA-II mobA-III mobA-IV mobB mobD 
(all) 
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EI/K 72 56 83 32 56 18 38 66 
E1/A 67 57 76 38 69 25 41 70 
K/A 54 49 77 26 47 10 30 61 

Mean 64 54 78 32 57 18 36 66 

a Calculated as 100 • (no. of matching amino acid residues/total number of residues) 

more, if JM101 derivatives carrying such constructs are 
plated on IPTG-containing media, there is little or no 
growth. Gel analysis of  IPTG-induced cultures of this kind 
show the same pattern of  plasmid degradation as that seen 
in analyses of pACB4-containing strains (Fig. 2). The like- 
liest explanation is that the mbeB gene product is a nuclease 
which cleaves non-specifically when overexpressed. 

In the experiment shown (Fig. 3), minicells were pre- 
pared from CB175, CB175(pACB63), CB175(pACB65) and 
CB175(pACB66) (see Table2). Half  of  each batch was 
treated with IPTG to derepress the Ptae promoter driving 
expression of insert genes (see Materials and methods). The 
effect of  IPTG addition was surprisingly limited: the inten- 
sity of  the bands resulting from IPTG-treated minicells is 
less than twice that of  corresponding bands from untreated 
minicells. This indicates that repression of Ptae is incomplete 
in this system, and could be the effect of  poor segregation 
of the F'lacl ~ into minicells. Alternatively, Lac repressor 
binding to the Ptae operator may be adversely affected in 
the physiological conditions of  minicells. 

The V tracks show vector-specific fl-lactamase bands 
common to all the minicell extracts. The A tracks show 
a strong insert band migrating at 12 kDa. This is clearly 
the product of rebeC (Table 1), the only ORF in pACB63 
capable of encoding a protein of this size. Similarly, the 
17 kDa, 9 kDa and 6 kDa bands in the B tracks are assigned 
to ORFs mbeB, mbeD and mbe8, respectively. Also faintly 
visible in the B tracks are 60 kDa bands which must be 
the product of the mbeA ORF encoded by pACB65. In 
the C tracks can be seen the products of  the complete mbe 
region contained in pACB66. 

Genetic experiments outlined above demonstrated that 
mbe8 was not essential for mobilization; also, no ORF 
equivalent to robe8 exists in ColK or ColA (see below). 
Nevertheless, we see a band corresponding to its product 
in minicell extracts. It may be that the mbe8 protein has 
a non-essential accessory role in mobilization under condi- 
tions yet to be discovered. 

ColE1, ColK and Cola mob regions compared 

Comparison of ColE1 mob with the closely related mob 
sequences of ColK and ColA reveals extensive similarity. 
We find that the four ORFs found to encode essential pro- 
teins in ColE1 are conserved in the other two plasmids. 
Moreover, no other ORF of any significant size, including 
the mbe8 ORF, is conserved in all three plasmids. Figure 4 
shows a comprehensive alignment of the sequences both 
at the DNA and amino acid sequence level. (Morion et al. 
(1988a; their Fig. 7) also aligned the mob polypeptide se- 
quences of ColA with those of ColE1, but arrived at a 

less parsimonious alignment than that presented here. In 
addition, their comparison of mbaA with mbeA displays 
few matches to the first 30 amino acids of  the ColE1 gene: 
we strongly suspect that this is the result of  a D N A  sequenc- 
ing mistake which inserted an additional C residue at coor- 
dinate 462. When this spurious base is removed, the de- 
duced proteins match as shown in Fig. 4.) Initial alignment 
was of the amino acid sequences and was achieved by use 
of the WORDSEARCH program (Devereux et al. 1984), 
which inserts gaps only where necessary to maximise 
matches. It was found that gaps introduced into the mobB 
genes were introduced by the program into similar regions 
of the mobA genes: this reinforces the validity of  the align- 
ment here. Incorporation of the DNA sequence alignments 
into the figure was achieved manually and required only 
trivial changes in the automatically aligned polypeptide se- 
quences. While the figure does not represent the best possi- 
ble alignment of the three sequences, we believe that it is 
sufficiently accurate to permit a valid assessment of evolu- 
tionary relatedness. 

Inspection of the aligned DNA sequences reveals that 
many of the base differences are at codon third base (wob- 
ble) positions and therefore do not affect the amino acid 
sequence. This type of variation is peculiar to protein cod- 
ing sequences and gives further credence to the gene desig- 
nations arrived at for ColE1. The conservation of gene 
length is considerable and only the mobB genes and the 
corresponding regions of mobA have a large number of  
deletions and insertions. We now describe pertinent features 
of each gene in turn. (Refer throughout to Fig. 4 for se- 
quence and coordinate data and to Table 4 for similarity 
scores.) 
1. mobC. The mbkC gene is shorter than the other two 
by a single codon (coordinates 119-121); otherwise, mobC 
is highly conserved. The rebeC and mbkC reading frames 
extend upstream from their designated start points, and 
contain extra in-phase ATG codons: however, the mbaC 
sequence is divergent upstream, so we propose that the 
ATG at coordinate 1 is the true start codon for all three 
genes. Here we are at variance with Chan et al. (1985) who 
place the rebeC start at coordinate - 2 3  and suggest that 
the G G G G T  sequence just preceding it is a ribosome bind- 
ing site. As this sequence is completely unconserved in 
ColK, we reject their placement. (The long deletion in the 
ColA sequence designated by the hyphens up to coordinate 
- 1 3  is indicative of  the fact that ColA lacks an analogue 
of the rom gene (Cesareni et al. 1982) which is encoded 
by the strand complementary to mob and starts with a G T G  
codon at coordinate - 6 7  in both ColE1 and ColK. This 
clearly has implications for the control of  C o l a  copy 
number.) All three genes terminate in a TAA codon, five 
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bases downstream of the ATG start codon of the mobA 
genes. 
2. mobA. For convenience, this gene is split into four regions 
(Fig. 1). 

mobA-I comprises 43% of the gene and is the most 
conserved, with no gaps in the alignment. Although the 
sequences upstream of the start codons show little similarity 
to classical SD sequences (Shine and Dalgarno 1974), they 
are strikingly purine rich: the 16 bp upstream of mbeA, 
mbkA and mbaA have only three, two and three pyrimidines 
respectively. This is a common feature of genes with slight 
terminal overlaps: many such purine-rich tracts are found, 
for example, preceding the ORFs in the nin region of bacte- 
riophage ~. (Sanger et al. 1982). It has been suggested that 
they function to promote translational coupling between 
the overlapping genes (Oppenheim and Yanofsky 1980). 

mabA-II and mabA-III are those regions of mabA which 
are overlapped by mabB and mabD, and constitute 36% 
and 13% of the gene, respectively, mabA-II is the second 
least conserved region and requires the insertion of most 
gaps to align the sequences. It should be noted, however, 
that the 5' end of the region (coordinates 1001-1156) is 
noticeably better conserved than the rest of the region. 
Surprisingly, mobA-III needs no gaps and is much more 
conserved than mabA-II. 

mabA-IV is the extreme 3' end of the gene, comprising 
only 8%, and is not overlapped. Nevertheless, it is highly 
diverged - the most diverged region in mab, much more 
so than mabA-II. The introduction of more gaps would 
increase the similarity between the sequences in this region, 
but we do not think this is justified in such a short region. 
Note that the mbeA gene ends two codons downstream 
of the other two genes, and with a TGA codon instead 
of a TAG codon. 
3. mobB. Unlike the mobA gene starts, the mobB genes 
are preceded by sequences resembling normal ribosome 
binding sites (coordinates 989-995). This poses the problem 
of accounting for how translation of mobB is initiated (see 
Discussion). The alignment obviously requires gaps corre- 
sponding to those inserted in mobA-II, and the similarity 
pattern varies concordantly with that region of mobA. The 
mobB gene is overall only slightly better conserved than 
mobA-II. All three genes terminate at equivalent positions 
(coordinate 1575): mbeB and mbaB with TGA; mbkB with 
TAA. 
4. mobD. The mobD genes start two codons downstream 
of the mobB stop codons, the intergenic gap being complete- 
ly unconserved: the putative ribosome binding site is at 
coordinates 1568-1574, immediately preceding the mobB 
stop codons. The mbeD gene is the only mob gene which 
has a G T G  start. The most noteworthy feature of  mobD 
is its high degree of conservation: the alignment requires 
no gaps, and the similarity is slightly greater than that of 
the unoverlapped mobC genes. Again, the mobD gene is 
somewhat better conserved than the mobA-III region it 
overlaps, robeD terminates with a TAG codon at coordinate 
1794, while the other two genes terminate with TAAs seven 
codons further downstream, at coordinate 1815. 

It is clear from the above analysis and the similarity 
figures in Table 4 that the mob sequences of ColE1, ColK 
and ColA have evolved in a strikingly non-uniform manner. 
The mobA-II/mobB and mobA-IV regions have diverged to 
a significantly greater extent than the rest of mob. The high 
variability of  the mobA-IV segment suggests that this small 

carboxy-terminal sequence is not important for mobA pro- 
tein function. More noteworthy is the other highly variable 
region, since it occurs in a region of overlap where it might 
be expected that evolutionary change is constrained: in- 
deed, the adjacent mobA-III/mobD overlap region is signifi- 
cantly better conserved. Such high divergence may indicate 
that the mobB protein, and the corresponding part of the 
mobA protein can drift significantly in sequence without 
affecting function. The oriT sites of all three plasmids are 
completely interchangeable (Archer 1985; Morlon et al. 
1988b): there are some differences, however, in their mobi- 
lization properties - for example, ColK is not mobilized 
by F (Archer 1985). It  is tempting to speculate that such 
differences are a consequence of the drift in the mobB over- 
lap region. 

An intriguing feature of the mob region sequences is 
the distribution of GATC sequences. In the sequences dis- 
played in Fig. 4, ColE1 has a single GATC (coordinate 
959); ColK has none; yet Co la  has six (coordinates 128, 
226, 316, 637, 832, 1758). We believe that GATC sequences 
in mob have been selected against in ColE1 and ColK, 
whose natural host Escherichia coli possesses the dam en- 
zyme which methylates GATC sequences and is responsible 
for permitting strand discrimination in mismatch repair 
(Glickman et al. 1978). Why this selection should have oc- 
curred is not clear, but the near absence of GATC sequences 
in a 2 kb stretch of D N A  is highly significant. Since there 
are the expected number of  GATC sequences in mba, we 
would predict that Citrobacter freundii CA31, the natural 
host of ColA, lacks a dam-like methylation system. 

Discussion 

The minicell and genetic experiments described above pro- 
vide strong evidence that ColE1 mob encodes four genes 
essential for plasmid transfer. Furthermore, these genes are 
conserved in two related plasmids ColK and ColA, suggest- 
ing that all three have diverged from a common ancestral 
plasmid capable of being mobilized. While CloDFI3 ap- 
pears to have functionally similar mobilization properties 
(Van Putten et al. 1987), it is notable that its mob protein 
sequences have no detectable similarity to those of any of 
the above plasmids. It also seems to possess a much simpler 
structure, with only two mob genes in tandem array (Van 
Putten et al. 1987). This dissimilarity is reflected in the fact 
that CloDF13 oriT is not mobilized by ColE1, ColK or 
ColA mob (and vice-versa). We must conclude that 
CloDF13 belongs to a distinct lineage. The greater complex- 
ity of the ColE1 group might enable its members to be 
mobilized by a larger range of conjugative plasmids than 
CloDF13, but this remains to be tested. 

The basic genetic characterization of mob described in 
this paper allows us to proceed with the study of how ColE1 
genes are expressed: the overlapping gene structure suggests 
that such expression may be complex. We assume that the 
cAMP-dependent promoter (Queen and Rosenberg 1981) 
just upstream of oriT and conserved in ColE1, ColK and 
ColA is responsible for the transcription of some or all 
of the mob genes, since there are no other genes under 
its control. It  is possible, though, that it serves merely to 
provide an RNA molecule involved in mobilization. The 
overlapping nature of two mob genes necessarily compli- 
cates their expression: if there is a single mob transcript, 
for example, it is easy to see how mobC and mobA might 
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be translated,  but  it is more  difficult to conceive of  how 
ribosomes could initiate t ransla t ion of  mobB and mobD 
when the m R N A  is loaded with r ibosomes a l ready actively 
translat ing mobA. However,  in minicells (Fig. 3), the rela- 
tive yield o f  mbeA product  is very low even though tran- 
scription is driven by the s trong P,a~ p romote r :  this suggests 
that  mbeA is poor ly  translated.  I f  this holds true for mbk 
and tuba, it  may  be that  the proposed  t ransla t ional  coupling 
(see Results) between mobC and mobA is inefficient, or  that  
there is a t ranslat ional  pause site downst ream of  mobC 
causing r ibosomes to stall: in either case r ibosomes could 
at tach to the naked  m R N A  upst ream of  mobB and initiate 
t ranslat ion of  the overlapping genes, at  least on a significant 
fraction of  the transcripts.  Alternatively,  there may  be a 
separate t ranscr ipt  for mobB/mobD which could be pro-  
duced either by processing of  a long, pr imary  message or  
by de novo synthesis from a p romote r  within the mobA 
reading frame. Al though we have no experimental  data,  
we have searched for promoter- l ike  sequences (Har t  et al. 
1983) within mobA-I and find several in all three plasmids 
(data  not  shown). None o f  these is significantly conserved 
however, so transcript  mapping  and experiments with pro-  
moter -probe  vectors need to be performed. 

The observat ion o f  Lovett  and Helinski (1975) that  the 
relaxation complex of  ColE1 contains three proteins  of  60 
kDa,  16 k D a  and 11 k D a  correlates well with the results 
of  our minicell experiments:  it  seems likely that  these pro-  
teins are encoded by the mbeA, mbeB and mbeC genes, 
respectively (Fig. 3). However,  we need to confirm this by 
reconsti tution experiments.  Our  study is currently concen- 
trated, therefore, on purifying robe proteins from overpro-  
ducing strains in order  to analyse their interactions with 
each other and with oriT. The initial aim is to reproduce 
the nicking react ion at oriT with purified components .  
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