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Selfish Behavior of 
Restriction-Modification Systems 
Taku Naito, Kohji Kusano, lchizo Kobayashi* 

Plasmids carrying gene pairs encoding type II DNA restriction endonucleases and their 
cognate modification enzymes were shown to have increased stability in Escherichia 
coli. The descendants of cells that had lost these genes appeared unable to modify a 
sufficient number of recognition sites in their chromosomes to protect them from lethal 
attack by the remaining restriction enzyme molecules. The capacity of these genes to 
act as a selfish symbiont is likely to have contributed to the evolution of restriction- 
modification gene pairs. 

T y p e  11 restriction endonucleases intro- 
duce double-strand breaks at specific short 
recognition sequences in duplex DNA pro- 
vided that the sequences have not been 
modified by cognate methylases (1). Genes 
that encode cognate restriction-modifica- 
tion (rm) enzymes are normally tightly 
linked. The conventional hypothesis is that 
the rm gene pairs evolved under selection 
pressure to protect cells from infection by 
foreign (for example, viral) DNA. But it is 
not clear whether such a "cellular defense" - - 

hypothesis explains the extreme diversity 
and the exceptionally high specificity in 
their sequence recognition. This hypothesis 
cannot readily explain the evolution of the 
"rare cutter" restriction enzymes whose 
long recognition sequences (-8 base pairs) 
are unlikely to be present in many bacterial 
viruses. We present evidence for an  alter- 
native hypothesis that the evolution of 
some rm gene pairs has been driven by their 
behavior as "selfish" genetic units. 

During an  analysis of the role of DNA 
double-strand breaks in homologous recom- 
bination in E. coli (Z), we observed that a 

plasmid carrying the rm genes of Pae R7 
could not be readily displaced by a second 
plasmid devoid of the Pae R7 recognition 
sequence 5'-CTCGAG-3'. In the initial 
experiments, the resident r'm+ plasmid 
pIK137 [pPAORM3.8 in (3)] and the intro- 
duced plasmid pIK52 were incompatible, 
because both plasmids are driven by a 
ColEl replicon. Plasmid pIK52 showed a 
much lower transformation efficiency when 
the E. coli host carried pIK137 as compared 
to pBR322, a plasmid without the r+mt 
genes (Table 1). In addition, the majority of 
the colonies transformed with pIK52 DNA 
(42 of 52) were small, and all 24 of the 
transformants examined retained the resi- 
dent r+m+ plasmid as well as the intro- 
duced plasmid (Fig. 1A). When the resi- 
dent plasmid was an  r-m+ version of 
pIK137 (pTN4), the transformation effi- 
ciency was not reduced, none of the 300 
transformed colonies was small, and none of 
the 12 transformants examined retained a 
visible amount of the initially resident plas- 
mid (Fig. 1B). These results suggested that 
restriction was responsible for the stable 
retention of the r tm+ ~lasmid.  
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tion efficiency (Table 1). Thus, the low 
transformation efficiency of pIK52 in the 
initial experiment was likely due to the 
resident pIK137 plasmid's enhanced stabil- 
ity, conferred by the rm genes. 

T o  determine whether the r+mf genes 
could stabilize a plasmid in the absence of a 
challenge by an incompatible plasmid, we 
inserted wild-type (r+ mf ) and mutant 
(r-m+) alleles of the Pae R7 rm genes into 
two different plasmid vectors, one 
(pBR322) driven by a ColEl replicon, the 
other (pHSG415) driven by a pSClOlts 
replicon (4). The insertions into pBR322 
were large, and the r-m+ version was less 
stable than pBR322. Nevertheless, the 
rf mf version was found to be considerably 
more stable than even pBR322 itself (Fig. 
2A). The r gene also had a pronounced 
stabilizing effect on  pHSG415 (Fig. 2B). 
This pattern was reproduced with another 
type I1 rm gene pair, Eco RI (Fig. 2C). 

O n  the basis of these results, we postu- 
lated the following mechanism to explain 
the plasmid stabilization. With successive 
generations, the descendants of a cell that 
has lost its rf m+ plasmid will contain fewer 
and fewer molecules of modification en- 

Table 1. Resistance of a Pae R7 rtm+ plasmid 
to displacement. Escherichia coli strain JC8679 
(7) carrying the indicated plasmids were trans- 
formed by electroporation (2) with 500 ng of 
plK52 (9) or 0.5 ng of plK134 (70). Transfor- 
mants were selected on LB agar supplemented 
with kanamycin (50 pg/ml) or chloramphenicol 
(25 pg/ml), respectively. 

Transformation efficiency 

Resident plasmid plK52 (r-m-)* plK134 (r-m-) 
(incompatible) (compatible) 

pBR322 (r-m-) 1 1 
plK137 (r+mt) (3) 0.1 1 2.3 
pTN4 (r-m +) (8) 4.0 1 .8 
None 52 2.1 

'Average of two experiments; differences between the 
values obta~ned were no greater than 10%. 
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Fig. 1. Persistence of the A p1~52 to 
rm plasmid in transfor- plK137 (r+rn+) 
mants. DNA was isolated 
from the transformants Veb' small Large - Cobny site - 
listed in Table 1. (A) Intro- 
duction of plK52 into E 
coli carrying plK137. (B) f - F  
Introduction of plK52 into f - - F  
E. coli carrying pTN4. The f-- plK137 (pTN4) ---* 
band between the plK52 
monomer and dimer is chromosomal DNA. 

A B 

1lK52 Dimer 
tIK52 - 

- .  -. 

Generation number 

Fig. 2. Stability of rm plasmids in the absence of selection. The fraction of cells canying the plasmids was 
measured on LB agar plates supplemented with ampicillin (50 pg/ml) and methicillin (200 pg/ml) by a 
repeated batch culture method (lo6-fold dilution and overnight incubation) (7 1). (A) Escherichia coli 
carrying pBR322, plK137 (r+mf), or pTN4 (r-m+) at 37°C. (B) Escherichia colicarrying pHSG415, pTN9 
(r+m+), or pTN11 (r-mf) (4) at 3VC, a temperature permissive for their pSClOl ts replicon. (C) E. coli 
carrying plK174 (r-m-), plK172 (r+mf), or plK173 (r-m+) (12) at 30°C. 

- 
0 2 4 6 8  0 2 4 6 8  0 6 8 

.temperature shift (hours) 
Fig. 3. Killing of the host cells when r Ban rm plasm~d is blocked. (A) 

Time aftel 

p ~ ~ i  1 ( r - 2 ) .  (B) pTN9 (r+m+). (C) p ~ ~ i  13 (r-m'). (D) plK172 (r'm'). The 
cells were aerated at 30°C in broth with ampicillin (50 pg/ml) until their optical 
density at 660 nm (OD,,,) reached 0.3. The antibiotics were then remob 
the temaerature was increased to 42°C. The cells were diluted when thc 
reached 0.3. The number of cells (m was counted under a microscol 
number of viable cells (0) is the number of colonies on LB agar pl 
30°C. The agar was supplemented with ampicillin to measure the number of 
viable cells carrying the plasmid (A). (E) Degradation of chromosomal DNA 
accompanying cell killing. In a culture of E. coli carrying pTN9 or pTNl1, 
plasmid replication was blocked by a temperature increase from 30" to 

fed and 
? oa, 
3e. The 
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zyme. Eventually their capacity to modify 
the many sites needed to protect the chro- 
mosome from the remaining restriction en- 
zyme may be inadequate. The DNA at un- 
modified sites wi l l  then be cleaved and the 
cells killed. The net result is the stable 
maintenance of the plasmid genes in the 
viable cell population. This hypothesis ex- 
plains why most of the transformant colo- 
nies in the init ial experiments were very 
small: The incoming ~ lasm id  did not  fail to - L 

displace the resident plasmid; rather, the 
cells in which displacement occurred had 
failed to survive. The small colonies pre- 
sumably included many dead cells. 

T o  test this hypothesis, we created a 
condition in which plasmid loss could be 
thermally induced. We  used the r+m+ and 
r-m+ Pae R7 genes cloned in the thermo- 
sensitive replicon pHSG415. The block to 
r+m+ plasmid replication as the result o f  a 
temperature shift had n o  effect o n  the via- 
bility of cells carrying the r-m+ plasmid 
(Fig. 3A). However, in the case of the 
r+m+ plasmid, the shift stopped the in- 
crease in the viable cell count at about the 
same time as the number of plasmid-carriers 
stopped increasing, which suggested that 
the r m  enzyme dilution rapidly created a 
hazardous situation for the host (Fig. 3B). 
These results indicate that cleavage of un- 
modified Pae R7 sites bv the Pae R7 restric- 
t ion enzyme i s  responsible for the killing. 
The ki l l ing was incomplete, presumably be- 
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42°C. The cells were treated with 2,4-dinitrophenol (final concentration 
0.01 %) after the indicated time intervals to block energy-dependent metab- 
olism, especially DNA replication and adenosine triphosphate-dependent 
DNA degradation. DNA was prepared by an "in-agarose cell lysis" tech- 
nique to minimize breakage (13) and was subjected to electrophoresis in a 
pulsed-field gel apparatus (Pharn 3lectrodes. Electro- 
phoresis was performed at 165 ' 50 s for 24 hours. 
Marker lanes contain Saccharom, osomes. Molecular 
sizes are indicated in kilobases. 
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cause of repair of the chromosomal double- 
strand breaks (5). Similar results were ob- 
tained with Eco RI (Fig. 3, C and D). 

Cleavage of the host chromosome after 
plasmid loss was demonstrated directly by 
analysis of total DNA by pulsed-field gel 
electrophoresis (Fig. 3E). With the Pae R7 
r+mi plasmid, chromosome degradation 
was visible 2 hours after the temperature 
shift and became more extensive later, 
whereas no  degradation was visible with the 
r-mi control. 

Gingeras and Brooks (3) cloned the Pae 
R7 r+m+ genes in  ~ B R 3 2 2  and showed that 
rim- clokes were' both viable and stable 
and were phenotypically r- during virus in- 
fection. To  explain this apparent inconsis- 
tency with our results, we suggest that these 
earlier experiments were detecting an  al- 
tered Pae R7 restriction enzyme activity, as 
the authors themselves hypothesized (3). 

The same mechanism that ensures the 
stability of type I1 rm genes on a plasmid 
should also enforce the retention and func- 
tional integrity of the genes when they are 
chromosomally encoded. Failure to main- 
tain the expression of an  rm gene pair could 
kill the cell if the modification enzvme be- 
came sufficiently dilute before loss of effec- 
tive restriction enzvme activitv. Thus a   air 
of rm genes can be regarded as a parasite, 
symbiont, or "selfish" unit that enforces its 
retention in hosts whose chromosomes bear 
the specific sites it recognizes. 

As an  explanation for the widespread 
occurrence, diversity, and specificity of rm 
gene pairs, the "selfish gene" hypothesis is 
no  less plausible than the "cellular de- 
fense" hypothesis. Both hypotheses are 
consistent with the finding that r and m 
genes are tightly linked and widely distrib- 
uted. The  diversity and high degree of 
specialization in sequence recognition, 
however, seem more readily explained as a 
consequence of adaptation to uncontested 
ecological niches, similar to  competitive 
exclusion among species. In particular, the 
existence of rare cutter restriction enzymes 
is more consistent with the selfish eene 
hypothesis than with the cellular decnse  
hypothesis. 

Lethal behavior that affords survival val- 
ue in the long run is fixed as programmed 
cell death during evolution. The mecha- 
nism of programmed cell death described 
here is formally similar to that of the post- 
segregational killing or addiction systems of 
plasmids and the postfertilization killing 
systems of maternal-effect selfish genes ( 6 ) ,  
although different in detail. 
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Modulation of Chemotropism in the Developing 
Spinal Cord by Substance P 

Carmen De Felipe, Robert D. Pinnock, Stephen P. Hunt* 

Developing axons find their targets through direct contact with cues in the extracellular 
environment and in response to gradients of diffusible factors. The floor plate, a neuro- 
epithelial structure, guides developing commissural axons in the spinal cord by release 
of chemoattractants. Floor plate cells express neurokinin-1 receptors, and a transiently 
appearing subpopulation of commissural axons contains substance P, the neuropeptide 
ligand for this receptor. Substance P increases the amount of axon outgrowth from dorsal 
horn explants cocultured with floor plate explants. Results of experiments with embryonic 
rats suggest that substance P released from pioneering neuronal pathways may regulate 
the release of chemoattractants from floor plate cells. 

Diffusible factors released by cellular targets 
support and guide developing neurites. One 
example of this process occurs in the spinal 
cord, in which commissural axons are guided 
by factors released by the floor plate. The 
floor plate lies in the ventral midline of the 
neural tube. It is thought to have an  early 
role in dorsoventral patterning of the neural 
tube and in the induction of motor neurons, 
and it is thought to become later an  impor- 
tant intermediate target for developing com- 
missural axons ( 1 ,  2). In the rat, commissur- 
a1 axons originate from the dorsal neural 
tube, pass ventrally and medially to the mo- 
tor neuronal column, and cross at the ven- 
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tral midline, where they then turn sharply 
and adopt a rostral trajectory (1-3). In vitro 
it has been demonstrated that commissural 
fiber outgrowth from dorsal explants occurs 
only in  the presence of the floor plate and 
that the orientation of neurite outgrowth 
from dorsal explants is crucially dependent 
on the relative position of the floor plate (1, 
3). We  now present evidence that release of 
chemoattractants from the floor plate may 
be influenced by neuropeptides released 
from a subset of commissural neurons. 

Using an  antibody specific for the neu- 
rokinin-1 (NK1) receptor, the receptor for 
substance P, we have localized receptor pro- 
tein throughout the rostrocaudal extent of 
the rat floor plate by embryonic day (E) 13 
(Fig. 1A) (4). Immunoreactivity was seen 
only at rostral levels at E l2  and was absent 
by postnatal day (P) 10. With immunoflu- 
orescence, we identified a group of sub- 
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