
Bidirectional Replicationfroman Internalorigin withinpClRl~reventedre~licationinS. 

in a Linear Streptomyces Plasmid lividans (pCIRlO1 through pCIR104, Fig. 
lA), indicating that multiple functions in- 
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digenous to PSLAZ are required for propa- 
gation of the circular form of the plasmid. - 

We used two-dimensional ( 2 ~ j  agarose 
Commonly, linear replicons that have protein covalently attached to 5' DNA termini gel electrophoresis (9) to determine wheth- 
replicate by protein-primed, strand-displacing, continuous synthesis of full-length er of linear p ~ ~ 2  DNA mole- 
strands. The synthesis of DNA in pSLA2, a 17-kilobase linear plasmid of Streptomyces cules containing their native telomeres also 
rochei containing 5' terminal protein, occurs bidirectionally from an internally located proceeds from an internal origin. R ~ I ~ - t -  
replication origin. The replication int0tI-tIediate~ are linear duplex molec~les that have ing DNA typically shows one of four 2D gel 
recessed (-280 nucleotides) 5' ends rather than full-length single strands. The 3' over- pat-ms that depend on the location of the 
hangs may serve as templates for the non-displacing synthesis of the lagging strand replication origin relative to the DNA frag- 
terminus primed by the covalently attached 5' DNA binding protein. ment probed (9). Origins at the center of 

the fragment yield a bubble; origins outside 
or near the end of the fragment yield a 
simple Y; an off-centered origin produces an 

Although most plasmids of prokaryotic or Transformants of S. lividans that re- asymmetric pattern showing both a partial 
eukaryotic cells exist in nature as DNA ceived circularized pSLA2 ligated to a se- bubble and a Y; and a double Y results from 
circles, some replicate as linear DNA (1,2). lectable marker gene contained a high origins occurring at both sides of the frag- 
The telomeres of certain linear extrachro- number of copies of the circular extrachro- ment. Twodimensional gels of replicating 
mosomal replicons contain a single-strand mosomal replicon (Fig. I), indicating that pSLA2 DNA digested by restriction en- 
loop that links inverted repeat sequences at like pSCL (8), pSLA2 includes within it a zymes were separately probed with five re- 
the ends of duplex DNA. These replicons site capable of promoting replication of the striction fragments of pSLA2 (Fig. 2): Frag- 
include E x k h i a  coli prophage N15, plas- plasmid in a circular form. Repeat transfor- ment I (the 7.5-kb Bcl I fragment) showed 
mids of the spirochete Borrelia, and the pox mation of S. lividans by pCIRl (Fig. 1) an asymmetric bubble (Fig. 2C), indicating 
viruses of mammalian cells (2). Other linear occurred at an efficiency of lo6 transfor- that a replication origin is located within 
replicons contain protein attached co- mants per microgram of plasmid DNA, this fragment. Transition of the bubble to a 
valently to the 5' end of each strand. Mol- which is comparable to the transformation Y occurred about midway through its 
ecules of this type (for example, Bacillus frequencies observed for other Streptomyces length, suggesting that the origin is located 
phage 429, E. coli phage PRDI, and the circular replicons. In the absence of selec- between the center of the fragment and one 
adenoviruses) have been identified in a va- tion, the pCIRl plasmid was partitioned of its ends. Fragment I1 showed a simple Y 
riety of bacteria (3) as well as in the cyto- into S. lividans spores at a frequency ap- pattern, indicating that the origin is out- 
plasm and organelles of animal and plant proaching 100%. Insertion of the E. coli- side, or at the end of, this fragment. These 
cells (4). Extensive studies of DNA replica- derived pUC19 plasmid at separate sites 2D results indicate that linear pSLA2 DNA 
tion in 429 and adenovirus indicate that 
the protein-primed synthesis of a full-length 
DNA strand proceeds continuously and A Fig. 1. (A) The 17-kb, linear pSLA2 
processively from the telomere by a mech- DNA isolated from S. mhei 7434- 

anism that displaces the corresponding Barn HI Barn HI BarnHI 
AN4 (15) treated with Bcl I to re- 

strand of the DNA duplex (3). PSLA~ I I , 17 move telomeres. The resulting 7.5- 
Barn HI Barn HI kb fragment was ligated to a Bcl 

Linear plasmids of the Gram-positive, 
Bcl I 1-1 Bcl I 7.5 kb I-generated DNA fragment cany- 

filamentous, spore-forming bacterial genus 
B g l n  * Sac I ing the tsr (thiostrepton resistance) 

Streptomyces range in size from 12 to several gene (18) and introduced by trans- 
hundred kilobase (kb) pairs (5-7). Deriva- ~ C I R I O ~  ( ~ a r n  HI) formation into s. ~ividans TK64 (18). 
tives of pSCL, a linear plasmid of Strepto- Q Circular plasmid DNA (pCIR1) iso- 
myces chdgerous,  can replicate as circular pclRlo1 (Bgl n) pClRlO3 (Sac I) lated from tramformants was ana- 
DNA molecules when the telomeres are ~ C I R ~ M  (Barn HI) lyzed by Southern blotting (19). The 

removed and the resulting ends are ligated BCII BCI I E, cdi phsmids pClRlOl through 

(8). This discovery led us to investigate the pCIR104 were constructed by in- 
B sertion of pUCl9 DNA into pCIR1, 

replication mode of a more stably main- 
1 2 3 4  as shown and introduced into E. 

tained Smptomyces linear plasmid, pSLA2, 

4- kb coli JM109 (Promega). (B) Southern 
which like pSCL and other linear replicons e l 7  blot analysis with uncut total DNA 
of Streptomyces has protein covalently at- prepared from S. rochei containing 
tached to its 5' DNA ends. We report here & c 7.5 pSLA2 (lane I) or S. lividans harbor- 
that synthesis of the pSLA2 linear genome ing the plasmid pClRl (lane 2). 
occurs by bidirectional replication extend- - Lanes 3 and 4 are Bcl Cdigested 
ing outward toward the ends of the plasmid DNA of lanes 1 and 2, respectivety. 

from a centrally located origin, rather than For the probe, 32P-labe!ed pSLA2 

bv the stranddis~lacine mechanism ob- 
DNA was used (19). 

" 
served for other linear replicons containing 
5' DNA binding proteins. 
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molecules contain a functional internal or- 
igin of replication and map this origin near 
the center of the plasmid (Fig. 2A, filled 
squares). The position of the origin was 
confirmed with other probe fragments: Frag- 
ments 111 and IV showed simple Y patterns 
(Fig. 2B), and fragment V showed a short 
asymmetric bubble, indicating that the rep- 
lication is initiated near the end of frag- 
ment V at a site approximately equidistant 
from the two telomeres of the plasmid. No 

Fm. 2 (A) Locations of the six (I to VI) 
DNA fragments of pSLA2 used for 2D 
gel analysis (9). (B) Two-dimensional 
gel patterns with fragments I to V as 
probe. DNA from S. mhei was iso- 
lated from log-phase cultures and 
purified by BND-cellulose chroma- 
tography (20). Electrophoresis in the 
first dimension was wried out at 0.6 
V/cm for 25 to 30 hours in a 0.35% 
tris-acetate EDTA (TAE) agarose gel. 
The second dimension used a 1.2% 
TAE agarose gel containing ethidium 
bromide (0.3 pglml); electrophoresis 
was at 2.5 Vlcm for 12 to 16 hours. 
After electrophoresis, gels were blot- 
ted and hybridized individually with 
32P-labe!ed fragments I to V (18). (C) 
Two-dimensional gel pattems with 
fragments Ill and VI in situ digested 
(10) by Nw I and Asp 71 8 after first 
dimension. Probes used for hybrid- 
ization are shown by hatching bars in 
(A). 

double Y pattern was obsewed for any of 
the fragments tested. Independent evidence 
that the re~lication of DSLA~ DNA occurs 
from an internal origin was provided by in 
situ cleavage of the DNA before electro- 
phoresis in the second dimension (10): 
Movement of the replication fork was from 
right to left in fragment 111 and from left to 
right in fragment VI (Fig. 2C). 

Electron microscopy and centrifugation 
analyses of newly synthesized adenovirus 
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Fig. 3. (A) Southem blot analysis of 
total DNA isolated from a log-phase A B C 

culture of S. rochei (lane 1) or pSLA2 
i 2 i 2 0 , 8 3 E ~ ~  R I  16.5 

DNA denatured by treatment with 17 a + , Barn HI Barn HI Barn HI 
100 mM NaOH at 37°C for 30 min 8.2 , 5.0 I 2.7 1.45 

(lane 2). For the probe, 32P-labeled 
full-length pSLA2 DNA was used. Eco R I  Barn HI 

I 
- - - 
2 z 2 

Film was exposed for 2 hours. (B) ss DNA, s q  g s s s  
Same experiment as in (A) except kb 
that the gel was not subjected to de- 16.5" mr b 
naturing conditions before blotting, 8.2- n. 
and film was exposed for 12 hours. 
(C) Analysis of Eco RI- or Bam HI- 
digested total DNA prepared from a 
log-phase culture of S. rochei. DNA 
was purified by BND-cellulose (20) 
and treated with the following: noth- 
ing (control), mung bean nuclease 
(MB), or exonuclease Ill (Exo Ill), re- 1.45" *- 
spect~ely, followed by digestion with 1.17" - 
Ew RI or Barn HI (27). Restriction 0.83 + C), 
endonuclease cleavage sites for Eco 0.55+ '" 
RI and Barn HI and fragment sizes are 
indicated. The 0.83-kb Eco RI tmi -  
nal DNA fragment used as a probe detects inverted repeat sequences (5) at both pSLA2 telorneres and 
minor bands of variable length produced by exonuclease I l l  digestion at the 3' blunt ends of non- 
replicating pSLA2 molecules. 
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and +29 DNA have shown the existence of 
full-length, single-strand replication inter- 
mediates (1 1, 12). Because Streptomyces lin- 
ear plasmids contain protein bound co- 
valently to the 5' terminus of each strand, it 
has been thought that these plasmids also 
replicate by a protein-primed, strand-dis- 
placing mechanism (2 ,3) .  To learn wheth- 
er pSLA2 exhibits this mode of replication 
in addition to replication from an internal 
origin, we analyzed a population of pSLA2 
linear plasmids isolated from log-phase cul- 
tures of S. rock  for the presence of single- 
stranded DNA. Southern (DNA) blotting 
of gels not subjected to denaturing condi- 
tions, which allows the detection of single- 
stranded DNA only, failed to show the long 
single-strand DNA molecules that were ex- 
pected from continuous stranddisplacing 
DNA synthesis (Fig. 3, A and B) (3); the 
gel position of full-length single strands was 
determined by the blotting of alkali-dena- 
tured pSLA2 DNA. However, the undena- 
tured pSLA2 DNA showed a faint band 
migrating about the same position as the 
full-length duplex, indicating the presence 
of some single-strandedness in the replicat- 
ing plasmid. 

Given the fundamental 5' to 3' direc- 
tionality of DNA replication, the leading 
strand synthesis that is initiated internally 
and divergently on $LA2 must necessarily 
move toward the ends of the plasmid on 
separate DNA strands, indicating that lag- 
ging strand DNA synthesis occurs by means 
of discontinuous RNA-primed Okazaki 
fragments (1 3). This mode of DNA synthe- 
sis would leave a recessed 5' terminus at the 
telomeres when the most distal RNA prim- 
er is removed. That replicative intermedi- 
ates of $LA2 DNA do have this structure 
was shown by Eco RI or Bam HI cleavage of 
$LA2 DNA after treatment with either 
mung bean nuclease, which digests single- 
strand DNA (1 4), or E. cob exonuclease 111 
(14). Cleavage of pSLA2 DNA by Eco RI 
produces a terminal fragment 0.83 kb in 
length, while a 1.45-kb terminal fragment is 
generated by Bam HI (Fig. 3C). These 
DNA species were u d e c t e d  by prior treat- 
ment with mung bean nuclease. However, 
bands observed slightly below the 0.83-kb 
and 1.45-kb species were reduced in size to 
0.55 kb and 1.17 kb, respectively, indicat- 
ing that the termini of some pSLA2 DNA 
molecules contain single-strand segments. 
The size reduction obsewed after mung 
bean nuclease digestion of these replicative 
intermediates shows that the single-strand 
regions are approximately 280 nucleotides 
in length at both telomeres. Because the 
faster migrating bands were resistant to ex- 
onuclease 111, which acts on blunt-ended or 
recessed 3' ends but not on projecting 3' 
ends (14), we conclude that the pSLA2 
telomeres contain 3' overhangs. 
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These studies show that linear pSLA2 
plasmids are replicated primarily from a site 
near the center of the plasmid and not by 
full-length strand displacement initiated at 
the telomeres. The ends of replicating pSLA2 
DNA molecules contaitl 3' overhangs, and 
thus differ from the blunt-ended telomeres 
found on previously identified linear replicons 
that use 5' DNA binding proteins to prime 
DNA synthesis. We suggest that synthesis of 
the 5' terminal DNA segment of the lagging 
strand of pSLA2 DNA is primed, on a tem- 
plate that consists of the 3' overhang of the 
leading strand, by the protein found earlier to 
be covalently attached to the 5' termini of 
mature pSLA2 DNA (15). However, DNA 
synthesis initiated at the telomeres of pSLA2 
does not proceed continuously through the 
entire molecule, unlike the protein-primed 
DNA synthesis that occurs in adenovirus and 
bacteriophage $29. Instead, only a 280-nucle- 
otide single-strand segment is filled in. 
Whereas internally initiated DNA replication 
has also been observed in certain bacterio- 
phage linear replicons (such as T7), comple- 
tion of the terminal portion of the lagging 
strand is accomplished by redundancy of the 
telomeric sequence (16) rather than by pro- 
tein- rimed DNA svnthesis. 

The chromosomes of several Streptomy- 
ces s~ecies are linear (1 7). As the inverted . . 
repeat sequences at the telomeres of the S. 
lividam chromosome are highly similar to 
those of pSLA2, pSCL, and other Strepto- 
myces linear plasmids, we speculate that the 
re~lication mechanism found for D S L A ~  
may be used more generally for DNA syn- 
thesis in Streptomyces. 
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Ribosomal Heterogeneity from Chromatin 
Diminution in Ascaris lumbricoides 

A. Etter,*"f. Bernard,"f . Kenzelmann, H. Tobler, F. MullerS 

The genome of Ascaris lumbricoides encodes both germline- and soma-specific proteins 
homologous to the eukaryotic small ribosomal protein (Rp) S19. The two Ascaris ho- 
mologs differ by 24 amino acid substitutions and are both components of the small 
ribosomal subunits. In oocytes, the germline RpS19 homolog (RpS19G) predominates. 
During chromatin diminution, however, the gene is eliminated from all presomatic cells, 
and RpS19G is replaced by the product of the somatic gene (RpS19S). Chromatin 
diminution in A. lumbricoides causes a change in the protein composition of ribosomes 
during development and represents an alternative means of gene regulation. 

Chromatin diminution in nematodes, 
which discard genomic DNA from all pre- 
somatic cells during early embryonic devel- 
opment, represents an exception to the 
DNA "constancy" rule. This process has 
been reported in about a dozen Ascaridae 
species (1, 2), which are nematodes that 
~arasitize vertebrates and some inverte- 
brates (3). In Ascaris lumbricoides, the elim- 
inated material contains large amounts of 
highly repetitive satellite DNA and also 
certain amounts of less repetitive and sin- 
gle-copy DNA sequences (1, 4). One ex- 
pelled gene (akp-1 ) encodes a putative pro- 
tein (RpS19G) homologous to the small 
ribosomal subunit protein S19 of eukaryotes 
(5). The akp-1 gene is transcribed in all 
cells of the germ line, but no rpS19G tran- 

scripts are found in somatic cells, from 
which the gene is absent (5). 

The 148 -amino acid rpS 19G gene prod- 
uct is a component of the small subunit of 
the Ascaris oocyte ribosomes (Fig. lA),  as 
we predicted from its sequence. Although 
the protein was absent from the ribosomes 
of muscle cells. antiserum to R D S ~ ~ G  ( 6 )  
detected another protein that hah a sligh;lb 
reduced mobility on gels. A weak band of 
similar mobility was also extracted from 
oocyte ribosomes (Fig. 1A). The almost 
identical molecular size and similar antigen- 
ic properties suggested that the larger pro- 
tein is an R D S ~ ~  isoform. which mav be 
encoded by axgene that is not eliminated by 
chromatin diminution and is Dresent in 
both the soma and germ line. 

Fig. 1. Distribution of A. lumbricoides RpS19G 
and RpSl9S. (A) Protein immunoblot with -4 A B c 
pg per lane of sucrose-purified small ribosomal O M  F C t -  F 0 
subunits from A. lumbricoides oocytes (0) and 
muscles (M) and an aliquot of a bacterial protein sigs 
extract containing the RpSl9G fusion protein (16.5 kD) & - Lm - -58 kD -- ,S19S 
(F). The concentration of the small ribosomal SI~G' \S19G 
subunits was standardized on standard two-di- (16 3 kD) 
mensional gels (1 7). (B) Protein immunoblot of 
the RpSl9S fusion protein. RpS19G antibodies detected the 58-kD RpSl9S fusion protein (78) in 
IPTG-induced TBl cells containing the fusion vector (+), but not in noninduced cells (-) or in induced 
cells containing the empty expression vector pMalC2 (C). (C) Total protein extract from Ascaris oocytes 
(0) and an aliquot of the RpSl9G fusion protein as control (F). Isolation and purification of small ribosomal 
subunits from A. lumbricoides oviducts or muscle tissues were performed as described (19). Protein 
extracts were analyzed by electrophoresis with a 16%T (total concentration of monmers), 6%C (cross- 
linking agent) polyactylamide gel. Protein transfer and immunoblotting with the serum to a bacterially 
expressed RpS19G fusion protein (6) were done as described (20). A secondary antibody, an alkaline 
phosphatase-conjugated goat antibody to rabbit immunoglobulin (Dako), was used. 
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