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spot is detected at nearly the fully replicated size of the small
HindIII fragment suggests that the termination is very close
to the left-hand end of this fragment. No equivalent signal
due to a terminated fork was detected in Fig. 5B; if present,
such a spot would be located at about 12.8 kb in the first
dimension. Therefore the termination site must be to the
right of position 6854 bp in the rDNA repeat unit, at -7.0 kb.
The intensity of the arc due to Y structures is about five

times the intensity of the line due to bubble structures (by
densitometry). This indicates that, in this experiment, on
average one of six of the possible origins was used during
each S phase. However, some variation has been observed
in other experiments (data not shown), with intensity ratios
ranging from about 3 to about 10.

Visualization of terminated replication forks. If replication
forks terminate at a specific site, restriction fragments con-
taining the terminated forks should accumulate in a neutral-
neutral 2D gel as a spot, above the linear line (Fig. 5A). To
reduce interference from nonterminated replication interme-
diates (Fig. 3C and D), the salt wash fractions of MluI and
BgIl restriction digests were run in neutral-neutral 2D aga-
rose gels. After transfer to nylon membranes and hybridiza-
tion with an rDNA probe, spots of material accumulated at
the expected size could be detected in both digests (Fig. 6A).
The nature of the additional spots and streaks in both digests
is not known.
The autoradiographs were superimposed on identical gels

which had not been transferred, and the corresponding spots
were cut out of the gel. After electroelution the DNA was
visualized with the electron microscope (Fig. 6B).
The forks recovered from MluI-digested DNA consist, as

expected, of two long arms and one short arm (Fig. 6B).
BglI-digested DNA contains forks with one long arm and
two short arms (Fig. 6B). Analysis of replication forks from
each digest showed that the position of fork termination fell
within the range 6.85 + 0.3 kb (for 21 of 24 observed forks in
the BglI digest and for 16 of 21 observed forks in the MluI
digest).

Replication of the yeast rDNA. Yeast rDNA could theoret-
ically be replicated in different ways. Apart from the model
shown in Fig. 2B there are numerous other possibilities. For
example, instead of being initiated from specific sequences,
replication could start from random sites. Also, replication
could proceed bidirectionally, either initiating at each origin
or using a subset of available origins. Alternatively, there
might be no initiation sites in the rDNA, and the whole locus
would then be replicated from outside origins (note, how-
ever, that this would require an unusually high fork move-
ment rate to replicate the entire 1,200 kb of the rDNA
repeat). For each of these models it is possible to predict the
expected 2D gel patterns in the experiments we have per-
formed. However, the patterns detected during our study
could not be explained by any of the models mentioned
above. The only model we have been able to imagine which
satisfactorily explains the experimental data is the model
presented in Fig. 2B.

First, both neutral-alkaline (Fig. 3D and 4B) and neutral-
neutral (Fig. SC) 2D gel analyses suggest that a single
bidirectional origin is located at 8.9 ± 0.3 kb, at the right-
hand end of the ARS-containing restriction fragment identi-
fied by Skryabin et al. (29). Second, data obtained by
neutral-alkaline 2D gel analysis (Fig. 3), supplemented with
data from neutral-neutral analysis (Fig. SC) and electron
microscopy (Fig. 6), suggest that leftwards-moving replica-
tion forks terminate at position -7.0 kb. Third, neutral-
alkaline gel analyses (Fig. 3D and 4A) show that replication

through the 37S coding region is predominantly in the
direction of transcriptioh. Fourth, data obtained with both
2D techniques (Fig. 3D, 4A, and SC) indicate that only 1 of
3 to 10 possible origins is used in one round of replication.
These conclusions together lead to the additional inference
that most rDNA is replicated unidirectionally (Fig. 2).

Electron microscopy studies of rDNA replication in Dro-
sophila melanogaster (22) and S. cerevisiae (28) are in good
agreement with the proposed model. In neither study was
countertranscriptional entry of replication forks into active
large rDNA transcription units observed. Furthermore,
Saffer and Miller (28) were able to map the centers of small
replication bUbbles to a position within NTS2 identical
(within experimental error) to the origin mapped by us.
The replicon size reported by Saffer and Miller (28) is 1 to

3 repeat units. Because of the technical limitations of elec-
tron microscopy, larger replicons may not have been de-
tected. Using a sucrose gradient method, Walmsley et al.
(32) estimated an average replicon size of 5 repeat units. Our
data suggest an average size varying from 3 to 10 units,
depending on cell strain and growth conditions. The consen-
sus of all three studies is that not all potential origins are
used during a single round of replication.

Recently, Hernandez et al. (11) claimed to have detected
replication termini in the rDNA of pea root cells by using a
neutral-alkaline 2D gel technique. However, the fact that the
nicked restriction fragments observed by these investigators
were not retarded in the first dimension suggests that they
were not due to replication-fork-containing structures. Their
relationship to rDNA replication remains to be determined.
Our finding that replication of yeast-rDNA is predomi-

nantly unidirectional in the direction of the major transcript
(37S precursor) is consistent with the prediction by Brewer
(5) that long, heavily transcribed regions should be repli-
cated in the direction of transcription. Her prediction is
based on a striking correlation between the directions of
replication and transcription through the larger genes in
Escherichia coli and on the likelihood of potential conflict
between converging RNA and DNA polymerases in large
genes. Smaller genes, such as the 121-bp 5S RNA gene in
yeast rDNA, are probably transcribed and replicated rapidly
enough that the probability of unresolvable polymerase
conflict is low (5). Therefore, the yeast 5S RNA gene should
not interfere with replication forks moving rightwards
through more than 1 repeat unit (Fig. 2B3 and B4).
As discussed by Brewer (5), termination of leftwards

replication at -7.0 kb (near the 3' end of the 37S region)
could be caused by conflict with RNA polymerases. How-
ever, available data do not exclude the possibility of specific
(polar) replication terminator sequences at that location.
Further work is required to distinguish these possibilities.
Note that although leftwards replication terminates at

-7.0 kb, the 3' end of the 37S precursor is at -6.8 kb (19).
The -200-bp interval between the transcription and replica-
tion termination sites might be due to accumulation of
positive superhelical turns ahead of both polymerases (21),
which would prevent a direct protein-protein collision (5).
Our observation of predominantly unidirectional replica-

tion in yeast rDNA may seem surprising in view of the
current paradigm that eucaryotic chromosomal replication is
bidirectional. However, unidirectional replication was no-
ticed previously in fiber autoradiographic studies of mam-
malian DNA replication (14, 16) and was estimated to occur
in 10% of mammalian replicons (16). Because rDNA consti-
tutes less than 1% of mammalian DNA, additional chromo-

VOL. 8, 1988

 on S
eptem

ber 18, 2019 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 



4934 LINSKENS AND HUBERMAN

(A) 9 , 8.2 kD 9.

1.3 9.1/0 1.3

BgII

3.9 9.1/0 3.9
M u
Mlul

FIG. 6. Electron microscopy visualization of accumulated terminated replication forks. (A) Neutral-neutral 2D analysis of 0.3 sLg of salt
wash DNA, digested with BglI (left panel) or MIuI (right panel) and then hybridized with probe MA (see Materials and Methods for exact
location); exposure time, 5 h. Arrows indicate the spots due to accumulation of the terminated-fork-containing restriction fragments.
Diagrams show the predicted structures of the fragments if termination is at 7.0 kb. (B) Electron microscope pictures of replication forks.
After digestion with either BglI or MIuI, 2 ,ug of salt wash DNA was run on gels identical to those shown in panel A. The autoradiographs
shown in panel A were superimposed on the gels, and the corresponding spots were cut out of the gels. After electroelution from agarose the
DNA was prepared for electron microscopy visualization (see Materials and Methods). Left panels, Bgll-digested DNA; right panels,
Mlul-digested DNA.

some regions (not just rDNA) must also replicate unidirec-
tionally in mammalian and, presumably, yeast cells.
Our results show that the yeast rDNA replication origin

colocalizes with an ARS element. It has recently been
demonstrated that a replication origin on yeast chromosome
III also colocalizes with an ARS element (17). These obser-

vations support the idea that yeast replication origins are

ARS elements, but many more origins must be mapped
before the extent of correlation between ARS elements and
origins can be accurately determined.
Our inability to detect nascent strands shorter than 650

bases near the rDNA origin and the presence of a specific

(B)
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nick in this region suggest that the initiation events at this
origin may be more complex than previously imagined. More
accurate mapping of the initiation site(s) in this region is now
under way.
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