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ABSTRACT The replicating chromosomal DNA in
Drosophila melanogaster cleavage nuclei has been visual-
ized in the electron microscope as a serial array of closely
spaced replicated regions created by pairs of diverging
replication forks. The fine structure of the forks is very
similar to that observed for the replication forks of bi-
directionally replicating bacteriophage DNAs. However,
the mean length of the single-stranded gaps in Drosophila
forks is less than 200 nucleotide residues, much shorter
than the gaps in phage forks. This difference in gap length
corresponds to the observed difference in the size of
Okazaki fragments from Drosophila and phage.

The pleasing concept that the genetic information in a
eukaryotic chromosome is contained in a single molecule of
double-stranded DNA is supported by recent experiments
with Drosophila (1) and yeast (2, 3). Given such a molecular
continuity, the problem of reproducing the genetic order in a
chromosome is reduced to the problem of replicating a single
long DNA molecule which, for the largest chromosome in the
fruit fly, Drosophila melanogaster, has a length of about 2.1
cm., or 62,000 kb [ref. 1; kb (kilo bases) is a unit of length
equal to 1000 bases or base pairs in single-stranded or double-
stranded nucleic acids].

We have studied this replication problem in D. melanogaster
by electron microscopic examination of the DNA from rapidly
dividing cleavage nuclei. At 24°, the cleavage nuclei divide
every 9.6 min and exhibit an interphase of only 3.4 min (4),
during which each chromosomal DNA molecule must be
replicated. The molecular replication rate for the DNA in
the largest chromosomes should therefore be equal to or
greater than 18,000 kb min—! molecule™. Since the upper
estimate for the rate of movement of a DNA replication fork
in animal chromosomes is about 3 kb min~! fork~! (5, 6), we
expect that this rapid molecular replication will require the
cooperative action of 6000 or more forks per molecule, or at
least one fork per 10 kb of DNA. It was this expectation that
provided the hope that we could determine the structure and
distribution of replication forks in the DNA of a eukaryotic
chromosome by electron microscopic observation. In this
article, we show that this hope has been realized. The DNA
from the cleavage nuclei of Drosophila exhibits a serial array

Abbreviations: kb (kilo bases), a unit of length equal to one
thousand bases or base pairs in single-stranded or double-
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propane sulfonic acid.
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of replicated regions, or ‘“‘eye forms” (ref. 7 and Fig. 1),
created by pairs of diverging replication forks which display
a fine structure very similar to that observed in prokaryotic
chromosomes (8, 9).

MATERIALS AND METHODS

Media. C medium is Lewis’s medium (10) modified by
substitution of corn flour for corn meal and by increasing the
agar concentration to 0.9%. G medium is derived from C
medium by increasing the agar to 1.99%, eliminating the
corn flour, adding grape juice (Welch’s) to 39% (v/v), and
titrating to pH 5.25 with 1.25 N NaOH;; after autoclaving,
acid mix A (10) is added until the final pH is 4.25. Yeast
paste is 409, (w/w) active dry baker’s yeast and 0.36%, (w/w)
propionic acid in water.

Collection of Eggs Containing Cleavage Nuclei. Adult flies
(D. melanogaster, Oregon R) were maintained at 25° and 609,
relative humidity on C medium partially overlaid with yeast
paste. Eggs were collected for 40 min on G medium sprayed
with 0.05 M ethyl acetate, starting at the time of the light-
to-dark transition of a 10 hr light-14 hr dark cycle, when
there is a burst of egg laying. After incubating the collected
eggs for 15 min at 25°, they were washed with 0.12 M NaCl,
dechorionated by suspension in 2.25%, sodium hypochlorite
for 90 sec (20-25°), and washed again. DNA was isolated from
the cleavage nuclei of these eggs as described in the legend
for Fig. 1.

Digestion of “Whaskers” with E. coli Exzonuclease I. Reac-
tions were carried out at 37° in 33.5-ul volumes at the following
concentrations: 60 mM glycine (pH 9.5), 6 mM MgCl,, 1.5
mM B-mercaptoethanol, 1.9 ug/ml of DNA, and 580 units/ml
of Escherichia coli exonuclease I (11). The exonuclease I (spe-
cific activity, 55,000 units/mg) was a gift of Sidney Kushner.

Contour Lengths of DN A. Electron micrographs were pro-
jected onto a Hewlett-Packard 9864A Digitizer and contour
lengths measured to an accuracy of =+0.5%, using a 9810A
Calculator with a fully smoothed program. Phage PM-2
DNA (9.9 kb) and phage M13 DNA (6.6 kb; ref. 12) were
used as internal standards for double-stranded and single-
stranded lengths, respectively. The PM-2 DNA length is
based on a PM-2:\ length ratio of 0.213 and a A DNA length
of 46.5 kb (13).



136 Biochemistry: Kriegstein and Hogness

Fic. 1. Fragment of replicating chromosomal DNA from cleavage nuclei. The fragment shown contains 23 eye forms in a length of
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119 kb. Cleavage nuclei were prepared at 0—4° by pressing 1 g of dechorionated D. melanogaster eggs (Materials and Methods) through a
fine stainless-steel screen into 1.0 M 2-methyl,2,4-pentanediol, 0.002 M CaCl,, 0.01 M CAPS buffer, pH 10.4; filtering the suspension
through a nitex ASTM 400-37 screen (Ernst Tobler); and centrifuging the 10 ml of filtrate at 2400 rpm in a Sorvall centrifuge with a
SS-34 rotor for 10 min. The nuclei were resuspended in 0.75 ml of 10 mM EDTA in 10 mM CAPS buffer, pH 10.4, and lysed by the
addition of 0.75 ml of the same buffer containing 29, sarkosyl. After 5 min of gentle agitation at 20-25°, the lysate was floated on top of a
solution of 8.85 g of CsClin 5.5 ml of 10 mM EDTA in 10 mM CAPS buffer, pH 10.4, and centrifuged at 20° for 72 hr at 40,000 rpm in a
Spinco ultracentrifuge with a 50 rotor. Fractions were collected slowly through a 16-gauge needle, and the fractions containing DN A
were pooled and dialyzed against 10 mM EDTA in 100 mM Tris- HCI, pH 8.5. The dialyzed DN A was spread for electron microscopy by

the formamide technique (14), using 40 and 109, formamide in the hyperphase and hypophase, respectively.

RESULTS

The DNA from Cleavage Nucles Contains Multiple Eye-
Forms. The molecules of DNA isolated from cleavage nuclei
exhibited a mean length of 90 kb, and about one-tenth con-
tained eye forms such as those shown in Fig. 1. The mean
length of 279 randomly selected eye forms is 5.6 kb, and the
mean distance between centers of 316 pairs of adjacent eye
forms is 9.7 kb.t These distributions are described in more de-
tailin another article (15).

Eye Forms Result from DN A Replication. If the eye forms
result from replication, then the two segments which form an
eye should exhibit the same length and sequence of base
pairs. The length ratio of the two segments was determined
for each of 44 eye forms. The mean of these ratios was 1.00,
and the standard deviation was 0.02.

The criterion of equivalent base-pair sequences in the seg-
ments was tested by electron micrographic mapping of the de-

t Subsequent to the preparation of this manuscript, a paper has
been published which also describes the isolation of Drosophila
DNA molecules which contain about the same distribution of eye
forms as we have observed (31).

natured regions that result when the concentration of form-
amide in the spreading solution is increased to 809, (16). The
denatured regions are seen as ‘“blisters” formed by the un-
wound single strands (Fig. 2). The blister pattern is deter-
mined by the sequence of base pairs in the DNA segment
(17), presumably because of the preferential melting of regions
with lower frequencies of GC base pairs (18). The apparent
correlation between the blister patterns in the two eye seg-
ments seen in Fig. 2 was confirmed by scoring 50 partially de-
natured eyes in the following manner. The distance from a
fork to each terminus of a blister in either of the presumed
daughter segments was measured, and the equivalent interval
in the other segment was then examined for the presence of a
blister. If a part or all of a blister was found in this interval,
it was scored as a “success.” Successes occurred in 101 out of
126 trials (809;). When the equivalent interval in the third
member of the fork (the presumed parental segment) was
examined as a control, only 37 successes were scored in 126
trials (299,). There is therefore a highly significant, positive
correlation between the blister patterns in the eye segments,
which indicates that they exhibit related sequences of base
pairs.
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Fi1G. 2. Eye form contammg denatured reglone The DNA
was prepared and spread as described in Fig. 1 except that the
concentrations of formamide in the hyperphase and hypophase
were increased to 80 and 509, respectively.

Additional evidence that eye forms result from DNA repli-
cation is provided by the observation that the frequency of eye
forms in DNA isolated from the slowly dividing nuclei of D.
melanogaster cell cultures (S phase = 600 min at 25°) is about
two orders of magnitude less than in DNA from cleavage
nuclei (15).

The Forks in the Eye Forms Look Like the Replication Forks
in Phage Chromosomes. A total of 363 forks in eye forms were
photographed; three forks were eliminated because of ambigu-
ities in the photographs. The remaining 360 forks are dis-
tributed into five classes as indicated in Fig. 3. As shown in
Fig. 34, 459, of the forks contain one single-stranded gap in
one daughter segment where it joins the fork, and are called
SSG; forks. This is the most common single-stranded configu-
ration observed in the replication forks of A phage DNA (8)
and T7 phage DNA (9).

Single strands which extend from a fork to a free end are
called whiskers (Fig. 3B) and were previously observed in
most of the replication forks of T4 phage DNA (19). It has
been suggested (19) that whiskers are derived from SSG; forks
by branch migration (20) during preparation of the sample,
as indicated in the diagram in Fig. 4. The fact that the length
distributions of the single-stranded regions in the SSG; and
whisker forks do not differ significantly (Fig. 4) is consistent
with this explanation, which we therefore adopt. Forks that
contain both a whisker and an SSGi-type region (whisker-
SSG;, Fig. 3C) exhibit the configuration expected for interme-
diate states in the branch migration process (Fig. 4), and we
suppose that they are also derived from SSG; forks.

A B Cc D E
162 41 20 4 133
45.0% 11.4% 5.6% 1.1% 36.9%

Fic. 3. The five classes of replication forks and their ob-
served frequencies. 4, SSG, fork; B, whisker fork; C, whisker-
SSG; fork; D, SSG. fork; E, all-duplex fork. The values given
under each fork indicate the number of observed forks in each
class (first row) and the corresponding frequencies (second row).
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Fic. 4. The length distributions of the single-stranded seg-
ments in SSG; and whisker forks. The arrow and dot at the ends
of daughter strands indicate 3’-hydroxyl and 5’-phosphoryl
termini, respectively. The frequency for the first length interval
(0-0.1 kb) is certainly too low because the shortest single-
stranded region that can be counvincingly identified is only
slightly less than its upper boundary. Frequencies of 1.2 and
0.69, at 0.65 (2£0.05) kb and 0.75 (#%0.35) kb, respectively,
were not included in the SSG, distribution.

The frequency of SSG; forks tn vivo is therefore presumed
to be equal to or larger than the sum of the frequencies of the
preceding three observed classes, or 629,. The only other
forks containing single-stranded regions belong to the SSG.
class (Fig. 3D). The fork configurations that are relevant to
replication can therefore be reduced to three classes: SSG,
SSG,, and all-duplex. The replication forks in A phage DNA
and T7 phage DNA were observed to fall into these same

three classes (8, 9).

All SSG, Forks Exhibit the Orientation Shown in Fug. 4. Of
128 eye forms in which each daughter segment could be un-
ambiguously traced from one fork to the other, 37 contained
SSG, forks at both ends. In each case, the single-stranded
gaps at the two forks were in opposite daughter segments,

‘ai

F1a. 5. Trans configuration of two SSG; forks in an eye form.
Arrows indicate the single-stranded regions in each fork. DNA
was prepared and spread as described in Fig. 1.
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F1a. 6. A two-strand discontinuous model for a replication
fork (26). See Fig. 4 for the meaning of the arrows and dots on
the daughter strands. The position of initiation of a new chain is
indicated by «. Initiation of chains may occur in either daughter
strand but is assumed here to occur less frequently in the ‘“lead-
ing” strand (5’ — 3’ direction = fork direction) because of
competition with chain elongation (30). This model can be

transformed into the one-strand discontinuous model by de-
creasing the frequency of initiation in the leading strand to zero.

i.e., they exhibited the trans configuration shown in Fig. 5.
This result indicates that all SSG; forks have the same orien-
tation.

The diagram in Fig. 4 indicates one of two possible orienta-
tions for SSG, forks. Whiskers derived from such forks by
branch migration will have 3’ termini. This orientation was
confirmed for whiskers in T4 forks by observing their dis-
appearance upon exposure to the 3’ — 5’ specific E. coli exo-
nuclease I (19). We have performed this same experiment
with DNA from cleavage nuclei. The frequency of whisker-
containing forks after exposure of the DNA to exonuclease I
(Materials and Methods) for 0, 20, and 100 min was 22, 10,
and 69, respectively. By contrast, this frequency was 239,
after a 100-min incubation of a control sample in which the
enzyme was omitted. The number of forks counted in each
sample was 145 + 33, and essentially the same results were
obtained in two different experiments. We conclude that the
SSG, forks have the orientation shown in Fig. 4.

DNA Replication in Eye Forms is Bidirectional. The trans
configuration of SSG, forks observed in Drosophila eye forms
is also a characteristic of the eye and 6 forms of the replicating
DNAs in phages T7 and A, respectively (8, 9), both of which
replicate bidirectionally (7, 17). This correlation and the fact
that the orientation of SSG, forks is that expected from
models for replication forks (see ref. 21 for review) suggest
that the eyes exhibiting the trans configuration replicate bi-
directionally. However, the forks that can be identified in the
electron microscope as replication forks also include the
whisker-containing forks (because they derive from SSG,
forks) and the rare SSG; forks (see Discusston), or a total of
63.1% of all forks (Fig. 3). If all forks in all eye forms are
replication forks and the chance of detecting a replication fork
by our assay is 0.631, then of the 128 eye forms examined
[(0.631)2(128) ], or 51, should exhibit single-stranded forks at
both ends; the observed number was 54. The number contain-
ing all-duplex forks (i.e., those forks not identifiable as replica-
tion forks) at both ends should be [(0.369)2(128)], or 17.4;
the observed number was 21. The number of eye forms con-
taining one all-duplex and one single-stranded fork should be
[(2)(0.369)(0.631) (128)], or 59.6; the observed number was
53. We infer from this agreement between the expected and
observed numbers that essentially all eye forms replicate bi-
directionally.
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DISCUSSION

When the information that eye forms expand bidirectionally
is included in one’s view of the replicating chromosomal DNA
seen in Fig. 1, one obtains a good illustration of the model pro-
posed by Huberman and Riggs (5) to account for the auto-
radiographic patterns generated by replicating DNA from
the chromosomes of mammalian cells. Thus, the activation of
each of many origins generates two diverging replication
forks which create a serial array of bidirectionally expanding
eye forms that merge to form the two daughter DNA mole-
cules. Since the same kind of autoradiographic patterns de-
tected for mammals have been observed for amphibia and
fowl (6), and since multiple eye forms have been observed in
the replicating chromosomal DNA of yeast (22), the topog-
raphy of replication seen in Fig. 1 can reasonably be general-
ized to all eukaryotic chromosomes.

The similarity between the structure of the replication
forks in Drosophtla chromosomes and in the bidirectionally
replicating forms of phage chromosomes is striking, and sug-
gests that a single basic mechanism of DNA replication may
suffice for both eukaryotes and prokaryotes. There are, how-
ever, some significant differences which we wish to discuss in
the context of the two-strand discontinuous model given in Fig.
6. The frequency of SSG: forks in'Drosophila DNA is about an
order of magnitude less than that observed for A phage DNA
and T7 phage DNA (8, 9). The ratio of SSG: to SSG; forks is
0.02 in Drosophila DNA and 0.34 and 0.13 in A phage DNA
and T7 phage DNA, respectively. This ratio should depend
on the relative rates of chain elongation, 7., and fork move-
ment, 7, as is illustrated in Fig. 6. If ro, and 7¢ are about equal,
SSG: forks will be formed which exhibit lifetimes of the order
of those for S8G; forks; if rcn >> 71, an SSG; fork will immedi-
ately be transformed into an SSG; fork and will be infre-
quently observed. We therefore suggest that the ratio of
ren to ¢ is substantially greater in Drosophila forks than in
phage forks.

The value of r; for Drosophila cleavage nuclei is 2.6 kb min—!
fork —! at 25° (15), about 6-fold less than the values of 7 esti-
mated for T4 phage (23) and E. coli (24) at this temper-
ature. Since the r¢ values reported for other eukaryotes are
about the same as that for Drosophila (5, 6), we suppose
that there is a rate-limiting process necessary to fork move-
ment that is common to eukaryotes and not present in
prokaryotes. An obvious candidate for this process is the re-
distribution of histones which must occur in eukaryotic, but
not in prokaryotic, replication forks. Since the ratio 7en:7¢ is
about one in E. colt (24), and only somewhat greater in
T4 phage (25) our contention that the 7ch:7¢ ratio is much
greater than one in Drosophila would then require that chain
elongation is less affected by the histone redistribution than
is fork movement. We refer here, of course, only to the daugh-
ter strand in which the direction of chain elongation is oppo-
site to fork movement.

A second difference between Drosophila and phage replica-
tion forks is the size of the single-stranded gaps in SSG;, forks.
The mean length for Drosophila forks is probably less than
0.2 kb (Fig. 4), whereas it is 0.5 and 1.5 kb in X and T7 forks,
respectively (8, 9). One might therefore expect the chains
created by discontinuous elongation (Okazaki fragments,
ref. 26) to be shorter in Drosophila than in A and T7 phages.
In experiments performed with the collaboration of Alan
Blumenthal, we have obtained Okazaki fragments from cell



Proc. Nat. Acad. Sci. USA 71 (1974)

cultures of D. melanogaster that exhibit a sedimentation co-
efficient in alkaline sicrose gradients of 4S, whereas Ginsberg
and Hurwitz (27) find that replicating A phage DNA yields
Okazaki fragments of 7S. The corresponding fragment lengths
are about 0.15 and 0.6 kb (28), in rough agreement with ex-
pectation. The sedimentation coefficient of Okazaki frag-
ments for T7 phage has not been reported but, according to
the preceding argument, should be about 108, in the range of
values reported for other phage and for bacteria (8-118, ref.
26). These observations would indicate that the initiation of
new chains on one or both strands occurs more frequently per
unit length of DNA replicated in Drosophila than in the
prokaryotes. This also appears to be the case for mammalian
cells, where Okazaki fragments of about 0.1 kb have recently
been reported (29).

“The characteristics of replication forks visible in the elec-
tron microscope that we have discussed thus far can be re-
lated to either the one-strand or the two-strand discontinuous
models of replication (21) with equal ease. There is, however,
one peculiar aspect of the observed fork frequencies for which
the two-strand model offers an explanation that the one-
strand model does not—and this concerns the high frequencies
of all-duplex forks observed for Drosophila (37%, Fig. 3), A
phage (49%,, ref. 8); T4 phage (47%, ref. 19), and, to a lesser
extent, T7 phage (15%, ref 9). All-duplex forks can be created
by displacement of a chain from the ‘leading” daughter
strand (i.e., the strand with 5’ — 3’ direction equal to the
direction of fork movement) if initiation of chains on both
daughters occurs at approximately the same position; this is
the expected result of branch migration in the upper fork
shown in Fig. 6. In those cases where the initiation positions
in the two daughters are displaced from each other, the result
of branch migration would be a whisker (e.g., the lower right
fork in Fig. 6). This explanation would also account for the
Okazaki fragments that have been observed without prior
denaturation of the DNA (26), an observation that offers an
obvious means for testing this proposition.

In conclusion, we note that among the more than 1000
Drosophila eye-forms examined, we have never observed an
eye form within an eye form, i.e., the reactivation of an origin
within a daughter segment. Evidently the activation of origins
i8 restricted to the unreplicated chromosomal DNA in each
8 phase. Although tacitly assumed in previous considerations
of chromosomal replication in eukaryotes (5, 6), our observa-
tions provide the first direct evidence for this restriction. It is
_ an important point because the reactivation of origins prior to

completion of chromosomal replication is a common observa-
tion among prokaryotes (7, 19, 21) and, a priori, could occur
in eukaryotes. Perhaps this restriction is necessary for the
proper packing of the chromatin required for the separation
of daughter chromosomes during mitosis. Or, the restriction
may be related to the mechanisms that regulate the different
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arrangements of active origins in the chromosomal DNA of
nuclei with different S phases, a subject we have reported in
another article (15).
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