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In prokaryotes such as E. coli, in simple eukaryotes such as S. cerevisiae, and in somat-
ic cells, genome sequence plays an important role in defining origins of DNA replication.!
In Xenopus and Drosophila early embryos, by contrast, replication origins do not require
any specific DNA sequences. If potential origins are distributed randomly along the
genome, one expects a geometric (exponential) distribution of separations. Because the
length of S phase is determined by the replication of the entire genome, even relatively rare
long gaps could prolong S phase beyond its observed duration of 10-20 minutes for com-
plete duplication of the whole genome (3 billion bases).23 The problem is all the more
acute in that early embryo cells lack an efficient S/M checkpoint,* which is used by many
eukaryotic cells to delay entry into mitosis in the presence of unreplicated DNA. This
problem is formally stated as the “random-completion problem,”® and, because of the reasons
explained above, its solution requires a mechanism that regulates replication other than
sequence.

Roughly, two approaches have been advanced to resolve the random-completion
problem:® In the first scenario (“origin redundancy”), potential origins exist in abundance
and initiate stochastically throughout S phase. This allows large gaps to be “filled in” dur-
ing the later stages of S phase.”-® In the second scenario (“fixed spacing”), one postulates a
mechanism that imposes regularity in the distribution of potential origins, thus prevent-
ing the formation of problematic large gaps between origins.? In this article, we shall show
that consideration of recent experimental results on early embryo Xenopus replication leads
to a more nuanced, “intermediate” view that incorporates elements of both scenarios and,
more important, suggests a biological picture in which the secondary structure of chro-
matin—looping in particular—plays an important biological role in DNA replication.

One recent development is that new experimental techniques now make it possible to
extract large amounts of data from the replication process. For example, molecular-combing®®
and direct visual hybridization (DIRVISH)?1 techniques can give detailed statistics about
numbers and sizes of replicated domains as averaged over the genome, as well as many



dynamical configurations of chromosomes, using crosslinking to
measure interaction frequencies between different genetic loci.’® The
amount and quality of the data from these recent experiments is
stimuglating the formation of quantitative models of DNA replica-
tion.

Here, we show that recently obtained molecular-combing data on
DNA replication in early-embryo Xenopus laevis are most naturally
explained by postulating that chromatin forms loops at “replication
factories”16:17 and that these loops control origin spacing (Fig. 1); It
is important to note that the size of such a loop is not arbitrary. The
stiffness of the polymer means that loops that are too small cost too
much energy. If a loop is too large, there will be too many confor-
mations to explore for the ends to meet, and it thus costs too much
entropy. Balancing these effects gives an optimal loop size,18 which
leads to an origin-exclusion zone, since origins are connected by at
least a single loop.

The sizes of the postulated loops extracted by fitting to experi-
mental data turn out to be comparable to those obtained indepen-
dently in single-molecule measurements of chromatin stiffness in
other systems.1519 Because the size of a polymer loop is controlled
by its stiffness, we can link the physical properties of chromatin,
when considered as a semiflexible polymer, to origin spacing during
DNA replication. As we shall see, the physical properties of chro-
matin loops can explain both the observed regularity of initiation
spacings® and the existence of an “origin-exclusion zone,”” where
origin firing is inhibited, reconciling apparently contradictory views
on the nature of the mechanism that ensures rapid and complete
genome replication in early embryos. Although our results concern
one particular system, there is reason to suspect that they may apply
more generally.

MATERIALS AND METHODS

Analysis of Molecular Combing Experiments on Early-Embryo
Xenopus. \We analyzed data from the recent molecular combing experiment
by Herrick et al.12 The data are available on request. These experiments used
Xenopus sperm nuclei in Xenopus egg extracts and two-color fluorescent
labeling of DNA bases to study the kinetics of DNA replication in this system.
One begins by labeling the sperm chromatin with a single fluorescent dye
(biotin-dUTP, visualized as Texas Red). At some time point t' during the
replication process, one adds the second dye (dig-dUTP, green) and thus
DNA replicated after t' are labeled with two colors (predominantly green).
Fully replicated DNA are stretched out uniformly on a glass surface using
molecular combing and examined under a microscope (stretching factor: 1 um
= 2.0 £ 0.1 kb; see Fig. 8 in ref. 20). The alternating red-and-green regions
form a snapshot of the replication state of the DNA fragment at the time the
second dye was added. Varying that time in different runs allows one to
systematically look at the progression of replication throughout S phase.

In previous analysis, we examined the average lengths of eyes and holes
at different times during S phase.8 Here, we focused on the distribution 7,
of eye-to-eye distances in order to test the origin spacings predicted by the
wormlike chain model of chromatin fibers, as well as the origin synchrony.

We also generalized the correlation measurements of Blow et al.® In our
simulations, we can detect origin synchrony through correlations in the sizes
of nearby replicated domains (or eye sizes). Adjacent (small) eyes of similar
size will have initiated at about the same time. The correlation coefficient is
defined as

where s; (s) is the i-th (j-th) eye size and brackets (<...>) denote average values.
The neigljwborhood distance |i-j| indicates how far two eyes are apart. For
example, C(1) is the correlation coefficient for nearest neighbors, C(2) for
next-nearest, and so on.

Looping of a Helical, Wormlike Polymer Chain: Statistics and
Dynamics. In forming loops (see Fig. 1, for example), polymers that have an
intrinsic stiffness such as chromatin cannot have arbitrary loop sizes. The
optimal loop size is 3—4 times the persistence length (a measure of the poly-
mer stiffness).2® Previous work dealing with looping in biological contexts
has implicitly assumed that looping is a reaction-limited process, i.e., one
where the reactive groups meet many times before actually binding.2! In this
limit, the kinetic distribution of loop sizes is identical to the distribution of
loops in thermal equilibrium. For this case, Shimada and Yamakawa (SY)
derived an approximate expression, valid for | < 10:22
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Here, G(I) - dl is the probability for finding a loop whose size is between
I 'and I+dl, where | = L / |, with L the contour length of the polymer and Ip
the persistence length. Notice that for small I, the loop-formation probability
is exponentially suppressed, which provides a natural explanation for an origin-
initiation exclusion zone. The peak of the SY distribution at | = 3.4 can be
expected to correspond to enhanced initiations. Finally, for | ** 10, the prob-
ability decreases rapidly, which makes the formation of single large chromatin
loops unlikely. Note again that Equation 1 does not accurately describe this
large-I limit, which has been modeled more accurately as a Gaussian chain.23

If the dynamics are diffusive, i.e., if the reactive groups bind the first time
they encounter each other within some small reaction range # (< 1), we can
show that the SY approximation continues to hold in the regime where the
loop-size is less than a few times the persistence length, and the loop-forma-
tion time $, is given by
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where C is a dimensionless prefactor that is practically a constant (~101) for
all 1, and D is the diffusion constant.* This “first return time” $, predicted
by Equation 2 is very short (103 to 102 seconds for chromatin, comparable
to that of linear dsDNA25), implying that loop-formation dynamics are
much faster than replication time scales (~20 minutes).

Finally, one further approximation that has been made in this and previous
work on looping is that the reactive groups are assumed to be the polymer
ends, whereas in the case of chromatin, origins along the DNA (i.e., not at
the ends of the DNA) are assumed to bind to replication factories that have
already bound a neighboring origin, which is also in general not at the end
of the chromatin molecule. We believe that this is unlikely to be an important
complication.

Note that while the loop-size distribution does not accurately follow the
SY distribution outside the so-called Kramers regime where Equation 2 was
derived, the folding of chromatin falls within this limit.24

Computer Simulations. To study the effect of adding chromatin loops






The difference between the distributions, % fj5; = T o - ioi rangom 19
shown in (Fig. 3B). Notice that there are two clearly distinct regimes. In the
first regime (l;,; < ~20 kb), the experimental data clearly differ from the
simulation (P = 4 x 10-33; "2=165 for n = 6 degrees of freedom). Initiations
are inhibited over origin-to-origin distances smaller than 8 kb (mostly smaller
than 4-5 kb). This is consistent with both the observation that there is only
one origin initiation event on plasmids smaller than ~10 kb 2 and the specu-
lation that an exclusion zone ensures a minimum origin-to-origin distance.”
On the other hand, activation of one origin appears to stimulate the activation
of neighboring origins each separated by a distance of 8-16 kb (peak at ~13
kb). This number is consistent with the previously reported origin spacings
of 5-15 kb%12 and the saturation density of Xenopus Origin Recognition
Complexes (XORCs)%8:27 along sperm chromatin in egg extracts.

The second regime (I;,; "* 20 kb) shows that for simulation and experiment
the distribution of large eye-to-eye distances is statistically similar (P = 0.14;
"2 = 34 for n = 26), which implies that the random-initiation hypothesis
holds for this regime, even as it fails at smaller origin separations.28

Eye-Size Correlations and Origin Synchrony. We next tested for the
presence of correlations between the sizes of nearby eyes. Figure 4 shows that
there is a weak but statistically significant positive correlation: larger eyes
tend to have larger neighbors, and vice versa. Because domains grow at con-
stant velocity, size correlations may be interpreted as origin synchrony. The
value for the nearest-neighbor correlation is consistent with that reported by
Blow et al. (0.16).°

The observation of eye-size correlations has qualitative significance in
that no local initiation function I(x,t)}—whatever its form—can produce
correlations.29 Intuitively, the presence of eye-size correlations means that
the probability of initiating an origin is enhanced by the presence of nearby
active origins and thus cannot be a function only of x and t (position along
the genome and time during S phase). In Figure 4, we calculate via Monte-
Carlo simulation the eye-size correlations assuming that origins are placed at
random along the genome (m) and intiations are independent from one
another. As expected, the correlations are consistent with zero.

Origin Spacing, Loops, and Replication Factories. Since the experi-
mental eye-to-eye distribution is not consistent with the random-initiation
hypothesis for short distances (< 20 kb) and since eye-size correlations imply
some kind of nonlocal interaction between origins, we tested an alternative
hypothesis that chromatin folding can lead to a replication factory with
loops (hereafter, the loop model),16:17:30 against data. In the loop model,
initiations occur at the replication factory, and there must be a correlation
between the loop sizes and the distances between replication origins. As
mentioned earlier, because of the intrinsic stiffness of chromatin, loops have
a preferred size: activated origins will tend to occur at a characteristic sepa-
ration from the replication forks of already activated replication origins.

In the Monte Carlo simulations, we compute for each time interval %t
the number of initiations %N(t) = I(t) x %t x L' (where L' is the length of
DNA that is unreplicated at time t), using the published result of 1(t),8 that
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