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quency of the two states. In this case, the
emission persists as long as the phase re-
lation between the two excited states is
preserved.

In real systems, however, coherence is
lost because of processes such as collisions
between electrons and interaction with lat-
tice vibrations with a characteristic dephas-
ing time. The important difference between
previous coherent population control exper-
iments in semiconductors (9) and the exper-
iments presented by Bonadeo et al. (/) is
that the dephasing time is much longer in a
single dot (40 ps) than in bulk semiconduc-
tors (< 1 ps). The consequence is that a
practically complete destruction of the pop-
ulation created by the first pulse is possible
in a single quantum dot, whereas a destruc-
tion no better than 70% was achievable in
the bulk material (9).

PERSPECTIVES: DMA REPLICATION

SCIENCE'S COMPASS

The feasibility of coherent control in a
single quantum dot opens new perspectives
for the use of quantum dots as quantum log-
ic units for optical computing. Indeed, co-
herent control can be used to prepare the
quantum dot in a target wave function that
can be addressed optically. Multistate logic
units could be achieved by the use of more
than two confined states. Recent advances
in quantum computation theory show that a
chain of such quantum logic gates could
perform sophisticated quantum computing
operations such as factorization of large in-
teger numbers in a much more efficient
way than conventional two-state logic com-
puters (/0). The challenge now faced by
scientists is to develop coherent control
schemes useful for such applications.
Moreover, one prerequisite for a practical
quantum logic gate is a long decoherence

time. In atoms, decoherence times as long
as a few microseconds have been observed
(10). Quantum dots, being solid-state sys-
tems, are technologically more practical
than atoms, but much longer dephasing
times still have to be achieved.
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Bringing the Mountain
to Mohammed

Richard Losick and Lucy Shapiro

have underestimated the flexibility

of DNA. When it was first discov-
ered that genes can be controlled by DNA
elements located many kilobases away
from the transcribed gene itself, such “en-
hancers” were thought to be entry sites
for regulatory proteins. These proteins, it
was imagined, would slide or otherwise
send a signal down the DNA, depicted as
a static and rigid rod, to the promoter of
the gene. Only later did it emerge that the
DNA, which is of course dynamic and
flexible, forms a loop that directly juxta-
poses enhancer-bound regulatory proteins
with the promoter-bound transcription
complex. Similarly, until recently, text-
books depicted the replication fork for
DNA duplication with two DNA poly-
merases independently carrying out lead-
ing-strand and lagging-strand synthesis.
Now we know that the two polymerases
are locked together in a rigid replication
machine and that the DNA template for
the lagging strand loops out from the twin
polymerases. Because of the enormous
length of DNA, textbooks have also gen-
erally depicted the chromosome as sta-
tionary and the replication machinery as a

a 11 too often, molecular biologists
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kind of locomotive chugging along the
DNA track. Now a report by Lemon and
Grossman on page 1516 of this issue (/)
provides fresh support for the opposite
view—namely, that the replication ma-
chinery remains at a relatively fixed posi-
tion and that the mountain of chromoso-
mal DNA in the cell is threaded through
this replication “factory” to emerge as
two daughter chromosomes. Thus, the
Mountain is brought to Mohammed rather
than the other way around.

The concept that DNA replication
takes place in immobile factories arose
from four sets of experiments in eukary-
otic cells (2). First, eukaryotic chromo-
somes have multiple origins of replica-
tion, and evidence showed that these ori-
gins often fire synchronously, as if the
initiation of replication was somehow co-
ordinated among origins that were widely
spaced along the chromosome (3). Sec-
ond, direct visualization by fluorescence
microscopy revealed that replication is
initiated at a relatively small number of
discrete sites within the nucleus at which
many origins are clustered (4). Third,
these sites were shown to contain the
protein machinery for DNA replication
(2). Finally, and most telling, time-lapse
experiments with pulse-labeled DNA re-
vealed a punctate pattern of DNA synthe-
sis in the nucleus and the extrusion of
newly duplicated DNA from the sites of
replication (5). Apparently, DNA is

spooled through stationary replication
factories during the process of DNA du-
plication. Berezney and colleagues (6)
have recently extended this analysis to
demonstrate the existence of distinct fac-
tories for transcription as well as replica-
tion, the subject of a recent Perspective
by Cook (6).

A formidable challenge to proving that
DNA is indeed threaded through immo-
bile replication factories is the immense
complexity of the process of DNA dupli-
cation in eukaryotic cells. During the S
phase of the cell cycle, the nucleus con-
tains more than 100 putative factories, and
each factory contains as many as 300
replication forks (3). Hence, it is difficult
to determine the position of individual
factories relative to the architecture of the
nucleus and therefore to be certain that the
factories remain stationary and that DNA
is spooled through them. Confidence in
the factory model would be much higher
if it were possible to visualize single
replication forks and to monitor their lo-
cation relative to cellular landmarks. Now
Lemon and Grossman (/) have done just
that through their discovery of what ap-
pears to be replication factories in the bac-
terium Bacillus subtilis.

Bacteria, which lack nuclei, have tra-
ditionally been viewed as vessels with
proteins diffusing freely within an amor-
phous cytoplasm. Recent applications of
electron and fluorescence microscopy,
however, have revealed that many pro-
teins in bacteria have distinct subcellular
addresses (7). Furthermore, the prokary-
otic chromosome is oriented in a specific
way in bacteria, and bacteria may have a
“mitotic apparatus” that is responsible
for chromosome segregation during the
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cell cycle (8). These studies

have shown that, after duplica- -
tion, the replication origin re-

gions rapidly move apart toward Initiation of replication

opposite poles of the cell. But
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Replication factory
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not have a nucleus). The clear in- duplication
ference from these findings is that
the foci correspond to replication
forks and that replication takes pecatenation
place in relatively stationary fac- and chromosome
tories with the chromosome orientation
threaded through the factory.
What is the evidence that
thege foci correspond to repli- Chismosoine
cation fOI‘kS? The bacterlal compachon fo) T T

chromosome, which is a circle,
is replicated bidirectionally at
two replication forks that origi-
nate from a single origin. Thus,
the region of the chromosome
containing the origin (O) repli-
cates first, and the terminus re-
gion (T), about 180° away, is
replicated last (see the figure). These
constraints pose a problem for rapidly
growing bacteria because the length of
the cell cycle under optimal growth con-
ditions is shorter than the time it takes
for the replication forks to duplicate the
entire chromosome. Under rapid growth
conditions, bacteria solve this problem
by initiating a second or even a third
round of DNA replication before the first
round of replication is complete. Thus,
rapidly growing cells have multiple repli-
cation forks, whereas slowly growing
cells have only two. Strikingly, the au-
thors (/) found that most cells had only
one or two fluorescent foci under condi-
tions of very slow growth but as many as
four foci under conditions of more rapid
growth. This correlation between growth
rate and the number of foci fits with the
view that the foci are indeed the sites of
DNA replication.

What is perhaps most astonishing
about this work is that Lemon and Gross-
man (/) could visualize DNA polymerase
at the replication forks at all. A single
replication fork should contain only a sin-
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and separation

Duplicating bacterial DNA. Diagram of a replicating chromosome
spooled through a stationary replication factory. The topologically com-
plex chromosome is depicted in a simplified manner to illustrate move-
ment of DNA during the cell cycle.

gle replication machine, which should
consist of only two PolC molecules, one
for the leading strand and one for the lag-
ging strand. The two replication forks re-
quired for bidirectional replication (see
the figure) would be expected to have on-
ly four PolC molecules, a small number to
expect to be able to be visualized by fluo-
rescence microscopy. Perhaps, as suggest-
ed by the authors (/), additional DNA
polymerase molecules congregate near
replication forks where they are poised to
repair mismatches created by errors in
replication.

What do these new findings tell us
about the nature of the motor that drives
chromosomes apart in bacteria? Eukaryot-
ic cells have a conspicuous spindle appa-
ratus that is responsible for segregating
homologous chromosomes during mitosis,
but the nature of the mitotic motor in bac-
teria is mysterious. It is known that bacte-
ria have proteins that are responsible for
chromosome condensation and that are
crucial for the fidelity of chromosome
segregation. But the nature of the engine
that drives newly duplicated replication

(o}
(o}
OO~

origins toward opposite poles of
the cell remains elusive. The
discovery of apparent replica-
tion factories located near the
cell center raises the intriguing
possibility that the process of
DNA replication itself might
contribute to the force required
for segregation (/). As has been
recently shown by time-lapse
fluorescence microscopy, how-
ever, the segregation of chromo-
somes may not be a gradual, lin-
ear process (9). Rather, the new-
ly duplicated origin regions of
the chromosome sometimes ap-
pear to jump apart toward oppo-
site poles of the cell before divi-
sion. Thus, chromosome segre-
gation may be composed of
multiple stages: First, newly
replicated DNA is spooled
through a replication machine,
and topological constraints force
the new chromosomal regions
apart. A second stage involving
a possible “mitotic” apparatus
might help to pull or push the
newly replicated chromosomes
o to the poles. Finally, the daugh-
ter chromosomes undergo com-
paction (/0), completing their
separation from each other be-
fore cell division.

The findings of Lemon and
Grossman (/) raise many fasci-
nating questions. What anchors
the replication factories near the
middle of the cell, and what signals delo-
calization at the completion of replication?
How many DNA polymerases are present
near the replication fork? Is the energy
from DNA synthesis harnessed for chro-
mosome segregation?
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