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tion and repression are important in dictating temporal

patterns of gene expression, the molecular mechanisms that
control the timing of transcription have remained largely elusive.
Our lack of understanding stems from the scarcity of biological
regulatory systems that have a discrete initiation event to provide a
reference point for synchronizing the system and timing subsequent
regulatory interactions. Studies of gene expression in viruses and the
fruit fly, Drosophila melanogaster, have revealed that the physical
arrangement and lengths of transcription units can play an impor-
tant role in controlling their timing of expression.

In viruses, infection of a host cell initiates a cascade of viral gene
expression that results in viral DNA replication and virion assembly.
Some bacteriophages, such as T7, contain genomes in which the
linear arrangement of genes determines their order of expression
after infection. These genomes are injected into the host cell in a
fixed orientation such that the early regulatory genes are introduced
first, and the structural genes required for phage assembly are
introduced last. It is the physical presentation of the viral template
DNA that allows RNA polymerase to transcribe each set of genes in
order, thereby determining the temporal order of viral gene expres-
sion (1). Similarly, transcription of the long late operon (~25 kb)
encoding the structural components of the P22 and \ virions results
in the sequential appearance of its encoded proteins, reflecting the
positions of their coding regions along the DNA (2).

This observation in A led to the formulation of a model, which
proposed that biological time could be measured by transcription,
taking advantage of its constant relatively slow rate (~2 kb/min for
Escherichia coli RNA polymerase) (3). According to this model,
delays in gene expression are determined by the length of time
required to transcribe the gene itself, or another gene that encodes
a critical transcriptional activator (3). On repressing transcriptional
initiation, the length of a transcription unit can also establish a delay
before there is a decrease in the number of newly synthesized
messenger RNAs.

A similar model for gene length functioning as a delay timer has
been invoked in Drosophila to propose a function for the unusual
length of the transcription units associated with the homeotic genes
(4). These genes, such as Ultrabithorax (Ubx) and Antennapedia
(Antp), are responsible for establishing the identities of individual
segments and thus play a relatively late role in embryonic pattern
formation (5). The homeotic genes span long regions of DNA (77
and 100 kb, respectively, for Ubx and Antp) because they contain
unusually long introns (as long as 50 and 60 kb, respectively, for
Ubx and Antp) (4, 6). The delay inherent in the transcription of
these genes was proposed to contribute to their temporal regulation,
consistent with the observation that they function later in develop-
ment than shorter segmentation genes (4).
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Studies of Ubx transcription have demonstrated that gene length
can function as a delay timer in Drosophila (13). Elongating nascent
Ubx transcripts can be detected by in situ hybridization in precisely
staged early Drosophila embryos. When the promoter is first activat-
ed, at the beginning of cell cycle 14, Ubx transcripts are elongated at
a rate of ~1.4 kb/min, similar to the RNA polymerase II elongation
rate determined in other higher organisms. This leads to an approx-
imate 1-hour delay in the appearance of mature Ubx mRNA.
Interestingly, Ubx transcription is aborted with the onset of mitosis
and must reinitiate at the beginning of the next cell cycle. Because
the lengths of the cell cycles in early Drosophila embryos are similar
to the amount of time required to complete the first rounds of Ubx
transcription, the length of the cell cycle determines how much Ubx
product can accumulate. Thus, during cell cycle 14, Ubx mRNA can
only accumulate for ~20 min before the next mitotic wave disrupts
the transcription complex. At later times in development the embryo
is subdivided into increasingly restricted mitotic domains, within
which all cells undergo synchronous mitoses. It seems likely that the
lengths of the cell cycles within each mitotic domain will contribute
to determining how much Ubx product accumulates in specific cell
types.

It is also in Drosophila that one of the most striking demonstra-
tions of precise, temporally coordinated gene expression can be
visualized as waves of puffing activity in the salivary gland polytene
chromosomes (7). This puffing response is triggered by a pulse of
the steroid hormone ecdysone at the onset of metamorphosis.
Ecdysone directly activates six so-called early puffs, which appear to
encode regulatory proteins that both repress their own expression
and induce more than 100 late puffs over a 10-hour period (8). The
sequential appearance of the late puff products is thought to direct
the tissue-specific changes associated with the early stages of meta-
morphosis. This puffing response is reminiscent of viral life cycles, in
which the initial expression of a few regulatory genes directs the
subsequent expression of a much larger set of late structural genes.

Molecular characterization of the ecdysone regulatory hierarchy
has provided further evidence for gene length functioning as a delay
timer. E74, the gene responsible for the early puff at position 74EF,
is composed of two nested transcription units, designated E744 and
E74B, which have unique promoters but share a common 3’ end.
On activation of its promoter by ecdysone, E74A is transcribed at a
rate of ~1.1 kb/min, similar to that of Ubx. This rate, combined
with the 60-kb length of the E74A4 transcription unit, accounts for
most of the 1-hour delay in the appearance of its mRNA after
ecdysone addition (9). In a similar manner, E74B mRNA begins to
accumulate between 15 and 30 min after ecdysone addition, consis-
tent with the 20-kb length of its primary transcript (10). Thus, as
with T7 bacteriophage, the structure of the E74 gene dictates an
invariant order in the appearance of its products, whereby E74B
expression will always precede that of E74A4 in response to ecdysone.
Furthermore, whereas in most genes the length and sequences of
introns diverge at a faster rate than protein coding regions, the
length of the E74A unit is remarkably conserved in two distantly
related species (D. pseudoobscura and D. virilis), consistent with its
length playing an important role in E74A expression (11).

Although gene length contributes to the timing of E74 transcrip-
tion, the unique responses of the E744 and E74B promoters to
different ecdysone, concentrations is a significant factor in their
temporal regulation (10). The structure of the E74 gene thus
establishes only one level of temporal control, an invariant param-
eter that must be further modulated by trans-acting regulators to
provide the necessary biological flexibility during development. It
should be possible to examine the contribution of E74A4 transcript
length to its temporal regulation by constructing a minigene that is
missing the majority of the E74A4 introns but contains intact
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cis-regulatory sequences and exons. Insertion of such a construct
into a wild-type genome should lead to an earlier appearance of the
E74A gene product and may exert visible effects on the timing of the
puffing response and early stages of metamorphosis.

The mechanisms that coordinate the timing of E74 transcription
appear to be used by other early genes in the ecdysone regulatory
hierarchy. Two other early puff loci have been defined at the
molecular level, and both correspond to unusually long and complex
transcription units. The ecdysone-inducible transcription units with-
in these puffs derive from nested promoters, encompass from 20 to
100 kb of DNA, and, like E74, encode potential transcriptional
regulators (12). It seems likely that the lengths of these early
transcription units define their order of appearance in response to
ecdysone. Unique combinations of early gene products could then
act on each set of late genes to coordinate the timing of their
induction and direct the orderly progression of gene expression that
programs the initial steps in metamorphosis.

Given the evidence that gene length can function as a delay timer,
it is interesting that one Drosophila gene has been identified that is
longer than the homeotic and early ecdysone-inducible genes. This
gene, dunce, encodes adenosine 3',5'-monophosphate (cAMP)
phosphodiesterase and spans more than five bands in the polytene
chromosomes (>148 kb, the exact length is not known). Although
the absence of dunce mRNA in early embryos is consistent with the
unusual length of its transcription unit, it is not known if the delay
in dunce expression is of functional significance during development
(14).

Transcriptional timing mechanisms similar to those seen in Droso-
phila are likely to occur in other higher organisms. The remarkable
length of the gene encoding the human dystrophin protein, more
than two megabases, could be a critical component in determining
the amounts of dystrophin protein that can accumulate in mitotically
active cells (15). Similarly, it may not be coincidence that the
shortest transcription unit in the adenovirus genome is the first to be
expressed, the immediate-early Ela gene (1.1 kb). The other early
genes range up to 4.6 kb in length, with the exception of the 23-kb
early transcription unit that encodes the viral DNA polymerase.
Because the onset of viral DNA replication defines the switch from
early to late gene expression, the unusual length of this early gene
may contribute to the timing of this transition. Similarly, the late
genes are all transcribed from a long operon that encompasses most
of the adenoviral genome, spanning ~26 kb (16).

Other eukaryotic systems are being studied that afford an ideal
opportunity to characterize the mechanisms that regulate transcrip-
tional timing. The addition of growth factors to serum-starved tissue

culture cells results in the synchronous induction of a large set of
immediate-early genes. Many of these are protooncogenes, such as
c-fos, c-myc, and c-jun, that encode well-characterized transcriptional
regulatory proteins. The same set of immediate-early protoonco-
genes are also induced in fully differentiated neuronal cells by a
variety of stimuli, including neurotransmitters and electrical excita-
tion (17). The relatively short lengths of these proto-oncogenes are
consistent with their immediate appearance upon induction. It will
be interesting to learn whether the transcriptional timing mecha-
nisms used in these signal-transduction pathways will be similar to
those that contribute to the timing of gene expression in Drosophila.
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