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Abstract

Gene regulation involves many different types of transcription control mechanisms, including
mechanisms based on reiterative transcription in which nucleotides are repetitively added to the 3’
end of a nascent transcript due to upstream transcript slippage. In these mechanisms, reiterative
transcription is typically modulated by interactions between RNA polymerase and its nucleoside
triphosphate substrates without the involvement of regulatory proteins. This review describes the
current state of knowledge of gene regulation involving reiterative transcription. It focuses on the
methods by which reiterative transcription is controlled and emphasizes the different fates of
transcripts produced by this reaction. The review also includes a discussion of possible new and
fundamentally different mechanisms of gene regulation that rely on conditional reiterative
transcription.

Introduction

Reiterative transcription (also known as RNA polymerase stuttering, transcript slippage, and
pseudo-templated transcription) is a reaction catalyzed by bacterial, viral, and eukaryotic
RNA polymerases in which nucleotides are repetitively added to the 3’ end of a nascent
transcript due to slippage between the transcript and the DNA or viral RNA template. [1-
4*°]. Typically, slippage occurs between a homopolymeric sequence in the transcript and at
least three complementary bases in the template [5,6]. The mechanism apparently involves
one or more rounds of a one-base upstream shift of the transcript so that the same nucleotide
in the template specifies multiple residues in the transcript [7,8]. It has also been shown that
reiterative transcription can occur within dinucleotide [9**,10] and trinucleotide [11] repeat
sequences in the template, apparently via two-base and three-base upstream shifts of the
transcript, respectively. Reiterative transcription can occur during initiation, elongation, or
termination and result in transcripts that are immediately released from the transcription
complex [12,13**] or are extended by normal elongation after a switch to nonreiterative
nucleotide addition [14,15]. Although reiterative transcription can involve the addition of
any nucleotide (at least under certain conditions), addition of U or A residues appears to
occur most frequently. This preference presumably reflects a requirement in the reaction for
disruption of the RNA-DNA hybrid within the transcription complex [16°°,17°°], which
would be facilitated by relatively weak U:A or A:T base pairing. During transcription
elongation, disruption of an 8- to 9-bp RNA-DNA hybrid is required [18,19]. Additionally,
during elongation, transcript slippage can also occur in the downstream direction resulting in
deletion of nucleotides [20,21°], a process that will not be discussed here.
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Although reiterative transcription was first observed during the earliest biochemical
characterizations of Escherichia coli RNA polymerase in the 1960s [22], it was regarded as
an oddity and even an artifact for many years [1]. This perception changed when it was
demonstrated that reiterative transcription plays a key role in gene expression, especially in
viral systems. A classic example is programmed transcript slippage within the
phosphoprotein gene of paramyxoviruses, which results in the addition of one to six extra
(i.e., non-template encoded) G residues in the mRNA. These additions cause frameshifts that
direct the synthesis in proper proportion of up to three different viral proteins with a
common amino-terminal sequence [23]. Other interesting but distinct examples include the
addition of a non-template encoded poly(A) tract at the 5’ end of vaccinia virus mRNAs,
which appears to be required for translation of these transcripts [24], and polymerase
slippage at vesicular stomatitis virus gene junctions to generate long 3’ poly(A) tails during
transcript termination [12]. Related examples, particularly those in which reiterative
transcription during elongation is used to express alternative open reading frames, have been
observed in evolutionarily divergent bacteria, indicating the widespread nature of such
mechanisms [7,14]. In some cases, these bacterial mechanisms are used to suppress
expression of wild-type genes or to rescue the expression of genes containing frameshift
mutations, including genes annotated as pseudogenes [7,25,26"]. Furthermore, reiterative
transcription during elongation has been shown to affect expression of genes involved in
human disease [2,27]. An excellent review describing a number of the examples listed above
was recently published [16°°].

In each of the preceding examples of reiterative transcription, the extent of repetitive
nucleotide addition is effectively established or programmed by the sequence of the nucleic
acid template. However, the extent of reiterative transcription can also be modulated over a
wide range by metabolic factors, and the level of repetitive nucleotide addition can
dramatically affect the expression of the resulting transcripts. This type of variable
reiterative transcription can be used as a central element in gene regulation, and this review
will focus on these regulatory mechanisms. At present, the known examples of this type of
regulation occur in bacteria and employ metabolically sensitive reiterative transcription that
occurs during transcription initiation.

Methods of controlling reiterative transcription and transcript fates

The known mechanisms of gene regulation involving reiterative transcription control
repetitive nucleotide addition either directly or indirectly. In mechanisms involving direct
control, the key regulatory element is competition between the repeating nucleotide(s) and
the next normally templated nucleotide for addition to the 3’ end of the nascent transcript. In
mechanisms involving indirect control, the extent of reiterative transcription is not affected
by competition between the repetitively added and normally templated nucleotides. Instead,
other regulatory factors, such as transcription start site selection, control the frequency at
which RNA polymerase enters the reiterative or normally templated mode of transcription.

With either mechanism for controlling reiterative transcription, the transcripts containing
extra nucleotides can have two distinct fates. They can be released from the transcription
initiation complex after the addition of one or more extra nucleotides, which is referred to as
nonproductive transcription, or they can be normally elongated following the addition of
extra nucleotides, which is called productive transcription. The primary factor controlling
these alternative fates is the identity of the repetitively added nucleotide. Generally,
reiterative transcription with UTP produces transcripts that are released from the
transcription initiation complex, while reiterative transcription with non-UTP substrates
produces transcripts that are productively extended [17°°].
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Gene regulation involving direct control of reiterative transcription

Studies on the regulation of expression of the pyrBI operon of E. coli and of the pyrG
operon of Bacillus subtilis have provided distinct examples of regulatory mechanisms in
which reiterative transcription is controlled directly (Figure 1). Although reiterative
transcription is controlled in a similar manner in each mechanism, the fates of the transcripts
containing extra nucleotides are very different.

pyrBl operon of E. coli

In E. coli, the pyrBI operon encodes the two subunits of the enzyme aspartate
transcarbamylase, which catalyzes the first committed step in the de novo synthesis of
pyrimidine nucleotides. Expression of this operon is negatively regulated over a sevenfold
range by the intracellular concentration of UTP (which reflects pyrimidine availability)
through a mechanism involving UTP-sensitive reiterative transcription during transcription
initiation [13*,17*°,28]. The pyrBI promoter region contains the sequence 5'-
TATAATGCCGGACAATTTGCCG (nontemplate strand), with the —10 region and the
physiologically relevant transcription start site underlined. The run of three T residues in the
initially transcribed region is the site of reiterative transcription in the following regulatory
model (Figure 1). After synthesis of the nascent transcript AAUUU, weak base pairing
between the transcript and its DNA template allows a rapid and reversible one-base
upstream shift (or slip) of the nascent transcript. When the intracellular level of UTP is high
and the transcript is in the slipped position, the last (i.e., 5') A in the AAA tract in the DNA
template efficiently directs the addition of another U residue to the 3’ end of the transcript.
This transcript can either be released from the transcription initiation complex or it can shift
again. The cycle of slippage and U addition can occur repeatedly (up to at least 40 times),
resulting in transcripts with progressively longer runs of U residues. However, all
AAUUUU, (where n > 1) transcripts are eventually released from the initiation complex,
thereby preventing productive transcription of the pyrBI operon. On the other hand, when
the intracellular level of UTP is low, slippage and correct repositioning of the nascent
AAUUU transcript usually occur without extra U addition, which provides an opportunity
for the addition of a template-encoded G residue to the 3" end (i.e., at position +6) of the
transcript. Once this addition occurs, more stable base pairing between the transcript and
template prevents further slippage. The AAUUUG transcript is either released from the
initiation complex as a simple aborted transcript or it is extended by the addition of a C
residue, which apparently commits the transcription complex to the elongation mode.
Therefore, high levels of full-length pyrBI transcripts are produced only when aspartate
transcarbamylase is needed to synthesize more UTP. In this model, regulation of pyrBI
expression can occur continuously over a range of intracellular UTP concentrations that
modulate the frequency of nonproductive reiterative transcription.

pyrG operon of B. subtilis

The pyrG operon of B. subtilis encodes the pyrimidine biosynthetic enzyme CTP synthetase,
which catalyzes the amination of UTP to form CTP. Expression of the pyrG operon is
regulated over a greater than 20-fold range by a CTP-sensitive transcription attenuation
control mechanism [29]. Attenuation occurs at an intrinsic transcription terminator (or
attenuator) near the downstream end of the 189-bp pyrG leader region (i.e., the DNA
between the pyrG promoter and the pyrG gene). The mechanism that causes conditional
termination at the pyrG attenuator employs reiterative transcription involving the repetitive
addition of G residues during transcription initiation (Figure 2). This reaction occurs during
transcription of the pyrG initially transcribed region, which contains as its first five
nucleotides the nontemplate strand sequence 5'-GGGCT (specifying the sequence 5'-
GGGCU at the start of the pyrG transcript). Another key regulatory feature is an atypical
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sequence in the G+C-rich terminator stem-loop (or hairpin) specified by the pyrG attenuator.
Nearly the entire upstream segment of the hairpin stem is comprised of a long pyrimidine
tract (i.e., 5'-CUCCCUUUC). According to the well-established model for regulation [15%,
30,31], when the intracellular level of CTP is high, nascent pyrG transcripts are faithful
copies of the DNA template, and transcription elongation continues until termination at the
attenuator. Therefore, when CTP is plentiful (reflecting ample pyrimidine availability),
transcription of the pyrG gene is suppressed. On the other hand, when the intracellular level
of CTP is low due to pyrimidine limitation, pyrG transcription pauses after the synthesis of
the nascent transcript 5'-GGG (and before position +4C) because of insufficient substrate.
Pausing provides time for the nascent transcript to slip upstream relative to the DNA
template, which directs the addition of an extra G residue to the transcript. This process can
be repeated up to at least nine times until eventually a C residue is inserted. The transcript is
then elongated normally until RNA polymerase transcribes the attenuator sequence that
specifies the upstream segment of the terminator hairpin, which includes the tract of nine
pyrimidines. This tract will immediately base pair with the poly(G) tract at the 5’ end of the
transcript, forming an antiterminator hairpin. Note that optimal antiterminator hairpin
formation requires at least three extra G residues in the poly(G) tract [15*,30,31] and that
G:U base pairing is permitted in RNA secondary structures [32]. As RNA polymerase
continues to elongate the pyrG transcript, the antiterminator hairpin precludes formation of
the terminator hairpin and full-length pyrG transcripts are formed. These transcripts are
translated to make CTP synthetase, which is needed to overcome the CTP deficiency.
Although the model describes pyrG expression at high and low intracellular concentrations
of CTP, regulation can occur continuously over a wide range of CTP concentrations that
control the extent of pausing at position +4. This incremental regulation is similar to that
described for the pyrBI regulatory mechanism, in each case due to availability of NTP
substrates. The key distinction between the pyrBl and pyrG regulatory mechanisms
described above is that the repetitive addition of nucleotides precludes productive
transcription elongation in the former case, but not in the latter.

Gene regulation involving indirect control of reiterative transcription

A clear example of gene regulation involving the indirect control of reiterative transcription
is provided by the mechanism controlling expression of the codBA operon of E. coli. In this
example, the frequency at which RNA polymerase enters the reiterative mode of
transcription is determined before transcription of the homopolymeric tract in the initially
transcribed region (Figure 3).

codBA operon of E. coli

The codBA operon of E. coli encodes cytosine permease (codB) and cytosine deaminase
(codA), which are involved in cytosine uptake and cytosine utilization as a UTP precursor,
respectively. Expression of the codBA operon is negatively regulated over an approximately
30-fold range by intracellular UTP levels [4**]. The nontemplate strand sequence of the
codBA promoter region is 5'-TAGAATGCGGCGGATTTTTTGGG, with the —10 region
and two alternative transcription start sites underlined. These start sites, which immediately
precede a run of six T residues, are designated G7 and A8 (counting downstream from the
—10 region). Position A8 is the inherently preferred transcription start site, provided the
intracellular level of UTP is high [4,33]. This dependence on UTP reflects the requirement
for high concentrations of both the first and second nucleotide substrates for efficient
formation of the first internucleotide bond of the transcript [17°*,34,35]. Conversely, when
the intracellular level of UTP is low, transcription initiation at position G7, which does not
rely on UTP as the second nucleotide, is strongly favored [4°*,33]. These observations
together with experiments described elsewhere led to the following regulatory model (Figure
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3) [4°°,17°°]. When the intracellular level of UTP is high, codBA transcription initiation
occurs primarily at position A8. However, A8-initiated transcripts are not normally extended
because, due to weak base pairing to the DNA template, they engage in nonproductive
reiterative transcription within the run of six T residues in the initially transcribed region.
Reiterative transcription apparently starts after the third residue in the T tract, and the final
three residues in this tract guarantee that essentially all A8-initiated transcripts enter the
reiterative mode of transcription before addition of a non-U residue to the 3" end of the
transcript is possible [5]. In contrast, when the intracellular level of UTP is low,
transcription initiation occurs primarily at the G7 start site. For the most part, G7-initiated
transcripts avoid reiterative transcription and can be normally elongated. The avoidance of
reiterative transcription is apparently due to the fact that G7-initiated transcripts, from
GAUUU through GAUUUUUU, form an RNA-DNA hybrid that is stable enough to
preclude transcript slippage. Hybrid stability is due principally to the G:C base pair formed
by the first nucleotide of the nascent transcript. Thus, pyrimidine mediated regulation of
codBA expression occurs by UTP-sensitive selection of transcription start sites with different
potentials for entering a nonproductive mode of reiterative transcription.

Conclusions

Other than the well-studied examples of gene regulation by reiterative transcription
described in this review, not many examples of such mechanisms are known [17°°]. Does
this mean that few exist? The answer is almost certainly no. Bacterial promoters frequently
contain a homopolymeric tract of at least three nucleotides at or near the start of the initially
transcribed region. For example, approximately 10% of the several hundred well-
characterized E. coli promoters contain three to eight T residues within two bases of the
transcription start site [36]. These promoters, most of which are in operons unrelated to
nucleotide metabolism, are all candidates for sites of regulated reiterative transcription.
However, only a few of these promoters have been examined for this reaction. A
complicating factor in the search for promoters regulated by reiterative transcript is that
sequences other than the homopolymeric tract have profound effects on the reaction; in
particular, sequences flanking this tract and core promoter sequences can have large effects
on reiterative transcription [17°*]. Many of the rules governing these effects remain to be
established.

The few examples of gene regulation through reiterative transcription described above
represent highly diverse mechanisms. It seems reasonable, therefore, that new mechanisms
will be quite different from the known examples. In particular, these new mechanisms might
respond to cellular signals other than nucleotides and regulate the expression of genes
unrelated to nucleotide metabolism. The signals could be any small molecule or
macromolecule in the cell that interacts with transcription complexes during any phase of
transcription in a way that alters the extent of reiterative transcription. Candidate
macromolecules include RNA polymerase binding factors. Interestingly, recent studies
revealed that transcript slippage during initiation by human RNA polymerase Il can be
induced by the TATA-binding protein and transcription factor TFIIB [9°*]. Other potential
signals are factors that control transcription pausing, particularly during transcription
elongation. Previous studies have provided ample evidence of the dependence of reiterative
transcription on pausing, especially when the repetitively added nucleotide is not UTP
[23,29]. It should be noted that the mechanisms of reiterative transcription during different
phases of transcription are likely to be somewhat different and therefore possibly subject to
different regulatory strategies.

A final prediction is that mechanisms of gene regulation involving reiterative transcription
will be found in all kingdoms of life because the mechanisms of reiterative transcription
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catalyzed by bacterial, eukaryotic, and archeal RNA polymerases are likely to be highly
conserved [37]. In fact, key features of the regulatory mechanisms described in this review
have been uncovered recently in eukaryotes. For example, the mechanisms controlling
expression of several genes involved in nucleotide metabolism in Saccharomyces cerevisiae
employ transcription start site switching analogous to that described in the codBA regulatory
mechanism of E. coli [38°,39°]. It is not difficult to imagine transcription start site switching
in yeast or in any other eukaryote—including humans—that controls initiation at sites with
different potentials for reiterative transcription. Perhaps the greatest obstacle to the
discovery of new mechanisms of gene regulation requiring reiterative transcription is the
lack of knowledge about existing mechanisms—an obstacle that should be diminished by
this review.
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Figure 1.

Direct control of reiterative transcription by competing NTP substrates. In this example,
which uses the DNA sequence of the E. coli pyrBl initially transcribed region, the
competing substrates are GTP and UTP. After synthesis of the AAUUU transcript, it can
reversibly slip one base upstream due to a weak RNA-DNA hybrid. Addition of the
template-encoded G residue at position +6 of the completely aligned AAUUU transcript
results in an RNA-DNA hybrid that is stable enough to prevent further transcript slippage,
allowing the AAUUUG transcript to be extended into full-length transcripts. Conversely,
addition of a U residue at position +6 of the slipped transcript prevents addition of a G
residue and entry into the productive mode of transcription through a mechanism that
remains obscure. Subsequently, the AAUUUU transcript is either released from the
transcription initiation complex or it slips upstream, allowing addition of another extra U
residue. This process can be repeated many times, with each AAUUUU,, transcript
eventually released from the transcription complex.
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Figure 2.

Alternative fates of transcripts synthesized from a promoter at which conditional reiterative
transcription occurs. This example compares transcripts initiated at the pyrG promoter of B.
subtilis. Under certain conditions, pyrG transcripts are subject to reiterative transcription that
adds up to nine extra G residues following the run of three normally templated G residues at
the 5" end of the transcript. Transcripts containing extra G residues can be extended
downstream following a switch from reiterative to normally templated transcription. On the
left of the figure is the sequence of a transcript that does not contain extra G residues. This
transcript contains a G+C-rich (terminator) hairpin immediately followed by a U-rich tract
in the pyrG leader region. These RNA elements cause intrinsic transcription termination that
precludes transcription of the downstream gene. On the right of the figure is the sequence of
a transcript containing six extra G residues. This transcript forms an antiterminator hairpin
that includes the run of nine G residues at the 5" end of the transcript and the upstream
segment of the terminator hairpin containing a run of nine C and U residues, both of which
base pair with G in RNA. The antiterminator hairpin prevents terminator hairpin formation,
allowing transcription of the downstream gene.
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Figure 3.

Indirect control of reiterative transcription. In this example, which uses the E. coli codBA
promoter region, indirect control of reiterative transcription occurs through transcription
start site switching. Under conditions of pyrimidine excess, codBA transcription initiation
occurs predominantly at position A8 (counting downstream from the —10 region).
Transcripts initiated at position A8 always engage in reiterative transcription, generating
only nonproductive AUUUU,, transcripts that are released from the transcription initiation
complex. Under conditions of pyrimidine limitation, however, the major codBA transcription
start site is position G7. For the most part, G7-initiated transcripts do not engage in
reiterative transcription and are normally elongated to produce full-length codBA transcripts.
G7-initiated transcripts avoid reiterative transcription because they form an RNA-DNA
hybrid starting with a dC:rG base pair that is stable enough to prevent transcript slippage.
Thus, in the case of the codBA operon, reiterative transcription is controlled by the selection
of alternative transcription start sites that occurs prior to the possibility of repetitive
nucleotide addition.
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