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To better understand the mechanism of steps in early tran-
scription by RNA polymerase II (pol II), we investigated the
molecular determinants of transcript slippingwithin complexes
assembled on promoters containing a pre-melted transcription
bubble from�9 to�3. Transcript slippage occurswhen anRNA
transcript contains a repetitive sequence that allows the tran-
script to slip back and pair with the template strand of the DNA
at a new register before transcription continues.We established
the contributions of individual transcription factors, DNA ele-
ments, and RNA length to slipping on a heteroduplex template
using a highly purified human pol II transcription system. We
found that transcripts slip at a very defined point in the tran-
scription reaction, after pol II completes phosphodiester bond
synthesis at register �5. This point is set by the position of the
polymerase active site on the DNA template, as opposed to the
length of the transcript, as well as by a repetitive CUCU
sequence thatmust occur from�2 to�5. Interestingly, slipping
at this juncture is induced by TATA-binding protein and tran-
scription factor IIB and requires a TATA box but not a tran-
scription factor IIB recognition sequence. We propose a model
in which transcribing complexes, upon completing phosphodi-
ester bond synthesis at register�5, enter one of two branches in
which they either complete productive synthesis of the tran-
script or undergo multiple rounds of transcript slipping.

Transcription of mRNA by pol3 II is a complex process that
involves the highly regulated interplay of promoter DNA,many
protein factors, and the transcript RNA itself. The promoter
DNA influences the level of transcription and the position at
which RNA synthesis begins through sequences in the regula-
tory and core promoter elements (1, 2). In addition, the confor-
mation of promoter DNA can regulate the level of transcrip-
tion, both in the presence and absence of histones (3–7). The
general transcription factors, including TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH, are required for pol II to transcribe in

a specific fashion in most, if not all, genes (8). Regulated gene-
specific transcription in cells requires a plethora of additional
factors, including activators, repressors, co-regulators, and
chromatin-modifying factors (2, 6, 8, 9). In addition to the pro-
moter and protein factors, biochemical studies have shown that
the RNA transcript is not simply the product of the reaction,
but it also stabilizes elongation complexes through the RNA:
DNA hybrid and influences transformations that occur during
early transcription (3, 10, 11). Although the core factors
required for pol II to synthesize a transcript in vitro are under-
stood, structural and biochemical studies are still uncovering
new information about the mechanism by which this process
occurs and is regulated.
Biochemical studies have shown that the transcription reac-

tion is composed of a series of steps that minimally include the
following: preinitiation complex formation, open complex for-
mation, initiation, escape commitment, promoter escape, elon-
gation, termination, and reinitiation. During preinitiation com-
plex formation, pol II and the general transcription factors
assemble at the promoter (8). Before transcription initiates, the
DNA around the start site melts from approximately �9 to �3
with the help of the ATP-dependent helicase activity of TFIIH
to form open complexes that contain a transcription bubble (4,
12). In vitro, transcription can occur in the absence ofTFIIE and
TFIIH from negatively supercoiled DNA (13, 14), as well as
from heteroduplex templates containing mismatches from �9
to �3 that create a bubble (15). When provided with nucleo-
tides, open complexes initiate transcription and synthesize
2–3-nt RNA transcripts, typically in an abortive fashion (13, 16,
17). Initiation complexes commit to proceed forward through
the reaction upon addition of the fourth nucleotide during a
step termed escape commitment (11, 18). Complexes then pro-
ceed through promoter escape, during which numerous struc-
tural re-arrangements occur en route to formation of stable
elongation complexes (19).
Biochemical studies have provided insight into many of the

transformations that occur during promoter escape, including
changes in the transcription bubble, transcript slippage, paus-
ing of ternary complexes, release of TFIIB from the promoter,
and formation of a stable RNA:DNA hybrid (4, 19–23). Kinetic
studies have identified the rate-limiting step in transcription in
vitro as occurring during promoter escape (3, 24). Experiments
monitoring the melted region of DNA during promoter escape
have shown that the upstream edge of the transcription bubble
initially remains anchored while the downstream edge extends,
thereby increasing the size of the bubble (4, 22). After the bub-
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