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ABSTRACT: Immediately following initiation of transcription, T7 RNA polymerase enters a phase in which
dissociation of the enzyme-DNA-RNA ternary complex significantly competes with elongation, a process
referred to in the Escherichia coli enzyme as abortive cycling [Carpousis, A. J., & Gralla, J. D. (1980)
Biochemistry 19, 3245-3253]. Characterization of this process in the T7 RNA polymerase system under
various reaction conditions and on templates with differing message sequences reveals that conversion to
a highly processive ternary complex occurs after incorporation of eight bases and that the relative competition
between dissociation and elongation up to this point is influenced by several different forces. In particular,
the sequence dependence of abortive falloff suggests that dissociation is favored immediately following
incorporation of UMP and is less likely following incorporation of GMP into the RN A message. Abortive
cycling is unchanged in transcription from a synthetic oligonucleotide template which is double-stranded
in the promoter region but single-stranded throughout the entire message region. This result proves that
melting and reannealing of the DNA duplex in the coding region do not contribute to abortive cycling.
Furthermore, weakening of promoter binding by an order of magnitude affects abortive cycling only slightly,
suggesting that strong interactions with the promoter are not the major cause of abortive cycling. Kinetic
analyses show that conversion to a highly processive ternary complex after the incorporation of eight bases
may reflect a large decrease in the unimolecular rate of dissociation of the complex due to increased contacts
between the nascent RNA and the DNA template and between RNA and enzyme. Finally, it is shown
that when transcribing a message of initial sequence GGG..., in the presence of GTP as the sole nucleotide,
T7 RNA polymerase synthesizes a ladder of poly[r(G)] transcripts due to a slipping of the RNA message
along the DNA template. This ladder is largely truncated at a length of 14 bases, providing information

on steric constraints in the ternary complex positioned at +3 on the DNA template.

’I; RNA polymerase is the most well-characterized of the
single-subunit bacteriophage RNA polymerases (Chamberlin
& Ryan, 1982). Its small size (M, 98 856), stringent promoter
specificity, and lack of external regulation make T7 RNA
polymerase an ideal system in which to study the fundamental
aspects of transcription. We have recently developed a kinetic
assay for the study of transcription initiation by this enzyme
(Martin & Coleman, 1987). The assay follows the steady-state
synthesis of a five-base RNA transcript and has allowed the
determination of individual promoter base contributions to
specific promoter recognition and initiation by T7 RNA po-
lymerase.

Most recent in vitro transcription studies of T7 RNA po-
lymerase have employed transcription from a long linear DNA
template, with termination of the transcript occurring at the
end of the double-stranded DNA template, so-called runoff
transcription. It is well-known that T7 RNA polymerase is
highly processive. In the absence of specific terminator se-
quences in the DNA, observed transcripts are full-length runoff
transcripts. However, under conditions limiting one or more
of the four ribonucleotides, it has been shown that the RNA
polymerases from T7 (Morris et al., 1987) and from the related
bacteriophage T3 (McAllister et al., 1973) can produce a
significant amount of very short transcripts. Recent studies
have also reported synthesis of short oligomers in the presence
of all four nucleotides (Lowary et al., 1986; Milligan et al.,
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1987). The abortive synthesis of short RNA transcripts im-
mediately following initiation under normal nucleotide tri-
phosphate levels has been observed in RNA polymerase from
Escherichia coli (Carpousis & Gralla, 1980), as well as in
eukaryotic RNA polymerases (Furuichi, 1981; Yamakawa et
al., 1981; Ackerman et al., 1983). In this work, we report that
T7 RNA polymerase synthesizes abortive transcription
products even at saturating levels of all four ribonucleotides.
Thus, it appears that abortive cycling is a fundamental aspect
of early transcription in all RNA polymerases.

To characterize the early events following initiation of
transcription, we now extend the principles of our previous
initiation assay to the study of transcription of longer, yet
relatively short RNA messages. The steady-state synthesis
of transcripts in the range of 5-50 bases allows a detailed
investigation of the progression from a newly initiated to a fully
processive transcription complex. In particular, the use of
synthetic oligonucleotide DNA templates provides opportu-
nities not available in more traditional assays. In the present
study, we use both plasmid-derived and synthetic DNA
templates to examine some of the details of abortive cycling
and show that it is an intrinsic part of the progression to a fully
processive ternary transcription complex.

MATERIALS AND METHODS

T7 RNA polymerase was prepared from E. coli strain BL21
containing plasmid pAR1219 (kindly supplied by William
Studier and John Dunn), with T7 gene 1 (RNA polymerase)
cloned under inducible control of the lac UVS promoter
(Davanloo et al., 1984). Enzyme was purified as previously
described (King et al., 1986) by fractionation with Polymin
P (less than 1.25%) and ammonium sulfate, followed by
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chromatography on SP-Trisacryl (LKB), TSK CM-Fractogel
(EM Science), and TSK DEAE-Fractogel (EM Science). A
molar extinction coefficient of ey = 1.4 X 10° M~! was used
to determine enzyme concentrations (King et al., 1986).
Enzyme activity was assayed under standard reaction con-
ditions as previously described (Oakley et al., 1985; King et
al., 1986) and routinely showed a specific activity on T7 DNA
of 300000-400000 units/mg. One unit of specific activity
is defined 1 nmol of AMP incorporated per hour at 37 °C in
the standard assay mix (Chamberlin et al., 1970; Chamberlin
& Ring, 1973).

Oligonucleotides were synthesized by the phosphoroamidate
method on an Applied Biosystems Model 380B synthesizer.
Single strands were purified by high-performance liquid
chromatography on a Nucleogen DEAE 60-7 column in 20
mM sodium acetate—20% acetonitrile, elution being with a
gradient from 0.0 to 1.0 M KCI. Purity of single strands end
labeled with 32P was determined by electrophoresis on 20%
acrylamide-7 M urea gels. Concentrations of single-stranded
oligonucleotides were estimated by assuming an average molar
extinction coefficient per base of €50 = 8.4 X 10° M~
Double-strand templates were prepared by heating a 1:1
mixture of complementary single strands in TE buffer (10 mM
Tris,! pH 7.8, 1 mM EDTA) to 70 °C for 5 min. The solutions
were then allowed to cool slowly ta room temperature and
stored at 4 °C until use. All synthetic templates used in the
kinetic assays possessed 3’- and 5’-hydroxyl groups.

Plasmid-derived DN A templates were obtained through a
variety of means. Plasmid pIBI24 was purchased from IBI.
Plasmid pUDGS8 was constructed from the Hpall fragment
of T7 DNA containing T7 promoter ¢J.1a. The Hpall L
fragments (Oakley & Coleman, 1977) were partially purified
from the restriction digest by electroelution from a 5%
naondenaturing gel. BamHI linkers (Pharmacia) were ligated
to both ends (Maniatis et al., 1982) and the fragments inserted
into the BamHI site of plasmid pUCS. Finally, transformants
were selected and assayed for the presence of the T7 RNA
polymerase promoter in an in vitro transcription system.
Plasmids pUCM22 and pUCM22R were prepared by blunt-
end ligation of BamHI linkers (Pharmacia) onto the 22-base
synthetic template S1 (see Results and Chart I). This
fragment was then inserted into the BamHI site of pUCS.
Transformants were selected which have the T7 promoter
directed in line with (pUCM22) and opposed to (pUCM22R)
the direction of the 8-galactosidase gene.

All plasmids were grown in the E. coli host strain JM101
without chloramphenicol amplification in 1-L volumes. Large
quantities of plasmid DNA were purified from cell cultures
by cell lysis with alkali (Maniatis et al., 1982). RNA was
removed by limited digestion with ribonuclease A (Cooper),
followed by phenol extraction and separation on Sephacryl
S-1000 (Pharmacia). Finally, the isolated plasmid was again
extracted with phenol, 1:1 phenol—chloroform, and chloroform
(Maniatis et al.,, 1982). After purification, concentrated
plasmid was cut with the indicated restriction enzymes under
standard reaction conditions. After complete cutting, as
monitored by gel electrophoresis, the restriction endonuclease
was removed by repeated extractions with phenol, 1:1 phe-
nol—chloroform, and chloroform. At this point no detectable
ribonuclease remained. Concentrations and purity of the DNA
were determined by optical absorbance spectra.

Kinetic assays of transcription initiation followed production

! Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxymethyl)-
aminomethane.

Chart I: Synthetic Oligonucleotide Templates Used in This Study
$(OH) - XX .. XX- 3(OH)

3OH) - YY .. YY- 5(OH)

-10 +1
! |
Sl. TAATACGACTCACTATAGGACT
ATTATGCTGAGTGATATCCTGA
| |
Sla. TAATACGACTCACTATA
ATTATGCTGAGTGATATCCTGA
f !
S2. TAATACGACTCACTATAGGGAAGTCTGTACCAGACGT
ATTATGCTGAGTGATATCCCTTCAGACATGGTCTGCA

| 1
S22 TAATACGACTCACTATA
ATTATGCTGAGTGATATCCCTTCAGACATGGTCTGCA
I I
S3. TAATACGACTCACTATAGGACT
ATTATGCTGAGTGATATCCcTTCAGACATGGTCTGCA

| )
S3a. TAATACGGCTCACTATAGGACT
ATTATGCTGAGTGATATCCCTTCAGACATGGTCTGCA

| |
S3b. TACGACTCACTATAGGACT
ATTATGCTGAGTGATATCCCcTTCAGACATGGTCTGCA

of a five-base runoff transcript from a synthetic DNA template
as previously described (Martin & Coleman, 1987). Unless
otherwise indigated, all ather transcription. reactions were
incubated at 37 °Cin 12 uL of 40 mM Tris-HC], pH 7.8, 20
mM MgCl,, 10 mM NaCl, 0.25 mM EDTA, 1 mM DTT,
0.05 mg/mL BSA (Boehringer Mannheim), and 0.4 mM each
of GTP, UTP, CTP, and ATP. In general, a 6.0-uL aliquot
of a 2X mix {55 mM Tris, 40 mM MgClL, 2 mM DTT, 0.1
mg/mL BSA, appropriate radioactive nucleotide ([a->?P]UTP,
[v-*P]GTP, or [a-*?P]GTP, ICN), and 0.8 mM each of GTP,
UTP, CTP, and ATP] was premixed with 3.0 uL of 4X oli-
gonucleotide in TE buffer and preincubated in a 0.5-mL plastic
tube for 3—5 min at 37 °C. To start the reaction, 3.0 uL of
4x enzyme (freshly diluted into 40 mM Tris-HCI, pH 7.8,
40 mM NacCl) on ice was added and the sample returned to
37 °C. Unless otherwise indicated, reactions were incubated
at 37 °C for 10 min and contained 0.1 uM T7 RNA polym-
erase and 0.2 uM DNA template. At these concentrations
(near saturation), small differences in template concentrations
should not measurably affect the rate of transcription (Martin
& Coleman, 1987). Reactions were quenched by addition of
an equal volume (12 uL) of 90% formamide, 50 mM EDTA,
and 0.01% bromophenol blue. The samples were heated to
90° C for 5 min, then loaded directly to 0.2 mm thick 20%
acrylamide-7 M urea sequencing gels, and electrophoresed
under standard conditions (Maniatis et al., 1982). The gels
were then dried onto Whatman 3MM filter paper and the
transcripts visualized by exposure to X-ray film. Finally, bands
corresponding to individual transcripts were cut out and
quantified with Opti-Fluor (United Technologies Packard)
liquid scintillant. The amount of each transcript is represented
in Tables I-III as its final concentration in the reaction
mixture.
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Table I: Assignments of Major Abortive and Full-Length Transcription Products Observed in Figure 1

predicted and obsd ratios of nucleotide

incorporation®
length sequence [y-GTP] (uM)  [a-UMP]/[y-GTP] [a-GMP]/[y-GTP]
S1 3 GGA 3.68 0,0.1 £0.0 2,1.7+04
4 GGAC 9.13 0,0.1 0.0 2,19£04
5 GGACU 38.2 1,1.0£0.2 2,20x04
S2 5 GGGAA 2.68 0,01 £0.0 3,28 £ 0.6
6 GGGAAG 0.65 0,03+02 4,57+ 1.6
7 GGGAAGU 1.80 1,1.0+0.2 4,35%08
8 GGGAAGUC 0.36 1,1.1£05 na?

20a GGGAAGUCUGUACCAGACGU 0.38 4,56 1.9 7,94 £ 30
20b GGGAAGUCUGUACCAGACGU 0.43 4,43 14 7,83 %26
P1 5 GGGAA 11.9 0,0.0 £ 0.0 3,27£06
6 GGGAAU 5.10 1,0.7 £0.1 3,36£08
7 GGGAAUU 5.05 2,16%+03 3,21 05

29 GGGAAUUCGAGC...GAUCC 0.99 5,48 1.2 11, 11.0 £ 2.7
P2 3 GGA 2.45 0,0.1 £0.0 2,14£03
4 GGAC 3.10 0,0.1 0.0 2,16x04
5 GGACU 5.90 1,09 +0.2 2,1.8+04

38 GGACUGGGAUCC...CAUAG 1.49 9,81x19 12,103 + 2.4
P3 3 GGA 2,02 0,0.1%0.1 2,1.5+04
4 GGAC 2.35 0,0.1 00 2,16 £04
5 GGACU 4.44 1,09 +£0.2 2,19+ 04
29 GGACUGGGAUCC...CCAAG 0.89 4,31x08 10, 8.7 £ 2.2
P4 3 GAG 0.64 0,03x02 2,1.7£06
5 GAGGG 0.34 0,05+£03 4,36+ 14

6 GAGGGA 0.20 0,06 £0.5 na
64 GAGGGACAAACU..GAUCC 0.63 16, 17.4 £ 4.7 18, 18.1 £ 4.9

9The terms a and v refer to the position of 3P in the incorporated nucleotide. ®Not available.

RESULTS

In the presence of limiting concentrations of pyrimidine
triphosphates, T7 RNA polymerase produces small (abortive)
transcripts in addition to the predicted full-length transcripts
(Morris et al., 1986). Recent studies describing the use of T7
RNA polymerase to synthesize large amounts of RNA have
shown that short oligomers are also observed under normal
levels of all four nucleotides (Lowary et al., 1986; Milligan
et al., 1987). In studies of plasmid- and oligonucleotide-based
transcripts from 20 to over 200 bases long, we have observed
abortive products from T7 RNA polymerase and have con-
sistently found that abortive transcripts are produced even in
the presence of saturating concentrations of all four nucleotides
(see below) and at very low turnover levels.

Characterization of Abortive Transcription Products. In
order to determine whether abortive cycling is a general
property of transcription by T7 RNA polymerase, we have
compared abortive transcription products from a variety of
DNA templates, including both synthetic oligonucleotides and
DNA fragments derived from T7 promoters cloned into
plasmids. All promoters used in this study (except as noted
below) share the same T7 class III promoter consensus se-
quence from position —17 to position —1 (see legend to Figure
1); only the message sequence is changed. The predicted
full-length message sequences are compared in Table I.

In order to quantitatively assay transcription in these studies,
we generally follow transcript synthesis via incorporation of
the initiating nucleotide labeled with 3?P at the «-position (in
this study, [y->*PJGTP). This provides an advantage over
labeling via incorporation of a->?P-labeled nucleotides in that
every correctly initiated transcript is labeled and each tran-
script incorporates only one radioactive label, regardless of the
length or composition of the transcript. However, in order to
assign some of the shorter transcripts produced in this study,
we have also run duplicate experiments incorporating either
[@-3?P]JUMP or [a-3?P)GMP. This provides quantitative

determination of the number of UMP or GMP ribonucleotide
bases incorporated into each message.

The abortive transcription products from several templates
containing different message sequences are compared in Figure
1. Comparison of lanes incorporating [y-3?P]GTP with those
incorporating [a-*?P]JUMP and [a-*?P]GMP confirms that all
significant transcription products begin with the correct nu-
cleotide (G) at position +1. The control lanes show no sig-
nificant RNA synthesis either in the absence of DNA or in
the presence of random sequence (calf thymus) DNA. Al-
though all samples were 0.20 uM in template, the total amount
(by weight) of DNA present in the synthetic template samples
(0.005 mg/mL) was much less than that in the samples derived
from plasmid (0.4 mg/mL). Nevertheless, for templates with
similar initial sequences, the amounts of both abortive and
full-length transcripts observed are similar.

The amount and length of abortive transcription products
is dependent on the initial (ca. 8—10 bases) sequence of the
message. In order to quantitatively assess the amount of
abortive cycling in these experiments, regions of the gel cor-
responding to specific transcripts were excised and counted
in a scintillation counter. From the predicted and observed
ratios of incorporation of [a-*?P]JUMP, [a-3?P]JGMP, and
[v-3?P)GTP, most of the small transcripts can be unambigu-
ously assigned. The results, summarized in Table I, confirm
that abortive transcripts are the predominant products on a
molar basis and that the extent of abortive transcription is
dependent on the sequence of the message.

Ratios of Abortive Products from Different Templates. At
each base in the sequence, two events are possible during
transcription: either the next base is incorporated (elongation),
or the complex dissociates to release an abortive product. The
fraction of transcription complexes which dissociate at each
position in the message can be obtained as the ratio of the
amount of observed abortive product to the total amount of
products greater than or equal to that length.? The analysis
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FIGURE 1: Comparison of transcription products from various dou-
ble-stranded promoter templates. All templates share the same T7
class IIT promoter consensus sequence from position —17 to position
-1:TAATACGACTCACTATA (except P4, which contains C at
position —~17). Templates S1 and S2 are double-stranded synthetic
oligonucleotides containing the promoter consensus sequence upstream
to position —17. Templates P1 through P4 are plasmids cut with a
restriction enzyme to yield a linearized template coding for a short
runoff transcript. P1 is plasmid pIBI24 cut with BamHI. Templates
P2 and P3 are derived from plasmids pUCM22 and pUCM22R,
respectively, which contain template S1 cloned into the BamHI site
of pUCS in opposite directions. Both were linearized with A/ul. P4
is plasmid pUDGS8, which contains the T7 ¢1.1a promoter cloned into
the BamH]1 site of pUCS, and was cut with BamHI. Lanes marked
+G and oG contained [y-**P]GTP and [a-*2P]UTP, respectively, as
the labeling nucleotide. The assignment of abortive transcripts as
discussed in the text and presented in Table I is indicated in the figure.
Reaction conditions were as described under Materials and Methods
and contained 0.10 M enzyme and 0.20 uM template DNA incubated
10 min at 37 °C.

presented in Figure 2 suggests that early abortive termination
occurs most often immediately after the incorporation of UMP
and least often immediately following incorporation of GMP
into the message. Very little abortive products larger than
eight bases in length are observed for any of the templates,
despite the observations that the product of template S2 has
U’s at message positions 9 and 11, those of P1 and P2 have
U’s at position 10, and the full-length message from template
P4 has one run of UUU and four occurrences of UU (all
beyond position 20).

Studies over a range of enzyme and DNA concentrations
(0.01-0.50 uM) show no significant change in the ratios of
abortive to full-length products, provided that nucleotide pools

2 The total production of transcripts (under identical reaction condi-
tions) varies with the sequence of the template. The sequence dependence
of these variations is currently under investigation. However, for the
purposes of this study, the relevant variable is the ratio of dissociation
to the sum of dissociation and elongation at a given point in the sequence.

==
8. GGACU

S2. G

P1. G

P2. G

P3. GGACUGGGAU

- 11
e 25 24

P4. GAGGGACAAA

FIGURE 2: Percent termination for each position in the message. The
percent of abortive termination at a given position in the message is
determined as the amount of abortive product of a given length divided
by the total amount of products of that length or longer. A histogram
bar placed between two bases in the sequence denotes the percent of
transcripts that abortively terminated just prior to formation of the
bond between the two bases. The values indicated above for various
templates are derived from the data in Figure 1 and Table I. Note
that the error in these numbers increases for longer abortive message
lengths since fewer total products are being compared.

are not significantly depleted (data not shown). Similarly,
comparison of samples taken at times from 1 to 10 min show
no measurable time dependence in the steady-state ratios of
abortive to full-length products (data not shown). These results
suggest that abortive cycling is a general phenomenon that
accompanies transcription by T7 RNA polymerase.

Characterization of Runoff Transcripts. We note that for
template S2, in all of the studies presented here, the expected
unique runoff transcript is in fact heterogeneous, consisting
of at least two messages near 20 bases in length. Although
the exact nature of these transcripts is not yet known, it is
readily seen from the data in Figure 1 and Table I that they
are not the result of imprecise starts. The two major runoff
transcripts are produced in approximately equal amounts. If
this heterogeneity were due to imprecise initiation, a similar
doubling of abortive products would be expected; this is not
observed.

Although we have not been able to assign these bands
precisely to individual runoff products, it is highly probable
that these species represent the full-length runoff transcript
and prematurely terminated transcripts one or two bases
shorter. This result seems to be a general one, since multiple
transcripts are detected for some of the other templates studied
here [see also Lowary et al. (1986)]. Further studies with
different short templates may provide a better understanding
of this effect.

Dependence on Reaction Conditions. In order to understand
the factors which contribute to abortive cycling, we have
compared the effects of temperature, ionic strength, and nu-
cleotide levels on the extent of abortive cycling. It has been
previously observed that overall transcription rates for T7
RNA polymerase decrease with temperature (Chamberlin &
Ring, 1973; Oakley et al., 1975). We have found that initi-
ation similarly has a strong temperature dependence (Martin
and Coleman, unpublished results). It has also been recently
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FIGURE 3: Temperature dependence of transcription. All reactions
transcribed template S2 under conditions as for Figure 1, except that
the incubation temperatures were as indicated in the figure (25, 30,
37, and 42 °C). DNA was preincubated in the assay mixture at the
indicated temperature for 3 min (total volume 9 uL). Enzyme (3
uL at 4 °C) was then added, and the reaction was incubated for 10
min at the indicated temperature. lonic strength dependence of
transcription. All reactions transcribed template S2 under conditions
as for Figure 1, except that the final concentrations of NaCl in the
reaction mixture were as indicated in the figure (10, 50, 100, and 200
mM). Effect of nucleotide concentrations on transcription. All
reactions transcribed template S2 under conditions as for Figure 1,
except that the final concentrations of each of the four nucleotides
(the same within a given sample) were as indicated in the figure (0.4,
0.8, and 1.2 mM each ribonucleotide).

Table 1I: Effects of Reaction Conditions on Abortive and
Full-Length Transcription

( Tt-?}l?rlpl % falloff®

(M) s 6 7 8 20
25°C 0.7 41 8 38 15 64
30 °C 1.0 39 12 44 17 57
37°C 35 41 16 56 19 49
42 °C 4.6 41 21 64 27 52
10 mM NacCl kN | 40 17 55 18 51
50 mM NaCl 20 45 21 62 25 50
100 mM NaCl 0.8 48 32 71 37 51
200 mM NaCl 0.3 47 7 79 57 62
0.4 mM each NTP 35 40 19 56 19 49
0.8 mM each NTP 4.2 34 18 42 13 49
1.2 mM each NTP 4.0 31 18 38 12 47

“Percent falloff for a transcript of length n is determined as the ratio
of the amount of transcripts which dissociate at length n vs the total
amount of transcripts with lengths greater than or equal to n. Conse-
quently, the error increases for longer transcripts, since fewer tran-
scripts successfully reach these lengths. In general, the average error
for these figures is about 5%.

noted that the relative amount of abortive cycling by the E.
coli enzyme decreases slightly from 22 to 28 °C and increases
significantly from 28 to 37 °C (Straney & Crothers, 1987a).
For some of the abortive transcripts produced by T7 RNA
polymerase, the relative amount of abortive cycling increases
uniformly with temperature, as shown in Figure 3 and sum-
marized in Table II. However, other abortive products (the

MARTIN ET AL.

Table I1I: Effects of Template Structure on Abortive and
Full-Length Transcription

% falloff*
total [y-GTP] (uM) 5 6 7 8
82 43 38 23 50 22
S2a 7.5 45 33 48 22
53 6.2 32 23 46 23
S3a 34 23 25 42 17
S3b 1.2 22 16 26 10

“ As defined in Table II. The average estimated error is about 5%,
except for template S3b, which shows lower overall incorporation and
therefore will have somewhat higher error levels. K, and k_, for
templates S3, S3a, and S3b are predicted to be 0.02, 0.35, and 0.32
uM and 50, 24, and 18 min™', respectively (Martin & Coleman, 1987).

five-base transcript in particular) show little temperature
dependence. This position and /or sequence dependence sug-
gests that multiple interactions are involved in determining
the stability of the ternary complex and that these factors may
have different temperature dependencies.

In our normal transcription buffer, the concentrations of
NaCl and MgCl, are 10 mM and 20 mM, respectively. The
dependence of abortive cycling on the concentration of NaCl
is shown in Figure 3. Increasing the concentration of NaCl
not only decreases overall transcription but significantly in-
creases the probability of abortive termination for only some
of the abortive products. In particular, it seems that early
falloff products are less sensitive to increasing ionic strength.

Finally, in these studies the individual concentration of
nucleotides (0.4 mM each) were well above the measured K ;s
for traditional transcription assays (Oakley et al., 1979). To
determine whether the K;’s for nucleotide incorporation are
similar during the early phase of transcription, we uniformly
increased all nucleotide concentrations to 0.8 or 1.2 mM each.
The results presented in Figure 3 show that a slight decrease
in abortive cycling is achieved at 0.8 mM ribonucleotides but
that no significant change occurs at 1.2 mM. In all cases, there
are still substantial short RNA products, verifying that abortive
cycling occurs even at saturating nucleotide levels.

Melting of the DNA Duplex in the Message Region. In
order to determine whether melting or reannealing of the DNA
double strand in the message region of the DNA template
contributes to abortive cycling, we constructed synthetic
templates (see Table III and Chart I) containing double-
stranded DNA in the promoter region (=17 to —1), but which
are single-stranded (coding strand only) throughout the
message region. One such construction, template Sla, is
analogous to the 22 base pair template, template S1, used in
our previous study of initiation (Martin & Coleman, 1987),
but contains a single-stranded coding region from +1 to +5.
Comparison of the transcription products reveals that, as for
the duplex template, the predominant product is the full-length
five-base message (data not shown). Steady-state kinetics of
this template further reveal that both k_, and K, are similar
to those observed for transcription from the analogous fully
duplex template (Martin & Coleman, 1987).

To investigate the effect of a single-stranded template on
abortive cycling, we prepared a synthetic template similar to
template S2 but which contains single-stranded DNA (coding
strand) throughout its 20-base message (template S2a, Chart
). We also prepared a template which is base paired at
positions +1 and +2, but which has mismatches at positions
+3, +4, and +5 and is single-stranded from +6 to +20
(template S3, Chart I). Comparison of the transcription
products derived from these templates with products derived
from the fully duplex template reveals very little change in
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FIGURE 4: Comparison of transcription from templates with altered
structure. Templates S2, S2a, and S3 share the consensus promoter
sequence, but have altered DNA structure downstream from position
+1, as shown in Chart I. Templates S3a and S3b are identical with
S3, except that S3a contains a G replacing T in the noncoding strand
(only) at position —10 and S3b contains the noncoding strand upstream
only to position —14. Both S3a and S3b are predicted to have weakened
binding relative to S3 (see text).

the ratio of abortive to full-length transcripts, as presented in
Figure 4. This result demonstrates that the absence of the
noncoding DNA strand in the message region neither increases
nor decreases abortive cycling. Some increase in prematurely
terminated products longer than 10 bases is observed, however,
possibly due to secondary structure in the single-stranded DNA
template.

Effects of Weakened Promoter Binding. 1t has been pro-
posed for the RNA polymerase from E. coli that abortive
cycling is caused by strong binding interactions between the
enzyme and promoter bases, which serves to inhibit forward
procession of the enzyme along the DNA template during
transcription of the first bases of the message (Carpousis &
Gralla, 1980; Straney & Crothers, 1987a,b). We have pre-
viously characterized two deviant T7 promoter constructs
which both display weakened promoter binding (Martin &
Coleman, 1987). In the first such species the consensus A at
position —10 of the noncoding strand is replaced by C. The
introduction of this single mismatched base pair results in an
order of magnitude increase in the K|, for steady-state kinetics,
with only a small decrease in k.. In the second deviant
promoter, the coding strand is extended full length upstream
to position ~17, while the noncoding strand is truncated up-
stream at position —14. This change again produces an order
of magnitude increase in K,,, while decreasing k., by about
a factor of 2,

We have prepared longer templates with analogously
weakened promoter regions (S3a and S3b, respectively, see
Chart I), which have message regions identical with template
S3 of the current study. Template S3 was shown in the
previous section to produce the same abortive products as
native template, and so serves as an appropriate control for

a=GTP 1-GTP

51 Fl P4 52
GCAU GA

Fl
82 — §2 — M

14

-~ @ W

w

£

FIGURE 5: Comparison of transcription from various templates in the
presence of GTP as the sole nucleotide. The initial message sequences
of the templates shown here are GA... (P4), GGA... (S1, P2), and
GGGA... (S2, P1), as described in Table I. All reactions were under
conditions as for Figure 1, except that for the first nine lanes only
the nucleotide GTP was present (with the radioactive label indicated).
For comparison, the last two lanes show transcription of template S2
in the presence of all four ribonucleotides and in the presence of only
GTP and ATP, respectively.

the following experiments. The results for the weakened
promoters S3a and S3b (compared with those of the control
in Figure 4 and Table 111) suggest that although promoter
strength may affect abortive cycling slightly, it cannot be the
major determinant in causing premature termination of
transcription in T7 RNA polymerase.

Slippage at a Repeating Initial Nucleotide. We have shown
in Figure 5 that when transcribing from a template whose
message begins GGGA, in the presence of only the nucleotide
GTP, T7 RNA polymerase synthesizes a ladder of transcripts
with lengths increasing from three bases. In order to better
understand this reaction, we have examined transcripts pro-
duced from templates which start with one, two, or three
repeating nucleotides. The results presented in Figure 5
compare transcription from templates S2 and Pl (both
GGGA...), P2 (GGAC...), and P4 (GAGG...) in the presence
of GTP as the sole nucleotide. Since significant ladder syn-
thesis occurs only for templates S2 and P1, we conclude that
for each addition of GMP beyond 3, the growing RNA chain
slides back by one base relative to the DNA, retaining two
rG-dC base pairs and reexposing the coding strand C at
position +3 of the DNA template.

Stable slippage requires that a minimum of two rG-dC base
pairs remain, since no significant ladder production is observed
for templates which produce transcripts beginning GGA... or
GA.... Addition of the next base (A) allows elongation to
postion +6 on template S2, and effectively halts ladder pro-
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duction, as demonstrated in Figure 5. Slippage at this point
would require breaking up to six base pairs in order to re-form
three base pairs. This result suggests that slippage will not
occur significantly in vivo but is an artifact of limiting the
subsequent nucleotide under very specific conditions. We have
also found that T7 RNA polymerase is unable to incorporate
3’-O-methyl-AMP into transcript (presumably due to steric
constraints) and that a similar ladder is produced for tran-
scription from template P1 in the presence of GTP, CTP, UTP,
and 3’-O-methyl-ATP (data not shown). In contrast, T7 RNA
polymerase will incorporate 3’-deoxy-ATP, and as expected,
incorporation of this modified nucleotide halts the synthesis
of a poly(G) ladder (data not shown).

In order to determine how far the synthesis of an (rG),
message proceeds, we followed incorporation of [«-*?P]GMP.
Although there is a decrease in the amount of message re-
maining at each step, incorporation of an « label compensates
by making longer messages correspondingly more radioactive.
The data presented in Figure 5 show that the ladder of (rG),
products ends abruptly at # = 14. While the two templates
S2 and P1 share the same message sequence only as far as
position +35, they both show abrupt termination of the slippage
ladder at n = 14. In addition, synthesis on template P1
truncated at position 11 by digestion with A/ul similarly
produces a ladder pattern up to n = 14 (data not shown). This
further supports the interpretation that the enzyme remains
situated at position +3 throughout ladder synthesis and that
the product RNA slips in register by one at each cycle. This
result also suggests that the growing RNA chain must en-
counter some blockage at a length of 14 bases.

Similar studies (not shown) were compared for the synthetic
promoters S2, S2a, 83, S3a, and S3b (all contain a message
starting GGGA... and are single stranded in the coding strand
region from +1 to +20). These templates all produce results
as for P1, demonstrating that slippage is a general property
of transcription under the appropriate limited nucleotide pools
and that this effect is not influenced by the nature or presence
of the noncoding DNA message strand.

DISCUSSION

Transcription by T7 RNA polymerase is both highly specific
and highly processive (Chamberlin & Ryan, 1982). Until
recently its characterization has relied on transcriptional assays
involving the synthesis of very long RNA transcripts. In a
previous study, we examined promoter recognition and initi-
ation with a transcription assay involving synthesis of a short
five-base RNA transcript (Martin & Coleman, 1987). We
now extend these studies to systems with longer, but still
relatively short, transcripts. This new system has provided
insight into a recently discovered property of transcription by
T7 RNA polymerase—the abortive synthesis of very short
RNA transcripts. Similar abortive cycling has been observed
for E. coli RNA polymerase (Carpousis & Gralla, 1980, 1985;
Grachev & Zaychikov, 1980; Straney & Crothers, 1987a,b),
for RNA polymerase IT in HeLa cells (Ackerman et al., 1983),
and also for the synthesis of RNA from the polyhedrosis virus
and reovirus by the eukaryotic host RNA polymerase (Fu-
ruichi, 1981; Yamakawa et al., 1981). It may be that all RNA
polymerases will share a common mechanistic origin for this
property of transcription. In the current study we examine
the significance of abortive cycling in the early stages of
transcription by T7 RNA polymerase.

Abortive Cycling Is a Normal Part of Transcription. The
results presented in Figure 1 and Table I show that abortive
cycling is a major feature of transcription from a T7 RNA
polymerase promoter. Contrary to a previous report (Morris
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et al., 1986), abortive products are not observed in the absence
of template, nor are they produced signficantly from non-
promoter-containing DNA. In addition, all abortive products
appear to be derived from correct initiation at the initial G
in the message, as evidenced by their incorporation of [y-
32P1GTP.

Throughout the process of transcription there must exist a
kinetic competition between dissociation of the enzyme-
DNA-RNA ternary complex? and incorporation of successive
nucleotides. The results presented in Figures 1 and 2 show
that immediately following initiation, significant dissociation
is observed. After a minimum number of bases are incorpo-
rated (approximately eight for T7 RNA polymerase), the
ternary complex proceeds to a much more stable one in which
abortive dissociation is greatly reduced. The extent to which
this dissociation reduces the number of transcription complexes
available for transition to a fully processive ternary complex
depends on the sequence of the transcript in this initially
transcribed region. From the data summarized in Figure 2,
it appears that abortive products are produced preferentially
immediately following incorporation of UMP into the message.
This may be a result of the uniquely weak interaction char-
acteristic of a dA-rU base pair (Martin & Tinoco, 1980),
which might provide a weakening of the forces which correctly
orient the last base in the waiting RNA chain. This effect
would lead to slower catalysis at that step, allowing dissociation
of the complex to compete more effectively with incorporation
of the succeeding base.

Dependence of Abortive Cycling on Ionic Strength and
Temperature. We have characterized the dependence of
abortive cycling on both ionic strength and temperature. The
results presented in Figure 3 and Table II confirm that overall
initiation decreases with both increasing ionic strength and
decreasing temperature. For some positions in the message,
the amount of abortive cycling increases coincidentally.
However, the extent of this increase varies with position; e.g.,
abortive falloff following position 3 is almost independent of
ionic strength and temperature over the range studied. The
fact that these variables affect abortive falloff differently for
distinct sequence positions shows that multiple forces must be
involved in the competition between procession and dissocia-
tion.

Melting and Reannealing of Duplex DNA Do Not Con-
tribute to Abortive Cycling. T7 RNA polymerase will not
recognize promoter DNA which is completely single-stranded
(Chamberlin & Ring, 1973; Osterman & Coleman, 1981;
Martin & Coleman, 1987); initiation of transcription requires
the presence of at least part of both strands of the DNA in
the promoter region. In the normal process of transcriptional
elongation, RNA polymerase must melt the DNA duplex
downstream of its current position, and the DNA duplex must
then reseal after the transcription “bubble” has passed.
Conceivably, difficulties in either process could destabilize the
ternary complex and lead to abortive termination. This cannot
be the cause of the observed abortive cycling in T7 RNA
polymerase, since similar abortive cycling occurs for a template
which is lacking the noncoding DNA strand in the message
region from +1 to +20 [Figure 4 and Table III, see also
Lowary et al. (1986) and Milligan et al. (1987)]. Although
possible secondary structure in the resulting single-stranded
DNA template might impede efficient elongation of a pro-

3 Note that dissociation of any one component of the ternary complex
is sufficient to halt processive transcription. Although the product RNA
must dissociate at some point prior to the next round of transcription, it
is unknown whether the enzyme and DNA remain associated.
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cessive complex (note the slight increase in prematurely
truncated products longer than eight bases), the lack of the
complementary noncoding strand does not seem to favor either
procession or dissociation in early transcription. This result
may be useful to workers using T7 RNA polymerase as a tool
to synthesize small RNA transcripts from synthetic oligo-
nucleotide templates. One need only synthesize the promoter
region (—17 to —1) of the noncoding DNA once, for use with
any number of full-length coding strand templates.

Strong Enzyme—Promoter Interactions Are Not the Major
Cause of Abortive Cycling. T7 RNA polymerase is specific
for a highly conserved set of promoters (Oakley & Coleman,
1977; Dunn & Studier, 1983; Carter et al., 1981). To achieve
this selectivity, the enzyme must have strong favorable in-
teractions with at least some of the bases within the promoter.
It has been proposed for the E. coli enzyme that such strong
interactions might act to keep the enzyme from leaving the
promoter during the initial stages of transcription, leading to
abortive initiation (Carpousis & Gralla, 1980). If retained
during the abortive cycling phase, such strong promoter con-
tacts would have to be broken before a stable elongation
complex could form (Straney & Crothers, 1987a,b). Com-
parison of the data for templates S3, S3a, and S3b in Figure
5 and Table III reveals that decreasing promoter binding
affinity by an order of magnitude (as reflected in the
steady-state K,,) has only a small effect on the extent of
abortive cycling observed. While promoter strength may in-
fluence abortive cycling somewhat, it cannot be the major
contributor to abortive dissociation in T7 RNA polymerase.

Slippage at a Repeating Initial Base. In the course of these
studies, a previously unknown property of T7 RNA polymerase
was discovered. During transcription of a template containing
at least three repeats of the first base, in the absence of the
ensuing (nonhomologous) nucleotide, the first nucleotide will
continue to be added to form a growing homopolymer (Figure
5). Since homopolymer synthesis is independent of the se-
quence beyond the nonhomologous nucleotide, we conclude
that after incorporation of the third ribonucleotide, the nascent
RNA chain must slip in register —1 relative to the coding DNA
strand. This allows multiple “correct” incorporations of the
nucleotide at position +3 on the DNA template. In general,
for a run of n identical nucleotides at the beginning of a
template, the n base RNA~-DNA duplex can slip by one and
still retain n — 1 stable base pairs. Since slippage is not ob-
served for templates with n = 1 or n = 2, we find that sig-
nificant slippage occurs only for n = 3; i.e., a minimum of two
rG-dC base pairs is required in the heteroduplex.

At each cycle in ladder synthesis there is a significant
probability of dissociation, as evidenced by the decay of the
ladder pattern. However, the synthesis of (rG), decreases
significantly at n = 14, independent of the sequence of the
template (Figure 5). It may be that after progression of the
enzyme to position +3, substantial contacts with the promoter
are retained which sterically block RNA chain growth beyond
14 nucleotides. After the enzyme has moved further from the
promoter these restrictions must disappear, since normal chain
growth is unimpeded for even very long transcripts.

Runoff Transcripts Are Not Always Unique. For most of
the templates studied, more than one transcript is observed
near the expected position of the full-length runoff transcript.
This effect has been previously assigned to sequence-dependent
imprecise termination, in transcription from plasmid templates
containing overhanging 5’ ends (Lowary et al., 1986; Milligan
et al.,, 1987). We confirm that slippage at the initial nucleotide
or imprecise initiation cannot explain these multiple runoff

transcripts for two reasons. First, in the studies presented here
slippage has been observed only when the initial nucleotide
is repeated at least 3 times, and then only under conditions
limiting addition of the ensuing nucleotide. In contrast,
multiple runoff transcripts are observed under conditions in
which all four nucleotides are saturating and for various initial
sequences. Second, for template S2 approximately equal
amounts of two different runoff transcripts are produced, yet
no similar doubling is observed in the abortive transcripts.
Multiple runoff transcripts are also not an artifact of tran-
scription from DNA with staggered ends, since they are ob-
served for the blunt-end templates S2, P2, and P3 (Figure 1).
However, the distribution of runoff transcripts is different for
template S2 in the presence and absence of the noncoding
strand (Figure 4). In conclusion, multiple runoff transcripts
must be a result of imprecise termination at the end of the
DNA template, possibly due to a general weakening of the
ternary complex from the loss of downstream DNA contacts.
The sequence-dependent premature dissociation most likely
reflects a kinetic competition similar to that occurring in
abortive cycling.

Kinetic Considerations. During all stages of transcription
there exists a competition between incorporation of successive
nucleotides (elongation) and dissociation of the ternary com-
plex. The data presented in this study show that immediately
following initiation dissociation competes favorably with
elongation. However, after transition to the fully processive
complex, elongation must be strongly favored. It is not im-
mediately clear whether this transition involves a decrease in
the unimolecular rate of complex dissociation and/or an in-
crease in the average (pseudo-) unimolecular rate of elongation.
However, the observed rates of formation of the various
transcripts allow us to place limits on the changes in the rates
which accompany the transition to a fully processive complex.

The elongation rate constant for T7 RNA polymerase on
long templates has been measured to be about 230 s™! (Golomb
& Chamberlin, 1974; Muller et al., 1988). If it is assumed
that approximately 90% of transcripts which have escaped
abortive cycling successfully produce full-length messages on
a 10000-base template, the dissociation rate would have to
be less than 0.003 s™'. Were this also the average dissociation
rate during the abortive cycling phase of transcription, the
observation that less than 50% of the initiated transcripts
proceed beyond eight bases to processive complexes places an
upper limit on the elongation rate during this phase at 0.02
sl. However, the overall rates of transcript production ob-
served in the current study lie near 0.2 s\, placing a lower limit
on the average elongation rate during abortive cycling at about
1 s7l. Thus, the average rate of dissociation of the ternary
complex during the abortive phase must be significantly greater
than 0.003 s™!, and a large decrease in this rate must accom-
pany the transition to a fully processive complex.

The kinetic considerations presented here argue that im-
mediately following initiation the enzyme-DNA-RNA ternary
complex possesses a much higher probability of dissociation
than after its transition to a fully processive complex. It may
also be that a lower rate of elongation during the abortive
phase, especially following the incorporation of UMP, further
allows dissociation of the complex to compete more effectively
with elongation.

Nature of the Transition to a Highly Processive Ternary
Complex. Finally, these data provide insight into what mo-
lecular interactions may be responsible for the transition from
an unstable initiated complex to a highly processive ternary
complex. A simple explanation is that formation of the
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DNA-RNA duplex stabilizes the ternary complex. This would
predict a steady increase in the stability of the ternary complex
with increasing length of RNA, up to the point at which the
origin of the DNA-RNA duplex begins to dissociate. The
results presented here suggest a more abrupt change in stability
of the ternary complex.

An alternate explanation for the sudden change to a more
processive complex would include a conformational change
in the protein which converts it to an altered form with higher
processivity. Recent footprinting studies of transcription in
the presence of limiting nucleotides have in fact led to the
proposal that a conformational change in the protein occurs
after synthesis of between 6 and 15 bases (Ikeda & Rich-
ardson, 1986). In these studies, and in similar studies of the
RNA polymerase from E. coli (Carpousis & Gralla, 1985;
Straney & Crothers, 1987a,b), it is assumed that transcription
in the presence of limited nucleotides or in the presence of a
3’-blocked nucleotide produces a stably paused ternary com-
plex. The current results show that, although this assumption
may well be valid for complexes containing RNA longer than
eight bases, for shorter RNA sequences footprinting may
depict a time average of the abortive cycling process. Such
an averaging would explain the apparent increase in size of
the protein—-DNA interface, which dramatically decreases after
synthesis of an 8—10-base message. Consequently, although
a conformational change in the protein is possible, it may not
be necessary to explain the footprinting results.

Finally, it is possible that nonspecific interactions between
the growing RNA transcript and specific regions of the protein
stabilize the ternary complex. If the RNA binding region of
the protein is distinct from the active site, stabilization would
not occur until the RNA chain reaches sufficient length to
allow the stabilizing interaction. Evidence for this latter
possibility has been obtained recently in a study of proteo-
lytically modified forms of T7 RNA polymerase (Muller et
al.,, 1988).

Registry No. RNA polymerase, 9014-24-8,
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