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ABSTRACT. Abortive initiation and promoter escape are two principal biochemical reactions occurring in
the latter stage of transcript initiation. We have analyzed the influences of individual DNA elements
within the promoter recognition region (PRR) on these reactions by measuring the quantitative initiation
parameters that describe abortive initiation and promoter escape; these parameters are the abortive rate,
the productive rate, the abortive:productive ratio, the abortive probability, and the maximum size of abortive
transcripts. Changes in the individual DNA elements within the PRR can have a substantial effect on
each of these parameters. The discriminator region ane fleelement primarily influence the abortive
probability at positions 25 and 6-10, respectively, while the-10 and—35 conserved hexamers and

the spacer region affect the abortive probability at positions1BL Surprisingly, transcription of a
consensus promoter invariably gives a higher abortive yield, a higher abortive probability, a longer abortive
ladder, and a lower productive rate than promoter variants carrying even a single deviation in the consensus
hexamers. These results suggest that strong RNA polymeR&R interactions stall the polymerase at

the promoter, thereby reducing the rate of promoter escape and consequently enhancing the extent of
abortive initiation.

Transcription, like other macromolecular synthetic pro- are present. With formation of the first phosphodiester bond,
cesses, can be delineated into three phases: initiation,RNA polymerase is poised to move downstream. However,
elongation, and termination. Initiation begins with the binding on most promoters, promoter escape does not occur until
of the RNA polymerase holoenzyme to the promoter and the synthesis of RNA reaches10 nucleotides (nt)and
ends with the conversion of the enzysBNA complex into beyond. In the meantime, the enzyme produces an abundant
an elongation complex. Between the beginning and end, thelevel of abortive transcripts ranging from 2 to 15 nucleotides
polymerase-promoter complex undergoes a multistep series due to repetitive cycling of the enzyme back to the open
of conformational and reactivity changes that can be further complex conformation after releasing the short RNgA-(
distinguished as two stages, (1) promoter binding and 6). Abortive initiation ceases when RNA polymerase suc-
activation and (2) RNA chain initiation and promoter escape, ceeds in translocating away from the promoter. This was
based on the availability of NTP substrates. The first stage thought to occur concurrently with the release ofdtfactor
deals with the binding of RNA polymerase to the promoter and the conversion of the core enzyme into a stable
to form a catalytically active complex, and the second stage elongation complex in which the RNA transcript is tightly
involves the commencement of RNA synthesis and the bound 6, 7—9), although recent evidence indicates that the
consequent escape of RNA polymerase from the promoterq factor may not be automatically releasd®,(11). Likely,
region. It is the balance of binding and activation, and at this transition, the binding af factor to promoter DNA
initiation and escape, that defines the strength of a promoterelements is broken to yield the reduced DNase | footprint
in initiating productive transcriptionl( 2). of elongating complexe$(7—9), buto binding to the core

We are interested in understanding the reactivity of the enzyme only weakened such that subsequent physical
polymerase-promoter complex during the stage of RNA manipulation (e.g., by gel chromatography or washing and
chain initiation and promoter escape when NTP substratesdilution, etc.) facilitates its releas&Z, 13). Promoter escape,

therefore, represents the transition from transcript initiation
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assessed by the relative extent of abortive versus productive Pvul
synthesis from a given promoter.

Abortive initiation and promoter escape are universally
observed in all RNA polymerases studiedvitro, but the Puull
molecular mechanism accounting for these reactivities is not
clearly known. Because of their complexities, a set of S Nae |
quantitative parameters has been put forth to characterize 2

=W
various aspects of these reactiofig, (15, 80). Using these - M

parameters, one can begin to compare the promoter escape
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efficiency among promoters and examine the role of various [i? e
factors—promoter sequence composition, nucleotide substrate Ps SPACER DIS TS -
concentration, accessory proteins,etm transcript initiation lPCR
(5, 6, 16—19).

Relative to the transcription start sit¢l, a typical lTranscription
prokaryotic promoter generally spans nucleotig&® to 20,
in which the sequence from positior60 to —1 is hereby 143 0 +£0
termed the promoter recognition region (PRR) and the \_/
sequence from position 1 to 20 the initial transcribed [
sequence region (ITS or ITR). The PRR is further composed *

of several distinct DNA elements. Central to PRR is the core
region of —35 and—10 conserved hexamers joined by a
spacer of the appropriate length that is required for position-
ing these two elements for direct interaction with the iRNA quantitation
subunit of the holoenzyme2(—25). Upstream of the core

region, many promoters contain an AT-rich sequence, known
as the UP element, which has been shown to interact with
the carboxyl terminus af subunits during promoter binding
(26, 27). Downstream of the core region, &8 bp stretch Ficure 1: Experimental protocol for investigating the abortive
connects the-10 box to the transcribed sequence. This initiation and promoter escape pattern of various PRR mutants. At
region is involved in the melting isomerization to form the the top, the parent plasmid pBIuSK-PrmT207F was constructed

open promoter complex2@) and has been dubbed the as described in Materials and Methods and used to generate the
discriminator (DIS) based on sequence characteristics Ofprom_ot_er variants by cassette mutagenesis using conveniently placed
q restriction sites. In the middle part, DNA fragments (nucleotides

promoters subject to stringent contr@oj. —143 to 60) containing a single promoter were generated by PCR
Although promoter sequence serves as the primary deter-and subjected to steady state transcription analysiSHJATP was
minant of promoter binding, past studies did not address howused to end-label all RNA transcripts (indicated with asterisks) from

S ) . 0 to 60 min at 37°C. At the bottom, abortive and productive
the individual PRR and ITS elements might affect abortive poqycts were resolved on a single 23% (19:1) polyacrylarifde

initiation and promoter escape. In this paper, we systemati- M urea gel. Each RNA product, from dinucleotide tetraphosphate
cally investigated the effect of the individual PRR elements to the full-length RNA, was quantified for calculation of the
on transcript initiation. The results presented here shedguantitative initiation parameters.

important light on understanding the molecular mechanism

lDenaturing PAGE

Calculation of
Transcript Initiation
Parameters

of abortive initiation and promoter escape. L))[; extension of two long DNA primers overlapped by 15
MATERIALS AND METHODS Cassette mutagenesis was performed on the pBIuSK-

PrmT20/T, T, plasmid to make changes in individual DNA

Enzymes. Escherichia coDNA-dependent RNA poly-  elements in the promoter region. First, two complementary
merase was purified fronk. coli DG156 according to  DNA primers containing the desired sequence modifications
Gonzalez et al.30); preparations used in this study contained were annealed in 10 mM Tris-HCI (pH 8) and 1 mM Na
18-65% active molecules3(). The His-tagged RNA  EDTA by heating at 65°C for 5 min, followed by slow
polymerase holoenzyme was purified fron coli strain cooling to 25°C to form a short double-stranded DNA
RL712 (R. Landick) by the method of UptaiB2); prepara-  fragment with the appropriate restriction enzyme sites. The
tions used in this study contained-405% active molecules  fragment was then cloned into pBIuSK-Prm T2/ Tplasmid
(31). at the complementary blunt and/or cohesive sist and

Bacterial Strains and Plasmid$he pBIuSK-PrmT20/1T, EcdRl sites were used to clone in the various upstream
plasmid (Figure 1) was constructed by excising a 500 bp sequence elementscdRl andPst, the —35 elementEcdRl
Hindlll DNA fragment containing thernB T,T, tandem andXbd, the spacer regiorPst to Xbal, the —10 element;
terminators from pKK5-133) and cloning it into thedindlll Xbad andBsfEl, the discriminator region; andba or BsfEl
site of pBluescriptSK (Stratagene) to create first the pBluSK- and BarnHlI, the ITS. Bacterial strain XL1 Blue3d) was
T.T, plasmid. Next, a 116 bp DNA fragment containing the the host cell for transformation. All sequence alterations in
PrmT20 promoter was cloned into ti&ad and EcoRV the promoter were verified by DNA sequencirRp).
restriction sites of pBIuSK-1T, to make pBluSK-PrmT20/ Promoter TemplatesSingle-promoter DNA fragments
T,T,. This 116 bp insert, designed to contain convenient were amplified by polymerase chain reaction (PCB9)(
restriction sites between promoter elements, was generatedrom plasmid DNA templates. Promoter fragments generally
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span nucleotides 150 to 60, giving rise to short productive  and the downstream discriminator sequence (DIS). We were
runoff transcripts that can be resolved on the same gel with interested in knowing whether the same DNA elements that
abortive transcripts. DNA products from PCR were purified participate in promoter recognition, binding, and melting play
by one round each of phenol/chloroform extraction, am- a functional role in transcript initiation. Our approach
monium acetate (2.5 M)/ethanol precipitation, and sodium involves systematically varying the sequence of individual
acetate (0.3 M)/ethanol precipitation. This procedure removed PRR elements and subjecting the promoter variants to steady
>09.9% of the free dNTP and80% of the residual primers  state transcription analysis followed by the determination of
(15). The concentration of the PCR promoter was determined quantitative initiation parameter8(@).
spectrophotometrically. Quantitatve Initiation Parameters and Their Interpreta-
Steady State Transcription Assa&ingle-promoter frag-  tion. Quantitative initiation parameters are derived from
ment templates were transcribed under the extensive syn-measurement of individual RNA products, all of the abortive
thesis condition37, 38). All reactions were tested to ensure RNAs from two nucleotides up and the productive runoff
the enzyme recycled quantitatively (data not shown). Tran- RNA, made at a promoter during a steady state transcription
scription reaction mixtures (2660 uL) containing 30 nM assay 15). In this study, we calculated a slightly different
promoter template, 150 mM KClI, all four NTPs (1@ set of parameters to ensure that they accurately reflect the
each), and)[-*?P]ATP (~5 cpm/fmol) in buffer [40 mM Tris- steady state situation and are not compromised by the
HCI (pH 8), 10 mM MgC}, 10 mM B-mercaptoethanol, and  formation of unproductive initial transcribing complexes (see
10 ug/mL acetylated BSA] were prepared on id¢e. coli the Discussion). The parameters we compared include the
RNA polymerase was then added to a final concentration of abortive rate, the productive rate, the abortive:productive ratio
30 nM, and the reaction mixtures were incubated atG7 (APR), the abortive probability, and the maximum size of
At desired points (660 min), samples of 510 uL were abortive transcripts (MSAT). The abortive rate, expressed
removed and mixed with an equal volume of the formamide as moles of abortive RNA per mole of enzyme per hour,
loading buffer (FLB){80% (v/v) freshly deionized forma- measures the rate of total abortive RNA synthesis. The
mide, 1x TBE [89 mM Trisma base, 89 mM boric acid, productive rate, also expressed as moles of productive RNA
and 2.5 mM NgEDTA (pH 8.3)], 10 mM NaEDTA, and per mole of enzyme per hour, measures productive RNA
0.025% (w/v) xylene cyanol (XG) RNA products were  synthesis and is indicative of promoter strength. The sum of
fractionated by gel electrophoresis. To determine the quan-abortive and productive rates corresponds to the frequency
titative initiation parameters, steady state transcription was of total initiation from a promoter during a given time period.
performed at least three times independently for each The APR is the ratio of abortive to productive rate (or yield)
promoter variant to obtain the average value with one and indicates the extent of abortive versus productive
standard deviation as reported in the tables. initiation occurring at a promoter. The MSAT monitors the

Gel ElectrophoresisRNA products from all transcription ~ longest abortive RNA that accumulates with time and is
reactions were resolved on 23% (38:2) polyacrylarside released _frqm }he_transcrlptlon complex durmg a;tggdy state
M urea gels. Gel electrophoresis was performed in a saltassay. Itis indicative of the length of the abortive initiation _
gradient buffer 89). RNA samples were heated at 100 promoter escape program and has been shown to vary with
for 3 min before being loaded onto a prerun gel. Electro- individual promoters (see the results presented below). The
phoresis was continued at a constant power of 1.5 W/cm abortive probability, expressed in percentage, represents the
until XC has migrated-17 cm from the wells. The gels were  likelihood of an initial transcribing complex (ITC) aborting
then exposed and scanned in a phosphorimager (Moleculaits RNA at a particular template positioa). The greater
Dynamics Storm) and RNA signals quantified using the the abortive probability is at a template position, the more
ImageQuant software. Conversion of phosphorimager countsProne the ITC (at that position) is to release its RNA and,

(in 1Q volume units) to femtomoles of RNA was performed therefore, the more unstable is that ITC. The abortive
as describeds(). probability profile is the display of abortive probability

associated with each ITC during abortive initiation. It gives
an overview of the process a polymerase molecule must
undergo to achieve promoter escape at a given promoter.
The abortive probability profile raises the following questions
RESULTS regarding promoter escape from a promoter. How many high-
barrier steps (i.e., steps with high abortive probabilities) are
Rationale and Experimental ApproacRrevious studies  involved? Where do these steps occur? When is promoter
have demonstrated that different promoters give rise to escape accomplished?
greatly different levels of abortive initiation and promoter  Natural E coli Promoters Exhibit Vastly Different Patterns
escape4, 6, 17, 18, 41, 80). We sought to determine the  of Abortive Initiation and Promoter Escap&Ve started our
sequence contribution of PRR and/or ITS in determining the investigation by studying the effect of different promoter
extent of abortive initiation and promoter escape at different sequences on the quantitative initiation parameters. We chose
promoters. In this study, we investigated the role of various five natural bacteriophage promotetsPg, Pr, and R, T5
PRR elements. N25, and T7 Al. Their sequences from nucleotie@0 to
Distinct DNA elements within the PRR have been shown 20 are shown in Figure 2A. T5 N25 and T7 Al templates
to mediate the binding of RNA polymerase to a promoter produced runoff transcripts 50 nt in length, andgtoduced
sequence and its subsequent activation. These DNA elementsunoff transcripts 60 nt in length. Both thex Rand R
include the—10 and—35 consensus hexamers, the spacer promoter templates used in this study contain phiede-
region, the upstream (activating) sequence (UPS or UAS), pendent terminatorrnBT; near the 3end of the template

Nearest-Neighbor Analysiblearest-neighbor analysi4Q)
was carried out as described in an accompanying p&ogr (
to verify the identity of short RNA transcripts.
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FiGure 2: Quantitative analysis of transcript initiation from natural bacteriophage promoters. Five promoters were exaniped5

N25, T7 A1,1 Pr, andA P.. (A) Their promoter DNA sequences from positiei0 to 20. (B) Gel profiles of abortive and productive RNA
synthesis as a function of time. Abortive RNAs are represented by a letter and number combination. The number indicates the length of the
RNA (in nucleotides), and the letter is the identity of tHenBcleotide. Productive transcripts are denoted with a positive number.gFor P

and R, the 100 band is the terminated RNA and the 119 band the runoff product. (C) Pairwise comparison of the abortive probability
profiles.

Table 1: Quantitative Initiation Parameters for Several positions (Figure _20)' TP illustrate _their “”iq‘%?”‘?ss' we
Bacteriophage Promotérs compare the position of highest abortive probability in each.
rate of RNA synthesPs The highest abortive probability value from the ffomoter

is 61% at position 2, 67% at position 3 for,P50% at

promoter  total _ productive abortive APRMSAT ()  qjion 11 for R, 55% at position 8 for T5 N25, and 53%

P 294+62  14+4  280+59 20+5 15 at position 3 for T7 Al. Thus, the highest abortive probability
E %5 gfgi %83 gfi g gfgi 120 37lic i 13 and the position at which this high barrier occurs vary from
Pr 74+ 8 841 654410 841 7 one promoter to the next.

P 56+ 9 4+1 52+9 13+2 6 MSAT values from these promoters varied from 6 to 15

aThe mean values are derived from at least three independentnt. Px has the longest abortive ladder (15 nt), andhBs
experiments and shown with one standard deviatidime rate of RNA the shortest (6 nt); the MSAT values are 10, 8, and 7 nt for

synthesis is expressed as the femtomoles of RNA molecules producedN25 Al, and B, respectively. Abortive:productive ratios
per enzyme per hour. The total rate is the sum of the abortive and ’ ! ’ ’ :

productive rates APR represents the molar ratio of abortive vs from these promoters also varied more than 4-fold (see Table
productive transcripts derived from each promoter. 1). Al gave the lowest APR, whilerPgave the highest.
Thus, the extent of abortive initiation is highly dependent
fragment, and therefore generate both a terminated transcripfn the promoter.
of 100 nt and a runoff transcript of 119 nt (Figure 2B). The difference in abortive rates among the five promoters
Transcription of these five naturab® promoter sequences can be as high as 16-fold. N25 has the highest abortive rate
elucidated very different abortive properties (see Table 1). and R the lowest. Productive rates of these promoters also
Each promoter gives rise to a distinct collection of abortive varied considerably; the A1 promoter is the most productive
RNAs with different abortive probabilities at different ITS while B the least. The low abortive and productive rates
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T5NZ5anti CTCARAGAATCATARAAAATTTATTTGCTTTCAGGAAAATTTTTCTGTATAATAGATTC ——I' ATCCGGAATCCTCTTCCCGG
PrmP20  GCTCTTCAAGTACCCGGGAATTCTTTGACATTTATCTGCAGCGGTGATATAATTCTAGAC
PrmCon  ATTCATAGTCAACACGCACGGTGTTTGACATTTATCCCTTGCGGTGATATAATTAACGT __FATGAGCACAAAAAAGAAACC
PrmA20  GCTCTTCAAGTACCCGGGAATTCTTTGACATTTATCTGCAGCGGTGATATAATTCTAGAC
T7A71 ATTTAARATTTATCAAAAAGAGTATTGACTTAAAGTCTAACCTATAGGATACTTACAGCC _}ATCGAGAGGGACACGGCGAA
PrmNZ20  GCTCTTCAAGTACCCGGGAATTCTTTGACATTTATCTGCAGCGGTGATATAATTCTAGAC
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Ficure 3: Role of the promoter recognition region (PRR) in transcript initiation. (A) Four pairs of promoters are compared; each pair
shares an identical ITS from position 1 to 20, but differs in their PRR, from positibto —60. (B) Gel profiles of abortive and productive
RNA synthesis as a function of time. (C) Pairwise comparison of the abortive probability profiles.

O_bse,rved for,P are “kely the result of poor polymerase Table 2: Quantitative Initiation Parameters for Pairs of Promoters
binding to a linear template4®). that Differ in the PRR

The PRR Sequence Influences Ahertinitiation and
Promoter EscapeThe effects of the general promoter
sequence discussed above reflect the combined roles of thePomoter

rate of RNA synthesfs
total productive  abortive APR MSAT (nt)

PRR and ITS. To distinquish th ntribution of the PRR PrmT20  1125:34 3042 1094+£33  36+2 15

aI'I?S S. To d§t o?tjhs Eet.co t butc; 0 ftfe - T5N25ni 1049+ 130  6+2 1043+ 129 174+ 27 15
versus ITS, we examined the abortive properties of four pairs prypog” 774189 1241 762188  64+5 8
of templates; each pair shares an identical ITS but differs in prmcon  452:89  30+£4  422+£125 1444 8
the PRR (Figure 3A). The four pairs include T7 A1, T5 N25, PrmAAl20 zlzgi go %ﬁi é ;‘igi i4 13: i g
TS5 N25nipsr (abb_rewated as N25anti), _and a CONSeNnsUS . No0 494155 10+ 1 483+ 49 48+ 5 10
variant of A Prm (i.e., PrmCon), each with a counterpart 15pn25 888+ 103 28+5 860+ 100 31+5 10

containing its ITS adapted to th.e Prm promOt.er in th_e cloning aSee the footnotes of Table 1The rate of RNA synthesis is
vector pBIUSK-PrmT20/1T, (Figure 3B), giving rise to expressed as the femtomoles of RNA molecules produced per enzyme
PrmA20, PrmN20, PrmT20, and PrmP20, respectively. AS per hour. The total rate is the sum of the abortive and productive rates.
constructed, PrmP20 and PrmCon contain identical ITS and®APR represents the molar ratio of abortive vs productive transcripts
consensus hexamers at35 and —10, but differ in the  derived from each promoter.
sequence of the other PRR elements (see Figure 3A).

Sequence variation in the PRR caused large changes ima few nucleotides in the spacer region and in hg\aré or
the abortive probability profile (Figure 3C). Changes in 7 bp DIS, but they differ significantly in sequences upstream
abortive probability occurred at most of the ITS positions of the —35 element, although neither contains an apparent
and can vary as much as 6-fold; for example, the abortive AT-rich UP element. The above results provide the first
probability at position 8 is 5% for PrmCon and 30% for strong evidence linking the PRR to abortive probability at
PrmP20, and at position 15, 15% for PrmT20 but 70% for each ITS position, and the difference of a few nucleotides
T5 N25nipsr Note that PrmCon and PrmP20 differ only at in the PRR is sufficient to alter the abortive properties.
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PrmT20 PROMOTER SEQUENCE

-60 UPS -35 SPACER -10  DIS ITR +30

‘GCTCTTCAAGTACCCGGGAATTCT |'.T.".T.‘GACA|TTTATCTGCAGCGGTGA ITATAATITCTAGAC lATCCGGAATCCTCTTCCCGGATGGATCCAG |

PROMOTER ELEMENT CONSTRUCT
A: UPS Number __Name
[T 1= 2= IR 1. -36/PrmT20

GCTCTTCAAGTACCCGGGAATTCT .... 2. Prm/PrmT20"
CAGAAAATTATTTTAAATTTCCTC .... 3. rmB/PrmT20
GAAAAATCCGGARAAAAGAATTCT «eucvrerrsesesesesissssessastesassstsssssetessssssessssstessssasassssasessssesesanss 4. An/PrmT20

GCTCTTCAAGTACCCGGGAATTCT [PTGCTT TCAGGCTGCAGCGGTGA TATAAT AGATTCC |........ 5.  Prm/Prma
CTCAAAGAATCATAAAAAATTCAT |TTGCTT TCAGGCTGCAGCGGTGA TATAAT AGATTCC |......... 6. Anti/Prma
B: -35
TTGACA 7. PrmT20
... GTGACA 8. Prm-36G
.. TCGACA... 9. Prm-35C
TTTACA 10. Prm-34T
TTGTCA 11. Prm-33T
TTGAGA 12. Prm-32G
TTGACT 13. Prm-31T
TTGCTT 14. Prm-CTT

TCA CTGCAGCGGTGA Prm20/15
TCAG  CTGCAGCGGTGA Prm20/16
TCAGG CTGCAGCGGTGA Prm20/17
TCAGGA CTGCAGCGGTGA ... Prm20/18
TCAGGAACTGCAGCGGTGA .... Prm20/19
TATAAT PrmT20
GATAAT Prm-13G
TGTAAT Prm-12G
TACAAT Prm-11C
TATTAT Prm-10T
TATACT Prm-9C
TATAAC Prm-8C
E: DIS
GCTCTTCAAGTACCCGGGAATTCT TTGCTT TCAGGCTGCAGCGGTGA TATAAT|AGAT C .......... 27. Prm21/5
GCTCTTCAAGTACCCGGGAATTCT TTGCTT TCAGGCTGCAGCGGTGA TATAAT|AGATTC .veevenn. 28. Prm21/6
GCTCTTCAAGTACCCGGGAATTCT TTGCTT TCAGGCTGCAGCGGTGA TATAAT|AGATTCC .eoveeren. 29. Prm21/7

* |dentical to PrmT20 sequence

Ficure 4: Sequence of promoter variants generated in this study. At the top is a sequence of the parental PrmT20 promoter, from position
—60 to 30, as a contiguous string of discrete elements: fraim3, UPS,—35, SPACER;-10, DIS, and ITS. The-10 and—35 consensus

hexamers are highlighted in bold, and th& start site is underlined and bold. Below, each of five PRR elements (grougs3 was altered
systematically. Each variant is assigned a number and a name (right columns). Sequence changes in each are shown, with dots indicating
a residue identical to that of PrmT20. Prm/Prma and Anti/Prma (constructs 5 and 6, respectively) share the same sequence from position
—35 to —1 (boxed), but this sequence is different from that of PrmT20. The Prm21 variants are made from the Prm/Prma promoter.

The MSAT, however, was not significantly affected by was the most optimal of the four sequences in supporting
the changes in the PRR that was tested. On the other handproductive RNA synthesis from the Prm promoter (compare
sequence variation in the PRR had a great impact on thePrmT20 with PrmP20, PrmA20, and PrmN20). Thus, ITS
productive rate but only moderately affected the abortive rate, sequences do not function independently, but exert their
resulting in large alterations in the APR for three of the four effect on promoter escape in a promoter-dependent manner.
pairs (see Table 2). As an example, the APR of the PrmT20 Effect of Indvidual PRR Elements on Abowg Initiation
promoter is 36 abortive transcripts per productive transcript and Promoter EscapeéWe next investigated each of the
while that of T5 N25. is 174. Surprisingly, the difference  different DNA elements within the PRR, including the UPS,
in the APRs between PrmN20 and T5 N25 is less than 1-fold, the —35 hexamer, the spacer DNA, thel0 hexamer, and
while their PRR changes are identical to that of the PrmT20/ the DIS, for their possible roles in abortive versus productive
N25,qi pair (see Figure 3A), suggesting that ITS must also initiation, using PrmT20 as a reference promoter to make

contribute to the APR. systematic changes. PrmT20 is a consensus derivative of the
Note that the N25: ITS was considered a portable A Prm promoter outfitted with various restriction enzyme
element capable of impeding promoter esc&3 However, sites for cassette mutagenesis (see Figure 1) and adapted with

in the results shown in Figure 3 (and Table 2), the anti ITS the ITS of N25xipsr(1, 16); its sequence from position60
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Ficure 5: Gel profiles of abortive and productive RNA obtained from the PRR variants. For each promoter, two time point aliquots (at 30
and 60 min for A and 10 and 40 min for-BE) are shown. The promoter variants are indicated on top by their assigned construct number
and organized into five panels: (A) UPS variants, (B35 variants, (C) SPACER variants, (B)10 variants, and (E) DIS variants. The
abortive RNAs are indicated by a letter and number combination (see the legend of Figure 2). The runoff productive transcript is 60. In
panels B and E, the left-most lane is a negative control without RNA polymerase to show the background signal from free radioactive ATP.

to 30 is shown as the top line in Figure 4. The choice of the summary format. Sequence variations of the promoter
ITS from N25nipsrWas based on the finding that it generates constructs are compiled in Figure 4. Gel profiles of abortive
an unusually long but well-characterized abortive RNA and productive transcripts are shown in Figure 5. The
ladder and a high abortive yield in the context of the T5 abortive probability profiles for a pair of constructs within
N25 promoter §). With its impressive abortive RNA profile, each DNA element are compared in Figure 6. Numerical
one can easily detect changes, qualitative and quantitative values of the quantitative initiation parameters are given in
that are a result of promoter mutations. Table 3.
Because of the large number of promoter constructs that The UPS Element Enhances Aboeti Initiation and

have been analyzed, we opt to present our results in alnhibits Promoter EscapeThe effect of the upstream
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Ficure 6: Comparison of the abortive probability profiles of two related promoter variants. The abortive probability at each ITS position
was calculated as described previoudl§)( Abortive probabilities were plotted as average values from three independent experiments with
one standard deviation. Théaxis gives ITS positions and théaxis the abortive probability in percent: (A) UPS variants, (B35
variants, (C) SPACER variants, (B)10 variants, and (E) DIS variants.

sequence was investigated with six promoter variants (con-to that of N25), or from a multiple A tract was chosen
structs 1-6) that differ in the extent and sequence composi- because their AT-rich feature has been correlated with high
tion of the region immediately upstream of the35 promoter strength4d—46).

conserved hexamer. Constructs4lare based on PrmT20 As shown with—36/PrmT20, the physical absence of the
(construct 2) but differ in either lacking an upstream region upstream sequence produced a large effect; the total level
(—36/PrmT20) or containing the UPS from the rrnBP1 of initiation from the promoter decreased by-4&-fold
promoter (rrnB/PrmT20) or one with multiple A tracts (An/ compared to that for PrmT20 (construct 2), and the longest
PrmT20). Constructs 5 and 6 contain a slightly altered core abortive transcript was reduced from 15 to 9 nt. As a result,
promoter, Prma, joined to the UPS of Prm (designated Prm/its abortive probability profile was drastically altered.

Prma) or N25mipsr (designated Anti/Prma). The upstream  Of the five promoters with contiguous upstream sequence,
sequence from rrnBP1, from N2&osr (Which is identical sequence variation did not affect the length of the abortive
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Table 3: Quantitative Initiation Parameters for Variants of the PRR Elefents

rate of RNA synthesks
element altered promoter total productive abortive APR MSAT (nt)
(A) UPS 1.—36/PrmT20 345+ 17 13+ 1 332+ 16 26+ 1 9
2. Prm/PrmT20 1125 34 30+ 2 1094+ 33 36+ 2 15
3. rrB/PrmT20 1091 32 30+ 2 1062+ 32 35+ 2 15
4. An/PrmT20 982+ 29 27+ 2 955+ 29 35+1 15
5. Prm/Prma 83% 27 26+ 5 813+ 124 31+ 3 15
6. Anti/Prma 1056+ 131 14+ 3 1042+ 129 74+ 10 15
(B) =35 7. PrmT20 1125 34 30+ 2 10944 33 36+ 2 15
8. Prm-36G 529 8 55+ 3 474+ 7 9+1 15
9. Prm-35C 752 94 78+ 12 674+ 88 9+ 2 15
10. Prm-34T 743t 16 61+5 682+ 13 11+1 15
11. Prm-33T 635E 53 60+ 4 575+ 51 10+1 15
12. Prm-32G 638t 54 58+ 5 580+ 52 10+1 15
13. Prm-31T 1431 22 39+ 2 13924+ 21 35+ 2 15
14. Prm-CTT 921 37 57+ 6 864+ 34 15+1 15
(C) SPACER 16. Prm20/16 4494 33+ 3 416+ 6 13+1 10
17. Prm20/17 1125 34 30+ 2 1094+ 33 36+ 2 15
18. Prm10/18 1064 97 41+ 7 1023+ 13 25+ 1 11
(D) —10 20. PrmT20 1125 34 30+ 2 1094+ 33 36+ 2 15
21. Prm-13G 4215 40+ 3 381+ 4 9+1 10
22. Prm-12G 136t 3 17+1 120+ 3 71 9
23. Prm-11C 344 44 32+ 4 311+ 42 9+ 1 14
24. Prm-10T 519 30 61+ 6 458+ 27 71 14
25. Prm-9C 808t 13 50+ 3 758+ 12 15+ 1 15
26. Prm-8C 24H 3 43+ 1 204+ 3 5+2 14
(E) DIS 27. Prm21/5 1148 3+1 111+ 6 37+3 14
28. Prm21/6 83% 125 26+ 5 813+ 124 31+ 3 14
29. Prm21/7 53@ 65 17+ 4 513+ 63 30+ 3 14

2 See the footnotes of Table 1The rate of RNA synthesis is expressed as the femtomoles of RNA molecules produced per enzyme per hour.
The total rate is the sum of the abortive and productive rat&BR represents the molar ratio of abortive vs productive transcripts derived from
each promoter.

ladder (Figure 5A) and therefore only slightly affected the TATAAT sequence for the-10 element, with the bold
abortive probability profiles. Comparing Prm/Prma and Anti/ nucleotides being the most conserved in these elem&hts (
Prma (constructs 5 and 6, respectively), significant abortive 53). To test the role of the-35 hexamer on abortive initiation
probability changes were noted only for the late ITS positions and promoter escape, we started with the perfect consensus
(Figure 6A); in this case, the AT-rich upstream element in sequence of TTGACAg; in PrmT20 and introduced single-
Anti/Prma resulted in elevated abortive probabilities of 14 base pair changes at each of the six positions to a noncon-
and 15, presumably raising the barrier for promoter escapesensus base pair (constructsI4, Figure 4B). Several of
at these positions. the sequence alterations correspond to mutations studied
Changes in the upstream sequence, however, greatlypreviously; for example, a kG or T_3sC single substitution
influenced the APR. The ratio of abortive to productive rates was shown to dramatically reduce the extent of open complex
ranged from 26 to 74, being lowest n36/PrmT20 and  formation at thelac promoter b4). Only one promoter
highest in Anti/Prma. Since the AT-rich UP element of variant, Prm-CTT, contaga 3 bpchange that converts the
rrBP1 had been shown to interact with thhesubunits of perfect consensus to the35 box of the T5 N25 promoter
RNA polymerase to enhance promoter bindirg§)( the (TTGCTT).
effect of upstream sequence deletion likely reflects the As shown in Figure 5B, single-base pair alterations of the
missing interactions. —35 element do not significantly affect the length of the
Taken together, these results suggest a correlation betweembortive RNA ladder, which differs by only 1 nt among the
the strength of UPSpolymerase interaction and the extent —35 variants. Instead, they differ greatly in the abortive
of abortive initiation; the higher the binding stability, the probability of the late ITS positions, from 11 to 15. The
higher the abortive probabilities, particularly at the late ITS abortive probability values at positions 135 are 60, 50,
positions, and also the higher the abortive yield. Thus, strongand 10%, respectively, for PrmT20, whereas they are 10, 4,
UP elementRNA polymerase contacts appear to enhance and 0% for Prm-36G, respectively (Figure 6B); little or no
abortive initiation and inhibit promoter escape. This observa- change in abortive probability was found at positiorslD.
tion is in agreement with the findings of Carpousis et al. The lowered abortive probability at positions-185 in Prm-

(47), Ellinger et al. ), and Strainic et al.48). 36G is indicative of the increased stability of the initial
The —35 Element Affects the Abaré Probability Espe- complexes at these positions and can be correlated with the

cially at the Late ITS Position&inding of theE. coliRNA enhanced ease of promoter escape to yield more productive

polymerase holoenzyme to a promoter site is mediated RNA.

mainly through the specific interactions between t1é Interestingly, Prm-31T and PrmT20 shared an almost

subunit and the-10 and—35 conserved hexamera3 49, identical abortive probability profile, suggesting that thesA

50). Repeated compilation ofd° promoters confirmed the  position (the 3most nucleotide of the-35 element) is
TTGACA consensus sequence for th&85 element and the  neutral in mediating the initiation functions. In agreement
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with this observation, all four base substitutions at this ishing the abortive rate and for Prm20/18 through an elevated
position in thelac promoter were previously shown to have productive rate but an unchanging abortive rate.
little effect on promoter binding54). Interestingly, of the three variants, Prm20/17 with the

The rates of abortive and productive RNA synthesis are optimal spacer length displays the highest APR, the longest
strongly influenced by the-35 sequence (see Table 3). With abortive RNA ladder, and the highest abortive probability
the exception of Prm-31T, the other35 variants all at late ITS positions. These observations reinforce the results
exhibited a reduced abortive rate and an increased productiveeported above, that promoter features closest to the con-
rate, giving rise to an APR lower than that of PrmT20 by Sensus presumably confer the strongest promoter binding,
almost 4-fold. The productive rate of all seve85 variants ~ thereby causing a high level of abortive initiation by
was greater than that of PrmT20. This was a surprise sincePréventing promoter escape.

these same nucleotide substitutions in the context ofitie The —10 Element Appears To Control the Produeti
or lac promoter resulted in reduced promoter strendgiy (  Efficiency of a PromoterThe —10 hexamer is directly
55). involved in the steps of promoter binding and melting

How can these seemingly contradictory results be recon- isomerization to form the open comple2§( 49, .50)' T.O
study the role of the-10 element, we made six variants

ciled? The answer appears to depend on the location of the tructs 2426 h deviating b inale b f th
rate-limiting step during transcript initiation at each promoter. (constructs ) each deviating by a single base from the

For promoters such dac and ant, the rate-limiting step —10 consensus TATAATs n PrmT20_(co_nstruct 20, F'9“T¢
resides with promoter binding. Mutations in either th85 4D). The choice of nucleotide substitution at each position
or —10 hexamer that now deviate from the consensus further V8S hased on mutations previously investigated inahis

compromise promoter binding and consequently promoter promoter £5). . .
strength. On the other hand, for a consensus promoter such Resglts of steady state transcription revealed that W.'th _the
as PrmT20, the promoter-binding step is already maximized; exception of Prm-3C (construct 25), single-base substitution
instead, the rate-limiting step occurs during promoter escape'n th? —10 eIeme.nt drastically reduced the Igngth of the
(18). A single-base substitution in the-35 element in gbortlve ladder (Figure 5D). The longest abortive transcript
PrmT20 probably reduced the level of promoter binding only In Plrm-13G gand T(r)m-l?Gl(conﬁtructs 21 gnd 2125 resfpec-
slightly, but significantly facilitated promoter escape, result- 1vely) was 9 or 10 nt in length compared to 15 nt for
ing in a higher productive rate. Thus, the magnitude of the PrmT2Q Among this set of promoter variants, the abortive

effect of a mutation on promoter strength depends on whetherpmbabi”ty values va}(ied greatly at pogitions{nS ar)q only
the mutation impacts the rate-limiting step of a given moderately at positions -210. Abortive probabilities at
promoter B6—58). positions 13 and 14 are 50 and 60%, respectively, for

itatie Initiation P Are Exauisitel . PrmT20, 3 and 2% for Prm-8C, respectively, and 0% for
Quantitatve Initiation Parameters Are Exquisitely Sensi- 5. 1o (Figure 6D).

tive to Changes in Spacer Lengtl©Optimal promoter
recognition and binding bk. coli RNA polymerase requires
the —10 and—35 hexamers to be separated by a spacer
length of 17 bp. This distance in the helical DNA is thought
to present the—10 and —35 elements in the proper
orientation for binding by thes”® subunit and has been
confirmed in the recent structural model of an open complex
(25). Variation in the spacer length from 15 to 19 bp was

sho&/vn to hava\(le Aa sub;targal (;fjfeggor}promotﬁr blf?dmg fand promoter escape than the consensus promoter. Furthermore,
productive synthesi2(, 24, 59). To test the effect of 0 g betitutions at the three most conserved positions

spacer length on abortive initiation and promoter escape, WG(ETAAT _¢) resulted in the greatest reduction in the abortive
made five variants with spacer lengths from 151019 bPin rate. Therefore, the bases directly involved in promoter
the PrmT20 promoter context (constructs-19, Figure 4C). binding also play important functional roles in dictating the
Steady state transcription revealed that variation in spacerextent of abortive initiation and promoter escape.
length nearly eliminated promoter activity in Prm20/15 and  These same nonconsensus single-nucleotide substitutions
Prm20/19 (gel results not shown). The other variants, Prm20/in the —10 element, like the-35 variants described above,
16, Prm20/17, and Prm20/18, exhibited distinct differences were shown to reduce the strength of #mor lac promoter
in the length of the abortive ladder (Figure 5C), in turn (54, 55) but increase the productive rate from our promoter
causing large changes in the abortive probability profile yariants. This discrepancy can be reconciled by the same
(Figure 6C). Compared to Prm20/17 whose longest abortive molecular explanation proposed above; that is, the effect of
RNA is 14 nt, Prm20/16 and Prm20/18 show a drastica”y a —10 or —35 mutation is Context-dependent and may
reduced level of the long abortive RNAs from 11 to 14 nt, increase or decrease promoter strength depending on whether
suggesting that a significant fraction of RNA polymerase the rate-limiting step of initiation is impacted.
has undergone the promoter escape transition at these The Length of the Discriminator Region Greatly Alters
positions. the Querall Initiation Frequency.The region between the
The facility at promoter escape from Prm20/16 and Prm20/ —10 element and the-1 transcription start site is melted
18 is substantiated by their lower APR; the reduction can during the formation of open complexes. The sequence
be as much as 3-fold when compared to Prm20/17 (Table composition of this region is directly involved in mediating
3). In the case of Prm20/16, the lower APR is achieved the stringent responsé( 61) and, also, in the transcriptional
without changing the productive rate but by greatly dimin- control of certain pyrimidine biosynthetic operorg2(63).

Sequence variation in thel10 element also led to a large
reduction in the APR, by as much as 7-fold (see Table 3).
Except for that of Prm-12G, the drop in the APR is invariably
the result of an elevated productive rate and a greatly
diminished abortive rate. Prm-12G (construct 22) achieved
a 5-fold reduction in the APR by halving the productive rate
but reducing the abortive rate by almost 10-fold. On the basis
of the APR values, all-10 variants are more facile at
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Dubbed the discriminator sequence (DIS) by Traved),(
the length of this region can influence the choice of

Vo et al.

extent of productive synthesi$8). In Bacillus subtilisphage
¢29, transcription of the late gene A2c promoter was found

transcriptional start site. Compilation of promoter sequencesto stall at the stage of promoter escape by the upstream

revealed the length of the DIS to be-8 bp, with 7 bp being

binding of protein p4 which strengthened the interaction

the most common length for transcript start site selection between RNA polymerase and th&5 element§4). Strainic

(51, 53). To test the effect of varying the length of DIS, we
used as the starting promoter Prm21/6 contaji bp DIS
region, and maela 5 or 7 bpvariant, Prm21/5 or Prm21/7,
respectively. Because the transcripts are labeled wiffH]-
ATP, our analysis compares the effect of DIS length on

et al. @8) found that UAS-containing promoters undergo
promoter escape at reduced rates. Since promoter escape
requires the translocation of RNA polymerase downstream
(5, 7), strong promoterenzyme binding must interfere
directly with the ability of RNA polymerase to relinquish

transcription from the same start site and does not addressts multiple interactions with the PRR elements.

transcriptional start from alternate sites.

In this study, we used the quantitative initiation parameters

Results of steady state transcription showed that the overall(14, 15) to monitor the changes in the abortive initiation and

transcriptional activity from the same start site was drastically promoter escape reactions. Of the parameters, the abortive
reduced for Prm21/5, by-58-fold as compared to the other ~ probability is most informative of the step-by-step progress
two variants (Figure 5E). Despite the low initiation frequency ©f a transcription complex through the initial template region.
in Prm21/5, the longest abortive transcript for all three By changing the binding strength of individual PRR elements
promoters was 14 nt. Interestingly, the relative abundancethrough promoter mutations, we were able to modulate the

of abortive transcripts from Prm21/5 differed from that of
Prm21/6 and Prm21/7 at two regions, at positionglhear

the +1 start site and also at positions 13 and 14. Unlike all
other DNA elements in the PRR that influence abortive
initiation mostly at the late ITS positions (+15), Prm21/5

exhibited dramatically lowered abortive probability at posi-
tions 3 and 4, greatly stabilizing the early initial complexes

abortive probability in defined regions of the overall profile.
Thus, the DIS length influences the abortive probability at
positions 2-5; the—10 sequence, positions-80 and 11

15; and the spacer length, the35 sequence, and the UP
element, positions 1315. Our results suggest that transcrip-
tion initiation and promoter escape from the PrmT20
promoter involve three high abortive barriers, encountered

at those positions, but somewhat higher abortive probabiliteswhen RNA polymerase has transcribed to positiorst2

at positions 13 and 14 (Figure 6E).

6—9, and 13-15 (see the aggregate of all abortive probability

Changes in the length of DIS, however, had little effect profiles shown in Figure 6_). Furthermorg, these barriers are
on the APR; this was due to the proportionate rise and fall IMPosed by the strong binding interactions between RNA
in the abortive and productive rates in all three promoters Polymerase and the various promoter DNA elements.
(Table 3). Thus, length variation in DIS appears to affect What is thg structural context for_ the existence of these
the overall level of initiation without affecting the balance @abortive barriers? To begin transcription, we start with the
of abortive versus productive synthesis. Of the three DIS catalytically active open complex structur25( 65) where
variants that have been examined, Prm21/6 is the strongesth€ upstream portion of the promoter DNA (from position
promoter, yielding the highest level of productive RNA by —60 to —12) is surface-exposed and anchored to the RNA

increasing the total level of initiation; it also prescribes the Polymerase through sequence specific contacts of the UP
highest level of abortive RNAs (Figure 5E). element, the-35 hexamer, and the spacer DNA (at position

-14/-15) to theo subunits g, andos domains, respectively.
The g, domain nucleates the melting at positieri2 and
further binds the nontemplate strand of th&0 element§7)

In this study, we analyzed the roles of prometer to maintain the melted conformation at the upstream edge
polymerase interaction in the transcript initiation reaction by of the transcription bubble. The single strands of the
systematically examining the contribution of individual PRR  transcription bubble that descend into the enzyme are bound
elements to overall promoter activity, specifically focusing in separate protein tunnels; after traversing past the active
on abortive initiation and promoter escape. A recurring theme sijte, the single strands rewind downstream of position 3
emerged from our analysis: promoter sequences that confefiyhere an additional 9 bp of downstream DNA is held
stronger RNA polymerasepromoter interactions invariably  securely in the downstream DNA binding site before it
lead to enhanced abortive initiation and inhibited productive emerges from the enzyme. In addition, theregion 3.2
synthesis. Our results confirm that a consensus promoterpolypeptide that connects the—o3; and o, domains does
recruits RNA polymerase to form a most stable open so by occupying the part of the active site crevice that forms
complex, but the enhanced stability interferes with the the RNA exit channel which a nascent transcript efl& nt
functional mobility of the polymerase necessary for promoter would traverse. As situated, 3.2 presents a physical block
escape. The inhibition of promoter escape by strong PRR  to the advancing RNA and has been suggested to be the cause
RNA polymerase binding is invariably accompanied by of abortive initiation 68, 69). This structural impediment
enhanced abortive initiation. Thus, a causal relationship existsmodel, if operative, can only account for a basal level of
where the rate of promoter escape determines the extent ohportive initiation that probably occurs in an ITS sequence-
abortive initiation. independent but transcript length-dependent manner. It

The dichotomy of structural stability versus functional cannot account for the widely different patterns of abortive
mobility in an initiation complex has been noted in earlier initiation we have shown, nor can it account for the existence
studiesIn vivo footprinting analysis of three strong synthetic  of the three high barriers for promoter escape, the latest one
promoters showed that a consensus version caused excessi@t positions 13-15) arising when the RNA exit channel is
stalling of RNA polymerase at the promoter to lower the nearly filled with the nascent RNA.

DISCUSSION
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Rather, a recently proposed model of abortive initiation ladder was observed withf° region 2.2 mutants on an N2
and promoter escape based on a scrunchirapslocation template 43), confirming that the strength of the interaction
mechanism 12) allows us to comprehend the specific betweeno, and —10 controls the ease of promoter escape
interactions that pose the various promoter escape barriersand, therefore, the height of the abortive barrier of positions
By this model, as transcription occurs, downstream template 6—9.
DNA would be unwound and increasingly scrunched into  For PrmT20 and many of its UP element-containing
the enzyme interiorg6). Scrunching, however, does not lead variants, a third high abortive barrier exists at positions 13
to rewinding of the transcription bubble upstream until 15 (Figure 6A,B). The existence of the third barrier suggests
approximately position 10/11 where promoter escape occursthat, for a significant fraction of the polymerase, overcoming
(70, 71). Thus, during early transcription, cumulative scrunch- the first and second high barriers does not result in promoter
ing would increase the size of the bubble incrementally, escape. Besides the interaction with the consensusl0
inducing stress in the initial transcribing complexes. The DNA, these promoters all have tight binding between the
cumulative strain would distort the bubble, eliciting move- consensus-35 element and the, domain and, additionally,
ment of the sugarphosphate backbone in either the upstream a binding interaction between the UP element and d¢he
or the downstream direction, in an attempt to release the subunits 26, 46). Apparently, all three binding elements (at
strain. Movement of the transcription bubble downstream ¢, and—10, o4 and —35, anda. and UP) are required in a
past the active site leads to backtracking, disengaging thefavorable spatial configuration (i.e., 17 bp spacer; see Figure
short RNA from the template strand, resulting in abortive 6C) to yield a highly stable open complex structure resistant
release. On the other hand, when enough strain has acto promoter escape. Weakening any one of the three
cumulated, upstream movement of the strands can force thenteractions-whether by a complete removal of the UP
rewinding of the bubble, allowing DNA to translocate out element (i.e., in-36/PrmT20) or by single-base substitution
of the tunnel in the upstream direction, leading to promoter of the consensus hexameric sequences, or even by straining
escape. their spatial relationship by changing the spacer lengtises

On most promoters, the first abortive barrier is encounteredthe height of the third abortive barrier. Presumably, to
at positions 2-4. The high level of abortive initiation at these achieve promoter escape, a larger scrunching-induced cu-
positions can be attributed to the high instability of an ITC mulative strain is necessary to bring about the displacement
bearing a short RNADNA heteroduplex. Interestingly, one  of o,—, 04—, anda subunit-DNA interactions all at once.
DIS variant, Prm21/5, showed reduced abortive probability A survey of the abortive pattern &. coli Eo”° promoters
at positions 24 (see Figure 6E), suggesting that the ITCs shows that most promoters yield abortive products from 2
at positions 2-4 on this promoter are actually stabilized; no to 10 nucleotides in length, suggesting that they contain only
other mutations analyzed in this study exhibited such an the first two high abortive barriers to promoter escape. The
effect. The results of the DIS Prm21/5 mutation can be existence of two high-barrier steps to promoter escape, at
explained by the scrunchirgranslocation mechanism?) the position 3-position 4 and position -Zposition 8 junc-
as follows. Because of the shorter DIS sequence, Prm21/5tures, has been identified for T7 RNA polymerase on a T7
forms an open complex with a melted region that is 2 bp promoter by comparing the crystal structures of initiation
shorter than the average, resulting in a highly constrainedand elongation complexe$®, 74, 75). At the position
transcription bubble. As RNA synthesis proceeds, down- 3—position 4 juncture, conformational changes are required
stream DNA scrunched into the enzyme would increase theto remove a protein blockade to the advancing RNA, a
bubble size to the average, thus stabilizing the early ITCs. situation analogous to the physical impediment posed by the

The second high abortive barrier occurs when the nascentTaq ¢ region 3.2 polypeptide binding in the RNA exit
RNA has grown to positions 69. These positions im-  channel 68, 69). At the position #position 8 juncture,
mediately precede the point of promoter escape at positiondramatic conformational changes have occurred to break the
10/11 (70, 71). At these lengths, the nascent RNA starts to promoter contacts and, also, to peel the nascent transcript
be peeled away from the template DNA and becomes off the template strand and bind it in a newly formed RNA
directed into the RNA exit channef2—75). These lengths  exit tunnel. Thus, the crystal structure of the T7 RNA
also represent the juncture when the cumulative strain from polymerase elongation complex has greatly clarified the
DNA scrunching may be sufficiently large to bring about molecular juggernauts an enzymBNA complex must
the rewinding of the upstream edge of the transcription overcome during the initiationelongation transitions4, 75).
bubble (2, 70, 71). Successful rewinding of the transcription Our survey further shows that it is an occasional strong
bubble disrupter, binding to the—10 element, allowing the  promoter, for example, a consensus Prm promoter, T3N25
template DNA to translocate in the upstream direction; as a or 1 Pr, that prescribes a long abortive program to position
result, a fraction of the ITC may undergo promoter escape 15. For PrmT20, the long abortive program is as much
at this point. However, unsuccessful rewinding of the dependent on the PRR signals (as shown by all the results
upstream edge means a failure to displacedhéinding presented here) as on the anti ITS sequence. As shown in
and may lead to abortive release of the nascent RNA instead Figure 3B, a consensus Prm promoter outfitted with other
In the —10 promoter variant Prm-12G, the strength of the ITS sequences (such as PrmP20, PrmA20, and PrmN20)
binding betweens, and the—10 DNA has been lowered produces an abortive ladder of the normal range. What is
such that the rewinding of the upstream edge of the the role of the ITS in determining the extent of abortive
transcription bubble can be more easily achieved, leadinginitiation and promoter escape? For PrmT20, cassette mu-
to earlier promoter escape as evidenced by the shorteningagenesis of the anti ITS has not yielded clear-cut answers
of the abortive ladder to position 9 (see the gel profile of (41). For A Pgr, the long abortive ladder precedes the
construct 22 in Figure 5D). Similar shortening of the abortive polymerase pausing at position 16/17. This pause is required
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for the loading of Q protein to the transcription complex to
carry out Q-mediated antitermination at the late gene
terminator ¢6). It has been shown that the pause at position
16 is dependent on the sequence at positiens @f the ITS
(76). During early transcriptiong® rebinds to this region

of the nontemplate strand to bring about pausing.(It is

not clear at present whether abortive initiation and pausing

in A Pr can be modulated by mutations in the PRR elements. 12.
13.
14. Chamberlin, M. J., and Hsu, L. M. (1996) Regulation of Gene

In this study, we have subjected each promoter variant to
steady state transcription analysis. The reaction conditions
have been optimized to allow each RNA polymerase to go

through multiple rounds of transcription to synthesize abor- ig

tive and productive RNA products in large amoun3)(

The abundant synthesis of RNA products is necessary for 17.

the accurate determination of the quantitative initiation

parameters. The steady state approach, however, presents a8
19.

major caveat in that a fraction of the ITCs is “unproductive”
under normalin witro transcription conditions and carries
out continuous abortive synthesis without undergoing pro-
moter escape7@, 79, 81). Additionally, the unproductive 1
fraction varies with different promoter81), further generat-

ing promoter-dependent bias in the abortive RNA level and
greatly complicating the interpretation of the quantitative
initiation parameters.

Because of this complication, it might be argued that the
quantitative initiation parameters should be determined under
single-cycle transcription conditions. However, the repetitive
nature of abortive cycling, even under single-cycle condi-
tions, not only does not circumvent the formation of the
unproductive ITC but also leads to an underestimation of
the productive synthesis. To completely avoid this problem,
one must either work under conditions in which all of the
ITCs are capable of escaping the promoter, or study
transcription of a single RNA polymerase molecule; neither
of these conditions is easily attained.

In our study, this problem was solved by way of a
compromise. We have shown that the fraction of ITC that
fails to escape the promoter is relatively smah-3%) for

25

most promoters we have examined as long as two conditions 34.
35.

are met. First, the NTP concentrations must be kept equal
or above 100uM, and second, ATP instead of ApU
dinucleotide should be used to initiate RNA synthe8iH (
Therefore, we have used 1Qf(M NTP and ATP as the
initiating substrate in all of our steady state transcription

assays. Under these conditions, most of the promoters gave 3g.

steady state productive RNA synthesis for as long as 30 min,
indicating that the fraction of unproductive ITC must be fairly
small. Such a measure aside, we wish to note that the residual
small fraction of unproductive ITC may not be inconsequen-
tial, and therefore, the quantitative initiation parameters

determined by the steady state transcription approach must 42.

be interpreted with these cautionary constraints in mind. 43
44
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