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I. Introduction
Bacterial transcription is carried out by a multisubunit RNA polymerase holoenzyme, Eσ,
comprised of the core enzyme E (subunits α2, β, β′ and ω), and one of several σ specificity
subunits (a major “housekeeping” sigma factor, such as E. coli σ70, or one of a variable number
of alternative sigma factors present in different bacterial species) [1–4]. While the response of
RNAP to specialized DNA-binding transcription factors plays a critical role in determining the
cell’s transcription program under different growth conditions, the promoter sequences with
which RNAP interacts are variable and are a major determinant of the wide range of strength
and regulation of gene expression. RNAP-promoter complex formation and transcription
initiation in the absence of transacting factors are referred to as basal promoter function. In this
chapter we focus on methods for observing and studying basal promoter function as a key
component of the overall mechanism of transcription regulation. The mechanism of action of
regulatory factors (activators or repressors) must ultimately be understood in terms of how they
alter the interactions of RNAP with a particular promoter.

An RNAP-promoter complex capable of transcription initiation (an open complex; RPO) is
formed through interactions that involve several regions of RNAP and that span 70–80bp of
promoter DNA (~−60 to +20 with respect to the transcription start site, +1). Each RNAP
subunit, with the exception of ω, participates in these interactions, although a majority of the
sequence specific interactions occur with the σ subunit. In an E. coli Eσ70-promoter complex,
sequence-specific interactions with σ70 occur at the −10 element (with σ70 regions 2.3–2.4),
the extended −10 element (σ70 region 3.0), the −35 element (σ70 region 4.2), and the
discriminator element immediately downstream of the −10 hexamer (σ70 region 1.2) (Fig. 1;
[1,5]). In addition, the C-terminal domain of the α subunit can interact sequence-specifically
with the UP element, located upstream of the −35 hexamer [6]. Sequence non-specific DNA
contacts are mediated by several regions of the large β andβ′ subunits in the active site channel
and downstream of the start site (as observed in elongation complexes; [7,8]) and in the spacer
region between the −10 and −35 hexamers [9].

Promoters vary widely in overall strength (~ 4 orders of magnitude) and in the extent of
similarity to the consensus sequences for the recognition elements [1,10,11]. The −10 element
is the most highly conserved of the promoter elements, but similarities to consensus usually
are found in one or more of the other recognition elements as well [6,12,13]. The contribution
of each recognition element to promoter function depends upon the context in which it is found.
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In this review we discuss several methods for investigating RNAP-promoter complex
formation, including preliminary identification of the promoter itself using in vivo methods,
followed by the characterization of properties of complex formation with RNAP in vitro.
Formation of the RNAP-promoter complex can be strongly affected by several parameters in
vitro, and effects of these conditions vary with different promoter sequences. These parameters
will be discussed as well.

2. Promoter Identification and Activity Determination In Vivo
While bioinformatic analyses can predict some promoters correctly, definitive identification
of promoters from sequence information alone remains difficult [14,15]. In addition, while in
vitro methods that examine RNA polymerase-promoter complex formation can be very
informative, they can identify interactions that do not correspond to promoters that function in
vivo (e.g., “tight-binding sites”, or end-binding sites; [16,17]). Thus, correct identification of
a promoter is established most convincingly through the use of multiple approaches, both in
vivo and in vitro. These may include identification of the transcription start site using purified
in vivo RNA, demonstration of promoter activity in vivo by using a promoter region fragment
fused to a reporter gene, and in vitro transcription and RNAP-promoter binding studies.

More than one promoter may exist for expression of a particular gene in response to different
growth conditions and may be recognized by RNAP holoenzyme forms containing different
sigma subunits. Promoters may be located in an intergenic region immediately upstream of the
gene of interest, or within or upstream of an adjacent open reading frame, and transcripts may
be monocistronic or polycistronic. Information from annotated sequence databases can be
consulted, where available, to identify previously characterized or predicted regulatory regions
(e.g.: EcoCyc, [18]; Regulon Database: [19]). Data from experimental determinations of RNA
polymerase binding sites across the genome using chromatin immunoprecipitation and
microarray analysis (ChIP-chip) may in some cases suggest a location on which to focus for
promoter analysis [20,21].

2.1. Identification of the In Vivo Transcription Start Site
Identification of the 5′ end of in vivo mRNA can provide precise information about the location
of the promoter, if care is taken to avoid ends generated by RNA processing (or degradation)
rather than the true 5′ end (e.g., see [22]). Combining the identification of a transcription start
site from the mRNA 5′ end with other assays of promoter function in vivo and in vitro (see
below) together can demonstrate the location of the promoter convincingly.

Several methods have been employed to identify the transcription start site, including S1
nuclease mapping, primer extension, and 5′ RACE (rapid amplification of cDNA ends) [23].
The strength of the promoter, and thus the abundance of the transcript to be analyzed, should
influence the choice of method. Abundant transcripts can be detected readily by methods that
do not require amplification of the signal (S1 nuclease or primer-extension), while low
abundance transcripts may require signal amplification, either by cloning the promoter region
on a multicopy plasmid, or by amplification of cDNA copies produced from the transcript (5′
RACE).

2.1.1. Extraction of Total Cellular RNA—Each of these methods requires extraction of
total RNA from cell cultures, followed by different procedures for characterizing the 5′ end of
the transcript of interest. Success depends heavily on the quality of the RNA extracted. Care
must be taken to prevent degradation of short-lived RNAs, such as might occur if lysis of cells
is not coupled with exposure to denaturants that will inactivate RNA processing/degradation
enzymes. Collecting cells by centrifugation prior to lysis can also lead to changes in cell
physiology and transcription activity and therefore should be avoided if possible.
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The method for total RNA extraction from E. coli cultures used in our laboratory involves
immediate transfer of a cell culture sample (7 ml of culture grown in LB or MOPS defined
media) into boiling lysis buffer (1.5 ml of 1 M NaCl, 2.5% SDS, 0.05 M EDTA) in a 50 ml
conical polypropylene tube [24]. Samples are incubated in the boiling water bath for 1.5 min,
then extracted twice with 4 ml of a 1:1 phenol-chloroform mixture (we use water-saturated
phenol, which is acidic, not buffer neutralized phenol). 5 ml of the aqueous phase is brought
to 0.3 M sodium acetate and precipitated with 10 ml of prechilled 100% ethanol. After overnight
precipitation at −20°C, RNA is pelleted by centrifugation at 3200 RPM for 30 min at 4°C in
50 ml conical tubes (in a swinging bucket rotor). The RNA pellet is dissolved in 0.4 ml of 10
mM Tris-Cl, pH 8.0, brought to 0.3 M sodium acetate, re-precipitated with ethanol (−80°C for
10 min) in a 1.5ml microfuge tube, and centrifuged at 4°C for 20min. The pellet is washed
thoroughly with cold ethanol, then air dried, resuspended in ~25–100 μl of 10 mM TrisCl, pH
8.0, and stored at −20°C prior to analysis. RNA concentration is determined by UV absorbance.
A modification of this procedure was described for total RNA extraction from B. subtilis
cultures as well [25]. Commercially available RNA extraction kits are also commonly used
(e.g., Qiagen RNeasy with additional Protect Bacteria Kit, which purifies only RNAs of 200nt
or larger) and manufacturers’ suggestions for use with bacterial RNA extraction should be
followed to ensure immediate exposure of cells to denaturant during the lysis step.

2.1.2. Primer Extension of Total RNA—For analysis of specific 5′ ends in the extracted
total RNA by primer extension with a reverse transcriptase (e.g., M-MLV Reverse
transcriptase; [24,26]), the primer should anneal to the transcript ≈75–100nt from the predicted
transcription start site, such that the size of the cDNA extension product can be determined at
single nucleotide resolution on a denaturing sequencing gel by comparison with sequencing
reactions prepared using the same primer. The primer is 32P-labeled at the 5′ end with γ-32P-
ATP and T4 polynucleotide kinase, and purified using a Qiagen Qiaquick nucleotide removal
kit, modifying the manufacturer’s procedure to include several washes of the columns with
buffer PE prior to eluting the labeled primer. Alternative methods for use of 5′-fluorescent
tagged rather than radiolabeled primers have also been described (e.g., [27]).

To anneal the labeled primer with the transcript, combine in a 25μl final volume: ~ 5μg of
resuspended total RNA sample, 5 μl of 5X M-MLV RT buffer (Promega; or appropriate buffer
for other reverse transcriptases), and ≥ 0.5 pmol 32P-labeled primer. (This amount of total RNA
is sufficient to detect transcripts from moderately strong to strong promoters). Heat at 80°C
for 10 min, and cool slowly to 30–40°C (over 20–30 minutes). Bring the sample to 48–49°C
and add (as 5 μl of a combined master mix): 1 μl M-MLV RT 5X buffer, 0.5 μl M-MLV RT,
1 μl 0.1 M DTT and 2.5 μl of a stock of 5 mM each dNTP. Incubate for 30 min at 48–49°C,
and terminate the reaction by adding 30 μl of formamide stop solution (95% formamide, 20
mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanole). It is important to carry out the
extension reaction at a relatively high temperature (compatible with the reverse transcriptase
being used) to reduce potential effects of RNA secondary structure and increase the yield of
complete extension products. Modified versions of M-MLV reverse transcriptase lacking
RNaseH activity (e.g., M-MLV Point, Promega; or Superscipt II, Invitrogen), can also be used
and favor the synthesis of full length cDNA products by preventing cleavage of the RNA
template. Products of the extension reaction are analyzed by denaturing acrylamide gel
electrophoresis. Sequencing reactions, prepared using the same labeled primer, serve to
identify the length of the primer extension product, and thus the 5′ end of the original mRNA
(see Fig. 2; [26]). A primer extension reaction illustrating the transcription start site for the E.
coli rRNA promoter rrnB P1 (detected in a transcript produced from an rrnB P1-lacZ fusion)
is shown in Figure 2.

Primer extension can also be used for quantitative assessment of RNA transcript levels as a
function of growth phase, growth condition, mutations affecting putative transcription factors,
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or mutations in the promoter itself [25,26,28]. If RNA products with short half-lives are
produced (e.g., using promoter-lacZ fusions in a ΔlacZ host, where the transcript has a 1–3
minute half-life), this experiment can provide an approximation of relative RNA synthesis
rates. A molar excess of labeled primer over transcript should be used (determined empirically
by testing a series of primer concentrations). The use of a purified RNA recovery marker, added
during RNA extraction from the culture (see above), can serve as a control to normalize for
recovery during the extraction procedure, for primer extension, and for gel loading. The
recovery marker RNA can be produced from a construct designed to contain the same primer
binding site, but located at a different distance from the promoter, and can be extracted from
a strain carrying this construct (see [28]). An aliquot of the extracted total RNA from this
marker strain is added to test samples during extraction of the test RNA.

To amplify weak signals not detected readily by the methods described above, the promoter
region (as well as mutant promoter derivatives for comparison) can be inserted into a multicopy
plasmid (e.g., [28]) upstream of a unique sequence to be transcribed (e.g., lacZ, using a
ΔlacZ host strain, or other sequence not present in the host chromosome). Total RNA is
prepared from cultures carrying these plasmids, and used in the primer extension assays as
described.

2.1.3. 5′ RACE—An alternative method (5′ RACE; 5′ amplification of cDNA ends) can also
be used to determine the 5′ end of lower abundance transcripts produced from weaker promoters
(e.g., [15,22,29,30]). The method involves primer extension (1st strand cDNA synthesis) from
extracted total RNA, followed by PCR amplification of the cDNA products using procedural
modifications that create a primer binding site flanking the 3′ end of the cDNA (or,
alternatively, of the 5′ end of the RNA). Products of this amplification can be sequenced
directly, or cloned and sequenced to identify the 5′ mRNA end. Several versions of 5′ RACE
have been described, including classic RACE and new RACE. In classic RACE procedures, a
polyA sequence is added to the 3′ end of the 1st strand cDNA product using terminal transferase.
Forward primers for the second strand synthesis reaction are designed to include a unique
sequence followed by a polyT tract (to anneal to the polyA tail). PCR is then carried out with
a thermostable DNA polymerase, using the unique sequence forward primer, and a gene-
specific reverse primer. In the new RACE procedure, the RNA sample is treated with tobacco
acid pyrophosphatase (TAP) to remove the γ and β phosphates from the 5′ end, leaving a 5′
monophosphate. (A control RNA sample not treated with TAP can be used to distinguish
mRNA processing products with 5′ monophosphate ends from true 5′ ends.) An RNA
oligonucleotide (adaptor RNA) is then ligated to 5′ monophosphate ends using T4 RNA ligase,
and the modified RNA is used as a template for second strand cDNA synthesis (primer
extension) and subsequent amplification using a thermostable DNA polymerase, a forward
primer to the RNA oligo (adaptor primer, containing the RNA oligo sequence) and a gene-
specific reverse primer (GSP). The junction of the ligated RNA oligo with the transcribed RNA,
determined from sequencing the amplified DNA, identifies the 5′ transcript end [15,29,30].

2.2 Detecting In Vivo Promoter Activity using Promoter-Reporter Fusions
In vivo support for the correct identification of a promoter from a 5′ mRNA end (see above)
can be obtained from fusions of fragments containing the presumptive promoter to a reporter
gene (e.g., β-galactosidase, galK, gfp, cat; [31]). For initial confirmation that the region of
interest contains a functional promoter, the promoter fragment (amplified from the
chromosome using region specific primers encoding restriction sites for cloning) should be
large enough to include potential upstream regulatory sequences (i.e. at least 100 to 150 bp
upstream of the presumptive transcription start site), and the downstream junction should not
create an inadvertent in-frame fusion to the reporter gene. Construction of fusions with
substitutions in the proposed promoter consensus sequence serves to confirm the position of
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the promoter within the inserted fragment. For further study of promoter regulation, fusions of
a set promoter fragments with variable lengths of DNA upstream of the start site can be used
to define the location of sequences that affect promoter function (e.g., [32,33]).

Expression from fusions can be monitored by assay of the protein product (e.g., enzymatic
assay, fluorescence, or antibiotic resistance), or by quantitative primer extension of the RNA
transcribed by the fusion [25,26]. The β-galactosidase (lacZ) gene is frequently used in these
studies because its product is very stable and is readily detected in cultures or on indicator
plates, and it can be quantified easily [31,33,34]. Activity from the presumptive promoter
region should be compared to the background activity from the fusion vector lacking a promoter
insert and from fusions made from mutant derivatives of the promoter region. Mutations at the
most highly conserved promoter positions (e.g., in the TTG of the −35 hexamer or in the first,
second, or sixth positions of the −10 hexamer, TA---T) should reduce or abolish transcription
and confirm the position of the promoter.

Promoter-reporter fusions can be constructed using multicopy plasmid vectors or by insertion
of the fusion into the host cell chromosome in single copy. Two examples of multicopy vectors
that encode a promoterless lac operon include pRS415 [35] and the broad host range plasmid
pRW50 [36]. Reporter gene activity determined in strains carrying these fusion plasmids can
confirm the presence of an active promoter, but potential effects of variable growth conditions
or regulatory gene mutations on plasmid copy number may limit their usefulness for the study
of promoter regulation.

Integration of the promoter-reporter fusion into the chromosome provides a more suitable
system for analysis of regulation and can be accomplished using one of several different
methods. Bacteriophage λ vectors have been used frequently. One such system ([37]; referred
to as “system I” in [33]), suitable for the analysis of very strong promoters such as stable RNA
promoters, involves ligation of a promoter fragment to two large purified DNA fragments
containing the left and right “arms” of bacteriophage λ. The ligated products are packaged in
vitro into λ phage particles using commercial packing extracts (Promega), and strains lysogenic
for λ integrated into the attB site of the host chromosome are obtained from strains infected
with these phage. Since λ lysogens can potentially contain two or more tandemly integrated
λ prophage, monolysogens must be distinguished from multiple copy lysogens. This is most
often done in our laboratory by comparison of reporter activity from several independent
isolates. Alternatively, multiple lysogens can be identified by PCR amplification of a unique
fragment from the junction between tandem copies of lambda (an attP-containing fragment not
present in single copy lysogens; [38]). However, since the attP junction fragment is also present
in bacteriophage that result from low level spontaneous phage induction in cultures of lambda
lysogens, care must be taken to pellet and wash the bacterial cells several times to remove such
phage prior to conducting the PCR amplification [38].

An alternative bacteriophage λ fusion system (developed by Simons and colleagues, [35];
referred to as “system II” in [33]) utilizes a promoter-lacZ fusion constructed on a plasmid as
an intermediate step. The fusion is then crossed onto a promoterless λ phage vector by in vivo
homologous recombination between regions flanking the promoter insertion site on the phage
and the plasmid. Phage that have acquired the promoter are detected as blue-plaque formers
on X-gal indicator plates, and strains monolysogenic for these phage are purified from turbid
plaque centers as blue colony formers. This system is useful for many promoters, but it is not
suitable for very strong (e.g., full length rRNA) promoters since they appear to be unstable in
the plasmid intermediate stage and accumulate suppressor mutations [33]. A useful feature of
this fusion system is the presence of tandem transcription terminators located just upstream of
the promoter cloning site. Read-through from transcripts originating upstream of the cloned
promoter is blocked by these rrnT1 terminators, resulting in a very low background activity in
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this system (<1 Miller unit, compared with 20 Miller units or more for “system 1”; [33]), and
therefore more accurate assay of activity from weak promoters.

Another useful method for construction of chromosomal fusions does not use a bacteriophage
vector, but employs homologous recombination mediated by plasmid-encoded λ Red
recombinase to direct the insertion of a linear fragment containing the fusion into a particular
target site in the chromosome (e.g., the chromosomal lac operon; [39]). In this system, fusions
are constructed on a plasmid intermediate (pPK7035) that encodes lacI, followed by an
antibiotic resistance gene (kanR), a transcriptional terminator, the promoter cloning site, and
a portion of the lacZ gene. A linear fragment containing the kanR gene, terminator, and the
promoter-lacZ fusion junction is amplified from the plasmid using primers to lacI (upstream)
and lacZ (downstream), and electroporated into a host strain containing the λ Red expression
plasmid. Recombinants are selected for kanamycin resistance, screened for lacZ activity and
for the correct structure of the insertion by PCR amplification from the chromosome, and
confirmed by DNA sequencing. The resulting chromosomal fusions can be moved easily from
one strain background to another by P1 transduction, without having to establish copy number
status (as is required for λ lysogens). Since a plasmid intermediate is involved in their
construction, this method may not be suitable for very strong promoters, as described above.
This method is analogous to those used for creating specific gene inactivation/antibiotic
cassette replacement mutations by transformation of a linear fragment into a strain expressing
λ homologous recombination functions (λ Red) from a plasmid or from a defective λ prophage
[40,41].

3. RNAP-Promoter Complex Formation In Vitro
The interaction of purified RNA polymerase with a promoter to form a complex in vitro can
be detected and studied by several methods, including in vitro transcription, gel mobility shift
(EMSA), footprinting, or filter binding assays. The process of RNAP-promoter complex
formation is affected greatly by several parameters, including salt concentration, temperature,
template topology, and RNA polymerase concentration. The optimum conditions for RNAP
complex formation with a particular promoter must be determined empirically. Considerations
for these parameters are discussed below. Defining the requirements for RNAP interaction
with a particular promoter in the absence of added factors forms a basis for understanding steps
in complex formation and transcription initiation that may be affected by trans-acting activators
or inhibitors of the process.

E. coli RNAP is often used to examine promoter function in vitro, not only for E. coli promoters,
but also for those from other species, and can be purified by standard procedures [42]. E.
coli RNAP is also commercially available from Epicentre as holoenzyme, or core enzyme to
which a purified sigma factor can be added. This approach may suffice for some purposes for
work with promoters from other species, but it may not reflect recognition and regulation of
promoters accurately in the relevant host. An alternative option is the use of RNAP purified
from the actual host organism. This approach may be facilitated by the use of either a histidine
tagged subunit (e.g. H6-tagged chromosomally-encoded B. subtilis β′; [25]), or immunoaffinity
chromatography using a resin linked to a polyol-responsive antibody to an RNAP subunit.
Antibodies that cross react with the β or β′ subunits from many bacterial species have been
described, and RNAP can be eluted from these commercially available resins under mild
conditions ([43,44]; Neoclone, Madison WI). In cases where promoters recognized by
alternative sigma factors are required, core RNAP and the sigma subunit can be purified
separately and reconstituted into holoenzyme in vitro.
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3.1. In Vitro Transcription
3.1.1 Solution Conditions for Formation of the Complex—Several solution variables
must be optimized for detection and study of RNAP-promoter complexes at a particular
promoter, since optimal conditions will vary with the promoter sequence. These variables will
be considered in the in vitro transcription section, but they are also applicable to the other in
vitro assays described below.

To monitor the formation of an RNAP-promoter complex by in vitro transcription, the promoter
DNA template can be provided as either a supercoiled plasmid or a DNA fragment. A
supercoiled DNA template offers advantages for detection of the transcript. Promoters are often
affected strongly by supercoiling, either positively or negatively, but in a majority of cases are
more active on negatively supercoiled DNA [45,46]. Transcripts from some promoters may
be difficult to detect using linear fragment templates. Plasmid vectors that are convenient for
use in in vitro transcription contain a polylinker cloning site (for directional insertion of a
promoter fragment) and a transcription terminator (located a known and relatively short
distance downstream of the insertion site). Examples of such vectors include pRLG770 [47)
and pSR [48]. The inserted promoter produces a transcript of defined length that can be
identified by comparison with transcription reactions carried out with the vector lacking the
promoter insertion. These vectors, if constructed with plasmids containing a ColEI origin of
replication, also produce a readily detectable transcript from the plasmid replication region,
the 110 nt RNA I transcript [49] that can serve as a size marker and in some cases as an internal
control in the reaction (see Fig. 3). The length of the sequence downstream of the transcription
start site in the inserted fragment containing the promoter should be chosen to produce a
transcript that differs from the RNAI transcript and other transcripts generated by the plasmid.
Under most conditions (and especially at higher RNAP concentrations and at low salt
concentrations), some relatively large transcripts are produced from these vectors (see Fig. 3)
and may complicate detection of the transcript of interest if their sizes overlap.

Whereas linear promoter fragment templates may be easier to prepare (as restriction fragments
or PCR products), transcription from these templates often is much weaker than from
supercoiled plasmid templates, leading to additional difficulties with interpretation. Problems
can include production of additional transcripts that do not correspond to promoter-initiated
events, since RNAP binds to the ends of DNA fragments (particularly when they do not contain
blunt ends; [16,17]) and initiates transcription from these ends, producing end-to-end or end-
to-terminator transcripts. End-bound RNAP complexes are less stable than most promoter-
specific complexes and can be eliminated by adding a competitor. Competitors like the
polyanion heparin can be added after formation of the complex and prior to addition of the
substrate NTPs, if the promoter complex is stable to heparin. Correct identification of the
transcript of interest from linear templates also can be complicated by the occurrence of
transcripts that are longer than full fragment length, produced as a result of “wrap around”
transcription or “template hopping” (see [50]). These RNA species can arise from transcripts
initiated at promoters, as well as from end-bound complexes.

The choice of temperature can also affect the formation of an RNAP-promoter complex very
significantly, and thus the production of promoter-specific transcripts. The rate of formation
of a competitor-resistant (open) complex shows a large dependence on temperature [51,52].
Although early intermediates (RPC) in the formation of transcriptionally-active promoter
complexes can occur at low temperatures where strand separation typically does not occur
(e.g., 0°C–12°; [53]), temperatures above ~18–20 degrees are generally required for efficient
formation of open complexes (RPO) [54]. However, at certain promoters, open complexes can
form at much lower temperatures (e.g., [55]).
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The rate of formation of an RNAP-promoter complex shows an even greater dependence on
both the concentration and the type of salt present in the reaction (greater even than for most
other protein-DNA interactions; [1,56,57]. For example, in studies with the λPR promoter,
increasing the NaCl concentration from 0.19 M to 0.27 M decreased the overall association
rate constant for complex formation by two orders of magnitude [56]. The use of glutamate
rather than chloride as the anion (e.g. KGlutamate vs KCl) significantly increased the rate of
binding of RNAP to the λPR promoter at a given salt concentration, but for both salts, increasing
the concentration resulted in reduced rates of binding [57]. (KGlutamate effects were examined
since glutamate is the most abundant anion in vivo, and therefore considered more
physiologically relevant [57]). Promoters vary widely in their salt-sensitivity. Some display
an extreme salt-sensitivity (e.g., E. coli rRNA promoters; [58]), whereas others require
relatively high salt concentrations for optimal function in vitro (e.g, [59]). The well-
characterized promoters lacUV5 and λPR typically have been studied in vitro at KCl
concentrations of ~100 mM [56,60,61]. The in vitro transcription experiment shown in Fig. 3
illustrates the responses of two promoters to changes in salt concentration. Transcription from
both the ribosomal protein S10 (rpsJ) promoter and the RNA1 promoter was optimal at lower
salt concentrations, but transcription from the S10 promoter decreased much more than from
the RNA I promoter as the salt concentration increased. As a result, although the S10 transcript
was much more abundant than the RNA I transcript at 30 mM NaCl, their relative amounts
became similar at 100 mM NaCl, and they were reversed at 150 mM.

The RNAP concentration required to detect transcripts depends upon the strength of the
particular promoter being tested as well as on solution conditions. Very strong promoters may
require low nM final RNAP concentrations, while other promoters may require much higher
concentrations [62].

3.1.2. In Vitro Transcription Reactions—In vitro transcription reactions are carried out
under either single-round or multiple-round conditions. In single-round experiments, RNAP
is often preincubated with the promoter in the absence of substrates to form a stable (open)
complex, after which a competitor like heparin is added to sequester unbound or unstably bound
RNAP. A single round of transcription is then initiated from the prebound open complexes by
addition of NTP substrates (see below for additional detail). Under these conditions, the level
of transcription reflects the equilibrium occupancy of the promoter by RNAP at the time of
competitor and substrate addition. It should be noted that not all promoters form stable,
competitor resistant complexes. Heparin is usually used at a final concentration of ~10–100
μg/ml for most promoters, but some promoter complexes decay very rapidly, and/or are actively
disrupted by heparin. A complex in which heparin does not disrupt RNAP-DNA interactions
should display the same decay rate at a range of heparin concentrations (e.g., 10–200 μg/ml;
see decay rate measurements below). Stabilization of complexes can in some cases be achieved
by formation of a short transcript (e.g., the 5-mer transcript formed at rrnB P1 in the presence
of the first two NTPs, ATP and CTP; [58,63]).

In multiple round in vitro transcription experiments, reactions are initiated by the addition of
RNAP. Theoretically, many rounds of initiation might be expected, but in practice only a few
rounds are usually observed. No competitor is added to the reaction. Multiple-round
experiments are usually sufficient to detect effects of promoter mutations, RNAP substitutions,
solution variables, NTP concentration (see below), or trans-acting factors. Effects on the rate
of complex formation are sometimes masked in single-round experiments where protocols
often call for preincubation of RNAP with the promoter.

A typical multiple round in vitro transcription reaction (25 μl volume) might include the
following: a supercoiled plasmid template containing the promoter of interest at ~1 nM
concentration (~20–50 ng of a 5kb plasmid), in a reaction buffer containing a final
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concentration of 10 mM Tris-Cl, pH 7.9, 100 mM KCl, 10 mM MgCl2, 1 mM DTT, 100 μg/
ml of BSA, 200μM ATP, 200μM GTP, 200μM CTP, 10μM UTP and 2–4 μCi of α32P-UTP.
The reaction is initiated by the addition of RNAP to a final concentration of 1–50 nM
(determined empirically), incubated at 25°C, 30°C or 37°C for 15 minutes, and terminated by
the addition of an equal volume of a combination of stop reaction/gel loading solution
containing 95% formamide, 20 mM EDTA, pH 8.0, and 0.05% Bromophenol blue. The sample
is transferred immediately to ice (to reduce potential degradation by RNAse), or for longer
term storage is kept at −20°C, prior to gel electrophoresis. A denaturing gel containing 7 M
Urea and 5.5% acrylamide (19:1 acrylamide:bis acrylamide) and 1X TBE (90 mM Tris, 90
mM Boric Acid, 2.5 mM EDTA) is generally suitable for resolving transcripts. Following
electrophoresis, the gel can be dried and exposed to a phosphorimager screen (or to X-ray film),
and the bands can be quantified.

Transcription initiation from some promoters is affected by the concentration of the first
nucleotide in the transcript [25,26,64]. E. coli rRNA promoters form very unstable open
complexes with RNAP (see also below), and are regulated in vitro and in vivo by concentration
of the initiating NTP.

To minimize transcript degradation by RNAse contaminants, it is generally satisfactory to use
double-distilled water and clean plasticware (tubes and tips), to wear gloves, and to avoid
touching tube lids or pipet tip ends. If necessary, solutions can be treated with DEPC to
inactivate RNAses. Any glassware used to prepare or store buffers should be baked at high
temperatures, and touching glass gel plates with ungloved hands should be avoided.

3.2. Gel Mobility Shift Assay (EMSA)
RNAP-promoter complexes formed with a labeled promoter fragment can be detected as a
species with much slower electrophoretic mobility than the free DNA fragment on a native
(nondenaturing) acrylamide gel. In addition to binding to promoter sequences, RNAP also
binds to DNA in a sequence-independent manner (like other DNA binding proteins; see [65]).
RNAP also binds to the ends of DNA fragments [16,17]. Nonspecifically bound RNAPs are
generally in rapid equilibrium with free DNA, and therefore are displaced by competitors like
heparin or (unlabeled) duplex DNAs. Without competitors, aggregates of DNA-bound RNAPs
that typically will not enter the gel during electrophoresis can form at higher RNAP
concentrations [66]. However, even complexes containing only a single RNAP can be bound
sequence-independently. Therefore, appropriate controls (e.g. promoter mutants) should be
used to verify the specificity of detected complexes. This is especially critical for promoter
complexes that are unstable to heparin challenge (see above).

EMSA assays can be useful for detection of the contributions of activator or repressor proteins,
RNAP concentration, and other components to the process of RNAP-promoter complex
formation, and have been used to define equilibrium or rate constants for RNAP-promoter
binding (e.g., [67,68]). For quantitative analysis, it should be determined whether the complex
formed is stable over the time frame of the gel run (the gel matrix is often assumed to provide
a “caging” or stabilizing effect on DNA-protein complexes).

RNAP-promoter complexes for EMSA assays can be assembled as described above for in vitro
transcription reactions, but with a labeled promoter fragment and without substrates. 32P-end-
labeling of fragments is done either by filling in a recessed 3′ end with DNA polymerase
Klenow fragment or by labeling a 5′ end of the fragment (or primer(s) used for PCR
amplification) with T4 polynucleotide kinase. Standard procedures can be employed for these
labeling reactions (see also footprinting section below). Alternatively, a non-radiolabeled
fragment can be prepared by PCR with a fluorescently tagged primer (e.g., FAM; [27]),
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permitting the DNA to be used and detected at a low (nM) concentration, as with a radiolabeled
fragment.

The mobility of the RNAP-promoter complex observed in EMSA may depend upon the
temperature of the gel during electrophoresis. As described above, complex formation is
temperature-dependent, and different intermediates may exist in a population at equilibrium
at some temperatures and for some promoters. The behavior of the lacUV5 promoter-RNAP
complex in gel mobility shift experiments was analzyed in detail by Straney and Crothers
[66,69]). Complexes exhibiting different mobilities were observed, presumably reflecting
different conformations of the complex, and the relative abundance of these complexes varied
as a function of the temperature of the gel. Two species of relatively slow mobility (upper and
lower) were present at higher temperatures (30°C and 37°C), and a faster migrating complex
was observed at low temperature. These complexes were also characterized by footprinting,
and their capacity for abortive product synthesis [69]. For other promoters, the complex may
migrate on the gel as a single species under the conditions examined (e.g., [68]).

Gel shift experiments involving ternary complexes (RNAP, promoter, and a transcription factor
or short transcript) have also been described. The mobility of the presumed ternary complex
may differ from that of the binary complex, but the protein composition of the complex should
be verified to determine whether the altered mobility reflects the presence of the additional
protein rather than a conformational variant of the binary complex. The presence of an
additional protein factor can sometimes be confirmed by carrying out the EMSA assay with
radiolabeled protein factor, rather than labeled promoter fragment (e.g., [70]).

3.3. Footprinting of the RNAP-Promoter Complex
In this section we focus on useful features of different footprinting reagents as probes of RNAP-
promoter complexes, and we provide detailed procedures for DNAseI and hydroxyl radical
footprinting of RNAP-promoter complexes. Footprinting an RNAP-promoter complex can
address several important questions about the nature of the complex. It can confirm the location
of the complex (by defining upstream and downstream boundaries of protection against
enzymatic or chemical probes), identify particular promoter positions that are critical to
complex formation or that are in very close proximity to RNAP (chemical protection or
interference footprints), and determine whether the complex is open (RPO), and what region
of the DNA is single-stranded. Footprints also can be useful for characterizing properties of
intermediate complexes if the intermediates can be enriched in a population formed under
specific solution conditions or with mutant promoters or RNAPs (e.g., closed complexes can
be enriched at low temperature or with certain mutant RNAPs, and later intermediates can be
enriched by other methods; [53,71–73]).

Most footprinting reactions are carried out under equilibrium conditions, and use digestion or
chemical modification times of ~30 seconds or longer. The complex formed at equilibrium and
under specific solution conditions for a particular promoter may be an open complex, an earlier
intermediate complex, or the population may contain a mixture of different complexes. Recent
work has described conditions for real-time footprints carried out on a millisecond time frame
using X-ray generated hydroxyl radicals [71]. These experiments examine transient
intermediates that occur during the process of complex formation.

Several footprinting reagents have been used to characterize RNAP-promoter complexes.
DNAse I is frequently used to identify the upstream and downstream boundaries of protection
by RNAP (see Fig. 4A). It can be used over a range of temperatures and solution conditions,
and its application is relatively straightforward. DNAseI recognizes DNA through the minor
groove [74], and although cleavage is not sequence-specific, cleavage efficiency shows
considerable variation at different sites and is particularly poor in A-or T-tracts. A typical open
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complex footprint encompasses 60–80 bp of DNA (−60 or −40 to +20 with respect to the
transcription start site), but the precise boundaries vary with the promoter and the solution
conditions [75]. Occupancy of intermediate complexes can be observed with DNAseI at some
promoters in the absence of a competitor (Fig. 4; e.g., [72,76]. Characteristic sites of enhanced
DNAseI cleavage are often observed within the DNAseI footprint [1,75], and are interpreted
to reflect kinking or distortion of the DNA in the complex.

A higher degree of resolution (single bp) is obtained with hydroxyl radical protection footprints,
in which RNAP protects the DNA backbone against cleavage in several distinct regions (see
Fig. 5B; [32,53]. In an open complex, five clusters of protected positions (centered at ~ 10bp
intervals at −50, −40, −30, −20 and −10) correlate with the alignment of promoter DNA along
the surface of the enzyme in this region [9]. Promoter DNA from ~−10 to ~+16, which includes
the region of DNA strand separation, is completely protected against cleavage, corresponding
to its enclosure within the main channel of the enzyme. Advantages of this method include its
lack of pronounced sequence specificity, single bp resolution, and the wealth of information
that can be obtained about specific protected positions. However, the efficiency of cleavage is
low, and is reduced further if the buffer contains components that quench hydroxyl radicals
(particularly glycerol, which inhibits cleavage at very low concentrations of >0.5%; [77]).
Hydroxyl radical footprints can be difficult to interpret from simple visual inspection, and scans
of gel lanes are crucial for obtaining the most information from these footprints (see below).

Potassium permanganate (KMnO4) can be used to identify single-stranded regions within the
RNAP-promoter complex and can be performed either in vitro or in vivo. KMnO4 reacts with
unpaired (or distorted) thymine residues (and in rare cases other bases), and the modifications
can be detected either by primer extension or by strand cleavage at high temperature and
alkaline pH ([32,55,78].

Information about base-specific interactions between RNAP and promoter DNA can be
obtained from chemical modification studies carried out as protection experiments (the
preformed complex is modified), or as interference experiments (premodified DNA is used to
form complexes, and modified positions that are critical for complex formation are identified
as those that block formation of the complex; [79]). Dimethyl sulfate (DMS) has been used for
both protection and interference studies with RNAP. Purine bases are methylated by DMS (at
position N7 of guanine in the DNA major groove, or N3 of adenine in the minor groove), and
can be detected by strand cleavage at the modified positions or by primer extension (e.g.,
[13,32,79,80]). Specific purine bases that are critical contacts to RNAP in the recognition
elements described above have been detected by DMS footprinting ([13,32,79,81]. In addition,
methylation of single-stranded cytosines has been used as an alternative method for detection
of strand separation in the complex (32,82).

Interference studies have also been carried out with RNAP using promoter fragments with
randomly-positioned bases that contain modifications (e.g., dUTP substitutions; [81]; see also
[83] for review of template-directed interference footprinting procedures) or fragments with
randomly-positioned missing bases or missing nucleoside (e.g., [84]). These experiments can
be used to scan the promoter for positions that are critical for complex formation.

3.3.1. DNA Fragment Preparation for Footprinting—The quality of footprinting data
is greatly improved by DNA fragment preparation methods that ensure a homogeneous, single-
labeled end and the absence of nicks or other chemical damage. To reduce DNA damage, use
freshly purified plasmid DNA, and minimize the time of exposure to phenol during preparation.
(Prepare a Tris-Cl pH 8.0-buffered phenol stock just before use, since neutralized phenol
oxidizes more rapidly than water-saturated phenol). Store DNA samples at −20°C in buffered
solution. DNA fragments can be prepared by restriction digestion of plasmid DNA, or by PCR
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amplification from a plasmid template. Results are often better with plasmid-derived
fragments, although we have had success with PCR fragments prepared by a small number of
cycles of amplification (15 cycles) using a relatively large amount (~400 ng) of plasmid as the
template for PCR [81]. To avoid heterogeneity at the ends of PCR fragments, use primers that
encode restriction sites such that fragment ends can be generated by restriction digestion.
(Include an additional 4–5nt of flanking random sequence 5′ to the restriction site in the primer
to facilitate digestion.) Purify the PCR fragment further by phenol extraction and ethanol
precipitation or by using a Qiagen kit prior to digestion and labeling to eliminate reagents
(dNTPs, DNA polymerase) that may interfere with reactions or alter the products.

Prepare fragments that are 150–200 bp in length, such that the predicted RNAP binding site is
flanked on either side by unbound sequence (≈40–50 bp). (RNAP typically protects 60–80bp
in footprints.) A longer distance between the labeled end and the protein binding site will reduce
the resolution in the region of interest on sequencing gels.

Label approximately 5–10 pmol of fragment at either the 5′ or the 3′ end of one strand. For 3′
end labeling, “fill in” only the first position at a 5′ overhanging restriction site end with a DNA
polymerase [Sequenase (USB) or DNA polymerase Klenow fragment] and one radiolabeled
dNTP (the first templated position). Avoid filling in all templated positions, since incomplete
reactions will produce a heterogenous population of labeled DNA molecules. For example, to
label a HindIII end, use only α-32P-dATP in the reaction, and no other dNTPs. Avoid using
sites such as EcoRI where the first two templated dNTPs are the same, since this can result in
fragment length heterogeneity. Use only a brief labeling time. For example, for a Sequenase
fill-in reaction, incubate for only 5 min. at only 30°C in a 25 μl final volume: 5–10 pmol of
DNA fragment, 7 μl of α 32P-dNTP (~3000Ci/mmol, 10 μCi/μl; e.g., α 32P-dATP for a HindIII
site), 1.8 μl 0.1 M DTT, 5 ul of 5X Sequenase reaction buffer and 5 units of Sequenase (USB).
After labeling, add 20 μl of 7.5 M ammonium acetate, and precipitate with two volumes of
100% ethanol, using 20 μg of molecular biology grade glycogen (Roche) as carrier. To avoid
precipitation of salts, do not prechill the sample at −20°C or −80°C prior to centrifugation.
Centrifuge immediately for 5–10 min. in a microcentrifuge at 4°C, and rinse the pellet well
with 70% ethanol to remove traces of salt that might interfere with subsequent steps. If needed,
digest at a second restriction site near the opposite end of the fragment to eliminate any
unwanted labeling in the opposite strand.

Alternatively, the fragment may be labeled at one dephosphorylated 5′ end using T4
polynucleotide kinase and γ-32P ATP (or the 5′ end of one primer can be labeled prior to a PCR
reaction to generate the fragment). The following procedures are used in our lab for 5′ end
labeling of fragments: dephosphorylate the 5′ end using Calf Intestinal Alkaline Phosphatase
(CIAP) in a 70 μl reaction volume containing the DNA fragment (~5–10 pmol), 1X
manufacturer’s reaction buffer, and 0.2 units CIAP. Incubate for 30 min at 37°C, add an
additional 0.2 units of CIAP, and continue incubation for 30 min. Add sodium acetate to 0.3
M final concentration, phenol extract the sample, ethanol precipitate the aqueous phase (with
addition of 20 μg of glycogen as carrier), and rinse the pellet well with 70% ethanol to remove
all traces of phenol and salt. (Alternatively, use a phosphatase that can be completely heat
inactivated, and eliminate the phenol extraction steps.) To label the 5′ end, combine the
resuspended dephosphorylated DNA fragment, 5 μl of 10X T4-polynucleotide kinase reaction
buffer, 6 μl γ-32P ATP, 20 units (2 μl) T4 polynucleotide kinase, and 2 μl 0.1 M DTT in a final
volume of 50 μl, and incubate for 30 min at 37°C. Add sodium acetate to 0.3 M, 20 μg of
glycogen as carrier for precipitation, and 125 μl of 100% ethanol. Centrifuge and rinse the
pellet well with 70% ethanol as described above. Digest with a second restriction enzyme to
produce a fragment with a single labeled end.
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Gel purify the labeled fragment to eliminate other unwanted labeled fragments. Use a non-
denaturing acrylamide gel (5%, 19:1 acrylamide:bis). The position of the labeled band can be
determined from a phosphorimager scan using a print made at 100% of the actual size of the
gel as a template. Elute DNA from the minced gel slice by diffusion (overnight, 4°C) into
buffer appropriate for the next steps (e.g., 2–5 ml of 0.2 M NaCl, 20 mM Tris-Cl pH 7.4, 1
mM EDTA, the loading buffer for ElutipD purification mini columns). We have had good
success with Elutip D columns (Whatman) for rapid concentration and purification of DNA
fragments for footprints. The gel and subsequent Elutip D purification steps eliminate enzymes,
unincorporated nucleotides, incomplete length PCR fragments, as well as soluble gel materials.

3.3.2. General Footprinting Reaction Conditions—Solution conditions for forming the
RNAP-promoter complex should take into consideration requirements for the cleavage reagent
(e.g., MgCl2 for DNAseI; little or no glycerol for hydroxyl radical; see below), and should be
compatible with high occupancy of the complex (see temperature and salt conditions described
above for in vitro transcription reactions). The end-labeled promoter fragment is usually used
at a concentration of ~0.5–1.0 nM and should provide an amount of radioactivity (~20,000
DPM) that allows detection of the gel image in a reasonable amount of time (e.g., overnight).
The exact concentration of DNA (in the low nM range) is not critical, assuming that RNAP is
present in excess molar concentration. The optimum RNAP concentration is dictated by its
binding constant for the particular promoter under the solution conditions used, and this is
generally in a range higher than the DNA concentration needed for detection of radioactivity
(≥5 nM). A series of RNAP concentrations should be tested.

A clear footprint signal requires conditions in which close to 90–100% occupancy of the
RNAP-promoter complex has been achieved. If this cannot be attained by increasing the RNAP
concentration or altering the solution conditions, it may be necessary to isolate the complex
away from free DNA on a gel (EMSA), or by nitrocellulose filtration of the complex after
digestion with the footprinting reagent (e.g. DNAseI or hydroxyl radical) (see Fig. 4B). The
DNA in the complex is then eluted from the gel, concentrated and purified using an ElutipD
column, as described above, before running on a sequencing gel. If the complex is isolated on
a filter, it can be eluted either in Qiagen PB buffer and concentrated by a PCR Purification
column, or eluted in 0.5 M NH4OAc, 0.01 M MgOAc, 0.1% SDS, 0.1 mM EDTA followed
by ethanol precipitation. If isolation of the complex is necessary, scale up the reaction with
~10-fold more labeled fragment, since not all will be recovered.

3.3.3. DNAse I Footprinting
3.3.3.1.Titration of DNAseI: The final concentration of DNAseI typically used in our
footprinting reactions is ≈0.5–2 μg/ml for a 30 second digestion. However, since the source
and batch of DNAseI, the temperature and salt conditions, and the DNA fragment length are
all variables that affect the extent of digestion, it is important to calibrate the concentration
needed to give the appropriate level of partial digestion under the specific conditions used.
Calibrating the amount of DNAseI to use, in the absence of RNAP, should prevent the very
common problem of “overdigestion” of the control samples lacking RNAP. Calibrate the
DNAseI stock by digesting free (unbound) DNA using a two-fold dilution series of DNAseI
concentrations under the specific conditions to be used for footprinting. Based on results of
the titration experiment, choose a final DNAseI concentration that will produce approximately
one-third full length DNA and two-thirds digested DNA (reflecting an average of one cleavage
per DNA molecule). Prepare fresh dilutions of bovine pancreatic DNAseI from the
concentrated stock solution for each experiment, using the same dilution procedures each time
to get reproducible extents of digestion. CaCl2 is often recommended for use with DNAseI,
but it is not essential for activity. Small changes in DNA concentration in the ≈nM range do
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not affect the extent of DNAseI digestion. However, if high concentrations of competitor DNA
are used, the titration should be carried out in the presence of the competitor.

3.3.3.2. DNAseI Footprinting Reactions: Use 25 μl reactions containing buffer and labeled
DNA fragment (prepare a “master mix”, and aliquot it to different reaction tubes). Pre-
equilibrate to the temperature to be used. Include the following control samples in the
experiment: (1) no RNAP, no DNaseI (only RNAP dilution buffer, as a control for background
nicks in the fragment); (2) RNAP at the highest concentration used, no DNAseI (as a control
for nuclease activity in the RNAP preparation); (3) no RNAP but plus DNAseI (for comparison
with the positions cleaved in the presence of RNAP).

Add RNAP (in a small volume, and at staggered 2 min intervals) to the prealiquoted DNA and
buffer samples, and incubate at the desired temperature for ~10–15 min to allow binding to
reach equilibrium. Add DNAseI (in a small volume) to each sample (at 2 min intervals, as for
protein addition above), mix quickly and incubate for 30 sec. Stop reactions after 30 sec. by
immediate addition of 75 μl of a stop solution calculated to bring the sampes to final
concentrations of 10 mM EDTA and 0.3 M sodium acetate. Vortex and place samples on ice.
When the set of reactions is completed, add glycogen (20 μg; Roche) to each sample as carrier
for subsequent ethanol precipitation. Samples may be phenol extracted to remove RNAP, but
this is not required. [For extraction, add 100 μl of freshly buffered phenol (an equal volume),
vortex briefly, and centrifuge briefly (15 sec) to separate phases. Remove the aqueous phase
to a clean tube.] Whether the samples are phenol extracted or not, they should be ethanol
precipitated to concentrate the DNA and remove salts prior to gel loading. Add 0.3 ml 100%
ethanol, and centrifuge at 4°C for ≈10min. Chilling at low temperatures prior to centrifugation
is not necessary and is not recommended, since it may result in precipitation of salts that will
interfere with gel electrophoresis. Rinse the DNA/glycogen pellets twice with 70% ethanol,
and air or vacuum dry. [Note that the ethanol precipitation step will result in loss of the smallest
DNA products (~15nt in length or shorter)]. Resuspend in 4–5 μl of gel loading solution (8 M
Urea, 0.5X TBE, 0.05% BPB, 0.05% Xylene Cyanole).

3.3.4. Hydroxyl Radical Footprinting—Many of the considerations described above for
DNAseI footprinting are applicable to hydroxyl radical footprinting. The following additions
or modifications should also be made. (1) Use more DPM of radiolabeled fragment, since the
efficiency of DNA cleavage by hydroxyl radicals is relatively low (use ≈5X more than for
DNaseI reactions). (2) Pre-existing nicks in the fragment can present a greater problem due to
inefficient DNA cleavage by hydroxyl radicals, so fragment integrity should be carefully
checked by loading an equal amount of untreated labeled DNA on the sequencing gel. (3)
Resolution of bands is more difficult, since cleavage occurs at every position, producing more
bands than obtained with DNAseI. To improve resolution, be sure that the labeled end is
relatively close to the binding site (~40 bp). Resolution can also be improved by running the
gel longer, and by fixing the gel in 10% acetic acid, 10% methanol before drying. (4) Glycerol
is a scavenger of hydroxyl radicals, so its final concentration in reaction buffers must be very
low (0.5% or less; [77]), and control samples should contain the same concentration of glycerol
as test samples.

Immediately before beginning the RNAP binding reactions, prepare a 1:1 mixture of freshly
prepared 100 mM ferrous ammonium sulfate and 200 mM EDTA. After RNAP promoter
complex formation (in a 50 μl reaction volume), add competitor such as heparin, if needed,
and add quickly along the wall of the tube: 0.6 μl 100 mM sodium ascorbate (store in aliquots
at −20°C ); 4.0 μl 0.15% hydrogen peroxide (freshly diluted from 30% stock); 6.0 μl 1:1
iron:EDTA mix (final 5 mM iron, 10 mM EDTA). Mix these reactants into samples and
incubate for 2 min. Stop reactions by addition of 80 μl 20mM Thiourea, and 60 μl 0.3 M NaCl,
1 mM EDTA. Phenol extract (if needed), and ethanol precipitate the samples, adding glycogen
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(20 ug) as carrier. Wash pellets with 70% ethanol to remove salts, dry, and resuspend in gel
loading solution as described above.

3.3.5. Sequence Markers and Gel Electrophoresis—An A+G sequence ladder can be
generated with the labeled fragment using the formic acid depurination reaction [80]. Incubate
12μl of 32P-labeled DNA fragment (in distilled water, not buffer) with 50 μl formic acid at
room temperature for ~7 min (calibrate the time required to give a ladder of products). Add
sodium acetate (to 0.3 M), glycogen carrier, and 2–3 volumes of 100% ethanol. Centrifuge the
DNA, wash the pellet with 70% ethanol to remove salts, and air dry. To cleave the DNA at
depurinated positions, resuspend the pellet in 100 μl of 1 M piperidine, transfer to a small (200
μl) PCR tube, and incubate in a thermocycler with a heated lid at 90 degrees for 30 min. Transfer
the sample back to an Eppendorf tube, and ethanol precipitate the DNA. Rinse the DNA pellet
well (2–3X) with 70%, since residual piperidine will cause aberrant mobility of the fragments
on the sequencing gel. Air dry the samples, and resuspend in gel loading solution (8 M Urea,
0.5X TBE, 0.05% BPB, 0.05% Xylene Cyanole).

8–10% acrylamide gels (19:1 acrylamide:bis; 0.4mm thickness) with 7M Urea and 0.5X TBE
are recommended to produce sharp bands needed for resolving digestion products from the
footprinting reactions. Samples should be heated to ~90 degrees for only ~1min immediately
prior to loading. (Stagger the heating of samples, such that one sample is heating while another
is being loaded). Pipet the 4–5 μl samples directly into the bottom of the well so that they layer
onto the gel as a sharp band. Run the gel at ~2000V for a time determined by the length of
fragment and the position of the RNAP binding site within the fragment. Gels can be fixed in
10% methanol, 10% acetic acid to improve band sharpness (fix for approximately 10–15 min.
for a gel of 0.4mm thickness). This step is not essential but is particularly useful for hydroxyl
radical footprinting experiments where band sharpness is critical for resolution. Gels should
be dried before exposure to a phosphorimager screen, as this will also improve band sharpness.
To reduce the occurrence of aberrant bands (such as reannealed duplex DNA, which migrates
faster than the single stranded fragment), the use of the urea loading solution is recommended
(rather than a formamide-based loading solution), and gels should be run at warmer
temperatures, with prewarmed upper chamber buffer, if possible.

3.3.6. Analysis of Footprinting Profiles—Analysis of long, complex RNAP footprint
profiles can be facilitated by scanning lanes from the gel image and creating a graph of each
lane (in a program such as ImageQuant), and transferring the graph data points to another
program (e.g., Excel) for normalization of signals to regions of the profile that are not affected
by RNAP binding. Normalized data points can then be displayed using a graphing program
(e.g., SigmaPlot) (see Fig. 4B). Overlaying of profiles permits direct comparison of signal
strength of individual bands in different lanes (e.g., [81]). (To obtain accurate quantification
of gel lanes, it is useful to eliminate gel problems that distort band width, such as tapering of
lanes caused by salt contamination of samples. See above).

3.4 Determining Rates of Kinetic Parameters of RNAP-Promoter Complex Formation and
Decay

Characterization of an RNAP-promoter complex formed under favorable in vitro solution
conditions at equilibrium can provide valuable structural information about the complex.
However, different promoters display very different rates of complex formation and decay.
Kinetic analysis may identify steps in complex formation that are potential targets for positive
or negative regulation by transcription factors.

The formation of an RNAP-promoter complex capable of initiating transcription is a multistep
process, involving conformational changes in both promoter DNA (P) and RNAP (R) (Fig.
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5A). An initial closed complex, RPc, isomerizes through intermediate steps (RPI), and at least
two such kinetically significant intermediates on the pathway to open complex formation occur
at the well characterized λPR and lacUV5 promoters; 25 [1,52,60,61]. The steps in complex
formation are characterized by equilibrium and rate constants, and these can differ significantly
from one promoter to another [1,2,4]. The equilibrium constant KB (or K1) describes occupancy
of the initial closed complex, and the overall composite association rate ka is the product
KBkf, where kf is the composite rate constant for the isomerization steps that occur after initial
complex formation. The dissociation of the complex is described by the rate constant kd.

The rate constants for association of RNAP with a promoter to form a competitor-resistant
complex can be determined by monitoring complexes present as a function of time after RNAP
addition to the reaction (Fig. 5B). Aliquots of the reaction are removed at time intervals and
are added to tubes containing either a competitor and NTP substrates (for detecting complexes
by transcriptional readout; [85]), or just a competitor (for detecting complexes by retention on
nitrocellulose filters; [52,60]. (Effects of additional DNA-binding protein factors on complex
formation or decay cannot be determined by the filter binding assay, since the factor will also
cause the labeled DNA to be retained on the filter irrespective of the status of the RNAP-
promoter complex.) RNAP must be present in at least a 3-fold molar excess over the
concentration of promoter DNA in these experiments, such that the reactions are pseudo first-
order [60]. For each RNAP concentration, a time course of complex formation is carried out,
and an observed rate constant (kobs ) is determined from Eq. (1):

Eq. (1)

where cpmplateau corresponds to the maximal level of complex formation observed. In instances
where the maximum level of complex formation (plateau in the time course) does not reach
the same level at both low and high RNAP concentrations, a correction for the reversibility of
the reaction is made, such that kobs values are corrected for maximum complex formation
observed in the set of determinations (see [52]).

The observed rate constants (kobs) for a series of RNAP concentrations are used to determine
the overall composite association rate constant (ka), and the composite isomerization rate
contant, kf. In a double reciprocal linear plot of 1/kobs vs 1/[RNAP], referred to as a Tau plot
[60,61] (see example in Fig. 5D), the reciprocal of the slope defines ka, and the reciprocal of
the y-intercept defines kf [Eq. (2)]. (KB may then be determined from the equation ka=KBkf).

Eq. (2)

Alternatively, ka and kf can be determined from a weighted nonlinear plot of kobs vs [RNAP]
[52,73] [Eq. (3)] (see example in Fig. 5E). More accurate determination of kf can generally be
obtained from this method [52].

Eq. (3)

The rate of dissociation (decay) of a preformed RNAP-promoter complex can also be
determined (Fig. 5C), yielding a composite decay rate constant, kd [50,60–62,85] and the
complex half-life. In this type of experiment, complexes are preformed, competitor (e.g.,
heparin) is added at t=0, and aliquots of the sample are removed at time intervals for analysis
of complexes remaining by either a transcription readout or by filter binding.
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Fig. 1.
(A) Consensus sequences for Eσ70 recognition elements and RNAP regions that interact with
these elements: UP Element with α subunit C-terminal domains (αCTDs, the α subunit DNA
binding domains), −35 hexamer with σ70 4.2, extended −10 element with σ70 3.0, −10 hexamer
with σ70 2.3–2.4, and discriminator region element withσ70 1.2. The transcription start site is
indicated as (+1). The most common spacing between recognition elements, in bp, with (range)
is indicated. For a recent review, see [5]. Both the spacing of the −35 element with respect to
the extended −10 element (14bp), and with respect to the −10 element (17bp) are shown.
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Fig. 2.
Transcription start site position(s) for the E. coli rrnB P1 promoter determined by primer
extension using total cellular RNA prepared from a strain carrying an rrnB P1-lacZ fusion on
a λ prophage. The primer annealed to the transcript downstream of the promoter endpoint in
the fusion. Sequence marker lanes, prepared with the same labeled primer as used for primer
extension are shown in lanes 1–4. Primer extension product is shown in lane 5. The sequence
of the rrnB P1 promoter region is shown below the gel, for reference. Data are from P.
Changdrangsu and R. Gourse. (see also [28]).
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Fig. 3.
In vitro transcription from the multicopy plasmid vector pRLG770 [32] containing the E.
coli S10 promoter (−100 to +50). (A) Single round transcription reactions were carried out in
buffer containing different final concentrations of NaCl. Complexes were preformed with 10
nM RNAP and 1 nM plasmid DNA at 30°C, followed by addition of the competitor heparin
(to 10 μg/ml) and NTP substrates. Duplicate samples were carried out at each of the indicated
NaCl concentrations, and products were separated on a 5% acrylamide-7M urea, 1X TBE gel.
Transcription products from the S10 promoter (~~190 nt), and from the vector-encoded RNA
I promoter (110nt) are indicated. (B) Data from (A) were quantified using ImageQuant
software. Average transcription levels from duplicate lanes are plotted relative to that from the
S10 promoter at the highest NaCl concentration (30 mM). Filled circles: S10 promoter

Ross and Gourse Page 22

Methods. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transcripts; open triangles: RNA I promoter transcripts. Data are from J. Lemke and R. Gourse,
unpublished.
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Fig. 4.
(A) DNAse I footprints of RNAP complexes formed with the E. coli rrnB P1 promoter. The
promoter fragment (−88 to +50) was 32P-end labeled at the 3′ end of the template strand.
Complexes were formed with 10 nM RNAP at 37°C in buffer containing 30 mM KCl, 10 mM
Tris-Cl pH7.9, 10 mM MgCl2, 1 mM DTT and 100 μg/ml BSA, and were digested with DNase
I (0.6 ug/ml) for 30 sec. The sample in lane 3 also contained the two initiating nucleotides ATP
(500 μM) and CTP (50μM), resulting in formation of a heparin stable complex, RPAC [32,
58], and heparin was added to this sample prior to DNAse I digestion. The upstream boundary
of protection against DNaseI digestion (~−60) is the same in lanes 3,4 and the downstream
boundary differs (+20 for RPAC, lane 3; ~+12 for the complex formed in the absence of ATP
and CTP, lane 4). Position of DNaseI enhancement is noted at −38. Binding of RNAP to the
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end of the promoter fragment is indicated in lane 4, but is not seen in the presence of heparin
(lane 3). The sequence marker (G ladder; lane 1) was prepared by dimethyl sulfate modification,
followed by strand cleavage with piperidine [80]. (B) Hydroxyl radical footprint of an RNAP-
lacUV5 promoter complex. The lacUV5 fragment (−130 to +40) was 32P- labeled at the 3′ end
of the non-template strand, and was incubated with 15 nM RNAP at 37°C in a buffer containing
110 mM KCl, 10 mM Tris-Cl pH 8.0, 10 mM MgCl2, 1 mM DTT, followed by hydroxyl radical
cleavage as described in text. The RNAP-promoter complex was then separated from free DNA
by retention on a nitrocellulose filter and eluted from the filter (see text). Lane 1: promoter
fragment, no digestion; lane 2: A+G marker prepared as described in text; lane 3: promoter
fragment digested with hydroxyl radicals in absence of RNAP; lane 4: RNAP-promoter
complex digested with hydroxyl radicals. Traces of gel lanes 3 (light gray) and 4 (black) were
generated as described in text.
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Fig. 5.
Analysis of kinetic parameters of RNAP-promoter complex formation. A) Multiple steps in
the process of forming an RNAP-promoter open complex. R: (RNAP); P: promoter DNA;
RPc: closed complex, competitor-sensitive; RPI: intermediate complex, DNA strands closed;
RPo: open complex, DNA strands open. RPe: elongation complex. NTP: nucleotide substrates.
RPo is a competitor (heparin) resistant complex at many, but not all, promoters. KB (or K1):
equilibrium constant for formation of RPc; ka: composite second order association rate
constant; kf (or ki): RNAP concentration-independent isomerization rate constant (may reflect
rates for multiple intermediate steps at some promoters); kd: composite dissociation rate
constant. (see [1,2,52]). (B) Time course for formation of a heparin resistant RNAP complex
at the lacUV5 promoter. The 32P end-labeled fragment containing the E. coli lacUV5 promoter
(−130 to +40) was incubated with 5 nM RNAP at 30°C in buffer containing 110 mM KCl, 10
mM Tris-Cl pH 8.0, 10 mM MgCl2, 1 mM DTT, 100 μg/ml bovine serum albumin (BSA).
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Aliquots were removed at time intervals, heparin was added (to 10 μg/ml final), and samples
were filtered through nitrocellulose filters [86]. The rate constant, kobs, for formation of the
complex at this RNAP concentration (7 × 10−3 s−1) was determined from Eq. 1, as described
in text. (C) Determination of the dissociation rate of an RNAP-lacUV5 promoter complex.
Complexes were formed with a 32P end-labeled lacUV5 promoter fragment (−130 to +40) and
10 nM RNAP at 30°C in the buffer described for panel (B). Competitor (heparin, final
concentration 10 μg/ml) was added at t=0, and aliquots were filtered at time intervals. A semi-
log plot of complexes remaining as a function of time (in minutes) is shown. The dissociation
rate (kd) determined from a single exponential fit of the data was 2.3 × 10−4 (s−1). (D) Tau plot
(1/kobs vs 1/[RNAP]) of observed rate constants, kobs, for formation of a heparin resistant
RNAP-promoter complex (RPAC) with a 32P end-labeled fragment containing the E. coli
rrnB P1 promoter (−88 to +50), determined at a series of RNAP concentrations. Heparin (10
μg/ml) stable complexes at rrnB P1 are formed in the presence of the first two NTP substrates
(ATP, CTP), which produces a 5-mer transcript [58,63]. Complexes were formed at 25°C in
buffer containing 45 mM NaCl, 10 mM Tris-Cl pH 8.0, 10 mM MgCl2, 1 mM DTT, 100 μg/
ml bovine serum albumin (BSA), 500 μM ATP and 50μM CTP. Values for kobs were
determined as shown in panel B, using Eq. (1). The overall association rate constant, ka,
determined from a fit of the data to Eq. (2), was ~3.0 × 107 M−1 s−1, and kf was 1.2 × 10−2

s−1. (E) Nonlinear plot (kobs vs. [RNAP]) of the same data as in (D). ka, from fit of data to Eq.
(3) was 3.3 × 107 M−1 s−1, and kf was 1.2 × 10−2 s−1.
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