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Nitrocellulose Filter Binding Studies of the Interactions of Escherichia coli
RNA Polymerase Holoenzyme with Deoxyribonucleic Acid Restriction
Fragments: Evidence for Multiple Classes of Nonpromoter Interactions,
Some of Which Display Promoter-like Properties’

Paul Melangon,' Richard R. Burgess, and M. Thomas Record, Jr.*

ABSTRACT: The variety of detectable interactions between
Escherichia coli RNA polymerase holoenzyme and an un-
fractionated Haelll digest of T7D111 DNA has been exam-
ined by using a filter binding gel electrophoresis assay, ap-
propriately modified to study nonpromoter interactions.
Filter-retainable complexes form rapidly on all fragments in
the digest, either at 0 °C or at 37 °C. These complexes differ
from the fast-forming specific complexes observed on pro-
moter-containing fragments in that they are sensitive to com-
petition by the polyanion heparin. From binding studies on
two isolated sets of fragments of average size 800 and 2000
base pairs, we infer that the fast-forming, heparin-sensitive
complexes occur at the ends of fragments. Binding constants
for this class of interactions increase modestly with increasing
temperature (yielding a van’t Hoff AH® of 4 + 1 kcal) and
decrease strongly with increasing salt concentration; the large
salt dependence is qualitatively similar to those observed
previously for promoter and nonpromoter complexes. In ad-
dition, complexes which exhibit a slow, strongly tempera-
ture-dependent rate of formation are found on a subset of

Escherichia coli RNA polymerase holoenzyme (RNAP),!
like other genome regulatory proteins that act at specific target
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T7D111 fragments, as well as on some Haelll fragments of
ACI47, P22, and SV40 DNA. These complexes are stable to
a competition with heparin and are similar to the tight-binding
(TB) complexes recently described by Kadesch et al. [Kadesch,
T. R., Williams, R. C., & Chamberlin, M. J. (1980) J. Mo!.
Biol. 136, 79-93]. In addition to their stability, these com-
plexes share with promoter complexes the ability to initiate
transcription. In both cases, initiation is sensitive to rifampicin
and displays specific nucleoside triphosphate requirements. We
find that these TB complexes are formed in general at interior
sites rather than at the ends of fragments. The extent of
formation of TB complexes is very sensitive to salt concen-
tration. Neither the kinetic nor thermodynamic aspects of this
reaction have yielded to simple interpretation. Because (i)
weak complexes can be eliminated by a short challenge with
a competitor and (ii) RNAP forms tight complexes at TB sites
much more slowly than at strong promoters, we conclude that
filter binding can be used to quantify the interactions of po-
lymerase with strong promoters carried on restriction frag-
ments.

sites on DNA, exhibits a significant general affinity for other
regions of DNA. These nonpromoter? interactions are im-

! Abbreviations: RNAP, E. coli RNA polymerase holoenzyme; NTP,
ribonucleoside 5’-triphosphate; Tris, 2-amino-2-(hydroxymethyl)-1,3-
propanediol; Hepes, N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic
acid; NaDodSO,, sodium dodecy! sulfate; BSA, bovine serum albumin;
DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; Bis, /V,-
N’-methylenebis(acrylamide); BAC, diacrylylcystamine; Me,SO, di-
methyl sulfoxide; bp, base pair.
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portant for a variety of reasons. (i) The equilibrium distri-
bution of the protein depends on the affinities and numbers
of available specific and nonspecific sites on the DNA. In the
case of RNAP, there is a 2-fold excess of enzyme over the
amount required to maintain a full level of transcription in
exponentially growing cells (Oeschger & Berlyn, 1975).
However, studies with minicell producing strains have indicated
that there is little active RNAP in the cytoplasm (Cohen et
al., 1968; Riinzi & Matzura, 1976). Therefore nonpromoter
interactions may indeed play a role in the intracellular dis-
tribution of the enzyme [both its free concentration and its
localization in space; for a discussion, see von Hippel (1979)].
(ii) Nonpromoter interactions may also be involved in the
kinetic mechanism leading to promoter binding. By analogy
to the models initially developed to analyze /ac repressor—
operator binding kinetics [for a recent discussion, see Berg et
al. (1981)], it has been suggested that RNAP first binds
randomly and is then redistributed on the DNA lattice by a
one-dimensional diffusion mechanism involving nonpromoter
interactions (Belintsev et al., 1980). (iii) Furthermore, non-
promoter binding has practical implications for in vitro
thermodynamic and kinetic studies (Hinkle & Chamberlin,
1972a,b; Strauss et al.,, 1980a,b). For example, since the
formation of nonpromoter complexes reduces the concentration
of free enzyme, an understanding of nonpromoter binding is
essential to interpret quantitative in vitro studies of the in-
teraction of RNAP with promoters. For experiments in which
the nitrocellulose filter binding assay is used, the potential for
retention of DNA by RNAP bound at nonpromoter sites must
be considered in addition to the reduction of free enzyme
concentration. Finally, it is probable that all RNAP-DNA
interactions share some common characteristics.

Several studies of nonpromoter interactions of RNAP have
appeared. deHaseth et al. (1978) determined the affinity of
RNAP for double-stranded calf thymus DNA as a function
of solution conditions using quantitative DNA-cellulose
chromatography. Lohman et al. (1980) extended the range
of ionic conditions investigated to higher salt concentrations
using intact T7 DNA and a difference boundary sedimentation
technique. Though complete binding isotherms could not be
determined in these studies, approximate binding constants
were calculated from data obtained at low to moderate binding
densities. These binding constants (K,}) showed an ex-
traordinary sensitivity to ionic conditions (—d log KsR/d log
[Na*] = 10.5 for holoenzyme in the absence of Mg?*), but
little dependence on pH or temperature. Recently Revzin &
Woychik (1981) have obtained binding isotherms for the in-
teraction of RNAP with P22 DNA by a thermodynamically
rigorous centrifugation technique. Only a single class of
complexes was detected, characterized by a binding constant
whose magnitude and dependence on solution conditions were
in reasonable agreement with the observations of deHaseth
et al. (1978) and Lohman et al. (1980). [At 0.2 M NaCl, pH
7.9, and 5 °C, KR is approximately (0.5-1.0) X 105 M™!
(nucleotides)].

On the other hand, two distinct classes of nonpromoter
interactions were observed by electron microscopy (Kadesch
et al., 1980a,b). In the first mode, the enzyme binds in a
temperature-independent way to random nonpromoter sites.
The value of the association constant was estimated to be ~10*
M-! and found not to be very sensitive to salt concentration
or temperature. In the other mode, called TB for tight binding,

2 We have chosen to use nonpromoter in place of nonspecific because
some of the interactions of RNAP with promoter-free DNA are sequence
specific.
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the enzyme bound at discrete, apparently nonrandom sites at
a rather slow rate (k, ~ 10° M~!s7') at 37 °C. The rate of
dissociation (¢;/; = 30 min in 50 mM NaCl/10 mM MgCl,)
increased by 30-fold when the added [NaCl] was increased
from 50 to 100 mM. No such binding was observed at 0 °C.
An earlier study with the kinetic formaldehyde method had
indicated the existence of a type of interaction similar to the
tight binding reported by Kadesch et al. (Zarudnaya et al.,
1976; Cherny et al., 1977). RNAP was found to form stable
complexes and to destabilize the DNA helix at a limited
number of sites on T7 and T2 DNA,; the effect was sensitive
to the temperature and the salt concentration. The kinetics
were not studied.

The membrane filter binding assay (Jones & Berg, 1966;
Riggs et al., 1970; Hinkle & Chamberlin, 1972a,b) has been
widely used to study specific protein~DNA interactions. Filter
retention by RNAP of DNA fragments not containing pro-
moters has also been observed [Jones et al., 1977; Maquat &
Reznikoff, 1978; Taylor & Burgess, 1979; for discussion, see
Strauss et al. (1981)]. However there has been no systematic
study of the nature and properties of the nonpromoter inter-
actions giving rise to such filter retention.

We report here our investigation of the range and properties
of RNAP-DNA interactions detected by the filter binding
assay. We have chosen the Haelll digest of T7 DNA as a
mixture of blunt-end fragments (~60), only three of which
are known to contain promoters (see Materials and Methods),
since it had the potential to display a wide variety of non-
promoter binding sites. For quantitative measurements, in-
dividual Haelll fragments of *H-labeled T7 DNA were iso-
lated. A pair of 2000-bp fragments [previously employed by
Strauss et al. (1980a,b)] and a set of three fragments of about
800 bp were used as examples of promoter-free DNA. Using
the filter assay, we are able to distinguish two classes (weak
and tight) of nonpromoter interactions on the basis of the time
and temperature dependence of their formation. Both types
of interactions are extremely sensitive to salt concentration.
Tight nonpromoter complexes and promoter complexes are
similar in that they (i) can survive a short challenge with the
competitor heparin and (ii) are able to initiate transcription,
but can be distinguished on the basis of their rate of formation.
Since weak binding can be eliminated by competition with
heparin and since tight nonpromoter binding occurs slowly,
we conclude that it is possible to study the binding of RNAP
at strong promoters with minimal interference from other sites.

Materials and Methods

E. coli RNA Polymerase. E. coli RNA polymerase was
purified from K12 cells by the method of Burgess & Jendrisak
(1975) with additional purification on a single-stranded DNA
agarose column (Lowe et al., 1979). The ¢ subunit and core
enzyme were prepared from purified holoenzyme on a Bio-Rex
70 column (Burgess, 1976; Lowe et al., 1979). o-saturated
enzyme was prepared by adding purified ¢ subunit to the
purified holoenzyme (0.2 mol of ¢/mol of holoenzyme) to
obtain 110 £ 10% saturated holoenzyme (R. R. Burgess,
unpublished result). The holoenzyme (4.3 mg/mL) and
saturated holoenzyme (1 mg/mL) were stored at -20 °C in
a 50% (v/v) glycerol storage buffer (Burgess & Jendrisak,
1975). Concentrations were determined by absorbance
(corrected for light scattering) at 280 nm (Burgess, 1976). The
holoenzyme was characterized with respect to its ability to
initiate transcription in a rifampicin challenge assay (Mangel
& Chamberlin, 1974), as described in Strauss et al. (1980a).
We observed that 85% of the rapidly starting complexes were
resistant to the rifampicin challenge. The fraction of active
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enzyme was determined as described by Chamberlin et al.
(1979). Using the internally determined elongation rate, we
find that 60-70% of the o-saturated holoenzyme is active.

Buffers. Tris, Hepes, and NaDodSO, were from Sigma
Biochemicals. BSA was from Miles (Pentex). Dithiothreitol
was from Eastman Kodak Co. Salts were reagent grade.
DNA/T buffer contained 0.1 M NaCl, 0.1 mM EDTA, and
0.01 M Tris-HCI (pH 7.9). The binding reactions were
performed in binding buffer (BB) containing 10 mM Hepes
(pH 7.2 at 25 °C; also contains 10 mM Na*), 10 mM MgCl,,
0.1 mM EDTA, 0.1 mM DTT, 50 ug/mL BSA, and, unless
otherwise indicated, 100 mM NaCl (0.1 M BB). After sample
filtration, the nitrocellulose filters were rinsed with washing
buffer (WB) containing 10 mM Tris-HCI, pH 7.9, and either
0.1 M NaCl (0.1 M WB) or 0.6 M NaCl (0.6 M WB).
Filter-bound DNA was eluted with 0.2% NaDodSO,, 0.3 M
sodium acetate, and 10 mM Tris-HC1 (pH 7.9) (elution
buffer). The electrophoresis buffer was 90 mM Tris/90 mM
boric acid (pH 8.3) with 2.5 mM Na,EDTA (Peacock &
Dingman, 1968).

DNA. The T7 deletion mutant D111 lacks three of the
promoters for RNAP (the A2, A3, and B promoters; Studier,
1975) out of the seven identified by electron microscopy
(Koller et al., 1978) and transcription analysis (Stahl &
Chamberlin, 1977) on wild-type T7 DNA. Unlabeled T7D111
phage was grown on E. coli C. H-Labeled phage was grown
on a thy” mutant of E. coli C, using [methyl-*H]thymidine
(New England Nuclear) in the growth medium at 2.5 mCi/L.
The intact phage DNA was obtained by four gentle extractions
with redistilled phenol. Pure phage DNA from P22, SV40,
and ACI47 (a nonlysogenic deletion mutant of A*; Kaiser,
1957), as well as pBR322 plasmid DNA, were generous gifts
from Arnold Revzin, Janet Mertz, Grace Roe, and Glen
Staffeld, respectively. DNA was stored in DNA/T buffer at
4 °C. The DNA concentrations were determined spectro-
photometrically by using an extinction coefficient per mole
of base pairs of Ey0 = 13000. The specific activity of the
[*H]DNA was 6.33 X 10* dpm/ug.

Restriction Fragments. DNA was digested overnight
(usually 1-2 mg in 4-5 mL) in Haelll buffer (10 mM Tris,
pH 7.9, 10 mM NaCl, 6 mM MgCl,, 1 mM DTT, and 50
ug/mL BSA) with enough Haelll restriction enzyme (New
England Biolab) to give complete digestion in 12 h. The digest
of the unlabeled DNA was extracted 4 times with redistilled
phenol, concentrated, and stored in 0.5-mL aliquots in DNA/T
buffer at —20 °C. Digestion of the *H-labeled DNA was
stopped by the addition of 1 mL of electrophoresis buffer
containing 50% (v/v) glycerol and 0.02% bromphenol blue.
The reaction mixture was layered onto a 4% polyacryl-
amide-25% glycerol slab gel (Blakesley & Wells, 1975) in
which the Bis was substituted with an equimolar amount of
BAC (Hansen, 1976). The gel was run, and the bands were
visualized as described by Strauss et al. (1980a). The gel slices
containing the fragments of interest were dissolved by the
additions of 0.2 mL of 2-mercaptoethanol per g of gel. The
resulting slurries were diluted with 4 volumes of DNA/T
buffer and loaded on 1-mL DEAE-cellulose (Whatman DE-
52) columns (Hirsch & Schileif, 1976). The columns were first
washed with 10 mL of DNA/T buffer followed by 5 mL of
DNA/T buffer adjusted to 0.35 M NaCl, and then the DNA
was eluted at 0.6 M NaCl. The eluate was adjusted to a final
NaCl concentration of 0.3 M. The ethidium bromide was
removed by four extractions with 1-butanol at 0 °C. The
fragments were precipitated with 3 volumes of 100% ethanol
and resuspended in DNA/T buffer. Yields were dependent
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on the fragments size but were always in excess of 80%. The
purity of the isolated fragments was determined by analytical
gel electrophoresis. The fragment molar concentrations were
determined by scintillation counting, using the specific activity
determined previously. The fragment sizes were obtained from
Figure 2 of Studier et al. (1979).

An unfractionated Haelll digest of T7D111 was end labeled
with [y-3?P]ATP by Sarah Holder using the method of
Maxam & Gilbert (1980). The fragments were separated
from the unreacted nucleotides by passage over a 10-mL
Sephadex G-50 column. The purity of the DNA was checked
by thin-layer chromatography on a poly(ethylenimine) plate
(Brinkmann) followed by autoradiography (Miller & Burgess,
1978). The specific activity of the end-labeled DNA fragments
was 9 X 10° dpm/pug.

Determination of the Number of Single-Stranded Nicks.
The integrity of the [P’H]DNA fragments after isolation was
determined by using gel electrophoresis to quantify the fraction
of the DNA that migrated as full-length molecules after strand
separation. Aliquots of various isolated fragments were treated
for 1 h at 50 °C in 1 M glyoxal/50% (v/v) Me,SO as de-
scribed by McMaster & Carmichael (1977). Several aliquots
were layered on a 4% polyacrylamide slab gel and electro-
phoresed for 12 h at 110 V. The gel was stained with meth-
ylene blue (0.02% in 20 mM sodium acetate/20 mM acetic
acid) for 1 h and destained in H,O for 2 h. The full-length
DNA bands were cut out and dissolved by incubating overnight
at 50 °C with 0.2 mL of HCIO, and 0.5 mL of H,0, in a
closed scintillation vial. After the addition of cocktail
(Aquasol; New England Nuclear), the samples were subjected
to scintillation counting. Chemiluminescence was reduced to
background levels by cooling the vials to —20 °C before
counting. The total amount of DNA present per sample was
determined directly by subjecting 20-uL aliquots of the gly-
oxal/Me,SO mixture to scintillation counting. We found that
all of the DNA present in solution (some DNA was lost by
adsorption or precipitation) migrates in the denatured full-
length band and therefore conclude that the isolated DNA
fragments do not contain a detectable number of single-
stranded nicks (<0.05 nick per fragment).

Nitrocellulose Filter Binding. Nitrocellulose filters
(Schleicher & Schuell; BA 85; 24 mm-circles) were treated
with 0.4 M KOH (Lin & Riggs, 1972) and were then washed
extensively with distilled water prior to filtration. The samples
were filtered at constant suction (4~5 mmHg lower than at-
mospheric pressure; this corresponds to a flow rate of 8-9
mL/min) on a 10-place filter holder equipped with individual
Teflon valves (Hoeffer Model FH 224V).

(9) Gel Electrophoresis Assays. We have used two basic
filter binding assays involving gel electrophoresis to charac-
terize RNAP-DNA interactions. In the first protocol 1-mL
portions of the RNAP-DNA mixture (3 ug/mL each) were
filtered through nitrocellulose membranes either directly or
immediately after a 10-s challenge with heparin (Sigma
Biochemicals). The heparin challenge is performed by
transferring the sample to a separate tube containing 20 uL
of heparin solution for a final heparin concentration of either
5or 10 ug/mL. Under those conditions, any free or rapidly
dissociated RNAP will bind tightly to the heparin. After
filtration, the filters are rinsed with 0.5 mL of 0.1 M WB. In
the other protocol, an initiation assay (Taylor & Burgess,
1979), some of the samples are transferred to separate tubes
containing nucleoside triphosphates (final concentration 0.1
mM each) and incubated at 37 °C for 1 min prior to filtration.
The filters are then rinsed with 2 mL of 0.6 M WB. The
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details of the length and temperature of the incubation, the
kind of triphosphates, the nature of controls, etc., are given
under Results and in the figure legends.

The filter-bound material was eluted for 1 h in 400 uL of
elution buffer, and the filters were rinsed with another 100-uL
aliquot. The pooled eluates were precipitated by the addition
of 1.2 mL of 100% ethanol, and the DNA fragments were then
separated by electrophoresis on polyacrylamide gels (cf. Strauss
et al., 1981). Because we wished to demonstrate the effect
of variations in the incubation condition on the type of DNA
fragments retained on the filter, it was important to minimize
variations occurring in the steps subsequent to elution from
the filter. For estimation of the efficiency of DNA recovery,
first 40 ng of easily identifiable DNA fragments was directly
added to the elution buffer to serve as recovery markers; these
fragments of 3250, 650, and 430 bp (Hincll/EcoRI digest of
pBR322) are indicated by an asterisk in Figure 1. Second,
an identical amount of those marker fragments and 0.1 ug of
the complete T7 digest were loaded directly on the gel for use
as an internal calibration standard. Random variations as-
sociated with ethanol precipitation and redissolution of the
eluted DNA, as well as with the loading and staining of the
gel, can thus be controlled. After electrophoresis, the gels were
stained for 5 min with ethidium bromide (5 ug/mL in 100 mM
NaCl/10 mM Tris, pH 7.9) and destained for 1 h in water.
The gel was illuminated from the bottom with a transillu-
minator (U.V. Products Model C-63) and photographed by
using either positive (Polaroid, type 57) or negative (Kodak,
Tri-X pan professional) film.

The DNA recovery efficiency was estimated by comparing
the amount of marker DNA in a given lane to that found in
the standard lane. Once corrected for partial recovery, a
similar comparison with the T7 DNA yields the amount of
DNA initially retained on the filter. In the experiments re-
ported here, the recovery efficiency was approximately 50%.
[Experiments with labeled DN As under identical conditions
showed that a higher efficiency (>80%) could be achieved if
the DNA pellets were resuspended in 1 mL, using an ultrasonic
bath.] Although our system allows a quantitative analysis of
the gel results, we have limited our interpretation in general
to visual estimates using the markers and standards. Quan-
titative measurements were more readily performed with in-
dividual radioactively labeled DNA fragments.

(i) Binding Assays with Isolated Fragments. H-Labeled
purified DNA fragments were incubated at 37 °C in BB. The
total fragment molar concentration was 10 M. The reaction
was started by adding o-saturated holoenzyme [3-10 uL of
a dilution (4.4 X 1077 M) of the stock solution}. After 2 min,
portions of the incubation mixture were withdrawn and filtered
as described above for the gel electrophoresis assay. Aliquots
were also filtered after a heparin challenge in order to de-
termine the level of binding. The filters were prewashed with
0.35 mL of BB and, after filtration, rinsed with 0.5 mL of 0.1
M WB. Aliquots of 40 L of the same incubation mixture
were spotted separately on dry filters to determine the amount
of DNA present. The filters were dried, dissolved with 0.6
mL of Cellosolve (ethylene glycol monoethyl ether; Fisher
Scientific Co.), and subjected to scintillation counting in a
toluene-based cocktail. The results are corrected for the re-
tention of DNA observed in the absence of RNAP (<1% of
the amount filtered) and expressed as the fraction of the total
amount of DNA initially present in the filtered aliquot (>5
X 103 cpm).

Determination of Binding Constants. The fraction of DNA
retention due to weakly bound RNAP (8,) was determined

vVOL. 21, NO. 18, 1982 4321

as the difference in retention measured before and after a
heparin challenge. The fraction of DNA with a tight complex
that also had a weak complex was determined by iteration.
Binding constants were calculated assuming either (i) a large
number of sites equal to the number of phosphate groups per
fragment (random binding, K,,4}) or (ii) only two sites (end
binding, K, E). Since in both cases there are more than one
site per fragment and since binding can occur at one or more
of those sites, the retention data were statistically corrected
for the random-binding (i) and end-binding (ii) models as
follows: (i) r = In ([1 - 8,17") and (ii) r = 2[1 - (1 - 6,)'/?],
respectively, where r is the binding density on a per molecule
basis (Strauss et al., 1980b). The concentrations of both
weakly and tightly bound enzyme were used to obtain the free
RNAP concentration; any reduction in RNAP concentration
from possible additional modes of binding which are not filter
retainable was neglected.

End-Protection Experiments. Calf intestine phosphatase
(grade I, Bochringer Mannheim) was dialyzed against 10 mM
Tris (pH 7.9)/0.1 M NaCl and stored in aliquots at —20 °C.
The phosphatase activity was determined by incubating the
enzyme with the 3?P-labeled Haelll digest at 37 °C and
quenching with 5% CCl;COOH after various lengths of time.
The precipitated DNA was collected on filters (Whatman,
GF/C) and subjected to liquid scintillation counting. In the
absence of RNAP we could obtain complete hydrolysis of the
labeled ends (3 ug/mL DNA) in less than 30 s in 0.1 M BB,
even in the presence of 3 ug/mL heparin. Using these hy-
drolysis conditions, we have determined the extent of end
protection caused by RNAP (6 ug/mL) after either a 2-min
or 15-min incubation with DNA fragments (3 ug/mL).
Hydrolysis was done both in the presence and ih the absence
of heparin (3 ug/mL). The phosphatase digestion was stopped
after 30 s by the addition of inorganic phosphate to a final
concentration of 30 mM (Chaconas & van de Sande, 1980).
In a parallel experiment aliquots of the same RNAP-DNA
mixture were subjected to filter binding. Equivalent amounts
of the DNA from the two treatments were loaded on a 4-16%
polyacrylamide gradient gel. After electrophoresis, autora-
diography allowed a direct comparison of the extent of binding
and the extent of end protection.

Results

(1) E. coli RNAP Forms at Least Three Types of Com-
plexes with DNA Fragments. A general goal of our experi-
ments, such as the one shown in Figure 1, was to determine
conditions under which various types of interactions occurring
between RNAP and DNA are detected by the nitrocellulose
filter binding assay. T7D111 Haelll restriction fragments
were mixed with RNAP at a weight ratio of 1:1 (an average
of two enzyme molecules per DNA fragment). The incubation
conditions are described in the legend to Figure 1. Under these
conditions it has already been shown that most Haelll frag-
ments of T7D111 DNA can be retained on nitrocellulose filters
if the mixture is filtered without a heparin challenge (Strauss
et al., 1981). In order to determine if the interactions so
detected are temperature and/or time dependent, we per-
formed the incubation at 0 or 37 °C for either 0.5 or 15 min.
The stability of the complexes formed under these various
conditions was tested by competing half of each sample for
10 s with heparin (10 ug/mL) prior to filtration. The pattern
of DNA fragments retained for each of these cases is shown
in Figure 1A.

In the absence of a heparin competition, all the T7D111
fragments present in the standard lane (Figure 1, lane 1) were
retained on the filter (lanes 2, 4, 6, and 8). Separate exper-
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FIGURE 1: Temperature and time dependence of formation of filter-retainable complexes. (A) Haelll-digested T7D111 DNA (3 ug/mL)
was preincubated at either 0 °C (lanes 2-5) or 37 °C (lanes 6-9) in 0.1 M BB. RNAP was added to a final concentration of 3 ug/mL at
time zero. Two 1-mL portions were withdrawn either 0.5 or 15 min after mixing. In each case, one aliquot was filtered directly, and the other
was challenged with heparin as described under Materials and Methods. (B) RNAP was preincubated at a concentration of 3 ug/mL for
15 min at 37 °Cin 0.1 M BB. At time zero, Haelll-digested T7D111 DNA was added to a concentration of 3 ug/mL. One-milliliter portions
were withdrawn 0.5 and 15 min later, challenged with heparin and filtered as described above. The temperature and length of the incubation
(min) and whether a heparin challenge was done are all indicated above the gel. The size (in base pairs) has been indicated for some of the
fragments. Lanes 1 and 12 were loaded with an unfractionated Haelll digest of T7D111 (Std). Fragments of pBR322 which were added
to the elution buffer to serve as recovery markers are indicated by asterisks.

iments demonstrated that this observation was strictly de-
pendent on the addition of enzyme and that the amount of
DNA retained depended on the ratio of protein to DNA. It
is clear that filter-retainable complexes are formed on all
fragments in less than 0.5 min even at 0 °C.

When the complexes formed at 0 °C are subjected to a
heparin challenge, no T7 DNA fragments are observed on the
gel (Figure 1, lanes 3 and 5). The possibility of DNA loss
during elution can be eliminated since the same amount of
recovery marker (top band) is present in those two lanes as
in other lanes. Also, even if the length of the heparin challenge
is shortened to a few seconds, no T7 D111 DNA fragments
are detected on the filter. Most of the complexes formed at
37 °C in less than 30 s (lane 6) are also heparin sensitive since
very few fragments are present after a heparin challenge (lane
7).

RNAP can form stable complexes that survive the heparin
challenge if the incubation is done at 37 °C, although the
retention pattern depends dramatically on the length of the
incubation (Figure 1, lanes 7 and 9). Only the 1550-bp
fragment containing the Al and D promoters was detected
with a short incubation time (lane 7). Under these same
conditions the 360-bp fragment containing the C promoter
(McConnell, 1979) has also been observed in gels that were
electrophoresed for a shorter time. Therefore, under the in-
cubation conditions of Figure 1, stable complexes are formed
in less than 30 s on fragments known to contain promoters.
Other T7D111 fragments form heparin-resistant complexes
with RNAP if the incubation is carried out for 15 min (lane
9), and therefore, the formation of tight complexes is not
limited to promoter-containing fragments. This observation
has been found to be independent of the length of the heparin
challenge (from 5 s to 1 min) and of heparin concentration
(over the range 5-100 ug/mL).

Williams & Chamberlin (1977) have observed that enzyme
inactivation was responsible for generating a form of RNAP
exhibiting extensive, stable, random binding. We have
therefore tested whether or not the slow rate of formation of
the tight nonpromoter complexes could result from a slow
denaturation of the enzyme that was occurring during incu-
bation. The enzyme was preincubated in the absence of DNA
for 15 min at 37 °C under conditions identical with those of
Figure 1A; DNA was then added, and 1-mL portions were
filtered after a heparin challenge as before. As shown in Figure
1B, preincubation of the enzyme does not change the obser-
vation that very little heparin-resistant binding occurs in 0.5
min. We may therefore conclude that native RNAP forms
tight complexes at nonpromoter sites on T7D111 DNA.

We have so far described three broad classes of interactions
detected with the filter assay: (i) a weak interaction observed
on all fragments, at either 0 or 37 °C, in less than 30 s, (ii)
a strong interaction also observed in less than 30 s, but only
on fragments containing promoters and only at 37 °C, and
(iii) another strong interaction observed on more fragments
but only at longer incubation times at 37 °C. This division
is likely an oversimplification. This information and additional
properties that will be described below are summarized in
Table 1.

(2) All Detectable Interactions Are Salt Sensitive. Previous
studies of the nonpromoter interaction of the enzyme with
DNA by various techniques have not provided entirely con-
sistent results. One point of disagreement has concerned the
dependence of the interactions on salt concentration. To
further characterize the nonpromoter interactions detected by
the filter binding assay, we asked if these interactions were
affected by changes in the salt concentration of the incubation
solution (see Figure 2). RNAP and DNA fragments were
incubated at 37 °C at various salt concentrations and filtered
either before or after a heparin challenge as described in the
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Table I: Properties of the Interactions Detected by Filter Binding

fragment retained after temp retained at time of initiation
type of site length (bp) heparin challenge dependent [NaCl] =0.2 M formation (s) competent
promoter (A/D) 1550 + + + <30 +
nonpromoter (tight) 2000 + + - >30 +
nonpromoter (weak) 1040, 800 - - + <30 -
0. 0.5 0.2 0.3 [NaCl](M) svao N P22 T7
-+ - + - + - + heparin 520 .520 .520 .520 time(min)
Std St Sid Std  Sid

i VWLLEREREHE 1

I 2 3

FIGURE 2: Effect of variations in the salt concentration on the for-
mation of slow- and fast-forming filter retainable complexes. RNAP
and Haelll-digested T7D111 DNA were incubated at 37 °C in BB
containing either 0.1 (lanes 1 and 2), 0.15 (lanes 3 and 4), 0.2 (lanes
5 and 6), or 0.3 M NaCl (lanes 7 and 8). The RNAP and DNA
concentrations are the same as for Figure 1A. 0.5 min after mixing,
half of the mixture was directly filtered (~heparin). After a 15-min
incubation, the other half was briefly challenged with heparin (5
ug/mL) prior to filtration (+heparin).

legend to Figure 2; the incubation conditions are indicated
above each lane. A comparison of lanes 3 and 5 indicates that
there is less of the weak binding (0.5-min incubation) at 0.2
M NaCl than at 0.15 M NaCl. Only faint DNA bands can
be detected at 0.3 M NaCl (lane 7). The slow but heparin-
resistant binding (15-min incubation) is obviously reduced in
going from 0.1 M to 0.15 M NaCl (lanes 2 and 4), and except
for the promoter-containing fragment, no T7 DNA is detected
after an incubation with 0.2 M NaCl. We have shown, using
isolated 3H-labeled fragments, that varying the filtration
conditions per se does not affect the level of retention of tight
complexes initially formed at low salt (see Discussion).
Therefore our observation cannot be solely due to a reduced
affinity of the complexes for the filter and must reflect a true
variation in the concentration of complexes in solution. Al-
though a quantitative analysis of the salt effect using the gel
assay is not possible, it is quite clear that all of the interactions
detected by this technique are sensitive to salt concentration.

(3) Formation of Filter-Retainable Nonpromoter Com-
plexes Is Not Limited to T7D111 DNA. We have first verified
that our results are the same in experiments carried out with
restriction digests made with different Haelll and T7 DNA
preparations. An experiment similar to that shown in Figure
1 was repeated with a Haelll digest of ACI47 DNA to test
whether heparin-sensitive complexes were formed on DNAs
other than T7. We found that heparin-sensitive complexes
were also formed rapidly on all DNA fragments (data not
shown). Figure 3 shows the DNA fragments that can form
heparin-resistant complexes when Haelll digests of SV40,
ACI147, P22, and T7D111 DNA are incubated with RNAP:
the incubation was done for either 0.5 or 20 min in 0.1 M BB
at 37 °C as described in the figure legend. Each of the digests
contains fragments that form heparin-resistant complexes after
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FIGURE 3: Formation of tight complexes between RNAP and DNA
fragments from restriction digests of various viral DNAs. Haelll
digests of SV40 DNA (lanes 1-3), A\CI47 DNA (lanes 4-6), P22 DNA
(lanes 7-9), and T7D111 DNA (lanes 10-12) were incubated with
RNAP at 37 °C. Except for the concentration of enzyme which was
9 pug/mL, all conditions were as described for Figure 1A. One-milliliter
portions (A, P22, T7) or 250-uL portions (SV40) were withdrawn and
challenged with heparin (5 ug/mL) either 0.5 or 20 min after mixing.
The filtration and wash were done as described in Figure 1A. The
amounts of viral DNA loaded in the standard lanes (lanes 3, 6, 9,
and 12) were respectively 0.1, 0.4, 0.4, and 0.4 ug. The amount of
marker plasmid DNA was 100 ng.

a long incubation (20 min), but the fraction of the fragments
that can do so varies for the different digests. Most of the high
molecular weight fragments of the P22 and T7D111 digests
form tight complexes (see upper half of lanes 8 and 11). On
the other hand, fewer fragments are observed in the lower half
of the gel. This decrease in the probability of finding a tight
binding site on a given fragment as its size decreases is more
apparent for P22 than for T7. In the ACI47 digest, even in
the high molecular weight region, a significant fraction of the
fragments does not form heparin-resistant complexes (lanes
4 and 5). Lanes 1 and 2 show that most of the fragments in
the SV40 digest form tight complexes, including all the large
ones. In contrast with those of A, P22, and T7, the majority
of the tight complexes formed on SV40, a eukaryotic viral
genome, are already present after the 0.5-min incubation. This
is not surprising since several “promoters” recognized by the
E. coli holoenzyme have been identified on SV40 (Zain et al.,
1974; Lescure et al., 1976; Saragosti et al., 1980). There are,
however, three fragments that are present in higher amounts
after the 20-min incubation (lane 2). The slow formation of
heparin-resistant complexes thus occurs on a wide range of
sizes and types of DNA fragments.

(4) Properties of the Heparin-Sensitive Interaction. When
3H-labeled isolated Haelll fragments were used, the properties
of the heparin-sensitive (weak) interaction described above
were investigated with a more quantitative filter assay. Most
of the work was done with a group of three ~800-base-pair
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FIGURE 4: Effect of [NaCl] on the formation of heparin-sensitive
complexes on the 800-bp DNA fragments. Purified Haelll restriction
fragments of DNA (1 nM) were incubated with o-saturated holo-
enzyme (2 nM) at 37 °C in BB containing various concentrations
of NaCl. After a 2-min incubation, five separate aliquots were filtered
as described under Materials and Methods, two of which were sub-
jected to a heparin challenge. The results are expressed as the fraction
of DNA retained. The values obtained before (O) or after (X) a
heparin challenge are plotted as a function of [NaCl] added to BB.
Each point represents a separate experiment and is the average of
triplicate determinations. Measurements were also done at an en-
zyme:DNA ratio of 1:1. The ionic strength of the solutions was tested
by measuring their conductivity with a Radiometer (Model CDM2¢)
conductivity meter.

fragments since they did not form tight complexes to a sig-
nificant extent under the conditions of our assay (see Figure
1B). A pair of 2000-bp fragments used by Strauss et al.
(1980a,b) as promoter-free DNA was also studied; as seen in
Figure 1 this set is capable of forming TB complexes to a
significant extent. The fraction of filter-retainable DNA either
before (6_) or after (6.) the short heparin challenge was de-
termined as described under Materials and Methods. Values
measured with the 800-bp fragments at a fixed protein and
DNA concentration but with varying NaCl concentrations are
shown in Figure 4. Results were also obtained at other protein
or DNA concentrations for the 800- and 2000-bp fragments
(not shown).

At least 70% of the DNA molecules can form filter-re-
tainable complexes, the majority of which are sensitive to the
heparin challenge. It is also clear that the level of retention
is extremely sensitive to the NaCl concentration. There is a
small but significant amount of filter retention observed after
the heparin challenge. This is not likely to be due to con-
tamination of our preparation by fragments containing TB
sites, since no such contamination was observed by analytical
gel electrophoresis. The retention could result in part from
the binding of RNAP at single-strand breaks [as suggested
by Kadesch et al. (1980b), although we could not detect a
significant amount of such sites in our preparation] or be due
to damaged enzyme as proposed by Williams & Chamberlin
(1977). Similar measurements with the 2000-bp fragments
have given comparable results, except for the expected higher
level of time-dependent retention that was observed after the
heparin challenge.

As described under Materials and Methods, one can cal-
culate binding constants from the retention data if one assumes
that the reaction has reached equilibrium. For the calculation
we also assume that the efficiency of detection of the complexes
is 100%, independent of solution conditions, and that all en-
zyme molecules are active in forming such complexes. Our
values are therefore lower estimates. Since the nature of the
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Table II: Binding Constants for the Heparin-Sensitive Interaction
as a Function of Protein and DNA (800-bp Fragments)
Concentrations

Part A% i
[RNAP] [DNA] ' Kobsd™ ¢ Kopsd™©
(M) (M)  o® 60 (10°M™)  (10°M™H)
1.0 1.0 029+ 0.04z 39+09 29:06
0.03 0.02
2.0 1.0 045+ 0.05 =+ 2906 2.5+£0.5
0.03 0.02
4.0 1.0 0.63: 007z 23£0.2  21:02
0.01 0.02
2.0 20 030+ 0.05= 1.8+0.5 1.5+0.5
0.03 0.02
6.0 20 0.58: 0.08: 1401 1.2:0.1
0.01 0.02
Part B4
Kobst KobsdE
T (CC) 6. 6, 10°M™)  (10°M™Y)
37 045:0.03 0.05:002 29:06 2.5£0.5
22 0.34:004 0.035:0.02 1805 1505
0 0.26£0.02 0.02%0.02 12+02 1.0%£0.2

¢ The temperature was 37 °C and the reaction was done in 0.05
M BB. ®6_and 6, are respectively the fraction of DNA retained
on the filter before and after a short heparin challenge. Each
value is the average of two parallel single determinations done
with the same protein and DNA dilutions. € K pgq® and KobsdE
are the binding constants calculated by using the random- and
end-binding models, respectively. ¢ The concentration of RNAP
was 2 nM and that of DNA fragment 1 nM. The reaction was
done in 0.05 M BB.

interaction is unknown, the data are analyzed by assuming
either of two extreme models: (i) the binding occurs randomly
and the number of sites is equal to the number of bases (K i®)
or (ii) binding occurs at ends and there are thus only two sites
per fragment (K,R).> The retention values and binding
constants obtained from experiments in which the protein and
DNA (800-bp fragments) concentrations were varied under
a fixed set of incubation conditions are presented in Table IIA.
Although the product of protein and DNA concentrations
varies by a factor of 12, the binding constant K varies only
by factors of 2.8 and 2.4 for the random- and end-binding
models, respectively. If our measurements reflected a single
class of complexes at equilibrium, one would expect the value
of Kpsq to remain constant. The observed variation appears
to be small enough to justify an equilibrium analysis. Most
of our measurements were done at a DNA concentration of
1 nM and at an E:D molar ratio of 2:1 or 1:1.

Figure 1 demonstrated that the formation of heparin-sen-
sitive complexes was much less affected by temperature than
was the case for the heparin-resistant complexes. However,
the data reported in Table IIB indicate that the formation of
heparin-sensitive complexes is somewhat temperature de-
pendent. Using the van’t Hoff equation we calculate a AH®
for the reaction of approximately 4 % 1 kcal.

Figure 5 summarizes the effect of NaCl on the observed
binding constants calculated from the filter retention data
measured with the 800-bp and 2000-bp fragments by using
either the random-binding model (Figure 5A) or the end-
binding model (Figure 5B). (In the end-binding calculations,
we assumed that there was no contribution from random in-
terior binding. This point is addressed in more detail under
Discussion.) As expected, competition by Mg?* produces
curved log-log plots. The equations for the solid lines were

3 Kopea Will be used when both the random- and end-binding models
are referred to.
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FIGURE 5: Salt dependence of the observed binding constant for the
RNAP-DNA heparin-sensitive interaction: log-log plots. All the
data used for this plot were obtained in the presence of 10 mM MgCl,.
(A) The calculations were done by assuming a random-binding model
in which the number of sites is equal to the number of phosphates.
(B) The calculations were done by assuming an end-binding model.
The solid lines through the data points correspond to nonlinear
least-squares fits to the equation described in Record et al. (1977;
eq 5), assuming that log K M8 = —1.75 log [Na*] + 0.32 (Strauss
et al.,, 1980b). (@) Binding constants for the interaction with the
800-bp fragments. The data shown in Figure 4 and values measured
at other proteins and DNA concentrations were used. Each point
is the average of two separate experiments; triplicate determinations
were made in each experiment. (0) Binding constants for the in-
teractions with the 2000-bp fragments. Since these fragments form
a significant number of heparin-resistant complexes that varies with
time, the extent of filter retention, before and after a heparin challenge,
was measured as a function of time. In each experiment, values of
K yq Were calculated at two time points. At 0.1 M NaCl two separate
experiments were done. For comparison (A) also contains results from
other published work. (A) Binding constants reported by Kadesch
et al. (1980b; Figure 4) for a 3800-bp Mbol fragment of T7 DNA
at 0 °C, in 10 mM Tris/pH 8.0. The curve fitting was done by us.
(---) Theoretical line obtained by deHaseth et al. (1978).

obtained by nonlinear least-squares regression analysis of the
data for each fragment using the competitive binding theory
of Record et al. (1977; eq 5). We have used the relation log
KM = —1.75 log [Na*] + 0.32 obtained by Strauss et al.
(1980b) (note that there is an incorrect sign in the B term of
their equation) to describe the competitive effect of Mg?*
the binding of RNAP to DNA. For comparison we have
included in Figure SA the data points reported by Kadesch
et al. (1980a) for the binding of RNAP to a 3800-bp Mbol
fragment of T7 DNA and the results of deHaseth et al. (1978)
for the binding of RNAP to high molecular weight calf thymus
DNA.

Table III gives the values of K4 (0.1 M), the predicted
value of Kqin 0.1 M NaCl/10 mM MgCl,, and of —(d log
Kosa/d log [Na*]) g =0, the predicted number of monovalent
ions that would be released upon complex formation in the
absence of Mg?*, that were obtained from the fits to the data
of Figure 5. For each fragment, the values of —(d log Ku./d
log [Na*])mge+ =0 clearly do not depend on the model chosen.
The values obtained for the 800-bp and 2000-bp fragments
are also similar (within error). The average value for —(d log
Kipsa/d log [Na*]) mgry=0 Of 6 £ 1 is significantly larger than
the value of 2.8 obtained from our fits of the data reported
by Kadesch et al. (1980a).

Figure SA demonstrates that calculated values of KR are
significantly smaller for the 2000-bp fragments than for the
800-bp fragments. This result rules out a random-binding
model. For the two fragment sets we studied, Figure 5B
indicates that this disparity is substantially reduced by using
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Table III: Analysis of the Salt Dependence of the Binding
Constants for the Heparin-Sensitive Interaction

fragment size Kolzsd (0.1 —(dlog Kopgg/d log
(bp) model® MP M) [Na*])mgr*1=0 b

800 R 1.9 X 10° 5.5

800 E 1.5 % 108 55

2000 R 4% 10* 6.6

2000 E 9x 107 6.6

3800¢ R 1.1x 10* 2.8
d R (1.2 X 1059 (10.8)4

% As in the text, models R and E refer to the random- and end-
binding models, respectively. ° K,pgq (0.1 M) is the predicted
value of the binding constant in 0.1 M NaCl/10 mM MgCl,. The
quantity —(d log K,pgq/d log [Na* ])[M 2+ = is the theoretically
predicted slope of the linear plot of log iobsd vs. —log {Na*] in
the absence of Mg?*. The values of K ypgq (0.1 M) and —(d log

Kopga/d log [Na* ])[Mg“] o were obtained from the nonlinear
fits of the data of Figure 5 using the competitive binding theory
of Record et al. (1977;eq 5). € The data were taken from
Kadesch et al. (1980b). ¢ The values of the parameters are those
reported by deHaseth et al. (1978) for the nonpromoter binding of
RNAP to high molecular weight calf thymus DNA.

A
B 1 Il L i l | -
(bp)es50% 710 800 940 1070 1290 1550 3250%

FIGURE 6: Densitometer tracings of lanes 11 and 12 of Figure 1B.
A photographic negative of the gel shown in Figure 1B was prepared
by using Tri-X film (Kodak). The negative was scanned with a
Joyce-Loebl microdensitometer. (A) Scan of lane 12; (B) scan of
line 11. The size in base pairs for some of the fragments has been
indicated under the corresponding peaks. Arrows indicate three bands
present in (A) but missing in (B).

an end-binding model. The approximate independence of
K obsq® on the length of the fragment strongly suggests that a
model with a relatively small and constant number of sites per
fragment (e.g., ends) is the appropriate one to use to analyze
our heparin-sensitive filter retention data. (Further inter-
pretation will be presented under Discussion.)

(5) Properties of the Heparin-Resistant Interaction. (a)
Not All T7D111 Fragments Form Tight Nonpromoter Com-
plexes. A visual inspection of lane 9 or 11 of Figure 1 suggests
that heparin-resistant complexes are not formed equally well
on all T7 DNA fragments. To demonstrate this point more
clearly, we scanned negatives of photographs of lanes 11 and
12 with a microdensitometer. The results are shown in Figure
6. Lane 11 (Figure 6B) contains DNA fragments that are
able to form heparin-resistant complexes whereas lane 12
(Figure 6A) contains an equimolar amount of all the fragments
produced by the restriction enzyme. A comparison of the two
scans shows that three peaks are absent in lane 11. These
fragments, indicated by the arrows, must be missing the sites
recognized by the enzyme where the stable complexes are
formed. In addition, the relative heights of some of the other
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peaks in lane 11 do not correspond to those of lane 12. These
differences are the result of fragments having either different
numbers of such sites or sites with different binding affinities
or different kinetics of formation. This fragment-specific
behavior suggests that the stable nonpromoter complexes do
not form randomly. In addition, this specificity of tight binding
makes it seem unlikely that fragment ends are the sites where
tight binding occurs, although in principle this is an attractive
model because of the lower stability of these sites to denatu-
ration (“melting in”). Phosphatase protection experiments
(data not shown) reinforce this conclusion by demonstrating
that after a heparin challenge, the level of end protection
provided by RNAP to phosphatase digestion is much lower
than the level of fragment retention.*

(b) Formation of Tight Nonpromoter Complexes Is Not
Observed with Core Polymerase. In order to ascertain that
tight binding is a property of holoenzyme, we have verified
that incubation of core enzyme with T7 DNA fragments did
not lead to time-dependent retention of DNA on the filter
(data not shown). Heparin-resistant retention with the
characteristic time dependence was, however, observed when
an equimolar quantity of pure ¢ subunit was added to the
core-DNA mixture (data not shown). We have also verified
that tight binding is detected with RNAP isolated in different
laboratories (R. R. Burgess, McArdle Laboratory; W. R.
McClure, Carnegie-Mellon) or from different E. coli strains
(data not shown).

(¢) Tight Nonpromoter Complexes Are Competent to In-
itiate Transcription. Since the slow-forming nonpromoter
complexes have been shown to be resistant to a short com-
petition with heparin, as are open promoter complexes, it is
interesting to ask whether their stability is also associated with
an opening of the DNA double helix. Taylor & Burgess
(1979) have demonstrated that ternary RNAP-DNA-RNA
promoter complexes (formed upon addition of NTPs to the
incubation mixture) can be retained on the filter even after
a 0.6 M NaCl wash provided that the new RNA chain is more
than two to four bases long. Only background levels are
observed when triphosphates are omitted from the incubation.
It is thus possible to separate fragments that contain sites at
which the enzyme can initiate transcription from those frag-
ments that do not.

Experiments similar to those depicted in Figure 1A were
performed to determine whether ternary initiation complexes
could be formed on nonpromoter fragments and, if so, if they
exhibited the same time and temperature dependence as that
observed for the tight nonpromoter binding. The results are
shown in Figure 7. Lanes 2, 4, 7, and 8 are control experi-
ments performed in the absence of NTPs at 0 or 37 °C. These

* A few fragments, however, were efficiently protected. The protection
was observed even if the incubation with RNAP was brief and even if
heparin was present. This cannot be due to the inability of the phos-
phatase to digest those ends since we verified that in the absence of
RNAP all fragment ends are hydrolyzed. This result is evidence of
formation of rapidly forming, promoter-like complexes at the ends of a
few fragments. One of these, the 350-bp fragment, has been identified
as the fragment containing the C promoter characterized by McConnell
(1979). The nucleotide sequence shows that position +1 is 18 bases away
from the right end of the fragment. End protection caused by binding
at that promoter is therefore not surprising. The other two fragments
containing protected ends presumably do not contain promoters. It is
possible that strong binding sites randomly occur near the restriction site.
These results could also mean that such artifactual strong binding sites
can be created by cutting with a restriction endonuclease. Although we
have not tested the generality of our observation with other nucleases,
this information should be kept in mind when promoters on short DNA
fragments are studied in vitro.
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FIGURE 7: Formation of initiation-competent complexes between
RNAP and Haelll fragments of T7D111 DNA: time, temperature
dependence, and effect of rifampicin. (A) RNAP and Haelll-digested
T7D111 DNA were incubated either at 0 °C (lanes 2-5) or at 37
°C (lanes 6-9) in 0.1 M BB. Two 1-mL portions were withdrawn
0.5 min after mixing. The first one was filtered directly and washed
with 0.5 mL of 0.1 M WB. The second one was incubated with 0.1
mM ATP, GTP, and CTP, filtered, and then washed with 2 mL of
0.6 M WB as described under Materials and Methods. Fifteen minutes
after mixing two more aliquots were withdrawn. Again, the first was
filtered directly and the second was incubated with NTPs. After a
1-min incubation at 37 °C, the samples were filtered and washed with
2mL of 0.6 M WB. (B) RNAP and Haelll-digested T7D111 DNA
were incubated at 37 °Cin 0.1 M BB. After a 20-min incubation,
a 1-mL portion was transferred to a tube containing enough rifampicin
for a final concentration of 50 ug/mL (lane 12); after 1 min a mixture
of ATP, GTP, CTP, and UTP was added to a final concentration of
0.1 mM, and the sample was filtered after 30s. A second 1-mL portion
was treated the same way except that rifampicin was not added (lane
11). Both filters were washed with 2 mL of 0.6 M WB. The tem-
perature, length of incubation, presence of triphosphates (NTPs), and
salt concentration in the wash buffer are all indicated above the gel
for the appropriate lanes.

control experiments show that (i) binary complexes are formed
after a short (0.5-min) incubation at either temperature, since
DNA is retained on the filter after a low salt wash (lanes 2
and 7), and (ii) few of these binary complexes survive a high
salt (0.6 M) wash, even after a 15-min incubation at either
temperature (lanes 4 and 8). (Two fragments show a higher
background level of retention after incubation at 37 °C than
at 0 °C))

Lanes 3, 5, 6, and 9 of Figure 7 show the effect of addition
of NTPs to complexes that were formed either at 0 °C (lanes
3 and 5) or at 37 °C (lanes 6 and 9). As observed in lane 5,
no detectable amounts of initiation-competent nonpromoter
complexes are formed at 0 °C, even after a 15-min incubation
in 0.1 M BB. (The 1550-bp promoter fragment is observed
on the gel, but since heparin was not present during the short
incubation with NTP, these initiation-competent complexes
could have formed rapidly after the shift from 0 to 37 °C.)
When the incubation in 0.1 M BB is done at 37 °C for 15 min,
more fragments remain on the filter following the high salt
wash (lane 9). This is not observed after a 0.5-min incubation
in 0.1 M BB (lane 6). Initiation-competent complexes are thus
formed on many nonpromoter fragments and display a tem-
perature dependence and a time dependence similar to that
observed for the formation of TB complexes. Furthermore,
the filter-retention patterns for the two types of complexes are
similar (compare lane 9 of Figure 7 and lane 9 of Figure 1);
in particular those fragments that are absent in one are absent
in the other.

In order to eliminate the possibility that our observation is
the result of some nonspecific binding of NTPs, we have looked
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FIGURE 8: Nucleotide specificity of the complex stabilization by NTPs.
RNAP and Haelll-digested T7TD111 DNA were incubated at 37 °C
as described in Figure 1A. (Lanes 1-6) After a 15-min incubation,
1-mL aliquots were successively transferred to tubes containing
different pairs of NTPs, incubated, filtered, and washed with 0.6 M
WB as described for Figure 7. The NTP combinations are indicated
above each lane (A stands for ATP etc.). (Lane 7) Control experiment
in which the incubation and filtration were done without the addition
of NTPs. The filter was washed with 0.6 M WB.

at the effect of rifampicin, which has been shown to block
RNA elongation beyond the dinucleotide step (McClure &
Cech, 1978) and is therefore expected to prevent the formation
of the high salt resistant form. As shown in Figure 7B, ad-
dition of rifampicin before NTPs reduces retention to the
background level. We therefore conclude that tight nonpro-
moter complexes can initiate transcription (see Discussion).

(d) Most Tight Nonpromoter Complexes Require Specific
Combinations of Nucleotide Triphosphates to Initiate Tran-
scription. If these initiation-competent nonpromoter sites are
specific sequences on the DNA molecule, then in an initiation
assay in which only two kinds of NTPs are present, one might
expect the formation of high salt resistant complexes to depend
on the combination of NTPs chosen. Such an experiment in
which the six possible pairs of NTPs were tested is shown in
Figure 8. The gel shows that some of the high molecular
weight fragments form ternary complexes with any combi-
nation of NTPs. The retention of most of the fragments,
however, depends on the nature of the NTPs present. For
example, in the ~940-bp triplet, the upper band is not well
retained if ATP and CTP or if GTP and CTP are used but
is retained very well if CTP and UTP are added. The middle
band on the other hand seems best retained when the com-
bination GTP and CTP is used. A more dramatic example
is the 710-bp fragment which is retained only if either ATP
and CTP or ATP and UTP are used. These results imply that
the transcription—initiation event is sequence specific.

(e) Measurement of Tight Complexes with Isolated DN A
Fragments. We have followed the formation of heparin-re-
sistant complexes between RNAP and isolated 3H-labeled
Haelll DNA fragments over periods of up to 40 min. This
more quantitative approach has allowed us to confirm the
interpretation of the gel assays. Fragments of various sizes
were used, and the concentrations of protein and DNA were
close to 1 nM. The following results were obtained (data not
shown). (i) We have observed that the extent of tight complex
formation is fragment specific, as predicted from Figures 1
and 6. (ii) Using fragments of 2000 and 710 bp, we have
verified that the formation of tight complexes is virtually
abolished by increasing the salt concentration above 0.2 M
(with 10 mM MgCl,) or by incubating at 0 °C. (iii) The
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extent of the reaction also depends on the molar ratio of en-
zyme to DNA. In 0.1 M BB, at an E:D of 4:1, up to 70% of
the DNA molecules are retained on the filter. (Since the level
of single-stranded nicks is undetectably low, nicks can be
eliminated as the general sites where tight binding occurs.)
(iv) The half-time of formation of TB complexes in 0.1 M BB
is approximately 2—3 min, much longer than that observed with
the A1/D promoter containing fragment under similar con-
ditions (P. Melangon, unpublished results). (v) The half-time
of formation of TB complexes is relatively insensitive to the
concentrations of RNAP and DNA. The analysis of these data
has not yet yielded a unique reaction order or mechanism.
(Further work is in progress in this area.)

Discussion

(1) Summary of the Results and Description of a Model.
When E. coli RNA polymerase is mixed with a Haelll digest
of T7D111 DNA in our standard incubation buffer (100 mM
NaCl/10 mM MgCl,, pH 7.2), at least three distinct classes
of interactions are observed by the filter binding assay.
Open-promoter complexes are formed rapidly (7,/, < 30 s) at
37 °C and are resistant to a short (10 s) challenge with a low
concentration (10 ug/mL) of heparin. A second type of he-
parin-resistant interaction, called tight binding (TB), is de-
tected on a subset of restriction fragments. This mode of
binding (i) has a much slower rate of formation (¢,,, = 2-3
min), (ii) is resistant to a 10-s heparin challenge, (iii) is
abolished by lowering the temperature to 0 °C or by increasing
[NaCl] to 0.2 M, and (iv) allows selective rifampicin-sensitive
stabilization by ribonucleoside triphosphates. Heparin-resistant
complexes are not observed at 0 °C. In addition, weak com-
plexes, detected only in the absence of a heparin challenge,
are formed rapidly on all the DNA fragments we examined.
This heparin-sensitive interaction, which is well described by
an end-binding model, (i) is observed at either 0 or 37 °C, (ii)
is quite dependent on salt concentration [—(d log Kq/d log
[Na*])mg+)=0 = 6 £ 1 in the absence of Mg?*], and (iii) is
not stabilized by NTPs.

We doubt that our observations are binding artifacts that
result from damage to the DNA or the RNAP. We have
verified that (i) at least 70% of the DNA can be retained by
either weak or tight nonpromoter binding, (ii) variations in
RNAP and DNA preparations do not affect our observations,
(iii) slow enzyme denaturation cannot account for the slow
formation of TB complexes, (iv) core polymerase does not
cause time-dependent retention of DNA fragments on the
filter, and (v) the addition of an equimolar amount of ¢ subunit
to the core-DNA mixture restores the binding behavior ob-
served with the holoenzyme.

On the basis of our observations and other studies of
RNAP-DNA interactions, we propose a description of the
temporal sequence of events upon mixing a large excess of
RNAP with DNA molecules containing various classes of
binding sites (such as the restriction digest we have used):

(i) On the time scale of mixing for the range of concen-
trations investigated, an equilibrium is established between free
enzyme, DNA fragment ends (at which filter-retainable
complexes are formed), and the large number of weaker
binding sites (complexes which are not filter retainable). The
free enzyme concentration is therefore dependent on the nature
and number of the weak sites. At this time, no heparin-re-
sistant complexes have formed.

(ii) Within a short time thereafter, either through one-di-
mensional diffusion of weakly bound enzyme along the DNA
chain or after multiple, rapid association and dissociation
events, a promoter site is located. An open complex is then
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rapidly formed. A short heparin challenge does not affect such
promoter complexes.®

(iii) At a later time, limited by some still unknown process,
open complexes are also formed at TB sites; these too are
resistant to the heparin challenge.

(2) Comparison with Previous Work on Nonpromoter In-
teractions of RNAP. deHaseth et al. (1978), using calibrated
DNA-cellulose chromatography, measured the affinity of
RNAP for calf thymus DNA. The data were interpreted in
terms of a nonspecific random model, and values of K} were
obtained as a function of NaCl, both in the presence and in
the absence of Mg?*. They observed that K R decreased
strongly with increasing salt concentration, —(d log K uq®/
d log [Na*])mg+j=0 = 11 £ 1, with a value of KR 0f 1.2 X
10° M characterizing the interaction at 0.1 M NaCl/10 mM
MgCl,. Lohman et al. (1980) used difference sedimentation
to investigate the interaction of RNAP with T7 DNA at higher
[NaCl]. The combined results of these two studies gave a
linear plot of log K. vs. log [Na*] (no Mg?*) over the range
0.20-0.32 M NaCl with —(d log Kypsq/d log [Na*])mg2tj=0 =
8 = 1. Revzin & Woychik (1981) have recently measured
binding isotherms with a thermodynamically rigorous cen-
trifugation technique and obtained values of K, 4® in general
agreement with those described above. However, their salt
dependence (based on only two points) is somewhat smaller
[~(d log Kopsg®/d log [Na*])pperrj=0 = 6.2] than that of
Lohman et al. (1980). A unique nonpromoter binding constant
provided good fits to the binding isotherms. This justified the
assumption that the contribution of specific binding to pro-
moter sites on the DNA could be ignored under the conditions
(20 °C) of the experiment [as assumed previously by Lohman
et al. (1980)].

Kadesch et al. (1980a,b) have challenged the assumption
that there is a single class of nonpromoter interactions of
RNAP. By electron microscopy, they obtained evidence for
two modes of nonpromoter interactions: (i) a random mode
(independent of DNA sequence) that occurred at both 0 and
37 °C, with a value of Kyq® (10*M™ in 0.1 M NaCl/10 mM
MgCl,) and a salt dependence [-(d log K R/d log
[Na*])(mgrj=0 = 2.8; see Figure 6A] which were significantly
lower than those obtained by deHaseth et al. (1978) and
Revzin & Woychik (1981), and (ii) a TB mode in which
RNAP formed long-lived complexes at a slow rate (k, = 2 X
10° M~1s71) at many sites (about 100 on whole T7 DNA) with
some preference for three or four regions of T7 DNA; TB
complexes were not observed at 0 °C and their lifetime (>5
min at 0.1 M NaCl/10 mM MgCl,) was quite dependent on
NaCl concentration.

Evidence for a mode of binding with properties similar to
the TB mode had been reported previously. Zarudnaya et al.
(1976) observed that RNAP can bind to DNA and locally
destabilize the DNA helix, as shown by its increased reactivity
with formaldehyde. This type of interaction was very sensitive
to temperature and was not observed at 0 °C. Further in-
vestigation with both the kinetic formaldehyde method and
electron microscopy (Cherny et al., 1977) showed that the
helix-destabilizing complexes occurred at a limited number
of sites on T7 and T2 DNA and that the number of such
complexes was dramatically reduced by an increase in the

5 It has been shown that RNAP can be displaced from open-promoter
complexes by exposure to heparin at higher concentrations and/or for
longer times than those used here (Pfeffer et al., 1977; Giacomoni et al.,
1977). In addition, Pfeffer et al. (1977) have found that this sensitivity
is promoter dependent. Our operational definition of open complexes is
therefore not completely general.
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NaCl concentration from 0.10 to 0.20 M (with 10 mM
MgCl,). Finally, DNA sites have been recently described
where RNAP can bind firmly but from which no detectable
amount of RNA is synthesized in vitro (West & Rodriguez,
1980; Pirotta et al., 1980).

Since we have detected the tight-binding mode of nonpro-
moter interaction by filter binding, one may ask why tight
complexes were not observed by chromatography and cen-
trifugation. In the chromatographic technique only the eluted
protein is monitored, and therefore any tightly DNA-bound
protein that remained on the column would not significantly
affect the measurements. [Actually, deHaseth et al. (1978)
observed some dependence of K 4R for binding of RNAP to
calf thymus DNA on the flow rate and initial binding density
that could be explained by heterogeneous binding; this was
not seen in their work on Jac repressor]. The centrifugation
studies (Lohman et al., 1980; Revzin & Woychik, 1981), in
principle, should have been able to detect tight binding.
However, most of the information was obtained near 20 °C;
in addition, the measurements of Lohman et al. (1980) were
all made above 0.24 M NaCl. We would conclude from our
data that little tight nonpromoter binding should have occurred
at the lower incubation temperature and/or higher NaCl
concentrations of their experiments.

The above nonpromoter interactions will affect all in vitro
studies of RNAP-promoter interactions by lowering the free
protein concentration and, in particular, will affect the filter
assay by causing filter retention. Strauss et al. (1980a) de-
veloped a double-label filter binding assay in which competitors
were not used. Instead, the filter retention of a promoter-
containing fragment due to nonpromoter complexes was in-
ternally determined by comparison with a promoter-free DNA
fragment of similar size. In their work, Strauss et al. assumed
that the extent of formation of nonpromoter complexes was
the same on both fragments. Since in these experiments
RNAP was not in excess and since TB complexes form slowly,
we conclude that the presence of TB sites should have had little
effect on their results. These authors in fact found that, under
their experimental conditions, the retention of the promoter-
free DNA (now known to contain TB sites) was temperature
independent and sensitive to dilution, thereby proving that no
significant amount of binding was occurring at TB sites.
However, the use by Strauss et al. (1980b) of the nonpromoter
binding data of deHaseth et al. (1978) to estimate the free
protein concentration was probably inappropriate, as will be
discussed below.

(3) Interpretation of the Heparin-Sensitive Retention. (a)
Calculation of Binding Constants. In the analysis of our data
we have assumed (i) that all enzyme molecules are capable
of forming filter-retainable complexes, (ii) that the efficiency
of filter retention is 100% and independent of solution con-
ditions, and (iii) that a single class of sites leads to the he-
parin-sensitive retention. We can justify the first assumption
on the basis of the results of Revzin & Woychik (1981), who
observed that the value of KR was not sensitive to the
fraction of their enzyme preparation that was competent in
a transcription assay. The second assumption [also made by
Strauss et al. (1980a,b)] cannot be formally verified, although
we have obtained supportive evidence for it: (i) We have
shown that the retention of TB complexes is not affected by
an adjustment of the [NaCl], immediately prior to filtration,
from 0.1 to 0.2 M NaCl. It is thus unlikely that the process
of trapping preformed complexes on the filter is very salt
sensitive. (ii) We have observed that filter-bound complexes
are stabilized relative to those in solution, since the level of
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retention of weak complexes is not much affected by a change
in the volume of the wash from 0.5 to 5 mL of 0.1 M WB (P.
Melangon, unpublished results). However, if the retention
efficiency does decrease with increasing NaCl concentration
due to dissociation of complexes on the filter, one expects a
systematic underestimation of K4 that will lead to an ov-
erestimation of the salt dependence. As was shown in Table
ITA the values of K depend on both the protein and DNA
concentrations in the assay; we note a systematic decrease in
the value of K4 When either concentration is increased. The
variation is sufficiently small to justify our equilibrium analysis.
In order to reduce the effect of such small variations, we have
made all other measurements at a fragment concentration of
1 nM and at a protein:DNA molar ratio of 2:1 or 1:1.

(b) Nature of the Sites. We favor a model in which the
heparin-sensitive interactions detected by the filter assay occur
at DNA ends for the following reasons: (i) The inconsistency
between the values of K 4R obtained by filter binding for the
two fragment sets is reduced or eliminated. The small residual
difference in K F (if indeed significant) could imply that the
binding properties of the ends are slightly different on average
in the two fragment sets. (ii) Interpretation of the filter-
binding results by the end-binding model does not require us
to postulate that complexes with lifetimes in the millisecond
range are filter retainable, since the values of K E are much
larger (3 X 107-5 X 108 M) than those of K" (3 X 10%-
5 X 106 M1) and correspond to lifetimes of seconds (assuming
a diffusion-controlled k, of 10'-108 M™! s71), (iii) If the
end-binding model is correct, then the filter binding results
are not comparable with those obtained by using high mo-
lecular weight DNA (deHaseth et al., 1978; Lohman et al,,
1980; Revzin & Woychik, 1981) since these contain far fewer
ends. Therefore there need not be a discrepancy. End binding
has been observed by electron microscopy (Hirsch & Schleif,
1976; Williams, 1977; Kingston et al., 1981), but it has not
yet been systematically investigated.

For the calculation of K, we have assumed that other
weak (e.g., random) RNAP-DNA complexes, even though
present, do not contribute to filter retention. Furthermore,
we have neglected the decrease in free protein concentration
caused by such complexes. The effect of this omission will
depend on whether one uses the data of deHaseth et al. (1978)
or Kadesch et al. (1980a) to correct for the presence of non-
filter-retainable complexes. If the results of deHaseth et al.
(1978) were used, an increase in the value of ~(d log K/
d log [Na*])mg2+)=0 Would result, since the values of Kopsd®
on a per molecule basis are the same order of magnitude and
the salt dependence of K ® of deHaseth et al. (1978) is
higher, such that the value of K4F is increasingly underes-
timated as the NaCl concentration is reduced. The values of
Ko ® from Kadesch et al. (1980a), on the other hand, are so
small that the correction does not change the values of K"
significantly. Further interpretation of our results must await
an investigation of the binding properties of DNA fragments
over a wide range of sizes and types of ends.

Whatever the nature of the sites, it remains clear that this
class of heparin-sensitive nonpromoter interactions can be
detected by a filter binding assay and can affect the level of
free enzyme as well as the extent of DNA retention on the
filter.

(4) Interpretation of the Heparin-Resistant Interactions.
(a) Kinetic Discrimination between TB and Promoter Com-
plexes. As we qualitatively showed in Figure 1A, even though
RNAP can form nonpromoter complexes with properties
similar to those of promoter complexes, the rate of formation
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is such that under competitive conditions, at short incubation
time, promoter complexes are preferentially formed, and the
two modes of binding can thus be resolved kinetically. We
have been unable to obtain an unambiguous analysis of kinetic
studies with the labeled Haelll fragments and so have not
estimated a rate constant for complex formation at TB sites.
The half-time of formation measured at nanomolar concen-
trations in 0.1 M BB (2-3 min) is, however, clearly much
longer than that observed in studies with the fragment con-
taining the A1/D promoters. On the other hand, this ability
to resolve the binding of RNAP at TB and promoter sites on
the basis of their rates of formation would not exist for pro-
moters that have a slow rate of formation of open complexes.

(b) Tight Nonpromoter Binding Occurs at Unique Sites.
There are two major observations to support our conclusion
that tight nonpromoter binding occurs at specific sites: (i)
many fragments in the Haelll digests of SV40, ACI47, P22,
and T7D111 DNAs do not form heparin-resistant complexes
to a significant extent, and (ii) for most fragments only a
limited number of combinations of NTPs are effective in
stabilizing TB complexes, and these combinations are different
for different fragments. Unless the tight binding occurred at
particular sites on the DNA, one could not explain the spe-
cificity of the nucleotide stabilization or the fact that some
fragments form very few TB complexes.

(c¢) RNAP Can Form Open Complexes at TB Sites. As
initially reported by Anthony et al. (1966), RNAP-promoter
complexes, if allowed to initiate transcription and form ternary
RNAP-DNA-RNA complexes, are retained on nitrocellulose
filters even after the filters are washed with a high salt solution.
Taylor & Burgess (1979) have further characterized this
observation by showing that (i) initiated complexes are rela-
tively unstable in a 0.6 M NaCl solution until mRNA elon-
gation has proceeded beyond two to four bases and (ii) addition
of 50 uM rifampicin before the NTPs prevents stabilization
to the 0.6 M wash, in agreement with the previous observation
that rifampicin allows synthesis of only dinucleotides (McClure
& Cech, 1978).

We have shown that the tight nonpromoter complexes can
be protected against a 0.6 M wash by the addition of NTPs.
It is unlikely that simple binding of NTPs to the enzyme is
responsible for our observation since we have demonstrated
that initiation at many TB complexes shows stringent re-
quirements for certain NTPs and that the effect is sensitive
to the addition of rifampicin. By analogy to the work on
promoters described above, we conclude that multiple non-
promoter sites where RNAP can bind and initiate transcription
exist on each of the four genomes we have studied.

If the tight nonpromoter complexes are able to initiate
transcription, they must resemble open complexes since it
seems unlikely that initiation could occur without prior dis-
ruption of the DNA helix. The results of Zarudnaya et al.
(1976) and Cherny et al. (1977) provide more support for this
conclusion. It is quite plausible that these authors were
studying TB complexes since the helix-destabilizing complexes
described by them have properties similar to those we observed
for TB complexes, in which case the helix destabilization can
be interpreted as resulting from the opening of the helix re-
quired for transcription initiation.

The initiation of transcription at sites other than promoters
has also been observed with the B. subtilis RNA polymerase.
Achberger & Whiteley (1981) have shown that at low salt (0.1
M NaCl) or in the absence of the & subunit, the RNA po-
lymerase (core ¢) bound to and transcribed regions of the
genome of phage SP82 other than those containing early phage
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genes. An increase in [NaCl] to 0.3 M or the addition of &
restored a specific pattern of transcription.

(d) Are TB Complexes Formed in Vivo? Kadesch et al.
(1980b) have discussed the possibility that TB sites are regions
of DNA that fortuitously have partial homology with the
canonical promoter sequence, most likely the AT-rich Pribnow
box thought to be involved in the DNA melting step. Our
demonstration that TB sites are discrete sequences where
transcription initiation can occur is certainly consistent with
that model. This suggests that TB sites may be considered
as mutant promoters with a very small rate of formation of
open complexes.

TB sites are most likely also present on the E. coli chro-
mosome. Even though the rate constant for the formation of
TB complexes is small, the presence of excess enzyme and the
high intracellular concentrations of RNAP and DNA will
probably allow some of these complexes to be formed. There
is no function yet known for these complexes. Cherny et al.
(1977) had suggested that these complexes may be involved
in the synthesis of RNA primers during DNA replication. It
has been shown, however, that the synthesis of primers is
accomplished by primase, the product of gene dnaG [for a
review, see Wickner (1978)]. Kadesch et al. (1980b) could
not detect efficient initiation of long RNA transcripts at TB
sites. The lack of RNA synthesis could result from the fact
that TB complexes cannot go beyond the initiation step. (We
have not looked at possible abortive initiation occurring at TB
sites.) This apparent inability to elongate, as well as the slow
rate of formation, may be due to the lack of the proper DNA
sequences that make up an effective in vivo promoter. Only
in vivo work with TB sites artifically transferred upstream from
genes with readily assayable products will allow one to fully
answer the above questions.

(5) Predictions for in Vitro Measurements. Because RNAP
can bind at so many sites with promoter-like properties, one
might expect some difficulty with the identification of new
promoters and the in vitro measurements of their properties.
Interference can also be expected from the other nonpromoter
interactions. These are problems particularly with techniques
that do not distinguish promoters on the basis of some template
activity such as the synthesis of fixed length (runoff) tran-
scripts. However, a less discriminatory technique like filter
binding can be preferable, especially when one wishes to study
the DNA binding step independently of subsequent events;
studies on p~ L157, a mutant of the lactose operon promoter,
have already shown that changes in DNA sequence do not
necessarily affect the binding and transcription—initiation steps
in the same way (Maquat & Reznikoff, 1978). In addition,
enzymatic assays usually place more stringent requirements
on the reaction conditions (temperature, pH, and presence of
Mg?*) than those necessary for the retention of protein-DNA
complexes on nitrocellulose filters (Strauss et al., 1981) so that
the binding reaction cannot be studied over as wide a range
of solution conditions.

Binding at TB sites may not always have to be considered
as a competitive reaction to promoter binding. Many DNA
fragments do not contain TB sites, so that performing in vitro
experiments with selected fragments may eliminate the
problem altogether. Also, because the formation of tight
nonpromoter complexes is so slow, kinetic measurements of
fast RNAP-promoter interactions can be done with minimal
interference from TB sites. For promoters which form specific
complexes with RNAP slowly, the ability to discriminate
kinetically is not present, and a different approach must be
chosen.
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Our measurements indicate that the interaction giving rise
to the heparin-sensitive filter retention (be it end binding or
other) can be quantified, and therefore its contribution can
be estimated. A double-label approach like that of Strauss
et al. (1980a), in which a promoter-free DNA fragment is
present in the incubation mixture, can also be used. More
needs to be known, though, about the relative binding prop-
erties of the ends of various fragments. We have also shown
that under conditions where promoter complexes are suffi-
ciently stable, a challenge with competitor can be used to
eliminate nonpromoter retention. However, except for the
first-order analysis of dissociation kinetic experiments, one still
needs to know the concentration of complexes in order to
estimate the correct free protein concentration. The weaker
nonfilter-retainable complexes must also be taken into con-
sideration. Our work does not provide clues as to which value
to choose among the various conflicting estimates of the
random nonspecific interactions.

In conclusion, since we have identified DNA fragments
containing only weak sites (without TB or promoter sites) or
having TB sites but no promoter sites, we are able to define
experimental conditions (temperature, time, and heparin
challenge) under which one can study both promoter and
nonpromoter interactions (weak and tight). On the basis of
our knowledge of these various interactions, we can now ad-
dress questions about the nature of filter retention and some
properties of filter-bound complexes more systematically (P.
Melangon et al., unpublished results) and thus can verify some
of the assumptions that must be made when the quantitative
filter binding assay is used.
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