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Introduction

Escherichia coli core RNA polymerase (RNAP),
containing two a subunits, one b, and one b '
subunit (with molecular masses of 36.5, 151, and
155 kDa respectively), is fully active in RNA
polymerization but is incapable of promoter
recognition and specific initiation (Burgess et al.,
1987). Specific initiation of transcription is depen-
dent upon binding of s factors to the core RNAP
to form the RNAP holoenzyme. Different s factors
promote transcription from different sets of
promoters (Helmann & Chamberlin, 1988). It has
been proposed that in the holoenzyme, s factors are
responsible for the specific interactions with
promoter sequences (Losick & Pero, 1981).

The predominant s factor in E. coli, s70

(70.2 kDa), is also the best studied. The possibility
that s70 comprises independent domains is
suggested by the following observations.
(1) Sequence comparisons among a large number
of s factors from diverse bacteria show that the
s70 family of proteins comprises four highly
homologous regions which are separated by
regions of variable length and sequence (Helmann
& Chamberlin, 1988; Lonetto et al., 1992).
(2) Genetic studies indicate that part of s70

conserved region 2 interacts with the −10 consensus
region (the Pribnow box) of the promoter (Siegele
et al., 1989; Waldburger et al., 1990), while part of
the C-terminal conserved region 4 recognizes the
−35 consensus (Gardella et al., 1989; Waldburger
et al., 1990). However, isolated s70 in solution does
not bind DNA. It has been proposed that the DNA
binding activity of s70 is blocked by an inhibitory
interaction between the N-terminal conserved
region 1 and the C-terminal region 4, and that this
inhibition is relieved upon formation of holoen-
zyme (Dombroski et al., 1992, 1993). This model
suggests a substantial degree of conformational
mobility in the s70 molecule, which could be
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realized by structurally independent domains
connected by flexible linkers. (3) High resolution
structural studies of s factors have been hampered
by the inability to obtain suitable crystals despite
considerable effort. This is consistent with s70

comprising independent, mobile domains con-
nected by flexible linkers, which could lead to a
structure recalcitrant to crystallization.

Limited proteolysis has often been used to define
the domain organization of proteins (Wilson, 1991).
Early studies of s70 identified a fragment resistant
to trypsin with an apparent mobility by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) corresponding to about 40 kDa
(Lowe et al., 1979; Gribskov & Burgess, 1983). More
recently, the structural and functional domain
organization of other s factors has been studied in
more detail (Chang & Doi, 1990; Cannon et al., 1995;
Chen & Helmann, 1995).

We have probed the domain architecture of E. coli
s70 using limited trypsin digestion. Trypsin-resist-
ant fragments were subjected to N-terminal
sequencing and/or matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-MS;
Hillenkamp et al., 1991) to identify the N and C
termini within the s70 sequence. Domains contain-
ing conserved region 2 and conserved regions 3 and
4 together were identified and studied for partial
biochemical functions of s70. The domain con-
taining s70 conserved region 2 binds core RNAP
competitively with intact s70 and the holoenzyme
thus formed specifically binds a single-stranded
DNA oligomer with a sequence corresponding to
the non-template strand of the −10 promoter
consensus region. This domain also forms crystals
that are suitable for X-ray analysis. The domain
containing conserved regions 3 and 4 binds the T4
AsiA protein with high affinity.

Results

Identification of s70 structural domains by
limited trypsin digestion

Trypsin degradation of s70 proceeds in a highly
ordered manner (Severinov et al., 1994). SDS/PAGE
of purified s70 treated with increasing amounts of
trypsin revealed the appearance of discrete bands
that were stable over a wide range of trypsin

Figure 1. Limited trypsinolysis of s70 analyzed by
SDS–PAGE on an 8% to 25% gradient PhastGel
(Pharmacia). Reactions contained 60 pmol of s70 and 0,
0.15, 0.19, 0.3, 0.4, 0.6, 1.2, or 3 pmol of trypsin (lanes 1
to 8, respectively).

concentrations (Figure 1). We used a combination
of N-terminal–sequencing and MALDI-MS, along
with a consideration of the cleavage specificity of
trypsin (C-terminal of Arg or Lys residues), to
identify the products of s70 trypsinolysis precisely.
The data that led to the identification of the s70

fragments are tabulated in Table 1. An overall
summary is illustrated in Figure 2.

A primary site of trypsin attack is between
Arg448 and Thr449, near the C-terminal end of
conserved region 2.4, which comprises residues 435
to 456 (Lonetto et al., 1992). This results in the
appearance of bands a and c (Figure 1). Band a was
identified as s70 residues 1 to 448, containing
conserved region l and all but the eight C-terminal
residues of conserved region 2. For convenience, we
will refer to this fragment as s70

1-2, where the
subscripts refer to the conserved regions contained
within the fragment. Band c (s70

3-4) contains
completely conserved regions 3 and 4.

s70
1-2 (band a) was degraded eventually to an

exceptionally trypsin-resistant fragment with an
apparent mobility of 40 kDa (band b, Figure 1) that
corresponds to the trypsin-resistant fragment
observed by Gribskov & Burgess (1983). This
fragment was biochemically isolated and shown by

Table 1. Identification of s70 tryptic fragments
N-terminal Observed s70 Calculated

Banda Protein sequence mass (Da) residues mass (Da)

s70 s70 MEQNPQSQLK 70,340 (2120) 1–613 70,263
a s70

1-2 MEQNPQS 51,270 (260) 1–448 51,257
b s70

2a — 39,780 (230) 104–448b,c 39,759
b s70

2b — 38,640 (230) 114–448b,c 38,629
c s70

3.4 XIRIPVHMIE 18,452 (212) 449–608 18,446
d s70

4 IAKEPISMET 12,355 (27) 500–608 12,350
a As labeled in Figures 1 and 2.
b C terminus confirmed by sub-digestion with CNBr.
c N terminus confirmed by sub-digestion with endoproteinase Glu-C.
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Figure 2. Schematic illustration of
the s70 primary structure (top) and
the trypsinolysis results (beneath).
The horizontal black bar at the top
represents the s70 primary sequence
with amino acid numbering shown
above the bar. Evolutionarily con-
served regions are shaded grey and
numbered (below the bar) accord-
ing to Lonetto et al. (1992). The hash
marks below the bar denote poten-
tial trypsin cleavage sites. Func-
tional regions defined by genetic or
biochemical studies are labeled (see
text for details and references). The
major trypsin resistant fragments
are schematically illustrated under-
neath.

MALDI-MS to be a mixture of two polypeptides,
which we will refer to as s70

2a and s70
2b (Table 1).

A complex between s70 and the bacteriophage T4
anti-s70 protein (AsiA; Stevens, 1977; Orsini et al.,
1993) was also subjected to trypsin treatment
(Figure 3). We reasoned that the interaction
between s70 and AsiA might alter the degradation
pathway in an informative way. In the presence of
AsiA, the overall dependence of s70 degradation on
trypsin concentration is only slightly altered (note
the persistence of intact s70 in the presence of AsiA).
However, two s70 fragments, s70

3-4 and its degra-
dation product s70

4 , were dramatically stabilized in
the presence of AsiA (bands c and d, Figure 3).

Functional studies of s70 domains

The s70 domains (s70
2a, s70

2b, s70
3-4, and s70

4 ), identified
above based on trypsin resistance despite the

presence of numerous trypsin cleavage sites within
them (Figure), were studied for partial biochemical
functions of s70 itself. Models of s70 function in
binding to core RNAP (Lesley & Burgess, 1989),
promoter recognition (Gardella et al., 1989; Siegele
et al., 1989; Waldburger et al., 1990), and promoter
melting (Helmann & Chamberlin, 1988; Juang &
Helmann, 1994; Waldburger & Susskind, 1994)
have emerged from sequence analysis, genetic, and
biochemical studies (summarized in Figure 2).
Functions for regions 1.2 or 3 have not been
proposed but crosslinking studies have established
that a fragment of s70 containing conserved region
3.2 must be within about 5 Å of the g-phosphate
of the priming nucleotide (Severinov et al., 1994).
Because it was difficult to obtain sufficient amounts
of the s70 fragments in purified form from trypsino-
lysis of intact s70, we sub-cloned these fragments
into the pET-15b (Novagen) overexpression system
(Studier et al., 1990). The final products were easily
purified by virtue of N-terminal His6-tags, which
were subsequently removed by thrombin digestion,
resulting in the s70 fragment and four N-terminal
residues (GSHM) remaining from the vector (see
Materials and Methods). In no case in our
functional studies described below did we observe
effects from the His6-tags or from the four vector
residues, although we sometimes observed steric
effects due to immobilization of His6-s70 fragments
on Ni2+-(NTA) agarose beads, as described below.
For both s70

2a and s70
2b, about 20% of the total

overexpressed protein was found in, and purified
from, the soluble fraction of the cell lysates. Both
s70

3-4 and s70
4 were renatured from inclusion bodies.

With these purified, recombinant fragments we
performed functional tests to investigate the role of
the different s70 domains in binding to core RNAP,
to the T4 AsiA protein, and to promoter elements.
Since in many of our investigations s70

2a and s70
2b

Figure 3. Limited trypsinolysis of s70 in the presence
and absence of T4 AsiA, analyzed by SDS-PAGE on a
10% Tris-tricine gel (Novex). Reactions contained
100 pmol s70. Trypsin concentrations were 0 (leftmost
lane) and (for each pair of lanes from left to right) 0.01,
0.02, 0.025, 0.034, 0.04, 0.063, 0.1, 0.15 pmol. At each
trypsin concentration, identical pairs of reactions were
performed with 0 or 120 pmol AsiA as indicated at the
bottom. The leftmost lane also contains 120 pmol AsiA.
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Figure 4. Binding of s70
2 to immobilized His6-core

RNAP. His6-core RNAP (a2bb ' with a His6-tag at the C
terminus of b ') and a molar excess of s70

2b (load) were
incubated with Ni2+-NTA agarose beads in buffer
containing no imidazole. The beads were then washed
with buffer containing 0.5 mM imidazole (not bound),
then with buffer containing 10 mM imidazole (wash),
then eluted with buffer containing 100 mM imidazole
(bound). The presence of s70

2 in the bound fraction in
amounts comparable to a (which is present at two
copies/core molecule) indicates strong binding. In
separate control experiments, s70

2 was not bound to the
beads in the absence of His6-core RNAP.

Figure 5. Competitive binding to core RNAP by s70
2 and

intact s70. Core RNAP (15 pmol in each reaction) was
incubated with the indicated molar ratios of s70 and s70

2a

and then analyzed by native PAGE on a 4% to 15%
gradient PhastGel (Pharmacia).

hindrance from the close proximity and/or
orientation of the N terminus of the s70 fragment to
the agarose beads.

The binding of s70
2 to core RNAP was competitive

with intact s70. This was most clearly demonstrated
using native PAGE (Figure 5). As s70

2 was added to
core RNAP, the band corresponding to core RNAP
decreased in intensity and a new band with
mobility slightly higher than that of RNAP
holoenzyme appeared (Figure 5, lanes 2 to 4). When
increasing amounts of intact s70 were added, the
band corresponding to the core RNAP-s70

2 complex
disappeared and a complex with an apparent
mobility of s70-holoenzyme emerged (Figure 5,
lanes 5 to 8), indicating that s70

2 and intact s70 bound
competitively to core RNAP, as expected. This
interpretation of the native PAGE data was
confirmed by an analysis of the protein content of
individual bands cut from the native gel by
SDS-PAGE (data not shown, see Materials and
Methods).

Finally, mixtures of core RNAP and excess
amounts of s70

2 were analyzed by gel filtration on a
Superose 6 FPLC gel-filtration column. A signifi-
cant fraction of the s70

2 eluted in the same fractions
as the RNAP and was well separated from a later
peak containing s70

2 alone (data not shown), further
indicating the formation of a core RNAP-s70

2

complex.

s70
2 is unable to promote transcription

s70
2 was not able to promote transcription of DNA

fragments containing a strong s70-holoenzyme
promoter (T7A1), nor could it support transcription
from a consensus ‘‘extended −10’’ promoter (PRE,
provided by R. Hayward; Kumar et al., 1993; Keilty
& Rosenberg, 1987). DNase I footprints of s70

2 alone

behaved essentially identically except when noted
below, we will use the term s70

2 to denote both of
the fragments.

Functional studies of s70
2

s70
2 binds to core RNA polymerase and competes

with intact s70

The trypsin-resistant fragments s70
2a and s70

2b

contain within them the primary determinant of
core RNAP binding (Lesley & Burgess, 1989),
s70[361-390] (Figure 2). We used three different
assays, native gel-shift analysis, Ni2+-NTA agarose
co-immobilization, and gel filtration, to investigate
the binding of these fragments to core RNAP.

s70
2 was able to bind His6-core RNAP (carrying a

His6-tag at the C terminus of the b ' subunit; Kashlev
et al., 1993) immobilized on Ni2+-NTA agarose
beads, resulting in co-immobilization of the s70

fragment (Figure 4). However, immobilization of
His6-s70

2 did not result in detectable co-immobiliz-
ation of wild-type core RNAP. Based on native gel
shift analysis, His6-s70

2 bound core RNAP in
solution with similar affinity to s70

2 (data not
shown), suggesting that the failure of immobilized
His6-s70

2 to bind core RNAP was due to steric
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or in complex with core RNAP did not reveal any
protection of promoter DNA (data not shown). The
fragment also did not stimulate transcription of
poly[dAdT] by core RNAP (data not shown).

Since s70
2 competes with s70 for core RNAP

binding but does not support transcription itself,
we performed competition experiments to test for
inhibition of s70-dependent transcription initiation
by s70

2 . When s70
2 was added at a 30-fold molar

excess over s70, transcription from phage T7 DNA
(Chamberlin et al., 1979) was inhibited about 30%.
Abortive initiation both from a ‘‘−10/−35’’ pro-
moter (T7A2; McClure et al., 1978) and from an
‘‘extended −10’’ promoter (galP1) was inhibited
about 50% by a 100-fold molar excess of s70

2 over s70.

s70
2 -Holoenzyme specifically recognizes single-

stranded DNA containing the non-template
−10 consensus

Conserved region 2.4 contains residues impli-
cated by genetic analysis in recognition of the −10
element of promoters (Waldburger et al., 1990). The
adjacent region 2.3 contains a high proportion of
conserved aromatic and basic amino acid residues,
leading to the proposal that this region may be
involved in promoter opening and single-stranded
DNA binding (Helmann & Chamberlin, 1988; Juang
& Helmann, 1994; Rong & Helmann, 1994).
s70-Holoenzyme has been shown to specifically
recognize the non-template strand bases of the −10
consensus sequence (Ring & Roberts, 1994; Ring
et al., 1996; Roberts & Roberts, 1996). Correspond-
ingly, E. coli holoenzyme shows a specific
interaction with single-stranded DNA oligonucle-
otides containing non-template consensus −10
elements by gel mobility shift assay (M. Marr & J.
W. Roberts, unpublished results). The s70

2 fragments
reconstituted specific binding when complexed
with coreRNAP (Figure 6). Lanes 1 and 2 show
s70-holoenzyme binding to oligo 1 (Fig-
ure 6), which contains a consensus −10 element
(TATAAT). Core RNAP, either alone or as a
contaminant in the holoenzyme preparations, also
bound the oligonucleotides at the highest con-
centration of RNAP, although this binding was
non-specific (the band corresponding to core RNAP
is of equal intensity in lanes 5 to 7). Lanes 5 to 7
show s70

2a-holoenzyme binding to the consensus
element oligonucleotide (oligo 1), an anti-consensus
element (oligo 2) containing the least likely
nucleotide at each position of the −10 hexamer
(Hawley & McClure, 1983), and a point mutation in
the −10 hexamer (C-T at −12; oligo 3). s70

2a-Holoen-
zyme bound both oligos containing consensus
elements, although it bound the mutant (oligo 3)
less efficiently and did not bind the anti-consensus
oligo (oligo 2). These results mimic the binding
specificity of s70-holoenzyme (M. Marr & J. W.
Roberts, unpublished results). s70

2b-Holoenzyme
bound the oligos with the same specificity as
s70

2a-holoenzyme but the level of binding was much

a

b

Figure 6. Binding of s70-holoenzyme, core, and
s70

2a-holoenzyme to single-stranded oligonucleotides.
a, Single-stranded oligonucleotides used; oligo 1 contains
the −10 consensus element; oligo 2 contains the least
likely nucleotide at each position of the −10 hexamer
(Hawley & McClure, 1983); oligo 3 contains a point
mutation (C–T at −12) within the −10 hexamer. b, Gel
mobilty shift analysis by non-denaturing 5% PAGE.
Lanes 1 and 2, s70-holoenzyme; lanes 3 and 4, core RNAP;
lanes 5 7, s70

2a-holoenzyme.

weaker (not shown). It is noteworthy that the
fragments alone (s70

2a and s70
2b) bound all three oligos

weakly with no apparent specificity (band labeled
‘‘s fragments’’), as revealed by silver-staining of the
gels. The relevance of this non-specific binding is
unclear. We do not know the nature of the highest
bands in lanes 5 to 7, which appear to be specific
and may be multimers of the core-s70

2a complex.

Crystallization of s70
2

Possibly one of the most sensitive indicators of
the structural integrity and homogeneity of a
protein is its crystallization. s Factors have proven
to be stubbornly refractory to crystallization,
possibly due to an architecture of relatively
independent domains connected by flexible linkers,
which is consistent with our proteolysis results. s70

2

is resistant to very high concentrations of trypsin,
suggesting a high degree of structural integrity and
stability, thus making it an attractive candidate for
crystallization.

Several crystal forms of s70
2 prepared from trypsin

treated s70 (probably a mixture of s70
2a and s70

2b), as
well as pure, recombinant s70

2a and s70
2b, were grown

using the method of hanging-drop vapor diffusion.
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Table 2. Crystal data
Unit cell (Å) Resolution Completeness Rmerge

a, b c (Å) (%) I/sI (%)

79.093 133.879 2.9 92.6 21.3 5.2
(2.97–2.9) 86.9 5.0 17.4

a

b

Figure 7. a, Binding of T4 AsiA to immobilized
His6-s70

3-4. His6-s70
3-4 and a molar excess of AsiA (load) were

incubated with Ni2+-NTA agarose beads in buffer
containing no imidazole. The beads were then washed
with buffer containing 0.5 mM imidazole (not bound).
Subsequent elutions were then performed with buffer
containing the indicated imidazole concentrations. The
presence of AsiA in the elution fractions, along with the
similarity of the elution profiles of the two proteins,
indicates strong binding. In separate control experiments,
AsiA alone was not bound to the beads. b, Binding of T4
AsiA to immobilized His6-s70[551-608]. The experiment
was performed as in a.

Only one crystal form suitable for X-ray structure
determination was obtained. These crystals, of
recombinant s70

2b, were grown as described in
Materials and Methods. At room temperature,
diffraction from the crystals, as well as the physical
appearance of the crystals, degraded severely
within a few hours, making it impossible to collect
a data set. A native data set (Table 2) was collected
from a cryo-protected, frozen crystal at −180°C.
The crystals are tetragonal and systematic absences
in the diffraction data indicate they belong to the
space group P41212 or P43212. Using a protein
density of 1.3 g/cm3 and the unit-cell volume of
840,000 Å3, it is clear that there is one protein
molecule per asymmetric unit. The solvent content
then is 53%. The calculated cell volume per unit
mass, VM, is then 2.7 Å3, which is within the
range found for other protein crystals (Matthews,
1968).

Functional studies of s70
3-4 and s70

4

s70
3-4 and s70

4 bind the T4 AsiA protein

The proteolysis experiments (Figure 3) demon-
strated that the carboxy-terminal fragments of s70,
s70

3-4 and s70
4 , were markedly stabilized in the

presence of the T4 AsiA protein. This stabilization
is likely due to an interaction of AsiA with the
carboxy-terminal region of s70. To investigate this
more directly, the interaction of AsiA with
recombinant His6-s70

3-4 (Figure 7a) and His6-s70
4

was monitored by affinity chromatography on
Ni2+-NTA agarose. Separate control experiments
showed that AsiA did not bind the beads by itself.
Based on this assay, both fragments interacted
strongly with AsiA. s70

2 did not interact with AsiA
in either Ni2+-NTA agarose affinity chromatog-
raphy assays or by native PAGE analysis (data not
shown). These results are further supported by the
following experiment. Complete reaction mixtures
from trypsin digestion experiments were mixed
with T4 AsiA and then loaded onto an HQ FPLC
column (PerSeptive Biosystems) at low NaCl. The
bound proteins were then eluted with a NaCl
gradient. The various s70 fragments were well
resolved over the gradient, but only s70

3-4 and s70
4

co-eluted with AsiA.
In order to further localize the AsiA epitope

within s70, we also investigated the binding of AsiA
to a smaller recombinant s70 fragment, His6-s70[551-
608], comprising essentially conserved region 4.2,
also by affinity chromatography on Ni2+-NTA
agarose (Figure 7b). The elution profile of both
proteins from the Ni2+-NTA agarose beads was

identical. These results localize the binding epitope
for AsiA to within s70 residues 551 to 608.

Discussion

Despite the central importance of s factors in
the control of bacterial gene expression, a funda-
mental understanding of their mechanism of action,
their regulation, and their role in such processes
as promoter melting and promoter clearance, is
lacking. This is due, in large part, to an almost total
lack of structural information. A number of
observations, including our inability to crystallize
s70, have led us to assume that s70 is composed of
independent domains connected by linkers, leading
to a structure recalcitrant to crystallization. We
have used limited proteolysis with trypsin, com-
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bined with MALDI-MS and N-terminal sequencing,
to identify these domains within the s70 sequence
for further structural and functional studies. To
assess whether the trypsin-resistant fragments
identified were, in fact, independently folded
domains, the fragments were isolated and investi-
gated for partial functions expected of s70 itself.
Furthermore, one of the trypsin-resistant fragments
crystallized in a form suitable for X-ray analysis,
indicating that it adopts a compact, folded
structure.

The assumption that s70 is composed of indepen-
dent, compactly folded domains (which are rela-
tively resistant to protease cleavage) connected by
flexible linkers (which are generally sensitive to
protease cleavage) is supported by the observation
that s70 degrades into smaller fragments that are
relatively stable to further digestion despite contain-
ing numerous potential cleavage sites (Figure 2).
This is most apparent with s70

2b, which appears to be
almost completely resistant to further trypsin
cleavage. Moreover, the trypsin-resistant s70 frag-
ments exhibit partial functions expected of s70 itself.

The primary site of trypsin attack of s70 (between
residues 448 and 449) is near the C-terminal end of
conserved region 2. Other sensitive sites are located
near the N-terminal end of conserved region 1.2
(between 103 and 104) and, in the presence of AsiA,
near the boundary between conserved regions 3.1
and 3.2 (between 499 and 500). The domain
structure of Bacillus subtilis sD was recently
investigated by limited proteolysis. Two regions of
preferential protease attack were identified, one
near the C-terminal end of conserved region 2 and
the other in the boundary between conserved
regions 3.1 and 3.2 (Chen & Helmann, 1995). Since
B. subtilis sD does not contain the N-terminal
conserved region l.l, the trypsin-sensitive site found
in s70 at the N-terminal end of conserved region 1.2
would not be present. Thus, the primary sites of
protease sensitivity observed in the two proteins
are essentially the same, suggesting similar
structures, which is expected from the high degree
of sequence conservation within the s70 family of
proteins (Lonetto et al., 1992).

Our results establish that s70 comprises at least
two structurally independent and functionally
distinct domains, s70

2 and s70
3-4. The s70

2 domain is
remarkably resistant to trypsin degradation and is
able to bind core RNAP and compete with s70.
Deletion analysis has identified a region of s70,
s70[361-390], contained within s70

2 , that is necessary
and sufficient for core RNAP binding (Lesley &
Burgess, 1989). Other regions of s70 must contribute
directly or indirectly to core RNAP binding,
however. For instance, a C-terminal truncation
mutant of s70, s70[1-574], which lacks essentially
region 4.2, binds core RNAP with reduced affinity
(Kumar et al., 1993, 1994). A mutant E. coli s32 with
a deletion in region 3 (the deletion corresponding
to s70 residues 503 to 520 in the aligned sequences)
appears to function normally except that it exhibits
a reduced affinity for core RNAP (Zhou et al., 1992).

Also, the model of Dombroski et al. implies that
region 1.1 binds to a site on core RNAP (Dombroski
et al., 1992, 1993). Thus, all of the s70 conserved
regions may contribute to core RNAP binding
affinity. These results are consistent with our
finding that s70

2 binds core RNAP with an affinity
about 30-fold less than s70. However, the C-termi-
nal s70 fragments (s70

3-4 and s70
4 ) do not bind core

RNAP with an affinity sufficient to be observed by
any of the methods employed in this study.

The necessity of a s factor to impart specific
promoter recognition to core RNAP, along with the
observation that different s factors confer specifi-
city for different sets of promoters, led to the
proposal that s factors directly contact promoter
DNA, providing specific recognition of conserved
promoter elements (Losick & Pero, 1981). Support
for this hypothesis came from the finding that, in
promoter complexes with E. coli RNAP holoen-
zyme, only the s70 subunit could be crosslinked
to both the −10 and −35 promoter elements
(Chenchick et al., 1981, 1982). Stronger support
came from genetic studies, which have demon-
strated allele-specific suppression of promoter
mutations by specific mutations in the correspond-
ing s factor (Gardella et al., 1989; Siegele et al., 1989;
Zuber et al., 1989; Daniels et al., 1990; Waldburger
et al., 1990). These studies identified s conserved
regions 2.4 and 4.2 as specifying recognition of the
−10 and −35 promoter elements, respectively. Only
recently, however, have specific interactions be-
tween conserved regions of s70 and promoter DNA
been indicated by competitive filter retention
assays on N-terminally truncated s70 derivatives
(Dombroski et al., 1992, 1993). This led to the
hypothesis that the latent DNA binding activity of
s70 is inhibited by interaction with the N-terminal
conserved region 1.1.

All of the sites of promoter recognition muta-
tions found in region 2.4 are contained within s70

2 .
While we have been unable to demonstrate a
specific interaction of s70

2 by itself with single or
double-stranded DNA fragments containing a
−10 promoter element, s70

2 -holoenzyme interacts
specifically with a single-stranded DNA fragment
containing the non-template sequence of the −10
promoter element. This finding leads to the
speculation that, in the open complex between
RNAP holoenzyme and promoter DNA, s region 2
functions in part as a sequence-specific single-
strand DNA binding protein, which has been
suggested earlier based on sequence similarity
between s conserved region 2.3 and single-strand
DNA binding proteins (Helmann & Chamberlin,
1988; Juang & Helmann, 1994). Sequence-specific
binding of the non-template strand would stabilize
the transcription bubble in the open promoter
complex and leave the template strand available
for the RNAP catalytic machinery. The specific
interaction of DNA with s70

2 alone is either of
insufficient affinity to observe by the methods used,
or residues N-terminal of conserved region 2
(s70[114-374] in s70

2b) are inhibitory to DNA binding
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and this inhibition is relieved by the interaction
with core RNAP, as suggested by other studies
(Dombroski et al., 1992, 1993).

The AsiA protein of bacteriophage T4 is a 10 kDa
protein that binds tightly to s70 and inhibits
s70-holoenzyme transcription (Stevens, 1977; Orsini
et al., 1993). The T4 AsiA protein binds tightly to
both s70

3-4, s70
4 , and to s70[551-608], but not to other

s70 fragments. The epitope for T4 AsiA on s70 must
thus be contained within s70[551-608], comprising
essentially s conserved region 4.2. This leads to two
conclusions. First, the binding of these s70 frag-
ments containing region 4.2 to T4 AsiA is a bio-
chemical function expected of s70 itself, suggesting
that s70

3-4, s70
4 , and s70[551-608] are properly folded in

solution and can, in that sense, be called domains.
Second, the binding of T4 AsiA to s70 conserved
region 4.2 suggests that the inhibition of s70-holoen-
zyme transcription by T4 AsiA occurs through the
inhibition of the interaction between s70 region 4.2
and the −35 promoter consensus element, and not
by inhibition of the s70-core RNAP interaction, as
has been suggested (Orsini et al., 1993). It will be
interesting to investigate whether T4 AsiA inhibits
s70-holoenzyme transcription from extended −10
promoters (Keilty & Rosenberg, 1987), which do not
require s70 conserved region 4 for activity (Kumar
et al., 1993).

It has been shown that the N-terminal 529
residues of s70 (s70[1-529]) was able to support
transcription from an extended −10 promoter
(Kumar et al., 1993), indicating that s conserved
region 4 is not essential for specific transcription
initiation. Moreover, s conserved region 1.1 is
present only in primary ss and in E. coli sS (Mulvey
& Loewen, 1989; Lonetto et al., 1992) and so region
1.1 is not essential for specific transcription
initiation by a s factor. Thus, the inability of s70

2 to
support transcription from −10/−35 promoters,
extended −10 promoters, or even poly[dAdT],
indirectly suggests that s70 conserved region 3 is
required for this function of s factors.

The s70
2 domain contains a part of conserved

region 1.2, and all but the C-terminal eight residues
of conserved region 2, which is the most highly
conserved region in the s70 family (Lonetto et al.,
1992). Conserved region 2 has been implicated in
interactions with core RNAP (Lesley & Burgess,
1989), binding to the −10 promoter element, and
promoter melting (Helmann & Chamberlin, 1988;
Juang & Helmann, 1994; Rong & Helmann, 1994).
The structural analysis of this fragment, made
possible by the crystals described herein, will be an
important step towards understanding the detailed
role of s factors in directing bacterial transcription
initiation.

Materials and Methods

Proteins

Recombinant s70 was purified from an overexpression
strain as described (Gribskov & Burgess, 1983). RNAP

core enzyme was purified from E. coli MRE600 as
described (Polyakov et al., 1995). His6-tagged core RNAP
was purified using the same procedure from E. coli
RL324, which contains an altered chromosomal rpoC gene
coding for His6 at the C terminus of the RNA polymerase
b' subunit (provided by R. L. Landick).

T4 AsiA protein was purified as described (Orsini et al.,
1993) except a final purification step was introduced to
prepare the protein to greater than 95% homogeneity.
AsiA (6 mg) was loaded onto a phenyl-Toyopearl column
equilibrated with 50 mM Tris-HCl (pH 8.0), 50 mM NaCl,
1.65 M (NH4)2SO4, 1 mM b-mercaptoethanol, and 4%
ethylene glycol. The column was washed, then eluted
with an (NH4)2SO4 gradient from 1.65 to 0 M. Homo-
geneous AsiA protein eluted from the column at
approximately 50 mM (NH4)2SO4.

Limited digestion with trypsin

Trypsin digestion reactions contained 20 mM Tris-HCl
(pH 7.9), 50 mM NaCl, 5% glycerol, 0.1 mM EDTA, 1 mM
DTT, 100 pmol s70, and 0.01 to 0.14 pmol L-1-tosylamido-
2-phenylethyl chloromethyl ketone (TPCK) treated
trypsin (Sigma) in 14 ml. Reactions were allowed to
proceed for 30 minutes at 25°C and stopped by addition
of Laemmli loading buffer and immediate boiling.
Reaction products were analyzed on 10% Tris-tricine gels
(Novex). The s70-AsiA complex was formed by incubat-
ing 100 pmol s70 with 120 pmol AsiA for ten minutes at
37°C prior to the addition of trypsin.

Matrix-assisted laser desorption mass spectrometry

Matrix-assisted laser desorption mass spectra (Hil-
lenkamp et al., 1991) of the tryptic fragments of s70 were
collected using a time-of-flight mass spectrometer
constructed at the Rockefeller University (Beavis & Chait,
1989). The tryptic fragments were mixed with a-cyano-
4-hydroxycinnamic acid (10 g/l in formic acid/water/
isopropanol (1:3:2, by vol.)) to obtain a final protein
concentration of 2 pmol/ml. An aliquot (0.5 ml) was
placed on the mass spectrometer probe tip and air-dried.
The sample was irradiated with 10 ns duration laser
pulses (355 nm wavelength) from a Nd(YAG) laser. The
resulting ions were accelerated in an electrostatic field
and their time-of-flight was measured with a LeCroy
8828D transient digitizer. The observed masses are listed
in Table 1. To obtain additional confirmation of the
identification of s70

2a and s70
2b, the purified fragments were

digested with an excess of CNBr in 0.1 M HCl for one
hour or with endoproteinase Glu-C in 50 mM NH4HCO3

for two hours (1:50, enzyme:protein ratio). The digestion
reactions were subsequently lyophilized, redissolved in
a-cyano-4-hydroxycinnamic acid, and mass analyzed as
described.

Cloning and purification of s70 fragments

The s70 fragments were sub-cloned from pMRG8
(Gribskov & Burgess, 1983) by PCR into the pET15b
expression plasmid (Novagen) and the final structures
confirmed by DNA sequencing. The constructs were then
transformed into E. coli BL21(DE3) cells. Transformants
were grown in LB with ampicillin (100 mg/ml) to an A600

of 0.7 to 0.9 and expression was induced by the addition
of isopropyl-b,D-thiogalactopyranoside (IPTG) to 1 mM.
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After three hours, cells were harvested by centrifugation
(5000 g) and resuspended in Buffer A (20 mM sodium
phosphate (pH 8), 0.5 M NaCl, 0.5 mM b-mercap-
toethanol, 5% (v/v) glycerol) along with a mixture of
protease inhibitors (174 mg/l phenylmethylsulfonyl
fluoride (PMSF), 312 mg/l benzamidine, 10 mg/l aprot-
inin, 5 mg/l chymostatin, 5 mg/l leupeptin, and 1 mg/l
pepstatin A). Lysates were prepared in a French press
and clarified by centrifugation.

For s70
2a and s70

2b purification, the soluble fraction of
the lysates was loaded onto a Poros MC20 column
(PerSeptive Biosystems) loaded with Ni2+. The column
was washed with Buffer A + 20 mM imidazole. Bound
proteins were eluted with Buffer A + 100 mM imidazole.
For removal of the N-terminal His6-tag, the proteins were
digested with thrombin (Boehringer Mannheim) at a
thrombin:protein molar ratio of about 1:1000. Digestion
was performed in Buffer B (50 mM Tris-HCl (pH 8.4),
0.5 mM b-mercaptoethanol, and 5% glycerol) with
150 mM NaCl and 2.5 mM CaCl2, at room temperature
for five hours. The proteins were then diluted twofold
with Buffer B and loaded onto a Poros HQ20 column
(PerSeptive Biosystems). The s70 fragments eluted at
about 300 mM NaCl over a gradient from 0 to 500 mM.
In cases where the N-terminal His6-tag was removed by
thrombin digestion, the fragments were loaded onto the
Poros MC20-Ni2+ column a second time and collected in
the flow-through. This effected the removal of trace
contaminants that bound and eluted with the s70

fragments through the first pass. The fragments were
concentrated to about 25 mg/ml using a Centricon filter
(Amicon) and dialyzed into storage buffer (20 mM
Tris-HCl (pH 7.9), 50 mM NaCl, 0.1 mM EDTA, 1 mM
DTT, 5% glycerol).

For s70
3-4 and s70

4 purification, pelleted inclusion bodies
were suspended in Buffer A + 6 M guanidine-HCl and
loaded onto the Poros MC20-Ni2+ column. The column
was washed with Buffer A + 6 M guanidine-HCl +
25 mM imidazole, then eluted with Buffer A + 6 M
guanidine-HCl + 125 mM imidazole. The eluted protein
was diluted to less than 0.3 mg/ml with Buffer A + 6 M
guanidine-HCl and dialyzed against renaturation buffer
(25 mM Tris-HCl (pH 8.0), 200 mM KCl, 10 mM MgCl2,
0.5 mM EDTA, 5 mM b-mercaptoethanol, and 20%
glycerol). The remaining steps of purification (thrombin
digestion to remove N-terminal His6-tags, ion exchange
chromatography, and second MC20-Ni2+ chromatog-
raphy) were performed as described above. Finally, the
proteins were dialyzed into storage buffer and stored at
less than 0.4 mg/ml concentration to prevent precipi-
tation.

s70
2b Crystallization

Crystals of s70
2b were grown by the hanging drop vapor

diffusion method. 1.5 to 2 ml of protein (25 to 30 mg/ml)
was mixed with an equal volume of crystallization
solution (50 mM sodium acetate (pH 5.1), 0.5 to 0.7 M
Li2SO4, 5 to 7% (w/v) polyethylene glycol 8000,
5 mM DTT) and incubated over the same solution at
15°C. Rectangular, brick-shaped crystals, up to
0.8 cm × 0.4 cm × 0.4 mm in dimensions, grew in one to
two weeks. The crystals were very sensitive to changes
in their environment (temperature, solution conditions)
and were easily cracked. To prepare the crystals
for flash-freezing, they were equilibrated at room
temperature for several hours, then sequentially trans-
ferred in eight steps from crystallization solution to
a final solution of 50 mM sodium acetate (pH 5.1),

0.5 M Li2SO4, 15% (w/v) polyethylene glycol 8000,
17.5% glycerol, and 10 mM DTT with incubation for at
least one hour at room temperature between each step.
After the final equilibration, the crystals were frozen in
a loop of ophthalmological suture material (10 to 0
Ethilon, Ethicon) by plunging into liquid ethane at liquid
nitrogen temperature. After a few minutes, the ethane
froze in a solid block around the crystal and the frozen
crystals could be stored indefinitely under liquid
nitrogen. Diffraction data were collected on a Rigaku
RAXIS-II imaging plate area detector equipped with
mirror optics.

Core binding and AsiA binding experiments

Ni2+-NTA agarose binding assays

Standard RNAP core binding reactions contained
binding buffer (20 mM Tris-HCl (pH 7.9), 125 mM NaCl,
0.5 mM imidazole, 5% glycerol, 0.5 mM b-mercap-
toethanol), 20 pmol core RNAP, and 50 to 200 pmol s70

or s70 fragments in 100 ml. Reactions were preincubated
for 30 minutes at 30°C. The binding reactions were added
to 40 ml of Ni2+-NTA agarose beads (Qiagen; previously
equilibrated with 1 ml of binding buffer) and incubated
for 30 minutes at 4°C with gentle mixing of the beads.
The beads were pelleted by brief centrifugation, and
the unbound material in the supernatant was with-
drawn. The beads were then washed twice with 500 ml
of binding buffer, then with 500 ml of binding
buffer + 10 mM imidazole, then eluted with 100 ml
binding buffer + 100 mM imidazole. The protein samples
were precipitated with 7% trichloroacetic acid and
analyzed by SDS-PAGE.

Native polyacrylamide gel electrophoresis
binding assay

Core RNAP (15 pmol) was mixed with s70 or s70

fragments in 10 ml of loading buffer (40 mM Tris-HCl
(pH 8.0), 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, and
10% glycerol) and incubated for 20 minutes at 30°C. An
amount of each reaction (0.5 to 1 ml) was loaded on a 4%
to 15% (w/v) gradient PhastGel (Pharmacia) and run for
150 Vh at 15°C using buffer strips for native electrophor-
esis. To identify the protein content of bands observed in
the native gel, 90 mg of core RNAP was radioactively
labeled by phosphorylation using [g-32P]ATP and calf
heart protein kinase (Sigma) at 30°C for 30 minutes. E. coli
RNAP is efficiently phosphorylated at an intrinsic site
and the phosphorylation does not appear to affect RNAP
activity (V. Markovtzev & A. Goldfarb, personal
communication). The labeled core RNAP was washed
and concentrated using a Centricon 100 centrifugal filter
(Amicon) into loading buffer. Complexes with s70 and its
fragments were formed as described above and loaded
into the wells of an 80 mm × 80 mm × 1 mm polyacryl-
amide gel (29.2:0.8, acrylamide:methylene-bisacryl-
amide) comprising a 4% stacking gel (in 125 mM Tris-
HCl (pH 6.8), 5% glycerol) and a 5% running gel (in
380 mM Tris-HCl (pH 8.9), 5% glycerol). The protein
bands containing core RNAP were autoradiographed
and bands of interest were cut out and soaked in
2 × SDS-loading buffer for 30 minutes at 37°C. The
samples were then analyzed by SDS-PAGE and
visualized by silver staining.
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DNA binding experiments

s70
2

The s70 fragments containing conserved region 2 were
incubated at 172-fold molar excess over core RNAP for
ten minutes at 4°C prior to band shift experiments.
s70-Holoenzyme, s70

2 -holoenzyme, or core RNAP were
incubated with 32P-end-labeled oligodeoxynucleotides
(see Figure 6a) at 25°C for 30 minutes in binding buffer
(20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM MgCl2,
0.1 mM EDTA, 1 mM DTT, 5% glycerol, 100 mg/ml BSA).
The samples were then analyzed by 5% PAGE under
non-denaturing conditions (0.5 × TBE at 4°C) and ex-
posed on either a phosphoimaging plate or X-ray film for
visualization of the complexes. Following autoradi-
ography the gels were silver-stained to identify pro-
tein bands.
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