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The ¢S subunit of RNA polymerase is the master
regulator of the general stress response iEscherichia
coli and is required for promoter recognition of many
stationary phase genes. We have analysed open
complexes of 5 RNA polymerase, usingo® derivat-
ives carrying single cysteine residues at nine different
positions to which the reagent FeBABE has been
tethered. All holoenzymes but one formed transcrip-
tionally active open complexes at three different pro-
moters (osmY galP1 and lacUV5). The chemical
nuclease FeBABE can cleave DNA in proximity to
the chelate. The overall cutting pattern of FoS open
complexes does not depend on the nature of the
promoter and is similar to that obtained with Ea’C,
but extends towards the downstream part of the pro-
moter. The strongest cleavages are observed with FeB-
ABE positioned on cysteines in regions 2.2 to 3.1. In
contrast to a’°, region 2.1 ofa® appears to be far from
DNA. Region 4.2 ofaS appears less accessible than its
counterpart in ¢’°and FeBABE positioned in the turn
of the helix—turn—helix (HTH) motif in region 4.2 reacts
only weakly with the —35 promoter element. This
provides a structural basis for the minor role of the
—35 sequence iroS-dependent promoter recognition.
Keywords DNA cleavage/FeBABE/RNA polymerase/
stationary phase

Introduction

The RNA polymerase oEscherichia colis composed of

a core enzyme, containing tleBB’ subunits, associated
with a o subunit (Burgessgt al., 1969). The core enzyme
carries the catalytic machinery and binds DNA non-
specifically whereas the subunit provides the promoter
recognition activity (Helmann and Chamberlin, 1988).
Until now, seven different sigma factors, programmed to

most genes during exponential phase. All alternative
factors, except®, are related in amino acid sequence to
0’% and exhibit the same modular organization &8
(Lonettoet al,, 1992). Regions 2.1 and 2.2 are involved
in binding to the core of RNA polymerase. Regions 2.3
and 2.4 are implicated in melting of the promoter and in
the recognition of the —10 hexamer, whereas region 4.2
binds to the —35 hexamer (Figure 1).

When cells reach the end of the exponential phase or
are exposed to various stresses such as hyperosmolarity,
low or high temperature, or acidic pH, a novel species of
sigma factoroS, the product of thepoSgene, comes into
play (for a review see Hengge-Aronis, 1996). Its level
is tightly controlled by transcriptional and translational
mechanisms and by proteolysis, but in stationary phase it
can reach up to 30% of the level @® (Jishage and
Ishihama, 1995)0° is considered the second principal
sigma factor inE.coli (Nguyenet al., 1993; Tanakat al.,
1993). Associated with core enzyme, tle® subunit
regulates the expression 6f50 genes involved in the
survival of the cells in the stationary phase and in response
to different stresses (Hengge-Aromisal.,, 1993; Loewen
and Hengge-Aronis, 1994).

The o® protein is smaller thaw’® (Figure 1). It does
not possess the non-conserved domain of 245 residues
located between regions 1.2 and 2.106? (Lonettoet al.,
1992; Malhotreet al., 1996) and contains a smaller region
1, which has been implicated in modulating the DNA
binding activity of free g’® (Dombroski et al, 1992,
1993). Other domains are more conserved between
anda’®, especially the domains involved in the interaction
with the —10 and the —35 regions of a promoter (Lonetto
et al, 1992). A compilation ofoS-dependent promoters
deduced a —10 consensus sequence CTATACT, slightly
different from the typical TATAAT hexamer, recognized
by region 2.4 ofc’® (Hawley and McClure, 1983;
Espinosa-Urgelet al, 1996). In contrast to &, the
stationary phase RNA polymerase does not strictly require
the presence of the —35 consensus sequence TTGACA for
its activity (Hiratsuet al., 1995; Kolbet al., 1995; Tanaka
et al, 1995). However, some&S-dependent promoters
contain a curved upstream sequence which possibly binds
the a subunit of RNA polymerase (Espinosa-Urgglal.,
1996; Aiyaret al., 1998). In addition, regions 2.5 @
andao’® have only a few identical residues in common. In
0’ this region has been shown to be involved in the
recognition of the TG motif of extended —10 sequences
(Barne et al, 1997; Bownet al, 1999), whereas a
similar role has yet to be demonstrated &ordependent
promoters. IncS, region 2.5 is required for the rapid
degradation of the protein by the CIpXP protease (Muffler

express distinct classes of genes, have been identified iret al., 1996; Pratt and Silhavy, 1996; Schwedsral,

E.coli (for a review see Ishihama, 1997). Taé& subunit
is the majoro factor and is involved in expression of
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1996; Zhou and Gottesman, 1998). Despite all these
differences, a number of stationary phase promoters can
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Fig. 1. Comparison of primary sequence of (330 aa) ands’® (613 aa) factors. Conserved regions are represented as defined by leiradtto

(1992), with the addition of region 2.5 involved in extended —10 element recognition (Baaie 1997). Known functions of several® regions

are indicated. Positions of single cgs-mutants are shown by analogy with tté® mutants (dashed line). Mutations indicated in italics correspond
to non-equivalent residues in the sequence alignment beta@ando’® (Mulvey and Loewen, 1989; Lonettet al, 1992). Note that the presea?
amino acid numbering is 12 residues shorter than previously described (KatF) and that the sequence contains some modifications due to strain
heterogeneity, which do not affect the overall similarity (Tanakal, 1993).

be recognizeth vitro by both RNA polymerases, although moter, theosmY promoter, which is known to operate

with different affinities (Nguyert al., 1993; Tanakat al., only under the control ot in vivo (Yim and Villarejo,
1993; Dinget al., 1995; Kusanet al.,, 1996; Nguyen and  1992; Hengge-Aronist al., 1993; Yimet al., 1994; Wise
Burgess, 1997; Ballesteres al., 1998). et al, 1996).In vitro, this specificity can be achieved at

Until now, in contrast to BE’Y, only a few structural a high concentration of potassium glutamate (Datal.,
and genetic studies of the stationary phase RNA poly- 1995; Kusancet al., 1996). In contrast téacUV5, osmY
merase have been performed. As a consequence, it remaindoes not contain any obvious consensus —35 hexamer. To
to be determined whether (i) the homologous DNA binding investigate the role of the —35 region ioErecognition, we
domains ofoS ando’® contact the same promoter regions, also probed theS-DNA positioning at another promoter
(i) the corresponding but non-homologous domains of which has no obvious —35 consensus region, da#1
both o factors are positioned similarly with respect to the promoter (Burnset al, 1996). The DNA binding pattern
promoter and to each other, and (iii) the same structural of ¢S, as characterized by the FeEBABE nuclease, appears
intermediates are involved in formation of the open similar at the three promoters, but distinct frarff.
complex for both holoenzymes. A powerful method using
the FeBABE chemical nuclease [(p-bromoacetamidoben- Results
zyl)-EDTA Fe] tethered to a single cysteine of the protein
has been applied recently to tleeand o’® subunits of The FeBABE reagent covalently conjugates to the free
RNA polymerase (Greineet al., 1997; Murakamiet al., sulfhydryl side groups of cysteine residues (Greieteal.,
1997a,b; Miyakeet al, 1998; Owenset al, 1998a,b; 1997). It can be introduced at single positions along the
Bown et al., 1999). This approach has the unique ability polypeptide chain by designing variants of the protein
to detect deoxyribose or peptide bonds in close proximity containing a unique accessible cysteine. After addition of
to the reactant<12 A). In the case 067% DNA cleavage H,O, and ascorbic acid, the FeEBABE nuclease generates
occurs on both DNA strands in the open complex at the hydroxyl radicals which cleave DNA and polypeptide
lacUV5 promoter and extends from position —48-td.2 chains in its close proximity. The® subunit of RNA
with cleavages generated from FeBABE tethered to regionspolymerase does not contain any cysteine residue. We
2.1 and 3.2 centered in the melted region around took advantage of data obtained from previous cysteine
(Owenset al, 1998a). As expected from genetic data, substitutions introduced in the major subunit of RNA
regions 2.3 and 4.2 map in close proximity to the —10 polymerase to determine which substitutions to create
and —35 regions of the promoter, respectively. in aS.

Using the same method as fof°, we have introduced
single cysteine residues intw> and explored the spatial ~ Choice of the cysteine substitutions in ¢°
relationships ofo® in the open complex along the DNA  The cysteine substitutions were located at or very close
at three different promoters (Figure 2A). ThacUV5 to the positions previously used far® (Figure 1). The
promoter was used to allow a direct comparison to be ¢S mutants N111C, K173C, E174C, R211C and K232C
made witha’® however, this promoter does not depend correspond precisely to single cysteine mutants generated
on ¢ for expressionin vivo (Yim et al, 1994). We at the equivalent positions in’°. They are located at the
therefore chose a well-characterized stationary phase pro-end of region 2.1, in the middle of region 2.5, and in
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Table |. FeBABE conjugation yield A

osmY ATCCCGAGCGGTTTCAARATTGTGATCTATATTAACAAAGTGATGACAT
Mutants Conjugation yield

(07 2alP1(19T8A9A)  TGTCACACTTTTCGCATCTTTTTTAF G ATAATATTTCATATCATARG

S68C (1.2) 65 >, [P
S90C (2.1) 43 lacUV5 AGGCTTTATGCT’I‘CCGGCTCGTGTGGAATTGTGAGC
N111C (2.1) 43 [ | [ | 1'0
F140C (2.3) 75 -40 -30 -20 -10 +1 +
K173C (2.5) 40
E174C (2.5) 68 B
R211C (3.1) 83 osmY
K232C (3.2) 67 100 FUF
L297C (4.2) 10 s
L297C (4.2) [UFP 60 £ 5

82
aConjugation yield (%) was determined by measuring the gé 50
concentration of free cysteine side chains with the fluorescent reagent ;,‘5
CPM using both unconjugated and conjugated proteins (Greinak, Eg 25
1997)
bwith L297C mutant, conjugation yield was also determined with 0
mutant conjugated under denaturing conditions [UF]. g g 2 g8 B g g2 8 ¢

2 2 Z & £ @ & ¥ 3

regions 3.1 and 3.2, respectively. We synthesized S90C at galP1

the beginning of region 2.1 of®, corresponding to the 100
residue adjacent to K376C a1° which had low reactivity.
Mutant F140C, located in region 2.3 a¥, is shifted three
residues closer to the C terminus compared with the
position mutated iw’® because of its weak transcriptional
activity. In addition, we preferred to change residue L297
into C in the helix-turn—helix (HTH) motif of region 4.2

in o° rather than the adjacent glycine residue whose
integrity could be crucial for the proper folding of the
motif. In the non-conserved region 1 of, mutant S68C

in the middle of region 1.2 was constructed.

Each single cys® mutant was conjugated with the
chemical cleavage reagent FeBABE. The conjugation yield
was determined using the fluorescent CPNA[4-[7-(di-
ethylamino)-4-methylcoumarin-3-ylJphenyl]maleimide)
reagent on both unconjugated and conjugated proteins as
described previously (Greinet al., 1997). This yield was
always>40% for all conjugated mutants except for L297C 0
(Table 1). However, when FeBABE conjugation of this
mutant was performed under denaturing conditions, the
yield increased from 10 to 60%. This residue, localized Fig. 2. (A) Nucleotide sequence of thesmY galP1 andlacUV5
in the HTH motif of region 4.2, is therefore not easily promoters. The -10, the TG motif and the —35 sequence elements are
accessible to the reactant under the native conditions boxed. Arrows represent the start site of tran_scrlptlonlaAUVS, the

. . s . 'P1 start at+1 and the P2 start at —22 are indicated.
probably being burlEO! within the protein. _The L297C  (B) Transcriptional activity of ES mutants. Single-round transcription
mutant, however, retained almost full activity after one experiments were performed with eactEderivatives at th@smy
cycle of denaturation—renaturation treatment (see below). galP1 andlacUV5 promoters. Transcriptional activity of unconjugated
(black bars) or conjugated (white bars} mutants, reconstituted with
core enzyme, is given and is accuratett@d0%. With L297C mutant,
transcription was performed with mutant conjugated under native (F)
or denaturing (UF) conditions. The activity of FeBABE-conjugated

proteins is a corrected value for the presence of unconjuggted
(acon See Owenet al., 1998a).
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The FeBABE derivatives in regions 1.2 to 4.2 of o5

are transcriptionally active with the exception of
K173C in region 2.5

The transcriptional activity of each® mutant associated
with core enzyme was determined to check that our
mutants were active before and after conjugation. Single-
round transcription assays were performed at demY 2.5, is required for BS activity at osmY and lacUV5
galP1 orlacUV5 promoters (Figure 2B). Before conjuga- promoters but appears to be not so crucial atgaé1
tion, all mutants possessed between 60 and 100% of wild-promoter. After conjugation, all other FeBABE-tethered
type transcriptional activity with the exception of two mutants exhibited at least 80% of wild-type activity at
mutants. R211C is fully active atssmYand galP1 but galP1 (Figure 2B). At theosmYpromoter, transcriptional
shows reduced activity dacUV5 (40%). Moreover, the  activity is only reduced with two mutants: S90C (32%)
K173C mutant is strongly deficient insmY (16%) and and K173C (19%). Finally, at theacUV5 promoter, the
lacUV5 (12%) transcription, but still partially active at Ec® activity is especially reduced for the following
galP1 (49%) (Figure 2B). Thus, K173, localized in region mutants: S90C (25%), F140C (35%), K173C (4%) and
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Fig. 3. OsmYpromoter DNA cleavage pattern with the stationary phase RNA polymerase carrying FeBABE-madifiédn-template A) or

template B) strandosmYpromoter cleavage was performed with theStholoenzymes modified from region 1.2 to region 4.206f as indicated at

the top of the figures. Cleavage reactions containing FeBABE-modiftgutoteins are indicated by+’, and those without FeBABE are indicated

by ‘~’. The L297C mutant conjugated under native (F) or denaturing (UF) conditions is represented in lanes 21 and 22, respectively. All samples
were treated equally with ascorbate and hydrogen peroxide for 10 min at 37°C. A marker ladder, constructed according to Maxam and Gilbert
(1977), is shown in lanes 2, 13 and 23. The arrow at-ttierepresents the start and direction of transcription.

R211C (43%). In conclusion, it is clear from Figure 2B that mutations are located between regions 2.2 and 3dSof
each conjugate retained 50% or more of its transcriptional The N111C mutation is located at the junction between
activity at, at least, one of the three promoters used. regions 2.1 and 2.2, and the N111C FeBABE derivative
Hence, for each of the derivatives studied, the cleavagecuts DNA preferentially in the transcription bubble from
pattern by hydroxyl radicals should be a faithful marker —9 to +2 (strong cleavage) on the non-template strand
of the distance between the tethered residue and the baseand from —14 to+7 (medium) on the template strand

at which the cleavages occurred. (Figure 3A and B, lanes 8). FeBABE positioned on F140C
in the middle of region 2.3, which is rich in aromatic
Open complexes at osmY with 6 derivatives residues surrounded by basic residues, cuts the non-
conjugated with FeBABE in regions 2.2, 2.3, 2.5 template strand from —14 to —8 (strong) and the template
and 3.1 produce high intensity promoter cleavage strand from —19 to —-13 (medium) (Figure 3A and B,
between positions -25 and + 2 lanes 10). The E174C mutation is located in the middle

Cleavages were performed, by addition oG4 and of region 2.5 and the E174C FeBABE derivative cuts the
ascorbate, on open complexes preformed for 20 min atnon-template strand from —23 to —19 (strong) and with a
37°C. Control reactions showed that no cleavage occurredweaker intensity around —14/-13 and from —-33 to —28.
under these conditions with the wild-type enzyme or On the template strand, the E174C cutting site is localized
unconjugated cysteine derivatives, irrespective of the to two sequences: from —17 to —12 (strong) and —26 to —22
nature of the promoter. DNA cleavages in the promoter (medium) (Figure 3A and B, lanes 15). Within conserved
region of osmY a typical stationary phase-dependent region 3.1, FeBABE located at R211C cleaves at
promoter, by holoenzymes carrying FeBABE-modified sequences —23 to —19 (strong), —30 to —27 (medium) on
vary both in position and intensity with the differea® the non-template strand and at sequences -25 to -21
derivatives. However, the strongest DNA cleavages are (strong), —16 to —13 (weak) on the template strand
produced with FeBABE positioned at N111C, F140C, (Figure 3A and B, lanes 17). Therefore, regions 2.2 and
E174C and R211C (Figure 3A and B). These four 2.3 ofc® are in close proximity to the melted region, and
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regions 2.5 and 3.1 are localized just upstream in the tions —40 and -50 as if a fraction of RNA polymerase

—15/-20 DNA sequence. containing the conjugated 174C residue was now also
able to recognize, at least to some extent, theP2

A o derivative in region 4.2 reacts weakly with promoter which initiates transcription ~22 bp upstream of

the -35 region in the open complex at osmY thelacP1 promoter (Malan and McClure, 1984). This was

The other single cys® mutants result in weaker intensity  confirmed by KMnQ reactivity assays that indicated,
cleavages. This is the case for K232C, which is located besides the well characterized melted regionlafP1

in the middle of region 3.2. FeBABE positioned at this around +1, a second melted region of lower intensity
residue specifically cleaves the template strand from —6 around —22 with the & holoenzymes. It is well known

to +1 (Figure 3B, lane 19). A very weak cleavage is also that the cAMP—CRP complex prevents the’Eholoen-
observed with the L297C mutant, located in the turn of zyme from binding atacP2 and activates transcription at
the HTH motif of region 4.2 (Figure 3A and B, lanes 21 lacP1 (Malan and McClure, 1984; Spasséi/al.,, 1984).
and 22). The L297C cutting site is localized at —39 to Similarly, the preincubation of thlacUV5 template with
—36 on the non-template strand and in sequences —42 taCRP and cAMP before addition of thesf holoenzyme
—39 on the template strand. This is the farthest upstreamcompletely turns off thelacP2 promoter. Under these
cutting site observed. In contrast, the farthest downstreamconditions, we showed that the cleavage pattern resulting
cutting site is observed with residue S68C, located in the from FeBABE tethered at E174C was restricted to the
middle part of region 1.2. FeBABE-modified S68C cuts most downstream sites and fully consistent with the sole
the non-template strand specifically at several dispersedoccupation of thdacP1 promoter (data not shown). In
positions: —15/-14, —11/-10 (more intense),0/+-12 and conclusion, if we take into account the cleavages generated
+19/+22 (Figure 3A, lane 4). No significant cleavage is by the occupancy of RNA polymeraselatP2, it appears
observed when the reagent is positioned at S90C, at thethat the proximity cleavage patterns induced by FeBABE-
border between regions 1.2 and 2.1, suggesting that thisoS do not show major differences amongst all the pro-
region is remote from the DNA (Figure 3A and B, lanes 6). moters under study, as also shown for some FeBABE-
The FeBABE mutant K173C, localized in region 2.5, does derivatives atac andgalP1.

not cut the osmY promoter, an observation which is

consistent with its weak RNA polymerase transcription Direct comparison between EcS and Ec”° DNA

activity (Figure 3A and B, lanes 12). cleavages

A detailed analysis of some’® mutants previously used
Cleavages at the galP1 and lacUV5 promoters by others (Owenet al, 1998a; Bownet al, 1999) was
confirm the overall positioning of EcS performed to compare the positioning ofEand E57° at
The FeBABE proximity cleavages performed at open osmY lacUV5 and galP1 directly. However, this com-
complexes of a variety ajal promoters witha’® conjug- parison is dependent on promoter occupancy by both RNA

ates tethered to the DNA binding regions 2.3, 2.5 and 4.2 polymerases. Since thesmYand lacUV5 promoters are
have shown an almost identical pattern, irrespective of not occupied with the same efficiency by¥and B0

the promoter sequences (Bowet al, 1999). It was (Ding et al, 1995; Kusaneet al, 1996), DNA cleavage
therefore of interest to perform tleP-dependent cleavage intensities indicate not only proximity betweem and
experiments with the same promoters used previously for DNA but also promoter occupancy. In contrast, as shown
o’® (Figure 2A): (i) a derivative of theyalP1 promoter, by transcription assays, a similar occupancy is achieved
which has been mutated to introduce a consensus —10by both wild-type holoenzymes at thgalP1 promoter
element (Burnset al, 1996) (this sequence has an (data not shown). Moreover, all the FeEBABE conjugates
extended —10 promoter and no homology with the —35 of mutantc® and ¢’° under study exhibited at least 80%
consensus) and (ii) théacUV5 promoter whose —10  of wild-type activity atgalP1, with the exception of the
and —35 hexamers are closely related to the consensuss® mutant K173C (Figures 2B and 6). Therefore, this

sequences. All these promoters are recognizedtro by promoter is the most suitable to compare the differences in
Eo’0 as well as by BS holoenzymes, albeit with different FeBABE cleavage patterns between the two holoenzymes.
affinities (Tanakeet al, 1993, 1995; Kolbet al., 1995). We performed DNA cleavage usimy anda’® mutants

At galP1, we observed the same cleavage profiles as atwith FeBABE located in regions 1.2, 2.2, 2.5, 3.1 and
the osmYDNA sequence (Figure 4A and B). The only 4.2. The overall cleavage patterns by FeBABE-tethered
difference concerns the K173C mutation, located in region mutantoSwere essentially the same as those(Owens
2.5. The K173C mutant now cleaves thalP1 promoter et al, 1998a). Within region 1.2, FeBABE positioned on
from —22 to —18 on the non-template strand and —16 to 67°(132C) yielded no cleavage on the non-template strand
—12 on the template strand (Figure 4A and B, lanes 12). of galP1, in contrast ta® (S68C) (Figure 6, lanes 3 and
In contrast tagalP1 andosmYthe overall cleavage pattern  4). For conjugates located in regions 2.2 (N396C) and 3.1
generated by the variousifconjugates dacUV5 appears (K496C) of ¢’ the same cleavage pattern was observed
more scattered and extends along the promoter sequencas for the corresponding® mutants (Figure 6, lanes 5, 6,
from positions —64 to+22 (Figure 5). For example, the 12 and 13). For region 2.5, the two conjugates K173C
predominant positions of cleavage resulting from FeBABE and E458C exhibited the same cleavage pattern despite the
tethered at E174C map around position —15, and with fact that theo® derivative had only half the transcriptional
decreased intensity around position —25 on the templateactivity of wild-type ¢S (Figure 6, lanes 7 and 8). In
strand of theosmYandgalP1 promoters (Figures 3B and addition, residue T459C in region 2.5 of® was much
4B, lanes 15). AtlacUV5, however, a second set of less reactive compared with tt&® equivalent (E174C)
cleavages of weaker intensity is generated around posi-(Figure 6, lanes 10 and 11). Finally, with the conjugate

4053



F.Colland et al.

A B
ulQle|¥ vlel vliule ) vlulg] @
SHEHHE HHEI R HHHHIHHHEIRR?
) - e — H&a| & — +— i
+ Zmzsm J{B 5 Zr.z.::cm (3
-H-H-H-H-H |- +H]-H-+H]-++ -H-H-H-H-H |- H]-H- |-+
M g .
. - L e e
b+ M) 4 B & - - ’
20 * EESNTREEfE EEECRENAN
b+ 1100 L L]
s 500
' - '
s - S0

T

; 50 : l ""'"

123 45 678 9101112131415 16 1718 1920 21 22 23 4 10

123 4 5 6 78 910111213 141516 171819 20 21 22 23

Fig. 4. GalP1 promoter DNA cleavage pattern with the stationary phase RNA polymerase carrying FeBABE-mwtlfierditions as in legend to
Figure 3).

U © 9 vlg]| ©
HHHHH HEHEEA?
|+ alz|lZ|z|2(= |2 3 |z
& o]
-H-H-H-H-H |- -]+

=+ 110

.. 4

- A

. - 10 = -0}
. . .20 - e - 500
[
30 - =
. -
e -0} .
. - 2100
50 = .
, = 10
. - o j=-s0 -
. % .
i -y b1
12 3 4 5 67 KB 9 101112 1314 15 16 1718 19 2021 22 23 -i
b+ 11
- -

123 4 56758 9 011213141516 1718 1920212223

Fig. 5. LacUV5 promoter DNA cleavage pattern with the stationary phase RNA polymerase carrying FeBABE-maglifeshditions as in legend
to Figure 3).

4054



Analysis of 05-open complexes by FeBABE cleavage

peowns 12 22 A8 28 M 42 Eo’°FeBABE derivatives, they subsequently showed that
I Ecr;“ < *1 \+ d + + +|l every proximity score was in full agreement with the
AT

genetic and biochemical data (Owesisal., 1998a), thus
E assessing the validity of the approach. In the absence of
any structural data for the stationary phasefactor, we
have modified the equivalent or neighbouring positions as
in 0’%because this strategy should give a better comparison

MiliC [+
MNIDGC

KI173C |+
E174C |+
RIIC [+
L297C |+

; ® between theo factors, even though it may preclude the

- — identification of new proximities betweenof and its

- templates. Using the FeBABE nuclease, we have mapped
. — +10 the positioning ofoS, associated with the core enzyme, at

» L4 three different promoter sequences. The resulting cleavage

patterns resemble th@® patterns despite some significant
differences in cleavage intensities between the two holo-

= . enzymes.
st = - - The absence of a given cleavage could originate from
. = ' - '. — -20 a lack in proximity of the tagged residue from DNA or
. from a defect of the modified RNA polymerase in promoter
== - a ! . . binding. Therefore, we have characterized the transcrip-
= " tional activity of all the derivatives to check their ability
P - l - to occupy the relevant promoter. Among the nine mutations
- sy - introduced incS, K173C is the only one resulting in a
- significant decrease of the activity of the protein at all
i promoters. The lysine in position 173, located in the
- - " putativea-helix of region 2.5, is crucial for & activity,
- - i at least at theosmYand lacUV5 promoters. The partial
| =] - restoration of activity at thgalP1 promoter suggests that
Lt TefsfafsTelalefonoluliznaiaisie the TG motif upstream of the —10 hexamer provides

additional contacts which, at this promoter, compensate

Fig. 6. Cleavage pattern with@ and E&57° RNA polymerases for the crucial interaction between K173 of and the

carrying FeBABE-modifieds at the non-template strand of tigalP1

promoter. Conjugation yield of the’® FeBABE derivatives was _10/__20 .DNA sequence (Figur_e 4A and. B, lanes 12).
determined: 132C, 33%: N396C, 78%; E458C, 59%; T459C, 60%;  Conjugation of single-cy®S derivatives with FeBABE
K496C, 90% and D581C, 80%. After binding to core enzyme, all does not affect their specific functions since it does not

thesea’® derivatives retained>90% of the wild-type transcriptional

activity at thegalP1 promoter. reduce their transcriptional competence at least at the

osmYandgalP1 promotersLacUV5, which is not depend-
ent uponaS for in vivo expression (Yimet al, 1994),
located in region 4.2 067° (D581C), a strong cleavage appears to be the most sensitive to the various modifica-
was observed from —37 to —34, with additional weaker tions introduced in thes® RNA polymerase. This is not
cleavages near —26 to —24 and -45/-44 on the non-unexpected sinced shows the greatest susceptibility to
template strand. In contrast, a weak cleavage was observedheparin challenge when bound at this promoter (F.Colland,
at position —38 to —35 with the L297C derivative of unpublished data). At this promoter, as well aamy
(Figure 6, lanes 14 and 15). This result was observed the FEBABE cleavage intensities generated by toé &

with all the promoters used$mY lacUV5 and galP1), Eo’® holoenzymes are correlated with their respective
suggesting a differential positioning between bofactors promoter occupancies. In most cases, the ratio of open
in the =35 region. complex formed absmYwith each B°S derivative appears

~2-fold higher than the one obtained with the homologous
o’ derivative, whereas the opposite occursaaV5s. In
addition, EoS partitions between the overlapping promoters
The FeBABE reagent, covalently conjugated to the free lacP1 andlacP2. Despite these complexities, one can
sulfhydryl group of a cysteine residue in a protein, can compare the positioning of the two holoenzymes on DNA
cleave polypeptide chains and nucleic acid backbonesboth from previous data olac andgal, and from a direct
located in proximity to the chelate. This methodology has comparison performed here (Oweesal., 1998b; Bown
been applied previously to study protein topography and et al., 1999; Figure 6).

proximity sites between protein and DNA (Greiradral., The cutting pattern observed with FeBABE derivatives
1997; Murakamiet al, 1997a,b; Miyakeet al, 1998; of EcS is almost identical for all promoters studied
Owenset al., 1998a,b; Bowret al., 1999). In these studies, irrespective of their sequence determinants in the —10,
the DNA cleavage patterns were interpreted in terms of —15 and —35 regions, demonstrating a similar architecture
proximity between the conjugated residue and the cleavedof the open complex (Figure 7). This conservation has
deoxyribose. Proximity sites may interact, but do not also been noticed recently for the DNA binding regions
necessarily have to. In the case ®f°, Owens and co- of Ec’® at three variants of thgalP1 promoter, which
workers selected the sites for cysteine substitution from differ either by the presence of the TG motif at —14/-15
the crystal structure data (Malhoted al., 1996) as well or by the nature of the —35 consensus hexamer (Bown
as from many mutation and deletion studies. Using several et al., 1999). For both holoenzymes, the cleavage patterns

Discussion
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span at least 60 basesoEcleaves between —42 areR2,
and B0 between —48 and-12. Within these limits, the

Analysis of oS-open complexes by FeBABE cleavage

(Figures 6 and 7). E174 is adjacent to K173, the residue
corresponding to E458 iaS sequence, whose integrity is

two holoenzymes present the same general organizationrequired for B° activity atosmYandlacUV5. In contrast,

in the open complexes. This similar positioningasfand

at these promoters, E458 can be substituted by a cysteine

o0 relative to promoters could have been expected in without any effect on transcription activity. Thus, region

view of their similar functional organization and their
high degree of homology. In region 2, which is the most
conserved portion of all the polypeptides, region 2.2 is
very close to thetr1 transcriptional start for bothi factors.
Region 2.3, rich in aromatic residues, is implicated in

2.5 appears crucial ford activity and comes into close
proximity to the DNA just upstream of the —10 hexamer.
From the analysis of the cleavage patterns and from the
higher intensities observed, we also suggest that there is
a much tighter anchoring of the putatieehelix in the

DNA melting and maps in both cases very close to the major groove of DNA witho® than with 07°. These

unpaired segment of the non-template strand. Butofor

observations could have functional implications since

only, a new cleavage is detected at the template strandregion 2.5 ofoS seems to be especially crucial for the
around —10/-15. Region 3.1 and 3.2 show strong similarity proper regulation and for the activity afS-dependent
in this comparison, while interesting differences can be promoters (Muffleret al., 1996; Pratt and Silhavy, 1996;

noticed in regions 1.2, 2.1, 2.5 and 4.2.

Region 1.2 ob"Cis required for open complex formation
(Wilson and Dombroski, 1997) and the corresponding
FeBABE cleavage maps in the —10 region (Owensl.,
1998a). A similar cut is observed within tie€ pattern but

Schwedeet al., 1996; Zhou and Gottesman, 1998; Becker
et al., 1999).

In conclusion, the positioning afS along the DNA in
open complexes formed at three different promoters is
essentially independent of the promoter sequence. The

additional cleavages are also present in the far downstreancentral regions of botlw factors including regions 2.2 to

region of the non-template strand arou#d0 and+20,

leading to a shift in the downstream border of the reactivity
for EoS. The presence of this downstream reactivity is
probably correlated with another function attributed to
region 1, of facilitating RNA polymerase escape from the
initiating complex (Wilson and Dombroski, 1997). Such

3.2 all react at the same positions on the DNA. The
cleavage intensities are especially high &ortagged in
regions 2.2, 2.3, 2.5 and 3.1 on both strands of DNA
between positions —25 t&2. From the intensities of the
cuts and their similar distribution on both strands, we
suggest that the central part of makes the closest

an extended cleavage pattern, brought about by the holo-interactions with the core promoter. This is at variance

enzyme carryings® tagged in this region, suggests also
that a strong bend is induced here upon DNA melting.
None of the othercS derivatives associated with core

with Ec’® where the strongest cleavages are scattered
from region 2.1 to region 4.2 with a clear preference for
one strand at some positions. Thes’E holoenzyme

enzyme display such an extended reactivity. Region 2.1 recognizes an extended promoter sequence and requires

of 0’0 is involved in core binding (Lesley and Burgess,
1989). In region 2.1 065, residue 90 must be located far
from the DNA in contrast to the equivalent position in
o’% (Owenset al,, 1998a). Residue 90 af® might also

be very close or inside the core binding site; preliminary
results show indeed that its FeBABE derivative specifically
cleaves thed’ subunit of core RNA polymerase (data not
shown). As observed with region 2.1, the reactivity of the
oS derivative in region 4.2 is very weak in the =35 region
compared witha”®. In fact, in contrast to the’® mutant,
the L297C mutant obS is located in a poorly accessible
region (Table I). This lack of accessibility suggests an
explanation for the poor efficiency of region 4.2 @f in

at least two anchoring regions, the —10 and —35 hexamers,
for specific DNA—protein interactions. TheoE holo-
enzyme appears to interact with a smaller part of the
promoter and might need only a single specific anchoring
region such as an extended —10 region, in agreement with
the fact that a specific —35 region is dispensable at most
oS-dependent promoters. This strategy might be especially
advantageous in the stationary phase where the DNA is
protected by multiple DNA-binding proteins (such as IHF
and Dps, the levels of which generally increase at the onset
of the stationary phase) (for a review see Ishihama, 1999).

the recognition of —35 consensus sequences, in agreemen\qaterials and methods

with previous biochemical and genetic studies (Hiratsu
et al, 1995; Kolbet al, 1995; Tanakat al., 1995).

Site-directed mutagenesis

Regardlng reglon 25’ Bown and co-workers proposed pETF plasmid encodes Wlld'ty[:mS subunit under the control of @10

a model for the docking of the putative-helix of ¢’©
(residues 454-461) in the major groove of DNA between
positions —14 and —20 with residue E458 in hydrogen

promoter of bacteriophage T7 (Tanadial., 1993). A uniqueMlul site

was introduced at residue 162 into pETF to yield the plasmid, pFCO. The
wild-type ¢ protein has no cysteine residues. Plasmids overexpressing
mutantc® subunits, which contain a single cysteine residue at positions

bonding contact with bases at —14 and —15 opposite to68 (pFC1), 90 (pFC2), 111 (pFC3), 140 (pFC4), 173 (pFCE), 174 (pFC7),

the TG motif. In the present work, a cleavage pattern
similar to that observed with the E458C FeBABE conjug-
ate ofa’? at gal was obtained with the E1746° mutant

211 (pFC8), 232 (pFC9) or 297 (pFC10), were constructed from
pFCO using the Quiaquick site-directed mutagenesis kit (Stratagene).
Depending on the position of the mutatioNdd—Hpal, Hpal—Mlul,
Mlul-Rsil or Rsil-BanHl fragments were isolated and inserted into

at all promoters, but with a much higher cleavage efficiency pFCO0 between the corresponding sites. DNA sequencing of each cys-

Fig. 7. Summary ofosmYgalP1 andlacUV5 DNA cleavage by FeBABE-conjugated, stationary phase RNA polymerase.datiutant is

indicated on the left of the figure and their respective position in the primary sequence is indicated on the right. Horizontal lines correspond to DNA;
boxes above these lines correspond to non-template strand cleavage and boxes below these lines correspond to template strand cleavage. The
cleavage efficiency is indicated by the intensity of the shading of the box. Regions unpaired in open complexes are shown by the separation of DNA
strands. Positions along the DNA template, with th# start site of transcription, are represented at the bottom of the figure. The —10, extended —10
and —35 consensus elements are shown by black boxes.
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mutant gene was performed by the dideoxy chain termination (T7 RNA polymerase, heparin (5Qg/ml) was added 3 min before the

sequencing kit from Pharmacia Biotech). cleavage reaction. DNA cleavage was generated by addition of ascorbate
(2 mM) and HO, (1 mM), in the presence of eachoE or Ec”®
Protein purification derivative, and was then performed exactly as described by Owens

Mutant 65 subunits were purified from the over-producing strain et al. (1998a).
BL21(DE3)/pLysS/pFC as described for wild-tyme (Tanakaet al.,

1995). Log-phase core enzyme was prepared according to Lesteakr

(1991). Mutanto™ subunits (132C, N396C, E458C, T459C, K496C

and D581C) were purified as described (Owetsal, 1998a; Bown Acknowledgements
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Conjugation of 65 and 6¢7° mutants with FeBABE

Each purifiedo preparation in storage buffer [L10 mM Tris pH 7.6,
10 mM MgCb, 0.1 mM EDTA, 1 mM dithiothreitol, 0.2 M KCI and
50% (v/v) glycerol] was dialysed overnight at 4°C against the conjugation
buffer [10 mM MOPS pH 8.0, 2 mM EDTA, 0.2 M NaCl and 5% (v/v)
glycerol]. Conjugation was performed by mixing 3p® of FeBABE

with 20 uM of eacho mutant fa 4 h atroom temperature. This mixture
was then dialysed at 4°C against conjugation buffer to remove free
FeBABE. As a control, the wild-typesS protein, devoid of cysteine
residue, was incubated with FEBABE: no DNA cleavage was observed
after association of this protein to the core enzyme, showing that the References
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