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RNA polymerase a subunit at promoters lacking an
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ABSTRACT presence of the'd'G-3motif, resulting in an ‘extended —10’
promoter (0,14,15). It has been shown that the extended -10
motif is recognised by region® of thea’9 subunit of RNA
polymerase 16). Promoter activity can also be enhanced by the
UP-el t The t i ; ¢ f presence of an UP-element; an AT-rich region located upstream
element. 1he temperature requirement for open of the —35 sequence. The UP-element stimulates the rate of
complex formation was used as an indication of the transcription initiation by interacting with the C-terminal domain
kinetics of this process. We have previously shown of the RNA polymerase subunit GCTD) (4)
that aCTD is required for transcription initiation at Iow TheE.coligalP1 promoter is an example (')f an ‘extended —10’
temperature atthe galP1 promoter, a promoter contain- promoter having a —10 hexamer with close homology to the
g an UF|>-(;:]Iement. DNane | footprinting has beer; used consensus and the-5G-3 motif, but a —35 sequence with no
e e Sclie of ghen promoler SOTIELES homolgy 10 the consensut1] The ga 1 promotr also
formation has been determined using potassium requires addltlo_na_d sequences positioned around —50 for maximal
permanganate as a probe. In this work we show that, activity. qur;cprlnlt(ljng ana%sgﬂis shlown that theselsequ_ences
although aCTD is not absolutely required for transcrip- g‘)zteéggg dwg wild-type o™ polymerase, resulting in
LS d : pstream protection at t@P1l promoter 17). In
ggg;ngg;og raotl eprgg:i%tgertsr;ﬁglélr?&igg glFt)laetllng e%t],i S't contrast, RNA polymerase _reconstitute(_j with _truncatedbunits,
role is independent of the sequence of the promoter containing only the N-terminal 256 amino acids256 polymer-
upstream from the —35 region and does not require as_e), gives an identical footprint around the transcript start but
stable oCTD-DNA interactions as determined by fails to protect sequences upstream of 24). (T hejse data led to
DNase | footprinting. The role of aCTD at promoters :2?{#&%‘?23;;'532?;8?;?2eac:]uS;Ereelgmefgftprgmm is due
lacking an UP-element is discussed. An unusual property of th.coligalP1 promoter is its ability
to form an open complex at low temperatures, as showitro
INTRODUCTION andin vivo by probing with potassium permangandt£19,20).
Most promoters recognised by the mdfscherichia colRNA  To investigate the mechanism of initiationgatP1, a synthetic
polymerase dBp'c79 contain two conserved sequence elementgalP1 derivative galPconTG6) was constructed by cloning a
located 10 and 35 bp upstream from the transcription start sSBNA sequence upstream from —12 which contained a3
(1,2). The —10 and —35 hexamers provide contact points for theotif and a consensus —35 hexanaéj.(Introduction ofa G- T
0’9 subunit of RNA polymerase. However, it is now clear thatransversion at position —14galPconTG6, thereby mutating the
other regions of the promoter, including the —10/—35 spacé&-TG-3 motif, significantly increased the thermal energy
region and the sequence upstream of the —35 hexamer, also plguirements for openingl®). This observation led to the
an important role in transcription initiatio,{). proposal that the'&'G-3 motif reduces the thermodynamic
The B-TG-3motif, located 1 bp upstream of the —10 hexamemarrier of melting during initiation. However, titecoli cysG
is highly conserved in the promoters of a number of Gram-positijgromoter, which also has an extended —10 region, is unable to
organisms and weakly conservedBrcoli promoters §5-8).  form an open complex at low temperatures, demonstrating that
Mutations within the 5TG-3 motif have been shown to reduce the 3-TG-3 motif alone is insufficient for low temperature
gene expression, while mutations that generatel&53 motif ~ opening £0,22). In addition, Atteyet al (18), showed that
stimulate promoter activity3¢13). Furthermore, the absence of reconstitutedi-256 RNA polymerase was unable to form an open
a recognisable —35 hexamer can be compensated for by t@mplex atgalP1 at low temperatures. Together, these data are

We have studied the role of the C-terminal domain of the
o subunit ( aCTD) of Escherichia coli RNA polymerase
during transcription initiation at promoters lacking an
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=70 -60 -50 -40 -30 -20 ~-10 +1 +10
a)galPl TTGTGTAAACGATTCCACTAATTTATTCCATGTCACACTTTTCGCATCTTTTTTATGCTATGGTTATTTCATACCATAAG
b)galP1-49 CTTTCGTCTTCAAGAATTCCCTTTATTCCATGTCACACTTTTCGCATCTTTTTTATGCTATGGTTATTTCATACCATAAG

c)galPl-35 AGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCACTTTTCGCATCTTTTTTATGCTATGGTTATTTCATACCATAAG

d) galPconTG6 GGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTTGACAGCTGCATGCATCTTTGTTATGGTTATTTCATACCATAAG

Figure 1.The nucleotide sequence of promoters used in this study. The extended —10 and —35 promoter elements are highlightechindexddd€h that replace
‘wild-type’ galP1 are underlined.

consistent with a model in which function at low temperatures igppropriate temperature for 30 min. RNA polymerase was added
a consequence of both thel$5-3 motif and extended upstream to a final concentration of 200 nM and the mixture incubated for
contacts. However, in opposition to this proposal, more receatfurther 20 min to allow binary complex formation. Unless stated
evidence suggests that thalP1 sequence upstream of —49 isotherwise, RNA polymerase holoenzyme was supplied by
dispensible for low temperature openig)( raising questions Northumbria Biologicals Ltd. Reconstituted RNA polymerase
concerning the nature of the upstrea@TD-DNA contact and holoenzyme containing either wild-type or C-terminally truncated
its role in transcription initiation. o subunits @-256) was prepared in Mishima from purified

In this study we have examined the role of the RNA polymeradall-length or truncated RNA polymerase subunit§)( Single-
oaCTD during open complex formation. Using truncagadP1  stranded T residues were modified by addingl lfreshly
promoter derivatives, we have shown that RNA polymerasgrepared 200 mM potassium permanganate. After 4 min the
makes a sequence-specific interaction with the upstream regimaction was quenched with fDpotassium permanganate stop
of thegalP1 promoter. However, tlyalP1 sequence upstream of solution (3 M ammonium acetate, 0.1 mM EDTA, 1.5 M
—-35 is dispensible for low temperature opening, demonstratirfggmercaptoethanol). The modified DNA was purified by phenol/
that specific upstreamCTD—-DNA interactions are not required chloroform extraction and ethanol precipitation. The site of
for strand separation at low temperature. In contrast, theMnO4 modification was detected by primer extension analysis.
C-terminal 73 amino acids of tleesubunit are required for low
temperature melting in both the presence and absence of Rrimer extension analysis of modified DNA
upstreama binding site (UP-element). We proposed that th
aCTD has a role in transcription initiation which is independen
of its ability to form a specific protein—~DNA contact.

his is a modified version of the method described by Sasse-
wight and Gralla 7). An oligodeoxyribonucleotide primer
(Alta Bioscience, University of Birmingham) complementary to
the template strand upstream of tBedRl site was 5end-
MATERIALS AND METHODS labelled with {-32P]ATP (Amersham). Labelled primer (20 nM),
Promoters dNTPs (100pM with respect to each) (Pharmacia), and
) ) ) Vent(exa) DNA polymerase (2 U) (New England Biolabs) or
All promoters were carried dscoRI-Hindlll fragments in the  TagDNA polymerase (2 U) (Boehringer Mannheim) were added
galK fusion vector pAA121 as described previousBB)(  to the modified DNA (3—4 nM) in a final volume of 5. A
Plasmids were isolated from thecoli host, M182, by SDS lysis mineral oil overlay (Sigma) was added and the extension reaction
and then purified on a caesium chloride/ethidium bromidgas started in a Biometra thermal cycler using the following
gradient 24). Unless stated otherwise, plasmids were linearisegrogramme: one cycle of 9@ for 180 s, 50C for 120 s, 72C
prior to potassium permanganate probing by digestion with thgr 90 s; followed by 15 cycles of 9@ for 60 s, 50C for 120 s,
restriction endonucleasest, which cuts all constructs once 72°C for 90 s; then 94C for 60 s, 50C for 120 s, 72C for
within thebla gene on pAA121PsI-BstEll promoter fragments, 10 min. The aqueous layer was purified by phenol/chloroform
prepared for DNase | footprinting, were isolated by PAGE andxtraction and ethanol precipitation and analysed on a calibrated
then 3-end-labelled with\->2P]ATP (Amersham) at thBSEIl 6% (w/v) denaturing polyacrylamide gel (Sequagel; National
site on the template strand. Diagnostics).
The sequences of the promoters used in this work are shown in
Figurel. TheEcaRI-HindlIl gal promoter fragment encodgal  DNase | footprinting
sequence from —92 to +45 with respect tg#ie1 transcript start ) .
site £5) and contains a G T transversion at position —19 that R7'\(‘)A polymerase (BM) was incubated in the presence ¢\
completely inactivates thgalP2 promoter {1). GalP1-49 and 0" (kindly supplied by J. Bown, University of Birmingham) at
galP1-35 were derived frogalP1 by introduction of aEcoR| 30°C for 15 min to increase core-association. A 2(l reaction

linker upstream of —49 and —35, respectively (—49 and —35 dendfx containing 5end-labelled DNA (7-8 nM) and RNA
the upstﬁaanﬂl”nn o@a“)l Seqlkance)_ p(ﬂanerase (30(%”400 nhﬂ)|n b|nd|ng bLﬂTer (20 mM F{EF)EEi

pH 8.0, 5 MM MgQdJ, 50 mM potassium glutamate, 0.5 mg/ml
BSA, 1 mM DTT) was incubated at 3Z for 20 min to allow
binary complex formation. DNase | (5-15 ng) (Boehringer) was
A 20 pl reaction mix, containing linearised or supercoiledadded to the binary complexes and the reaction allowed to
template DNA (10 nM) in transcription buffer (5% v/v glycerol, proceed for 60 s at room temperatlig5° C). The reaction was

20 mM Tris—HCI, pH 8.0, 100 mM NacCl, 5 mM MgC0.1 mM  quenched by the addition of 2QDNase | stop solution (10 mM
EDTA, 1 mM DTT, 50ug/ml BSA), was incubated at the EDTA, 0.3 M sodium acetate). After purification by phenol/

In vitro potassium permanganate probing
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chloroform extraction and ethanol precipitation, the DNA was galP1 galP1-49 galP1-35
analysed on a calibrated 6% (w/v) denaturing polyacrylamide gel (template strand)  (template strand)  (template strand)
(Sequagel; National Diagnostics). y 1 w e

RNAP - : -+
-.l

RESULTS s ]
- —

Investigation into the nature of the upstream contact at 61 60+
galP1: specific or non-specific? .56 -

53w 52w

It has previously been shown that wild-type RNA polymerase
forms an extended upstream contact at ga1 promoter. A3
However, RNA polymerase reconstituted with truncated
subunits, containing only the N-terminal 256 amino ade®56 35
polymerase), fails to protect tgalP1 promoter upstream of —40
(18). This result led to the proposal that the extended upstream
footprint atgalP1 is due to the binding of teTD to a putative 23 .
UP-element. To further characterise this extended upstream
contact, we have used DNase | footprinting to compare the
interaction of wild-type RNA polymerase holoenzyme with the -13s
galP1 promoter and two truncated derivativgalP1-49 and
galP1-35. The results (Fig) clearly show that RNA polymerase
binds to all three promoters. AfalP1, in accordance with b
previous data Z1,28), RNA polymerase protects the DNA i
upstream to around —55 with three regions of hyper-reactivity at -
around —27, —38 and —49. The positioning and the periodicity of
these hyper-reactive regions suggests increased attack of the
minor groove due to curvature of the DNA helical axis. In contrast
to the situation agalP1, there is no clear protection in the —45 to
-55 region atgalP1-49. However, the hyper-reactivity seen
around —49 at this promoter has been attributed to polymerasggure 2. DNase | footprints ofjalP1, galP1-49 andjalP1-35. Regions of
induced distortion of the DNA. The DNase | footprint of the clear protection are indicated by a bar; solid bars represent protection due to
galP1-35 promoter provides compelling evidence that the upstreamlymerase binding at thyalP 1 derivatives; the hatched bar indicates protection
protection agalP1 is sequence specific, since there is no evidencgue t© polymerase binding at thiégromoter. The open barin thalP1-49 lane

. . Indicates a region of hyper-reactivity. Lane M is a Maxam-Gilbert G reaction
of any DNA-RNA polymerase interaction upstream of —45. The.ajipration ladder.
second region of protection observedaiiP1-35, upstream of —60,
is attributed to polymerase binding at the upstreanpnomoter
(29). In conclusion, replacement of thyalP1 sequence upstream of
=35 results in a loss of upstream protection by wild-type RNAnvestigation into the role of theaCTD in low temperature
polymerase. This observation is consistent with the proposal that gening at a promoter which lacks an UP-element
RNA polymeraseiCTD makes a sequence-specific contact with the
galP1 promoter upstream of —45. However, it does not rule out tfd promoters lacking sequences with homology to the UP-
possibility thataCTD makes transient non-specific contacts withelement upstream from 35, the role c@€TD in activator-
promoter DNA upstream from —35. independent transcription is not fully understood. In order to gain
insight into the role oftCTD at promoters lacking an UP-
element, we monitored the ability of reconstituted56 RNA
polymerase to form an open complex at tiEPconTG6
promotergalPconTG6, unlikgalP1, contains the consensus —35
In contrast to wild-type holoenzyme, reconstituted56 RNA  hexamer but lacks an UP-element. The absence of an UP-element
polymerase is unable to form an open complegai?l at low is consistent with DNase | footprinting data (Fywhich shows
temperatures 18). To investigate the role of the upstreamthat wild-type RNA polymerase does not form extended upstream
aCTD-DNA interaction on strand separation at Pl  contacts agalPconTG6.
promoter, open complex formation was monitored at the two Potassium permanganate probing was then used to compare
truncated promoter derivativgalP1-49 angjalP1-35. Figur8@  strand separation driven by wild-type and mutant RNA polymerase
shows that substitution of tigalP1 sequence from —92 to —50 or at thegalPconTG6 promoter (Fid). Wild-type RNA polymerase
—36 has no deleterious effect on the promoter’s thermal enerfpurified from E.coli) forms an open complex at 37 and® €4
requirements. The level of opening af T4s actually enhanced while reconstituted RNA polymerase, containing truncated
at galP1-35 relative tagalP1, thus stable sequence-specificsubunits, drives strand separation &@alone. To eliminate the
contacts with DNA upstream from —35®¢ TD are not required  possibility that the reconstitution procedure is affecting enzyme
for low temperature opening at this derivativegalP1. In view  function, the experiment was repeated using reconstituted
of the data presented by Attey al (18), this result raised the wild-type enzyme. Figuréb shows that, unlike-256 RNA
guestion as to the role of t€TD in driving strand separation polymerase, wild-type reconstituted enzyme is clearly able to
at low temperature. form an open complex at 1€. ThuspCTD has a functional role
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Investigation into the role of the upstreamaCTD-DNA
interaction in low temperature opening at thegalP1 promoter
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Figure 3. Potassium permanganate probingalP1,galP1-49 andjalP1-35
on linear plasmid templates. Potassium permanganate was used to detect - L
unpaired T residues present on melted DNA. The arrows indicate single-

stranded T residues, numbered relative to the transcription start site +1. Lane A
is a dideoxy sequencing ladder specific for A residues. The relative intensities
of the bands obtained at different temperatures for each promoter gedPtor

at 37°C, 100%; 28C, 77%; 14C, 9%,; 6 C, 0%,; forgalP1-49 at 37C, 100%;

25°C, 52%; 14C, 10%; 6C, 0%; forgalP1-35 at 37C, 100%; 25C, 98%;

14°C, 58%; 6C, 10%.

Figure 4. DNase | footprints ofyalP1 andgalPconTG6. Regions of clear
protection are indicated by a bar; solid bars represent protection due to
polymerase binding at thgalP1l derivatives; the hatched bar indicates
protection due to polymerase binding at tiepgsomoter (29). Lane M is a

. . . Maxam-Gilbert G reaction calibration ladder.
in promoting open complex formation at tlgalPconTG6

promoter. However, since this role is not dependent on the

formation of sequence-specific contacts betwa€@TD and reduces the thermal energy requirements for opening. However,
DNA, the o subunit must facilitate duplex melting at this at low temperatures, the level of opening is reduced in the
promoter by an alternative mechanism. ™@TD was also presence ofi-256 RNA polymerase compared to the wild-type
found to be important for open complex formation at theenzyme. Thus, the removal of th€TD affects the kinetics of
‘extended —10’ promotergalP1-35, which lacks both an initiation on supercoiled templates. This may, in part, explain why
UP-element and a recognisable —35 hexamer. The results, shdwnoli cells containing only truncated subunits are not viable

in Figure 5¢, resemble those obtained fgalPconTG6; both  (30).

enzymes are capable of forming an open complex a€37

whereas at 14C opening is observed with wild-type enzymeDISCUSSION

alone. Furthermore, the level of opening observed &C 33 _

greatly reduced for the mutant enzyme compared to wild-tygk has previously been shown thgalP1, an extended —10
RNA polymerase at this promoter. This suggests that @D promoter, can form open complexes at low temperatuggsi

is particularly important in transcription initiation in the absencéddition, Attey et al (18) showed that reconstituted RNA

of sequence-specific contacts between the —35 region aod th olgrsnesera_\se cc;)rlltaining _ C—termiréally trunpategpsluburcljits
subunit and this role is independent of an UP element. a-256) is unable to drive strand separationg unaer
limiting thermal energy conditions. These data suggest that

sequence-specific contacts between region 2& ®fand the
extended —10 motif and betweet©TD and thegalP1 UP-
element help determine the kinetics of open complex formation.
In the case of wild-type RNA polymerase, a lack of thermal energyiowever, the data presented here showot6aiD plays a role in
needed to drive open complex formation can be compensated fordstermining the kinetics of transcription initiation in the absence
the introduction of negative supercoiling9). Figure6 shows of stable sequence-specific contacts with DNA. Requirement for
open complex formation galPconTG6 carried on supercoiled theaCTD is most critical under low thermal energy conditions,
(non-linearised) plasmid template. On supercoiled templates,ihere duplex opening is thought to be limiting. This suggests that
contrast to linear templates (Fih), opening is detected at 37, aCTD acts to promote isomerisation of the closed to the open
25, 14 and 6C for both wild-type andi-256 RNA polymerase. complex. It has previously been shown tle€TD is not
These data add support to the previous observation that supercoitaasolutely required at activator-independent promoters lacking

The effect of supercoiling on open complex formation at the
galPconTG6 promoter with a-256 RNA polymerase
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b galPeonTGE Linear
W.T. polymerase =256 polymerase _ ) . .
(reconstituted) (reconstituted) Figure 6. Open complex formation @alPconTG6 on supercoiled plasmid

templates with wild-type ar-256 RNA polymerase. Potassium permanganate

| 170 259C 14°C 6°C | B —— footprints 02 gaIII:;conTGG gog;peleéilsAfornl\ed at 37,Tﬁ5, 14 afg@ (g)y
A A : == reconstituted wild-type and- polymerase. The arrows indicate

RNAP =l e il 4 xioriorior single-stranded T residues, numbered relative to the transcription start +1.
Lane T is a dideoxy sequencing ladder specific for T residues. The relative
intensities of the bands obtained at different temperatures for the wild-type

3 polymerase are: at 3T, 100%; 25C, 64%; 14C, 52%; 6C, 43%. The

1 relative intensities of the bands obtained at different temperaturas2fo

5 RNA polymerase are: at 3C, 100%; 28C, 50%; 14C, 30%; 6C, 15%.
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an UP-element@). Itis also tempting to speculate that, although
not absolutely required@CTD plays a role in transcription
initiation at all promoters. There are two possible models to
explain the role oflCTD in transcription initiation. In the first,
since theaCTD does not form any detectable contact (as
c galP1-35 Linear determined by DNase | footprinting) with promoters lacking an
IT°C 14°C UP-element, the contribution of to€TD to the kinetics of open
' 258" 256 complex formation depends on interactions betweeand other
RMAR & AXaEs & Mg RNA polymerase subunits. In the second manlélT D contacts
DNA at all promoters, but at promoters lacking an UP-element
the interaction may be too transient to be detected by DNase |
footprinting. The docking oftCTD on the DNA then positions
= it so that it can make ‘constructive’ contacts with the rest of RNA
= - polymerase, these contacts helping to drive transcription initiation.
Both models propose th@€CTD increases transcription initiation
by contacting other components of the transcription machinery.
A number of different activator proteins increase transcription by
interacting with region 4 of the subunit 81-34). TheaCTD
may facilitate open complex formation by interacting with this
region ofo. This model is supported by the observation that
Fiure 5. T e depend . o formation by wilg.yoe XC 1D €@N be cross-linked w0 (35) and is consistent with the
B e e o o Proposal that the subLIt was one an independent ranscription
galPconTG6 complexes formed at 37 and4y wild-type RNA polymerase  factor which has become incorporated into RNA polymerase
supplied by Northumbria Biologicals Ltd and reconstitute@56 RNA (36). Attey et al (18) also showed that cAMP-CRP can
polymerase. At 14C the wild-type RNA polymerase amu-256 RNA compensate for theCTD truncation, driving open complex
polymerase drive 72 and 3% strand separation, respectively, relativédo 37  ¢5rmation at theyalP1 promoter at low temperatures. It has been
(b) Potassium permanganate footprintgalPconTG6 complexes formed at h that cAMP—CRP tivate t intion b tacti
37, 25, 14 and&C by reconstituted wild-type and256 RNA polymerase. The shown that ¢ Can activate transcriplion by contacling

relative intensities of the bands obtained at different temperatures for théd'C (33). In the absence of the putative-o interaction,

wild-type polymerase are: at 32, 100%:; 25C, 58%; 14C, 29%:; 6C, 4%. cAMP—CRP may therefore interact with to promote low
The relative intensities of the bands obtained at different temperatures fotemperature Opening ga|p1_

0a-256 RNA polymerase are: at3Z, 100%,; 25C, 28%; 14C, 3%,; 6C, 0%.

(c) Potassium permanganate footprintgalP1-35 complexes formed at 37

and 14 C by wild-type RNA polymerase supplied by Northumbria Biologicals ACKNOWLEDGEMENTS
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polymerase drive 65 and 6% strand separation, respectively, relativeo 37 and Stephen Busby for discussions and critical reading of the

1]l




2056 Nucleic Acids Research, 1999, Vol. 27, No. 9

manuscript. We are most grateful to the Wellcome Trust (049613%
for supporting this work, to the UK BBSRC for a studentship tq
H.D.B. and to the Royal Society for an Anglo-Japanese Scientifi
Collaboration Award.

REFERENCES

1
2
3

N

o ~NOo O

10
11

12

13

15

Hawley,D.K. and McClure,W.R. (198Blucleic Acids Resll, 2237—-2255.
McClure,W.R. (1985Annu. Rev. Biochenb4, 171-204.

Bown,J.A., Barne,K.A., Minchin,S.D. and Busby,S.J.W. (1997)
Nucleic Acids Mol. Bio 11, 41-52.

Ross,W., Gosink,K.K., Salomon,J., Igarashi,K., Zou,C., Ishihama,A.,
Severinov,K. and Gourse,R.L. (199)ience262 1407-1413.
Graves,M.C. and Rabinowitz,J.C. (1986Biol. Chem, 261, 11409-11415.
Bashyam,M.D. and Tyagi,A.K. (1998) Bacteriol, 180 2568-2573.
Helmann,J.D. (1999)lucleic Acids Res23, 2351-2360.
Sabelnikov,A.G., Greenberg,B. and Lacks,S.A. (1998)ol. Biol, 250
144-155.

Rothmel,R. and LeClerc,J. (198Micleic Acids Resl7, 3909-3925.
Keilty,S. and Rosenberg,M. (1981 Biol. Chem, 262 6389-6395.
Bingham,A.H.A., Ponnambalam,S., Chan,B. and Busby,S. (338%)
41, 67-74.

Johnston,F., Ponnambalam,S. and Busby,S. (1981!. Biol, 195
745-748.

Ponnambalam,S., Chan,B. and Busby,S. (1988)Microbiol., 2, 165-172.

Grimes,E., Busby,S. and Minchin,S. (198licleic Acids Resl9,
6113-6118.

Kumar,A., Malloch,R.A., Fuijita,N., Smillie,D.A., Ishihama,A. and
Hayward,R.S. (1993). Mol. Biol, 232 406-418.

19
20

21
22

23
24

Barne,K.A., Bown,J.A., Busby,S.J.W. and Minchin,S.D. (1#MBO J,
16, 4034-4040.

Busby,S., Spassky,A. and Chan,B. (198&he 53, 145-152.

Attey,A., Belyaeva,T., Savery,N., Hoggett,J., Fujita,N., Ishihama,A. and
Bushby,S. (1994Nucleic Acids Res22, 4375-4380.

Burns,H. and Minchin,S. (199¥ucleic Acids Res22, 3840-3845.
Burns,H.D., Belyaeva,T.A., Busby,S.J.W. and Minchin,S.D. (1996)
Biochem. J 317, 305-311.

Chan,B. and Busby,S. (1985¢ne 84, 227-236.

Belyaeva,T., Griffiths,L., Minchin,S., Cole,J. and Busby,S. (1993)
Biochem. J 296 851-857.

Kelsall,A., Evans,C. and Busby,S. (19B&BS Lett 18Q 155-159.
Sambrook,J., Fritsch,E.F. and Maniatis,T. (1988lecular Cloning:

A Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

Busby,S. and Dreyfus,M. (1983gne 21, 121-131.

Igarashi,K. and Ishihama,A. (1992¢ll, 65, 1015-1022.
Sasse-Dwight,S. and Gralla,J.D. (198tEthods EnzymgI208 146-168.
Chan,B., Spassky,A. and Busby,S. (1®i6¢hem. J 270 141-148.
Ponnambalam,S. and Busby,S. (198BS Lett 212 21-27.
Hayward,R.S., Igarashi,K. and Ishihama,A. (190Nlol. Biol, 221,
23-29.

Li,M., Moyle,H. and Susskind,M.M. (1998&ience263 75-77.

Makino,K., Amemura,M., Kim,S.K., Nakata,A. and Shinagawa,H. (1993)

Genes Dey7, 149-160.

Lonetto,M., Rhodius,V., Lamberg,K., Kiley,P., Busby,S. and Gross,C.
(1998)J. Mol. Biol, 284, 1353-1365.

Rhodius,V. and Busby,S.J.W. (19@8)rr. Opin. Microbiol, 1, 152—159.
McMahan,S.A. and Burgess,R.R. (19B#)chemistry33 12092-12099.
Ebright,R.H. and Busby,S. (1995yrr. Opin. Genet. Dey5, 197-203.



