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ABSTRACT

Transcription of the bacteriophage Mu mom operon
requires transactivation by the phage-encoded C
protein. DNase | footprinting showed that in the absence

of C, Escherichia coli RNA polymerase E 6’0 (RNAP)
binds to the mom promoter (P ,,om) region at a site, P2
(from —64 to —11 with respect to the transcription start
site), on the top (non-transcribed) strand. This is slightly
upstream from, but overlapping P1 (—49 to +16), the
functional binding site for rightward transcription.
Host DNA-[ Né-adenine] methyltransferase (Dam)
methylation of three GATCs immediately upstream of
the C binding site is required to prevent binding of the
E.coli OxyR protein, which represses  mom transcription
in dam= strains. OxyR, known to induce DNA bending,

is normally in a reduced conformation  in vivo, but is
converted to an oxidized state under standard in vitro
conditions. Using DNase | footprinting, we provide
evidence supporting the proposal that the oxidized
and reduced forms of OxyR interact differently with
their target DNA sequences in vitro . A mutant form,
OxyR-C199S, was shown to be able to repress  mom
expression in vivo in a dam~- host. In vitro DNase |
footprinting showed that OxyR-C199S protected P ;;,om
from —104 to —46 on the top strand and produced a
protection pattern characteristic of reduced wild-type
OxyR. Prebinding of OxyR-C199S completely blocked
RNAP binding to P2 (in the absence of C), whereas it
only slightly decreased binding of C to its target site
(-55 to -28, as defined by DNase | footprinting). In
contrast, OxyR-C199S strongly inhibited C-activated
recruitment of RNAP to P1. These results indicate that
OxyR repression is mediated subsequent to binding

by C. Mutations have been isolated that relieve the
dependence on C activation and have the same
transcription start site as the C-activated wild-type
promoter. One such mutant, tin7, has a single base
change at —14, which changes a T ¢ run to T 3GTo.
OxyR-C199S partially inhibited RNAP binding to the tinz7
promoter in vitro , even though the OxyR and RNAP-P1
binding sites probably do not overlap, and in vivo
expression of tin7 was reduced 5- to 10-fold in  dam~
cells. These results suggest that OxyR can repress tin7.

INTRODUCTION

Among the bacteriophages, Mu is unique. Besides its remarkable
property of functioning as a transposable eleméntl)( Mu
employs two unusual strategies to extend its host range. One
involves expression of alternative sets of tail fibers that specify
different adsorptive capabilities on various host cells; this is
accomplished by DNA inversion of the phage G region, which
encodes these proteins,g). The other strategy involves an
unusual type of DNA modification function, encoded by the
phagemomgene. ‘Momification’ is an unusual sequence-specific
modification of adenines that protects the phage DNA against a
variety of host-controlled restriction/modification systems$).
However, untimely Mom production is cytotoxitQ(11). There-

fore, in order to establish and maintain the lysogenic pathway, Mu
has evolved an intricate set of transcriptional and translational
controls to regulatsmomexpression?2).

The momoperon is at the rightmost end of the bacteriophage
Mu genome and is comprised of two overlapping geoesand
mom(13); thecomgene product is a sequence-specific mMRNA
binding protein that appears to activatem translation by
melting a stem—loop structure to expose the translational start
signals (4,15). Transcription ofnomby Escherichia colRNA
polymerase &0 (RNAP) is subject to a complex regulation
scheme; it requires transactivation by the phage-encoded C protein
(16,17), as well as function of the host DNAS-adenine]
methyltransferase (Dam)l&-21). C is also required for the
transcription of three other late operons, which are involved in
phage morphogenesis and cell lysis during lytic development
(22,23). Of the four late promotersi(® R, B> and Bom), Fnom
has the most conserved —35 hexamer sequence, but is at bes
poorly homologous to th&.coli consensus RNAP promoter
sequence, TTGACA-¥-1sTATAAT (24). Analysis of thenom
promoter sequence reveals that it has identities of 3/6 and 4/6
respectively with the canonidalcoli—35 and —10 hexamers, but
the three matches in the —35 hexamer are not at so-called
‘invariant’ positions 25). Furthermore, the spacer between the
two hexamers is a suboptimal 19 (instead of 17) bp. Thus, itis no
surprise that RNAP cannot by itself initiate transcription at the
mompromoter. The precise mechanism by which C activates
transcription is currently unclear. C binggR from —55 to —28,
as defined by DNase | footprintingg,28); chemical footprinting
with MPEFe(ll) narrows the boundaries from —53 to -B5.(C
binding promotes RNAP binding at a site, P1, functional in
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rightward transcription, and precludes RNAP binding at anoth&-boundaries defined by DNase | protection extend further than
site, P2, which is slightly upstream and overlappingZZ?28;  the actual contacts), amdvivoexpression din7 was reduced in
unpublished results). Whether or not C is also required at somanT cells. These results suggest that OxyR may exert repression
later step in transcription initiation is unknown. Redentitro  of tin7 through its ability to bend DNA. Finally, the mechanism
studies indicate that RNAP bound at P2 produces a low leveliofolved in the regulation ofmom transcription initiation is
short transcripts in the leftward directidi8), adding one more discussed.

dimension to the complexity aiomregulatory control.

Mutations have been isolated that relieve the dependence o
activation, without altering the transcription start sié@.(One RA&TERIALS AND METHODS
such mutantin7, has a single base change at —14, which changggcterial strains and plasmids
a Tg run (in the top strand) taETo. Not only does this substitution
disrupt any intrinsic bending due to therlin, but it also creates Escherichia colK12 strains TA4484xyRA3 (pPMC7, pGSO68)

a TG at —15, —14, which has been shown to relieve dependel(gg,36) and GSO9 were kindly provided by Dr G. Storz; GSO9
upon accessory factors for several othepli promoters Z9). carries amoxyR:kaninsertion, with thé&anpromoter in the same

Interestingly, Dam methylation of the adenine residues in threlirection as thexyRpromoter. Plasmid pGS068, a pKK177-3
closely spaced GATCs located immediately upstream of thaerivative, contains a mutamtyR-C199%ene with a modified
proposed C recognition site is also requiredfomtranscription ~ Shine-Dalgarno sequence and under control ofathpromoter
(18-21). This was unexpected because of the cases known whég&). Escherichia coli DH5aF @80dlacZAM15 A(lacZYA-
DNA methylation negatively regulates gene expression in eukagrgF)U169 endA1l recAl hsdR1{{mk *) deoR thi-1 supE4X-
otes. Later studies showed that Dam methylation blocks bindiigyrA96 relAl carrying the wild-type OxyR overproducing plasmid
of another host protein, OxyR, which repressestranscription pJLmomR15, was a generous gift from R. Kahmar8o)(
in danTt strains 80). Recent experiments indicate that OxyREscherichia colidM83ara A(pro-lac) rpsL thi @30dlacZAM15
modulatesmom expression even idam* cells (unpublished was from Bethesda Research Laboratories (BR&gherichia
observations). Thé.coli OxyR protein is a redox-sensitive coli GM1853dam3 decm@&(pro-lac) thiand GM2972hr1 leuB6
transcriptional regulator that, under oxidative stress, induces ttigl supE44 lacY1l proA2 galk2 aral4 xyl5 mtll rpsL31 his4
expression of a set of antioxidant defense genes. OxyR is 38%33 dam13Tn9 mutH34wvere from M. G. Marinus3().
amino acids in length and belongs to the LysR family, whose Plasmid pLW4 [B.8 kb) has been described previou&lIy);(
members share a conserved helix—turn—helix motif involved it contains the Bom region (from —136 to +79) and aportion
DNA binding 81,32). OxyR represses its own transcriptionof the proximacomgene fused in-frame to tigecoli lacZgene.
during growth in the absence of oxidative strés3. Detailed A Com-LacZ fusion protein witf8-galactosidase activity is
studies indicated that increased expression of OxyR-activatptbduced by pLW4, but only if transactivated by C. Plasmid
genes by treatment with low doses of hydrogen peroxigjH pLWA4-tin7 differs from pLW4 in that it has aTG transversion
is a consequence of an induced conformational change in thie—14 within a run of six thymines on the top stratig; (it
protein and that the reduced and oxidized forms of OxyR hawsoduceg3-galactosidase activity constitutively.
different DNA binding properties and protection patte3s3().
During growth in the absence of oxidative stress intracellul
OxyR is in the reduced conformaticss.

In this paper, we show that both reduced and oxidized forms p&cherichia coliTA4484 0xyR\3 (pMC7, pGSO68) was grown
OxyRin vitro bind Fhom at a distance further upstream relativein LB + ampicillin (100ug/ml) in order to promote segregational
to its binding in theoxyR promoter §1), suggesting that the |oss of plasmid pMC7, which confers tetracycline resistaiie (
mechanisms of repression of the two promoters might t®asmid DNA was prepared from 1.5 ml of overnight cells by the
different. Our results oim vitro DNase | footprinting of Rom  alkaline lysis metho®@) and used to transform competertoli
support the notion3¢) that the reduced and oxidized forms of DHSaF' cells. An Amp Te# transformant was characterized by
OxyR make different contacts in DNA binding. In order to carryestriction nuclease digestion and confirmed to carry only
out anin vitro investigation of Rom binding by reduced OxyR, pGSO68. Plasmid DNA was cleaved witindlll and the
C and RNAP, it was necessary to obviate the requirement for higimgle-stranded tails filled-in with tH&.coli Klenow fragment
dithiothreitol (DTT) concentrations. Therefore, we took advantag@PollK). After digestion withEcdRl, the (1.5 kb fragment
of the existence of a mutant, OxyR-C199S, which appears to bentaining theoxyR-C199Syene was recovered from a low
‘locked’ in a reduced conformatiofi4,35). We observed that, like melting temperature agarose gel and then cloned inféctid
the wild-type OxyRin vivo, OxyR-C199S was able to repressandScd sites of pACYC18439) under thecat genepromoter.
momtranscription indant cells. Furthermoren vitro OxyR-  This construct[(5.3 kb) was designated pROR184.

C199S gave a DNase | footprint identical to that of reduced Plasmid pMLC322 was created by replacing fie2 kb
wild-type OxyR. Although OxyR-C199S only slightly reduced CScd-BsB61 fragment from pMLF-21(7) with the corresponding
binding to its target sitén vitro, prebinding of OxyR-C199S [R.1 kb fragment from pTLG1(+)28). The resulting Amp
prevented both RNAP binding at P2 as well as C-activated RNA#fasmid (111.2 kb) carries the pBR322 replication origin, which
binding at P1. These results indicate that OxyR-mediatadakes it compatible with pACYC184 derivatives; it also contains
repression of Rom transcription is mediated subsequent tahe MuC gene (under thiela promoter), as well as@mHacZ
binding by C. translational fusion under control gfi&n (27).

In the absence of C, OxyR-C199S patrtially inhibited RNAP Plasmid pMLC322momwas constructed by removal of a
binding to thein7 promotetin vitro, even though the OxyR and 220 bpEcdRlI-BanHI mompromoter fragment, followed by fill-in
RNAP P1 binding sites probably do not overlap- @1d  with PollK and blunt-end ligation.

onstruction of plasmids
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Figure 1. In vitro DNase | footprinting analysis of the unmethylated wild-typg,fpromoter. Plasmid pLW4 DNA carrying,5nwas isolated from dant host

and incubated for 20 min at 22 with or without either OxyR or OxyR-C199S in binding buffer containing 1 or 200 mM DTT, as indicated. After DNase | cleavage,
primer extension with th&P-end-labelethc primer complementary to the top strand and subsequent electrophoresis on 6% polyacrylamide—urea sequencing ge
was used to map the DNA regions protected by protein binding. The final concentrations of DNA and proteins used were: pLW4, 9 nM; wild-type OxyR a
OxyR-C199S (in tetrameric equivalents), 360 nM. The brackets denote the positions of the footprints with respeehtmatigeriptional start site and the arrows
indicate the DNase | hypersensitive sites.

Construction of strains determined according to the BioRad protein microassay using

. . . BSA as standard and adjusted to 1 mg/ml. Both proteins were at
Phage Piir GM2972dami3::Trd was used to transduBecoli a5t 909 pure as estimated by 15% SDS—-PAGE and silver
JM83, essentially by the method of MillefOf. The danT staining.

phenotype of chloramphenicol-resistant transductants was

screened bybal digestion of plasmids transformed into and

isolated from these strains and by poor growth phenotype @Nase | footprinting

2-aminopurine41). IM83daml3::Tro was subsequently used to i )

generate JM88ani.3::Trd AoxyR:kanby PVir GSOQoxyR:kan ~ Unmethylated supercoiled plasmid DNA (pLW4 or pLA?)
transduction. ThAoxyRgenotype was confirmed by the loss ofwas isolated from dant host (GM1853) by the alkaline lysis
OxyR repression, as evidenced by increased expression r@?thOd and pur|f|Ed by CSCI/EtBI’ gradlent ultl’acentrlfugatlon
B-galactosidase activity from pMLC322 in JM8ani3::Tro  (38). One microgram of plasmid DNALQ.18 pmol) was

AoxyR:kanrelative to the JM88aniL3::Tr0 parent. incubated in a total volume of 30 binding buffer (25 mM
Tris—HCI, pH 7.9, 30 mM KCI, 6 mM Mgg|50ug/mi BSA, 4%

glycerol and 1 mM DTT) at room temperature q@2 with
various combinations of proteins added in different orders, as
For qualitative screening, cells were streaked on MacConkey lactéiscribed in the figures. One microliter of 0.2UUDNase |
plates (Difco Laboratories) supplemented with appropriat®’harmacia Biotech) was added and, after 45 s, the digestion was
antibiotics and grown for 12—16 h af&7 For quantitative liquid terminated by addition of 2@ stop buffer (0.1 M Tris—HCI, pH
culture assays, overnight cells grown in LB plus appropriaté5, 25 mM EDTA and 0.5% SDS). The sample was then brought
antibiotics were diluted 1:100 into fresh medium and allowed t® 125 pl with H>O and extracted successively with phenol/
grow to log phase at 3T. Aliquots were assayed in triplicate aschloroform/isoamyl alcohol (25:24:1) and chloroform/isoamyl
described by Miller40). alcohol (24:1) and then precipitated in 0.2 M NaCl plus 2 vol 95%
ethanol in the presence of carrier yeast tRNA.

Primer extension was performed essentially as previously
described42). Briefly, DNase I-treated DNA was suspended in
C protein was previously purified as descritgiq6). Wild-type 31l H,O and incubated withj@ (3 x 1P ¢.p.m.)32P-end-labeled
OxyR protein was overproduced from the heat-inducible phadgc primer (NEB), which was complementary to the top strand of
A\ P_-Pr tandem promoters in pdilomR\15 as described3()).  Pnom Following alkali denaturation with 4l 0.1 M NaOH at
OxyR-C199S protein was overexpressed fromtéeefusion 80°C for 2 min, the DNA was placed on ice. The primer was
promoter in pGS06836) by IPTG induction. After sonication, annealed at 5@ for 3 min after adding @ TMD buffer (0.5 M
the wild-type and mutant OxyR forms were purified by thelris—HCI, pH 7.2, 0.1 M MgGland 2 mM DTT). The annealed
method of Boélker and KahmaniQj. To further purify and primer was extended for 10 min af@5following addition of 5ul
concentrate the proteins, we diluted the final fractions to [NaCgf all four dNTPs (5 mM each) andil 1 U/ul PollK. The
= 0.1 M and applied them to 2 ml SP Sepharose ion-exchangactions were terminated witjuBd.1 M EDTA and precipitated
columns and eluted at 0.5 M NaCl. Protein concentration wagth 110 pl 95% ethanol. After centrifugation, pellets were

-Galactosidase assays

Overexpression and purification of proteins
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suspended in 1@l 0.5x loading dye and applied to a 6%
polyacrylamide—urea denaturing gel; sequencing reactions with
untreated DNA were run in parallel lanes.

RESULTS

DNase | footprinting of Byom With the oxidized and
reduced forms of OxyR

Using random mutagenesis with bacterial transpossyBotker
and Kahmann3() identified OxyR as the repressor mbm
transcription indant cells. They also showed that (oxidized)
OxyR protected a region of,Bn in vitro against MPE-Fe(ll)
cleavage from —92 to —50 on the top strand. While both oxidized
and reduced forms bound to tbayR promoter, they made
strikingly different contacts with the DNA34). In order to Straim
investigate how the two redox states of OxyR might affect its
binding patterns on unmethylateddJR, we carried out a DNase Figure 2. Production of3-galactosidase activity iB.coli IM83 danT AoxyR
| footprinting analysis using supercoiled plasmid pLW4 DNA astransformed with different plasmids. Strain A contained vector pACYC184 and
the substrate. pMLC322Amorr_1 (a derlvatllve of pMLC322 that has a deletion of rifem
] . .. promoter); strain B contained vector pACYC184 and pMLC322 (a pBR322

As shown in FigurdA, oxidized OxyR (l mM DTT) gave a gerivative containing th€ gene under théla promoter and a&om-acZ
DNase | footprint from —94 to —46 on the top strand. TheS&anslational fusion under control of theom promoter); strain C contained
boundary values are in good agreement with MPE-Fe(ll) cleavaggLC322 and pROR184 (a pACYC184 derivative containingxy®-C199S
data above). alough DNase | footpining generally gives o e ieaisene pomeln T Voo plsseoniess sty €
broader protection compared with chemical agents. Undefcr " 2 ST & fribiheashvty 9 P
reducing conditions (200 mM DTT) this protection was extende
(110 bp upstream and DNase | hypersensitive sites at —75T and
—74A became apparent (FitiB). This is consistent with the growth on MacConkey lactose plates &t@7strain B gave dark
notion that oxidized OxyR binds to four successive major groovesd colonies, while strain C colonies were white or slightly pink.
on one face of the DNA helix, while the reduced OxyR binds t@his indicates thatom4acZ expression was strongly reduced in
two pairs of adjacent major grooves separated by one helical tune presence of OxyR-C199S. Quantitsffxgalactosidase activity
(34). The presence of DNase | hypersensitive sites suggests thgéays were also carried out in liquid culture. As shown on
reduced OxyR can beng§,DNA, as it does thexyRpromoter.  Figure 2, OxyR-C199S-producing cells exhibited a 13-fold

It was proposed that substitution of serine for cysteine a&duction in Ronrdirected production of the Com—LacZ fusion.
position 199 locks OxyR in the reduced conformation, e.grhis inhibition was much lower when a higher copy number
OxyR-C199S gave a DNase | protection pattern ato#y®R plasmid was used in place of pMLC322 (data not shown),
promoter (even in 1 mM DTT) characteristic of reduced wild-typguggesting that OxyR-C199S may be limiting in this system.
OxyR (34,43). Therefore, we extended our analysis to the mutamevertheless, we can conclude that OxyR-C199S repressed
OxyR-C199S protein. As seen in Figdfe and C, the DNase | transcription of Romin danT cells.
footprint of OxyR-C199S was identical to that of reduced
wild-type OxyR, consistent with its being locked in the reduceghyyR-C199S does not prevent C binding to the wild-type
conformation. Thus, OxyR-C199S could be usefuliiovitto  p " hromoter
studies (see below) because it obviated the need for high DT
concentrations, which might provoke structural or functiondhitially, gel retardation assays were used to examine whether
changes in C or RNAP. OxyR-C199S affected the binding of C tgR Increasing
amounts of C were added to mixtures of OxyR-C199S preincubated
with an unmethylate#?P-end-labeled DNA fragment containing
Pmom We observed that formation of the OxyR-C199S—-DNA
Intracellular wild-type OxyR is in a reduced conformation duringinary complex was gradually replaced by a supershifted band,
normal bacterial growth, i.e. when oxidative stress is not appliéddicative of an OxyR-C199S-DNA-C ternary complex (data
(33). To test whether OxyR-C199S can repnessitranscription  not shown). However, significant amounts of radioactivity were
in vivo, we constructed a JM8%anT AoxyR derivative (see always seen between the two bands, suggesting that the ternary
Materials and Methods). This strain was transformed withomplex dissociated during electrophoresis.
plasmid pMLC322, a pBR322 derivative containirgpaHacZ DNA supercoiling can play a role in the transcription initiation
translational fusion under control of thempromoter, as well as process, including binding of RNAP or regulatory proteins to
the C gene under thbla promoter. A second plasmid, vector promoter sequence$4). We have previously observed thradm
pPACYC184 (Fig.2, strain B) or pROR184 (which has the transcription from linearized templates is reduced compared with
oxyR-C1998ene under theat promoter in vector pACYC184) transcription from supercoiled minicircle DNA&28). Therefore,
(strain C), was then introduced by transformation. As a negativee undertook a DNase | footprinting analysis with supercoiled
control, JM83 danTt AoxyR was transformed with plasmid DNA. To determine the effect of prebound OxyR-C199S
pMLC322Amom (containing a deletion of theaom promoter on C binding, supercoiledgm DNA was preincubated with a
fragment) and vector pACYC184 (strain A). After 12-16 hsaturating amount of OxyR-C199S; densitometric measurements

p-gal activity {Miller units)

OxyR-C199S repressemom expressionin vivo
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Figure 3. Effect of OxyR-C199S on the binding of C to wild-typgoR ; ES
Increasing amounts of C (in dimeric equivalents) were added to unmethylated z e | ; .
pLW4 DNA (9 nM) at 22C in the absence or presence of 360 nM OxyR-C199S
that had been preincubated for 20 min (lanes 3—-10); conversely, OxyR-C199S I |
(360 nM) was added 20 min after prebinding with increasing amounts of C = =
(lanes 11-18). Twenty minutes was sufficient time to equilibrate binding of
either protein. Treatment with DNase | was started 20 min after addition of the e - p—
last protein and the samples were analysed as in Figure 1. ol — e
- - E—
‘_ i e = L—
. —
showed that >95% of the,fn DNA in each lane was protected. W e s i
Various concentrations of C were then added and each sample 123 456867

was run on a sequencing gel alongside a reaction that contained
the same amount of C but without OxyR-C199S @B)gin the e 4. 0xyR-C199S inhibition of C-activated RNAP binding to the P1 site
absence of OxyR-C199S, the C footprint was barely detectable iafwild-type Ryom Unmethylated pLW4 DNA (9 nM) was incubated at@2

350 nM (in dimeric equivalents). However, when the C concentrafer 20 min in the absence or presence of OxyR-C199S (360 nM). C was added
tion was increased 4-fold, the target sequence was completé 0uM) and the incubati_on _continued for 20 mi_n_, when increa_lsing amounts
protected in both the absence (iane 9) and presence (iane LOPGRIAF 1ere i s istace Alr o sadons 20 1 peubaten. e
OxyR-C199S, showing that OxyR-C199S only weakly inhibited

C binding. Furthermore, this pattern is consistett a strong

cooperativity in C binding (S. Hattman, Xoi®), T.L. Cabot \yhen OxyR-C199S was present (lanes 5 and 7). These results
and W. Sun, submitted for publication). The order of proteifygicate that OxyR repression inhibited C-activated RNAP
additions was reversed in order to examine whether OxyR—Cng%dmg subsequent to binding by C.
could influence C prebound tené (Fig. 3, lanes 11-18). As  \ne also investigated the effect of OxyR on RNAP binding at
expected, OxyR-C199S added to the preformed C-DNA comy | the absence of C, RNAP binds to P2 (from —64 to —11),
plex reduced C binding to about the same extent as when it Wasstream of and overlapping Ra.vitro both wild-type OxyR
incubated with the DNA prior to C addition. and OxyR-C199S completely blocked P2 binding and they were
also able to displace RNAP prebound at P2 (data not shown). The
OxyR-C199S inhibition of C-activated RNAP binding to P1  exclusion of RNAP P2 binding by OxyR is probably due to steric

o ) o hindrance, since their target sites overlap extensively (se@ Fig.
Clearly, the weakin vitro reduction of C binding due to in Discussion).

OxyR-C199S does not suffice to accountiomrepression seen

in vivg, since transcription of thmomgene in aanT strain is at ) Cop " :
least 20-fold lower than indam* strain (8). This prompted us t(i)nx7y-|§> C199S inhibition of RNAP binding to P1 in
to address what effect OxyR-C199S exertsEarpli RNAP mom
binding (under conditions where C binding is not affected)The foregoing data demonstrated that OxyR-C199S bound in the
Plasmid pLW4 DNA was incubated with or without OxyR-C199Swild-type Rhom region interfered with both C-activated RNAP
for 20 min prior to the addition of C; the protein concentrationbinding at P1 and with RNAP binding at P2. Unlike the wild-type
used produced complete protection of both their respective targedmoter, howevem the absence of C, RNAP bintits7-Prom
sequences, regardless of the presence of the other prote#) (Figeredominantly at P24); although C still stimulatésanscription
lanes 9 and 10). After binding of C, varying amounts of RNARromtin7-Pyomin vivoandin vitro (27,28). Itis interesting to note
were added and DNase | digestions were carried out 20 min latkat thetin7 promoter has a —14TG transversion within agl

As seen in Figuré (lanes 4 and 6), in the absence of OxyR-C1993un, which abolishes any intrinsic bending potential; fireé

a C-dependent RNAP-protected region from —49 to +16 (correromoter DNA also exhibits increased nuclease accessibility
sponding to the P1 site) was clearly evident at concentrationsheftween —10 and —17, as pously reported Z7) and also

60 nM RNAP or higher. This protection was strongly diminishedbserved here (Fi§A and B, lane 1). In some, as yet unknown,
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(&) (B) RNAP affinity for P1. For example, in the presence of C, 120 nM
RNAP produced a higher degree of protection than 480 nM

OxyR-C1898 - + = # - RNAP in the absence of C (compare Bify, lanes 3 and 7, with
OyR-C1985 = & = - + = C e b4 Fig. 5B, lanes 3 and 5), consistent with the known C-mediated

transcriptional stimulation @in7-Pynom The presence of OxyR-
C199S, however, reduced this protecfibsfold (Fig.5B). These
results indicate that OxyR-C199S inhibited both direct and
C-activated RNAP binding to P1.

RHAP (nW) - 120 240 480 AMAF (nM} - 60 120
S p— —

L

DISCUSSION

In the work described here, we show that OxyR gave distinctly
different DNase | footprints on an unmethylatedmpromoter
under oxidizing (1 mM DTT) versus reducing (200 mM DTT)
conditionsn vitro and that OxyR-C199S behaved like wild-type
OxyR in its reduced stat83). Becausdn vivo experiments
showed that OxyR-C199S acted asrtimanrepressor in dant

BHEP w1
L

al - host, we were able to use OxyR-C1998itro at 1 mM DTT in
= . e i place of wild-type OxyR at 200 mM DTT. Thus, by DNase |
S e ==w—w. footprinting, we demonstrated that while OxyR-C199S has only
1 234887 12348 a weak inhibitory effect on C binding, it blocked C-activated

RNAP binding at the functional P1 site gfdf, but the molecular
Fiure 5. OXVR.CL96S infibition of RNAP bindind to the muttingp mechanism remains to be elucidated. The DNase | footprint of
Igure 5. Xy inhlbition o inding to the Mutant-Fmom OxyR-C199S extends 10 bp into the region protected by GjFig.
@yg?énle;gg?tsz% m/;/:}?;g fl\éﬁz(g r:m) v\:/vr?esnl?/;l;igigegn\:vcﬁn?srgglgﬁztp m_aklng it p035|b_le that the_ two proteins contact e_ach other. The
were added. After 20 min, DNase | digestion usprimer extension were  Slight decrease in DNA affinity for C can be explained by either
performed as in Figure 1BY DNase | footprinting analysis with the steric hindrance or DNA structure distortion (e.g. bending).
unmethylated pLW4in7 DNA was carried out as described in Figure 4. The Stydies with the partially C-independdirt7-mom promoter
DNase | hypersensitive sites presenfionbut not wild-type naked DNA are jgicate that OxyR-C199S inhibited RNAP binding directly, as
indicated by asterisks. L . oo !
well as indirectly through its influence on C-activation.
Significantly, binding of C to the wild-typeompromoter gave
fashion the structure din7-Pnom is different from that of rise to a pronounced DNase | hypersensitive site in the spacer
wild-type Rnom Thus, it was of interest to determine whetheregion at —19T, well downstream of the C footprint (.
OxyR-C199S could inhibit C-activated and direct RNAP bindinguggesting some C-induced DNA conformational change. In this
to P1 intin7-Pnom The results are shown in Figuseln the regard, we propose that C binding t@iRmay modify the spacer
absence of C, OxyR-C199S reduced direct RNAP binding to R4 a three-dimensional structure productive for RNAP placement
[(4-fold, as estimated by a densitometric analysis fAiglanes and thattin7 DNA, by eliminating a misoriented DNA bend
6 and 7). This correlates fairly well with the 5- to 10-fold reduceédmbedded in the spacer and also by creating—15T, —14G,
expression ofin7-Pyom in danT cells (data not shown). In the compensates to some degree for the divergence of the —10 and —3!
absence of OxyR-C199S, addition of C substantially increassdquences from the consengisoli hexamers. Moreover, the

AHAF at P2

£
&y

]g_

Cory {reduoed fonm)

| |
10 -100 £ ] B Eri) B 50

[
AACGAGCOCATATAGAAAACGACGATEGAATCAATTAAATCGATCGGTAATACAGATCGATTATG

'i'u . g o 'E'} -10 +‘| + '|.|:l ...Elj
:mrmxtmrnmmmnuwmmnmm

- G peoiain
- |
=]

FAHAF al F‘1J

AMAP &l P2

Figure 6. Summary of the protein binding sites on the top strand ofth@ ffomoter. The regions protected by reduced OxyR, C and RNAP (at both P1 and P2)
against DNase | cleavage are indicated; the three Dam methylation sites (GATC) important in regulatitian$cription are underlined; the —35 and —10 hexamers
are enclosed in rectangles. The +1 denotes the stadrofranscription.
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tin7- and the wild-typenompromotersave a similar affinity for  protein interaction will be strengthened and we may also be able
RNAP in the presence of C (at both 60 and 120 nM RNAP, ds define the contact domains.
determined from Figéand5SB), suggesting that thie 7 mutation
and C binding might produce similar functional topologies of th@CKNOWLEDGEMENTS
promoter. It should be noted that ttie7 and the wild-type
promoters have the same transcription start site. It is not kno
whether OxyR-C199S makes contact with RNAP attitné
promoter and, if so, whether this interaction accounts for t
direct inhibitory effect on RNAP binding. Considering the fac
that the DNase | footprints of OxyR-C199S and RNAP overlap
by at most 4 bp (Fig) and the marked conformational alterationR FERENCES
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