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ABSTRACT

The sigma-N (oV) protein associates with bacterial
core RNA polymerase to form a holoenzyme that is
silent for transcription in the absence of enhancer-
binding activator proteins. Here we show that the
acidic Region Il of @N from Klebsiella pneumoniae is
dispensable for polymerase isomerisation and trans-
cription under conditions where the inhibited state of
the holoenzyme is relieved by removal of 6" Region |
sequences. Holoenzymes lacking Region | or
Regions I+1l were equally susceptible to the order of
addition-dependent inhibition or stabilisation of DNA
binding afforded by in trans Region | sequences.
Region I+lI-deleted ¢ formed a holoenzyme with a
DNA-binding activity more susceptible to inhibition

by non-specific DNA than that lacking Region I.
Region Il sequences appear more closely associated
with formation of a holoenzyme and ¢ proficient in
DNA binding than with changes in holoenzyme
conformation needed for unmasking a single-strand
DNA-binding activity used for open complex for-
mation. Region Il may therefore function to optimise
DNA interactions for an efficient o cycle.

INTRODUCTION

proximal sequences are melted out (6—9). Region | maintains
the holoenzyme in an inhibited state (8-10) and activator is
believed to overcome Region | inhibition (7). Region | inter-
acts with core RNAP, indicating that it may exert activity
through core RNAP (11,12).

We have now extended our analysis of the function of
Region | ofKlebsiella pneumoniaeN (9) to examine depen-
dence of Region | activity upon Region Il sequences, an acidic
part of gV that lies between Regions | and Il (see ref. 2;
Fig. 1A). Region Il contains sequences important for binding
promoter DNA and core RNAP (13-16). Protein footprints
implicate Region Il sequences in core RNAP binding (11,17),
but whether the interaction is direct or indirect is not clear
(11,12). Deletion and insertion mutagenesis implicates
Region Il in promoter melting (18). Hence Region Il appears
to contribute to core-dependent activities of the holoenzyme,
of potential significance to the regulated opening of the
promoter DNA.

We have compared the properties of holoenzymes assem-
bled from Region I-deleted (RbN) and Region I+ll-deleted
(RI+11AcN) o and assayed for the activator-independent
isomerisation of the holoenzyme that occurs when Region | is
deleted (9). Response of the Region I+lI-deletetd Region |
sequences presentigdtranswas determined to avoid compli-
cations associated with changing tlés relationship of
Region |. The results show that Region Il is dispensable for
RNAP isomerisation, interaction with pre-melted DNA and
activator-independent transcription from supercoiled DNA
templates. However, Region Il contributes to the DNA-binding

Regulated transcription depends upon the association of RNActivity of the holoenzyme, possibly reducing cave—

polymerase with a variety of factors that can direct promotegjissociation, and appears important for promoter-specific
binding and control initiation rates. In bacteria the RNA pinging.

polymerase (RNAP) containing theN factor functions in

enhancer-dependent transcription of genes associated with

various stress and growth limiting conditions (1,2). Téfe MATERIALS AND METHODS
transcription mechanism is distinct from that using the majo
o’%type factor. Activation o670 transcription often involves a
recruitment mechanism to increase promoter occupancythe K.pneumoniaeco™ protein (amino acids 1-477) and
whereas activation of thesN-holoenzyme depends upon derivatives RAGN (amino acids 57—477) andIRIAGN (amino
accelerating post-binding steps. Activators of th®holo-  acids 107—477) were prepared as before (14,17,19; Fig. 1A). Puri-
enzyme catalyse formation of transcription-competent opefied oM N-terminal sequences 1-56 (Region |, RIl) were obtained
promoter complexes in a reaction requiringf3 bond by overproducing an N-terminal histidine-tagged fragment as a
hydrolysis of nucleoside triphosphates (3-5). Response toluble sequence iBscherichia coli(9,12; Fig. 1A). A purified
activator requires the N-terminal Region | @f and removal C-terminal-deleted form of activator, PS§FTH, was used in

of Region | allows the holoenzyme to isomerise and to proactivation assays (17,20,21). Purified core RNAP was focoli
ductively interact with DNA templates in which the start site (a generous gift from A. Kolb, Pasteur Institute, Paris). Working
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protein solutions were stored at °£X) stocks at—7GC, in 10 mM  respectively) and 4M PspFAHTH activator protein to allow
Tris—HCI pH 8.0, 50% (v/v) glycerol, 0.1 MM EDTA, 1 mMDTT open complexes to form. After a further 10 min, heparin

(TGED) containing 50-250 mM NaCl. (100pg/ml) and elongation mix [ATP, CTP and UTP at
i 0.1 mM and 12.5uCi [a-32P]JUTP (800 Ci/mmol; Amersham)
DNA heteroduplex formation or GTP, CTP and UTP at 0.1 mM and 1&i [y-2P]GTP

MismatchedRhizobium meliloti nifHpromoter DNA hetero- (5000 Ci/mmol; Amersham)] were added to allow synthesis of
duplexes (Fig. 1B) were prepared by annealing radioactivelyranscripts, which were allowed to accumulate for 10 min
5'-3%p-end-labelled oligonucleotides (9). The extent of nonbefore phenol extraction and ethanol precipitation. Samples
duplex DNA from —10 to —1 was chosen by reference to thevere run on 15% denaturing polyacrylamide gels and trans-
known start of DNA melting at thaifH promoter (14,22) and cripts were visualised by autoradiography. For transcription
previous work with the oN-dependentginAp, promoter from supercoiled DNA, template DNA (10 nM) was plasmid
(3,10,23). Oligonucleotides were size purified on 8% denapMKC28 containing theR.meliloti nifH promoter fragment
turing urea—polyacrylamide gels (detection was by UV shadfrom pMB210.1 (22,25) cloned into pTE103 (26). After
owing) prior to kinasing. Pairs of DNA strands with either the holoenzyme and nucleotide pre-incubations as indicated in the
unlabelled strand present at a 2-fold molar excess (10 pmol ifigure legends, heparin (1@Q@/ml) plus remaining nucleotides
20 pl) over F2P]DNA or, for preparing unlabelled hetero- (0.1 mM each) and 8Ci [a-3?P]JUTP were added for 10 min.
duplex template DNA for transcription assays, with bothRNA was precipitated and analysed on 6% sequencing gels.
strands at equal concentration were heated €€ %&r 3 minin  Detection was by autoradiography and phosphorimaging.

10 mM Tris—HCI pH 8.0, 10 mM MgCl and then rapidly

chilled in iced water for 5 min to allow heterodupiex DNA footprints

formation. Footprints using S1 nuclease were conducted as described
. before (9). Briefly, end-labelled linear homoduplex template

DNA homoduplex formation DNA (1.6 nM) prepared by primer extension of a single-strand

For DNA footprinting, homoduplex template DNA was M13mp19 clone of th&k.meliloti nifH promoter (14,27) was
prepared by extendindgR.meliloti nifH M13mp19 single- incubated with either &M o or 100 nM holoenzyme in STA
stranded DNA with 5%P-labelled universal primer as buffer for 10 min at 30C. For activation 4 mM GTP andi4M
described previously (14). Fully complementary end-labelledspAHTH were added for a further 10 min. Binding reactions
oligonucleotides for preparing —60 to +28 homoduplex DNA(25 pl) were then exposed to 700 U of S1 nuclease (Pharmacia)

(Fig. 1B) were annealed together as described above. for 5 min before termination by the addition of 10 mM EDTA
) ) and rapid phenol extraction. DNA was recovered by ethanol
Native gel complex formation assays precipitation and analysed on a 6% sequencing gel. Markers

A gel shift assay (17,24) was employed to dete¥tand its were generated by chemical cleavage of the template DNA
holoenzyme bound to a radioactively labelledneliloti nifH  with piperidine following partial methylation using dimethyl-
homoduplex or heteroduplex promoter DNA fragment.sulphate. Detection was by autoradiography.

Typical holoenzyme interaction assays included 100 nM core

RNAP plus 200 nMoN or RIAcN or 600 nM RI+1IAcN and 1.6 RESULTS

or 16 nM homoduplex or heteroduplex DNA plus, where
necessary, nucleotide (see figure legends) in STA buffeFhe stable association of tld-holoenzyme with pre-melted
(25 mM Tris—acetate, pH 8.0, 8 mM magnesium acetateDNA can occur independently of enhancer binding activator
10 mM KCI, 1 mM DTT, 3.5% w/v PEG 8000). Experiments protein if theo N-terminal Region | sequences are deleted (9).
with RI+IIAcN employed a ratio of siw to one core RNAP to To evaluate the contribution of Region Il sequences to the
ensure full holoenzyme formation. For activatiopM PspfA-  association of holoenzyme with melted DNA we used a
HTH activator protein (17,21) and 1-4 mM nucleotide (seeRegion I+l deletion protein lacking the first 106 residues
figure legends) were also added. Core RNAMroteins and (107-477, RI+IAoN) and compared its properties with holo-
DNA were pre-incubated at 3G for 10 min and then, if enzyme containings sequences 57-477 (&) (Fig. 1A).
necessary, nucleotide and activator were added for 10 miwe measured the interaction of holoenzymes with wild-type
followed by a glycerol bromophenol blue loading dye (final homoduplex and heterodupl&meliloti nifH promoter DNA
concentration 10% glycerol) and, if required, heparin (final(Fig. 1B).

concentration 10Qug/ml). Samples were then loaded onto . . . L .
4.5% native polyacrylamide gels to separate free and bourfd€9ion ! is not required for holoenzyme association with
DNA which were detected by autoradiography. Quantitative"lted DNA templates, but does assist DNA binding

data were from phosphorimager analyses. To enhance thi#e compared the DNA binding affinities of RIAbN, RIAGN,
reliability of our data, binding assays were replicated two towild-type o™ and their holoenzymes for heteroduplex 1 DNA

three times each and representative data are shown. using a gel mobility shift assay (9; Fig. 1B). Results show that
. - the RI+IIA- and RA-holoenzymes bind the heteroduplex DNA
In vitro transcription assays with similar affinities (Fig. 2A). The affinity of the wild-type

Heteroduplex promoter DNA fragments (16 nM) and holo-oN-holoenzyme for heteroduplex DNA was less than that of
enzyme (100 nM) were incubated in agireaction for 10 min  the RI+IIA- and RRA-holoenzymes, consistent with a less
at 3CC in STA buffer containing 40 U of RNase inhibitor extensive DNA contact (9).

(RNasin; Promega) prior to the addition of 1 mM GTP or Comparing the affinities of the proteins for the hetero-

1 mM ATP (for [a-32P]JUTP and {-32P]GTP transcript assays, duplex DNA we observed that RIAbN bound the hetero-
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Figure 2. Holoenzyme Q) ando (B) binding to heteroduplex 1 DNA. Increasing
amounts of full-lengtio™ (open square), RIcN (open triangle) and RI+AgN
(open circle) or their holoenzymes [core (E):sigraadt 1:2 for full-lengthoN

B and RGN, 1:6 for RI+11AcN] were combined with heteroduplex 1 (1.6 nM) in
a gel shift DNA-binding assay. Bound and unbound DNA was separated by
native gel electrophoresis and the percentage of bound DNA quantified by
phosphorimager analysis (9).

15 -14 +

Wild-type =60--=CTEECAC- -~ TITTECACEATCAGCCCT GRECOCE--+28
“ul‘lllll:ll.lp'!.'l = ==GACCHTG= -~ AAAMC GIGCTAGTC GEGACCCGLGE -~
I tant. Removal of Region | ai™ allows the holoenzyme to form
Heteroduplex | _ (™ =80-=-CTEECAC- - TTTTECAC TCGACTAAAGGEECGCE--+28 . . !
—— P A —— stable _heparln—re3|stant complexes on pre-me_l;ec_i DNA with-
out activator (9). It was also shown that the initiating nucleo-
Helerodupiex 2 o/ ) ~80-=CTasCAC-—-TTITECACICCACTALAGOGOCHCA- - +28 tide at theR.meliloti nifHpromoter, GTP, increased stability of

-~ GALLGTG ==~ AAARCGTGCT AGTCGGEACCCELGC- -

the RIA-holoenzyme—heteroduplex DNA complexes in a
heparin challenge assay and that phosphodiester bond forma-
Figure 1. (A) Klebsiella pneumoniae™ sequences assayed. Full-length tion was not requwed (dldeoxy GTP stabilised equa”y well; 9)'
(residues 1-477) is divided into Regions I-1ll (2) based on sequence align- We therefore examined whether Region Il contributed to the
ments. The N-terminal Region | is required for enhancer responsiveness afidrmation of activator-independent heparin-resistant com-
also inhibits th_e pro_ductl_vg interaction of-holoenzyme with melted DNA plexes on pre-melted heteroduplex DNA. Additionally, the
(9,23,30). Region Il is acidic and variable among¥tclass members. Region . . !
Il contains core RNAP-binding sequences and DNA-binding determinants(:"ff(':‘ct of nucleoside triphosphates (GTP, CTP, ATP and UTP),
which include a site for promoter DNA cross-linking (X-L), a helix-turn-helix dGTP, ddGTP and non-hydrolysable GTP analogues (5P-
motif (HTH) and a conserved eight residue sequence termed the RpoN boand 5'-guanylyl-imidodiphosphate) upon complex stability
together with sequences that modulate DNA binding (13,19,35,36). Purifiedyas measured (Fig. 3 and data not shown). Assays allowed the
K._pneumonlaej sequences-#477, 57-477, 107-477 a_nd 1-56 were used in bindi f the RI+IA-. RIA- d wild-t N_hol
this work (9,14). B) Homoduplex and heteroduplex linear DNA sequences Inding 0 e ! and wi . ypeg oloenzymes
comprising nucleotides60 to +28 of theR.meliloti nit promoter bearing a  t0 heteroduplex 1 promoter DNA either in the presence or
near consensuz'-binding site were used farand holoenzyme DNA-binding absence of nucleotide. Subsequently, complexes were
efo”r‘ﬁ”ttS- F('jEteerd‘;p'exGé Zi’”e:w to -1 ;OP ;Zra”d mismatch (9) and  challenged with heparin, separated by native gel electropho-
o B & G Shande n he 24 consensus pramote - resis and the number of holoenzyme-bound DNA complexes
surviving the challenge measured with time (Fig. 3).

With the wild-type aN-holoenzyme and in the absence of
duplex DNA poorly (Fig. 2B). Clearly, although Region Il of nucleotide the heparin challenge resulted in a rapid decay of
oN'is not required for association of holoenzyme with heterocomplexes representing the destabilisation of closed com-
duplex promoter DNA, formation of the RI+#AbN-melted plexes and the presence of a few very stable complexes (Fig. 3,
DNA complex is somewhat Region 1l dependent. HoweverGTP panel, open squares). Nucleotides and GTP analogues
diminished promoter DNA binding of RI+MoN to template had no effect on the heparin stability of wild-tymé-holo-
DNA is not specific to melted DNA targets, since weak enzyme—heteroduplex DNA complexes (9; data not shown).
binding to homoduplex DNA is observed (14,28; see alsdrhe stability of the RI+IA- and RA-holoenzyme complexes
below). Possibly core to melted DNA contacts help heteroon heteroduplex DNA in the absence of nucleotide was greater
duplex binding of the RI+i-holoenzyme (9). than those formed bgN-holoenzyme (Fig. 3, GTP panel, open

) , symbols). All potential initiating nucleotides (GTP, ddGTP or
Heparin-stable complexes form with melted DNA the GTP analogues GTRS and 5'-guanylyl-imidodiphos-
independently of Region Il phate) increased the stability of RIAHand RA-holoenzyme—
The oN-holoenzyme closed promoter complexes are disruptedeteroduplex DNA complexes (Fig. 3, closed symbols, and
by the polyanion heparin (3,29) whereas activator-dependenata not shown). Nucleotides that are not efficient initiating
oN-holoenzyme open promoter complexes are heparin resisucleotides (ATP, UTP, CTP and dGTP) at feneliloti nifH
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Figure 3. Holoenzyme stability on heteroduplex DNA. Full-length- % 507 507
(square), RA- (triangle) and RI+IA-holoenzymes (circle) (100 nM, &as in g
Fig. 2) were incubated with heteroduplex 1 DNA (16 nM) without (open sym- 2 25 25+
bols) or with (filled symbols) a nucleotide or nucleotide analogue (1 mM GTP, =
dGTP, GTPy-S or UTP) for 10 min prior{(= 0) to a 100ug/ml heparin chal- o od

lenge. Samples were removed 1, 5, 10 and 20 min after the addition of hegghrin an 0 50 100 150 0 500 1000 1500 2000 23500
immediately run on native gels (9). Following phosphorimager analysis the per- [Eo] (nM) (6] (M)

centage of heparin-resistant bound DNA complexes remaining were plotted
against time.

Figure 4. Heparin-resistant complex formatioA) and binding of holoen-
zymes B) ando proteins C) with homoduplex DNA. For (A), wild-type, Ri-
and RI+IA-holoenzymes (250 nM, B:as in Fig. 2) were incubated with

; g ; . moduplex DNA (16 nM) in the absence or presence of activator/&4pH
promoter did not stabilise (Fig. 3 and data not shown; see al spF, 41M) and/or GTP (4 mM) as indicated (+). Prior to gel loading, heparin

refs 318_)- As expe_c_ted from the Sel_eCtiVity of RNAP (318)1(100ug/ml) was added to one half of the sample for 5 min. The number of initial
dGTP did not stabilise complexes (Fig. 3). In all cases exambound complexes (minus heparin, black bars) and those surviving the heparin
ined the stability and number of heparin-stable complexeéhz”(eg)g(e_(gfey ?atf,ts) ?re shown '”th_e;'St?gfag‘s- F%f (dB) (*'1:9'09”22@‘3: Et
an sigmag), titrations were carried out as described In Figure Z excep
f‘?rmed by the RI+IA- ,and RAthIOenZymeS Were Very ihat homoduplex DNA (1.6 nM) was used. Full-length (open square),
similar. A control experiment with the mutant —24 hetero-RriaoN (open triangle) and RI+a™ (open circle). In (A), foroM-holoenzyme,
duplex promoter fragment (heteroduplex 2; see Fig. 1B) with-30% DNA was bound by freeM.
conserved GG residues changed to AA showed that stable

complex formation required the consensus promoter sequence
(less than 1% ddGTP-stablised holoenzyme complexes We®mplexes with the RI+A- and RA-holoenzymes largely
detected after an 8 min challenge with heparin; data ”%quired the pre-melted —10 to —1 DNA segment (Fig. 4A). The
shown). number of initial complexes forming with the RI#H and

We conclude that stable complex formation with hetero-R|a-holoenzymes and homoduplex DNA were similar, but
duplex DNA occurs largely independently of Region Il they were rapidly destroyed by heparin (<5% of initial
sequences. The StabIIISIng effects of GTP and related nUClegomp|exeS survived 5 min with heparin) regard|ess of the
tides suggests that Region Il does not control the selection gfresence of activator PspATH and/or GTP (Fig. 4A). This
initiating nucleotides nor properties of the holoenzyme that argesult contrasts with the stable complex formation between the
required for their stabilising effects. The inference that stabilR|+IIA- and RRA-holoenzymes and heteroduplex DNA
isation by initiating nucleotides would correlate with an ability (Fig. 3). Heparin-resistant complexes with homoduplex DNA
to make transcripts was subsequently confirmed (see below)were formed with the wild-typeoN-holoenzyme in the
Reaion Il infl d hol int i ith presence of activator and GTP (Fig. 4A). These results are

egion Il nfluéncesg and holoenzyme Interactions wi consistent with prior data indicating that closed complexes
homoduplex DNA with RI+11A- and RA-holoenzymes do not respond to activator
Substitution of heteroduplex 1 DNA by the 88mer homoduplexand nucleotide to form stable open complexes on conventional
DNA fragment showed that the formation of heparin-stabldinear DNA templates (9).
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Figure 5. The effect of non-specific DNA on stable complex formation.

(A) Binding of wild-typeo™-, RIA- and RI+IA-holoenzymes (100 nM, B:as

in Fig. 2) to heteroduplex 1 DNA (16 nM) in the absence (black bars) or pres-

ence (grey bars) of non-specific salmon sperm DNA (45%HgGTP (1 mM)

is included in the assay where indicated (+). The number of complexes surviving

an 8 min heparin challenge are showB) Challenge of pre-bound R} (open

triangle) and RI+IA-holoenzymes (open circle) (100 nM,c&Eas in Fig. 2)

with salmon sperm DNA (455 ngl). After binding to heteroduplex DNA

(16 nM) for 10 min in the absence of any nucleotide a sample was t&keb)(  Figyre 6. Region Iin trans influences the stability of holoenzyme DNA

and salmon sperm DNA was added. The number of remaining complexes Wagmpexes. &) Gel mobility shift assay showing the effect of Region | on the

then followed with time. stability of RI+IIA-holoenzyme—heteroduplex DNA complexes. +a, Region |
added after DNA binding; +b, Region | added before DNA binding. Region |
of oV (residues 456, 2 uM) was incubated with RI+A-holoenzyme

The gN-hol f df initial | ] (100 nM) for 5 min prior to adding 16 nM heteroduplex 1 DNA (+b) or for
e g -holoenzyme tormed lewer Iniflal complexes (mmuslo min with preformed holoenzym®NA complexes (+a). GTP (1 mM) was

heparin) with homoduplex DNA than did the deleted added for 1 min after whicht & 0) a sample was taken, heparin (10§/ml)
proteins (Fig. 4A). Titrations of the binding of holoenzymes towas then added and further samples taken with time and loaded onto a running
. native gel. Holoenzyme and c—DNA complexes (E—DNA and 6—DNA)

the h_omoduplex DNA_Showed that the N-tgrmlnal-delednd and free DNA (F-DNA) are indicated. Triangles above the lanes indicate
proteins assembled into holoenzymes with greater DNAncreasing time with heparin (1, 5, 10 and 20 min); lanes 0, minus heparin.
binding activity than the wild-typ@N-holoenzyme (Fig. 4B). (B) Stability curves for the RI+I-holoenzyme as in (A) and equivalent experiten

. . . . with RIA holoenzyme. The percentages of holoenzHDRA complexes
Con_SIStent with thI_S, DNA f_OOtprmtS show_ed that _removal Ofsurviving the heparin challenge are shown. A stability curve for the wild-type
Region | and Regions I+l increased the interaction of hologN-holoenzyme in the absence of Region I is shown for comparison. Full-
enzyme with promoter DNA (see below). In titrations exceediengthﬁ“‘l- (square), RA- (rt]riangle) and F;Hlll-holoerzzylr]r(\jef (circle). Comrols 9
: N N were holoenzymes in the absence of Region | (solid lines, open symbols).
ing 100 nMa . hp_loenzyme, the free" bound th? DNA (dat_a Region | added to holoenzymes prior to adding heteroduplex DNA (solid lines,
not shown) limiting the amount of DNA available to bind filed symbols) for 5 or 10 min after holoenzyme DNA binding (dashed lines,
holoenzyme, explaining why 250 nMagN-holoenzyme open symbols).
(Fig. 4A) does not bind more DNA than 120 nM (Fig. 4B).

RI+11AcN had lower affinity for homoduplex (Fig. 4C; ref. 14)

and heteroduplex DNA (Fig. 2B) than wild-tyge or RIAGN,

suggesting that Region Il contripu_teschNA-binding activity  Holoenzyme formation is influenced by Region II

regardless of whether the DNA is in a melted state.. However thﬁle confirmed previous work (14) showing that at least twice
RI+IA-holoenzyme bound_ homoduplex D.NA §I|ghtly better o5 much RI+ldaM than RAGN was needed to saturate core
than the RA-holoenzyme (Fig. 4B), contrasting with the hetero-gNap, suggesting that Region Il plays a role in stabilising the
duplex DNA results (Fig. 2A), where both holoenzymes bountholoenzyme (data not shown). When we conducted hetero-
similarly. The absence of Region Il appears to be associated wifluplex DNA binding assays in the presence of non-specific
a modest shift towards favouring holoenzyme binding to thédNA (holoenzyme was pre-formed without DNA, then added
unmelted DNA (compare Figs 2A and 4B). to a mixture of heteroduplex DNA and salmon sperm DNA),

TIME (mins)y
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Figure 7. Activator-independent transcription activity of the/Rland RI+IIA-holoenzymes.A and B) [a-32P]JUTP- and }-32P]GTP-labelled transcripts from
heteroduplex DNA with GTP or ATP (for A and B, respectively) as the hydrolysable nucleotide used by the activator. Holoenzymes (160@sM,fg. 2) with

GTP or ATP at 1 mM in the presence or absence of B$pH (4 pM) were used to transcribe the 88mer heteroduplex 1 template DNA (16 nM). Adding ATP,
CTP and UTP (A) or GTP, CTP and UTP (B) started transcrigf3. {ranscripts labelled usingtf?2P]JUTP and supercoiled pMKC2R.meliloti nifH DNA.
Holoenzymes (100 nM, B:as in Fig. 2) alone or with nucleotide(s) (1 mM of each) or 4 mM GTP when used with BspFAHTH (G*, lanes 5, 10 and 15) were
incubated with template DNA (10 nM) prior to heparin challenge and the addition of remaining rNTPs plus label. Witd-typleenzyme was used as a control
for activated transcription.

the number of heparin-stable complexes formed with the When the RA- and RI+IIA-holoenzymes were pre-formed in
RI+IlA-holoenzyme was 4- to 5-fold less than in the absence ahe absence of competitor DNA and then bound to hetero-
non-specific DNA, a result contrasting with the relatively duplex DNA, a challenge with non-specific DNA showed them
small effect of non-specific DNA upon stable complex for-to be equally stable (Fig. 5B). Overall, the results show that
mation by the RA-holoenzyme (Fig. 5A). Salmon sperm DNA Region |l specifies some properties of the holoenzyme that
reduced the number of heparin-resistant RiHloloenzyme suppress non-specific DNA binding.

complexes regardless of the presence of GTP. Measurement of .

the number of initial complexes (minus heparin) forming ' "€ RI+Il A-holoenzyme responds to Regionin trans
between the RI+IA- and RA-holoenzymes showed that the The number of heparin-stable complexes between the RI
non-specific DNA had the effect of diminishing them 4- to 5- holoenzyme and heteroduplex DNA is reduced by Region |
fold for the RI+lIA-holoenzyme, but only by ~20% for the providedin trans(9). We used the heparin challenge assay to
RIA-holoenzyme (data not shown). To test whether nondetermine if Region Il sequences were required foritheans
specific DNA preferentially disrupted the RI-Atholoenzyme, inhibition and measured heteroduplex DNA binding and
pre-formed RI+IN- and RA-holoenzymes were added to stability by the RI+IA-holoenzyme in the presence or absence
increasing amounts of salmon sperm DNA (25-455uhg/ of added purified Region I. Region | was incubated with the
Both holoenzymes behaved similarly and formed a nonRI+llA-holoenzyme before or after heteroduplex DNA bind-
specific complex with salmon sperm DNA (data not shown).ing. Following challenge with heparin, samples were analysed
This implies that the effect of non-specific DNA upon hetero-on a native gel (Fig. 6A) and the fraction of holoenzyme—-DNA
duplex DNA binding by the RI+I-holoenzyme is at the level complexes surviving the heparin challenge with time calcu-
of its DNA-binding properties rather than the-core inter- lated (Fig. 6B). When Region | was presémtrans (Fig. 6A,
actionper se compare 0 lanes) @—DNA complex was detected. This
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A B C [a-32P]JUTP (for internal labelling) ory-32P]GTP (for 5'-end
labelling) formed independently of activator as they did for the
RIA-holoenzyme (Fig. 7A and B). The pattern of transcripts
seen with the holoenzymes assembled with the deleted
proteins was indistinguishable from activai@¥holoenzyme
transcripts (Fig. 7A and B, lanes 3). Clearly, activator-
independent transcription activity on heteroduplex DNA is
independent of Region II. Furthermore, patterns of transcripts
o g indicate that the selection of the start site is not influenced by
; : Region Il (Fig. 7B). The latter is consistent with the restricted
set of nucleotides that stabilise complexes on heteroduplex
DNA (Fig. 3). The size and intensity of the transcripts strongly
indicates that Region Il makes little contribution to the
PO catalytic activity of the RNAP or selection of initiating nucleo-
P tide and, by inference, the location of the catalytic centre of the
2 i ZLz=== = polymerase over pre-melted DNA.
The absence of Region | allows the &Rholoenzyme to
transcribe independently of activator from tRemeliloti nifH
Y 203 4 3% promoter provided as a supercoiled DNA template (Fig. 7C;
(Ec+GTP+ PspF) 8). Transcripts probably arise from holoenzyme that contacts
with transiently melted DNA (8,9). However, the initiated
complex must be formed (by the addition of GTP) to survive
Figure 8. S1 nuclease footprints on linear homodupxneliloti nifHpromoter ~ the heparin challenge step of the single cycle transcription
DNA. (A) Wild-type oV, RIAcN and RI+IIAG" footprints. B) Holoenzyme foot-  assay (the transcript initiates 5-GGG) (see below). When the
prints. C) Holoenzyme footprints in the presence of GTP with (+) or without RI+IIA-holoenzyme was assayed for activator-independent
(-) activator PspEHTH. The extent of the footprint seen with the holo- I . .
transcription it was found to transcribe to a similar level as the

enzymes (B and C) ar proteins (A) is indicated by a solid line, broken to . . !
indicate the weaker footprint between +7 and +20. The star indicatesthe ~ RIA-holoenzyme (Fig. 7C). A control with the wild-typeN-
cutting lost on holoenzyme binding. Reactions contained 1.6 nM templatdloloenzyme showed that activator and GTP was required to

D'\t!A,tG P;Ot‘i;mﬁt Ztiz/'v,\f/l‘mogfgfgef;t 1'30&']\" (QO“IEZEI?igma as :j} Fig.l 2t), form transcripts when Region | was presémtcis (Fig. 7C,
Vi r n mivi. mi \Vf m H
g?\lAaV\?as uSsF:ed to geanergte :G seque?]cing Iaddereas ;am(;fkira(%?lgn:G?.ae lane 5).' Wlth .th.e RA-and RIHIA_hOloenzymes’. to detect
transcripts initiating nucleotide (GTP) or early incorporated
nucleotides (G+C, G+C+A) had to be present prior to the
heparin challenge (Fig. 7C, compare lanes with NTPs). This
o ) o contrasts with the use of heteroduplex DNA templates, where
implies that Region In trans can assist binding of RI+A0",  complexes survive the heparin challenge prior to any nucleo-
but whether binding is via a holoenzyme intermediate is nofide addition (Figs 7A and B and 3), presumably because the
clear. With the RA-holoenzyme and Regionih transa o—  strands are stably separated. Interestingly, different combin-
DNA complex was not seen (data not shown). ations of nucleotides added prior to the heparin challenge
When Region | was added to the RIAtholoenzyme prior  resulted in slightly different sized activator-independent trans-
to heteroduplex DNA binding, the number of initial DNA cripts with both N-terminal deleted proteins (pre-incubation
complexes did not diminish but the number of heparin-stablgvith GTP producing the largest transcript). Possibly the spatial
complexes was significantly reduced to a level seen with theelationship between transiently melting DNA sites and the
wild-type a"-holoenzyme alone (Fig. 6B). Adding Region | catalytic centre of the holoenzyme is not fixed. However, in
after engagement of the RIAiholoenzyme with hetero- each case transcription occurs for theéAR&nd RI+IA-holo-
duplex DNA resulted in a modest stabilisation of complexesnzymes via a heparin-sensitive intermediate that does not
(Fig. 6B). For comparison, the results for an equivalent experirequire Region Il for its formation. Clearly, Region I
ment with the RA-holoenzyme and Regionin transare also  sequences are not needed for the productive association of
shown (Fig. 6B). Similar results were observed with th&RI holoenzyme with the melted DNA required for making trans-
holoenzyme (Fig. 6B; 9). cripts (Fig. 7) nor for the inhibition of this association by
We conclude that Region | exerts its inhibitory effect uponRegion | (Fig. 6). Additionally. the catalytic function of the
the RI+lIA- and RA-holoenzymes before assembly onto thepolymerase does not rely upon Region Il sequences.

heteroduplex DNA and that once engaged on melted DNA .
Region | helps to stabilise the holoenzyme complexes. Effectsxtended S1 nuclease footprints of the RI+\-holoenzyme
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of Region lin transoccur independently of Region II. Removal of Region | ofoN reveals a single-strand DNA-

. . . o binding activity in the holoenzyme that suggests how the
Actl\{ato|£-|n(_jep?lndent transcription activity does not holoenzyme can transcribe from stably melted (heteroduplex
require Region DNA) or transiently melted (supercoiled DNA) templates and

The oN-holoenzyme only efficiently transcribes from hetero-why such complexes are accessible to the kinetic stabilisation
duplex DNA templates when activated whereas thé-Rl afforded by initiating nucleotides in heparin challenge assays
holoenzyme transcribes without activator (9,10). With the(9; this paper). S1 nuclease footprinting assays have shown
RI+11A-holoenzyme we observed that transcripts labelled witlihat the RA-holoenzyme has isomerised and has a DNA foot-
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print that extends beyond the transcription start (9). Extrdemplates does not require Region Il sequences. The stability
holoenzyme—DNA contacts upon removal of Region | are als@f holoenzymes lacking Region Il on pre-melted DNA argues

consistent with improved DNA binding by the RI&{ and that the isomerised state of the holoenzyme does not require
RIA-holoenzymes (Figs 2 and 4). Region Il, at least when Region | sequences are removed by

To assess the contribution of Region Il sequences to RNABeletion. However, it seems that Region Il sequences may
isomerisation we used S1 nuclease footprinting. RiéN had  contribute to activities of the holoenzyme important for DNA
a footprint from around —33 to -5 equivalent to that ofABY  melting sincein vivo under activating conditions the rate of
and wild-typea™, with the sequence around —10 being suscepBNA melting at theglnAp, promoter is changed when Region
tible to cleavage by S1 nuclease (Fig. 8A). In contrast, thél sequences are deleted or duplicated (18). Possibly some
wild-type oN-, RI+IIA- and RA-holoenzymes all protected the effects of changing Region Il are indirect and mediated
—10 residue from cleavage but differed in their footprints neathrough Region |-dependent conformational changes asso-
to start site proximal bases (Fig. 8B; 9). Compared todhe ciated with inhibiting polymerase isomerisation prior to acti-
holoenzyme, the RI+0-holoenzyme produced an extendedvation and the subsequent stabilisation of isomerised
footprint similar to that of the Ri-holoenzyme with the holoenzyme on melted DNA (8,9; this paper). These positive
residue at +20 showing increased reactivity to cleavagand negative effects of Region | could be changed in magni-
(Fig. 8B). We conclude that the RIAtholoenzyme has tude by deleting or inserting Region Il sequences. Other effects
undergone the same change as thA-Rbloenzyme and that of changing Region Il, as discussed below, may reflect a con-
the extended footprint represents the isomerised state of thebution of Region Il to ac—core interaction that suppresses
holoenzyme (9). holoenzyme non-specific DNA binding.

The RI+lIA-holoenzyme consistently produced a weaker Negligible differences in the stabilities or transcription
footprint than the RA-holoenzyme (Fig. 8B, lanes 2 and 3, activities of RA- and RI+IIA-holoenzyme complexes on hetero-
and C, lanes 3 and 5). The footprints did not change witlduplex DNA were observed, providing little evidence that the
activator or nucleotide (compare Fig. 8B, lanes 2 and 3, with CRegion Il sequences contribute to properties of the DNA-bound
lanes 3-6). The latter is consistent with requirements foholoenzyme on melted DNA. However, evidence suggests that
Region | sequences to allow enhancer responsiveness. IndiffeRegion Il sequences contribute to core RNAP interactions. First,
ence of the footprint to nucleotide likely reflects few initiated more RI+IIAcN is required to saturate the core; second, DNA
complexes on linear DNA. ActivatedN-holoenzyme also binding of the RI+IA-holoenzyme is sensitive to non-specific
shows an extended footprint to +20 (previously we had seesompetitor DNA. Possibly non-specific DNA interacts with a
partial protection to +7 but with 4-fold less GTP as the init-site on the core normally made unavailable by Region Il. The
iating nucleotide; 9) with the +7 to +20 sequence beingemoval of Region Il correlated with a modest holoenzyme pref-
strongly protected from cleavage (Fig. 8C, lane 2). Presumablgrence for binding homoduplex rather than heteroduplex DNA
the extended core-dependent footprint seen in the absence (#igs 2 and 4), whereas RIAb6N was generally a poorer DNA-
Region | or Regions I+l or upon activation of th#-holo-  binding protein than either RbN or intactoN. DNA-binding
enzyme reflects, through polymerase isomerisation, th@roperties obNand its holoenzyme are therefore influenced by
unmasking of determinants in the core polymerase that binRegion Il sequences. Far?, acidic sequences are suggested to
the single-strand DNA of the melted out segments of thénhibit DNA binding (31). Foro™, the opposite is observed when
heteroduplex templates to achieve heparin-stable complaRegion Il is removed, suggesting a positive role for Region Il in
formation. a o cycle whereo is DNA bound at melted sequences without

We conclude that Region Il sequences are unimportant fahe core (32). Some of the core-dependent changes in protein
maintaining a conformation of the holoenzyme that allows arfootprints in Region 1l ofo (11,17) may reflect cores-inter-
extended interaction with DNA. actions involving Region Il that stabilise the holoenzyme prior
to promoter binding. A changed interaction of RAdN with
the core and DNA may account for the weaker holoenzyme
DISCUSSION binding seen in the S1 footprints (Fig. 8). However, a major
Current models for transcription initiation by tted' RNAP  core-binding determinant lies between residues 120 and 215
implicate Region | in determining activator responsivenessutside Region Il, suggesting that the role of Region Il in core
(8,9) and Region Il in aspects of DNA melting, possibly binding is ancillary (12). Possibly, where two non identic8l
conformational changes in the holoenzyme needed for stabfgoteins are present in an organism differences in Region Il
strand separation (18). Properties of alte proteins in  sequences could contribute to increased affinities for core
which Region | sequences are deleted or substituted suggeBNAP (33,34) and selection of promoter DNA prior to DNA
that the inhibited state of the holoenzyme is determined bynelting. However, it is clear that determinants for maintaining
Region | (6,9,30). It is clear that the 8 and RI+IlIA-holo-  the isomerised state or the inhibited state of the holoenzyme lie
enzymes show many similar promoter interaction propertiesainly outside Region Il and within Regions Il and |, respec-
and that Region Il is not necessary for stable complexively. Although Region Il function appears associated with a
formation with pre-melted DNA templates, positive and peripheral contribution to activities whose major determinants
negative responses to Region | sequences presintieshsor  lie within Regions | and Ill, results show that Region Il asssts
the activator-independent initiation of transcription frombinding to homoduplex and heteroduplex DNA and reduces
templates where melting occurs either transiently (supercoiledompetition by non-specific DNA. These contributions likely
DNA) or is stable (heteroduplexes). favour productive interactions betweenand DNA in theo

We conclude that RNAP isomerisation and the initiation ofcycle. The lack of conservation of Region Il implies that none of
transcription on pre-melted or transiently melting DNA its activities are essential.
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