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ABSTRACT

Alibrary of random mutationsinthe  Escherichia coli fr
gene has been screened to identify positive control
mutants of FNR that are defective in transcription
activation at Class | promoters. Single amino acid
substitutions at D43, R72, S73, T118, M120, F181, F186,
S187 and F191 identify a surface of FNR that is essential
for activation which, presumably, makes contact with
the C-terminal domain of the RNA polymerase a
subunit. This surface is larger than the corresponding
activating surface of the related transcription activator,
CRP. To identify the contact surface in the C-terminal
domain of the RNA polymerase o subunit, a library of
mutations inthe rpoA gene was screened for o mutants
that interfered with transcription activation at Class |
FNR-dependent promoters. Activation was reduced by
deletions of the a C-terminal domain, by substitutions
known to affect DNA binding by  a, by substitutions at
E261 and by substitutions at L300, E302, D305, A308,
G315 and R317 that appear to identify contact surfaces
of a that are likely to make contact with FNR at Class |
promoters. Again, this surface differs from the surface
used by CRP at Class | CRP-dependent promoters.

INTRODUCTION

when they were centred near positions 41, 61, 71, 81 or 91 bp
upstream of the transcript start piat5).

At promoters where the DNA site for FNR or CRP is centred
around 41 bp upstream of the transcription start (known as Class
Il promoters), FNR and CRP function by making multiple
interactions with different parts of the RNA polymerase holo-
enzyme (RNAP) (reviewed in 6; see also 5). In contrast, at
promoters where the DNA site for FNR or CRP is centred further
upstream (known as Class | promoters), transcription activation
is dependent solely on interactions with the C-terminal domain of
the RNAPa subunit §CTD) (reviewed in7,8; see also 5). At
Class | CRP-dependent promoters a surface-exposed loop on the
downstream subunit of the CRP dimer (amino acids 156-164,
known as activating region 1) interacts with a contact site in
oCTD, resulting in recruitment afCTD to promoter DNA and
an increase in RNAP binding (reviewed7ii8). Thus, transcrip-
tion activation at Class | CRP-dependent promoters is suppressed
by single amino acid substitutions in activating region 1 of CRP
(9,10) and by detmns and single amino acid substitutions in
aCTD (11-14).

In contrast, far less is known about interactions between FNR
and aCTD at Class | FNR-dependent promoters. A single
positive control FNR mutant defective at Class | promoters has
been identified15). This mutant carries théngle amino acid
substitution SF73 and, based on its properties, \&irg. (5)
concluded that FNR must contain an activating surface that was
equivalent to activating region 1 of CRP. Using the technique of

The Escherichia coliFNR protein is a global activator of ‘oriented heterodimers’, this activating region was shown to be
transcription initiation which regulates transcription from a largdunctional in the downstream subunit of the FNR dimer at Class
number of promoters in response to oxygen starvation. FNR lisNR-dependent promoters (5). In the first part of this work we
related to another global regulator, the cyclic AMP receptogenerated a random library of mutations in fie gene and
protein (CRP). FNR and CRP are believed to have similacreened for FNR mutants that were defective in activation at
structures and to have evolved from a common origin (reviewedlass | FNR-dependent promoters. This allowed us to identify the
in 1,2). Bnding sites for both FNR and CRP span 22 bpactivating surface of FNR (including S73) that is functional at
accommodating dimers of each activator. A striking feature dhese promoters. Inthe second part we generated a random library
both FNR- and CRP-dependent promoters is that the location afmutations in the segment of tip®Agene encodingCTD and

the DNA site for the activator can vary from one promoter tscreened for mutants that interfere with activation at Class |
another. Studies with semi-synthetic promoters in which &NR-dependent promoters. The resulting mutants fall into a
consensus DNA site for either FNR or CRP was positioned aumber of classes that confirm the rol@@fTD in transcription
different distances upstream of the same promoter elemerstivation and suggest a likely contact site for the activating
showed that FNR or CRP dimers could activate transcriptioregion of FNR.
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Table 1.Promoters and plasmids used in this work

Promoters (all cloned on fragments witBcaR|I site upstream andindlll site downstream of the transcription start)

FF(-71.5) Semi-synthetic FNR-dependent promoter with FNR binding site centred at position —71.5 upstreametRtfescription start (5)
YF(-71.5) Derivative ofFF(—71.5)with upstream half of FNR binding sit€; AAATTT GATGT-3' (designated F) changed to/MAATTTAATGT-3 (designated Y) (5)
FY(-71.5) Derivative of FF(—71.5)with downstream F sequence replaced with Y sequence (5)
FF (-61.5) Semi-synthetic FNR-dependent promoter with FNR binding site centred at position —61.5 upstreametRtfescription start (5)
pndh E.colindhpromoter, which is repressed by FNR (15,17)
Plasmids
pRW50 Broad host randac expression vector for cloning of different promoterssaoR|1-Hindlll fragments: encodes resistance tqug#ml tetracycline (18)
pAA121 General cloning vector f@coRI-Hindlll fragments derived from pBR322: encodes resistance pm80l ampicillin (19)
pFNR Plasmid carryingnr gene (and mutant derivatives) cloned in pBR322: encodes resistangegtomd@mpicillin (15)
pHW1 Plasmid carryingnr gene (and mutant derivatives) cloned in pLG339: encodes resistancggbr&anamycin (5,15)
pLAW?2 Plasmid carryingpoA gene (and mutant derivatives) cloned in pBR322: encodes resistancegr@mpicillin (12)
MATERIALS AND METHODS corresponding to the C-terminal domain (from codon 231) was

synthesized using error-prone PCR as above. After restriction with

. . Hindlll and BanHl, the product was cloned into pLAW?2 to
The Alac strainsE.coli M182 fnr* and JRG172&fnr were used . L7
throughout this work, as beforés,15). The plasmids and generate a library of random mutations in the segment of pLAW?2

e ; : ncodingtCTD. M182Alacfnrt cells carrying pRW50 containing
promoters used in this work are listed in Table 1. All the promote 2 ; = " .
used were cloned dacdRrI-Hindlll fragments and were shuttled Fﬁe FE(-71.5) promoter, encoding BF(-71.5):lac fusion, were

between pAA121 (for manipulation) and pRW50 {gar fusions transformed using electroporation with the pLAW2 mutant library.

. sformants were plated on MacConkey lactose plates con-
and assays). By convention, promoter sequences are numbq% ing ampicillin and tetracycline and lracandidates were

with the transcript start as +1, with upstream and downstrealy o I
sequences denoted by — and + prefixes respectively. Standéga@d and purified. The pLAW2 derivatives were extracted,

recombinant DNA, site-directed mutagenesis and sequenci tant rOA sequences were determined g_nd the defects in
technologies were used as in our previous WBIS). nscription activation &F(—71.5)were quantified (Table 6).

A library of random mutations throughout thegene cloned in  Table 2. Sequences of Zar-positive control (p.c.) mutants
pFNR was created using error-prone PCR, exploiting the exact

protocol described by Bell and Buskis). From this library, — Amino acid Codon No. of independent Repression at
positive control FNR mutants that were defective in FNR- substitution substitution isolated pndHP (%)
dependent activation at the-(—71.5) promoter were selected,

using the protocol used by Bell and Bugh$) to obtain similar gﬁ;‘g i’g&gig 1 12?3
mutants atFF(—41.5) Briefly, M182 Alac fnr* cells carrying g7 TCC.TTC 1 97
PRW50 containing theFF(-71.5) promoter, encoding a 1a11g ACCLGCC 1 08
FF(-71.5):lac fusion, were transformed using electroporation 1pq1g ACC.. CCC © 100
with the pFNR mutant library. Transformants were plated onp129 ATG L ATA 2 93
MacConkey lactose plates containing ampicillin and tetracyclinepr120 ATGL AGG 1d 100
Lac™ candidates were picked and purified and the pFNR derivativg t120 ATG_ ACG 2 100
was extracted. We checked the ability of each putative mutant FNIv120 ATG.GTG ® 94

to repress thendh promoter and assayed activation at both FL181 TTT-CTT 2 101
FF(-61.5)andFF(-71.5) To do this, the mutant pFNR derivative Fs186 TTC.TCC 2 105
was transformed into JRG1728ac Afnr cells carrying pPRW50  sp187 TCC.CccC P 95

into which thendhpromoter of~F(—61.5)or FF(—71.5)had been  FL191 TTC-CTC 3 99

cloned. B-Galactosidase activities of transformants grown __ _ _ _ — _
anaerobically in L-broth supplemented with 0.4% glucose ampp_FNR derivatives encoding FNR carrying the listed substitutions were isolated
cillin and tetracycline were measured (fuII details are given in 15§fter mutagenesis of pFNR as described in the text. In each case thénentire

- . .. Pase sequence was determined. JRG1728 cells carrying pRW50 containing the
In this study we retained only those FNR mutants that, lik dh promoter were transformed with different pFNR derivatives and

wild-type FNR, fully repressed expression fromrdépromoter. B-galactosidase expression in transformants was measured and compared with
The sequence of these mutants was deduced (Table 2) and fl§ntrol pFNR plasmid from which ther gene had been removed.
defeCt_ In transcription activation EI:(_6:|--5)andFF(—_71-5)W<'=15 _ andependent isolates are defined as substitutions that occurred in different PCR
guantified (Table 3). Derivatives of pFNR encoding FNR withreactions.
single alanine substitutions at particular positions were made Pyepression was measuiadivousing a pdh:lac fusion. Values of repression
PCR (16). In all cases the basgusence of the entifer gene was  are expressed as percentages of repression achieved with wild-type FNR.
confirmed (secondary substitutions are noted in Table 2)_ Orient&this isolate contained a second amino acid substitution MV223 (ABGG).
heterodimer experiments (I'able 5) were performed exactly Data for repression is for FNR carrying the single substitution mutant TP118,
described by Bell and Busby (15) and Wetgl (5). constructed by subcloning.
. . OThis isolate contained a second amino acid substitution YC230£TR&C).

MUtageneSI.S GprAenCOded by pLAWZ_WaS perf_ormed_usmg Data for repression is for FNR carrying the single substitution MR120,
protocols derived from Zoet al (12). This plasmid carries a ., structed by subcloning.
uniqueHindlll site adjacent to codon 231 gdoA and a unique  eone isolate contained two further amino acid substitution: FL191
BanHl downstream of thepoA stop codon. Using primers (tTc_ CTC), KR220 (AAA-AGA).

flanking the Hindlll and BanHI sites the segment aPoA  fone isolate contained a second amino acid substitution: FY112(TAC).
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Table 3. Transcription activation by FNR derivatives carrying different p.c.
substitutions

Amino acid Activation at Activation at
substitution FF(=71.5)(%) FF(-61.5)(%)
Wild-type FNR 100 100

DG43 42 32

RH72 20 13

SF73 5 6

TA118 15 19

TP118 18 16

MI120 8 9

MR120

MT120 25 21

MV120 23 15

FL181 52 51

FS186 48 28

SP187 4 9

FL191 31 29

No FNR 0 0 Figure 1. Three-dimensional model of an FNR monomer, without its extended

N- and C-terminal domains, based on the known CRP structure taken from the
Activation was measured FRG1728 Alac Afnr) cells carryingFF(-71.5)or Brookhaven protein database file 1CGP.PDB (a full discussion of the relation
FF(-61.5)fused tdac in pRW50. Values are expressed as percentages of transvetween the structures of CRP and FNR is to be found in ref. 2). The model
cription activation by wild-type FNR. 100% activation = 2870 nmol/min/mg cell shows the location of amino acid residues substituted in the FNR-positive
dry wt atFF(~71.5)and 2960 nmol/min/mg &F(-61.5) 0% activation = 390  control mutants described here. Residue D43 (red) is locatechetix A,
nmol/imin/mg aFF(=71.5)and 280 nmol/min/mg &F(~61.5) Data in the table ~ 'eSidues R72 and S73 (purple) are located on the loop befaterets 3 and

. L - residues T118 and M120 (blue) are locatefgtsheet 8, residue F181 (green)
f‘hr: ‘;"r\]’s;ﬁgwezg;tfééf independent assays; in each case the standard deviation ﬁsqﬁcated on the loop betweerhelix D and3-sheet 9 and residues F186, S187

and F191 (green) are located [®sheet 9.

RESULTS containing aransdominant pFNR derivative that interfered with

activation ofFF(—71.5)by wild-type FNR.

Since FNR mutants defective in DNA binding or triggering by
The first aim of this work was to identify single amino acidanaerobiosis would also have scored as ireibe first screen, we
substitutions in FNR that result in a defect in transcription activatiancluded a second screening step. This second screening, which
at Class | FNR-dependent promoters, but do not affect DNA bindingas included to eliminate these types of mutants, exploited an
or triggering by anaerobiosis. Following previous work with CRAFNR-repressible promoterngh Thus, pFNR plasmid DNA
(9,10), we reasoned that the location of suchtitutitms would isolated from each of the 48 IFacolonies was transformed into
identify the surface of FNR that interacted wWit€TD during  strain JRG1728ac Afnr) cells carrying a pdh:lac fusion in
transcription activation. To identify such ‘positive control’ mutantsplasmid pRW50 and the fusion was used to assess the ability of
we adapted the strategy fully described by Bell and Bushy (15). Tleach mutant to be triggered by anaerobiosis and to bind to DNA
starting point was the semi-synthdfie(—71.5)promoter, which is  targetdn vivo. We found that 20 of the 48 pFNR derivatives were
completely dependent on FNR (5). This promoter, which contairgefective in anaerobically induced repression of thehpac
a consensus DNA site for FNR centred between base pairs 71 émslon and were discarded. We concluded that the remaining
72 upstream of thmelRtranscription start point (i.e. position —71.5), 28 pFNR derivatives must encode positive control mutants of
was cloned into plasmid pRW50 to givd-B(—71.5):lac fusion. = FNR: they are significantly defective in transcription activation at
M182 (Alac fnr*) cells carrying the resulting recombinant score a§F(—71.5) but are not defective in transcription repressiomai p
Lact on indicator plates because chromosomally encoded FNRee below). The base sequence of each of these derivatives wa:
activates théF(—71.5)promoter. To identify positive control FNR determined and the amino acid sequence was deduced. This
mutants we exploited plasmid pFNR, which carries the clomed revealed that we had isolated 22 independent mutants (six of the
gene and is compatible with pRW50 derivatives. After mutagenesisutants were obtained more than once from the same PCR reaction
of the clonednr gene by error-prone PCR, pFNR was transformednd were discounted). These 22 mutants were due to amino acid
into M182 cells carrying thEF(—71.5):lac fusion. Positive control  substitutions of nine different residues: D43, R72, S73, T118,
mutants result in a Laphenotype, since they are unable to interadv1120, F181, F186, S187 and F191. The different substitutions are
correctly with RNAP, and yet fold correctly and bind to DNA sitediisted in Table 2: in some cases substitutions were isolated in
for FNR. Note that mutants that are unable to fold correctly will beombination with changes at other positions, but these other
unable to suppress activationF#¥(—71.5)by the chromosomér  changes were found to have little or no effect (see footnote to Table
gene and will not be picked by this screen. After performing seve?). Note that these substitutions include SF73, which we had
independent error-prone PCR mutagenesis reactions and screemirgyiously found to interfere with transcription activation at a Class
>60 000 colonies, we selected 48 tamlonies apparently | FNR-dependent promoter (5). Figure 1 presents a model of the

Isolation of positive control mutants of FNR
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Figure 2. Models of an FNR dimer bound to a target site in DNA viewed side-on and end-on. The models, based on the CRP—DNA senttdreypfrhultz
et al.(26), show the location of substitutions that interfere with activation at Class | FNR-dependent promoters, with colas icoliggre 1. Note that the patch
identified by green colouring corresponds to activating region 1 of CRP (see Discussion). The patch identified by pintcéoutipigdas no functional equivalent
in CRP, but, whilst clearly distinct, is on the same face of FNR. Note that this patch is exactly in the direction affttreealthA, whilst the ‘green’ patch (equivalent
to activating region 1 of CRP) is off the path of the DNA.

predicted structure of FNR, based on the crystal structure of CR%.87 have only marginal effects (<50%). In contrast, substitution
showing that the nine substituted residues are all found on the saofi@lanine at T118 greatly reduces activation, suggesting that the
face of FNR. We conclude that this face must contain the amirgidechain of T118 provides a crucial contact with RNAP. The lack
acid sidechains that are important for transcription activation bgf effect of the SA73 substitution suggests that the consequences
FNR at theFF(—71.5)promoter. Figure 2 shows models of FNR of the SF73 substitution, previously reported by us, must be due
bound to a DNA target site, again highlighting the locations of theo indirect effects: for example, the substitution of serine at
different positive control substitutions that interfere with FNR-position 73 by phenylalanine may generate a clash that hinders
dependent activation ¢f~(—71.5) FNR—-RNAP contacts. In control experiments we confirmed that
the alanine substitutions had the same effect on activation at the
o . FF(—61.5) promoter and that DNA binding was unaffected (as
Characterization of positive control mutants of FNR judged by repression of tielh promoter; data not shown).

The effects of the newly isolated substitutions in FNR on
transcription activation at Class | promoters with the DNA site foFable 4. Transcription activation by FNR carrying alanine substitutions
FNR centred at positions —61.5 or —71.5 was determined. To do

this, the different pFNR derivatives were introduced into strainFNR derivative Activation atFF(-71.5)(%)
JRG1728 filac Afnr) carrying the test promoteFs$-(—71.5)and FNR 100
FF(—61.5) fused to thelac operon in plasmid pRW50 and a7, 78

B-galactosidase expression of cells grown anaerobically wag

measured. The data in Table 3 show that each of the substitutio&%ﬁ igz
causes similar substantial reductions in expression from bot

promoters, confirming the phenotypes that had been observeld11® 15
during the screen. We conclude that the same surface of FNR 144120 78
likely to be involved during transcription activation at both SA187 58

promoters. To investigate the role of different amino acid . ]
sidechains in this surface, a number of different residues wefgtivation was measured IRG1728 flac Afnr) cells carryingFF(~71.5)
replaced with alanine. R72, S73, G74, TL18, M120 and Lot B3 B C, Foree B e e e o FR
were selected, as these are_l_ocated In three_se_parate surf é mol/min/mg cell dry wt was 2400. Each FNR derivative carrying an alanine
_eXposed IOQpS where the pOSItIV_e control substitutions had b_e stitution was shown to bind DNA normally, as measured by the ability to
|50|at?d _(F|9- 1). The results in Table 4 show that al_an!n%presstranscription activation from the FNR-repressible promudéend all
substitution of S73 and G74 had no effect on transcriptioRanine scanning mutants were aerobically inactive, as measured in cells grown
activation atFF(—71.5) whilst substitutions at R72, M120 and aerobically (data not shown).
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Table 5. Transcription activation by oriented heterodimerSF(t71.5) Transcription activation by oriented heterodimers
derivatives
Our results suggest that three separate surface-exposed loops ir
FNR derivatives Promoter activities ~ FY/YF the FNR structure are involved in transcription activation at Class
FY(-71.5) YF(-71.5) | FNR-dependent promoters. Since FNR is functional as a dimer,
Control experiment FNR/EV209 830 900 0.9 it is possible that each of these regions is functional in both
Heterodimer experiments ~ SF73/EV209 2100 470 45  subunits or in either the upstream or the downstream subunit. To
MI120/EV209 2100 440 4.8 investigate this we used the method of ‘oriented heterodimers’,
SP187/EV209 1500 350 43 previously adapted for FNR by Bell and Bugb$). This méhod

relies on the alteration of either the upstream or downstream
Activities were measured iIRG1728 flac Afnr) cells carryingFY(-71.5)or  half-site of the 22 bp FNR binding sequence at a target promoter
YF(-71.5)fused tolac in pRW50. Cells contained a pHW1 derivative encodingfrom 5-AAATTTGATGT-3' (designated F) to'BAATTT-
FNR carrying the EV209 substitution that permits FNR binding to the Y half-siteA ATGT-3' (designated Y)_ This creates the hybrid binding sites
Cells also contained pFNR derivatives encoding either wild-type FNR or FNIRY or YF, with the altered half-site located either downstream or
carrying the SF73, MI120 or SP187 substitutions. Cells were grown anaerobicauibstream respectively, and these hybrid sites were incorporated
in L-broth su.pp.lemented with glucose, tetrgcycline, _k_a_namycin aqd ampicilliqnto FF(—71.5)t0 giveFY(—?l.S)andYF(—?l.S) Bell and Busby
Promoter actlv!tles are expressquaﬁlactOS|d§se activities (nmol/min/mg cell (15) showed thatiM-type ENR is unable to recognize the altered
dry wt) and ratios were calculated from three independent sets of data. half-site Y, whereas FNR carrying the substitution EV209 in the
DNA binding helix is able to bind to Y. Thus, heterodimers
Table 6. Sequences of 27 RNA polymerasenutants that interfere with the  phatween wild-type FNR and FNR EV209, which form in cells
FF(=71.5)promoter after introduction of two compatible plasmids encoding different
fnr genes, bind to target promoters containing the hybrid binding

Amino acid - Codon substitution No.of — Activity of sites with the FNR subunit carrying wild-type binding specificit
substitution isolates  FF(=71.57 (%) binding to the F half-site and thg FEIR Ezggv subunigt]wﬁh aItergd
EG261 GAA -~ GGA s 70£6 DNA binding specificity occupying the Y half-site. In these
EK261 GAA- AAA 1 61+18 experiments JRG1728 cells were transformed with plasmid
RC265 CGC.TGC x 44+ 11 pHW1, a pLG339 derivative encoding FNR EV209. These cells
NS268 AAC-AGC 2 80+ 11 were further transformed with pFNR derivatives encoding FNR
LF300 CTT-TTT 3 65+ 13 with wild-type binding specificity and the positive control
LH300 CTT_ CAT 1 80+ 17 substitution SF73, MI120 or SP187 (representative of
EK302 GAG. AAG 4d 61+ 10 substitutions in the three surface-exposed loops of FNR that we
DG305 GAC. GGC 1 60+ 1 had identified). The data in Table 5 show that the three positive
control substitutions in FNR all interfere with transcription
éizii gcizzfc 21 577; iz a<_:tivatiqn at the hybrid promoté‘rF(—?l.S)butdo not interfere
RP317 CGC. OO . 662 4 with activation aFY(-71.5) Since the FNR subunit carrying the
o N substitutions is targeted to the F half-site, we conclude that the
g-257+4 1 bp deletion in codon 258 €1 40x2 activating region defined by the substitutions at S73, M120 and
a-259+7 2 bp deletion in codon 260 € 1 69£9 $187 are all functional in the downstream suburfFgt71.5).
a-260 Stop at codon 261 1 337
a-262 Stop at codon 263 1 22+9

Isolation of mutants in aCTD that interfere with a
pLAW2 derivatives encoding carrying the listed substitutions were isolated Class | FN R-dependent promoter
after mutagenesis of pLAW2 as described in the text. In each case the entire base

sequence of the mutagenized segmenpoh was determined. The second aim of this work was to identify single amino acid
JActivity was measuredn vivo using M182 Alac far* cells carrying a  sybstitutions in the RNA polymerasesubunit that resulted in a
FF(-71.5):lac fusion cloned in pRW50. These cells were transformed withyefect in transcription activation at Class | FNR-dependent
pLAW?2 derivatives encoding different mutants an@-galactosidase activities romoters. Following previous work with CF(EEZ—14) we
were determined. Activity values ( SD) are expressed as percentages of activi reasoned that the location of such substitutions would ’identify a

with pLAW2 encoding wild-typer. Note that the observed reduction in expression . . . . -
must be an underestimate of the effect of each mutant since the experimen?%rface inaCTD that interacted with FNR during transcription

performed with chromosomally encoded wild-tgpsubunits present. activation. To find such mutants we adapted the strategy
bOne isolate contained a second amino acid substitution GS279¢@GT).  described by Zowet al. (12), using M182 Alac fnr*) cells

This second substitution has little or no effect on activatidFF¢£71.5) carrying the semi-synthetieF(—71.5) promoter cloned into
One isolate contained a second amino acid substitution QL283 (@A®).  plasmid pRW50 to givelaF(—71.5):lac fusion. These cells score
This second substitution has little or no effect on activatidfF¢f71.5) as La¢ on indicator plates because chromosomally encoded FNR
done isolate contained a second amino acid substitution EG245 (GG5). activates theFF(-71.5) promoter. To identify substitutions in
This second substitution has little or no effect on activatidFF¢f71.5) aCTD that interfere with this activation we exploited plasmid

€0-257+4, a 1 bp deletion in codon 258, caused a frameshift and changed co

262 to the stop codon TGA. The amino acid sequence is identical to wild-type. A .
o up to amino acid 257, with the addition of four different amino acids ith pPRW50 derivatives. After mutagenesis of the segment of

(X257GDLN). a-259+7, a 2 bp deletion in codon 260, caused a frameshift anfPOA en_codlnguCTD by error-prone PCR, PLAWZ- was trans-
changed codon 267 to the stop codon TAA. The amino acid sequence is identit@imed into M182 cells carrying tié=(—71.5):lac fusion. After

to wild-typea up to amino acid 259, with the addition of seven different aminoperfo_rming three independent error-prone PCR mutagenesis
acids (Yo56GIDCPLC). reactions and screening >70 000 colonies, we selected 27 Lac

"AW2, which carries the clonegoA gene and is compatible
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Figure 3.A space-filling model of the predicted structureGfTD, created from the Brookhaven protein database file 1COO.PDB, showing the location of the residues
discussed here. ViewA)—(D) are related by a rotation of 9@round theiy-axis. E261 is coloured red, R265 and N268 are coloured yellow and L300, E302, D305,
A308, G315 and R317 are coloured blue (see Discussion for details).

colonies apparently containing a pLAW?2 derivative encoding where the FNR site is located at positions —61.5 and —71.5 and is
that interfered with activation dfF(—71.5)by wild-type FNR. functional solely in the downstream subunit of the FNR dimer. In
Each mutant pLAW2 derivative was isolated and the bastis respect, FNR and CRP are similar. Interestingly, however, the
sequence of the mutamtoA gene was determined. Table 6 listslocation and nature of the activating region that interacts with
the changes found in each of the derivatives. Four of the mutam€TD clearly differs between the two activators. In CRP the
plasmids encode truncata€TD, whilst the others carry single activating region that interacts widCTD is confined to a single
amino acid substitutions, the location of which identify sidef turn from residues 156 to 1§4,10), corregonding to just one
chains likely to be involved in transcription activation atof the surface-exposed loops we have identified in FNR (the
FF(—71.5) Figure 3 is a model of the structurex@TD, showing  181-191 loop; Fig. 2). However, our results clearly show that the

the location of these sidechains. major activating determinant in FNR is located in the adjacent
116-121 loop. Thus, whilst the structures of CRP and FNR may
DISCUSSION have been conserved, the precise nature of the activating region

that interacts witlmCTD differs. A possible explanation for this

Many bacterial transcription activators function by making arises from the suggestion that the primary role of
direct contact with the C-terminal domain of the RNiA&ubunit.  activator-eCTD interactions is ‘merely’ to recruit RNAP to the
These activators bind upstream of the RNAP binding elementspiiomoter (21). We uppose that these interactions can be
target promoters and the role of the activad@¥D interaction generated in many different ways and, thus, different activators
is to recruit RNAP to the promoter. In some cases the flexibilitysolve’ their problems in different ways.
of the linker that anchoisCTD to the rest of the RNAP allows Our observation that deletions ofCTD interfere with
flexibility in the location of the activator binding site on the expression from thEF(—71.5)promoter (Table 6) confirms that
promoter DNA (reviewed i8,20). Adivators make contact with aCTD is essential for FNR-dependent transcription activation
aCTD via surface-exposed patches (activating regions) that cémote that these experiments were performed with plasmid-
be defined by the location of positive control substitutionsencodedx introduced intrans to wild-type a). We have also
Similarly, the activation target amCTD can be investigated by identified several single amino acid substitutionst@TD that
the location of substitutions that interfere with activationdecrease expression at Class | FNR-dependent promoters (Fig. 3).
However, to date there is no case where the details dhe interpretation of these results is facilitated by the recent
activator-«CTD interactions are clearly understood. determination of a structure faCTD (22,23) and bytadies of

Our results identify the activating region of FNR that interact¢he properties of several mutamtderivatives at UP element-
with aCTD. Interestingly, according to our model for thedependent and activator-dependent promoters (see for example
structure of FNR the activating surface contains three distind?2—14). Expression fromiF(-71.5)is reduced by substitutions
adjacent surface-exposed loops (residues 71-75, 116-121 and261, R265, N268, L300, E302, D305, A308, G315 and R317.
181-191; Fig. 1). These loops are located on a face of FNR thanget al. (13) contuded that E261 was the crucial residue for
is distinct from the face that makes contact with the RMAP CRP-dependent transcription activation at thecoli lac
subunit at Class Il FNR-dependent promoters§sEs). Alaine  promoter, whilst Murakamet al. (14) claimed that the same
scanning identifies T118 as providing the crucial sidechain faurface ofaCTD was involved in both DNA binding and in
interaction wittaCTD. Presumably the major contact is providedinteraction with CRP at thiac promoter. Our screen identified
by the 116-121 loop and less crucial contacts are provided by thabstitutions both at E261 and in the DNA binding surface (R265
71-75 and 181-191 loops (it is likely that D43 is not involved andnd N268) and, whilst it is possible that one or more of these
that the effect of the DG43 substitution is indirect). Our resulteesidues does provide a direct contact with both CRP and FNR,
show that the same activating region is functional at promoteitds also possible that the effects of these substitutions are indirect.
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Jafriet al.(24) reported that the EK261 stihgion can interfere 3 Ushida,C. and Aiba,H. (1998)ucleic Acids Resl8, 6325-6330.

with activator-independent transcription initiation and we cannot* %a;'t‘;z; Bell,A., Kolb,A., Buc,H. and Busby,S. (198@}, 62,

at present, exclude the possibility that DNA bindin@®Dis 5 \ying 1. Williams,S. and Busby,S. (1995)Bacteriol, 177, 6704-6710.
involved in the mechanism by which FNR activates transcriptiong Bushy,S. and Ebright,R. (199¥pl. Microbiol., 23, 853-859.

The remaining substitutions (at L300, E302, D305, A308, G315 Ebright,R. (1993Mol. Microbiol., 8, 797-802.

and R317) do not define a discrete ‘patch’ but, rather, appear & Busby.S. and Ebright,R. (1998gll, 79, 743-746.

cluster in two sub-regions (Fig. 3). It is likely that substitutions ¥ )i #hou.Y. Dong.Q- Ebright,Y. and EbrightR. (1334Mol. Biol,

within this group identify the contact site for the activating regiong znou,v., Merkel,T. and Ebright,R. (199#)Mol Biol, 243 603-610.

of FNR and, interestingly, in a previous study of #&monella 11 Igarashi,K. and Ishihama,A. (19923Il, 32, 319-325.
typhimuriumFNR equivalent, OxrA, Lombardai al. (25) found 12 Zzggécislggita,N-, Igarashi,K. and Ishihama,A. (199). Microbiol., 6,
that substitutions at positions 311 and 3166 D interfered e . )
with OxrA-dependent activation of th8.typhimuriumpepT = a%%%?ééﬁgzegg\%}é'(’)g‘f_'gg’g?_’A" Fenyo,D., Chait,B. and Ebright,R.
promoter. Note, however, that it is unlikely that the L300, E30244 Murakami,K., Fujita,N. and Ishihnama,A. (198BIBO J, 15, 4358-4367.
D305, A308, G315 and R317 sidechains are all involved im5 BellA. and Busby,S. (199&)ol. Microbiol., 11, 383-390.

contacts with FNR: some of the consequences of substitut{/rléj Wing,H. (1997) PhD thesis, The University of Birmingham, UK.

. . P - . Spiro,S., Roberts,R. and Guest,J. (1988) Microbiol., 3, 601-608.
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by alanine scanning atil vitro studies. FEMS Microbiol, Lett 95, 271-276.
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