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ConstructionConstruction of an ArcA-P reporter strain 
tt # * * # $ * >i 

Summar y y 

Inn Escherichia coli the ArcAB two component regulation system is one of the major systems involved 

inn regulation of catabolic gene expression in response to (different levels of) oxygen. Signal 

transductionn through this system occurs via transphorphorylation of the transcriptional regulator ArcA 

byy its cognate sensory kinase ArcB. The in vivo changes in phosphorylation level of the ArcA 

regulator,, underlying signal transfer through the Arc system, however, have not yet been documented 

norr quantified. We addressed this problem by designing a reporter construct in which lacZ expression 

dependss on the binding of phosphorylated ArcA (ArcA~P) to a single ArcA binding site. For this 

purposee we selected an ArcA binding site II of the cydA promoter region, which was earlier reported 

too have a high affinity for ArcA-P. The affinity, specificity and stoichiomentry with which ArcA and 

ArcA-PP bind to this site were determined. It was found that, in contrast to ArcA, ArcA-P binds to 

thiss DNA fragment specifically, and with an approximately 20 fold higher affinity than for the non-

phosphorylatedd regulator <0.25nM versus 4.5[iM). Analysis of the cooperativity of this binding 

indicatedd that ArcA-P was bound to this site as a hexamer, or a higher order oligomer, whereas ArcA 

wass forming a complex of 2-3 molecules per molecule of DNA. 

4.11 Introductio n 
Initiationn of transcription is the main point of control of gene expression in 

prokaryotes.. This type of regulation is mediated by both activator and repressor 

proteinss and by the controlled expression of RNA-polymerase sigma-subunits. Two 

componentt regulation systems are widely distributed among bacteria (Parkinson, 

1993).. The ArcAB two component system is composed of a membrane sensor kinase 

ArcBB and the cognate response regulator ArcA (Iuchi and Lin, 1993; Iuchi et al, 

1990c;; see Chapter 1.4.2 for further details). This system is involved in regulation of 

overr 40 operons, most of which encode proteins either participating in aerobic or in 

anaerobicc catabolism (Lynch and Lin, 1996a; Lynch and Lin, 1996b). In response to 

changess in respiratory conditions, ArcB undergoes autophosphorylation and 

subsequentlyy signals this information to ArcA via transphosphorylation (Iuchi, 1993; 

Iuchii  and Lin, 1992), similar to other two component systems. Although the ArcAB 

systemm responds to a change in oxygen availability, molecular oxygen itself has been 

excludedd as the direct signal sensed by ArcB (Iuchi et al, 1990a; Iuchi and Lin, 1988; 

Iuchii  and Lin, 1992). Despite much is known about the ArcAB system at the molecular 

level,, the biochemical signal, which triggers the phosphorylation cascade still remains 

unresolved.. Once phosphorylated, ArcA changes its activity as transcription factor 

towardss its target operons (Chao et al, 1997; Cotter et al, 1997; Drapal and Sawers, 
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1995;; Lynch and Lin. 1996c; Pellicer et ai, 1999; Shen and Gunsalus. 1997; Tardat 

andd Touati. 1993). It can serve as an activator of transcription as well as a repressor 

(seee Chapter 1.4.2; Brondsted and Atlung. 1994; Brondsted and Atlung. 1996; Cassey 

etet al.. 1998; Chao et al.. 1997; Iuchi and Lin. 1988; Sawers and Suppmann. 1992; 

Suppmannn and Sawers. 1994; Tseng et ai. 1996). 

Tablee 4.1 Affinities for phosphorylated and unphosphorylated ArcA of binding sites at 

somee Arc-regulated promoters. 

ArcA A 
bindingg site 

sdhCsdhC 1 

sdhCsdhC 11 

W/7CIII I 

sdhCsdhC IV 

cyc/ABcyc/AB II 

'led 'led 

Encodedd enzyme 

succinate e 
dehydrogenase e 

succinate e 
dehydrogenase e 

succinate e 
dehydrogenase e 

succinate e 
dehydrogenase e 
cytochromee d 

oxidase e 
isocitrate e 

dehydrogenase e 

ArcA A 

1.88 uM 

0.66 jiM 

1.755 uM 

>5uM M 

>0.966 uM 

>0.6uM M 

K<l<a) ) 

ArcA-P P 

0.66 ,uM 

0.255 uM 

0.99 uM 

1.855 uM 

-0.255 uM 

-0.11 uM 

Reference e 

(Shenn and 
Gunsalus.. 199") 

(Shenn and 
Gunsalus.. 1997) 

(Shenn and 
Gunsalus.. 1997) 

(Shenn and 
Gunsalus.. 1997) 

(Cotterr et al., 
1997) ) 

(Chaoo et al, 
1997) ) 

Inn our studies we aim to analyse phosphorylation levels of ArcA, depending on 

differentt growth conditions. Recent analysis of promoter regions of the ArcA-target 

operonss revealed that ArcA binding sites can be located upstream, as well as 

downstream,, of the target promoters (see examples in Fig. 3.1 and 3.9). Moreover, 

thesee binding sites have different affinities for phosphorylated and non-phosphorylated 

ArcAA (see Table 4.1). Numerous DNAse protection studies with different Arc-

dependentt promoter regions have shown that phosphorylated ArcA (ArcA-P) covers 

ratherr large DNA regions, extending up to 230 bp at high ArcA~P concentrations 

(Chaoo et al, 1997; Cotter et ai. 1997; Drapal and Sawers. 1995; Lynch and Lin. 

1996c;; Pellicer eta/.. 1999; Shen and Gunsalus. 1997; Tardat and Touati. 1993). Such 

aa region is much larger than what may be expected from a dimer or monomer form of 

ArcA-P.. It has been suggested, therefore, that ArcA-P binds as a higher-order 

oligomerr (Drapal and Sawers. 1995; Lynch and Lin. 1996c; Pellicer et al, 1999). 
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Tablee 4.2 Several examples of co-regulation of genes of the Arc modulon 

Operon n 

Pfl Pfl 

cydAB cydAB 

acnA acnA 

nuo nuo 

sdhCD sdhCD 
AB AB 

icd icd 

sodA sodA 

glcB glcB 

hya hya 

hyh hyh 

acnB acnB 

Ipd Ipd 

Encodedd enzyme 

pyruvatee formate-
lyase e 

cytochromee d 
oxidase e 

aconitase e 

proton--
translocating g 

NADH:quinoneoxi i 
doreductase e 

succinate e 
dehydrogenase e 

isocitrate e 
dehydrogenase e 

manganese e 
superoxide e 
dismutase e 

malatee synthase 

hydrogenasee 1 

hydrogenasee 2 

aerobicc stationary 
phasee aconitase 

lipoamide e 
dehydrogenase e 

Regulators s 

ArcA.. IHF, Fnr, 
NarL,, NarQ 

ArcA,, Fnr, 
FruR(Cra) ) 

CRP,, FruR, Fur, 
SoxRS,, ArcA, 

FNR R 

ArcA,, NarL, 
Fnr,, IHF, Fis 

ArcA,, Fnr, 
EIICB(Glc) ) 

ArcA,, Fnr, IHF, 
FruR(Cra) ) 

ArcA,, SoxRS, 
CfxB,, Fur, IHF, 

Fnr r 
ArcA,, GlcC, 

IHF F 
ArcA.. AppY, 
NarL.. NarP 
ArcA,, Fnr, 
NarL,, NarP 
ArcA,, CRP. 

FruR,, Fis 

ArcA,, Fis 

References s 

(Kaiserr and Sawers. 1995: Sawers. 1993: 
Sawerss and Bock. 1988: Sawers and Bock, 
1989;; Sawers and Suppmann. 1992; Sirko 

era!..era!.. 1993) 
(Cotterr er a!.. 1990; Cotter and Ciunsalus. 
1992;FutVa/... 1991: Iuchi tV a!.. 1990a; 
Ramseierr <?/«/.. 1996; Tseng et a!., 1996) 

(Cunninghamm el a!.. 1997; (iruer and 
Guest.. 1994) 

(Bongaertss er a!. 1995: Wackwit/ ct a!.. 
1999) ) 

(Iuchii  era!.. 1994: Iuchi era!.. 1986; luchi 
andd Lin. 1988: Park el a/.. 1995; Shen and 

Gunsalus.. 1997; Jakeda eta/.. 1999) 

(Chaoo et a!., 1997; Prost el a/.. 1999; 
Ramseiererr a!. 1993) 

(Compann and Touati. 1993: Hassan and 
Sun,, 1992; Niederhoffier <.--/«/.. 1990; 

Tardatt and Touati, 1991) 

(Pellicere/w/... 1999) 

(Brondstedd and Atlung. 1994: King and 
Przybyla.. 1999; Richard eta/.. 1999) 

(Richardd eta!. 1999) 

(Cunninghamm et a!. 1997) 

(Cunninghamm er a!. 1998; Cunningham 
andd Guest. 1998; luchi et a!.. 1990b) 

Moreover,, most of the known Arc-regulated operons are under additional control of 

otherr transcriptional regulators (see table 4.2). Considering this complexity of Arc-

dependentt regulation, it is hardly possible to draw conclusions about changes in net 

phosphorylationn level of ArcA. using reporters, based on unmodified Arc-regulated 

promoterss (such as mRNA analysis or a fusion of a complete promoter regulatory 

regionn to a reporter gene). Also other regulatory proteins, such as e.g. Fnr may 

physiologicallyy affect Arc signalling (e.g. Iuchi et a/.. 1994). Therefore study of Arc-
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dependentt gene expression in a genetic background of deletion of (an)other regulatory 

protein(s)) (e.g. Kvvon et al., 2000a; Kwon et ah, 2000b) will make interpretation of the 

resultss obtained difficult. Here, a simple and straightforward procedure is described, 

whichh allows one to follow changes in the extent of activation of the Arc system (i.e. 

changee in phosphorylation level of ArcA) in response to varying environmental 

conditions. . 

Wee characterised binding of ArcA and ArcA-P to the cydAB ArcA binding site II 

(Cotterr et o/., 1997; Lynch and Lin, 1996c) with respect to affinity, specificity and 

stoichiomentryy and constructed a strain, in which lacZ expression depends on binding 

off  phosphorylated ArcA to this binding site (which has a high affinity for the 

phosphorylatedd form of ArcA). Thus, lacZ expression in this strain is under control of 

ArcA-PP and therefore is expected to reflect the ArcA phosphorylation level in the 

cells. . 

4.22 Material s and method s 

4.2.11 Strains and plasmids constructed or used in this study 

Tabl ee 4.3 E. coli strains used in this study 

Strain n Genotype e Reference e 

BL21(DK3) ) 

MC4100 0 

MC1061 1 

FM420 0 

RMlOl l 

RM3133 3 

ASA11 1 

ASA12 2 

ASA31 1 

ASA32 2 

ASA21 1 

ASA22 2 

FF ompT [ton] hsdSH (rB~mB~; an E. coli B strain) with 

DE3.. a prophage carrying the T7 RNA polymerase gene 

FF araD139 (argF-lac)U169 rpsL150 relAl deoCl flb-

53015301 pstFl 

FF araDI39([]j  DE(araA-leu)7697DE(codB-lacI)3 

ga!K16galE15ga!K16galE15 LAM- mcrAO relAl rpsLl50spoTl 

mcrB9999mcrB9999 hsdR2 

MC4100MC4100 recA 56 

MC4100A/W--

MC4\Q0MC4\Q0 AarcA::tel 

MC41000 recA. A.RSS1(0>( 'cvdA-lacZ)) 

MC41000 recA, ARSS2(0( 'cvdA-lacZ)) 

RM31333 AarcA::teU XRSS1(0( 'cvdA-lacZ)) 

RM31333 AarcA::let. ARSS2(0( 'cvdA-lacZ)) 

RMlOll  A/iir. A.RSS1(0( 'cydA-lacZ)) 

RMlOll  Afnr. /,RSS2<<J>( 'cxdA-lacZ)) 

Novatjen,, USA 

(Casadabann and 
Cohen,, 1979) 

(Casadabann and 
Cohen,, 1980) 

(Zinonii  <??«/,, 1986) 

(Sawerss and 
Suppmann,, 1992) 

(Alexccvae/a/... 2000) 

Thiss chapter 

Thiss chapter 

Thiss chapter 

Thiss chapter 

Thiss chapter 

Thiss chapter 
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RM33 133 was constructed by Dr. G. Sawers (Department of Molecular Microbiology. John innes 

Centre)) by transducing the SarcA::tet allele from \K] \655(arcA:: tet) (a gift from D. Touati) into 

MC4100. . 

Tablee 4.4 Phages and plasmids used in this study. PlcydA l76* ;: cydA promoter PI from 

basee -1 76 to base +1 relative to transcription start (Fig. 4.1 a); Plc/dA^176*1: the same as 

PlcydAA ,76+1, but 5 base pair substitution in the Fnr box (Fig. 4.1b) 

Phages s 

XRS45 5 

XRSS1 1 

ARSS2 2 

Plasmids s 

pETarcA-1 1 

pQE30 0 

pRS551 1 

pSall l 

pSal2 2 

pRSSl l 

pRSS2 2 

Genotype'Phenotype e 

lacZlacZ 'lac Y hum' ind 

KmRR P1 cydA'' '*'' ' lacZ' lac Y' lac A ' 

KmRR P\cydA*-rh-~] lacZlacYlacA 

Genotypee Phenotype 

KmR R 

KmR R 

KmRR T7 arc A 

A P
R R 

KmKmRR ApR lacZ'lacY'lacA' 

ApApKK P\cydA']1"-1 

A p R P k T ^ ® -1 7 6- ' ' 

ApRR P]cvdA']lh-*'  lacZ'lacY'lacA' 

ApRR P1 cydA ®-'7h" l lacZ' lac Y' lac A' 

Parent t 

?iRS45 5 

/.RS45 5 

Parent t 

pET-28a a 

(Novagen) ) 

pQE30 0 

pQE30 0 

pRS551 1 

pRS551 1 

Reference e 

(Simonss et ai. 
1987) ) 

Thiss chapter 

Thiss chapter 

Reference e 

G.. Sawers 

Qiagen n 
http:: . 

com m 
(Simonss ct ai. 

19K7) ) 
Thiss chapter 

Thiss chapter 

Thiss chapter 

Thiss chapter 

4.2.22 Construction of plasmids and strains 

Too create pSall. a 176-bp region of DNA from the upstream region (Fig. 4.2a) of the cydAB operon 

(correspondingg to bases 512 to 687 in GenBank entry J03939; bases -1 to-176 relative to cvdAB PI 

transcriptionn start) was amplified by PCR with primers Cyd(E)-174 (5' T ATG AAT TCT TTT TAT 

CTTT TAA TTG CCA ACC G) and Cyd(Bam)+l (5' ATA GGA TCC CGA GAA CAA TTT ATC 

TCTT TTT TGA TGC C), using E. coli chromosomal DNA from strain MC4100 as a template. The 

PCRR product (Fig. 4.1 a) was digested with BamHl and EcoRI and cloned in the corresponding sites of 

pQE30. . 

Too create pSal2. PCR-directed mutagenesis was performed exactly as described in (Strategene. 

Instructionn manual) with primers cydmutl (5" CAT AAT TTG TAG GAA ATT AAT TTT A AC 

AATT GTA TAA GTC TTG G) and cydmut2 (5" CCA AG A CTT ATA CAT TGT TAA AAT TAA 

TTTT CCT ACA AAT TAT G) and with pSal 1 as a template, which resulted in point mutations in the 

essentiall  base pairs of the consensus sequence of the Fnr binding site, as shown in Fig. 4.1b. Via this 

mutationn an extra 1'spl restriction site was introduced. Successful mutagenesis was continued by 

http://www.qiagen
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« « # # ?? * * i  i ,. K . || < » * * * < « | .. <: | :. 

a) ) 

EcoRI I Dra/ / 

TT ATGIAA T TC T IT I  TA T 'Cr r  TA A TTGICC A ACC GA A ACT AA T TTCIAG C CT T AT A ACT CAC ACA TT T 1  A A ACA TA A 

AA TA C TT A AJ3 A AA A AT A GAA AT T AA C GGT TGG CT T TGA TT A AA G TC G |GA A TA T TGA GTG TGT AA A AT T TGT AT T 

A-cA- PP sit e I 

ATGG TC A CT A AAG TTA CCT TAT TGA AA C ATT-  AT T AA C AT A AT T TGTl 
ACC ACT GAT TT T AA T 3G A ATA ACT TTG TA C TA A TT) ;  TA T TA A AT A 

35 5 1G G cydABcydAB mRNA 

TGGG AA A TGG GCA TC A AA A AGA GAT AA A TT G TT C TC p dG A TC C TA T 
ACCC TT T ACC CGT ACT TT T TC T CT A TT T AA C AA G AGC CCT AĜ 3 AT A 

BamHI BamHI 

Fnrr site 

ATT TGA TA T TT A TC A ATGG TAf T 
TACC AT A TT C AGA 

b) ) 
GGAA ATT GAT ATT TAT CAA TGT A 

yy y y y 
GGAA AAT T AA TTT TAA CAA TGT A 

Vspl Vspl 

Fig.. 4.1. a) PCR product, containing 176-bp region of DNA from the upstream 

regionn of the cydAB operon. The position of Fnr binding site and cydAB P-

promoterr are as described by Fang and Gennis (1993). The core and extended 

ArcAA binding site are indicated by continuous and dashed lines, respectively 

(Lynchh and Lin, 1996c). Fnr binding consensus and suggested ArcA binding 

consensuss McGuire et a\. (1999) are in bold, b) Point mutations, introduced to 

removee Fnr binding site. Consensus sequence indicated by bold letters, essential 

basee pairs (T and G) are indicated by large letters. 

restrictionn analysis and sequencing (using semi-automated DNA sequencing technique based on gel 

separationn of fluorescently labeled nucleotides). 

Too construct the operon fusions, the I 76-bp EcoRI-BamHl fragment of plasmids pSall and pSal2 

weree ligated into EcoRI-BamHI-digctted lacZ operon fusion vector pRS551 (Simons et ah, 1987), 

resultingg in pRSSl and pRSS2. respectively. The fusions (Fig. 4.2b) were then transferred to the A. 

transducingg phage A.RS45 (the MCI061 strain, bearing pRSSl and pRSS2 was infected with A.RS45) 

ass described earlier (Sawers and Bock. 1988). yielding respectively heterogeneous A.RSS1 and 

A.RSS2.. The heterogeneous lysates were used to lysogenise strain MCI061 and proper lysogens. 

MC1061A.RSS11 and MC1061ARSS2. were selected via kanamycin resistance. Homogeneous lysates 

withh high titers were obtained after amplification in MCI061 (MC1061XRSS1 and MC1061A.RSS2) 

andd UV recovery of the phage from the chromosome. X DNA was isolated from the homogeneous 
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* * * * * # # # * • * • • » » * « * « • * * « < * « • • » # # * « » $ • & * « * # • « « 

a) ) 

b) ) 
RSS S 

17 7 

ArcAA bindin g site II 

i l l 

17 7 

ArcAA binding site 1 

52 2 

17 7 

ArcAA binding site 1 

Fnrr  binding site 

-59 9 

Fnrr binding site 

-59 9 

X X 

-59 9 

cydAB B 
promoter r 

P. . 

355 -10 i 

cydAB B 
promoter r 

P P 

355 -10-

cydAB B 
promoter r 

P--

355 -10-

r — — 
Fnrr bincfir 

l l 

VKJJ V V 

1 1 

-^-^c c 

gsite e 

** '
r r 

idid mRNA 

,—-. . 

cZcZ mRNA 

** 'P P 

cZZ mRNA 

Fig.. 4.2. a) Schematic representation of transcriptional regulatory elements 

upstreamm of the cydAB operon (not on scale), b) Schematic representation of 

fusionss RSS1 and RSS2 (on pRSSl&XRSSl) and pRSS2&/,RSS2) respectively) (not on 

scale). . 

lysatess and subjected to restriction analysis, which confirmed that proper constructs were present on 

thee chromosome of the lysogens. The homogeneous lysates (>^RSS1 and XRSS2), were recovered 

fromm MC106RRSS1 and MC1061/IRSS2, and were used to lysogenise strains FM420, RM3133 and 

RM101,, yielding ASA 11, ASA21, and ASA31. respectively, containing /VRSS1 on the chromosome, 

andd ASA12, ASA22, and ASA32 respectively, containing ?tRSS2 on their chromosome. 

(3-Galactosidasee activity was measured in permeabilised cells as originally described by Miller 

(1972)) and modified by Giacomini et al. (1992). 

4.2.33 Overproduct ion and purif ication of HiSó-ArcA 

Forr overproduction of His6-ArcA 500 ml of£. co//strain BL21 transformed with pETArcA-1 was 

grownn in 2 I conical flasks with vigorous shaking (200 rpm) on a rotary shaker at 37°C in PB medium 

(200 g f' tryptone, 10 g-1"1 yeast extract, 5 g-1"1 glucose, 5 g-1"1 NaCl and 8.7 g-1"1 K;HP04, pH 7). In 

suchh experiments kanamycin was routinely included at a final concentration of 50 (igml"1 forplasmid 

maintenance.. When the culture attained an OD600nm of approximately 4, induction of arcA gene 

expressionn was initiated by adding isopropyl-(3-D-thiogalactopyranoside (IPTG) to a final 

concentrationn of ImM. After growth for 2.5 hours the cells were harvested by centrifugation and the 

celll pellet, resuspended in 40 ml of buffer A (0.5M NaCl, 20mM Tris-HCl, pH 7.9). was stored at 

-20CCC until use. All subsequent steps were performed at 4°C. Next. 1.3 mg-ml"' lysozyme and 

300 lig-mf' DNAse and RNAse were added to the pellet and. following 30 min incubation, the cells 

weree disrupted by sonification. The resulting cell lysate was clarified by centrifugation at 15,000 rpm 

forr 30 min. Phenylmethylsulphonyl fluoride (PV1SF) was added to the lysate to a final concentration 

off 0.1 mM in order to prevent protein degradation. The cell lysate was then applied to a 1.5 ml Ni-
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nitrilotriaceticc acid - agarose column, equilibrated with buffer A. After washing the column with 10 

mll of 10 inM imidazole (in buffer A, see above), the protein was eluted with 50 mM imidazole (in 

bufferr A) and collected in five 2 ml fractions. These fractions were immediately dialysed overnight 

againstt 50 m\1 Tris-HCl. pH 7.5. 0.1 mM DTT and 0.1 mM EDTA. After dialysis glycerol was added 

too a final concentration of 10% and the fractions were analysed on SDS-PAGE. Immediate dialysis, 

additionn of 0.1 mM DTT. plus 0.1 mM EDTA to the dialysis buffer and 10% glycerol after dialysis 

wass essential to prevent precipitation of ArcA after storage at -20°C and thawing. Protein 

concentrationss were measured by the microbiuret method (Goa. 1953). after precipitation with 

trichloroaceticc acid (Bensadoun and Weinstein. 1976). Bovine serum albumin was used as a standard. 

4.2.44 In vitro phosphorylation of the Hi$ó-ArcA protein 

His(1-ArcAA protein was phosphorylated by incubating the protein in TEGD buffer (50 mM Tris-HCl, 

pHH 7.5, 0.5mM EDTA and 1 0% glycerol) to which MgCl; was added to 5 mM and carbamoyl 

phosphatee to a final concentration of 50 mM, as described by Drapal and Sawers (1995). The 

incubationss were allowed to proceed for 90 min at 25°C and the phosphorylated ArcA was used 

immediatelyy for DNA-binding assays. It was assumed, for the calculations, that this procedure yielded 

11 00% phosphorylation of the protein. In parallel, similar incubations lacking carbamoyl phosphate 

weree used prior to DNA binding reactions with unphosphorylated protein. 

4.2.55 Preparation of radioactively labelled DNA fragments 

pSal22 (see: Construction of plasmids and strains) carries the 121 bp EcoRI-VspI fragment, containing 

thee ArcA binding site 11 of the cydAB promoter region (Cotter et a!., 1997; Lynch and Lin, 1996c) 

(fromm position -59 to -175, relative to the start of cydAB PI (see Fig. 4.2a), which also corresponds to 

basess 5 12 to 628 in the GenBank entry J03939). EcoRI-Vsp/-digested pSal2 was separated on a 12.5 

%% polyacrylamide gel. The 121 bp fragment was eluted overnight at 65°C (ImM sodium acetate. 10 

mMM magnesium acetate. 0.5 mM EDTA pH 8.0, 0.1% SDS). The DNA fragment was recovered by 

ethanoll precipitation in the presence of 0.01 M MgCL and 0.3 M sodium acetate. The DNA 

concentrationn was determined spectrophotometrically. End-labelling of the fragment was performed 

withh the Klenow fragment of £. coll DNA polymerase and [o-'2P]dATP (3000 Ci mmol: Amersham) 

inn OPA buffer (10 mM Tris-acetate pH 7.5. 10 mM MgCL and 50 mM potassium acetate). The 

labelledd DNA fragments were not separated from unincorporated nucleotides but used directly in 

DNAA binding studies. 

4.2.66 Gel retardation assays 

Thee labelled 121 bp DNA fragment was used in all retardation assays at a concentration 0.32 nM. 

Proteinn samples were combined with '~P end-labelled DNA substrates in 10 ul reaction volumes 

containingg 12 mM HEPES-NaOH (pH 7.9). 4 mM Tris-HCl (pH 7.9). 60 mM KC1. 1 mM EDTA. 1 

mMM DTT. 12% glycerol. 300 ug ml BSA and 1 ug poly(dl-dC)-poly(dI-dC) (Sigma). After 

incubationn for 15 min at 30°C. loading buffer (10% of the final volume: loading buffer composition: 

114 4 



ConstructionConstruction of an ArcA-P reporter strain 

50%% glycerol. 0.2°b bromphenol blue and 0.2% xylene cyanol) was added and the mixture was 

directlyy applied to the gel using PhastSystem™ sample applicators (Pharmacia). 

Gell retardation assays were performed essentially as described by Ramanujam et al. (1990) on 8-25% 

gradientt polyacrylamide gels (Pharmacia), using the PhastSystem™ at 4°C, using the following 

separationn method: 

Samplee appl. down at 1.2 0 Vh 

Samplee appl. up at 1.2 2 Vh 

Sep.. 1.1 400V 10mA 2.5W 4C lOVh 

Sep.. 1.2 400V 1mA 2.5W 4°C 2Vh 

Sep.. 1.3 400V 1mA 2.5 W 4°C 268Vh 

Afterr completion of the run (typically after 210Vh). the bottom part of the gel. containing 

unincorporatedd [«-3:P]dATP was cut off to prevent the signal of these nucleotides to interfere with 

thee signal from DNA fragments. The results were visualised by exposing the gel to film with an 

intensifyingg screen overnight at -70 C. Quantification of bound and unbound DNA fragment was 

performedd by densitometry analysis using ImageMaster 1 D Prime, version 2.0 (Pharmacia Biotech). 

4.33 Result s 

4.3.11 Purification of HiSó-ArcA 

Thee His6-tagged ArcA protein was purified from IPTG-induced E. coli BL21(DE3) 

cells,, transformed with pETArcA-1, by nickel chelate affinity chromatography under 

non-denaturatingg conditions. SDS-PAGE analysis confirmed the high purity of the 

isolatedd protein. Subsequent analysis using Q-Tof™ (guadrupole/orfhogonal-

accelerationn time-of-flight) mass spectrometry analysis has shown that the protein had 

aa mass of 29330  37 Da. This mass is in good agreement with the mass deduced from 

thee amino acid sequence (27346 Da; Drury and Buxton, 1985), taking into account the 

presencee of additional 6 histidine residues in the isolated protein. 

Earlierr results of complementation studies suggest that the His6-ArcA protein is 

functionall in vivo (Lynch and Lin, 1996c). Also, similar His6-fusions to a number of 

otherr response regulators of the two-component family have been found not to perturb 

theirr in vivo function nor their in vitro activity (Boucher el al., 1994; Deretic et a!., 

1992;; Feng et al., 1992; Hoch and Silhavy, 1995; Holman et al., 1994; Kenney et al., 

1995;; Li et ai, 1994; Lukat et ai, 1992; McCleary et ai, 1993; Schroder et ai, 1994). 

Becausee of the simplicity of the purification procedure, the His6-ArcA was used for the 

bindingg studies described below. 
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Protein n 
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Free e 
DNA A 

ArcAA ArcA~P 

Fig.. 4.3. Gel retardation assays of the DNA fragment with ArcA and 

phosphorylatedd ArcA (ArcA~P). Radiolabelled DNA fragment (0.32nM) was 

incubatedd with increasing amounts of either phosphorylated or 

unphosphorylatedd ArcA. Protein concentrations are shown above each 

lane. . 

4.3.22 Characterisation of binding of HiSó-ArcA and HiSó-ArcA~P 

too the ArcA-binding site II of the regulatory region of the 

cydABcydAB operon 

DNAA gel-retardation assays were performed with 0.32 nM concentrations of the 32P 

end-labelledd 121-bp EcoRI-VspI fragment of pSal2 (containing ArcA binding site II of 

cydcydpromoterpromoter P,) over appropriate ranges of ArcA and ArcA~P concentration, to 

determinee relative binding affinities for this site (Fig. 4.3). A single complex shifted by 

eitherr ArcA or ArcA-P, was observed in each binding reaction. Fractions of DNA 

shiftedd by ArcA or ArcA-P in the above experiment were quantified using 

densitometricc analysis (Image Master ID prime, version 2.0, Pharmacia Biotech) and 

plottedd (Fig. 4.4) as a function of protein concentration. For Arc A-P, an apparent K^, 

(halff of the amount of the DNA fragment bound, designed KArcA.P(05|) was estimated to 

bee approximately 0.25 pM and for ArcA (KArcA(05)) approximately 4.5 pM. The 

followingg description of kinetics of ArcA(~P)-DNA interactions are based essentially 

onn Keleti (1990) and Segel (1993). The sigmoid shapes of the binding curves suggest 

thatt binding of neither ArcA nor ArcA~P to DNA obeys simple binding kinetics 

(hyperbolicc [bound fraction]/[substrate] function). This was supported by the fact that a 
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ArcA,, uM A r c A - P , u M 

Fig.. 4.4. Concentrat ion dependency of binding of ArcA and ArcA~P to the 

DNAA fragment. Graphic representation of quantitative evaluation of the 

resultss of gel retardation assays, shown on Fig 4.1. Each point represents the 

meann of 4 to 8 independent experiments. 

doublee reciprocal plot (1/Y; 1/[S], where Y is the fraction of bound DNA and [S] is the 

ArcA(~P)) concentration in the binding reaction) did not yield a straight line, indicating 

thatt more than one molecule of protein was binding to one DNA molecule. If n 

moleculess of protein simultaneously bind to one molecule of DNA 

nSS + Y o Y S n (1) 

CC . i i i i | i i i i | i i i i | i i i i | i i i i | I o . i i • • | • •—i—i | i—i—i—i—|—i—i—i—i— 

00 0.05 0.: 0.15 0.2 0.25 0 4000 8000 12000 16000 

l / [A rcA ] 22 l / [ A r c A ~ P ] 4 

Fig.. 4.5. Doubly reciprocal plot for binding of ArcA and ArcA~P to the DNA 

fragmentt with n=2 for ArcA and n=6 for ArcA~P. 
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-[a-32P]dATP P 

Fig.. 4.6. Gel retardation assay of the DNA fragment with ArcA and ArcA-P. 

Radiolabelledd DNA fragment (0.32nM) was incubated with 4.7 uM either 

phosphorylatedd or unphosphorylated ArcA. 

complexx formation may be described by 

Y=Ymax[S]7(KMM + [S]n) (2) ) 

andd a doubly reciprocal plot with coordinates {1/Y; l/[S]n} must then give a straight 

line.. This approach assumes a high degree of cooperativity. Best fits (R~) to such a plot 

weree obtained empirically with n = 2 for ArcA and n = 6 for ArcA~P (Fig. 4.5), 

0.6 6 

0.4 4 

0.2 2 

Ö)) -0.4 
O O 

-0.6 6 

•0.8 8 

55 0.3 0.4 0.5 

== 3 .0742X - 1 . 9 4 8 7 

KA,CAIOO 5, = 4.3.U.M 

logg [ArcA] 

yy = 2 . 9 2 7 4 X + 1 .6478 

KA r c A .P I 00 5] = 0 . 2 7 M M 

o g [ A r c A ~ P ] ] 

Fig.. 4.7. Hill plot for binding ArcA and ArcA~P to the DNA fragment. For 

furtherr details see Fig. 1, 2 and text. 
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indicatingg that ArcA and ArcA-P bind DNA 

withh different stoichiometry. This finding 

wass also supported by the much greater 

retardationn of ArcA~P-DNA complexes as 

comparedd to unphosphorylated ArcA-DNA 

complexess in the gel retardation assay (Fig. 

4.6).. KM values for binding, derived from the 

doublyy reciprocal plot in coordinates {1/Y; 

l/[S]n!,, with n = 2 for ArcA and n = 6 for 

ArcA~PP were 2.44 uM and 0.26 uM, 

respectively. . 

Inn the Hill plot {log[Y/(l-Y)]; log[S]} points 

mayy be approximated by a straight line 

log[Y/(l-Y)]=nHlog([S]/K, , \rcA(~P)0 0 s) ) 

-0.44 -0.2 

logg [ArcA~P] 

Fig.. 4.8. Dependency of the Hill 

coeff icientt on the concentrat ion of 

ArcA~P. . 

(3) ) 

butt the Hill equation ignores formation of 

complexess [YS], YS2, ... YSn_i. The exact 

functionn is not described by a straight line 

butt by polynomes. This function does not 

havee a linear part, its slope is continuously 

changing.. The Hill coefficient nH is given 

byy the maximal, but not by the average 

slopee because nH is not constant, but a 

functionn of substrate concentration (Fig. 

4.77 and 4.8). The nH obtained by this 

methodd characterises the minimal [S]/[Y] 

stoichiometry.. Moreover, the mean nH, 

whichh actually is close to the maximal n!f 

reflectss a very high degree of 

cooperativity.. In the case of ArcA-P 

llHIi! ! wass found to be 6. indicating that 

Protein n 
uMM 0 0.25 2 4 

ArcA~PP binds to DNA as a hexamer or 

Free e 
DNA--

ArcA~P P 

Fig.. 4.9. Gel retardation assays of the 

DNAA fragment with ArcA~P at higher 

concentrat ions.. Radiolabelled DNA 

fragmentt (0.32nM) was incubated with 

increasingg amounts of phosphorylated 

ArcA.. Protein concentrations are shown 

abovee each lane. 
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higherr order oligomer. The decrease of the slope (nH) at increasing ArcA-P 

concentrationss indicates that cooperativity decreases with increasing concentrations of 

ArcA-PP (Fig. 4.8). The affinity of ArcA-P for binding to DNA. derived from the Hill 

plot,, was 0.27 ,uM. which is in good agreement with affinity derived from double 

reciprocall plot in the coordinates 11/Y: 1/[S]6}. Interestingly, further increase of 

ArcA-PP concentrations up to 8 uM resulted invariably in a further shift of DNA-

proteinn complexes in gel retardation assays (Fig. 4.9). which may reflect formation of 

complexess between bound and unbound protein, either specifically of non-specifically. 

Alll together these results suggest that as a minimum ArcA-P binds to the DNA 

fragmentt as a hexamer, but higher order oligomer complexes may be formed 

additionally. . 

Thee affinity for binding of unphosphorylated ArcA. deduced from the Hill plot, was 

4.33 uM. The Hill coefficient for ArcA binding did not vary significantly and was found 

too be 3  0.5, which suggests that unphosphorylated ArcA forms complexes with 

minimallyy 3 molecules per DNA fragment. Sequence specific interactions with the 

DNAA fragment were observed only when ArcA was phosphorylated. Addition of 50-

foldd molar excess of a competitor DNA (poly(dl-dC)-poly(dl-dC) or pQE30) in the 

bindingg assay with unphosphorylated ArcA prevented complex formation, which was 

nott observed when phosphorylated ArcA was used. Similar observations with respect 

too the specificity of ArcA and ArcA-P binding to the same binding site have been 

madee previously by Lynch et al (Lynch and Lin. 1996c). 

4.3.33 (In)stability of constructs on plasmid and on the 

chromosome e 

Ligationn of a 181-bp EcoRI-BamHl fragment of plasmid pSAL2 into the EcoRI-

BamHI-digcstedBamHI-digcsted lacZ opcron fusion vector pRS551 resulted in pRSS2 (Fig. 4.2b). 

Restrictionn analysis, after transformation and amplification of the pRSS2 in XLI-blue 

(inn a small volume (2 ml)), confirmed that the correct construct had been obtained. 

Next,, the strain bearing the pRSS2 plasmid was grown for greater number of 

generationss in (100 ml) LB for the purpose of the plasmid amplification. When the 

plasmidd isolated from this culture was used to transfer the fusion construct to 

chromosomee (see Materials and Methods), resulting lysogens were unexpectedly 

negativee for p-galactosidase activity. Restriction analysis of the latter plasmid isolate 
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revealedd that the lacZ gene was 

interruptedd by an insertion of 

approximatelyy 1.5 kb between 

thee BamHI and Sad restriction 

sitess ofpRSS2 (see Fig. 4.10). 

Anotherr attempt to amplify 

pRSS22 yielded disruption of the 

promoterr by insertion of a DNA 

fragmentt of approximately 0.64 

kbb between the Vspl and BamHI 

sitess (Fig. 4.10), 

Shortt amplification (2 ml LB) 

invariablyy resulted in a correct 

construct,, therefore, only 

growthh for a limited number of 

generationss was used in all 

followingg applications. 

Inn contrast to pRSS2. both 

pSal22 (containing a similar 176-

bpp DNA fragment of the cvdAB 
Fig.. 4.10. pRSS2 restriction map. Place of insertion 

promoterr region, wit h an altered f r a g m e n t s a r e i n d i c a t e d b y the arrows. 

Fnrr  bindin g site ) and pRSS 1 

((Fig.. 4.2b) similar to pRSS2. but containing the native Fnr binding site) were found to 

replicatee stably in E. coli, when grown in LB at 37°C. 

Plasmid43ornee lacZ fusions from pRSSl and pRSS2 were then transferred to the X 

transducingg phage /LRS45, yielding /vRSSl and ?tRSS2, respectively. The lysates were 

usedd to lysogenise strain MCI061. resulting in MC1061A.RSS1 and MC1061A.RSS2, 

respectively.. In contrast to instability of the plasmid-born fusion RSS2, chromosomal 

fusionss appeared to be stable. Restriction analysis of ?iRSS2, recovered from the 

chromosomee of MC1061A.RSS2 after prolonged cultivation, confirmed that the correct 

EcoRI-SacIEcoRI-SacI fragment was present (Fig. 4.11) and that no insertion had taken place 

withinn the construct. 

121 1 



ChapterChapter 4 
( » « # # * » » « # « # # « « * * # * * » # # • * # * « * ! > * * * * • * • * # • # # # • » « • * * § > « * # « « * . # * « . # # * « • « « « 

>.RSS22 ECO 

Sad d 

22 3 4 5 6 7 8 

Fig.. 4.11. Restriction analysis of ;.RSS2, recovered from the MC1061/.RSS2-

chromosome.. Restriction enzymes used indicated in white above each 

lane.. Lane 3 - pRSSl, containing 2235 bp's EcoRI-SacI f ragment, similar to 

onee of >.RSS2. Lanes 1 and 8 - molecular weight marker. Corresponding 

sizess of the marker fragments are indicated next to these lanes in base 

pairs,, not dig. - not digested; WT - wild type. 

Inn the same strain (MC1061XRSS2) aerobic and anaerobic lacZexpression was 

measuredd using the (3-galactosidase assay essentially according to Miller (1972). All 10 

isolatedd MC106URSS2 lysogens expressed lacZ, and showed a two-fold increase in 

expressionn in response to anaerobic growth conditions (Fig. 4.12). The values were 

00 MU in aerobic cells v.v 5 MU in anaerobic cells (when cells were 

grownn in batch cultures, in LB medium). The stability of the chromosomal fusions in 

chemostatt cultures were subsequently tested: ASA12 (wild type (FM420 (MC4100. but 

recA')),recA')), bearing /.RSS2 chromosomal fusion), growing for 14 days in a glucose-limited 

chemostatt culture (D=0.15h" ). was transferred to LB medium and grown aerobically 

andd anaerobically in batch cultures. Unaltered (1250 MU in aerobic cells v.v 2600 MU 
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inn anaerobic cells) lacZ expression was 

observed,, confirming the stability of the 

fusion,, when placed in the chromosome 

att the X attachment site. 
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Fig.. 4.12. Aerobic and anaerobic lacZ 

expressionn in MC106URSS2 lysogens, 

grownn in ba tch culture in LB medium. 

4.44 Discussio n 
Inn this study single-copy chromosomal 

lacZlacZ fusion reporter constructs have been 

designed,, which will report on the in vivo 

changess in ArcA-phosphorylation level. 

Thee dependency of /acZ-reporter 

expressionn on binding of Arc A to a 

single,, high affinity site (presumably for 

ArcA~P)) has been confirmed in vivo, as 

thee response to anaerobiosis was absent in an ArcA mutant, containing a similar 

chromosomall fusion. This reporter construct provides an easy and straightforward tool 

too assess activation of the Arc system under different growth conditions. A more 

completee understanding of the functioning of the Arc-inducible promoter depends on 

knowledgee of the ArcA-phosphorylation levels in vivo. Gel retardation assays were 

usedd to demonstrate specific binding of purified ArcA~P to a DNA fragment 

containingg the ArcA binding site II of the cyclAB promoter. In vitro phosphorylation of 

ArcAA with carbamoyl phosphate increased its affinity, at least 10-16 fold. Apparent 

ArcA-- and ArcA~P- affinities for the ArcA-binding site (ArcA binding site II in the 

cydABcydAB promoter region), used to construct the lacZ fusion, were found to be 0.26 uM 

andd 4.3 uM, respectively. This result is in good agreement with the results of Cotter et 

al.al. (1997). who, based on DNAse protection studies, have estimated the binding 

affinitiess for this binding site to be 0.25 uM for ArcA-P and > 1 uM for ArcA. 

Phosphorylatedd ArcA protein bound DNA, not only with higher affinity, but also with 

muchh higher specificity. Moreover, phosphorylation enhanced the degree of 

oligomerisationn of ArcA. Whereas minimally a 6 to 1 DNA stoichiometry was found 

forr ArcA~P-DNA complexes, a 2-3 to 1 DNA stoichiometry was found for the 

unphosphorylatedd form. Earlier reports have shown that the footprint size of ArcA~P in 

DNAsee protection assays covered 49 bp (Cotter et al, 1997) and 76-90 bp (Lynch and 
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Lin,, 1996c) at this site, which already suggested oligomerisation of ArcA-P during 

binding. . 

Properr determination of the parameters to describe the absolute affinity of ArcA-P 

requiress measurement of the extent of autophosphorylation obtained upon incubation 

off ArcA with carbamoyl phosphate. In our experiments, even at high concentrations of 

ArcA~PP a single shifted (i.e. retarded) band was observed. If a significant portion of 

ArcAA remained unphosphorylated after incubation with carbamoyl phosphate, two 

differentt molecular weight complexes might be observed in gel retardation assays at 

thee high concentrations due to the fact that ArcA-DNA and ArcA-P-DNA complexes 

migratedd to different positions. This provides an indication that the majority of ArcA 

wass phosphorylated during the in vitro phosphorylation procedure. If a minor fraction, 

evenn after reaction with carbamoyl phosphate still remained unphosphorylated then the 

apparentt K ^ for the phosphorylated form must even be slightly higher. For the same 

reasonn - invariably a single band was observed in the gel retardation assays with 

unphosphorylatedd ArcA - it is unlikely that the purified protein, after isolation, still 

containedd in vivo phosphorylated ArcA, as has been suggested elsewhere (Strohmaier 

etal.,etal., 1998). 

Interestingly,, assuming that the in vivo ArcA concentration equals 25 u.M {see chapter 

3),, all binding sites must be constantly occupied, because the apparent K ^ for both 

phosphorylatedd and unphosphorylated ArcA estimated in vitro till now, range from 0.1 

too 5 uM (see Table 4.1). At present we do not understand this discrepancy; a possible 

explanation,, however, may be that unphosphorylated ArcA does not bind DNA 

specificallyy in vivo. This would mean that phosphorylation of a small portion of total 

ArcAA (as small as 0.5% - 1%) might completely change the in vivo gene expression 

pattern.. Further experimentation is required before we can further understand the Arc 

regulationn at the molecular level, of which one of the interesting achievements would 

bee determination of the absolute in vivo concentration of phosphorylated ArcA. 
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