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InIn vivo ArcA-phosphorylation levels 

Summar y y 

Thee ArcA transcriptional regulator is most active under microaerobic conditions, at least towards two 

positivelyy regulated catabolic operons (Chapter 3: Alexeeva era!.. 2000). This led us to speculate that 

ArcAA may reach maximum phosphorylation levels under microaerobic but not under anaerobic 

conditions,, as suggested earlier. In chapter 4 the construction of a reporter-strain for ArcA 

phosphorylationn levels is described. In this reporter IacZ expression depends on the binding of 

phosphorylatedd ArcA to an artificial and selective promoter and therefore is expected to reflect in vivo 

ArcAA phosphorylation levels. 

Inn this chapter we analyse the lucZ expression from this reporter strain under various growth 

conditions:: In aerobic and anaerobic batch cultures, in chemostat cultures grown at different levels of 

oxygenn availability and grown at different growth rates. The pattern of change in ArcA 

phosphorylationn levels through the entire microaerobic range was deduced by subtraction of the curve 

obtainedd for the reporter construct transferred to a AarcA strain (obtained through linear regression) 

fromm the curve obtained for the reporter in the wild type background. The maximum ArcA 

phosphorylationn level was found under microaerobic conditions (~85"o of aerobiosis). Regulatory 

implicationss arc discussed. 

Growthh rate significantly affected iacZ expression from the reporter construct under aerobic 

conditionss in an Arc-independent manner. Under anaerobic conditions, at growth rates below 0.15 h" 

IacZIacZ expression in the wild type cells increased significantly. This induction required ArcA, 

indicatingg that ArcA phosphorylation level increases under these conditions. 

5.11 Introductio n 
EscherichiaEscherichia coli can sense and respond to oxygen depletion and as a consequence 

changee its catabolic mode from respiration to the energetically less profitable process 

calledd fermentation (see also Chapter 1.4). This switch is driven by a requirement for 

redoxx neutrality of catabolism (Clark, 1989; Holms, 1996). At the transcriptional level, 

thee organism responds to a change in oxygen availability by adjusting the expression of 

geness of fermentative and respiratory pathways. This transcriptional control is 

mediatedd partially by the ArcAB two-component regulatory system (luchi, 1993; Iuchi 

eta!.,eta!., 1989; Iuchi and Lin, 1988; Iuchi eta/., 1990b). Similar to other two-component 

systems,, upon stimulation, the membrane-bound sensory histidine kinase ArcB 

undergoess autophosphorylation at a conserved histidine at the expense of ATP (luchi 

andd Lin, 1988). The signalling to the cognate transcriptional regulator ArcA occurs via 

transferr of the phosphoryl group to the conserved aspartate residue of the regulator 

(Fig.. 5.1). It has been established that ArcB contains, except for the 

autophosphorylationn site, an additional phosphorylation site at an Hpt (histidine 
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ArcB B 

phospho-transfer)) domain and that it 

cann transfer the phosphoryl group to 

ArcAA by two distinct phospho-

transferr routes (Fig. 5.1; Tsuzuki et 

al,al, 1995). One is directly from the 

histidinee of the autophosphorylation 

sitee to the aspartate at position 54 of 

ArcA,, which can be seen as a shortcut 

phosphotransferr route. Alternatively, 

intrinsicc phospho-transfer 

sequentiallyy via His-Asp-His may 

takee place within ArcB, and the 

phosphoryll  group is then donated to 

ArcAA via the histidine residue of the 
Fig.. 5.1. ArcAB two component system. 

Hptt domain (Georeellis et al. 1997; 
Signall transduction pathway. 

Ishigee et al, 1994; Tsuzuki et al, 

1995). . 

Althoughh the expression of Arc-regulated genes changes in response to oxygen 

availability,, molecular oxygen is not the direct signal which triggers the 

phosphorylationn cascade of ArcAB (see. Chapter 1.4.2; Iuchi et al, 1990a; Iuchi and 

Lin,, 1995; Lynch and Lin, 1996b). The exact nature of the stimulus perceived by the 

Arcc system remains unresolved. Maximal kinase activity of ArcB towards ArcA, and 

consequentlyy the maximal phosphorylation level of ArcA. has been predicted to occur 

underr anaerobic conditions (Lynch and Lin. 1996c). It has also been suggested that 

significantt levels of ArcA-P may be present in aerobic cells (Iuchi and Lin, 1988; 

Iuchii  and Lin, 1993; Lynch and Lin. 1996a). In vivo changes in phosphorylation level 

off  the regulator, however, have never been demonstrated. Our previous results (Chapter 

3)) revealed that maximal transcriptional activity of the ArcA towards at least some 

Arc-regulatedd operons occurs under microaerobic, but not under anaerobic conditions, 

suggestingg maximal strength of the Arc-stimuli under microaerobic conditions. The 

maximumm microaerobic induction occurs, however, at different oxygen availability. 

Forr example, both the focApfl and the cydAB operons are known to be positively 

regulatedd by (supposedly phosphorylated) ArcA (Sawers and Suppmann. 1992; 

Suppmannn and Sawers, 1994; Tseng et al, 1996). While maximal induction of the 
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focApflfocApfl operon takes place in the very low microaerobic range (-20% of aerobiosis, see 

Chapterr 2 for quantitative definition of microaerobiosis) and was decreasing in the 

rangee between 25 and 40% of aerobiosis, Arc-dependent induction of the cydAB 

operonn reached a maximum at 45-50% of aerobiosis. 

Inn Chapter 3 it has been discussed that difficulties in the interpretation of results may 

arisee when the net ArcA activity (or: phosphorylation level) is deduced from the level 

off  expression driven by unmodified ArcA-regulated promoters because of the 

following:: 1) Most of the Arc-regulated native promoters contain multiple ArcA-

bindingg sites, which can be located upstream (suggesting activation of transcription) as 

welll  as downstream of the promoter (suggesting repression) and these sites have a 

broadd range of ArcA binding affinities (see for some examples: Table 4.1). 2) Most of 

thee known operons are under control of (an) additional transcriptional regulator(s) (see 

forr some examples: Table 4.2). 

Inn this chapter relative changes of ArcA phosphorylation levels in response to a change 

inn oxygen availability are studied by making use of a reporter strain, in which lacZ 

expressionn depends on binding of phosphorylated ArcA to a single high-affinity 

ArcA-P-bindingg site. Therefore, in this strain lacZ expression is expected to reflect in 

vivovivo ArcA phosphorylation levels. Construction and characterisation of this strain is 

describedd in Chapter 4. The indirect assessment of the in vivo ArcA phosphorylation 

levelss under various conditions provides a powerful tool to resolve the molecular 

naturee of the Arc-stimul(i)(us), because the former is a direct reflection of the strength 

off  the latter. 

5.22 Material s and Method s 

5.2.11 Strains and growth conditions 

E.E. coli strains used in this study are listed in (Table 5.1). RM3133 and RM101 were kind gifts of Dr. 

G.. Sawers (Department of Molecular Microbiology. John Innes Centre). 

Tablee 5.1 E. coli strains used in this study. 

Strainn Genotype Reference e 

MC41000 F araD139 (argF-lac)U169 rpsL150 relA 1 (Casadaban and 
// ri  4tu s-wi/ ,777 Cohen. 1979) 

RM1011 MC4100 ifnr (Sawers and 
Suppmann.. 1992) 
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RM3133 3 

ASAA 11 

ASAA 1 2 

ASA31 1 

ASA32 2 

ASA21 1 

ASA22 2 

MC4\M)larcA::ter MC4\M)larcA::ter 

MC41000 recA. /.RSS1(<J>( 'cyciA-lacZ)) 

MC41000 recA. >.RSS2(0( \ydA-lacZ)) 

RM31333 \arcA::tet. >,RSS1<0( \ydA-lacZ)) 

RM31333  A R S S 2 ( 0( 'cydA-lacZ)) 

RM1011 _v/w\ /.RSS1(0( 'cyJA-UicZ)) 

RM1011 \fnr, /.RSS2(#( 'cydA-lavZ)) 

(Alexeevaa et a!.. 
2000) ) 

Chapterr 4 

Chapterr 4 

Chapterr 4 

Chapterr 4 

Chapterr 4 

Chapterr 4 

5.2.1.11 Continuous cultures 

Cellss were grown in New Brunswick Bioflo 3000. Applicon type (21) or Modular Fermentor Series 111 

(L.H.. Engineering Co. Lt. England) at a constant dilution rate (D) of 0.15 - 0.01 l ï ' (unless 

specified).. A simple salts medium as described by Evans et al. (1970) was used but instead of citrate, 

nitriloaceticc acid (2 mM) was used as chelator. Selenite (30 ug 1) and thiamine (15 mg 1) were added 

too the medium. Glucose was used as the single carbon and energy source: 45 m.M in glucose-limited 

culturess and 1 50 mM in sulphur-limited cultures. The medium for sulphur-limited cultures contained 

0.44 mM Na; S04 (instead of 2 mM). The dilution rate was adjusted by adjusting the medium supply 

rate.. The pH value was maintained at 7.0  0.1 by titrating with sterile 4M NaOH and the temperature 

wass set to 35 C. The oxygen supply was varied as described in Chapter 2. The stability of the 

chromosomall  fusions in chemostat cultures was regularly tested: cells, growing in the chemostat were 

transferredd to LB medium and grown subsequently aerobically and anaerobically in batch cultures. 

Thee control values of [i-galactosidase activity were 1 2 1 8 - 50 ML' in aerobic cells \s 2512 = 85 MU 

inn anaerobic cells for wild type cells (see Chapter 4). The Aan A genotype was regularly confirmed by 

Westernn blot analysis with polyclonal ArcA-antiserum (see Chapter 3). Except for |}-galactosidase 

activities,, in all cultures the steady state specific rates of fermentation product formation, glucose and 

0 :: consumption were measured (as described in Chapter 6) to confirm that catabolism in these 

culturess proceeded according to % of aerobiosis. 

5.2.1.22 Batch cultures 

Forr batch cultures, the medium composition was similar to that described above, but sodium 

phosphatee (pH 7) was used at a concentration of 100 mM instead of 10 mM. Glucose (added to 1% 

ww w after sterilisation) was sterilised separately. High aeration of cultures during aerobic growth was 

accomplishedd by shaking 10 ml culture volumes in special 150 ml flasks designed for aerobic 

cultivationn (with extra baffles). For anaerobic growth 10 ml culture volumes in 10 ml- sealed serum 

bottless were used. Cells were inoculated from cultures, grown under aerobic or anaerobic 

(correspondingly)) conditions (after dilution to ODMi n = -5-10'4) and allowed to double -10 times 

underr mid-log exponential phase (final OD,,nil - 0.4 - 0.5) prior to |i-galactosidase measurement. 

Thee strains were maintained in vials in LB medium with 30°u (w v) glycerol at 70 C. 
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5.2.22 p-Galactosidase activity measurement 

|i-Galactosidasee activity was measured in permeabilised cells taken from steady state cultures as 

originallyy described by Miller (1972) and modified by Giacomini et al. (1992). 

5.33 Result s 

5.3.11 Effect of oxygen on lad expression from the specific 

ArcA-phosphorylation-reporterr construct in batch 

culturess of wild type, \arcA and ifnr strains 

XRSS2.. containing a specific ArcA-P-reporter construct (Fig. 5.2a) was used to 

lysogenisee E. coli MC4100 cells resulting in strain ASA12. As a control, strain 

RM3133.. lacking the ArcA regulator, and RM101, lacking the Fnr regulator, were 

lysogenisedd by the same phage, resulting in strains ASA32 and ASA22, respectively. 

Al ll  these strains therefore contain the single copy chromosomal lacZ-fusion of the 

>.RSS22 construct. 

Cellss were grown in batch cultures in mineral medium supplemented with glucose as 

a) ) 
RSS2 2 

Arc A A 
b i n d i n gg site II 

X X 

cydABcydAB L 
Dromote r r 

lacZ lacZ 

mRNA A 

WTT ^arcA A f n r 

(ASAA 12) (ASA32) (ASA22) 

b) ) 
>-- RSS1 

ArcA A 

bindingg site II 

Fnrr binding 

site e 

c/dABB L 
promoter ! ! 

lad lad 

^ -- mRNA 

WTT  Afnr 

(ASA11)) (ASA31) (ASA21) 

Fig.. 5.2 a) Aerobic and anaerobic expression from the ArcA~P-reporter 
fusionn (RSS2) transferred to wild type, AarcA and Afnr background in ba tch 
cultures,, grown on mineral medium, supplemented with glucose. 
Fig.. 5.2 b) Effect of a single Fnr-binding site (RSS1) on the expression from 
thee reporter construct. 
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thee single carbon and energy source. In the wild type (WT) derivative, ASA 12, 

carryingg the X.RSS2 fusion, and ASA22. carrying the same fusion in a \fw 

background,, expression of lacZ increased two-fold under anaerobic conditions, as 

comparedd to aerobic expression. The mean values of at least four independent 

measurementss are presented in Fig. 5.2a). As anticipated, the fusion transferred to a 

soresore A background, showed no difference between aerobic and anaerobic lacZ 

expression,, which is in agreement with the assumption that the Arc system mediated 

adjustmentt in gene expression associated with this transition. Aerobic expression in the 

AarcAAarcA strain was invariably slightly lower than that of the wild type, indicating that a 

minorr Arc-mediated induction occurs even under aerobic conditions. Surprisingly, the 

ASA222 strain, which lacks Fnr and carries a fusion lacking the Fnr binding site, 

showedd a small extent of increased expression under both aerobic and anaerobic 

conditionss as compared to the ASA 12. 

5.3.22 Effect of a single Fnr-binding site located upstream of the 

promoterr on loci expression from the specific ArcA-

phosphorylation-reporterr construct in batch cultures 

Thee ARSSI fusion is similar to ^.RSS2 but contains the native Fnr-binding site between 

thee ArcA-binding site and the cycfA promoter (see upper part of Fig. 5.2b). Similar to 

thee >.RSS2 fusion, the /.RSS1 construct was transferred in single copy to the 

chromosomee of wild type, Af'nr and \arcA strains, yielding ASA11. ASA21 and 

ASA31.. respectively. These strains were also analysed for aerobic and anaerobic 

expressionn to assess the effect of a single Fnr-binding site, upstream of the promoter, 

onn the expression of lacZ in batch cultures. Aerobic expression in ASA11 (wild type 

background)) and ASA21 (\fw background) was virtually the same. Anaerobic 

expressionn in ASA21 (\fnr background) was. as expected, not significantly different 

fromm that in ASA 12 (wildd type, carrying >.RSS2). In contrast, in ASA11. the average 

anaerobicc expression was lower than in ASA 12. indicating a repressive effect of Fnr. 

Thee anaerobic measurements, however, show significant variation. This may be 

explainedd by the sensitivity of Fnr to residual traces of oxygen, which is difficult to 

controll  under conditions of anaerobic batch cultivation. No Fnr repression was 

observedd in the strain lacking Arc A (AS A31); iucZ expression in this strain under both 

aerobicc and anaerobic conditions was exactly the same as in ASA32. 
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5.3.33 Effect of oxygen availability on lad expression from the 

specificc ArcA-phosphorylation-reporter construct in 

chemostatt cultures in wild type and \arcA strains 

Thee ASA12 strain, carrying the /.RSS2 fusion, was grown in glucose-limited chemostat 

culturess at a constant growth rate (D = 0.15h~ ) with controlled oxygen input rates, 

rangingg from 0 - 110% of aerobiosis. 0% of aerobiosis reflects fully anaerobic 

conditionss and 100% is the minimal oxygen input rate required for completely aerobic 

catabolismm (see Chapter 2 for a quantitative definition of microaerobiosis). A rather 

complexx pattern of expression of lacZ was observed with maximal expression in the 

higherr microaerobic range (85% of aerobiosis), as shown in Fig 5.3a. At this peak 

microaerobicc expression in the wild type cells (ASA 12) was 3-fold higher than under 

anaerobicc conditions. 

Inn similar experiments ASA32 strain (AarcA) exhibited a linear relation of lacZ 

expressionn versus oxygen availability (Fig. 5.3a, open triangles). It is obviously. 

a)) ,, lacZlacZ b ) , R S S 

^^ mRNA 

. £ - - " 0 0 
jA--i jA--i 

-t-- - H H H --
200 40 60 80 

%% of aerob ios is 

ArcA A 
bindiii : ' 

lacl lacl 
>> mRNA 

000 00 • 

800 CC -

600 00 -

400 00 -

200 00 • 

! ! 
00 -

• • 

; ; 
• • 

• • 

o o 

• • 

• • 

1 1 

• • 

1 1 

• • 

0 0 

CO O 

o o 
• • 

200 40 60 80 100 

%% of aerob ios is 

Fig.. 5.3 a) Effect of oxygen availability on expression of ArcA~P-reporter 

fusionn ( >.RSS2) in the wild type (ASA12 - filled circles) and AarcA (ASA32 -

openn triangles) strains; and Fig. 5.3 b) on ArcA~P reporter fusion, containing 

aa single Fnr-binding site (>.RSS 1) in the wild type (ASA11 - filled squares), 

 (ASA31 - open triangles), and Afnr (ASA21 - open circles) strains, 

grownn in chemostat cultures. 
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therefore,, that the complex pattern of lacZ expression in the ASA12 strain (Fig. 5.3a. 

filledd circles) is the result of change in ArcA activity. Anaerobic lacZ expression in the 

ASA322 strain was 4-fold lower than in the wild type, carrying the same fusion. 

Interestingly,, in contrast to results obtained for ASA 12 in the batch cultures (compare 

Fig.. 5.2a and 5.3a). lacZ expression in these chemostat experiments did not differ 

significantlyy between anaerobic and fully aerobic conditions. 

5.3.44 Effect of a single Fnr-binding site, upstream of the 

promoter,, on loci expression from the specific ArcA-

phosphorylation-reporterr construct in chemostat cultures 

Thee single Fnr binding site, upstream of the promoter, did not contribute to the 

regulationn in the absence of the ArcA protein under the tested conditions, as lacZ 

expressionn in ASA3 1 was the same as in ASA32 under aerobic- and anaerobic 

conditionss and in the higher aerobic range (Fig. 5.3b). In the ASA11 strain (wild type, 

carryingg /.RSS1), however, the presence of the single Fnr-binding site between the 

ArcAA binding site and the promoter, resulted in a 2-fold lower lacZ expression under 

anaerobicc conditions and was reduced in the range of 0 - 30% of aerobiosis, indicating 

interferencee of Fnr with ArcA-mediated induction of the expression in this range. This 

iss further supported by the fact that an Fnr deletion partially restored the anaerobic 

expressionn level to the level observed in the wild type strain (Fig 5.3b). In the higher 

aerobicc range expression in ASA21 and ASA1 1 followed the same induction pattern 

andd was not significantly different from ASA 12 under the conditions tested (Fig. 5.3b). 

5.3.55 Effect of growth rate on lacZ expression from the specific 

ArcA-phosphorylation-reporterr construct in aerobic 

chemostatt cultures in wild type and AarcA strains 

Inn batch cultures cells grow with the maximal growth rate that the selected conditions 

(geneticc background, medium, carbon source, aeration, etc) allow. In contrast, in steady 

statee chemostat cultures, growth rate, medium composition, and aeration is constant 

andd controlled at any given time. As reported above, we found a discrepancy between 

resultss in batch- and in chemostat cultures, with respect to /t/cZexpression in the 

reporterr strains (compare Figs. 5.2 and 5.3). Therefore we tested the effect of the 
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growthh rate on fully aerobic- and anaerobic lacZ expression in ASA 12. which is the 

wildd type background. To assess possible Arc-dependency of the growth rate effect, the 

samee experiments were performed with the ASA32 strain, carrying the same fusion in 

thee AarcA background. When cells were grown fully aerobically with growth rates 

betweenn 0.05 h~ and 0.7 h '. the lacZ expression showed an exponential decrease in 

expressionn as growth rate increased in both the wild type and the AarcA strain. In the 

latter,, the expression was invariably slightly lower (Fig. 5.4a). It is obvious from this 

figuree that the effect of the growth rate is Arc-independent. At the highest growth rate 

testedd (0.7 h"1) expression approached levels obtained in aerobic batch cultures. 

Extrapolationn of the exponential curves to the maximum growth rates in batch cultures 

(~~ 1.2 h"1), gives the results actually obtained in aerobic batch cultures. 

5.3.66 Effect of growth rate on loci expression from the specific 

ArcA-phosphorylation-reporterr construct in anaerobic 

chemostatt cultures in wild type and AarcA strains 

Similarly,, we studied the effect of the growth rate on lacZ expression in strains ASA12 

b) ) 

\ \ 

A A 

- 0 2 2 

""  1 • • " 1 " ' • 

00 0.1 0.2 0.3 0.4 0.5 0.6 

D,, h"1 

Fig.. 5.4. Effect of growth rate on the expression of the ArcA~P-tocZ reporter 

fusionn ( >.RSS2) in the wild type (ASA12 - filled circles) and AOTCA (ASA32 -

openn triangles) strains, a) Aerobic growth with glucose limitation; b) 

anaerobicc growth with glucose limitation; grey diamonds - ASA 12, 

anaerobicc growth with sulphur limitation 
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andd ASA32, earning the A.RSS2 ArcA-phosphorylation-reporter construct, grown 

anacrobically.. This analysis revealed a significant ArcA-dependent induction of the 

expressionn under growth rates below 0.15 h"1 (Fig. 5.4b). Increasing the growth rate 

abovee 0.15 h" resulted in a slight further decrease of the expression level and. as with 

thee aerobic cultures, it approached batch culture levels at the highest growth rate tested 

(0.77 h'1). 

AA single series of chemostat steady states was analysed under conditions of glucose 

excesss to assay whether or not the effect of growth rate was related to the residual 

glucosee concentration. The ASA 12 strain was grown under anaerobic conditions at 

threee different dilution rates under sulphur limitation. Surprisingly, at a growth rate 

beloww 0.15 h" the sulphur limitation had directly the opposite effect on the lacZ 

expressionn as compared to the glucose limitation. The ASA 12 cells grown 

anacrobicallyy in sulphur-limited chemostat culture at growth rate 0.05 h completely 

abolishedd anaerobic induction; the /t/cZ expression under this condition was the same 

ass in ASA32. lacking ArcA regulation. These experiments indicate that probably some 

growthh rate-dependent processes, rather than the glucose concentration, has an effect 

onn Arc-dependent induction. Further experiments are required to explain the opposite 

effectt of sulphur and glucose limitation on the expression level at low dilution rate. The 

lackk of induction during sulphur limitation at a low dilution rate represents an 

interestingg lead to further investigations and may open new insight in understanding 

thee Arc-mediated regulation. 

5.44 Discussio n 

5.4.11 ArcA is a microaerobic regulator, responding to the initial 

depletionn ot oxygen 

Maximall  kinase activity of ArcB towards its cognate response regulator ArcA has been 

proposedd to occur under anaerobic conditions (Lynch and Lin, 1996c). However, our 

resultss (described in Chapter 3) revealed that maximal transcriptional stimulation of 

ArcA.. at least with respect to two positively regulated operons {cydAB andJbcAp/I). 

takess place under microaerobic, rather than fully anaerobic conditions. This suggested 

thatt a maximum of ArcA phosphorylation level may occur under microaerobic 

conditions.. The primary goal of this study was the assessment of changes in 

phosphorylationn level of the ArcA regulator, in response to different oxygen 
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Fig.. 5.5. Deduced pattern of change in ArcA phosphorylation level as a 

functionn of different oxygen availability. Curves are obtained by 

subtractionn of lacZ expression in the \arcA strain (linear regression) from 

lacZlacZ expression in the strain as indicated below (see also Fig. 2). Filled 

circless - wild type (ASA 12); filled squares (broken line) - effect of a 

presencee of a single Fnr binding site on expression from the reporter strain 

(ASAA 11), open triangles - effect of an fnr deletion (broken line) on 

expressionn from the reporter strain (ASA 21). 

availabilityy conditions. A simple method to measure the relative phosphorylation level 

off  the regulator was designed by construction of an operon fusion in which lacZ 

expressionn presumably depends on binding of phosphorylated ArcA to a single high 

affinityy ArcA-P binding site just upstream of an ArcA~P-inducible promoter (Pi 

promoterr of the cydAB operon) as shown in the upper part of Fig. 5.1a. The pattern of 

changee in ArcA phosphorylation level (Fig. 5.5) can be derived by subtraction of the 

lacZlacZ expression curve, obtained for the sarcA strain, from the expression curve 

obtainedd for the wild type strain, as both contain a single copy chromosomal ArcA-P-

lacZlacZ fusion (Fig. 5.3). Changes in ArcA phosphorylation level derived in this way are 

depictedd in Fig. 5.5. under the assumption that the lacZ expression level obtained in 

thiss way is directly proportional to the intracellular level of ArcA~P. 

Whereass the ArcA phosphorylation levels increased 6 times under anaerobic 

conditions,, as compared to aerobic conditions, the most dramatic changes, i.e. an 
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increasee over 20 times that of the aerobic levels, occurred under microaerobic 

conditions,, with a maximum in the high microaerobic range (85 - 90 % of aerobiosis). 

Itt is noticeable that the strongest response was observed upon the initial depletion of 

oxygen.. In the low microaerobic range (20% of aerobiosis) ArcA phosphorylation 

levelss seem to be slightly lower than under fully anaerobic conditions. From 20 to 90% 

off  aerobiosis it continually increases and in the range from 90 to 100% of aerobiosis 

thee ArcA phosphorylation level dropped to the minimal, aerobic level. As the highest 

ArcAA phosphorylation level occurs at -85% of aerobiosis it is reasonable to conclude, 

thatt these conditions correspond to maximal ArcB kinase activity towards ArcA and 

consequently,, the strongest stimul(i)us, activating the phosphorylation cascade, must 

occurr under this microaerobic condition. 

5.4.22 Regulatory implications 

Althoughh maximal expression of the operons, positively regulated by ArcA (i.e. 

focApflfocApfl and cydAB (Chapter 3), as well as the maximum phosphorylation level of the 

ArcAA was found under microaerobic conditions, all expressed a differential induction 

patternn with a maximum approximately at 25, 40 and 85 % of aerobiosis, respectively. 

Althoughh the explanation for this difference is not obvious, a possible explanation may 

bee found in recent molecular data obtained for the Arc-regulated promoters (Chao et 

ai.ai. 1997; Cotter et a!., 1997; Drapal and Sawers, 1995; Lynch and Lin, 1996c; Sawers, 

1993;; Shen and Gunsalus. 1997; Sirko etal, 1993). It has been postulated earlier, that 

ArcAA can, under certain circumstances, act as a repressor of the/;// operon (Drapal and 

P77 pfl P6 pfl 

— 00 0 — 
I—"" ~ l I 1 I I I I 

Fnrr 2 A-4 A-3 IHF Fnr 1 
'' i l 1 

A-22 A-l 

Fig.. 5.6. Schematic representation of the pfl promoter- regulatory region. 

Thee double line represents a 494 bp DNA fragment of the regulatory region. 

Thee transcription initiation sites of promoter 6 (P6) and promoter 7 (P7) are 

designatedd by an arrow. Grey bars A-l to A-4 show the location of ArcA 

bindingg sites, Fnrl and Fnr2 - Fnr binding sites and IHF - IHF binding site. 

Adop tedd from Drapal, N., and Sawers, G. (1995b). 

142 2 



InIn vivo ArcA-phosphorylation levels 

Sawers.. 1995). Moreover, low affinity Arc A binding sites A-l and A-2 overlap the -10 

boxx and IHF-binding site, upstream of the/;//promoter P6 ((Drapal and Sawers. 1995): 

Fig.. 5.6). Occupation of the 10 box may interfere with binding of RNA polymerase, 

andd occupation of the IHF binding site may interfere with binding of IHF. which is 

essentiall  for maximal ArcA-dependent regulation in vivo (Sawers, 1993; Sirko et a!., 

1993).. In contrast, the high affinity binding site A-3 is proposed to be primarily 

involvedd in ArcA-dependent activation (Drapal and Sawers, 1995). Consequently, in 

thee absence of phosphorylated ArcA no Arc-dependent induction will take place. Low 

amountss of phosphorylated ArcA will lead to occupation of the high affinity binding 

sitee A-3 and induce transcription. Further phosphorylation may lead to occupation of 

thee low affinity binding sites A-l and A-2 and thereby to repression of the 

transcription. . 

Puttingg this in a scheme: 

noo (or very low) ArcA phosphorylation -> no Arc-dependent induction; 

loww levels of phosphorylation -> occupation of high affinity upstream binding sites 

->> induction; 

highh phosphorylation levels -> occupation of low affinity downstream binding 

sitess -H> repression 

AA similar mechanism may also be postulated for Arc regulation of the cydAB operon. It 

iss clear that the high-affinity ArcA binding site II , upstream of the PI promoter, is 

sufficientt for the activation of cydAB expression (Cotter et al, 1997. this study). An 

additionall  low affinity binding site for ArcA-P (i.e. site III ) is located downstream of 

promoterr PI (and upstream of the promoter P2; (Lynch and Lin, 1996c); see Fig. 3.9). 

Thiss location suggests that ArcA-P activates transcription from P2, but occupation of 

thiss binding site wil l definitely also eliminate transcription from cydAB PL Results of 

Fangg & Gennis (1993) strongly indicate that the cydAB PI promoter is preferentially 

usedd in aerobic cells and suggest that cydAB P2 is used to maintain the anaerobic level 

off  transcription. Contradictory results, however, were obtained in a study of Cotter et 

al.al. (1997). In the latter study a cydAB-lucZ fusion, lacking P2 and containing only PL 

togetherr with its upstream region, showed almost invariably (except for the fusion on a 

sf'nrsf'nr background grown anaerobically) an insignificant expression independently of 

growthh conditions. Summarising, it is possible that maximal induction of a particular 

operonn will depend more on the location and affinity of the ArcA-P binding sites, than 

onn the net ArcA phosphorylation levels directly. This model provides a possible 
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explanationn for the different maximum of the ArcA phosphorylation level and the 

expressionn of (at least) two positively regulated operons. when plotted against % of 

aerobiosis.. Knowledge about the absolute binding affinities and the contribution of 

eachh particular binding site to the regulation wil l be necessary to understand in more 

detaill  the Arc-mediated regulation. 

5.4.33 Contribution ot a single Fnr binding site to the expression 

fromm the ArcA~P-/acZ reporter construct 

Thee effect of the single Fnr-binding site was studied in strains carrying ARSSI on the 

chromosomee (see Fig. 5.3b). During fully aerobic growth, neither deletion of Fnr, nor 

thee presence of the Fnr-binding site between the ArcA binding site II and the cytlAB P,. 

alteredd expression from the ArcA-P-dependent-/aeZ reporter construct (Fig. 5.5). This 

iss in a good agreement with earlier observations (Cotter and Gunsalus. 1992; Cotter et 

ai,ai, 1997). Also, neither deletion of Fnr nor the presence of the Fnr-binding site 

(ARSSII  construct, see upper part Fig. 5.1b) altered expression in the higher 

microaerobicc range under the conditions tested (Fig. 5.5). The presence of the Fnr 

bindingg site slightly reduced the lacZ expression level under anaerobic and low aerobic 

conditions,, which was restored in the Afnr strain. This may indicate that this Fnr 

bindingg site does serve for repression under these conditions, but has only a minor 

effect.. Perhaps the second Fnr binding site, overlapping the start of the transcription 

fromm P|, which is present in the cydAB ?\ region in the wild type E. coli (in contrast to 

thee situation in this fusion construct, see: Fig. 4.2) primarily provides the Fnr-mediated 

anaerobicc repression. 

5.4.44 Growth rate effect 

Inn batch cultures, induction of lacZ expression from the ArcA-P-lacZ reporter 

constructt in the wild type background was two-fold higher under anaerobic conditions, 

ass compared to aerobic conditions. This was not the case in chemostat cultures, where 

itt was not significantly different (compare Figs. 5.2 and 5.3). Contradictory results 

obtainedd in chemostat and batch cultures with respect to anaerobic/aerobic differences 

inn expression level led us to test the effect of growth rate on the expression from the 

ArcA-P-- lacZ reporter construct. The results clearly showed that the discrepancy 

residess primarily in the aerobic growth-rate dependency of the expression. Aerobic 
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expressionn from the ArcA-P- lacZ reporter construct inversely correlated with the 

growthh rate in an Arc-independent manner. It is obvious, that the growth rate effect is 

alsoo independent of the glucose concentration, since expression in glucose limited 

cultures,, growing at high dilution rate (0.7 h" ) approached the expression level 

obtainedd in batch cultures, growing at \im.AS at glucose-excess conditions. The same 

effectt of growth rate on the expression level of lacZ fusions under aerobic conditions 

wass demonstrated for a number of Arc-regulated operons: icd-lacZ (Chao et a/., 1997), 

gltA-lacZgltA-lacZ (Park et al., 1994), mdh-lacZ (Park et al.< 1995a), stfhCDAB-lacZ (Park et aL, 

1995b),, as well as on some Arc-independent operons: atpI-lacZ{Kas\mog\u et a/., 

\996),frtlA-lacZ\996),frtlA-lacZ (Tseng et «/., 1994). Recent work of Liang et al. (2000) has shown 

thatt in aerobic cultures the overall synthesis of proteins increases with decreasing 

growthh rate, due to decreased competition of specific mRNA with total (bulk) mRNA 

forr the binding of initiation-ready free ribosomes, which may explain the above 

phenomenon. . 

(3-Galactosidasee activity in the AarcA strain, bearing the Arc A - P-lacZ fusion, changed 

nott only with growth rate, but also showed a linear increase with increasing oxygen 

availabilityy (Fig. 5.3a). Possibly, the latter may also be explained by analogy with the 

aerobicc growth rate effect. While the absolute growth rate (ji) remained constant in the 

entiree range of different oxygen availability conditions, (i relative to the maximal 

growthh rate (\JLmdx) (or: the |J/jLlmax ratio) changed, because of the significant difference 

betweenn the aerobic- and anaerobic ji mav This, again, may have resulted in alteration of 

totall  protein synthesis, as the latter is controlled by the growth rate (Liang et a/., 2000). 

Althoughh involvement of another regulatory element seems unlikely, we can not 

exclude,, however, that the increasing p-galactosidase activity in the ASA32 strain with 

increasingg oxygen availability was not an effect of some unknown transcriptional 

regulator. . 

Inn contrast, at the tested growth rates, the anaerobic lacZ expression in both the wild 

typee (ASA 12) and the AarcA (ASA32) strain did not change significantly at 

\x\x > 0.15h~ , but showed a significant ArcA-dependent induction at lower growth rates. 

Thiss indicates that under these conditions the phosphorylation level of Arc A increases. 

Thee Arc system (initially proposed as: aerobic respiration control; Iuchi and Lin. 1988) 

wass originally identified because of its prominent role in anaerobic repression of a 
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numberr of operons. coding for enzymes required for aerobic catabolism: the citric acid 

cycle,, the glyoxylate cycle, fatty acid degradation and cytochrome o (Iuchi and Lin. 

1988;; luchi et a!., 1990b). Later, the acronym Arc was changed to mean anoxic redox 

controll  (Georgellis et c//., 1998). Here, evidence is presented that Arc is rather a 

microaerobicc than an aerobic or anaerobic regulatory system. 

AA recent study (Matsushika and Mizuno. 1998) has shown that ArcB can propagate 

twoo types of stimuli through two distinct phospho-transfcr routes. Potential stimuli, 

activatingg the ArcB-Arc A phosphorylation cascade will be discussed in Chapter 8 

(Generall  discussion) in the light of the results, described here, together with 

physiologicall  changes, observed in response to oxygen availability (Chapter 6). 
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