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Summary. In Escherichia coli, the superoxide dismutase 
genes (soda and sodB) sense the availability of Fe 
through the action of the fur  locus [E. C. Niederhoffer, 
C. M. Naranjo, K. L. Bradley, J. A. Fee (1990) Control 
of Escherichia coli superoxide dismutases (soda and 
sodB) genes by the ferric uptake regulation (fur) locus, 
J. Bacteriol. 172, 1930-1938]. Previous work from other 
laboratories has shown that a variety of metal chelators 
and of redox-active aromatic compounds can dramati- 
cally induce expression of sodA. Here we show that 
non-redox-active, non-metal-chelating aromatic com- 
pounds also enhance expression of a chromosomal 
soda gene fusion and that these effects are strongly 
modulated by the Fur phenotype (Fur ±) and by the 
availability of iron in the culture medium. The com- 
pounds studied were ethidium bromide, heroin, 2,2'-bi- 
pyridine, 1,10-phenantroline, 4,7-phenantroline, rho- 
damine B1, rhodamine 6G, and, for comparison to pre- 
vious studies, Paraquat. 
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pounds - Ferric uptake regulation 

Introduction 

Regulation of soda expression in Escheriehia coli is 
quite complicated. Recent evidence suggests at least 
four regulatory loci are involved: fur  (Niederhoffer et 
al. 1990; Tardat and Touati 1990), area and areB (Tar- 
dat and Touati 1990), and soxR (Tsaneva and Weiss 
1990; Greenberg et al. 1990; cf. also Kogoma et al. 
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1988); the two arc genes and fur appear to be negative 
regulators while soxR is an activator. How the protein 
products of these loci function to regulate sodA expres- 
sion remains to be determined, although there is evi- 
dence for a direct interaction of holo Fur with an 'iron 
box' sequence in the sodA promoter (Niederhoffer et al. 
1990); by this mechanism, iron can be involved. Over 
the years, evidence has accumulated showing that ex- 
ternal stimuli can have dramatic effects on the expres- 
sion of the sodA gene. In general, these are oxidants, 
such as dioxygen, redox-active compounds, such as Pa- 
raquat, and metal chelators, such as 2,2'-bipyridine and 
1,10-phenanthroline (cf. Hassan and Fridovich 1979, 
Hassan 1989 and Touati 1988a for review); unfortu- 
nately, only rather focussed interpretations of these ob- 
servations have been forthcoming. In particular, we 
have been bothered by the fact, apparently overlooked, 
that many of the compounds tested are not uni-func- 
tional and innocent in all other regards. For example, 
Paraquat, in addition to undergoing a well-defined and 
simple set of reactions that can generate superoxide, is 
a positively charged, aromatic material that is actively 
pumped into the cell against a very steep gradient (Si- 
mons et al. 1976; Kao and Hassan 1985). This is an in- 
herent property of energized lipid vesicles exposed to 
lipophilic cations. Thus, Chert and his coworkers have 
shown (1982) that lipophilic cations, such as rhodamine 
123, are actively accumulated by energized mito- 
chondria; similarly, Jones and Garland (1977) showed 
uptake of Paraquat by energized E. eoli. Further, mul- 
tiply charged cations are able to interact with many 
components of the cell (cf. Minton et al. 1990). In a 
similar vein, 1,10-phenanthroline, in addition to being a 
powerful chelator of Fe, also binds other metals, forms 
tris complexes with metal ions having potential for 
binding to DNA (Sigman and Chen 1990), and is itself 
a large, planar, hydrophobic, lipid-soluble molecule. 
For these reasons, we were led to examine briefly the ef- 
fects of non-redox-active, non-metal-chelating aromatic 
compounds on sodA expression. We avoided the prob- 
lem of measuring the metal-dependent superoxide dis- 
mutase activity through the use of a chromosomal 
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@sodA-lacZ fus ion  that  reveals sodA express ion by cod- 
ing for f l-galatocidase in an otherwise L a c -  genet ic  
b a c k g r o u n d  (cf. Touat i  1988b). The results indica te  that  
sodA express ion  can be greatly affected by non- redox ,  
n o n - m e t a l - b i n d i n g  aromat ic  molecules  and  that  these 
effects d e p e n d  on  Fe by both  F u r - d e p e n d e n t  and  Fur-  
i n d e p e n d e n t  mechanisms .  

Materials and methods 

Bacterial strains and sources of materials. Bacterial strains used in 
this work were described previously (Niederhoffer et al. 1990) and 
are the isogenic pair: ENF19 [BN402 but cI)(sodA'-'lacZ) Camrl 
and ENF13 [BN402 but fur: :Tn5 Kanr cI)(sodA'-'lacZ) Camrl. The 
following companies served as sources of the listed reagents: Al- 
drich Chemical Co. Inc. (Milwaukee, WI), diethylenetriaminepen- 
taacetic acid (DTPA) and 4,7-phenanthroline (4,7-phen); Be- 
thesda Research Laboratories Inc. (Gaithersburg, MD), 5-bromo- 
4-chloro-3-indolyl-/~-D-galactoside; Difco Laboratories (Detroit, 
MI), Bactotryptone and yeast extract; Eastman Chemical Prod- 
ucts Inc. (Kingsport, TN, a divison of Eastman Kodak Co.), rho- 
damine 6G; E. I. du Pont de Nemours & Co. Inc. (Wilmington, 
DE), rhodamine B1 base; J. T. Baker Chemical Co. (Phillipsburg, 
NJ), 2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen); Sigma 
Chemical Co. (St. Louis, MO), cytochrome c, ethidium bromide, 
hemin, and methyl viologen. All other chemicals were of the high- 
est commercial quality. 

Spectrophotometrie determinations. The purity of 4,7-phen was de- 
termined by measuring the concentration of contaminating 
Fe(phen) 2+, which has a molar absorption coefficient at 510 nm 
of 11 100 M -1 cm -1. A 10 mM potassium phosphate pH 7 solu- 
tion containing 100 .aM, 4,7-phen in a total volume of 1 mL was 
brought to 50 ~tM FeSO4 from a concentrated stock. The absorp- 
tion spectrum was recorded before and after the Fe addition to 
determine the contribution to the spectrum of Fe(phen)~ +. No 
contamination was detected in our stocks of 4,7-phen. In a sepa- 
rate study, the possibility of Fe binding 4,7-phen was explored by 
preparing a 1 mL solution of 10 mM potassium phosphate pH 7 
containing 12.5 mM 4,7-phen and 12.5 mM FeSO4. The absorp- 
tion spectrum was recorded before and after Fe addition. The 
spectra contained no evidence for the formation of an Fe complex 
with either of these ligands. 

cate or triplicate determinations were performed with an average 
deviation of 10%. 

Results 

We surveyed a n u m b e r  of a romat ic  c o m p o u n d s  for 
their  possible  effect on sodA expression.  Aerobica l ly  
grown cells were collected at A60o -~ 0.3-0.7 and  fl-galac- 
tosidase activity measured.  The results are shown in  Ta- 
ble  1. All showed s ignif icant  effects on  sodA expression 
in  Fur  + cells while in F u r -  cells these were genera l ly  
decreased,  if not  absent.  The f inal  concen t ra t ions  of 
chelators used in these exper iments  exceeds the am- 
b ien t  concen t ra t ion  of Fe in L broth  which ranges over 
abou t  10-20 IxM; add ing  add i t iona l  Fe, up to 50 ~tM, 
was wi thout  effect. A few of these c o m p o u n d s  were 
chosen  for more  deta i led study. 

Aerobic conditions 

We previously  showed that  growth of cells in 100 gM 
D T P A  caused an  approx imate ly  threefold  i nduc t i on  of 
soda in Fur  + cells, to roughly  the same level observed 
with F u r -  cells, while causing no increased express ion 
of  soda in F u r -  cells. A t i m e - d e p e n d e n t  express ion  of 
sodA was no ted  previously  (Niederhoffer  et al. 1990), 
and  these results are taken  to represent  the effect of  Fe 
dep le t ion  from the cul ture m e d i u m  and  to indicate  that  
the increase in sodA express ion is media ted  by the Fur  
system. Pre l iminary  results also ind ica ted  an in f luence  
of Fe avai labi l i ty  on Pa raqua t -med ia t ed  induc t ion  of 
sodA (Niederhoffer  et al. 1990); we explore that  fur ther  
here. The results i l lustrated in  Fig. 1 show the classical 
effect (Hassan  and  Fr idovich  1977) of Pa raqua t  on ex- 
press ion  of q~(sodA'-'lacZ) in  Fur  + and  F u r -  strains 

Cell growth. For aerobic induction experiments, overnight cultures 
of L broth plus glucose (0.2%) were grown under appropriate an- 
tibiotic pressure (chloramphenicol, 15 lxg/ml; kanamycin, 50 lxg/ 
ml; and/or tetracycline, 12.5 .ag/ml) in a rotary shaker and used 
to inoculate prewarmed (37 °C) L broth/glucose medium to 
A60o ~ 0.05. The cultures were grown under normal aeration for 
30 rain before being divided into separate flasks containing pre- 
warmed (37 ° C) L broth/glucose supplemented to either 100 .aM 
DTPA, 500 .aM bpy, 100 .aM EB, 100 gM hemin, 100 lxM phen, 
100 aM 4,7-phen, 20 gM Paraquat, 100 l.tM rhodamine, or 100 .aM 
B1 rhodamine 6G. Aliquots were removed at the indicated times, 
immediately cooled with ice water, and kept on ice until assayed 
for fl-galactosidase activity. For anaerobic induction studies, aero- 
bically grown overnight cultures were used to inoculate pre- 
warmed (37 ° C) medium containing the above supplements, and 
the culture tubes were sealed. When the anaerobic cultures 
reached late exponential phase (as followed with a Klett-Summer- 
son colorimeter), they were cooled with ice water and assayed for 
enzyme activity. 

Assays. Cells extracts were prepared as described previously and 
assayed for total protein content by the bicinchoninic acid 
method using bovine serum albumin as the calibration standard. 
Permeabilized cells were used to assay for fl-galactosidase. Dupli- 

Table 1. Effect of various aromatic organic compounds on the 
specific fl-galactosidase activity from a chromosomal fusion 
O(sodA'-'lacZ) in Fur + and Fur-  strains 

Compound fl-Galactosidase activity (U/A6oo) 

Fur + + C / -  C Fur-  + C / -  C 

-- 34O 1 1200 1 
DTPA 1000 2.9 900 0.8 
EB 910 2.7 1800 1.5 
R6G 810 2,4 1800 1.5 
RB 900 2.6 1500 1.0 
Heine 670 1.9 970 0.8 
4,7-phen 910 2,7 1200 1.0 
phen 630 1.8 650 0.5 
PQ 1500 4.4 2900 2.4 

Cells were grown in the presence of 100 p~M of each compound 
(EB =ethidium bromide, R6G=rhodamine 6G, RB = rhodamine 
B, PQ=Paraquat) and harvested during logarithmic growth, 
A~0o ~ 0.3-0.7. + C / -  C indicates ratio of results with/without the 
designated compound. Results similar to those obtained with 4,7- 
phen were also obtained with 1,7-phen 
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Fig. 1. Effect of Fe, Paraquat (PQ), and Paraquat plus DTPA on 
the growth (A) and the fl-galactosidase activity from chromoso- 
mal fusion q~(sodA'-'lacZ) in Fur + (B) and Fur -  (C) strains. Fur + 
(D, A, ©) and Fur (11, A, • )  cells were grown in L broth plus 
glucose ([],  II), 20 ~tM PQ (A,  A), or 20!xM PQ and 100 gM 
DTPA (©, 0) .  Growth is expressed as absorbance at 600 nm 
(A6oo) and fl-galactosidase activity as units (U) 
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Fig. 2. Effect of Fe, ethidium bromide (EB), and ethidium brom- 
ide plus DTPA on the growth (A) and the fl-galactosidase activity 
from chromosomal fusion q)(sodA'-'lacZ) in Fur + (B) and F u r -  
(C) strains. Fur + (D, /',, ©) and Fur ( l l ,  A, O) were grown in 
L broth plus glucose (13, II); 100 pM EB (A,  A), or 100 txM EB 
plus 100 ~tM DTPA (O, O) 

and how that is influenced by iron depletion. In Fig. 1A 
it is shown that 20 l~M Paraquat has little affect on 
growth of  Fur + or F u r -  cells in the presence of  am- 
bient Fe; however, it greatly reduces growth in the pres- 
ence of  DTPA, which by itself has little effect on 
growth rate (Niederhoffer  et al. 1990). As can be seen 
from Fig. 1B, Paraquat induces sodA~6-fold in the 
presence of  ambient Fe and chelation of  residual Fe 
with DTPA permits ~ 14-fold induction. A similar pat- 
tern is seen with F u r -  cells with the obvious differ- 
ences being that soda is expressed about 4-fold more in 
F u r -  than in Fur + cells and that ambient Fe shows less 
interference in the Paraquat-dependent induction of  
sodA in F u r -  cells. The maximum level of  soda expres- 
sion appears to be independent  of fur. 

Ethidium bromide is a positively charged aromatic 
compound known to be taken up by cells and bind to 
DNA. Data in Fig. 2 show the effect of  100 ~M ethid- 
ium bromide on expression of sodA. As shown in Fig. 
2A, ethidium bromide had no effect on the growth of  
either Fur + or F u r -  cells except when DTPA was pres- 
ent. In the presence of Fe, ethidium bromide has only a 
modest induction effect on soda expression (~3- fo ld  
in Fur + and -~ 1.5-fold in F u r - )  while in the presence 
of DTPA, it increases soda expression .~ 8-fold in Fur + 
and ~ 2.5-fold in F u r -  cells. The qualitative pattern is 

very similar to that seen with Paraquat although the 
maximum specific activities obtained with the latter are 

2-fold greater than with ethidium bromide. 
o-Phenanthroline has been widely used to depau- 

perate cultures of  Fe (cf. Bagg and Neilands 1987). We 
noted that bpy and phen strongly affected growth of  
Fur + and F u r -  cells. Indeed, in minimal medium bpy 
and phen will prevent growth of these strains (unpub- 
lished observations). The two compounds have similar 
effects, but they occur at 500 ~M for bpy and only 
100 ~M for phen;  we present only the results with 
phen. In Fig. 3 the effects of  these compounds on cell 
growth are shown; Fig. 3B, C show that phen also in- 
creases soda expression, as originally found by others 
(Moody and Hassan 1984), ~5-fold  in Fur + cells with 
no change in F u r -  cells. It is noteworthy that 4,7-phen, 
a non-chelating analog of phen, increases soda expres- 
sion ~3-fo ld  in Fur + cells but has little or no effect in 
F u r -  cells. A mixture of  4,7-phen and DTPA had no 
addition effect on soda expression in aerobic F u r -  
cells over 4,7-phen alone (data not shown). It appears 
that enhancement of soda expression by DTPA in 
F u r -  cells grown under aerobic conditions occurs only 
with the positively charged compounds:  Paraquat (Fig. 
1), ethidium bromide (Fig. 2), and rhodamine 6G (not 
shown). 
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Fig. 3. Effect of Fe, 1,10-phenanthroline (phen) and 4,7-phenan- 
throline (4,7-phen) on the growth (A) and the fl-galactosidase ac- 
tivity from chromosomal fusion ~(sodA'-'lacZ) in Fur + (B) and 
Fur- (C) strains. Fur + (n ,  A, ©) and Fur (m, A, 0)  were 
grown in L broth plus glucose (n,  II), 100 IxM phen (A, A), or 
100 gM 4,7-phen (O, 0)  

Anaerobic conditions 

Under anaerobic,  fermentative growth soda is ex- 
pressed at very low levels (Gregory and Fridovich 
1973). Moody  and Hassan (1984) found that chelating 
agents added to cells grown under  such conditions 
caused induction of MnSOD activity. We extend their 
observations here to include the effects of  the non-che- 
lating 4,7-phen analog and ethidium bromide.  Under  
anaerobic conditions these chemicals have virtually no 
effect on cell growth (not shown). Cells were harvested 
at A6oo ~ 0.5-1.0; their specific/%galactosidase activities 
are presented as histograms in Fig. 4. The effect of  ad- 
ded DTPA is shown in the leftmost clusters of  Fig. 4. 
The enhancement  of  sodA expression in Fur + cells is 
~3-fold,  increasing to that seen with iron-sufficient 
F u r -  cells. As reported earlier (Niederhoffer  et al. 
1990), DTPA has no effect on sodA expression in F u r -  
cells. Because DTPA is a very strong metal chelator 
and, at this concentration, is not seen as otherwise in- 
terfering in cell behavior,  we view these data as repre- 
senting the effect of  iron deficiency on sodA expression 
in anaerobiosis.  Second from the left in Fig. 4 are data 
indicating the effect of  added phen on the response of 
sodA in Fur ÷ and F u r -  cells. The open bars, in accord 
with previous observations, show that soda is only 
weakly expressed in Fur + cells ( ~  10 U/A6oo) and is 
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Fig. 4. Effect of aromatic compounds and metal chelators on 
anaerobic expression of/%galactosidase activity from the chro- 
mosomal fusion q~(sodA'-'lacZ) carried in Fur + (+) and Fur- ( - )  
strains. Cells were grown in L broth plus glucose (open boxes); 
100 gM DTPA, 100 lxM phen, 100 gM 4,7-phen, or 100 ixM ethid- 
ium bromide EB (dotted boxes); or 100 IxM DTPA plus 4,7-phen 
or EB (hatched boxes) 

derepressed somewhat  in F u r -  cells ( ~  38 U/A6oo). Ad- 
dition of phen to the medium causes ~ 12-fold increase 
of  sodA expression in Fur + cells and ~ 8-fold in F u r -  
cells. While these ratios are large, sodA is still substan- 
tially repressed compared  to the max imum possible 
value (~4000  U/A6oo). Nevertheless, phen definitely 
interferes with the normal repression mechanism opera- 
tive under  anaerobic conditions. 

The central histograms of Fig. 4 show the effects of  
the non-metal  binding analog, 4,7-phen and a mixture 
of  this and DTPA. Again, the open boxes show the ef- 
fect of fur mutat ion on sodA expression, that 4,7-phen 
effects a modest  increase in sodA expression ( ~  1.7-fold 
in Fur + and ~ l . 4 - fo ld  in Fur-cel ls) .  Noting above 
that a DTPA/4 ,7-phen  mixture had rather little addi- 
tional effect on sodA expression in F u r -  cells grown 
aerobically, such a mixture produced a large increase in 
sodA expression (compared to the unper turbed anae- 
robic condition): -~7-fold in Fur + and -~5-fold in 
Fur cells. These values are comparable  for those ob- 
served with phen alone, suggesting that a combinat ion 
of  the aromatic  and iron-binding properties of  is re- 
sponsible for its inductive effect, that a non-chelating 
aromatic  compound  can itself disrupt cellular measures 
to repress sodA in anaerobiosis,  and that this effect is 
greatly enhanced by iron depletion. 

The rightmost cluster of  histograms in Fig. 4 shows 
the effects of  ethidium bromide on anaerobic sodA ex- 
pression. By itself, it has no effect under  these condi- 
tions, but a mixture of  ethidium bromide and DTPA 
has a dramatic  effect. In Fur + cells, we saw a ~ 15-fold 
increase and a ~ 20-fold increase in F u r -  cells. These 
ratios correspond to ~ 5% and ~ 20% of full sodA ex- 
pression (using 4000 U / A 6 o  0 as  the maximum).  

D i s c u s s i o n  

There are several features of  the data that deserve com- 
ment. Organic compounds  having significant aromatic  
character, that do not undergo redox chemistry at cellu- 
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lar potentials, and have no obvious capacity for metal 
binding can substantially enhance expression of  sodA. 
The presence of intact Fur protein influences this ap- 
parent induction. During aerobic growth, the absence 
of  Fur appears to suppress the ability of the various 
compounds to enhance soda  expression. This effect ex- 
tends to all compounds tested and is most obvious in 
the data of  Table 1. Iron depletion has a modest effect 
on the enhancement of sodA expression in F u r -  cells 
by charged aromatics but offers no enhancement with 
uncharged aromatics. By comparison, during anaerobic 
growth, an intact Fur protein seems to interfere with the 
ability of aromatic compounds to induce sodA expres- 
sion while Fe depletion by DTPA greatly stimulates ex- 
pression of  sodA;  the latter is most obvious with 4,7- 
phen and ethidium bromide, as shown in Fig. 4. 

Assuming that the observed changes in soda  ex- 
pression are not due to pleitropic disturbances, it is rea- 
sonable to offer some general, hopefully heuristic, mo- 
lecular interpretation of  the data. We suggest that sim- 
ple chelators, such as DTPA, which do not penetrate 
the cell (cf. Nikaido and Vaara 1985), exert their effect 
on soda  primarily through the Fur system; this occurs 
in both aerobic and in anaerobic growth and with 
DTPA corresponds to ~ 3-4-fold effect. Aromatic che- 
lators like phen and bpy will also scavenge Fe (and 
other metals) with a basal response through Fur, and 
their additional effects might involve direct interaction 
with other regulatory protein(s); for example, binding 
to a repressor protein, such as ArcA, or an activator 
protein, such as SoxR, could account for the observa- 
tions. The Fe dependence of the effects of  these aro- 
matic substances suggests that holo Fur may be inter- 
acting with the other regulatory proteins. That would 
be consistent with the observations of Tardat and 
Touati (1990) who found an apparent synergism be- 
tween the f u r  and are genes in the regulation of  sodA 
expression. In the case of  ethidium bromide, intercala- 
tion into the D N A  with a direct influence on its super- 
coiling cannot be dismissed; however, this seems un- 
likely with 4,7-phen and other neutral aromatics. [We 
note recent evidence that ethidium bromide interacts 
with the E. eoli RecA protein, thereby facilitating its 
binding to D N A  (Thresher and Griffith 1990)]. 

In capsule, our data support the notion that aro- 
matic compounds  may, in cooperation with iron, inter- 
act with one or more regulatory proteins of  sodA,  and 
other genes regulated by these proteins can be expected 
to behave similarly. Such non-redox processes should 
be considered when studying the effects on cell behav- 
ior of  redox active aromatics, such as Paraquat. 
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