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.FIG. 1. Diagram of redox pathways. The numbers designate
reaction catalyzed by the following enzymes: 1, L-lactate dehydro-
genase (flavoprotein); 2, p-amino acid dehydrogenase (flavopro-
tein); 3, acyl coenzyme dehydrogenase (flavoprotein): 4, 3-hydroxy-
acetyl coenzyme A dehydrogenase (NAD™-linked): 5, D-lactate:
NAD* oxidoreductase; 6, D-lactate dehydrogenase (flavoprotein);
7, formate dehydrogenase (the FDHy enzyme); 8, pyruvate dehy-
drogenase; 9, ethanol:NAD™ oxidoreductase; 10, citrate synthase;
11, aconitase; 12, isocitrate dehydrogenase; 13, 2-oxoglutarate de-
hydrogenasé; 14, succinate dehydrogenase; 15, fumarate reductase;
16, fumarase; 17, malate dehydrogenase; 18, isocitrate lyase: 19,
ubiquinol-1 oxidase. Reactions catalyzed by enzymes under arc
control are represented by thick arrows. Reactions catalyzed by
enzymes that may or may not be under arc control are represented
by thin arrows. Reactions catalyzed by enzymes not under arc¢
control are represented by dashed arrows. Symbols: . reducing
equivalents yielded by the reaction; , reducing equivalents
consumed by the reaction.

solution for sonic disruption. Unbroken cells were removed
by centrifugation at 10,000 X g for 30 min. The crude sonic
extract was used to determine the activities of aconitase (2),
“succinate dehydrogenase (15), L-lactate dehydrogenase (as
described in reference 26 but with 10 mM substrate), citrate
synthase (43), and 2-oxoglutarate dehydrogenase (34). To
measure the activities of malate dehydrogenase (30) and
isocitrate dehydrogenase (22), the extract was further clari-
fied by ultracentrifugation at 100,000 x g for 60 min. The
particulate fraction was suspended by blending in 10 mM
potassium phosphate buffer containing 1% Triton X-100 and
used for the assay of ubiquinol oxidase activity (27). All
enzyme activities were determined at 30°C except that of
ubiquinol oxidase, which was assayed at room temperature.

arcB IN E. COLI 869

Protein concentrations were estimated with bovine serum
albumin as a standard. Specific activities are expressed as
nanomoles per minute per milligram of protein. B-Galactosi-
dase activity was assayed and expressed in Miller units (29).
The activities of superoxide dismutases in cell extracts were
visually estimated by staining the enzymes in the electro-
phoretic gel with nitro blue tetrazolium after separating the
iron and the manganese enzymes (4).

Analysis of metabolites. The concentrations of glucose,
succinate, lactate, formate, acetate, and ethanol in the
growth media were measured by high-peiformance liquid
chromatography (Aminéx HPX87H column; BioRad Labo-
ratories; column temperature, 40°C; mobile phase, 0.01 N
H,SO,; flow rate, 0.5 ml/min; detection, refractive index;
sample injection volume, 20 pl). The culture was centrifuged
to remove cells, and the medium was passed through a
0.45-pm filter for analysis (8).

RESULTS

A second class of regulatory mutations unlinked to arcA. We
collected 70 independent mutants that expressed high anaer-
obic activity levels of B-galactosidase (encoded by the sdh-
lac hybrid operon) and L-lactate dehydrogenase. When
tested on tryptone-toluidine blue agar, all of these mutants
gave colonies greatly diminished in size (i.e., dye sensitive).
Each mutant was transduced with P1 grown on strain
BW6164 (thr43::Tnl0, 94% linked to arcA*). Transductants
were selected for Tc" and scored on MacConkey-lactose
agar for restoration of anaerobic repression of B-galactosi-
dase. For 65 mutants, the inheritance of the drug resistance
was associated with anaerobic repressibility of the enzyme
at the expected frequency; for the remaining 5 mutants
inheritance of Tc" did not result in the restoration of the
control. Therefore the mutations in these strains were not in
arcA.

To insert a Tn/0 near one of the regulatory mutations not
linked to arcA, mutant ECLS590 (bearing one of these muta-
tions) was transduced with P1 grown on a population of
wild-type MC4100 cells with random Tn/0 insertions. Trans-
ductants were selected for Tc", purified on the same agar,
and scored on MacConkey-lactose agar for restoration of
anaerobic repression of B-galactosidase. A transductant,
ECL592, which regained the repressibility of the enzyme
was in turn used as the Tn/0 donor to each of the five
non-arcA mutants. In all of these crosses normal control was
restored in about 85 to 92% of the Tc" transductants. Thus
the five mutations apparernitly occurred in the same regula-
tory. gene(s), which will be referred to as arcB.

Mapping of arcB. Mating experiments with several dif-
ferent Hfr strains (42) situated the mutation of strain
ECLS590, arcBI1, in the 60- to 85-min region. P1 crosses were
then carried out with strain ECL590 as the recipient and six
donor strains, each with a Tn/0 insertion at a different
position within the region. Only strain DV9 with zhc-9::Tnl0
(min 71.5) gave arcB* colonies (4%) among the Tc' trans-
ductants (Table 2 and Fig. 2). A transduction test with strain
ECLS90 (rpsL [min 73] arcBI) as the donor of the selected
marker rpsL and strain ECL1 (rpsL™* arcB") as the recipient
showed no linkage between the two alleles. Thus arcB
should be on the counterclockwise side of min 71.5.

To expedite further mapping of arcB by transduction, we
used the Tn/0 in strain ECL594 (85% linked to arcBI, shown
by data given below to be zgi::Tn/0) as the selected donor
marker in crosses with strains RP1 («xaA [min 67.9]), JC411
(argG [min 69.0]), PA340 (g/tB [min 69.4]), and MA1030
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TABLE 1. E. coli K-12 strains

Strain Relevant genotype Derivation f:tg:z:g
DV9 F~ zhc-9::Tnl0 panD2 gyrA216 relAl panF11 spoTl metBl \'? Bachmann (41)
BW6164  HfrRa-2 (PO48) thr-43::Tnl0 mal-28 sfa-4 snpE42 Bachmann (42)
JC411 F~ argG6 leuB6 fhuA2 lacY! supE44 gal-6 hisG1 rfbDI? galP63? Bachmann

rpsL104 malTl xyl-7 mtl-2 metBl cpxBl
MA1030 HfrAB312 (PO12) argR64 purF1 thi-1 Bachmann
PA340 F~ gltB31 gdh-1 thr-1 ara-13? tonA2 leuB6 lacY! supE44 gal-6 Bachmann

hisGI rfbD1 galP63 rpsL9 malAl (\") xyl-7 mtl-2 argH]I thi-1
RP1 HfrP4x (PO3) uxaAl ralAl spoTl metBl Bachmann
ECL1 HfrC phoA8 relAl tonA22 T2" \* 25
ECL547 F~ sdh™ ®(sdh-lac) Afrd101 araD139 A(argF-lac)U169 rpsL150 18

relAl deoCl flb-5301 ptsF25 ]
ECL590 F~ sdh* ®(sdh-lac) arcBl Spontaneous mutant of ECL547 This work
ECL592 F~ sdh™ ®(sdh-lac) zgi::Tnl0 P1(Tnl0 pool of MC4100) x ECL590  This work
ECLS93  F~ sdh* ®(sdh-lac) A(zgi::Tnl0-gInF) See Materials and Methods This work
ECL594 F~ sdh™ ®(sdh-lac) arcBl zgi::Tnl0 Transduction of arcBI to ECL547 This work
ECLS9S  F~ argG6 zgi::Tnl0 P1(ECLS94) x JC411 This work

(argR [min 70.5]) as the recipients. The Tn/0 showed no
linkage to uxaA, 37% linkage to argG, 94% linkage to gltB,
and 12% linkage to argR. A three-factor cross was then
carried out with strain PA340 (argG™ gltB) as the donor and
ECL595 (argG zgi::Tnl0) as the recipient. Among transduc-
tants selected for argG*, 65% were gltB and 67% were Tc®.
Among the transductants inheriting both the donor markers
argG* and gltB, only 0.3% (1 of 324) retained the Tn/0. This
would indicate that the zgi::Tnl0 is located between the
argG and the gltB genes, counterclockwise to gitB.

The relative positions of zgi::Tnl0 and arcBl were re-
vealed by deletion analysis. The Tn/0 of strain ECL592 was
transduced into the starting strain ECL547 (arcB*). Tc®
clones were then derived from the transductants. One such
derivative, strain ECL593, sustained a deletion that included
arcB and ginF (min 69.7) as indicated by the anaerobically
derepressed ®(sdh-lac) and the requirement for glutamine.
Since Tnl0 generates deletions in either direction (21), both
arcB and ginF should be on the clockwise side of zgi::Tnl0.
The 85% linkage between zgi::Tnl0 and arcBl would place
the latter at min 69.5 (47).

Pleiotropic effects of mutations in arcB. The zgi::Tnl0 of
strain ECL592 was transduced to strain ECL590 (arcBl).
The arcBl was then cotransduced with the Tn/0 into the
parent strain ECL547 by selecting for Tc". A transductant,
strain ECL594 (arcBl zgi::Tnl0), which was sensitive to
toluidine blue, expressed its ®(sdh-lac) at an anaerobic level
17 times higher than that of the wild-type parent (Table 3). A
similar change occurred in the regulation of succinate dehy-

drogenase activity. As in arcA mutants (18), the anaerobic
levels of citrate synthase, aconitase, isocitric dehydroge-
nase, 2-oxoglutarate dehydrogenase, malate dehydrogenase,
L-lactate dehydrogenase, and ubiquinol oxidase were also
increased. The increase of two of these enzymes is particu-
larly striking: 30-fold for ubiquinol oxidase and 90-fold for
L-lactate dehydrogenase. The anaerobic activity of ubiquinol
oxidase was strongly inhibited by 0.08 mM KCN, indicating
that in this preparation cytochrome o was mainly responsible
for the terminal electron transfer to molecular oxygen (20).
Most of the enzymes showed higher activity in anaerobically
grown than aerobically grown arcBl mutant cells, as is true
for arcAl mutant cells (18). The other four arcB mutants
exhibited anaerobic levels of B-galactosidase and L-lactate
dehydrogenase activities similar to those of the arcB! mu-
tant ECL590 (data not shown).

It is known that the activity level of the manganese
superoxide dismutase is high only in aerobically grown cells
(14). Since formation of the enzyme is reported not to be
controlled by the regulatory genes for oxygen stress (oxyR)
or for heat shock (hptR) (40), it seemed possible that
synthesis of the enzyme was under arc control. We therefore
compared the activities of the enzyme in wild-type, arcAl,
and arcBI cells grown aerobically or anaerobically. The arc
mutations did not have any apparent effect on the activity
levels of the enzyme (data not shown); neither did the
mutations affect the activity levels of the iron enzyme whose
synthesis is not dependent on respiratory growth conditions
(14).

TABLE 2. Mapping of zgi::Tnl0 and the arcB by transduction with phage P1

- Selected Unselected Cotransductants/
Donor Recipient marker marker total (%)
DV9 (zhc-9::Tnl0) ECLS590 (arcBI) Tnl0 arcB* 2/49 (4)
ECL590 (arcBl rpsL) ECL1 (rpsL*) rpsL* arcB 0/100.(0)
ECL594 (arcB1 zgi::Tnl0) RP1 (uxaA) Tnl0 arcB 255/300 (85)
ECL594 (arcB! zgi::Tnl0) RP1 (uxaA) Tnl0 uxaA™* 0/300 (0)
ECLS594 (arcB1 zgi::Tnl0) JC411 (argG) Tnl0 argG* 102/275 (37)
ECL594 (arcB1 zgi::Tnl0) PA340 (gitB) Tnl0 gltB* 375/400 (94)
ECL594 (arcB1 zgi::Tnl0) MA1030 (argR) Tnl0 argR™* 6/50 (12)
PA340 (gitB) ECLS594 (argG zgi::Tnl0) argG™* gltB 324/500 (65)
argG* (Tc¢®) 335/500 (67)

“ Phenotypes of arcB, argR, uxaA, and gltB strains were scored, respectively, by sensitivity to toluidine blue, resistance to L-canavanine sulfate (32), utilization

of galacturonate, and growth on glucose-arginine minimal agar (33).
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FIG. 2. Genetic map showing sites of relevant genes and transposon insertions in the region of arcB. Positions of argG, gitB, ginF, argR,
and zhc-9::Tnl0 are according to published data (3, 41). For the relative positions of arcB and zgi::Tnl0, see the text.

The arcB product mediates anaerobic repression. To see
whether the arcB gene product mediates positive or negative
control of the aerobic enzymes, strain ECL593, with an arcB
deletion extending into g/nF resulting from the spontaneous
excision of zgi::Tn/0, was grown anaerobically for enzyme
analysis. The level of aconitase activity was increased 5-
fold, and the level of L-lactate dehydrogenase activity was
increased 100-fold. Thus the arc¢B gene product is involved
in a negative control.

Epistatic effect of multicopies of arcA™ on arcB mutations.
Osmoregulation of porin synthesis involves a two-compo-
nent system: the ompR and envZ products. These regulatory
genes belong to a single operon and control the expression of
ompF and ompC, which specify outer membrane porins. The
ompR gene encodes a cytoplasmic transcriptional activator,
and the envZ gene encodes a sensor protein associated with
the inner membrane (12, 13, 19, 24, 28). When the ompR
product is overproduced, the target operon ompC is acti-
vated in the absence of the envZ function (36). Since
extensive homology was found between ompR and arcA (9,
10), the question arose as to whether the overproduction of
the arcA product would affect the phenotype of an arcB
mutant. Strains ECL547 (arcA* arcB™), ECL594 (arcA*
arcBl), and ECL593 (arcA* AarcBl) were therefore trans-
formed with the multicopy plasmid pMW?2 bearing arcA* or

TABLE 3. Specific enzyme activities of the parental strain and
its arcB mutant strain grown aerobically or anaerobically“

% of sp act of aerobically
grown parental cells

Reaction
Enzyme shown in . b Mutant
Fie. | (peress,  (ECLS9)

=0 -0, +0,
B-Galactosidase [®(sdh-lac)] 10 170 130
Succinate dehydrogenase 14 10 130 120
Citrate synthase 10 23 280 140
Aconitase 11 23 210 110
Isocitrate dehydrogenase 12 16 120 140
2-Oxoglutarate dehydro- 13 12 180 120

genase

Malate dehydrogenase 17 30 130 150
L-Lactate dehydrogenase© 1 4 360 100
Ubiquinol oxidase 19 S 160 120

“ Cells were grown on xylose minimal medium aerobically or anacrobically.
” The ratios of enzyme levels were previously reported (18).
¢ L-Lactate was added for induction.

pMW?2-488 bearing arcA::Tn5. The presence of a high dose
of arcA* in the wild-type strain intensified anaerobic repres-
sion of the target gene ®(sdh-lac) and also curtailed its
aerobic expression (Table 4). In the two arcB mutants a high
dose of arcA* product also caused stronger-than-normal
anaerobic repression of the target gene and greatly lowered
its aerobic expression. Thus the relationship between arcA
and arcB seems to parallel that of ompR and envZ.
Catabolite repression of ®(sdh-lac) in arcA and arcB mu-
tants. The expression of genes such as sdh and gltA (en-
coding citrate synthase) is known to be subject to catabolite
repression in addition to anaerobic repression (16, 38, 45).
To test whether mutations in the arc system affect catabolite
repression, we compared the anaerobic and aerobic expres-
sions of ®(sdh-lac) in wild-type, arcAl, or arcBl strains
grown in the presence or absence of glucose with or without
cyclic AMP. Glucose repression of ®(sdh-lac) occurred both
aerobically and anaerobically, and the arc control operated
independently of catabolite repression (Table 5).
Fermentation patterns of arc mutants. Succinate is a nor-
mal fermentation product of wild-type cells (46). To see
whether the elevation of anaerobic expression of certain
enzymes of the tricarboxylic acid cycle and the glyoxylate
shunt caused by the arc mutations would increase succinate
excretion, the wild-type strain ECL1 (frd*) and its arcAl
and arcBl transductants were grown anaerobically in mini-

TABLE 4. Epistatic effect of multiple copies of the arcA™*
gene on «rcB mutations

B-Galactosidase

Strain and Plasmid (U)»

genotype -

-0, +0,

ECL547 ®(sdh-lac)  No plasmid 70 700

arcA”t arcB* pPMW2(arcA™) 14 180

pMW2-488(arcA::Tn5) 220 710

ECL594 d(sdh-lac)  No plasmid 1,400 940

arcA™ arcBl pPMW2(arcA™) 27 64

pMW2-488(arcA::Tn5) 1,300 860

ECLS93 &(sdh-lac)  No plasmid 1,600 790

arcA* AarcBl pPMW2(arcA™) 17 42

pMW2-488(arcA::Tn5) 1,000 770

“ Cells were grown on xylose-minimal medium supplemented with 0.5%
casein hydrolysate aerobically or anaerobically. For strains harboring the
plasmid pMW2 or pMW2-488, ampicillin was added to the culture.

» Representing expression of sdh.
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TABLE 5. Catabolite repression of ®(sdh-lac) in parent,
arcA, and arcB strains®

Relative B-galactosidase activity?

Strain and Growth in medium with:

genotype conditions

Glucose-

No addition  Glucose cAMP*

ECL547 ®(sdh-lac) Anaerobic 1.0 (87)¢ 0.39 0.59
Aerobic 1.0 (930) 0.41 0.55

ECL585 ®(sdh-lac) Anaerobic 1.0 (1,000) 0.20 0.50
arcAl Aerobic 1.0 (1,100)  0.65 0.80

ECL594 ®(sdh-lac) Anaerobic 1.0 (1,400)  0.32 0.51
arcBl Aerobic 1.0 (990) 0.37 0.55

@ Cells were grown on xylose-minimal medium.

b Representing expression of sdh.

¢ cAMP, Cyclic AMP.

4 Numbers within parentheses indicate Miller units.

mal medium containing 50 mM glucose as the sole carbon
and energy source. Under such growth conditions the activ-
ity levels of aconitase, used as an indicator of the expression
of the arc modulon, was increased 10-fold in the mutants.
The relative amounts of succinate excreted by the mutants
were only 30 to 42% higher than that of the wild-type strain
(Table 6). The production of acetate by the mutants was
marginally reduced (5%). There were no significant effects
on the production of lactate, formate, and ethanol. The
addition of triphenyltetrazolium chloride, an artificial exog-
enous electron acceptor known to function for intact cells, to
the culture medium did not alter the outcome of the fermen-
tation pattern (data not shown). The failure of the redox dye
to increase succinate excretion suggests that the rate of its
synthesis was limited by kinetic controls, e.g., inactivation
of isocitrate dehydrogenase by phosphorylation (11).

DISCUSSION

Insertional inactivation and DNA sequencing showed that
a single gene in the min 0 region of the E. coli chromosome
is involved in determining the dye sensitivity and expression
of F-plasmid functions (7, 10). Subsequently it was shown

TABLE 6. Glucose fermentation balance of wild-type
and mutant cells*

Glucose fermentation

Compounds (mol of product/mol of glucose consumed)
excreted and
carbon balance Wild arcAl arcBl
type? mutant mutant
Succinate 0.10 0.14 0.15
Lactate 0.40 0.40 0.40
Formate 1.1 1.1 1.1
Acetate 0.62 0.59 0.59
Ethanol 0.63 0.62 0.62
CO, (calculated)” 0.34 0.38 0.43
Carbon balance? 6.2 6.1 6.2

@ Cultures were grown anaerobically in phosphate-buffered medium (39)
containing 50 mM glucose. The wild type and arcA/ and arcB! mutants,
respectively, consumed 30, 29, and 28 mmol of glucose per liter of culture
after 30 h of growth.

® Strain ECL1.

¢ Assuming formation of 2 mol of CO, per mol of succinate and 1 mol of
CO, per mol of acetate or ethanol.

4 The carbon balance was estimated by assuming that 50% of the dry weight
of cell yield was contributed by carbon.

J. BACTERIOL.

that this same gene, which we refer to as arcA, is responsible
for anaerobic repression of a family of genes of aerobic
function (18). The scoring of 70 independent regulatory
mutations resulted in the identification of only one additional
control locus—which at this time we assume to comprise a
single gene, arcB.

In a recent review, Ronson et al. (35) called attention to a
family of two-component regulatory systems that show
striking conservations in certain protein domains, although
these systems respond to different environmental stimuli and
are found in different bacterial species (44). In each case it
appears that one gene encodes a transmembrane sensor
protein and the other gene encodes a protein that interacts
with group-specific promoters. Among the regulatory-sensor
gene pairs recognized were arcA (dye)-cpxA and ompR-envZ
of E. coli. Mutations in cpxA, like those in arcA, prevent sex
pilus synthesis.

The fact that the cpxA mutants were not represented
among the mutants selected for anaerobic synthesis of
B-galactosidase specified by the ®(sdh-lac) operon and
screened for anaerobic synthesis of L-lactate dehydrogenase
suggests that the cpxA product communicates only the
sexual state (more exactly the F-plasmid state) to the arcA
product. The arcB protein, by contrast, might communicate
only the redox or energy state of the cell to arcA. Thus the
arcA, arcB, and cpxA genes might be parts of a three-
component regulatory system. It is of relevance to note that
a deletion mutation in arcB keeps the arcA product perma-
nently in the nonrepressive form. Further characterization of
the interactions between these three gene products will be
the subject of another report.
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