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Effects of Aerobic and Anaerobic Shock on Catabolite
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JONG HO LEEt AND WALTER J. DOBROGOSZ*
Department of Microbiology, North Carolina State University, Raleigh, North Carolina 27650

Cultures of Escherichia coli K-12 grown on glucose or gluconate under aerobic
conditions exhibited catabolite repression of f-galactosidase synthesis. Derepression occurred when these cultures were subjected to anaerobic shock. These
states of repression and derepression were found to be associated with low and
high differential rates of cyclic AMP synthesis, respectively. This observation is
consistent with the view that cyclic AMP plays a central role in the catabolite
repression phenomenon. We report here, however, that identical stages of
repression and derepression occur in mutant strains possessing cya crp(Csm)
genotypes and therefore unable to synthesize cyclic AMP. These results suggest
that cyclic AMP is not the sole regulator involved in catabolite repression.

obtained that CR was closely associated with the
reduction of terminal electron acceptors such as
02, NO3, or H+, resulting in the formation of
water, NO2, and H2, respectively. Interference
with these processes resulted in catabolite derepression (CdeR). We were able to manipulate
cultures along these lines to produce phases of
CR and CdeR at will during growth on repressor
substrates (16).
In the experiments reported below, alternate
conditions of aerobic and anaerobic shock were
used to promote repression and derepression of
P-galactosidase synthesis in E. coli K-12 (cya+
crp+) and in two mutant strains which lack
adenylate cyclase activity, E. coli NCR30 [cya57 crp-Sl(Csm)] and E. coli NCR91 [cya-57 crp28(Csm)]. These latter strains were isolated and
characterized as described previously (15). They
have a second-site mutation in the crp locus
which suppresses the cAMP requirement conferred by the primary cya mutation. These
strains are able to synthesize catabolite-repressible enzymes in the absence of cAMP or other
cyclic nucleotides.
The total amount of cAMP produced during
growth of these cultures was determined essentially as described by Gilman (12), using binding
protein isolated from beef kidney by the method
of Cheung (6) as described by Botsford (2). The
total amount of cAMP (intra- and extracellular)
present in a 0.5-ml culture sample was calculated as picomoles per milliliter and plotted on a
differential basis against cell mass (micrograms
of cells [dry weight] per milliliter). All analyses
were carried out during exponential growth.

It is known that cyclic AMP (cAMP) and the
cAMP receptor protein play important roles in
the catabolite repression (CR) phenomenon (3,
17). Cyclic AMP binds to the cAMP receptor
protein to form a genetic regulatory complex
which activates the transcription of catabolite
repressible operons. The formation of this complex is thought to be dependent on the availability of cAMP, which in turn is dependent on the
state of adenylate cyclase activity. Growth on
repressor substrates is believed to inhibit this
activity, and thus it is generally assumed that a
correlation exists between the synthesis of
cAMP and CR such that repression occurs when
adenylate cyclase is inactivited, thereby decreasing cAMP availability. Conversely, derepression occurs when adenylate cyclase is activated (or de-activated), and cAMP levels are
thereby elevated. Such correlations have been
observed by some workers (5, 10) but not by
others (11, 14, 19), and this issue has yet to be
resolved.
New information in this regard is reported
here. We determined the differential rates of
cAMP and P-galactosidase synthesis in Escherichia coli cultures grown under conditions
known to cause rapid and dramatic shifts in the
state of CR of the organism. Cohn and Horibata
(7) and subsequently our laboratory (9, 16) reported that CR by glucose or gluconate was
reversed by anaerobic shock. Evidence was
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Induction and measurement of ,-galactosidase
activity were conducted as described earlier

(13).
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FIG. 1. Effect of anaerobic shock on differential
rates of cAMP and P-galactosidase synthesis in E. coli
K-12. Cultures grown on 20 mM gluconate (A and C)
or 20 mM glucose (B and D) were analyzed for cAMP
(A and B) and P-galactosidase (C and D) under aerobic
(0) or anaerobic (0) conditions. Growth of the cultures was measured using a Spectromic 70 spectrophotometer and expressed as micrograms of cells (dry
weight) per milliliter of culture. The cAMP concentrations (expressed as picomoles per milliliter of culture)
and 3-galactosidase levels (expressed as units of enzyme per milliliter of culture) were plotted on a
differential basis against the culture mass as indicated.
The arrows indicate the time at which one set of
cultures in each case was made anaerobic by sparging
the culture medium for 5 min with a mixture of 95% N2
and 5% CO2 as described elsewhere (16). The mineral salts basal medium contained 0.25% vitamin-free
acid-hydrolyzed casein plus the substrates added as
described previously (16). A unit of ,-galactosidase
activity was defined as that amount of enzyme that
hydrolyzes 1 ,umol of o-nitrophenyl-p-D-galactopyranoside h-l at 30°C in the presence of 2 mM onitrophenyl-p-D-galactopyranoside, 1.24 x 10-4 M
glutathione (red), and 0.05 M sodium phosphate buffer
(pH 7.5). Aerobic cultures of strain K-12 grew on
glucose and gluconate with generation times of 45 and
50 min, respectively. The anaerobic generation times
on these substrates were 70 and 97 min, respectively.
The vertical bars for the cAMP assays indicate the
variability range noted in these assays. The circles
indicate the average value determined on the basis of
five assays. The upper and lower ends of the bars
indicate the high and low values obtained in each set of
these assays.
Cell dry weight

patterns of CR and CdeR identical to those
observed in K-12 cultures are observed in cultures devoid of the adenylate cyclase-cAMP
system. On the basis of these observations, it
seems reasonable to conclude that (i) whereas
the cya gene products, adenylate cyclase and
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Differential rates of cAMP and f-galactosidase synthesis in wild-type E. coli K-12 grown
on both glucose and gluconate under aerobic and
anaerobic conditions are shown in Fig. 1. It is
evident that CR of P-galactosidase synthesis
during aerobic growth was overcome for a period of time after anaerobic shock. The differential
rates of cAMP synthesis closely paralleled the
rates of j-galactosidase synthesis. These findings tend to corroborate the view described
above, namely, that CR is a consequence of
decreased cAMP synthesis and that CdeR, on
the other hand, is the consequence of increased
cAMP synthesis. These same correlations were
observed when the wild-type strain was subjected to an alternating series of aerobic and anaerobic shocks (data not shown) rather than just the
one sustained anaerobic shock shown in Fig. 1.
In either case, however, CR observed under
aerobic conditions was completely overcome by
the addition of 1 to 5 mM concentrations of
cAMP to the culture medium (13). These observations are consistent with the hypothesis that
cAMP plays a central bioregulatory role in CR.
However, if CdeR and CR are determined
primarily by the respective activity or inactivity
of adenylate cyclase, it would follow that these
regulatory functions would not occur in strains
possessing cya mutations. The data presented in
Fig. 2 prove that this supposition is incorrect.
The data showed that sustained anaerobic shock
or alternating aerobic and anaerobic shock treatments resulted in the normal CR and CdeR
responses that had been observed in wild-type
cells; yet this strain (NCR91) was unable to
synthesize cAMP. Essentially identical results
were obtained (data not shown) when strain
NCR30 was tested in this manner. Both of these
strains are able to synthesize ,-galactosidase (as
well as other catabolite-repressible enzymes) in
the absence of cAMP because of a suppressor
mutation within their crp locus (15). Also, CR in
these strains is completely overcome by the
addition of 1 to 5 mM concentrations of cAMP
(data not shown), just as with wild-type cells.
Susceptibility of such suppressor strains to CR
and its reversal by cAMP have been reported
previously by others as well (1, 4, 8, 15, 18).
The data presented in this report demonstrate
with exceptional clarity a dilemma that has thus
emerged concerning our understanding of the
mechanism underlying the CR phenomenon. On
the one hand, our analyses of the wild-type K-12
strain tend to confirm the view that CR is
inversely related to the ability of the organism to
synthesize cAMP. On the other hand, our analyses of the cya suppressor strains show that
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FIG. 2. Differential rates of cAMP and 3-galactosidase synthesis in E. coli NCR91. These data were
obtained and plotted as described in the legend to Fig.
1, except that strain NCR91 was used. Cultures grown
on 20 mM gluconate (A and C) or 20 mM glucose (B
and D) were analyzed for cAMP (A and B) and
galactosidase (C and D) under aerobic (0) or anaerobic (@) growth conditions. The cultures were grown
under three different conditions. One set was maintained under aerobic conditions (0) throughout the
experiment. Another set was maintained under anaerobic conditions (0) throughout the experiment. A
third set was altemated between aerobic (Ae) and
anaerobic (An) conditions as indicated by the arrows.
Aerobic cultures of this strain grew on glucose and
gluconate with generation times of 90 and 95 min,
respectively. Anaerobic cultures grew on these substrates with generation times of 240 and 220 min,
respectively.
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