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A cyclic AMP-requiring mutant of Escherichia coli K12 which grows slowly on
glucose was found to contain reduced levels of cytochrome b; and cytochrome oxidase
o. The addition of exogenous cyclic AMP stimulated the synthesis of these cyto-
chrome components and restored growth on glucose to the normal rate observed with
the parental strain. Cytochrome synthesis in the parental strain was also stimulated
by exogenous cyclic AMP. These studies have provided evidence that cyclic AMP
participates in regulating cytochrome synthesis in E. colZ, and, coupled with other
observations, have suggested a role for this cyclic nucleotide in controlling the con-
struction and operation of the organism’s membrane system.

Adenosine 3',5'-cyclic phosphate (eyelic
AMP) is required for the synthesis of in-
ducible, catabolite-repressible enzymes in
Escherichia coli (15). Consequently, strains
which cannot synthesize their own cyclic
AMP because of a mutational loss of adenyl
cyelase activity exhibit a pleiotropic de-
ficieney in their utilization of carbohydrates
such as lactose, glyveerol, or L-arabinose since
growth on these substrates requires the
formation of the catabolite-sensitive enzymes
B-galactosidase, glyeerol kinase, and 1L-
arabinose permease, respectively (17).

Perlman and Pastan (17) noted that an
adenyl eyvelaseless mutant isolated by them
was able to grow on glucose without cyelic
AMP but did so at a low rate unless cyclie
AMP was added to the culture medium. This
requirement for eyelic AMP during growth
on glucose could not be explained since cyelic
AMP was not known to be required for the
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synthesis of any enzymes needed for the
metabolism  of glucose. A evelic AMP-
requiring mutant isolated in our laboratory
exhibited a similar growth pattern on
glucose, namely, slow growth in the aksence
of evelic AMP with normal growth cecurring
about 2 hr after the addition of this rucleo-
tide to the culture medium.

During the course of our studies with this
mutant culture, we observed thut the cellu-
lar level of eytochrome components was low
when the organism was grown in the absence
of eyelic AMP, and that the addition of this
evelie nucleotide stimulated the formation of
evtochromes Oy and o which are the major
heme constituents in F. coli (1-4, 21). These
findings are deseribed in this report, and
constitute the first in a series of observa-
tions recently made in our laboratory which
indicate that cyelic AMP participates in
regulating other metabolic funetions in k.
col! in addition to its well-known effeet on
certain catabolite-repressible  systems for
utilization of carbohvdrates.
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MATERIALS AND METHODS

Chemicals. Cyclic AMP was obtained from the
Schwarz/Mann Co., Orangeburg, NY All other

chemiecale were of or
chemicals were o1 re nt gr

available.

Cultures and growth conditions. The parental,
wild-type strain used was E. coli K12-701 originally
obtained through the courtesy of R. White (22).
A mutant derivative, designated strain C57, was
obtained from the parental strain using the proce-
dure described by Perlman and Pastan with N-
methyl-N’-nitro-N-nitrosoguanidine as the muta-
gen (17). This mutant strain was found to be un-
able to produce cyclic AMP as determined using
the Schwarz/Mann cyclic AMP radioimmunoassay
kit, and as determined by Dr. D. Namm (Bur-
roughs-Wellecome and Co., Research Triangle
Park, NC) using the phosphorylation assay of
Wastila et al. (20).

All cultures were grown with vigorous aeration
hv q]’m](lno' at 37°C. The mineral galts basal me-

d1um contalned (per liter): K,HPO,, 28 g; KH,PO,
8.0 g; MgS0,-7H,0, 0.10 g; (NH,),80,,1.0g and a
iux of 7.15. Substrates were sterilized separauely
and added at a final concentration of 0.02 m as
previously described (8) unless otherwise indi-
cated. Cell growth was determined turbidimetri-
cally at 420 nm using a Spectronic 70 colorimeter
and a previously prepared standard curve relating
absorbance to dry weight.

Particulate preparations were made by passing
a thick cell suspension through a French pressure
cell followed by centrifugation at 1000g for 10 min
to remove unbroken cells. The supernatant frac-
tion was then centrifuged at 140,000g for 100 min
in a Spinco Model L ultracentrifuge. The pellet
was suspended to approximately 10 mg protein/ml
in 0.05 M sodium phosphate buffer (pH 7.5) and
difference spectra determined.

Cylochrome determinations. The cytochromes
were assayed using both a Beckman Acta V dual
beam spectrophotometer and a Cary 15 spectro-
photometer. Samples were scanned from 400 to
600 nm. Absolute spectra were determined using
the Beckman instrument and using bleached cell
material as a turbidity blank in the reference beam
anu an d.lI' ox1uucu Sysbt‘l[l lll uue bd:lllplﬁ LUVGIJLE
containing 2 mg cell dry weight/ml. The bleached
cell material was prepared by adding 309, H,0,
to cells suspended in 0.05 m phosphate buffer
(pH 7.5) containing sodium azide (20 mg/ml).
After 3 hr at room temperature the suspension was
centrifuged. The pellet was washed three times in
0.05 M phosphate buffer (pH 7.5) and resuspended
in the same buffer to an optical density (420 nm)
of about 40. This material was then tested for cyto-
chrome absorption and when no absorption was
found it was used as the turbidity blank (12). The
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levels of cytochromes in the unbleached cells were
calculated on the basis of the optieal density units
in the Soret peak region per mg of cell dry weight.

Difference spectra were conducted using the
Cary 15 spectrophotometer and were carried out
as follows:

Cytochrome b, measured as the ahsorbance
increment between the maximum at 560 nm and a
line connecting 580 and 540 nm in the r-lactate

redueced varsue oxidized differanpe snootrn 73
reducec versus oxigized Gilfference spectrum (7).

The respiratory pigments were reduced in the
presence of 20 mM L-lactate in suspensions of bac-
teria with 2-10 mg protein per ml in 56 mm phos-
phate buffer pH 7.6 at 30°C. The pigments were
then oxidized by vigorous mixing in air with a
vortex mixer and the compieteness of oxidation
established by repeated aeration. There was no
significant increase in absorbance increment after
the addition of a few erystals of NajS,0, to the
L-lactate-containing cuvette.

Cytochrome oxidase o was estimated as the
absorbance increment between the maximum at
416 nm and the minimum around 425 nm in the
L-lactate reduced and saturated with carbon
monoxide versus L-lactate reduced difference
spectrum (7). Addition of a few crystals of Na,S,0,
to both cuvettes produced no change in absorbance
increment.

Protoheme was estimated as the reduced versus

oxidized nvridine hemochrome 8) and ig exnregsed
OX141ze4d pyridine nemocarome (o) ana 15 expressea

as nmoles per g bacterial protein. Protein was
determined according to Lowry et al. (11).

RESULTS

As can be seen from the data presented in
Fig. 1, the cyclic AMP-requiring mutant
strain C57 will not grow on substrates such

ag elveornl ]nnfnqn, or a mixture of amina

as glycerol, lactose
acids unless cyclic AMP is added to the
culture medium. The parental strain grows
normally on these substrates, and as shown
in Fig. 1, it grows on glucose with a mass
doubling time of approximately 65-70 min
in the presence or the absence of cyclic
AMP. The C57 strain, however, grows on
glhucose with a severely retarded mass doub-
ling time of approximately 200 min. If cyclic
AMP is added to the mutant culture, a
normal growth rate is achieved but only after
a lag of approximately 90-120 min.

When the strain C37 cells were harvested
after 5 hr of growth on glucose in the pres-
ence and in the absence of cyclic AMP and
then analyzed for t
chromes in particulate preparations the
results shown in Fig. 2 were obtained. The
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RELATIVE GROWTH

Fra. 1. Effect of cyelic AMP on growth of a
cyelic AMP-requiring mutant of E. coli (strain
(57} on various substrates. A. The mutant C57
strain was grown overnight in medinm containing
20 mm glucose and 0.125%; casein hydrolysate,
harvested, washed, and inoculated into fresh basal
salts media containing: 20 mm glycerol withous
cvelic AMP (@—-@) and with 2.5 mm cyclic
AMP (@---@); 20 mwM lactose without (O———-0O)
and with 2.5 mum cyelic AMP (O---0); and 0.50%;
cagsein hydrolysate without (X——X) and with
(X---x) 2.5 mm cyclic AMP. B. The parental K12
and mutant C57 strains were grown overnight as
described above and inoculated into fresh basal
media containing 20 mM glucose with and without
2.5 mm cyelic AMP additions. Strain C57 without
(@) and with (O ) cvelic AMP; strain K12 without
(X} and with (A) evelic AMP.

cyelic AMP-supplemented cells had con-
siderably higher levels of absorption in the
Soret and visible regions of the spectrum
than did the cells grown without eyelic AMP,
E. eoli has been reported to contain an elec-
tron transport system composed of flavo-
proteins, nonheme iron, ubiquinone, and
eytochromes 6; and o (4, 10). Cytochrome
by has an e-absorption peak around 536-558
nm and a Soret peak around 425 nm;
whereas, cytochrome oxidase o bhas an «
absorption peak around 563 nm and a Soret
peak at 425 nm (10, 21). In order to deter-
mine which of these eytochromes (or both)
were responsible for the absorption differ-
ences seen in IMg. 2, analyses were conducted
using the Cary spectrophotometer to de-
termine the levels of eytochromes b and o
and the protoheme present in mutant cells
grown for 2.5, 3.5, 4.5, and 5.5 hr in the
presence and the absence of 1.25 mar eyelie

coll MY
AMP. A K12 culture was also analvzed for
comparative purposes. The results listed m
Table I clearly demonstrated that the proto-
heme content was two to three times higher
in the cyelic AMP-supplemented and wild-
type eclls than in the mutant cells, The fevels
of by were two to three times higher while
the evtochrome o levels varied from 2- to
S-fold higher in the treated eells ax compared
to cells grown in the absence of this nueleo-
tide.

The 423-nm absorbance o whole-celt
preparations (see Materials and  Methods)
was used to further evaluate the influence of
evelic AMP on the overall extochrome level
m these cells. The data presented in Fig. 3
showed that coneentrations of cyvelie ANMP
in the range of 2 mai or greater were required
to produce a maximal stimulation of evto
chronie synthesis in the mutant strain.

The onset of eveliec AMP-stimulated evto-
chrome synthesis was determined by analvz.
ing C57 eells that had been grown on glncose
with and without evelie AMP fur various
time intervals. The ratios of the evtochrome
levels in the eyvelic AMP-supplemented cells
to the evtochrome levels in unsupplemented
cells were plotted and the result= presented
in Fig. 4. It can be seen from these data that
a detectable  stimulation  of  evtochrome
svuthesis by evelic AMP was not observed
during the first hour. The stimulation began
during the second hour and within 5 hir the
treated cells had a 2.5-fold higher level of
evtochrome than did the untreated cells.
After 15 and 20 hr the cells grown with evelie
AMP bhad a three to four times greater evto-
chrome content than did the control cells.
1t should be noted that evelic ANMP stimu-
lated eytochrome synthesis at o thoe just
prior to or coincident with its capaecity 1o
stimulate growth on glueose (Fig. 1),

In addition to the effeet of evelic ANMDP,
the substrate upon which the cells are grown
could also have an offeet on the production
of the eytochrome components. In order to
shed some light on this possibility the follow-
ing experiment was conducted. A culture of
the CAT strain was grown overnight on
glucose, harvested, washed, and inoculated
into minimal media containing various sub-
strates with and without the addition of 2.5
maevelie AMP. After 5 hy of incubation the
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Fig. 2. Cytochrome levels in particulate preparations of strain C57 cells grown with and

without evelic AMP, The cells were grown for 5 hr in the mineral salts medium containin
1thout cyc AME, 1he cells were grown I0r 2 ar in tne mineral sa:ls medium contatning

0.02 M glucose. The cells were harvested, disrupted, and particulate preparations made as
deseribed in Materials and Methods. The cytochromes present in these particulate prep-
arations were examined by difference spectroscopy using a Cary spectrophotometer. A. Prep-
aration from cells grown in the presence of 1 mum cyclic AMP. B. Preparation from cells grown
in the absence of cyclic AMP. Reduced-co minus reduced (O ); reduced minus oxidized (@);

baseline (A).

TABLE I

Tue Errect oF Cycric AMP oN toE LEVEL OF
CYTOCHROMES b; AND O AND PROTOHEME IN

/ S o
AUTANL URELLS

|~

T r o Mo omer
YWIiLU-L XPKR AND

Strains Incuba- Cyclic Absorbance/g protein®

tion AMP
period added b 0 Proto-
(hrs) (mm) heme
C57 2.5 None 2.3 3.2 110
3.5 None 2.0 3.3 110
4.5 None 2.5 6.4 160
5.5 None 2.4 7.4 150
C57 2.5 1.25 5.0 25.0 230
3.8 1.25 5.3 22.0 240
4.5 1.25 7.4 19.0 320
5.5 1.25 7.8 12.0 370
K12 5.5 None 10.0 30.0 400

« Difference spectra measured using the Cary 15
spectrophotometer as deseribed in Materials and
Methods.

washed thoroughly,
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cells were harvested,
wd aagmaxro A far
ana asdaytcu 1ul

using the whole-cell technique. The results of
these analyses are summarized in Fig. 5. It

can be seen from these data that, regardless
of the substrate used, the control cultures
had low levels of cytochromes, i.e., in a
range of 0.005 absorption units/mg of dry
weight cells or less. When cyclic AMP was
present in the culture media the cytochrome
levels in each case were much higher averag-

ing approximately 0.015 absorption units/mg
of drv weight cells, Tt should be nointed out

LRl Cimiav LTS, 4y SlLUiL DT POILLo DUy,

however, that the control cells were unable
to grow to any appreciable extent in the
absence of cyciic AMP on the substrates
acetate—succinate, lactate, glycerol, or man-
nitol. Thus, the influence of these particular
substrates on the production of the cyto-
chromes in the mutant strain could not be

nranerly avaliiatad
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The effect of cyclic AMP and the nature
of growth substrate on cytochrome levels in
the parental cells was also determined and
the results shown in Table 11. It can be seen
from these data that the overall cytochrome
level in unsupplemented K12 cells did not
vary appreciably as a consequence of the

shatrata yinon whirh thovo
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each case, however, the inclusion of 25 mm
cyclic AMP in the medium resulted in cells
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Fi1a. 3. The effect of cyclic AMP concentration
on the level of cytochromes in E. coli strain C57.
The cells were grown overnight in medium con-
taining 20 mm glucose and 0.1259, casein hydroly-
sate, harvested, washed, and resuspended in fresh
medium containing 20 mm glucose and the indi-
cated concentrations of cyclic AMP. After 5 hr of
growth the cells were harvested, washed, and the
absolute spectra analyzed as described in Ma-
terials and Methods.

having a significantly clevated cvtochrome
content.

DISCUSSION

Most of the studies reported to date con-
cerning the role cyclic AMP plays in regulat-
ing bacterial metabolism have dealt with its
ability to reverse catabolite repression of
various enzyme systems (14, 15). Its fune-
tion in this regard has now been well estab-
lished and the specific mechanism involved
has been clarified through the use of elegant
in vitro analyses (5, 14, 19). Thus, it is now
known why cyclic AMP is required for
growth of E. coli on substrates such as lac-
tose, glycerol, or certain amino acids, and
why growth on these substrates is inhibited
when repressor substrates such as glucose or
gluconate are also included in the culture
medium.

However, it is not yet clear why the
growth on repressor substrates is also in-
hibited when cyelic AMP isunavailabletothe

399

cells—a situation readily observed when one
uses eyelic AMP-requiring mutant strains.
Some insight into this problem was obtained
when it was found in the present study that
our eyclic AMP-requiring mutant had a
2.5- to 4-fold reduced level of the eytochrome
components by and o and protoheme when
grown in the absence of cyelic AMP. These
evtochromes were restored to their normal
parental levels and normal growth on glu-
cose was resumed when the mutant was
grown in the presence of eyelic AMP.

It cannot be determined on the hasis of
these findings whether or not there is a direct
causal relationship between the ability of
cyelic AMP to restore eytochrome synthesis
to its normal level and the resumption of
normal growth on glucose. It may be coinci-
dental that evtochrome levels begin to n-

y
i A
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Fig. 4. The effect of cyelic AMP on induction of
cytochrome synthesis in E. colt strain C57 meas-
ured as a function of time of growth on glucose.
The cells were grown as described in Fig. 2 except
that, when used, 2.5 mum eyclic AMP was added to
the cultures. Cells grown on 20 mm glucose with
and without cyelic AMP were harvested at the
times indicated and analyzed for their eytochrome
content (absolute spectra). The data thus ob-
tained were plotted on this graph on a relative
basis. The values shown were obtained at each
time interval by dividing the eytochrome content
of cells grown in the absence of cyclic AMP into
the value obtained for cells grown in the presence
of eyelic AMP,
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F1a. 5. The effect of cyclic AMP on cytochrome
synthesis in E. coli C57 grown on various sub-
strates. The cells were grown overnight on glucose
as described previously (Fig. 2), and then inocu-
lated into fresh basal media without (solid bars)
and with (open bars) 2.5 mum cyclic AMP. These
media contained the following substrates: (1) a
combination of 15 mM succinate and 25 mm acetate,
\a) 40 maMm ld.bbd.\:c, \o) 40 mmM g;ycem}, \1; 20 mm
mannitol, (5) 20 mm glucose, and (6) a combina-
tion of 20 mm glucose plus 20 mM gluconate. All
cultures were incubated for 5 hr and then analyzed
for their cytochrome content (absolute spectra)
and dry weight increase.

crease in the presence of cyclic AMP just
prior to the time that normal growth on
glucose is restored. Cyclic AMP may, in
fact, be required for the synthesis of a
number of additional components any one or
all of which could be required for normal
growth to occur. It can be concluded, how-
ever, that cyclic AMP does play a role in
regulating the level of cytochromes present
in the E. colt membrane system.

Other membrane-associated functionsin E.
coli are also known to be affected by cyclic
AMP. Hempfling and Beeman (9) using a
wild-type E. coli B strain have shown that at
least a portion of the oxidative phosphoryla-
tion system in this strain is subject to catabo-
lite repression by glucose, and that the addi-
tion of 2.5-5.0 mm cyclic AMP to the culture
growing on glueose causes approximately a
10-fold increase in their efficiency of oxida-
tive phosphorylation. The rate of respira-
tion of the cells obtained from glucose~
cyelic AMP cultures, however, was less
than that of control cultures grown without
eyelic AMP.

Recent studies carried out in our labora-
tory using the cyclic AMP-deficient, C57
strain have shown that unless these cells are
supplemented with r\lP]1n AMP thev have

plemented with cyclic AME they have
(1) a defective hexose phosphate transport
system (Ezzell and Dobrogosz (1972)
Abstr. Annu. Meet., Amer. Soc. Microbiol.,
p. 176), (2) an altered appearance of their
outer and inner membrane structures as de-
termined by electron microscopy, and are
more sensitive to growth inhibition by salts

{(Weeks and Dobrogosz (1573), Absir. Annu.
Meet., Amer. Soc. Microbiol., p. 174), (3)

an altered phospholipid pattern (dwards,
Goldenbaum, and Dobrogosz (1973) Abstr.

Annu. Meet., Amer. Soc. Microbiol., p. 174),
and (A\ a

and a defective anaerobiec metaholiam

UTITUUW Y U QUIAQULIUMIV  TLIC A ULLOLEL

1ncludmg a retarded formic hydrogenlyase
system (16).

Although much yet remains to be explored
in this connection, evidence is beginning to
accumulate indicating that eyclic AMP plays
an important role in regulating the synthesis
and function of key components of the E.
coli membrane system. Recent studies on
the respiratory enzymes contained in iso-

TABLE 11

L'
t
u

Growth Cyclic AMP Absorbance per mg

substrate® cell dry weight
Acetate-suc- - 6.016
cinate + 0.017
Lactate - 0.013
+ 0.019
Glycerol — 0.010
+ 0.018
Mannitol — 0.010
+ 0.017
Glucose — 0.012
+ 0.029
Glucose-glu- — 0.016
conate + 0.021

“Except that parental K12 cultures (rather

than C57 mutant cells) were used in this experi-
ment. the grnnrth conditions were identical to

meny, e vl €O aentica

those described in Fig. 5. When added (+) the
cyclic AMP concentration was 2.5 mm.
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lated and purified membrane fragments have
tended to further confirm this hypothesis
(Dills and Dobrogosz, unpublished observa-
tions). These findings suggest that the role
cycelic AMP plays in the growth and metabo-
lism of E. coli may not be limited to its well-
known effect on certain catabolite-repressible
svstems for utilization of carbohydrates. A
working model is currently being used in
our laboratory to further examine the effect
this cyvelie nucleotide has on the construe-
tion and operation of this organism’s
membrane system.
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