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A cyclic AhIP-requiring mutant of Escherichia cdi KU which grows slowly r,~l 
glucose was found to contain reduced levels of cgtochrome bl and cytochrome oxitiase 
o. The addition of exogenous cyclic AMP stimulated the synthesis of t,hesta 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 :WP 
participat,es in regulating cytochrome synthesis in E. coli, and, collpled with other 
observations, have suggested a role for this cyclic nrrcleotidr in controlling the VOI) 
struction and operation of the organism’s membrane system. 

Adwosinc 3’) Gyclic phosphate (cyclic 
AMP) is required for the synthesis of in- 
ducible, catabolite-repressible enzymes in 
Escherichia ~$2: (15). Consequently, strains 
which cannot synthesize their own cyclic 
AMP becausr of a mutational loss of adcnyl 
cyclase activity exhibit a pleiotropic de- 
ficiency in their utilization of carbohydrates 
such as lactose, glycerol, or L-arabinosc since 
growth on these substrates requires the> 
formation of the catabolite-sensitive enzymes 
@-galactosidaw, glycerol kinasc, and I>- 

arabinow pwmww, rcspectivcly (17). 
l’t4man and l’astan (17) noted that an 

adt>nyl cyclasc~lcss mut’ant isolated by thrm 
was ablch to grow on glucose without, cyclic 
.Z;\JI but did so at a low rattr unless cyclic 
AM I’ was added to thth culture medium. This 
rcquircment for cyclic A1JP during growth 
on glucose: could not be explained sincr cyclic 
A1311’ uxs not laow~ to he wquired for the 

I Paper nluuber 3861 of t,he Journal Series of the 
North Cartblina St.ate University Agricultrual 
I~kpt~rimt~nt Fitat ion. Ilaleigh, EC. 
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MATERIALS AND METHODS 

Chemicals. Cyclic AMP was obtained from the 
Schwarz/Mann Co., Orangeburg, NY. All other 
chemicals were of reagent grade and are readily 
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-Wellcome and Co., Research Triangle 
Park, NC) using the phosphorylation assay of 
Wastila et al. (20). 

All cultures were grown with vigorous aeration 
by shaking at 37°C. The mineral salts basal me- 
dium contained (per liter): KZHPO,, 28 g; KHzPO( 
8.0 g; MgSO,.7HtO, 0.10 g; (NH,),SO,, 1.0 g and a 
pH of 7.15. Substrates were sterilized separately 
and added at a final concentration of 0.02 M as 
previously described (8) unless otherwise indi- 
cated. Cell growth was determined turbidimet,ri- 
tally at 420 nm using a Spectronic 70 calorimeter 
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 1OOOg for 10 min 
to remove unbroken cells. The supernatant frac- 
tion was then centrifuged at 140,OOOg 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. 

Cytochrome 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 
606 nm. Absolute spectra were determined using 
the Beckman instrument and using bleached cell 
material as a turbidit,y blank in the reference beam 
and an air-oxidized system in the sample cuvette 
containing 2 mg cell dry weight/ml. The bleached 
cell material was prepared by adding 30% Hz08 
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 

levels of cytochromes in the unbleached cells were 
calculated on the basis of the optical 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 bi measured as the absorbance 
increment between the maximum at 560 nm and a 
line connecting 580 and 540 nm in the n-lactate 
reduced versus oxidized difference spectrum (7). 
The respiratory pigments were reduced in the 
presence of 20 mM n-lactate in suspensions of bac- 
teria with 2-10 mg protein per ml in 50 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 completeness of oxidation 
established by repeated aeration. There was no 
significant increase in absorbance increment after 
the addition of a few crystals of Na&04 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 
t-lactate reduced and saturated with carbon 
monoxide versus n-lactate reduced difference 
spectrum (7). Addition of a few crystals of Na&O, 
to both cuvettes produced no change in absorbance 
increment. 

Protoheme was estimated as the reduced versus 
oxidized pyridine hemochrome (6) and is expressed 
as nmoles per g bacterial protein. Protein was 
determined according to Lowry el 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 
as glycerol, lactose, or a mixture of amino 
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 
glucose 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 90-12.0 min. 

When the strain C57 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 their content of cyto- 

chromes in particulate preparations the 
results shown in Fig. 2 were obtained. The 



Frc:. 1. l!!ffect of cyclic AMP on growth of a 
cyclic AMP-requiring mutant of E. coli (strain 
(!5$; on various substrates. A. The mutant C57 
strain was grown overnight in medium containing 
20 mu glucose and O.l%S; casein hydrolysat,e, 
harvested, washed, and inocldated into fresh basal 
salts media containing: Xl rnnl glycerol without, 
cayclic AMP (a---@) and with 2.5 mM cyclic 
,\MP (0.--0); 20 mix lactose without (O----O ) 
:1n11 with 2.5 1~1x1 cyclic AMP (O---O ); and 0.509; 
casein hydrolysatc without (X--X) and with 
(X-~-X) 2.5 mM cyclic AMP. B. The parental KU 
and mutant (‘57 strains were grown overnight as 
described above and inoculated into fresh basal 
n&in containing 20 ~DI glucose with and without 
2.5 nl~ cyclic .4Ml’ additions. Strain C57 without 
(0) and with (0 ) cyclic AMP; strain K12 without 
(X ! and with (A 1 cyclic AMP. 

c*yclic h~IP-supplc,nlc~nted cells had co11- 
sidrrably higher levels of absorption in the 
Sowt and visiblr regions of the spectrum 
than did thcl ~11s grown Gthout. cyclic AXI I-‘. 
A’. CA has bwn rcportc>d to cont,ain an cloc- 
t ran transport system composed of flavo- 
protck, nonhcmcx iron, ubiquinonr, and 
c~ytwhromos 61 and o (4, 10). Cytochromc 
O1 leas an cu~absorption peak around 3.3%3.SS 
nm and a Sowl pc~ak around 4% nm; 
I\-h(was, cytoc~hromc~ oxidase o has an O( 
absorption yak around 563 ~lnl and a Soret 
pwl; at 42.1, nln (10, 21). In order to drter- 
mincl which of thaw c*ytochromcs (or both) 
\y(lr(L responsible for tha absorption differ- 
wws swn ill lqig. 2, analyses were conducted 
using the C’:tr>, spc~ctrophotometer to dc- 
tc>rmincl th(l IVVP~S of cgtochromcs bl and o 
and th(> protohtq~lc~ prclscnt in mutant rells 
gro\vn for ‘L..i, 32, 4.5, ;md :i.j hr in the 
prWcWW :illd the :d~sc~lc~~ of 1% 11111 cyclic 
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FIG. 2. Cytochrome levels in particulate preparations of strain C57 cells grown with and 
without cyclic AMP. The cells were grown for 5 hr in the mineral salts medium containing 
0.02 M glucose. The cells were harvested, disrupted, and particulate preparations made as 
described in Materials and Methods. The cytochromes present in these particulate prep- 
arations were examined by difference spectroscopy using a Cary spectrophotometer. A. Prep- 
arat,ion from cells grown in the presence of 1 mu cyclic AMP. B. Preparation from cells grown 
in the absence of cyclic AMP. Reduced-co minus reduced (0); reduced minus oxidized (0); 
baseline (A ). 

TABLE I 

THE EFFECT OF CYCLIC AMP ON THE LEVEL OF 
CYTOCHROMES bl AND 0 AND PROTOHEME IN 

WILD-TYPE AND MUTANT CELLS 

Strains Incuba- Cyclic A Absorbance/g protein” 
tion AMP 

period added 6, 0 Proto- 
(hrs) (md 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 
3.5 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 

a Difference spectra measured using the Cary 15 
spectrophotometer as described in Materials and 
Methods. 

cells were harvested, washed thoroughly, 
and assayed for their cytochrome content 
using the whole-cell technique. The results of 
t.hese 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 eytochrome 
levels in each case were much higher averag- 
ing approximately 0.015 absorption units/mg 
of dry weight cells. It should be pointed out, 
however, that the control cells were unable 
to grow to any appreciable extent in the 
absence of cyclic 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 
properly evaluated. 

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 II. It can be seen 
from these data that the overall cytochrome 
level in unsupplemented IQ2 cells did not 
vary appreciably as a consequence of the 
substrate upon which they were grown. In 
each case, however, the inclusion of 25 m&l 
cyclic AMP in the medium resulted in cells 
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FIG. 3. The effect of cyclic AMP concentration 
on the level of cytochromes in E. cc;li skain C57. 
The cells were grown overnight in medium con- 
taining 20 MM glucose and 0.125’~ casein hydroly- 
sate, harvested, washed, and resuspended in fresh 
medium containing ‘LO mM glucose and the indi- 
cated concentrations of cyclic AMP. After 5 hr of 
growth the cells were harvested, washed, and the 
absolut,e spectra analyzed as described in Ma- 
terials and Methods. 

having a significantly clcvated cytochromc 
cwnt’ent. 

Nest of the studies reported to date con- 
cerning the role cyclic ARlP plays in regulat- 
ing bacterial metabolism have dealt with its 
ability to reverse catabolite repression of 
various enzyme syst’ems (14, 15). Its func- 
tion in this regard has now been well estab- 
lishcd and the specific mechanism involved 
has been clarified t’hrough the use of elegant 
in vitro analyses (5, 14, 19). Thus, it is nou 
known why cyclic AMP is required for 
growt,h of IS. coli on substra’tcs such as lac- 
tow, glycerol, or certain amino acids, and 
why growth on these substrat,es is inhibit#ed 
when repressor substrates such as glucose or 
gluconatr are also included in tht: culture 
medium. 

Howcvcr, it is not yet clear why the 
growth on repressor subst,rat’es is also in- 
hibikd when cyclic AMP is unavailable to the 

cells-a situation readily observed wht>n OIN’ 
uses cyclic AMP-requiring mutant strains. 
Some insight into this problem was obtained 
when it was found in the present study that 
our qxslic AMP-requiring mutant had a 
2.5 t,o l-fold rcduwd 1~~1 of the cytochronw 
components bl and I) and protohcnw \vhcbn 
grown in the abwnw of cyclic AlI 1’. l’hwc, 
cytochromcs \vcr(’ restored to thtkir normal 
parental lcvcls and normal gro\yth on glu- 
cost ITa;; wsumcd \vhcn thr mutant w:w 
grown in t,he prcsrnw of cyclic AJII’. 

It cannot b(b dctcrmincd on the, basis 01 
theso findings whcthw or not thcw is a diwct 
causal wlationship between the ability (11 
cyclic U11’ to restore cytochronw synt,hesis 
to its normal 1~~~1 and thv resumption of 
normal growth on glucose. It may tw coirwi- 
dental that cytochromc~ tcwls bygin to iI\- 
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FIG. 4. The effect of cyclic AMP on indllction of 
cytochrome synthesis in E. coli 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 m&c cyclic AMP was added to 
the cultures. Cells grown on 20 m&l glucose with 
and withollt cyclic AMP were harvested at t,hc 
times indicated and analyzed for their cytochronle 
content (absolute spectra). The data thtls oh- 
tained were plotted on this graph on a relative 
basis. The values shown were obtained at each 
time int,erval by dividing the cytorhrome cant ent 
of cells grown in the absence of cyclic AMP into 
the value obtained for cells grown in the presence 
of cyrlic~ AIWP. 
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FIG. 5. The effect of cyclic AMP on cytochrome 
synthesis in E. col?: 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 mM cyclic AMP. These 
media contained the following substrates: (1) a 
combination of 15 mM succinate and 25 mM acetate, 
(2) 40 mM lactate, (3) 40 mM glycerol, (4) 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. coli membrane system. 

Other membrane-associated functions in E. 
coli are also knonn to be affected by cyclic 
AMP. Hempfling and Beeman (9) using a 
wild-type E. coli B strain have shon n t.hat 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 m&I cyclic AMP to the culture 
growing on glucose causes approximately a 
lo-fold increase in t.heir eficiency of oxida- 
tive phosphorylation. The rate of respira- 
tion of the cells obtained from glucose- 
cyclic AMP cultures, however, was less 
than that of control cultures grown without 
cyclic AMP. 

Recent studies carried out in our labora- 
tory using the cyclic AJIP-deficient, C57 
strain have shown that unless these cells are 
supplemented with cyclic AMP they have 
(1) a defective hexose phosphat,e transport 
system (Ezzell and Dobrogosz (1972) 
Abstr. Annu. Meet., Amer. Sot. Microbial., 
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 (1973), At&r. Annu. 
Meet., Amer. Sot. Microbial., p. 174), (3) 
an altered phospholipid pattern (Edwards, 
Goldenbaum, and Dobrogosz (1973) A bstr. 
Annu. Meet., Amer. Sot. Microbial., p. 174), 
and (4) a defective anaerobic metabolism 
including a retarded formic hydrogenlyase 
system (16). 

Although much yet remains to be explored 
in t,his connection, evidence is beginning to 
accumulate indicating t.hat cyclic AMP plays 
an import.ant role in regulating the synthesis 
and function of key components of the E. 
coli membrane system. Recent studies on 
the respiratory enzymes cont.ained in iso- 

TABLE II 
THE EFFECT OF CYCLIC AMP ON CYTOCHROMI” 

I~EVELS IN E. CO& K12 CELLS 

Growth Cyclic AMP Absorbance per mg 
substrate’” cell dry weight 

Acetate--suc- - 0.016 
cinate + 0.017 

Lactate - 0.013 
+ 0.019 

Glycerol - 0.010 
4 0.018 

Mannitol - 0.010 
+ 0.017 

Glucose - 0.012 
+ 0.029 

Glucose-glu- - 0.016 
conate + 0.021 

n Except that parental X12 cultures (rather 
than C57 mutant, cells) were used in this experi- 
ment, the growth conditions were identical to 
those described in Fig. 5. When added (f) the 
cyclic AMP concentration was 2.5 mM. 
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Iatt>d and purifird membrane fragments have 
tended to further confirm this hypothesis 
(Dills and Dobrogosz, unpublished observs- 
tions). These findings suggest’ that’ t’he role 
cyclic AA1 1’ plays in the grojvth and mctabo- 
lism of E’. wli may not be limited to its \vell- 
Icnown effect on cwtain catabolite-rcpressiblc 
*ysttms for utilization of carbohydrates. X 
working model is currcnt’ly being used in 
our laboratory to further cxaminr the effect 
this cyclir nuckotidn has on the construc- 
t ion and (qtrration of this organism’s 
nwmbranc syvst (‘111. 
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