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1. Introduction

In enteric bacteria such as Escherichia coli and
Salmonella typhimurium , glucose exerts at least three
profound but different inhibitory effects on the utiliza-
tion of other nutrients; the terms catabolite repression
[1], transient repression [2]} and inducer exclusion [3]
have been applied to those phenomena. The first of
these terms is used to describe the effect of glucose
(or, following Magasanik’s demonstration [1] that the
effect is not confined to glucose, any other carbon
source that is readily utilized for growth) on the
expression of an inducible enzyme. It was first recorded
nearly 40 years ago by Epps and Gale [4], who demon-
strated that glucose inhibited the synthesis of amino
acid decarboxylases by E. coli. However, since not
only glucose but a wide variety of nutrients affect the
differential rates of synthesis of enzymes that are nor-
mally inducible, even in mutants that form these
enzymes constitutively, the effect indicates a general
correlation between the intensity of carbon flux
through catabolic pathways and the rates at which
the genes specifying these enzymes are expressed.

‘Transient repression’ describes the observation that
glucose [5] or some other good carbon source [6],
when added to a bacterial culture in which an induc-
ible enzyme is being synthesized gratuitously [7]
during growth on a relatively poor carbon source, halts
the synthesis of that inducible enzyme for up to 1 dou-
bling of the cells, after which synthesis begins again at
a rate characteristic of the rate of expression of the
enzyme during growth on the new carbon source. As
with ‘catabolite repression’, ‘transient repression’ is
observed also in cells that form the relevant enzyme
constitutively.
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‘Inducer exclusion’, unlike the other two effects of
glucose already mentioned, acts not on the expression
of genes dirkctly but on the entry of the inducers
necessary to activate those genes. This phenomenon
was first described in 1959 by Cohn and Horibata [3],
who found that the induction of -galactosidase in
succinate-grown E. coli by 0.5 mM methy! 8-D-thio-
galactoside was totally abolished by the simultaneous
addition of 1 mM glucose but that this inhibition could
be overcome either by increasing the concentration of
inducer or by delaying the addition of glucose. Winkler
and Wilson [8] confirmed that glucose inhibited the
transport of §-galactosides even by cells that formed
this latter transport system constitutively; since the
glucose analogue methyl a-D-glucoside (eMG) was
also effective as an inhibitor, and since this effect was
not observed with mutants impaired in the sugar-spe-
cific component of the uptake system for glucose and
oMG, it was clear that some component of the glucose
uptake system was responsible for mediating the
exclusion of lactose and other 3-galactosides.

Before this interaction can be considered further,
it is necessary briefly to compare the transport sys-
tems for B-galactosides (and many other sugars, sugar-
phosphates and dicarboxylic acids) with those that
effect the uptake of glucose (and a variety of other
hexoses and hexitols) in enteric bacteria. The former
class of substrates are taken up by ‘active transport’,
ie., they are taken up by processes that depend on
the expenditure of metabolic energy, but their sub-
strates traverse the cell envelope to appear in the cyto-
plasm chemically unchanged. In contrast, the latter
group of hexoses and hexitols undergo phosphoryla-
tion at the expense of phosphoenolpyruvate (PEP),
apparently concomitantly with their uptake into the
cell, and thus appear in the cytoplasm either as the
6-phosphate (in the case of glucose, glucosamine,
N-acetyl glucosamine, mannose and the hexitols) or
as the 1-phosphate (in the case of fructose). The
mechanism of this transfer of phosphate from PEP to
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the sugar or sugar alcohol has been elucidated largely

by S. Roseman and his colleagues (reviewed [9—12]).

The overall process has been termed ‘the PEP-depen-

dent phosphotransferase’ (or ‘PT’) system; it involves

at least:

(1) An initial transfer of phosphate from PEP to a
small phosphoryl carrier protein, HPr; this is
catalysed by an enzyme termed enzyme [; and

(ii) Asubsequent transfer of phosphate from phospho-

HPr to the sugar substrate, catalysed by one or
more relatively sugar-specific enzymes II. The
enzymes II are firmly bound to the inner mem-
brane of the cell but may also be associated with
more easily solubilized proteins (‘Factors III)
that mediate the transfer of the phosphate moiety
from the phospho-HPr to the sugar.

Further evidence for the involvement of the PT-
system in the utilization of sugars taken up by active
transport (which, for convenience, will be generically
termed ‘non-PT-sugars’) comes from studies of mutants
impaired in enzyme I function, Such mutants are, of
course, impaired also in the utilization of all PT-sugars,
since they cannot catalyse the process (i) common to
their uptake; however, they are also impaired to vari-
ous degrees in the utilization of non-PT-substrates
such as lactose, galactose, melibiose, maltose, glycerol
and succinate [13—17]. As was first shown by
Gershanovitch et al. [18], this phenomenon does not
indicate a role of the PT-system in the intracellular
catabolism of the affected substrates but is due to an
increased difficulty in inducing the enzymes required
for their uptake and catabolism. Mutants lacking
enzyme I activity could be induced to grow on lactose
if either the non-catabolizable inducer isopropyl
B-D-thiogalactoside (IPTG) or cyclic adenosine 3',5';
monophosphate (cAMP) was also added to the medium
[19]; moreover, once the lactose permease of enzyme
I-mutants has been induced with IPTG, such mutants
continue to grow for many generations on lactose even
in the absence of IPTG and maintain their ability to
express the lac operon [20]. Similarly, the addition of
cyclic AMP to cultures of mutants lacking enzyme I
activity enables them to grow on glycerol [21] and on
all other non-PT-substrates tested [22].

The relationship of cAMP to sugar utilization had
been revealed by three main observations in the late
1960s. It was found that cAMP could overcome both
the catabolite repression [23,24] and the transient
repression [25] caused by glucose; it was also found
that mutants impaired in adenylate cyclase (and hence
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deficient in cAMP) grew only poorly if at all on a vari-
ety of sugars but that the addition of cAMP restored
the normal utilization of all these carbon sources [26].
The repressive effects of glucose on the induction of
other enzyme systems can thus be viewed largely (if
not entirely [27]) as a modulation of cAMP levels in
the bacterial cells; indeed, glucose has long been
known to lower the intracellular concentration of
cAMP {28] and to inhibit the membrane-associated
adenylate cyclase [29]. The question thus arises
whether cAMP is also involved in inducer exclusion.

There are two lines of evidence that raise this pos-
sibility. The first comes from studies of the effects of
oMG on ‘leaky’ enzyme I mutants of S. typhimurium
and E. coli [30]. In such mutants, some residual
enzyme [ activity can still be detected: these mutants
could be induced to grow on non-PT sugars such as
maltose, melibiose and (£. coli only) lactose, and on
glycerol, but this induction was sensitive to inhibition
by oMG in as low a concentration as 5 uM [31]. This
abnormal sensitivity to aMG was overcome by a fur-
ther mutation, designated crr (for carbohydrate repres-
sion resistance), which mapped close to the genes pisl,
specifying enzyme I, and ptsH, specifying HPr, on the
S. typhimurium genome. A biochemical consequence
of the ¢rr-mutation in these organisms was a dramatic
decrease in the level of a protein (factor I1IG!¢) asso-
ciated with the enzyme II for the uptake of glucose
and of aMG; another was that such ¢rr-mutants of S.
typhimurium were markedly impaired in their ability
to form cAMP during growth on a mixture of amino
acids and galactose [31]. Saier and Feucht [31] there-
fore suggested that the crr-gene product isa regulatory
protein, RPr, which is phosphorylated by PEP via
enzyme I and HPr, and that this protein (or its phos-
phorylated form phospho-RPr) allosterically regulates
the activities of adenylate cyclase and the permease
proteins for the uptake of non-PT-sugars.

A second possible association between cAMP and
inducer exclusion arises from the effects of glucose
on the uptake of PT-sugars. These are operationally
analogous to the effects exerted by glucose on non-
PT-sugars. Glucose or its non-catabolizable analogues
(e.g.,aMG, 2-deoxyglucose, 5-thio-D-glucose and
3-deoxy-3-fluoroglucose) powerfully inhibit the
uptake of PT-sugars such as fructose or sorbitol by
E. coli, even when the uptake system for fructose or
sorbitol is fully induced and this does not occur if the
glucose-specific enzyme 11 is absent [20,32]. Mutants
resistant to inhibition by 5-thio-D-glucose were
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selected: in them glucose was still utilized virtually
normally but glucose or some of its analogues no
longer inhibited the uptake of any PT- or non-PT-sugar
[33,34]. Like the crr-gene [35], the lesion responsible,
designated #gs (to indicate loss of thioglucose sensitiv-
ity), mapped close to the pts/ and ptsH genes on the
E. coli genome; like crr-mutants of S. typhimurium,
tgs-mutants of E. coli were markedly impaired in
adenylate cyclase activity [33]. Does this indicate that
the mechanisms of inducer exclusion by glucose on

the uptake of non-PT-sugars and of PT-sugars are iden-

tical, and that cAMP plays a necessary role in them?
It is the purpose of this paper to present evidence that
the answer to both these questions is ‘No’.

2. Experimental

2.1. Isolation of mutants

tgs- and crr-Mutants were selected from strains of
E. coli that carry the temperature-sensitive allele of
the gene specifying enzyme 1 activity, pts/® . fgs-Mut-
ants were obtained as organisms resistant to 5-thio-
D<lucose at 30°C on media containing 10 mM fruc-
tose and 2 mM 5-thio-D-glucose, asin [33]. crr-Mutants
were selected as p£s/®-mutants that had regained the
ability to grow on maltose or glycerol at 40°C despite
the absence of enzyme I activity at the higher temper-
ature [35]. Both the #gs- and crr-mutations, together
with the closelyinked p£s/®™ marker, were transferred
by phage P1-mediated transduction to a p#s/ derivative
of E. coli strain HK24 [36] as in [34]; one colony
obtained from each transduction was purified and
designated PW11 (zgs) and PW127 (crr). The ptsi’s
1gs” crr’ strain PW7 [37] was used in control experi-
ments.

The ptsl purB double mutant HK623 was isolated
in two steps. In the first, strain PA309 (¢rp his arg thr
leu str; [38]) was crossed with strain HK548, a deriv-
ative of the Hfr-strain KL16 that carried the markers
umgC (constitutive uptake of aMG [39]) and purB;
the recombinant HK557 was selected as a Trp* StrR
colony and was found to carry the markers #is arg thr
leu purB str. This was in turn conjugated with strain
2570C, a ptsI-derivative of strain KL16 [16], recom-
binants being selected for His* StrR. Many of these
had acquired the pts/-marker of the donor strain: one
of them was purified by the isolation of single colonies
and used as strain HK623. The selection of mutants
HK597,598, 690 and 691 is described in section 3.
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2.2. Growth of cells

Cultures of E. coli were grown aerobically at 30°C
or 37°C on defined media containing salts [40] sup-
plemented at 80 mg . 1™! with adenine and amino acids
as required by the bacterial strains used, plus carbon-
sources at the following concentrations: glycerol,
20 mM; hexoses, hexitols, gluconate, 10 mM; and
disaccharides, 5 mM. Growth was estimated turbidi-
metrically as A¢go in 2 Unicam SP600 spectrophotom-
eter. With the cultures and instrument used, an 4 ¢g
of 1.0 was found to be equivalent to a bacterial dry
mass of 680 ug . ml™%.

2 3. Measurement of uptake

The uptake of '*C-labelled sugars by cell suspen-
sions was measured asin [41].Radiolabelled substrates
were purchased from the Radiochemical Centre,
Amersham.

2 4. The phosphotransferase activity
This was determined in cells rendered permeable
with toluene by the method in [42].

3. Results

3.1. Rates of growth in the presence and absence of
enzyme I function

Since all the strains PW7, PW11and PW127 contain
temperature sensitive enzyme I function, active at
30°C but inactive (and rapidly destroyed) at 37°C
[15], growth in the presence and in the absence of
enzyme | activity could be measured at these two tem-
peratures (table 1). On gluconate, the utilization of
which is not dependent on the PT-system, all the
strains grow faster at 37°C than at 30°C. However,
the control strain PW7 and the fgs-mutant PW11 grew
much faster at 30°C than at 37°C both on the PT-
sugars glucose and fructose and on the non-PT-carbo-
hydrates maltose, lactose and glycerol. In contrast,
the strain containing the crr-mutation grew as rapidly,
or more rapidly, at 37°C than at 30°C on all substrates
except the PT-sugars. The rate of growth on each sub-
strate at 30°C was not substantially changed by either
mutation. The crr-mutant thus behaved like the
mutant described in [35) whereas, on these criteria, the
tgs-mutant PW11 was barely distinguishable from the
control strain PW7 that also carried the pzsI®-marker.
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Strain and Temp.  Doubling time (h) of growth on:
markers CO
Glucose Fructose Maltose Lactose Glycerol Gluconate
30 2.5 2.5 2.5 2.0 2.0 2.0
PW7 (1) 37 >10 >10 >10 >10 >10 175
PWI1 (tes) 30 2.75 2.25 2.75 2.5 2.25 2.5
ve 37 >10 >10 4.0 4.75 4.0 2.0
30 2.25 2.25 2.25 2.5 3.0 225
PWI27 emy 5, >10 >10 2.5 2.0 1.5 1.25

Cells were grown in minimal medium containing gluconate at 30°C, harvested and resuspended in fresh

zemn gk fazdes o dhin ol e oo

medium containing the carbon source shown. Growih was measured at 30°C and 37°C

3.2. Rates of growth in the presence and absence of
glucose analogues

Growth on fructose (F‘a 1)

nd on maltose (fic . 2)
f1g.1 ) and on maitose (i1

1 H ey

a
was measured in the presence of the glucose analogue

(a)
05
0 4}
0.3

T

—T

02

-

N
‘fx

Cell dansity {mg dry mass.mi
g
© o oo ©
(SR R . -
I fij
T —Tr T 11T
>\\
\ )

o

} N\

Y
W)
»)
o
@

]
(c)os
0.4
03

02

time (h)

ig.1. Effect of glucose analagues on the erowth on fructosge

siiect glucose analogues on growin on iru

of 1gs- and crr-mutants. Strains (a) PW7 (wild-type), (b)
PW11 (gs) and (c) PW127 (crr) were grown in minimal
medium containing gluconate at 30°C, then harvested and
resuspended in fresh medium containing fructose at 30°C.
Growth was measured when methyl a-glucoside (10 mM)
(open symbols) or 2-deoxyglucose (2 mM) (closed symbols)
were: (0,e) absent; (2,4) added at the same time as the sub-
strate; or (o,m) added after 1 doubling of the cells.

aMG, which is taken up and phosphoryiated by the
enzyme II specified by ptsG [43], and of 2-deoxyglu-

cose, which is nrednmmnnﬂv a substrate for the

sLDsirale 10r e

enzyme 1 specxﬁed by ptsM [44]. As reportedin [41],

e

(a}

T

o o O o
~n w o
a —T T T
T
»

< 7 4 .,
E (b)";— C

g o ) -

2 o4 = -
H

z 03 -

o

E 02 -

> 4

2 4

L]

: 0.1 TS N Y NN T R
g ()

o o0
w b o
N R
T T T

o ¢
i )
§

W

o
N
N
|
s
o
&
~

nme (nJ

Fig 2. Effect of slucose analooues on the erowth on ma

0se
........... £21COSE anaioguts o6 1 growill on mal tose

of tgs- and crr-mutants. Strains (a) PW7 (wild-type), (b)
PW11 (1g5) and (c) PW127 (crr) were grown in minimal
medium containing gluconate at 30°C, then harvested and
resuspended in fresh medium containing maltose at 30°C
Growth was measured when methyl aglucoside (10 mM)
(open symbols) or 2-deoxyglucose (2 mM) (closed symbols)
were: (o,®) absent; (2,4) added at the same time as the sub-
strate; or (o,m) added after 1 doubling of cells.
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the growth of the wild-type strain on either sugar was
inhibited by these analogues. However, the mutants
behaved differently. The tgs-strain PW11 was unaf-
fected by the addition of aMG, irrespective of the car-
bon source on which it was growing. The growth of
the crr-strain PW127, on the other hand, was strongly
inhibited by aMG when fructose was the carbon
source (fig.1) but not when maltose was the growth
substrate (fig.2). Where mutants grew in the presence
of analogues, this growth took place even if the anal-
ogue was added at the same time as was the substrate,
which indicates that the mutations permitted the
induction, and not merely the continued function, of
the fructose and maltose transport systems.

Since all the strains were inhibited by 2-deoxyglu-
cose in their growth on either fructose or maltose,
these results imply that both the rgs- and the crr-muta-
tions specifically modify regulation effected by mate-
rials that enter the cells via the PtsG system; however,
the two mutations differ in that the crr-mutation abol-
ished the exclusion by glucose of non-PT-sugars
whereas the 7gs-mutation protected against MG on all
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substrates. This has been confirmed by direct measure-
ment of the uptake of a variety of carbohydrates in
the presence of glucose. The tgs-mutation specifically
abolishes the ability of glucose and aMG to exclude
other substrates whereas the crr-mutation affects only
the ability of glucose and aMG to exclude non-PT-
sugars [34,45].

3.3. Uptake and phosphotransferase activity

Since both the #gs- and crr-mutations affect the
PtsG-system, albeit in different ways, the rates of
uptake and of phosphoenolpyruvate-dependent phos-
phorylation of the PtsG-specific substrate aMG were
determined, with fructose as a control (table 2). The
substrate concentrations employed in these experi-
ments were much lower than those used for the mea-
surement of growth: whereas 10 mM sugars were used
in growth experiments, 100 uM were used for the
measurement of uptake of [**C]hexose by washed cell
suspensions and 1 mM for the phosphorylation of
sugars by permeabilized cells. All the organisms studied
were ultimately derived from strain PA309, which

Table 2
Uptake and phosphotransferase activities of #gs- and crr-mutants

(a) Strain  Marker Growth Uptake (nmol . min~!. mg dry mass™') of:
substrate
aM["C]G with [**C}Fructose with
none fructose none aMG
PW7 + Glucose 17 - 2 -
Fructose 28 25 28 2
PWI11 tgs Glucose 7 — 2 -
Fructose 8 5 22 11
PW127 crr Glucose 23 - 2 -
Fructose 19 - 13 1
(b) Strain  Marker Growth PT-activity (nmol PEP . min~'. mg
substrate dry mass ml™') with
a-MG Fructose
PW7 + Glucose 11 0.5
Fructose 70 38
PW11 tgs Glucose 7 4
Fructose 7 40
PW127 crr Glucose 16 2
Fructose 64 73

Cells were grown in minimal medium containing the hexose shown, at 30°C. Mea-
surements of (a) uptake and (b) phosphotransferase activity were performed as in
section 2. In the uptake experiments, the inhibiting sugars shown (2.5 mM) were

added immediately before the [**C]hexose
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synthesizes the PtsG-system constitutively. One fea-
ture of the ‘constitutive’ PtsG-system is that the rate
of uptake and of phosphorylation of aMG is greater
in cells grown on fructose than in cells grown on glu-
cose [42]. The uptake and phosphorylation of fruc-
tose are inducible, irrespective of the constitutivity or
inducibility of the PtsG-system.

The crr-mutation produced no substantial change
in any of the activities measured. Although the zgs-
mutation did not affect the capacity of the cells to
take up and phosphorylate fructose, it considerably
reduced the corresponding activities with aMG when
supplied at these low concentrations. Furthermore,
tgs-mutants grown on fructose had uptake and phos-
phorylation activities no greater than those grown on
glucose. The measurements of uptake were repeated
in the presence of a 25-fold excess of unlabelled sugar
(fructose for the uptake of aM['*C]G and aMG for
the uptake of [**C]fructose) added immediately
before the radio-labelled substrate. In both the crr-
mutant and in the wild-type strain, MG inhibited the
uptake of ['*C]fructose by >90%, but aMG inhibited
by only 50% in the tgs-mutant. Excess fructose
impaired the uptake of aM{*C]G by only 10% in the
control strain; however, fructose reduced the uptake
of methyl a-glucoside by 37% in the zgs-mutant.

3.4. Adenylate cyclase activities

One important difference in the properties of zgs-
and crr-mutants is their ability to grow on substrates
whose uptake systems are inducible with difficulty,
such as C4-dicarboxylates. #gs-Mutants grow only
poorly and after a long lag on fumarate or succinate;
this reluctance can he overcome by the addition of
cAMP. Thus, whereas the pzsi®-strain PW7 grew at
30°C on 10 mM fumarate with a mean doubling time
of 2.7 h both in the presence and in the absence of
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2.5 mM cAMP, the tgs-mutant PW11 took >10h to
double on this C4-substrate in the absence of cAMP; it
took only 2.8 h in its presence. In contrast, the crr-
mutant PW127 behaved like strain PW7 under these
conditions. These findings suggest that only the #gs-
mutant is significantly impaired in adenylate cyclase
activity: as shown in table 3, this was borne out in
practice. Moreover, whereas the adenylate cyclase
activities of the wild-type and crr-strains were inhibited
by aMG, and this inhibition was overcome by PEP
[47], the low activity of the fgs-mutant was much less
responsive to these additives.

3.5. Adenylate cyclase activity and glucose transport

The correlation between the activity of adenylate
cyclase in various E. coli mutants and their ability to
utilize C4-dicarboxylates for growth focused our
attention on a serendipitous observation. In order to
obtain a ptsl-mutant of the F~ strain PA309 (trp his
arg thr leu str) routinely used in our laboratory, the
Hfr strain 2570C (a pts/ derivative of strain KL16
[13]) was conjugated with strain PA309 and recombi-
nants were selected for Trp*, the donor being counter-
selected by the inclusion of streptomycin, and were
screened for the absence of enzyme I function by
determining their ability to grow on the PT-sugar
alcohol, sorbitol. The pts/-recombinants thus obtained
were also replica-plated onto fumarate. Rather to our
surprise, there was a sizeable proportion of recombi-
nants that, whilst clearly pts/, grew on fumarate;
single-colony isolates of each of the fumarate® and
fumarate ~ class (designated HK597 and 598, respec-
tively) were studied further.

Analysis of these two strains confirmed that, as
commonly found in p#s/-mutants [49], their adenylate
cyclase activities were considerably lower than those
of wild-type cells; however the fumarate” strain
HK597 formed 7.5 pmol cAMP . min ' . mg protein ™

Table 3
Adenylate cyclase activities in strains of E. coli

Strain Marker Activity in the presence of:

No addition 1 mM aMG 1 mM PEP
PW7 + 10 3 12
PW11 tgs 1.6 1 1.8
PW127 crr 7 2 7

Adenylate cyclase activity was measured [46] in toluenized cells. Activities are
expressed as pmol cAMP formed . min~!. mg protein~!
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whereas the fumarate ~ strain HK598 formed
<1 pmol . min™ . mg protein .
This difference in activity affected also the prop-
erties of zgs-mutants derived from these two strains.
Phage P1 was propagated on a #gs-strain of £. coli and
was used to infect strains HK597 and 598; PtsI*-trans-
ductants were selected as colonies able to grow on
sorbitol. Itis known [34] that ptsl and tgs are co-trans-
ducible to nearly 100%; the transductants selected
would thus be highly likely to be Tgs™. This was found
to be the case: in cultures of both the transductant
from strain 597 (designated HK690) and of that from
strain 598 (designated HK691), glucose was used
simultaneously with fructose but was not used prefer-
entially. However, the elevated adenylate cyclase
activity of strain 690 (>3 pmol cAMP . min ' . mg
protein ~') was associated not only with its ability to
grow on fumarate but also with an obvious preference
for fructose over glucose (fig.3); strain HK691, which
formed only about 1 pmol cAMP . min~!. mg pro-
tein ! behaved like other zgs-mutants reported [34] in
utilizing fructose and glucose to the same extent and in

700

HK690
600
500
400L
300+

200

100~

[ C]Hexose tncorporated (n mol.mi™1)

| 1 1

FEBS LETTERS

25 August 1980

being unable to grow overnight on plates containing
fumarate as carbon source, unless cAMP was also added.
These findings suggested an association between
adenylate cyclase activity and the rate at which glu-
cose enters the cell. Evidence in support of this sug-
gestion was obtained by analysis of PurB* transduc-
tants obtained when phage P1, propagated on the
original pts/-strain 2570C, infected the p#s/ purB dou-
ble mutant HK623 (see section 2). As mentioned ear-
lier, the enzyme II specific for the uptake of glucose
and aMG may be formed by different strains of £. coli
either inducibly (as in the phage donor strain) or con-
stitutively (as in the recipient strain); the gene ptsG
specifying this enzyme Il is about 20% co-transducible
with purB [43]. It is therefore highly suggestive that
about 15% of the PurB” transductants obtained were
able to grow on fumarate whereas the remainder
retained the fumarate ™ phenotype of strain HK623;
of course, all the transductants were still devoid of
enzyme | activity. Whether the character, present in
the donor strain, that permits the pts/- or tgs-mutants
to grow on fumarate and that, in sgs-mutants, reduces

HK691

| A | J

J
0 0.1 0.2 0.3 0.4 0.5
Cell density (mg.ml'1J

L
0.1 0.2 0.3 0.4 0.5 0.6

Fig.3. Utilization of glucose and fructose by the fgs-mutants. HK690 (fumarate*) and HK691 (fumarate™), growing on a mixture
of these two sugars. Fructose-grown inocula were transferred to flasks containing 5 mM [**C]glucose and S mM unlabelled fructose,
or 5 mM glucose and 5 mM [**C]fructose. The incorporation of **C derived from glucose (®) and fructose (o) during subsequent

growth was measured as in [41].
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the entry into the cell of glucose in the presence of
another PT-sugar, is indeed associated with an altered
enzyme II for glucose, is currently being investigated.

4. Discussion

These findings show that glucose exerts ‘inducer
exclusion’ on the uptake both of PT- and non-PT-
sugars, but that the mechanisms whereby this effect is
achieved are not identical. In particular, and in confir-
mation of the work of Saier and his colleagues with
S. typhimurium [30], mutants can be isolated in
E. coli that exhibit the Crr ~-phenotype. In them, glu-
cose no longer excludes non-PT-sugars; however, glu-
cose still excludes PT-sugars. As expected from the
method of their selection (the ability to grow on glyc-
erol, maltose or C4-dicarboxylates in the absence of
enzyme 1 function) crr-mutants of E. coli are also not
significantly impaired in adenylate cyclase activity.
Glucose-mediated ‘inducer exclusion’ of PT sugars, on
the other hand, can be overcome by a zgs-mutation
that not only differs from crr in all the respects men-
tioned but maps at a site on the £ coli genome sepa-
rated by at least two known genes from crr [34,50].

The findings that the adenylate cyclase activities
of ptsi- and tgs-mutants (though always lower than
their wild-type parents) can be altered by a gene that
also affects the entry into the cells of glucose in the
presence of other PT-sugars suggests that it is the
close association of these membrane-associated pro-
cesses that determines the partition of phosphate,
from PEP via the other components of the PT-system,
between adenylate cyclase and the sugar-specific
enzyme II. Although much needs to be learned about
the details of this process, it is evident that the for-
mation and function of cAMP is casually, not causally,
related to the phenomena of ‘inducer exclusion’.

Acknowledgements

We thank Dr M. C. Jones-Mortimer for many help-
ful discussions and The Science Research Council for
supporting this work through research grant GR/B
22482 and through a research studentship to P.D. W,

References

[1] Magasanik, B. (1961) Cold Spring Harbor Symp. Quant.
Biol. 26, 249--256.

FEBS LETTERS

25 August 1980

[2] Moses, V. and Prevost, C. (1966) Biochem. J. 100,
336-353.

[3} Cohn, M. and Horibata, K. (1959) J. Bacteriol. 78,
624-635.

[4] Epps, H. M. R. and Gale, E. F. (1942) Biochem. J. 36,
619-623.

[5] Paigen, K. (1966) J. Bacteriol. 91, 1201—-1209.

[6] Tyler, B., Loomis, W. F. and Magasanik, B. (1967) J.
Bacteriol. 94, 2001-2011.

[7] Monod, J.(1956) in: Enzymes: Units of Biological Struc-
ture and Function (Gaebler, 0. H. ed) pp. 7—28, Aca-
demic Press, London, New York.

[8] Winkler, H. H. and Wilson, T. H. (1967) Biochim. Bio-
phys. Acta 135, 1030-1051.

[9] Roseman, S. (1969) J. Gen. Physiol. 54, 1385—180s.
[10} Roseman, S. (1975) Ciba Found. Symp. 31, 225-241.
[11] Postma, P. and Roseman, S. (1976) Biochim. Biophys.

Acta 457,213-257.

[12] Hays, J. B. (1978) in: Bacterial Transport (Rosen, B. P.
ed) pp. 43102, Marcel Dekker, New York.

[13] Wang, R. J. and Morse, M. L. (1968) J. Mol. Biol. 32,
59-66.

[14] Fox, C. F. and Wilson, G. (1968) Proc. Natl. Acad. Sci.
USA 59, 988--995.

[15] Bourd, G. L., Shabolenko, V. P., Andreeva, L. V.,
Klyutchova, V. V. and Gershanovitch, V. N. (1969)
Molekul. Biol. 3, 256—-266.

[16] Wang, R. J., Morse, H. G. and Morse, M. L. (1969) J.
Bacteriol. 96, 605-610.

[17] Wang, R. J., Morse, H. G. and Morse, M. L. (1970) J.
Bacteriol. 104, 13181324,

[18] Gershanovitch, V. N., Bourd, G. L., Jurovitzkaya, N. V.,
Skavronskaya, A. G., Klyutchova, V. V. and Shabolenko,
V. P. (1967) Biochim. Biophys. Acta. 134, 188—190.

[19] Pastan, 1. and Perlman, R. L. (1969) J. Biol. Chem. 244,
5836--5842.

[20] Kornberg, H. L. (1973) Symp. Soc. Exp. Biol. 27,
175-193.

[21]) Berman, M., Zwaig, N. and Lin, E. C. C. (1970) Bio-
chem. Biophys. Res. Commun. 38, 272-278.

[22] Watts, P. D. (1979) PhD Thesis, University of Cambridge.

[23] Perlman, R. L. and Pastan, 1. (1968) Biochem. Biophys.
Res. Commun. 30, 656—664.

[24] Ullmann, A. and Monod, J. (1968) FEBS Lett. 2,
57-60.

[25] Perlman, R. L., de Crombrugghe, B. and Pastan, I.
(1969) Nature 223, 810—812.

[26] Perlman, R. L. and Pastan, 1. (1969) Biochem. Biophys.
Res. Commun. 37, 151-157.

[27] Ullmann, A. and Danchin, A. (1980) Trends Biochem.
Sci. 5,95-96.

[28] Makman, R. S. and Sutherland, E. W. (1965) J. Biol.
Chem. 240, 1309-1314.

[29] Harwood, J. P. and Peterkofsky, A. (1975) J. Biol.
Chem. 250, 4656—-4662.

[30] Saier,M.H.and Roseman, S. (1976) J. Biol. Chem. 251,
6598-6605.

[31] Saier, M. H. and Feucht, B. U. (1975) J. Biol. Chem.
250, 7078--7080.

K35



Volume 117, Supplement

[32] Kornberg, H. L. (1972) in: The Molecular Basis of Bio-
logical Transport (Woessner, J. F. and Huijing, F. eds)
Miami Winter Symp. 3, pp. 157—180, Academic Press,
London, New York.

[33] Kornberg, H. L. and Watts, P. D. (1978) FEBS Lett. 89,
329-332.

[34) Kornberg, H. L. and Watts, P. D. (1979) FEBS Lett.
104, 313-316.

[35] Jones-Mortimer, M. C. and Kornberg, H. L. (1974)
FEBS Lett. 48,93-95.

[36] Hunter, I. S. and Kornberg, H. L. (1979) Biochem. J.
178,97-101.

[37] Jones-Mortimer, M. C., Kornberg, H. L., Maltby, R. and
Watts, P. D. (1977) FEBS Lett. 74,17-19.

[38] Bachmann, B. J. (1972) Bacteriol. Rev. 36, 525-557.

[39) Jones-Mortimer, M. C. and Kornberg, H. L. (1980) J.
Gen. Microbiol. 117, 369-376.

[40] Ashworth, J. M. and Kornberg, H. L. (1965) Proc. Roy.
Soc., B, 165, 179-188.

K36

FEBS LETTERS

25 August 1980

[41) Amaral, D. and Kornberg, H. L. (1975) J. Gen. Micro-
biol. 90, 157-168.

[42] Kornberg, H. L. and Reeves, R. E. (1972) Biochem. J.
126, 1241--1243.

[43] Kornberg, H. L. and Smith, J. (1972) FEBS Lett. 20,
270-272.

[44] Courtis, S. J. and Epstein, W. (1975) J. Bacteriol. 122,
1189-1199.

[45] Kornberg, H. L. (1980) in: Biological Cycles, Academic
Press, London, New York, in press.

[46] Salomon, Y., Londos, C. and Rodbell, M. (1974) Anal.
Biochem. 58, 541-548.

[47] Feucht, B. U. and Saier, M. H. (1980) J. Bacteriol. 141,
603-610.

[48] Kornberg, H. L. and Watts, P. D. (1980) Biochem. Soc.
Trans. in press.

[49] Peterkofsky, A. and Gazdar, C. (1975) Proc. Natl. Acad.
Sci. USA 72, 2920-2924.

[50] Jones-Mortimer, M. C. (1980) personal communication.



