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Compartmentation of the Metabolism of Lactose, Galactose and Glucose in

Esche rwr:ia coli

I 5 4.7 e ) 24 I Jf
BY D.C.H. MCBRIEN* AND V. ROSES+

Laboratory of Chemical Biodynamics and Lawrence Radiation Laboratory,

a

University of California, Serkeley, Calif., U.S.A. 84720

SUMMARY
Compartmentation phenomena have been studied in the course of the

simultaneous metabolism of qlucose, calactose and Tactose by cells of

Escherichia coli which were induccd for either the lac operon, the gal

coeyon, both or neither, Metabolic pat terns were investicated in each
nhenotype by incubating varallel Vdentical cultures with the three sugars
in equal chemical concentration but labelled differently with 14C,  The
four Tabelled zubstrates were nlucose, calectoss, and lactose labelled

gither exclusively in the glucose mo ie ty or exclusively in the galactose
moiety.
Tne metabelites from free glucosz in the medium equilibrated with
those frem free calactose in the medium, & it did not ecuilibrate with

metabolic products, derived from giucoze aenerated endogencusly by the

hydrolysis of lactose, Similarly, metabolic products derived from

3

calactese forred in the hydrolysis of lactese equilibrated with those

from gluccse from tne same scurce, but not with metabelic intermadiates

'h

rmed from either free gluctse or free calactose in the medium., Other

[ )
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interpretations of these results, not invoiving metabolic compartimenta-
tien, have been considerad and iound inadequate to account for the
ebserved results, Some of the implications of compartmentation in

bacterial cells are discussed.

INTRODUCTION

~>Luc“11u1ar cc"ﬂartﬁentutiru of pools of metzdolic intermediates is
known to be a widespread phenomenon (Moses, 19€6), and it is bable

that ¢ unpart entation plavs a role in the control of biochemica)

PN

reactions in vive. Most evidence for metabolic comparimentation so far
ohtained has come from studies on cells which contain observable barriers
to the free diffusion of solutes, The present compunication describes

an investination wade upon an organism wnich contains ne visible internal

GVEFaﬂﬂ"-~E:Cﬂerluth celi,

Comhartmentation iz not necessarily & wornhological shencmenons
the frea diffusion of metabolic intermedictes raay be inhibi L»' in other
wavs, At a moleculer level, for exemple, one might cnvisags compounds
hound to the szrfags of an integrated enzyme sequence, with intermediates
along the pathway never being released {0 enuilinrate with thoir respective
ponls, Simi]arly; if the position et which a particular comoound is
formed and released in the coll is sufficiently distant from the loca-
tieﬁ of its intracellular pool it may undergo reaction befere reaching
the dntracellular pocl, thus rreventing the latter from achieving true
ecuiiibrium with the compound at all its locations in the cell,
Experimentaliv, the study of comparimentation in living czils piresents

Siews arising from the difficully of distinguishing Letween
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eral reservoirs of a substance without fractionating the cell and

thereby causing its death, Those attempts which have been made to.

investigate compartmentation in vivo have relied upon studies of the

pee

metabolic behaviour of certain compounds. In some investigaticns meta-
bolic data is best interpretad by supposing that certain substances

. - \ .
exist in two or more non-equilibrating reservoirs, MFoses & Lonbe rg-;o]n

(1866) extended this approach and sought to expose metabolic compart-

“mentation by 6cv1gn1no experiments in which certain metabolites would

be aenerated intracellulariy in a number of ways. and would be recog-

-

-7

nizable as a result of radinactive labeiling. This method has been used

in the present study.

The area of metabolism chosen  for study was that invelving the
hydrolysis of lactose to glucose and galactose, the subseguent phos-
phorylation of the monoszccharides, the isomerization of galactose
derivatives to g?uécse derivetives, and the Turthar metabolism of the

tatter-in the cell., E. coli, when qro”n in amnro»:1 te media, is able

to metabolize lactose, cluccss and galactose. Curing lactose metabolism,

- the ponosacchavides are presumably released within the cell, while
J 2

metavolism of the wonosaccharides supplied c1r~Ct?y Frum the medium
rust involve also the entry of the substances into the call either as
free sugars or as derivatives, The question we sought to answer was

this: s glucose (or galactose) produced insids the call by the

(3

hydrolysis of lactoss distinct metabolically from ¢lucose (or galactose)
presznted to the outside of the cell? Or put slighily differently: s

the metabolic fate of glucose {or galactose) in any way dependent on its

origin?
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tabelling tech-

[¢2}

‘The problem may be stuﬁi@“ by Qsino a “adio=’+iv
nique, If ce]]s}are supplied simultaneously with glucose, galactose and
Tactose as substrates cone wignt study the fate of the various substrates
by parallel experiments dlffLr1vq only in the 1ocateon of the radiof
active markér. In the present study it was necessa ary to use four parallel
reaction vessels, each 1dent1ca} chemically, and containing all three
sugars. The labelling pattern was then varied so that the four flasks
WEYTE <u3u1|no with labelled HI ucose, labelled galactose, lactose labelled

tety,

[}

 the U1JLOne molutj and lacio la*ﬂilud in the galactose w

resgecttve]y. It was. then possible to study, for example, the fate of

clucose derived by the hydrolysis of lactosz in ceils which were Simul-

tanecusly metabolizing glucose from the wedium, and to compars this with
the fate of glucose from the medium in & paraliel culture of cells with

an identical history which ware also metabslizing glucsse derived frow

tactose. ;1u1 lar comparisens wers also made for galactose, and belween
glucose and galactose.

Some of the énzyméC of Yactose and galactose metabolism are inducible
and thair intracellular levels may be greatly aiterea oy growth in the
presance of the appropriate inducers,  Glucoese metabo tism, on the other
hand, appears to be bhenotypicaliy constitutive in £, ooli. e ﬂaQE
included in cur studics a comparison of lactaose, glucose and galactose
metabolism in cells induced either for the lactose enzvies, or for the

galactose enzymes, or both, or neither,
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MATERTALS AND METHODS

Orcanism and orowth conditions. E. coli Cavalli strain (Tact eal™ met-~

[P O Y

thy”) was obtained from Aleen Sirmonds. Stock cultures were maintained
on Y63 minimal medium (Pardee % Prestidge, 1661) supp}b"hnghd with
c?vcerol (0.2% w/v) and specific grouth facters. Cells were grown in
}iaui’ redivm with stirring at 37?, Full induction of the lac operon
was achiaved by growing the cells for many aererations in the presence

of 0.5 m-isopropyl-g-D-thingalactoside (IPTG). The gal operon vas

induced by grewinh in-the presence of & p¥-<D~fucesa, ‘hen IPTH ang

~h
o
o
)

re present fogether at these concentraticns thers is no appre-

ciable interaction of either inducer upen the incuctive effect of the

v-
o

, fers o
other (Mchirien & Hoses, 1906G).

- Y

Laballed substrates, [G~]4C]»D—@Tucase (107 uC./ywoie) was nrenared

PR

. Y . . P o~ -~ 3 f . -
using the method of Putman & Hassig (1952)., ([G&-1%CIi-D-Galactose (143

-\x

wCo/umnle) was prepared according to Sean, Pulman, Trucco & Hassid

- {1653) with winor modiTications. It was found necessary to illuminate

the alqa used for the photosynt t1b incorporation of 1%(0s into glycerol-
gelactoside at a much lower Vight 1nten31ty (17,000 Tux) than was pre-
visusly recommended, fGalactose was seperated and w~r1f1fd in the man-

ner descrited by Abraham & Bassid (1957). Yo are gratefyl to Dr. S.

Abreham for assistance in isolating the galactose. -
[(G*]4C)glucosejtactase was ovreparzd with lactose svathetase isc-

lated from wnpasteurized cow's milk (kindly providad by Challenge Dairies,

Serkeley. Calif.) usis the pethnd 3 s L 1 GA4 {6 IJC -

Serkeley, Calif.) using the method of Labad & Hassid (1964), [(6-14C)

aalactose JlLactose was synthesized Nttn a tissue preparation from the

o e
|

mampary oland of a Tactating rat (Gartley, Abraham % Chaikeff, 1956).
In the preparation of both forms of Tabelled lactose the labelled hexoses

described above were used undiluted by unlabelled sugars, and the products
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»fwhfch wefév%501éted'and purified by pre arau1ve naper cﬂromatooraﬁnj
wefe-éésq@ed_td’havéjtae same spe¢ific»radxoact1v1t1es as the parent
‘hexoses;_.A small samn?e’of each of the 1abeljed lactoses was used to
determine -the proporf1 n of 14L act1v1tv wnich had been incorporated
intaithe-deszred‘m01ety.- The labelled 1actose was hydrelysed with a

cruc” wregarat1o of g- a?actos1dase obt a1n9d from a lac-constitutive

strain of & c011 and tho alucose -and galactose produced were separated

by naper chro,utograpﬁv in ethyl acetate : pyridine 1 acetic acid : water

13

L~
wn
(93]

: 215_3;'ny‘v93,}. The sugars were lecated by radioautography
using known radicactive markers on quide strips, the spots excised and

the radioactiVity measured with opposed end-window F\1fﬂr«ﬂu1]gr tubes,

b

In each case at least 97% of the activity was found in the desired
moiety,

‘tabelling experiments, The experi mentai nrgccﬁurc vwas adanpted from

that described by Moses & Lonberg-Holm (1966)., Cells growing in
exponential phase in glycerol-minimel medium were harvested at a concn.
of approx, 225 ﬁg, bacterial protein/ml. Growth and protein synthesis
were halted prior to harvesting by the addition of ch]orémphe.ico]

(100 wa./ml.). The cells were washed and resuspended in 0,01 M-phosphate

2

ffer, pH 7.1, containing chloramphenicol (25 pg./ul.). To 20 ml. of
this bacterial suspension was added 0.4 wi, of a solution containing

0.7% (w/v) each of lactose, ¢lucose and galactose: after mixing, this
gave a concn, of 0.76 mt for the monosaccharides and 0.40C 4 for lactose.
Four samples of bhacterial suspension, each of 2.0 ml., were transferred

to 20 wmi, flat-bottomed glass

“

ials (as used for scintiiiation counting)

frd S

and placed in a water bath at 37 . Tne contents of the vials were
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stirred vigorously using small polythenefcovered magnets over magnetic
stirrer motors opérating at maximum speed, Fifteen min. after adding
the mixed sugars to fhe bacterial celTs the labelled sugars were
introduced as indicated in Table 1. There was no siﬁhificant contri-
hution td the total sugar content by the addition of the labelled
material, | |

Insert Table 1 near h°“~]
Durinq'the fof]owing 45 min. aftér adding thé labelled sugars
fifteen samples of approx. 30 ul. ecanWﬂre withdrawn from each vial
at known times.. Fach sample was mixed immediat i} with 004 ml, of
ethanol {90% v/v).in pre-weigned stoppered tubes. The tuLes wera sub-
seqﬁent1y reweiéhed to determine the sample size actua1}y taken, The
each tube were chromatographed in i

paper fhronauograohj on kdercl Mo, 202 paper (J. C. Binzer Gum.b. hgg

tzfeld/Eder, Germany). The solvenis were: in the first dimensioen

.e

5

04 phenoi : water @ qlacial acetic acid : 0.5 H=i,EDTA (420 : 80

toto using two-dimensional

1,

by vol.), and in the second dimension butan-1-01 : propionic acid : water

(20 : 9 : 11, by vol.). Radioactive materials on the chromatograms were

Tocated by radTOaufcﬂrapn ; and spots so Tocated were excised and counted

using the automatic ap paratus described by Moses & Lonberg- Hon (1963).
spots selected for identification were eluted and cochrom t graphied
with known un]abh11 >d morkers. Dicarboxylic acids were Tocated using

bromocresol green reagent (Lugg & Cverell, 1948), aming acids with nin-

hydrin and sugars with AgN0, (Smith, 1960).

The experiment was performed four times with cells in different

states of induction for the lac and gal operons. In cells in which
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neither of these operens viare induced tne amcunt of radioactivity incor-
porated into products from labelled galactesa or labelled lactose was S0
lTow that no useful information could be obtaiﬁed. This experiéent will
not therefore be discussed further., Therarrangements for the other
three ex p0r1nﬂan are neted in Table 2.

[Insert Table 2 near here]

RESGLTS

The amount of ut11xz tion of the labelled shbst%ates during the

pevicd of 45 min, after their audition.to theice?}s is showin in Tadble 3.
[Insert Table 3 near here]

It can be seen that in cells in which the lactose oneron was induced
Tactnse was rapidiy hvdrolysed to.hexose, a‘1arge'proport10n of which
azcumulated, presumably because subsequent steps in its metabolism were
vate limiting, In Table 3 the residual hexose formed from lab elled Jace

tose isrcounted as unused substrate.

Table 3 shows that in both experiments in which t the qgalactose operon
was induced {1 and 2) the galactose moiety formed from the hydrolysis of
lactose, in cells containing both basal and induced levels of e«galactosi~
dasa, was used to a greater extent thdn the qlucose moiety simultancously
producéd. However, the utilization of the extefna?Xy sugp]ied hexoses
does not show the same consistency--in the first experiment qu]a tese
‘being used mere rapidly t@an-g]u;ose and in the second experiment the
reverss heing true,

#ith both the 1actese and galactose cperons induced (Experiment 1)

27% of the tstzal being

[}

EN
T
~

about 78% of ﬂi? the hexoseé usse

]

as galactose

¥
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calactese derived from lactose. When the main Source of galactose wes
curtailed (Experimeht 2) by failing to induce the lactose operon, the
tetal consumption of Carha hvdrate did not fa11 ané indeed it increas ed
to some extent. The lack of galactese from lact 0se was entirely compen-
sated by the additional metabolism of qlucose from the medium; the
metabolism of galactose from the medium did not increase, This suggests
that the pathway Teéding into metabolism from galactose in the medium
was saturated in both experiments by ga]acteée from this source. The
cther pathwey 7eading-into metabolism from galactose derived from lactose
was not accessible to galactose in the medium. Houever, at a later stage
in metabolism probably the second of these pathways could be ntered by

glucose from the medium, since the pathway was now largely uncccupied by

metacolites from the galactose moiety of lactese. Glucese from the wedium

(D

could not enter this pathway, hovwever, when 1t was occupied by gaelactose
metabo!ités‘

This pathway from lactose-nalactose was more readily »ccyasib1e to
tire qlucose moiety of lactose then to free‘g]ucése when it was not occu-
pied by galactose metabolites, In Experiment 3 elimination of both
galactose pathways by failure to induce the qalactose” operon resulted
in the greater uL1117at1or of lactose-alucose, since this was now
available, rather than glucose from the medium. Thus we may conclude
that when all the relevant operons were induced the tarbohvdrate of
choice was calactese derived from the hydro]ysis of lactose, ﬁhea it
was available, olucose derived ffum lactose was also used in preference
to free glucose in the external environment, aithough the latter could

be uscd when there was sufficient nsed. These considerations 1@*!y that
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the pools forwed 1ns1 de the cell from externally supplied and internally
produced hexose do not mix to any larce extent.

Inspection of the radicautographs of the chromatograms preduced in
these experiments prompted the selection for cowparisons of the spots
corresponding to citric, succinic and g]utémic.acidsv because they were
found on most of the.chromatograms from each of the experiments and con-
tained readily weasureable Tac activity. For the sake of simé]icity
data obtained from other spots; labelled to a smaller extent (wiﬁh a
correspondingly greater scatter of results) and spots which were not

subsequently identified will nrt be presented. Figs. 1-3 show the

—«k
&
o
-5
o
[4¥]
ot
-3
o
o

activitie s2lected compounds from all the papers on which
their activity was measureable, The results from a sinale, four vessel,
exneriment are shown in each Fiqure.
[Insert Figs. 1-3 near heraT
In considéring the behavicur of various compounds shown in Figs. 1-3

it should ba borne in mind that quantitative comparisons between experi-
ments performed on different days_and with different batches of cells
rust always be made with caution. One is mwore confident in comparing
parallel portions of the same culture since these certainly had a common

history until a few minutes tefore the experiment startzad, and considerable

‘,

effort was expended to maintain chemically identical conditions in each
subculture after divisioen of the parent stack.
Examination of Figs. 1-3 shows that there were considerable differences
between the relative pool sizes in different vessels of the same experi-
.

ment. Befove these can be discussed in qbuawl one must be auite sure

that they reflect asnects of metabolic c.ngiz tion and not merely
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trivial differences which micht by chance have arisen among the four
paraliel vessels anﬁ ahich alone might account for the metabolic
phenomena we have observed. HWithin éach experiment 1t is known that
the cells and thair chemical envirenment were the same in each vessel,
differing cnly in the nature of the 1abe11éd substrate added., The
only ather possible vériaﬁion we can conceive between the experimentsl’
conditions in eaéh vessal is the Tevel of aeration. As stated earlier,
agration was achievad by using miniéturu ragnetic stirrers made of
stainless steel, sheatihed in polythene, and rotated by stirrer wmotors
with the rheostat speed contr01 set at its maxinum setting {100 on the

,.

dial). The following experiment was designed to determine how critical
the speed of stirring was for tbe‘iate of respiration of the cells,
Warburg flasks with no centre wells ware each charged witn 0.25 ml,
of 20% (w/y) sodium hydroxide placed in the side-arms. A suspension of
cells in 0.01 M-phosphate huffer (pH 7.1} containine chloramphenicel
{25 noy/ml.) wes prepared in exactly the same way 2S for the labelling
experiments. The suspension contained 154 wg. bacterial protein/ml.
The cells had been qrdwn in the absence of inducers. The external
dismeter of the wWarburg flasks was approximately 30 mm. and of the vials
usad in the iabelling experiments approximately 23 mm. 'Powevcr, the
latter were made of thinnerzg]ass and the difference between the internal
digmeters of the %wo_vésse]s was probably Tess than betwesn their exter-
nal diaveters,
Thrae samplés of 2.6, 1.C and 0.5 ml, of the cell suspension, each
diluted to 2.G ml,with buffer, were placed in the cups of the Marburg

he miniature magnetic stirrers were added, followad by 0.G4 mi
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DISCUSSICH

1

-ty

true steady-state conditions had been achieved in the labelling
exgeriments.eaéh metabiolic pool would gradually have been filled with

¢ Gatid equiiibrium with the autéide selution was achiévcd;ithe activity
would then have attained a constant maximum value, From Figs. 1-3 it can
be seen that an approximation to these conditions was achfeved“in most
cases, At the end of 45 mih.’the'rate of rise of radioactivity in cach
pool tended to decrease. In a few cases the level of activity in the

glutamate pool benan to thN a fall after reaching a maximum valuc, and

4

o
( »
33)

in some cases no plateav of activity was attained, However, the data

presented in Fig. 1 indicate that the size of the succinic acid peed
through which passed the products of metabolism of the cluco a8 and
calactose derived from the hydrolysis of lactose was much Targer, in

comparison to the size of the pool of glutemate, than that which received

b
(S

the products of metabolism of exogeneous glucose and galactose, Fig, 3
indicates that this same effect, although less proncunced, also helds

true for exogenous and eadogenoys glucose in cells which have a dif-

ferent conplement cf induced enzywes.

in addition to determinations of the relative sizes of pools, cbser-
vations on the rates at which pools fil11 with activity may be helpful in

determining whether more than one peol of gach compound exists in the

czlls, For examp1e,,1n Fig. 1 1t can be seen that the peol of glutamate

derived from either woiety of lactose Legan to decreasec in activity . about

20 wmin, after the eddition of lalbel to the vessels, 2t which time the
of ¢lutamate derived from excaenous slucese or

acitivity of the poo

calactose was still ircreasing. Similarly, from Fig. 3 it will be seen

h
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that thé size of the labelled pool of citric.acid from external glucose
hecame squal to, and subsequéntly oreater than, the pool of labelled
glutamate 3% ﬁin. after the.addftionjof the Tabellec matﬁriaY to the
cells, However, the pool of labelled citrate derived from endocenously
produced gqlucose did not exceed the size of'the labelled glutamate pool
within the period of the exneriment. 1f all the labelled substrates fed
inte a common pathway--there being-enly one peel of any intermediate in
each c¢ell--as shown in Fig. 4, then fhe nools of the three acids would
behave identically in e%ch veﬁsel regardless of the nature of the
labelled substrate. Since in any éne of the labelling experiments the
cells and their chemical environment were ostensibly identical, scme

explanation sust be souqght for the diffarences shown by the behaviour

-

i

of the labelled pools depending on the identity of the substrate which
was labelled. [Insert Fin. 4 near hove]

Although metabolic compartmentation is able to account satisfactorily
for the results of these QYD%F?WGHTS, two other nossible InbmrUV“tawioqs

must also be considerad: lacx of hemogene1ty in the bacterial penulation

itself, anc dif fferent environmental cond1twon, in fhe several dincubation
vessels com x1o1nq each exnarinent,

The culture used in the present experiments was not synchronous, and
it could be arguad that cells in differént stag) of the growth cycle
might nave different enzyme Comp ]nwentf (and thus might themselves act

as separate compartments). There is cons 1dmr‘u1e evidence that certain

enzyimes in Baciilus Juhf1}1 E. coli and veast are produced discontinuously

during the growth cvcle of individual cells (Masters, Kuempel & Pardee,

oo

19045 Kuempel, iesters & Parde2, 13653 Halvorscn, Sorman, Tauro, Lpstein
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& lLaBerge, 1964; Masters & Donachie, 1965) 1ih1u ah, taken as a whole,
protein synthesis 1s a continuous process (Schaechter, ¥illiamson, Hood
& foch, 18£2). The enzyias ‘ﬂ1u1t1wn disco .L1“~ou$ (or"stepwise‘}
synthesis are those whose synthesis is partislly or whole'iﬁduced or
derepressed. Kueype], et al. (1864) nropesed a medel to eﬂalvin tnis
stepwise cynthf51 which -invelves a cyclic va}iatimﬂ in the }eve1 of
repressor during one aeneration period, Balversen et (f 064) sug-

cgested a similar explanation., They envisaged that trenscrintion i:

switched on and of f sequentially along the UM molecule during the growth

o

cvele, Thus, 7 inducars and repressors act by stimilating the rate of

N en vy DHA sonthe LI S P NP -
messenger REA sypthesis theyv pust only fun

{

-~

Fa S ER - P £ 4
tion at given pericds of tne

[}
<Q

qrowth cycle, Halvorson et al. {1964) found that the adcition of inducer
to cells synthesizing enzywe under a repressed fegime {9;533 at a basal
rate) did not alter the timing of the induced stopwisc synthesis of the
enzyme, Evidence contrary to this view has been presented by Masters

et a1, (19¢4) and Masters & Donachie (1963), who found that tﬁé»synthesis
of s-galactosidase under conditions of severa repression did.not exhiﬁit
stepwise formation but was caniinuous at a rate which was proportional

.

to tne gene dosage (i.o., when the appropriate section of DA was repli-
cated the rate of synthesis also doubled).
o infermation is availadble on the timing of synthesis of enzymes

1

on the central pathways of metabolism, Fig. 4 shows the early staqes
in the metabolism of the sugars used in tha present experiments, Vith

the exception of those contreiled by the added inducers the cnzymes

s - ¢ i g S ££oa -~ oy ame = Y > PPN B |

pediaiing Uhe metabolisn of these sugars ave found in &1l ’lui""‘“}"
N TR " P B S [ERT T TN S O S P T
junctioning celis. These enzyrmes are provably subject to contred
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mechanisms otiier than those which act solely at the Q‘ ietic lavel, and
the presence of any 'cytoplasmic' control over the enzymic activity of
aiready synthesized protein would tend to counteract the in vive effects
of sudden increases in enzyme content caused by stepwise synthesis if
this ware io cccur, For this r“asong and because stepwise synthasis has
never hoen damonstrated for these enzvmes, it is not considered likely
that cells in diffarent stages of their 1ife cvcle in the cultures used
in the present experiments acted a3s senarate compartments dus to dif
ferances in enzvime content. o

fAnother ein?%nat?@n for the present ebs yrvations which must be con-
sidered is the possibility that the differences in the ralative pool sizes
ohsorvad in different incubation vessels during a singlie experirent were
caused by variaticn in the fmmediate environment of the cé]ist Reration
is the cnly envirenmental facter which can reasonably be censidered as a
ource of variation, since 1t is difficult to appreciate how other lccal
differences would have arisen,

Temperature, mixinag, popul ation and medium were undeubtedly identical
in each case. Fach incubation vessel received a differsnt labellad sub-

strate, but these reprzsented minute chemical quantities of material and

-+

we are ynanle o ascrihe cur results *o differences resulting from unfore-

[F¢)
o]

t‘ Ld
e
[72]

seen characteristics of the tracer prenarations., Variaticns in the pool

sizes of citric, alutamic and succinic acids have been observed as the
result of the grewth of £, coli under ona»roo1c conditions, In such cir-

cumstances the fricarboxvlic acid pathway acts not as a cycle but as two

pathways branching &t the point of entry of acetvl-Cof {Amarasingham &

N3

Davis, 1965). However, the operation of the anaerobic mode of the

2
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tricarboxylic acid pathway requires that the formation of a-Ketonlutar

0
Ll
o3

..a.

joR

;fr genase. be repressed (Amarasingham & Davis, 1565) end & specific

deh
enzyre for from fumarate (fumarate re =ductase )
& Lin, 1953). The culturss in the
incubation vessels in the perirents were non-growing due fo the
nresence of chleramhenicol,  Thus the presence or absence of any enzymes

b J

Ccaused by anaerobiesis during the perica of growth of the cultures would

<.

. iy e 3 4 b ook ~ e a8 -~ - o 2 o - ey - ~
o ohsaevved in gech of the incubation vesszls te the same extent and so
canngt e usod to explain differences between them, Variations in the

cration of individual vessels might be expected 1o cause variations in

\
NN At s AR LAt g - Ll Ll e R ST T T e ka2 4
the ratios of ATP/ADD, RADN/JHEDT, etc., wnich would be reflected in the
activities of & number of enzyres, Hewever, the respiratory studies

reported above indicate that the cells in the Tabelling experimants were
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The mast probable explanation for the observations is that the
products of metabolism of qlucose and galactose, derivad From either
internal or extarnal sources,

fecd into poois of citric, succinic and

1

cluteric acid uhich are at least partially separate. It is, perheps,

. e b 1 .~ . " f gt wadd
SUY sing that the cells cap maintain functiongl separaticn of the

PRI PSRN cnotne gnility ~ ~ e T ot Fyryre 4
svants, altheuch fne ability to do s0 is plainly an advantage from in2
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point of view of metabolic control. .This might be possible, however,
if the enzymes on the pathways involved were very clesely coordig@ted.
The results presented above, particularly those in Fig. 1, sugqegf that .
among the metabelic reactions we have studied compartmentation plays a
role only in distinguiéhing between hexoses produced within the cell
and those presented to the exterior surface. Within each of these two
categories the evidence suggests that glucose phosphate produced by
| epimerization of galactose phosphate equilibrates fully with glucose
phosphate formed divectly from free glucose. On the other hand, gqlucose
phosphate darived from either.of the hexoses in the medium is metabolically
distinct from glucose phosphate derived from either of the hexoses pro-
ducad by the hydrolysis of lactose,

Compartmentation of glycolytic metabolism in E, coli has been sug-
gested by Eisenberg & Dobrogosz (1967) as a possible explanation for the
fact that cells simultaneously oxidizing glucose and gluconate oxidise
the former exclusively via glycolysis and the Tatter exclusively via an
inducible Entner-Doudoroff pathway. Pollock (1966) has suggested that
micro-organisms might cooerdinate their metabolic activity by incorpora-
tion of enzymes into an organized structural framework. The growing
amount of information on multi-enzyre complexes on the cchtra] pathways
of metabolism tends‘to support the view that metabolic compartmeﬁts
exist in bacteria. It has been krown for some time from other systems
that the enzymes responsible for the oxidative decarboxylation of
pyruvate and o-kKetoglutarate exist in such particd]ate complexes
(Reed & Cox9 1866), There is also growing evidence for protein-protein

interactions occurring ruch closer to the beginning of the glycolytic
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pathway. For instancé, the activity of aldolase has been shown to be
enhanced by glycerophosphate dehydrogenase (Barenowski & Hiederland,
1049) and by g]ycera1dehyde~3»ph05phate dehydrogendse and triose phos-
phate isomerase (Gulyi, 1560; Gulyi, Dvnorikava,'Federchehko & Pechenova,
16624 Sereda, 1963; Kwon & Dlcott, 1965). A1l these effects were
ascribed to protein-protein interactions and not to effects due to the
removal of end products. The effects were specific, and proteins not
'functiona1]y related to fhe enzyme under study had no effect, These
enzymes, which came from é variety of higher animal sources, are found
in what is normally regarded as the soluble fraction of the cell, but
this evidence suggests that there is in the living cell a hich degree
of cytoplasmic orqanization of enzymes functionally rclated to one
another in metabolic sequences. If, in such complexes, an enzyme
preferentially accepm jts substrate from another enzyre in the comb?exgﬂ
rather than from'a 'soluble' pool, the situation would be one of com-
partmeﬁtation as described in the.Introductio;. The concept of meta-
bolic compartmentation in bacteria has rarely been explicitly stated

in the past but it is an important one with a significant bearing on

the understanding of mechanisms of biological control.

D.MeB, gratefully acknowledges the award of a HATO Fellowship from
the British Government which enabled him to undertake this study. The
work reported in this paper was sponsored by the U, S. Atomic Energy

Commission,
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Table 1. Labelled substrates added tn the four narallel vessels of

each experiment

Cells suspended in 0.01 Me-phosphate buffer (pH! 7.1) containing
chloramphenicel (25 ug./ml.) recetved 0.76 mi-glucose, 0.76 nM-galactose
and 0,40 mi-lactose. Four parallel porticns of the suspension (each of
2 ml.) were incubated at 37° with sti%ring. Fifteen wmin. later Iébe]1ed

sugars were added as indicated below,

Yol. of substrate Amount of labelled

Vessel Substrate
solution (ul.) substrate added
uC proles
h [6-1%C]qlucese a0 3.64 0,075
B [e-14C]qalactose 40 6.52 0.045
c [(6<14¢) alucose Jlactose 30 7.08 0.065

D [(6-14C)galactose]lactesa 40 7.80 0,055
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Table 2. Phenotypes of the bacteria used in the labelling experiments

Cells were crown in glycerol-minimal medium with or without IPTG
(O.Swmm) to induce the lactose enzymes or D-fucose (5 m4) to induce the
'galactose enzymes, The cells in expenential growth received chlorampheni-
col (160 ua./ml.) immediately before harvesting and viere then washed and

esuépended in 0.01 M-phosphate buffer (pi 7.1) containing chlorampheni-
col (2% ug./ml.) for the Tabelling experiments. As a result of the
presence of chloramphenicol no enzyme inducticn could take place during

the subseguent metabolism with a mixture of glucose, galactose and

lactose., Two ml. of cell suspension were used in each reaction vassel,

Cell concentration

Experiment lac operon - cal operon .
‘ » {ug. bacterisl protein/ml.)

1 induced inauced 198

2 not induced induced 246

3 . induced - not induced 244
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Table 3., Utilization of labelled substrates

Cells of the phenotypes shown in Table 2 were allowed to metabolize
a mixture of gqlucese, galactose and lactose in four parallel incubation
vessels, Each vessél.contained 14C in a different substrate: in free
glucose, free naTactosé,-fhe g}ucose.mafety of lactose ar the galactose
roiety of lactose, This»Tab]e nresents data on the hydrolvsis of lactose
and on the utilization of hexoses both from free sugars in the medium and
from those produced by lactose hydrolysis, all after 45 min, incubation

at 37°,

) . : v ER -
Phenotype* lact gal”  lac” galt  lact ga?

Extent of lactose hydrolysis (% of tetal)

2sed on [(€-19C)qlucose]lactose 08 9 81
~based on [(Gm74C)ga1actose]Tactose ST 17 85
Lactose remaining as frae hexose (¥ of total)
based on f(” 14¢ C)alucese]lactose &7 2. 19
based on [( C~14C)na1acfo eJlactose 37 v 4 a2
Glucose from lactose metabolized ) _
{(wmoles/mg. bacterial orotein) C.214 0,171 0.842
Free ¢lucose metabolized '
(ymoles/mo, bacterial nrotein) 0.371 2,175 0.417
Total qlucese metabolized
(nroles/mg. bacterial protein) 0.585 2.235 1.259
Galactose frur 1actoqc metabolized ,
(umeoles/mg, bacterial protein) 0.996 0,203 0
Free galactose metahbolized
( O]G Hk. OdCtaY‘"l\:ﬂ PY‘OLL]H) . ]o078 008]7 00]53
» Total galactose metabolized '
(vroles/mg. becterial protein) 2,074 1.020 0.153
Total hexose metabolized
(umoles/ma. bLacterial nrotein) 2.659 2.308 1,412

* + indicates enzyres induced
- indicates enzymes not induced
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for Fiaures
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Fig. 4.
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Formation of glutamate, citrate and succinate ir cells induced
for both the lac and gal operons, and supplied with a mixture of

Y

glucose, galactose and lactose labelled in various ways. A,
[G~]4C]g1ucose;_§, [6-14C]galactose; C, [(G-]4C)g1ucose]lactose;
D, [(6-14C)galactose]lactose. o, glutamate; @, citrate;

4, succinate

Formation of qlutariate, citrate and succinate in cells induced

for the gal upcron only, d@td supplicd with a mixture of glucose,
oa?ac*osg and lactose lakelled in varicus ways. A, [G»]qc]glucase;
B, [G»]4C]qa1actese c, [(6 ~14¢Yelucuselactose, No activity in

these compounds was obtained with f(G— ”C)wa1acto4e]1actaa“.

o, ¢lutamate; ¢, citrate; &, succinate.

Formation of glutamate, citrate and succinate in cells induced
for the lac opercn only, and supplied with a wixture of qlucose,

X . . X 4
galactose and lactose Tabelled in varicus ways. AR, [6-1*ng1ucose;

D

2

[l

B, [{6-13C)gluccse]lactose. He activity in these compounds was

A

obtained with [G~]4C] agalactose or [(G-‘*C)fa]ﬂc tosejlactose,

o

alutamate; e, citrate; A, succinate.

Initial metabolic interrelations ¢F lactose, gelactose and

glucose, showing inducible enzymes and sowme inducers.

i

-la
-t

title: "Hetabolic compartmentation in E. col

Address all correspondence to: VY, foses

Hicrobioloay Unit
Dept, of U10uh€ﬁ15try
South Parks Rd.,
Cxford, England



A%

¥

(*utw) sury,

on

”“C (counts/min./standard unit of celi mass)

S a a 3 N =
e} 3 o o] A o o o) o &
| i 1 [ I I i | { ] 1
o s d
8 .
ISy -
o)
D
O —
N
)
O S
5 L
N
o
LS I g
'e)
=~
o .
\é‘ L
! I S IR ! L . !
5 8 % 5 3% s 8 3
o 8 Re) S e} o) o) 3 e} e}
thg __(counts/min./standard unit of cell mass)
069L.1-T9DN

- LZ—




UCKR1,=-1/({07L

-, -

| n m

200
100
0

30

o @] o (@
N - wn

(ss'ew TT92 JO 3TUn PIBPUBES/*UTW/S3unod) )

Tl

25

50

40

30
Tbma(mig.)

Fig. 2

20

10



UCRI,-17690

A

o — O
[Ya¥
o — O
=
— l.o
A~
£«
&
, 00
: o 7
_ | 4
N
o —o
m
_ - B —10o
L - 1 _ | 1 _ m | | _ I
< & 8 & = 8 ° g § 8 °

Tl







