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1. Infroduction

The mtiiplicity of sgulatory phenomeons re-
vealed in recent years in the course of in witro
stinites of engyrme behavionr has given rise 10 some
concern over the validity of extrapolation to the in
yive sitvation. In particular, Srere [1] has empha-
sised that the intracelluler concentrations of en-
zymes may be several orders of mapnitude higher
than those notmally employed in enzyme assays and
both he 2nd Frieden and Colman [2] have drawn at-
snHon io the fact that these differences in concen-
wation meay give rise to different apparent behavionr.
The implications of high enzyme concentration for
metabolic regulation have been further explored by
Bols ang Marco {31,

The exireme sensitivity of most assay procedures
makes It impossible 1o measure reaction rates at high
enzyme concentralion uniess concentrations of svb-
strates weil below K, vahues are used. For Xinetic
sindies at high enzyme concentration it hes therefore
been neressary to apply the stopped flow technigune
in ondzr 1o measure reaciion Igies Over s veIry short
time period.

In this comumnication I wish to suggest that the
vse of “permeabilised’ cells may offer 2 very much
zimpler means of overcoming the problem of high en-
zyme concentration and may even go soms wiy be-
yond this in simulating the in viro condition for
studies of the behaviour and repulation of enzymes.
Some expariments are reported on the kinetic behay-
ionr of Dlactate dehydrogenase {EC 1.1.1.28) from
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Klepsielia (Aerc sacter) aercogenes and on the regulato-
y sensitivity of “traie synthase (EC 4.1.3.7) ftom

Feeudomongs gv ginesd,

2. Experimental

X. gerogencs (ML T.C. 10D0DE) was grawn in a mRe-
dium containing essential salis and 50 mM glocose uk-
der essentigily anaerobic conditions in a full stoppered
250 ml bottle at 37°. The cells were harvested when
the Agen was approx. 0.6, wash>d and resuspended in
Smb of 0.3 M Tris-HCI, pH 8. Pa. aeruginoss
(N.C.1.B. 82553} was grown zercbically in 200 ml of
nutrient broth at 37°. The cells were harvested when
the Aggp was approx. 1.2, washed and resuspeaded as
above.

Cell-fres extracts wore prepared by sonication with
an M.S.E. 100 W disintegrator operated ot fwl power
for 2 min, after which the preparations were centri-
fuged at 25,000 g for 10 min and the supernatant sofu-
tions decanted and nzed without forther treatment.

Toluene zeatment of bacresisl celis wos performed

4n the following way. One ml of resuspended calls was

warmed to 377, ireated with 0.05 ml of 1oluene, vig-
orously mixed and lefi at 37 for 1D min. The cells
waze then collested by centrifugation, washed with 2
ml of buffer, recenirifnged and finally suspended in

Z el of 0.1 M Trs-HCL pH 8, and kepr in ice-water.
Enzyme activities in c2lls 50 freaied were showo to be
cornpletely retained within the cells, The tolusne-
ireatment procedure introdoced 2 two-lold dilntion
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of the cells compared with the suspension sablected
10 sonication, When 1his was allowed for, the levels of
lactate dehydropenase and citrate synthase per unit
volume of permeabilised cell suspension and sonic ex-
tract were found to be essentially similar.

Citrate synthase was assaved polarographically at
25° by following the rate of formation of coenzyme
A with a dropping mercury electrode 21 —0.2'V rela-
tive to & saturated calomel anods [4]. Reacticn mix-
tures coniained 20 mM Tris-HTI, phH 8.0, 10 mM
MgCls, 1:-31 EDTA, 0.2 mM oxaloaretate, 0.16 mM
acetyl coenzyme A and 5 pi of toluenissd cells or 2 ul
of sonic extract in a total volume of 1.0 ml. Lactaie
dehydrogenase was assayed specitophetomseirizally at
25° by following the rate of oxidation of NADH at
340 nm. Reaction mixiumes contained 0.1 M Tris-FPl,
pH 3.0, 0.1 mM NADH, vazizus concentrations of py-
rivate and 20 1l of toluenised cells or 10 pl of sonic
extract m a iotal volume of 1.0 ml. Some assays for
lactate dehydrogenase were also carried out polaro-
araphically [ST by measuring the rate of formation of
NAD with 2 dropping mercury electiode at —1.0V.
The resnlis thereby obiained confirmed those given
by e spectrophotometric assay.

3. Results and disenssion

The lactaie cehydrogenase of X aerogenes was
first chosen for examination vecanse of the report by
Sawule and Suzuki [&]. These workers employed
stopped How spectrophotometry to assay the purifisd
enzyme a1 low and high concentration. They cbserved
a sizmoid dependence on pyrovate 2t low enzyme con-
centration bui a hyperbolic dependence at higher en-
zyme concentraticn and concivded that normal
Michaelis-Menien Kinelics ars exhibited at the intracel-
hular concenitration. As discussed below, the use of per-
mseabiiised cells permits the eXamination of enzZymes
precisely at their iniraceilniar concentrations. Fig, 1
shows the dependences ¢f lactate dehydrogenase rate
on pyruvate concentration for both toluerised cells
and sonic extract, and these are seen io be essentially
shmilar. It thus ay pears that the sigmoid dependence
exhibited at low :oncenirarions of enzyme is retained
at ihe relatively Ligh enzyme conceniration present in-
traceilularly. The discrepancy between these resulis
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Fig. 1, Dlependence of & arrogenes liciate dehydrogenass ac-
tivity om pymuvale concentradion. (o——o—o) Somg exiract; -
{s——e—w®), toinenised cells. Acliviiirs are in arbitrary umiis
per 1 ml of initia] ek sugpension (prior to permeabilisation
oI sonication).

and those of Sawula and Suzuki {6] supgests that con-
sideration of enzyme concentration alone is insuffi-
cient to sbnutate the dr vivo behaviour. It appears that
the icloenised eell may preserve other factors conerib-
nting to the behaviour of the enzyme which are lost
on 2xtracton. Experiments performed at high concen-
trations of purified erzymes may thus not necessarily
reflect the in vivo properiies.

In previous studies we have shown that NADH is
an inhibitor of ciirate synthase from Gram-negative
bacteria {7, 8] . in view of the instances of pbserved
differences between regnlptory behaviour at low and
high enzyme conzeniration cited below it was desir-
able 1o examice the effect of NADH on citrate syn-
thase in toluenised tells. To 4o this, advaniage has
been taken of the absence of NAD-Loked malzie de-
hydrogenase in Ps. agruginesa. Most celis contain high
tevals of this enzyme which, in the presence of NADH,
acts to remove oxaloacetste and can thereby inmlerfere
with the examinaiion of the effect of NADH on citrate
synthase.

rig. 2 shows that the ciirate synthaose in both 1ol
nenised cells angd sonic extracls of Ps. gesuginesa is in-
hibited by NADH and that the dependences of inhibi-
tion on NADH concentration are very similar. This re-
sull snpgests that citrate svnihase, at n Pive
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Fig. 2. Inhabition of Fs geruginosa citrate o, nithase by NADH
{v—0—0} Sontc cxtract, (e—e—e), tolucnised cells.

conecentration, retams its sensitivity to NADH inhibi-
tion and supports the likelihood that such inhibttion
is physiwlogically sipmficant both m this orgasmusm and
in other Gram-negative bactena.

Citrate synthase from Escherichia coli and other
Gram-negative facultative angerobes has been shown
to be sensitve to inlhubition by a-oxoglutatate [2, 10].
Examination of toluenised cells of these organisms has
shown that this inhibition 15 also retained at hugh en-
zyme concentration.

The permeabilisation of bacterial cells, brought
about by treatment with toluene, has long been used
to measure enzyme activities m cells which are other-
wise tmpermeable to the substrates or products, Per-
haps the best-known example is 1o the assay of §-galac-
tosidase using o-mitrophenyl-S-galactoside [11],
though the method has been adopted with other ea-
zymes, ¢.g. acld and alkaline phosphatases [12], arabi-
nose isomerase [13], galactokinase [14) and serine de-
hydratase [15]. By obviating the neocsssity for an ex-
traction procedure the permeabilisation technique
1=nds speed and convenience to the measyrement of
enzyme activities. It has also found application in the
mvestigation of DNA synthesis [16] and in the study
of the phosphotransferase system associated with car-
bohydrate transport in E. coli [17, 18] where disrup-
tion of cells would lead to destruction of the actlvity.
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Alternative procedures leading to the breakdown of
permeability barriers have also been employed. These
include the usc of other organic solvents [19], EDTA
[20-22] and sucrose—EDTA {23].

The first published report of a comparative study
of an enzyme 1 extracts and toluene-tieated cells ap-
pears to be that by Bridgeland and Jones [15] on the
L-serine dehydratase of Arthrobacter globiformis.
These authors observed 2 lag in pyruvate formation, a
cation requirement and a sigmoid senns saturation
curve in cell-free extracts but not in the toluemsed
cells. Toluensed E. coli cells have also been used by
Ashworth [24] who demonstrated the regulation of

: isocitrate lyase by phosphoenolpyruvate in both tol-

uenned cells and cell-free enzyme preparations and
the present author has shown that the sigmoid aspar-
1ate saturation curve characteristic of £, col: aspartate
transcarbamylase is also exhibited by toluenised cells.
Liersch and Preiss [25] showed that ADP-glucose
pyrophosphorylase may be studied with permeabilised
E. coli and, as the present paper was heing completed,
Reeves and Sols [26] reported studies of the regula-
tion of phosphofructokinase in toluemsed E. coli and
also recognised the approximation to physiological
conditions offered by such cells.

However, despate these few reports, the permeabul-
isatic i technique has not been extensively applied to
the detailed investigation of the catalytic and regula-
tory tchaviour of enzymes. Yet 1t offers some dis-
tinct advantages over cell-free or punfied preparations.
The permeabilisation treatment leads to the equilibra-
tion and free movement of low mciecular weight me-
tabolites into and out of the cells, while the macro-
molecular constituents are retainec intracellularly.
Studies on E. coli [27] have shown that treatment
with toluene leaves the cells intact. As a result, en-
zymes will be present m permeabilised celis at concen-
trations essentially similar to those in normat living
¢ells. In addition, the presence of the whole range of
protein and other macromolecules, all 2t their in rivo
concentrations, s likely to result in the preservation
of at least some molecular interactions characteristic
of living cells but not present in cell-free extracts. The
behaviour of enzymes in permeabilised cells may thus
more accvrately reflect therr nonmal i vivo behaviour
insofar as this may be affected by high concentration
and by interactions with other macroinolecular son-
stituents,
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A suspension of permeabilised cells offers enzymes
at high concentrations within cells which are them-
selves dispersed homogeneopsly thronghont the solo-
tion. The overall concentration of enzyme is thersfore
»ery much lower and can be adjusted to any desired
lev=) while leaving the gffective concentration high.
Thus, vnlike cell-free preparations, permeabilised cells
may be used to examine enzyme behaviour at in vivo
concentration by convantional assay procednres with-
out recourse 1o more complex stoppad flow tech-
nigues.

Several cases of differenzes hetween the kinetic
and regolatory behavionr of enzymes at high and low
concentrations have already been reported [2,6,28—
31] . Such observatinons emnphasse the desirability of
epupling normal enzymic calalylic stndies with an ex-
amination of the behavicur at elevated enzyme con-
centralion. Any differencss observed merit further ex-
amination foy their metabolic frplications. The sim-
P2 technigue of using permeabilised cells should, at
Ieast for bacterial systems, permit such studies to be
carried out very easily and, as the resulis presented
hers show, may reveal enzymic behavivur 2ifferent
from that chown by high concentrations of “extracted’
ETLY MES,

Finally. the examination of toluenized cells may
present problems of turbidity interference with spec-
trophotometric assays. The polarographic procedures
being developed in this laboratory for the assay of a
vatiety of enzymes {4, 5] offer the distinct advantage
of being unaffected by even quite dense snspensions.
Suech procedures may assist the systematic examina-
tion of the behaviour of a wide range of enzymes in
permezbilised cells.
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