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1. Introduction

Extracts of Escherichia colt contam two forms of
pyruvate kinase (EC 2.7.1.40) which can be separated
from each other by chromatography [1]. The enzym-
:c activity of one form, eluted by 0.12 M KCl from
columns o1 DEAE-cellulose, 1s analogous to that of
the pyruvate kinase of yeast [2] - 1t is greatly stimu-
lated by fructose 1,6-diphosphate when one of the
substrates, phosphoenolpyruvate (PEP) is present at
low concentrations, The second type of pyruvate k-
ase, eluted from DEAE-cellulose at 0.18 M K1, was
found to be rather simdar to the pyruvate kinase of
muscle, which 15 not activated by fructose 1,6-diphos-
phate. However, unlike that of the muscle enzyme,
the activity af this form of pyruvate kinase 1s stimu-
lated by AMP [3, 4]

It is difficult to assess the physiological sigmfi-
cance to E coli cclls of events observed in spectropho-
tometer cells, espeaially since the concentrations of
repulatory enzymes in these two types ot cell may dif-
fer by as much as a mullion-fold {S]. A meuns of
studying such enzymes in £. coli, ‘permeabilized’ by
treatment with toluene followed by freezing and
thawing, has recently been developed by Reeves and
Sols [6] ; this treatment permits enzymes {0 be
studied “in sire™, at the concantrations nonmally pres-
ent in the intact organism. Regulatory properties re-
vealed uvnder such conditions should, therefore, be
free from many of the objections that can be levelled
at studies of dilute enzymes in aqueous solution;
moreover, they permit of comparison of the two
types of study.

1t is the main purpose of this paper to describe the
parameters that affect the enzymic conversion of PEP
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and ADP to pyruvate and ATP iz sizu by ‘permeabil-
ized’ E. coli. As reported from studies with isolated
enzymes [1], the results show that the total pyruvate
kmase actwity of £ colf grown on glycolytic sub-
strates 15 consuderably greater than that of cultures
grown on gluconeogenic substrates; that the form of
py ruvate Kinase activated by tructose §,6-diphosphate
(henceforth designated Pyk-F) plays a predominant
role under the formey growth conditions whereas the
AMP-sumulated form (Pyk-A) 1s of paramount impaot-
tance ur der the latter: and that, m the range of PEP
concentrations likely to occur n E coli [7], pyruvate
kinase autivity is sigmificantly manifested only 1f er-
ther AMP or f'uctose 1,6-diphosphatc is also present.

2. Materials and methods

Cultures of the £. coli K12 stramn K10 (Hfr-C)
were grown at 37° either aerebically with shaking on
media contamng salts {8] and a carbon source (at
25 mM), or, m standing cultuie, anaerobically, m sun-
ilar medium containing 20 mM glucose, The cells
were harvested, washed, and ‘permeabilized” as pre-
scribed by Reeves and Sols [6] . The pyruvate kinase
actwities of the cell suspensions thus obtained were
measured at 30° in cuvettes containing, in 1 ml: 20
wmoles of imidazole butfer, pH 7.3; § umoles of
MgCls; 50 pmales of KCl: § ug of lactate dehydrogen-
ase (EC1.1.1.37); 0.1 umole of NADH; 0.1 -1.0
umole of PEP; 3 umoles of ADP; and cells (0.05~
0.08 mg dry mass). As appropriate, 1 umole of fruc-
tose 1,6-diphosphate, or 3 pmoles of AMP, were also
added; the reaction was started by the addition of
ADP and was measured as the rate of dectease in
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Fig. 1. Eifect of PEP concentration on the pysuvate kinase actwvity of suspensions of “permesnbilized’ E. cofi, that had been crown
{a) anacrobically, on glucess, and (b) acrobically, on acet .2, a5 snle carhon sources. For each assay, U.05 mg dry mass o~ cells
were nsed in {a), 0.08 mg in {b). Pyruvate kinase activities were measured in the absence of effectors (o—o—0), and i the pres-
gncz of 3 mM AMP (s—»—) or 1 mM fruciose 1.6-diphosphate (o—o—o); the raies (V) are expressed as nmoles of NADH

oxigizedfmyg dry mass/min.

extinction at 340 nie concomilant with the reduction
of pyruvate {formed from PEP) to laciale, All mea-
surements were corrected for the (low) NADH-oxidase
activities of the vall suspensions. '

3. Resnlis and disenssion

The pyravate kinase activities of *permeshilized’
E. coli suspensions remained wholly associated with
the cells, and none was detecied in the supernatant
solutions obtained after centrifuging such suspensicns
(at 1 mg dry mass/ml). Exposure of the suspensions
to ulitrasound released the enzymes into solution: the
quaniities thus released (“in vitre™) were roughly
those assayed in situ. Apart from the low rates of
NADTE. oxidation asspeiated with traces of NADH-oxi-
dase activity, significant Jecreases in extinction at
340 min were pbserved ounly if the requived reactants--
phosphoenolpyruvate, cells, ADF, and lactate dehy-
drogenase — were also preseani. Furthermore, the rates
of pyruvate kinase activity thus mmeasured were Sto-
ichejgmetric with time, and with the quantities of
cefl suspensions added over the range 0.01—0,08 mg
dry mass/ml. ]

As shown in fig. 1a, cells grown under extreme gly-
colytie conditions — anaerobically, on gluense as sole
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rzarbon spurce — contained high total activities of py-
ruvate kinase. However, in the *physiol sgical” range
[7] of subsirale concentrationshere  d for stady,
this enzymuc activity was noi readily Jdeteciable ai
concentrations of PEP at or below 0.2 mM unless ej-
ther AMP or fructose 1,6-diphosphaie was als pres-
ent. Increasing the quantities of AD » added {to 10
i) was wholly meffective in eliciting pymvat= kin-
ake activity in the abzsence of AMP, and the stimula-
tion produeced by AMP was identical when 10 mM
ADP was prestnt o that normally observed with 3
mM ADP. The enzymic activity elic.?ed by the addi-
fion of 1 mM fruciose 1.6-diphosphate (Pyk-F) was
consistenily higher than that observed after addition
of 3 mM AMP (Pyk-A); Lineweaver-Burk plots of
boih these activities were linear, with X, values fo
PEP of approx. 0.2 M {Pvk-F) and 9.5 mM {Prk-A),
respectively. These K, values are very close to those
measured in wiro with the purified enzymes [4}.

In contrast, the 1oy ! ryTuvate kinase activity in
sif of cultures growr. on gluconsogenic subsirales
was much kess than tusl of glucose-grown cells. This
is Mlusiraicd by the 12 :0lts obtained with cells grown
on acetate, The total pyruvate kinase activity mea-
sured was only abow’ one-third that of ghicose-grown
cefls {fig. 1b), which confirmed the reported induci-
bility . the pyruvate kinase(s) of E, coli [1]. Again,
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in the absence of sither AMP or fructose 3,6-diphos-
phate, little or no enzymic aclivity was detected at
PEP concentrations at or below 0.4 mM; in contras!
to the results obtainad with glacose-grovm cells, the
activity of Pyk-F in acetate-grown cells was less than
that of Pyk-A al concentrations akove 0.4 mM. This
difference in the relative activities of Pyk-F and
Pyk-A makes it nnlikely that, as postulated by Masba
and Sanwal [3] . the stimulations by AMP and fruc-
tose 1.6-diphosphate are exerted on the same fonmn of
pyruvaie kinase; a further difference is revealed by the
markedly sigmoid plot of Pyk-A activity observed i
sifw in acetnte-grown cells (fig. 1b) and in ulira-sonic
exiracis oblained from them. Howsver, 2 Lineweaver—
Burk plot of Pyk-F activity remained linear, with X,
for phosphoenolpyruvate of approx. 0.2 aM.
Measnremenis with glucese-grown celis (fiy,. 12)
and with purificd enzymes ‘4] show that the X, for
phosphoenolpymuvate of Pyk-F 1 less than that of
Pyk-A. The significance iz sita of ~“his difference is il-
Tustrated In fip. 1b: at phosphoenolpyTuvale concen-
trations a1 and below 0.4 mM, the plot of Pyk-A ac-
tivity falls below that of Pyk-F, which shows that the
affinity of this type of pyruvate kinase for this sub-
strate observed in sity reflects that observed in viftro,
11 thus appears that, at feast for the pyruvaie kinases
of E. cofi, the “coarse” and *fine” controls posiwlated
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from measerements with dfuote, isclaled enzymes
11,41 operate also upder the conditions oblaining in
the undisrupted but ‘permeabilized” cells.
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