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1. Introduction

The mammary gland of the lactating rat utilizes
glucose triglycerides and non-esterified fatty acids as
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its main substrates for uyuseﬂeSm [1} Ketone bodies

are also used as substrates both for de novo fatty acid
synthesis and for oxidation [2]. Utilization of ketone
bodies by the gland inhibits glucose uptake by the
gland in vivo [3] and in vitro [2]. It has been suggested
[2] that a possible explanation for this interrelation-
ship between ketone body and glucose utilization by
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the phosphofructokinase (PFK) (EC 2.7.1.11) step by
elevated concentrations of citrate as a result of ketone
body metabolism. This suggestion assumes that PFK
from the secretory epithelial cells of mammary tissue
is sensitive to inhibition by citrate. Although several
studies have been conducted on the effects of citrate
on this enzyme from other tissues (see, e.g. [4,5])
none have been performed on PFK from mammary
gland and it is not known whether the enzyme from
this tissue is sensitive to citrate [6].

In the present study PFK was extracted from rat
mammary gland acini and found to be inhibited by
concentrations of citrate that are present in the gland
in vivo under conditions characterized by reduced
glucose utilization.

2. Materials and methods
2.1. Animals
Virgin female Wistar rats were bought from
A. Tuck and Son, Battlesbridge, Essex and mated
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~ 10 days after arrival. They were maintained on
Oxoid rat breeding diet (Oxoid Ltd., Basingstoke,
Hampshire, RG24 OPW). The litter of each animal
was restricted to 8 pups and the mothers were killed
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2.2. Extraction of enzyme

PFK was extracted from acini prepared from the
abdominal and inguinal mammary glands. The animals
were Killed by cervical fracture and the glands excised
quickly Acini were prepared according to the proce-
dure deseribed plckumy The resultant acinar
preparation was homogenized using a Polytron tissue
disintegrator (on setting 6 for three 30 s periods) in
an ice-cooled medium containing 0.25 M sucrose,
5 mM Tris, 1 mM EDTA, 1 mM DTT at pH 8.2. The
resultant homogenate was centrifuged at 50 000 X g
for 20 min. Phosphofructokinase activity was
precipitated from the supernatant with (NHa), SO,4.
90% of the activity was recovered at concentrations
of (NH,), SO, equivalent to 30—50% saturation.
The precipitation procedure was repeated. Chroma-
tography of the protein recovered on DEAE-cellulose
equilibrated with the extraction buffer (see above)
and eluted with a linear gradient of (NH4), SO4
(0—0.4 M) resulted in ail the PFK activity being reco-
vered as a single peak. No further puriﬁcation of the

enzyme was carried out. Removal of NH,' from the
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enzyme preparation was achieved by passing an
aliquot through a Sephadex G-25 column equilibrated
with a solution containing 0.25 M sucrose, 5 mM Tris
and 0.1 mM ATP at pH 8.0. The low ATP concentra-
tion used in the absence of NH, was required to
stabilize enzyme activity. Enzyme preparations were
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used within 48 h of extraction from mammary gland
acini.
2.3. Assay of enzyme activity

Phosphofructokinase activity was measured
spectrophotometrically [4]. The basic reaction medium
contained 100 mM KCl, 0.14 mM NADH, 5 mM
MgCl,, aldolase (50 pg), glycerol-3-phosphate dehy-
drogenase (5 ug), triosephosphate isomerase (5 ug)
and either 50 mM imidazole at pH 7.1 or 50 mM Tris
at pH 8.1 in 1.0 ml total vol. For studies of the
effects of pH on activity imidazole buffer was used
for pH 7.0—7.8 and Tris buffer was used for pH
7.6—8.8. Preliminary experiments indicated that at
the same pH similar activity of the enzyme was ob-
tained using either buffer. All coupling enzymes were
dialysed against 4 changes of 11 of a medium contain-
ing 5 mM Tris at pH 7.5 for 6 h to remove NH,"
Additions of fructose-6-phosphate (F6P), Mg-ATP and
citrate were made as indicated in the legends to
figures and tables. All assays were performed at 30°C
in a Gilford spectrophotometre. Aliquots of the
enzyme preparation (10—20 ul containing 3—5 mg
protein/ml) were preincubated for 5 min with the
reaction medium containing all components except
for F6P. The reaction was started by addition of F6P
and initial rates were measured. Controls from which
F6P was omitted were run concurrently. Preliminary
experiments indicated that similar activities were
obtained using either F6P alone or a mixture of F6P,
G6P and phosphoglucose isomerase [4] to start the
reaction. Therefore, in all subsequent experiments
F6P only was used. The rates of NADH oxidation ob-
tained gave A4 > 0.1/10 min. Control rates were
< 5% of the experimental rates.

2.4. Chemicals

Biochemicals, enzymes and chromatography mate-
rials were obtained from Sigma Chemical Co., Poole,
Dorset, BH17 7NH. Sucrose, ammonium sulphate and
other inorganic chemicals were obtained from BDH
Chemicals Ltd., Poole, Dorset, Bh12 4NN.

2.5. Presentation of results

In figures and tables, activity of PFK is given as a
fraction (V/V,) of the maximum PFK activity (V)
obtained using 1 mM F6P and 0.8 mM ATP, at pH
8.1. Each set of results shown is representative of
those obtained from 2> 3 similar experiments.
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3. Results

The maximum activity of PFK in whole mammary
gland homogenates averaged 3.54 pmol. min~". g wet
wt™!. The activity of PFK in acini was 10 umol .
min~! . g wet wt~! (the mammary glands from one
animal yielded 1-2 g acini).

Phosphofructokinase from mammary secretory cells
was very unstable in the absence of NH," However,
0.1 mM ATP stabilized enzyme activity (see section 2).
Consequently, all NH,'-free enzyme preparations i
contained 0.1 mM ATP. (The amount of ATP added
to the assay medium in the cuvette with the enzyme
preparation was accounted for in calculating final
ATP concentrations.)

The dependence of activity of PFK from rat
mammary gland on pH was similar to that of the
enzyme from other mammalian tissues [8]. At higher
(inhibitory, see below) concentrations of ATP (0.8
mM) the activity of the enzyme was 32% of the maxi-
mum activity at pH 8.1. At lower, non-inhibitory
concentrations of ATP (0.2 mM) the pH optimum was
similar but less sharp (see table 1).

3.1. Effects of ATP and citrate concentrations

The effects of different concentrations of ATP and
citrate on PFK activity were studied at pH 7.1 and at
pH 8.1, in the absence of NH," ATP inhibited the
enzyme at pH 7.1 and at pH 8.1, but the enzyme was
much more sensitive to ATP inhibition at the lower

Table 1
Effect of pH on the activity of PFK at inhibitory and
non-inhibitory concentrations of ATP

Relative activity (V/V})

pH 0.2 mM ATP 0.8 mM ATP
7.1 0.45 0.32
7.3 0.56 0.45
7.5 0.64 0.69
7.7 0.71 0.84
7.9 0.73 0.97
8.1 0.75 1.00
8.3 0.74 0.83
8.5 0.70 0.61

F6P was 1 mM. Activities are expressed as a fraction (V/ Vo
of the maximum activity (V) obtained at pH 8.1 using 0.8
mM ATP and 1 mM F6P (see section 2)
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Fig.L. Effects of ATP concentration on PFK activity in the
absence (e—e) and presence (a—4) of citrate (2 mM) at pH
7.1. F6P was 1 mM. Activities are expressed as a fraction
(V/Vy) of the maximum activity (V) obtained at pH 8.1 using
0.8 mM ATP and 1 mM F6P (see section 2).

pH (fig.1), the activity at 1.2 mM ATP being 30% of
that at 0.2 mM ATP. At pH 8.1 maximal activity was
obtained at higher concentrations of ATP (0.8 mM)
and inhibition (10%) only occured at > 2.4 mM ATP.
Addition of citrate potentiated the ATP-induced
inhibition at pH 7.1. The app. K| for citrate inhibition
(at 1 mM—F6P and 0.6 mM ATP) was 0.2 mM. How-
ever, citrate had no effect on enzyme activity at pH
8.1 (data not shown). The inhibitory effects of ATP
and of citrate were due to a decrease in affinity of the
enzyme for F6P (fig.2). Thus, in the presence of non-
inhibitory concentrations of ATP and in the absence
of citrate the app. K, for F6P was 1.0 mM whereas
in the presence of 0.8 mM ATP plus citrate (2 mM) it
was 1.5 and 2.2 mM, respectively.

4. Discussion

The mammary gland contains a number of different
tissue types (e.g., secretory, muscle, adipose cells).
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Fig.2. Effects of F6P concentration on PFK activity in the
presence of 0.2 mM ATP (u—u), 0.8 mM ATP (e—e) and

0.8 mM ATP plus 2 mM citrate (4 —a). Activities are express-
e_d as a fraction (V/ V) of the maximum activity (V) ob-
tained at pH 8.1 using 0.8 mM ATP and 1 mM F6P (see
section 2).

Since utilization of substrates for lipogenesis of milk-
fat occurs exclusively in the secretory cells it was
considered necessary to extract and study the proper-
ties of PFK from these celis. Consequently acini were
prepared from 10—12 day lactating rat mammary
glands. These preparations were judged to be substan-
tially free of cell types other than secretory cells by
microscopic examination [9].

In the present study a partially purified preparation
of PFK was used; consequently precise quantitative
interpretation of the data has to be made with cau-
tion. However, it is possible to ascertain that the
mechanism of inhibition by citrate (potentiation of
ATP-induced inhibition and a rise in K, for F6P)
is similar to that found for citrate inhibition of PFK
from other tissues [5,10]. The K; for citrate inhibition
(0.2 mM) s similar to that for PFK from rabbit muscle
and brain tissues and ~ 10-fold lower than for PFK
from rat and rabbit liver [4,5]. Therefore PFK from
mammary gland is relatively very sensitive to citrate
inhibition. Moreover, the K observed is similar to the
concentrations of citrate which were found in mam-
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mary gland slices and in vivo. These range from
0.12-0.26 mM in the normal animals [2,11] and
increase to 0.39 mM in lactating rats injected with
acetoacetate [3]. It is suggested that the effects of
citrate on phosphofructokinase observed in vitro are
of physiological significance and support the sugges-
tions that the reduced rate of glucose utilization by rat
mammary gland by ketone bodies may be due to inhibi-
tion of glycolysis at the PFK reaction by elevated con-
centrations of citrate in the gland. This mechanism
would spare glucose during periods of increased fat fuel
oxidation by the gland (e.g., short-term starvation).
However, because of the high rates of lipogenesis in
the lactating rat mammary gland, oxidation of non-
esterified fatty acids may be limited in the gland.
Hence, the formation of citrate due to ketone body
metabolism may be of major importance in regulating
phosphofructokinase activity and, consequently, glu-
cose utilization by the gland, even if ketones are not
an alternative lipogenic substrate to glucose [12].
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