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Summary

In order to study the three regulator enzymes of glycolysis, hexokinase (HK).
phosphofructokinase
(PFK) and pyruvate kinase (PK), in relation to lymphocyte
nlaturatjon,
lymphocytes
of different origin were investigated.
Lymphocytes
from
bone marrow, thymus, cord blood, adult peripheral blood and mitogen-stimulated
lymphocytes
were investigated.
The enzyme activities were determined
and the
isozyme patterns were studied by means of electrophoresis,
kinetic measurements
and immunoprecipitation.
The young lymphocytes
from bone marrow and the mitogen-stimulated
lymphocytes could be distinguished
from the other lymphocytes
by a higher residual HK
activity in the presence of the inhibitor glucose-1,Gdiphosphate.
Peripheral
blood T lymphocytes
differed from non-T lymphocytes
in the PK
isozymes distribution.
All the cells contained PK type K, and the hybrid K,M. In T
cells a smaller amount of the K isozyme was seen than in non-T cells. The PK
residual activity in the presence of alanine was significantly
higher in peripheral
blood T cells than in non-T cells.
Thymocytes
are characterised
by a larger amount
of PFK M-subunits
than
peripheral blood T and non-T lymphocytes.
The stimulation
of PFK by the positive
effector glucose-1,Gdiphosphate
was higher in thymocytes
than in the peripheral
blood lymphocytes.
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Introduction
For many years lymphocytes
have been the subject of intensive study by immunologists.
More recently investigations
have also focused on biochen~i~~~l markers.
e.g. enzymes [I]. Mainly enzymes of purine metabolism have been investigated 121. In
addition other enzymes, many being of lysosomal origin, have been studied [3]. Some
of these enzymes are used now as markers for lymphocytes
subpopulations.
However, only a few reports have been published
about glycolytic enzymes in the
lymphocyte
and its s&populations.
Lactic dehydrogenase
isozymes in lymphocyte
subpopulations
[4,5] and phosph~~fru~tokinase
[6.7] in unseparated
mature lymphocytes have been investigated.
Recently, we reported on hexokinase isozyme distribution
and regulatory properties in lymphoid
cells 181. It is well known that glycolysis is regulated by three
regulator
enzymes hexokinase
(HK), phosphofructokinase
(PFK) and pyruvate
kinase (PK). Of these three enzymes isozymes exist. which contribute strongly to the
regulatory function. because of the differences in kinetic behaviour.
Four isozymes
of HK are known, and designated
as I to IV in order of their increasing anodal
electrophoretic
mobility. It is known that HK I and II can bind to the mitochondrial
outer membrane.
This different compartmentation
is thought to provide an important regulatory mechanism by the differences in sensitivity to hexose-phosphates,
some of which are strong inhibitors of HK [9]. PK consists of three isozymes. liver
(L), muscle (M) and kidney (K) type. The enzyme is a tetramer; hybrid forms are
known to exist. The three forms can be distinguished
by electrophoresis
and by
kinetic measurements,
such as the sensitivity
to the inhibitor
alanine [lo]. Three
isozymes of PFK are known, muscle (M), liver (L) and fibroblast (F) types. The
native enzyme is a tetramer, and hybrid forms between the three isozymes can exist.
The isozymes of PFK can be distinguished
by kinetic measurenlents,
such as the
inhibition
by ATP and the stimulation
by glucose-~,6-diphosphate
[I 11.
In this paper the isozyme distribution
of HK, PFK and PK in lymphocyte
blood and
subpopulations
from bone marrow, thymus, cord blood, peripheral
mitogen-stimulated
lymphocytes
is reported. The isozyme patterns of HK and PK
were studied with electrophoresis
and kinetic measurements.
PFK isozyme distribution was studied by immunopre~ipitati~~il
with antibodies against the three isozymes
and with kinetic measurements.
Materials and methods

ATP, ADP, NADP' , fructose-6-P (all as disodium salts), phosphoenol-pyruvate
(tricyclohexyl
ammonium
salt), glucose-l ,6-P,, fructose-1.6Pz
(both as tetracyclohexyl
ammonium
salts). glucose-6-P
dehydrogenase
(from yeast), aldolase,
glycerol-3-P
dehydrogenase/triose-P-isomerase
and lactate dehydrogenase
were
purchased
from Boehringer (Mannheim,
FRG), Di-isopropyl
fluorophosphate
was
obtained from Merck (Darmstadt,
FRG). Dithiothreitol,
phenazine
methosulphate
(PMS) and bimethyl-thiazolyl-diphenol
tetrazolium bromide (MTT) were from Sigma

67

Chemical Co. (St. Louis, MO, US4). i-a-Alanine
was from BDH (Poole. UK). AU
other chemicals were of the highest purity available. Celtulose acetate (gelatinised)
was obtained from Checnetron (Milan, Italy).

Venous blood was collected in heparin (50 U/mt)T after which lymphocytes were
isolated on a Ficoif-fsopaque
(density 1.077 g/m!) gradient at 1000 X g for 20 min
[12]. Cetls were used immediately
or frozen as a dry pellet at - 8O*C. Monocytes
were removed by iron-carbonyl
incubation
for 1 h at 37 ‘C and subsequent
density
centrifugation.
Thymocytes
were supplied by Dr. H.J. Schuurman.
Div. of lmmunopathology:y, State University Hospital, Utrecht. Bone marrow lymphocytes were
obtained
by the method of de Gast and Ptatts-Mills
[13] by means of a sucrose
gradient. Cord bfood Iymphocytes were isolated essentiaily in the same way as the
lymphocytes
from peripheral blood [ 141. Lymphoblasts
were obtained after stimulation with phytohaemagglutinin
(PHA) or pokeweed
mitogen (PWM) using the
method described
by Gmelig-Meyling
et al [15]. T-non-T
cell separation
was
performed
by spontaneous
rosette forma&ion of the T lymphocytes
with sheep
erythrocytes treated with aminoethyl isothiouroniul~
bromide (AET) and subsequent
density centrifugation
[16].
Sunlple preparation
Cell lysis was performed by sonication
for 30 s at O°C with a 150 W ultrasonic
desintegrator
MK 2 (MSE Scientific Instruments,
Craw@_ UK). The extraction
buffer for hexokinase and pyruvate kinase contained 0.1 mol/l Tris-HCI (pH 7.8). I
mmol/l
MgC12, 0.1 mol/l
KCI, 1 mmol/I
dithiothreitol.
1 mmol/l
glucose, I
mmol/l
r-aminocaproic
acid and 1 mmol/l
diisopropyl
fluorophosphate.
The
extraction
buffer for phosphofructokinase
where glucose-1.6-P,
stimulation
assays
were carried out contained
0.02 mol/l
Tris-phosphate
(pH 7.5). 0.01 mmol,/l
fructose-l&P,.
1 mmcA,/i (NH,),SO,,
10 mmoI/f
KF, 10 mmol/l
dithiot~lre~to~~
0.1 mmoI/l
EDTA and 1 mmoI/f
diisopropyl
~uorophosphate.
The extraction
buffer for the PFK immunoprecipitation
was 0.05 moI/l Tris-phosphate
buffer (pH
7.5), containing 20 mmol/I (NH,),SO,,
0.2 mmol/l
ATP. 0.1 mmol/l
fructose-6-P.
0.1 mmol/l
fructose-l&P,,
1 mmol/l
diisopropyl
fluorophosphate.
10 mmol/l
r-aminocaproic
acid, 0.1 mmoljl
dithiothreitol,
10 mmolfl
KF and 10 mmol/l
EDTA. After cell disruption
the lysate was centrifuged
at 50000 x g for 30 min at
4°C. No enzyme activities could be detected in the pellet.
Enzyme nssa~vs and kinetics
Hexokinase
activity was measured in the coupled glucose-&phosphate
dehydrogenase assay as described before f17]. Pyruvate kinase activity in the coupled lactate
dehydrogenase
reaction was measured as described by Richer and Pfleiderer ]lX]_
Phosphofru~tokinase
activity was measured
at pH X.0 and 37°C in 0.1 moljl
Tris-HCl, containing
2 mmol/I
fructose-6-P,
10 mmol/l
KCI, 5 mmol/I
MgCl 2, 5
mmol/l
(NH,),SO,,
1 mmol/l
EDTA, 5 mmol/l
dithiothreitol,
0.15 mmol/l
NADH, 0.04% bovine serum albumin,
1.4 Katal aldolase, 1.7 Katal glycerol-3-P

6X

dehydrogenase
and 4.9 Katal trios+P isomerase. After 10 min preincubation
of the
sample at 37 “C the reaction was started with 0.5 mmol/I
MgATP’.-.
The enzyme
activities were expressed in units per mg protein or units per 10’ ceils. One unit is
defined as the amount of enzyme which cataIyses the formation of 1 prnol product
per min at 37 ‘C.
The inhibition
of hexokinase by glucose-1,6-P,
was determined
at pH 7.15 and
37 “C as described before [8]. Inhibition
of pyruvate kinase by alanine was tested at
pH 7.8 and 37 OC in 0.05 mol/I Tris-HCI, containing
0.1 mol/I
KCI, 1 mmol/I
MgC12, 0.5 mmol/l
phosphoenol-pyruvate,
0.09 mmol/l
NADH, 15 Katal lactate
After 5 min preincubadehydrogenase
and an alanine concentration
of 0.2 mmol/l.
tion at 3’7OC the reaction was started with 0.5 mmol/I
ADP. The 100% value is the
activity in the absence of alanine [lo]. The influence of glucose-1,6-P,
on phosphofructokinase
was studied at pH 7.4 and 37 “C in 0.05 mol/l
glycylglycine
containing
0.5 mmol/l
(NH,),SO,,
50 mmol/l
KCI, 5 mmol/l MgCl,, 0.5 mmol/l
EDTA, 0.5 mmol/l
MgATP’
. 5 mmol/l
dithiothreitol,
0.15 mmoljl
NADH,
0.04% bovine serum albumin,
1.4 Katal aldotase, 1.7 Katal glycerol-3-P
dehydrogenase, 4.9 Katal triose-P isomerase and 0.5 mmol/l
glucose-1,6-P,.
The auxiliary
enzymes were extensively
dialysed at 4’C before use against 50 mmol/l
glycylglycine, pH 7.4, containing
0.5 mmol/l
(NH,),
SO, and 5 mmol/l
dithiothreitol.
After 10 min preincubation
at 37OC the reaction was started by the addition of 0.5
mmol/l
MgATP’ ~. The reference value of 1.00 is the activity in the absence of
glucose-1.6Pz.
Proteirl drterminution
Protein content was measured
albumin as a standard [19].

by the method

of Lowry et al, using bovine

serum

Elecrrophoresis
Hexokinase
electrophoresis
on cellulose acetate at pH 8.8 was performed
as
described before [8]. Electrophoresis
of pyruvate kinase was performed on cellulose
acetate at pH 7.5 as was described elsewhere. Selective staining on enzyme activities
was performed using MT’T and PMS for colour development
[20]. After visualisation
of the enzyme bands the gels were scanned with a Helena Quickscan densitometer
at
540 nm.
Prepurutim ofmtiho&s
Preparation
of antibodies
against phosphofructokinase
M and F types was
performed by immunisation
of New Zealand white rabbits by multiple subcutaneous
injections of purified enzyme preparations
from human muscle and human platelets
1211. The anti-muscle
phosphofructokinase
showed no cross-reactivity
with type L
and F PFK under the conditions
of the immunoprecipitation
assay. The purified
platelet phosphofructokinase
consisted of F, L and a minor fraction fo type M. The
antiserum
obtained
against the platelet phosphofructokinase
was absorbed
with
partially purified human liver and purified human muscle phosphofru~tokil~ase
in
excess. The remaining
enzyme after absorption
was removed from the immuno-
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globulins by DEAE cellulose in 10 mmol/l
K-phosphate,
pH 6.8. The antibodies
were subsequently
precipitated
with 40% (NH,)*SO,
precipitation.
A slight cross-reactivity of less than 10% with purified L and M PFK was observed. The L-type
antiserum
was a gift from Prof. Dr. J.F. Koster, Erasmus University,
Rotterdam.
The Netherlands.
The anti-L serum showed no cross-reactivity
with type M and F
PFK under the conditions
of the immunoprecipitation
assay. The immunological
specific activities
calculated
were 4 U/ml
M-type antiserum,
5 U/ml
F-type
antibody solution and 100 U/ml
L-type antiserum.
Phosphofructokinuse
immunoprecipitation
The immunoprecipitation
was performed essentially by the method described by
Cottreau et al [21]. 4-5 mU of enzyme were incubated with increasing amounts of
antiserum for 1 h at 37 “C. followed by incubation
overnight at 4’C. The amount of
rabbit serum per assay was maintained
by addition of varying blank rabbit serums.
After incubation
polyethylene
glycol was added to a final concentration
of 7% and
the incubation
was prolonged
for 15 min at 4°C. After 15 min centrifugation
at
50000 x g and 4’C the phosphofructokinase
activity in the supernatant
was tested.
TABLE

I

Enryme

activities

of lymphocytes

from different

sources

Cell type

HK activity
mU/mg protein

PK activity
U/mg protem

PFK activity
MU/mg protein

Bone marrow
lymphocytes

66+22
,, = 4

2.62kO.34
n=4

n.d

Cord blood
lymphocytes

7Ok38
n=6

1.98+0.8x
n=6

n.d

Thymocytes

30. 80
n=2

1.2OkO.36
,I = 3

1.97+55
12= 3

Peripheral blood
lymphocytes

97*4s
,I = 6

3.7OkO.84
n=6

260 _t 64
n=8

T lymphocytes

89k16
n=9

3.37 * 0.81
n=6

220 i 60
n=3

Non-T

81 k42
n=6

2.72 i 1.77
n=5

230.260
II = 2

Lymphoblasts
after
PHA and PWM stimulation

99+30
n=4

3.98 + 1.06
n=4

n.d

Monocytes

9Oi21
II=3

3.72+ 1.69
n=4

n.d

Granulocytes

160.280
n=2

5.71. 8.28
n=2

n.d.

lymphocytes

The values are the means+
‘ Materials and methods’.
n.d.. not done.

1 SD. The number

of determinations

is indicated

in the Table. For details. see
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Results

Actic!ities
Table I summarises
the activities of HK, PFK and PK from lymphocytes
of
several stages of maturation,
monocytes and granulocytes.
Hexokinase activity from
lymphocytes
is in the range of 40 to 140 mU per mg protein (97 + 48 mU per mg
protein. mean k SD, n = 6). No differences are seen between T and non-T lymphocytes nor between lymphocytes
of different sources. By comparison,
granulocytes
have a higher activity. Pyruvate kinase activity also did not differ for lymphocytes
from the different sources or from monocytes. Cord blood lymphocytes and thymocytes show a lower PK activity, whereas granulocytes
show much higher activities
(5.778.2 U/mg protein). PFK activity from thymocytes and peripheral T and non-T
lymphocytes
were the same (120-400 mU/mg
protein).
Electrophoresis
All the lymphocytes,
as well the T as the non-T from all sources. contain only
hexokinase
I which is shown for lymphocytes
from peripheral
blood in Fig. 1.
Monocytes and granulocytes
show, besides hexokinase I, a HK III band (see Fig. 1).
The latter may even consist of two bands. A faint hexokinase III band occasionally
is seen in lymphocytes
from bone marrow.
Fig. 2 shows the electrophoretic
pattern of pyruvate kinase from T and non-T
lymphocytes.
All cell types are characterized
by the presence of pyruvate kinase K,

a

b

c

d

Q

Fig. 1. HK electrophoresis
from erythrocyte
HK (a). granulocytes
(b). hone marrow lymphocytes
lymphocyte5 from peripheral blood (d) and non-T lymphocytes
from peripheral blood (e).

(c). T-
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K2M2
K3M

Fig. 2. PK electrophoresis
peripheral

from T lymphocytes

from peripheral

blood (left) and non-T lymphocytes

from

blood (right).

and K,M. In T lymphocytes
from peripheral blood a relatively small amount of the
K isozyme is present, with an equal amount of the K, and K,M. whereas a small
K,M2 band could also be discerned (not visible in Fig. 2). In non-T lymphocytes the
K, isozyme predominates,
with a smaller amount of the K,M hybrid. In granulocytes and monocytes, type K, is predominant
besides a little K,M (not shown).
Kinetic

studies

Glucose-1,6-P,
is a well-known
inhibitor of hexokinase.
Table II gives the HK
residual activities in the presence of 0.1 mmol/l
glucose-1.6-P,
from lymphocytes of
different sources, monocytes and granulocytes.
The 100% value is the activity in the
absence of glucose-1,6-P,.
The young lymphocytes
from bone marrow and the
lymphoblasts
obtained
after stimulation
of lymphocytes
with mitogens
have a
distinctly
higher residual HK activity in the presence of glucose-1,6-P,
than the
lymphocytes
from cord blood, peripheral
blood and thymocytes.
HK residual
activity from monocytes was of the same order as the HK residual activity from
normal lymphocytes, whereas granulocytes
have a higher HK residual activity. Table
II also shows the residual activity of PK in the presence of 0.2 mmol/l
alanine for T
and non-T lymphocytes
from peripheral blood. The residual activities are expressed
as percentages of the 100% value in the absence of alanine. Residual activity in T
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TABLE

II

Influence

of effecters

on enzyme activities

Cell type

from lymphocytes

from different

swrceb

Residual activit>
of HK at 0.1 mmol/‘l
glucose-l .6-P,
(in “;)

Residual actlvit,
of PK at 0.2 mmol/l
alanine
( in I )

Activation factor
of PFK at 0.5 mmol/l
glucoac-1.6-P?
(In %)

Bone marrow
lymphocytes

59+11
,I = 4

22ih
,, = 4

n.d.

C‘ord blood
lymphocyte>

47*x
,I = 6

32& 14
,,=I2

n.d.

Thymoq

35.44
,I = 2

24.27
,I = 2

3.7
II =

Peripheral blood
lymphocytes

41_+4
,I = 33

26+_6
,I = 21

2.25 i 0.30
,I = 2x

T lymphocyte\

44+5
II =I0

30 & IO
II = I?

2.7. 3.1
II = 2

Non-T-lymphocytes

40+6
J1 = 8

20 * x
,, = 10

2.3
,1 = I

Lymphoblaats
after PHA and
PWM stimulation

70*11
,1 = 7

32&l]
,, = 7

n.d.

Monocytea

3xi9
,, = 4

20&S
n=4

n.d.

Granulocytes

52+
n=3

21
,I = 1

n.d.

-

tes

-

1

I

The residual activities of HK and PK in the presence of glucose-1.6.Pz
and alanine. respectlvrly.
are
expressed as percentages of the lOO%, value in the absence of the inhibitor.
The stimulation factor of PFK in the presence of glucose-1.6-P> is expressed it5 V/F,,,. where L’ is the PFK
activity in the presence of 0.5 mmol/l glucose-1.6-P> and 4, the activity in the absence of the effector.
The values are means& 1 SD. The number of determination5
is indicated in the Table.
For details of the aasays. see ‘Materials and methods’.
n.d., not done.

lymphocytes
is significantly
higher than in non-T lymphocytes
( p c 0.005 with
Student’s t test), and slightly higher than in thymocytes. All the other cell types are
characterised
by a relatively low PK residual activity in the presence of alanine (see
Table II). The residual activity of PK is highest in cord blood (32%). and lowest in
monocytes and granulocytes
(20 and 21’%, respectively).
Finally Table II shows the
stimulation
of PFK by 0.5 mmol/l
glucose-1,6-P,.
The activation ratios are calculated from the initial rate velocities. The L’, value is the PFK activity in the absence
of glucose-1.6-P,.
The PFK stimulation
is not different in T lymphocytes and non-T
lymphocytes,
whereas it is slightly higher in thymocytes.
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TABLE

111

PFK immunoprecipitation

of lymphocytes

Cell types

from different
Residual
presence

sources

activity
of:

of PFK (in ‘%) in the

anti-M

anti-l

anti-F

Thymocytes

62+4
II = 4

17*1
II = 3

39+u
II = 4

Peripheral blood
lymphocytes

75+7
II =lO

22+6
fl=5

45*12
,, = 4

T lymphocytes

76*6
!I = 3

15*4
,I = 3

51*5
II = 3

Non-T

76. 76
n=2

10. 14
?I = 2

55. 56
,I = 2

7x+9
n=5

n.d.

n.d

lymphocytes

Lymphohlasts
after
PHA and PWM stimulation

The 100%’ value is the activity in the absence of antibody. The values are mean>&
determinations
is indicated in the Table. For details. see ‘Materials and methods’.
n.d.. not done.

I SD. The number of

Immunoprectpitation

lmmunoprecipitation
with antibodies
against M (muscle), L (liver) and F (fibroblasts) type PFK was performed on PFK from lymphocytes
from peripheral blood.
separated T and non-T lymphocytes,
and thymocytes. The results are summarized in
Table III. The results are expressed as the residual activities in the supernatant
after
immunoprecipitation
with excess of antibody.
No differences were found between
the isozyme compositions
of T and non-T lymphocytes. A greater amount of M- and
F-containing
hybrids were found in thymocytes,
compared to peripheral blood T
lymphocytes.
Discussion

Lymphocytes
are known to originate from a bone marrow lymphoid stem cell.
which differentiates
into two major lymphocyte
populations,
designated
T and B
lymphocytes.
T cell differentiation
takes place in the thymus. After thymic maturation the T cell enters the blood-stream,
where it makes up about 70% of total
lymphocyte
number.
The T cell can proliferate
after antigenic
stimulation
and
differentiate
into T effector cells. which reside in the peripheral lymphoid organs.
The B cell differentiation
takes place in the bone marrow. The mature B lymphocyte
in the peripheral blood makes up less than 10% of total lymphocyte number. The B
cell can proliferate and differentiate
into a plasma cell, which resides in the bone
marrow, through several stages of lymphoblasts
and plasma blasts in the lymphoid
organs.
Isozymes, as specific gene products,
may be efficient markers of cell types,

74

enabling definition
of a cell in terms of its molecular composition.
Isozyme shifts
may correlate with special metabolic functions of the differentiated
tissues and may
be useful in this way to relate metabolic function to morphological
change. It is well
known that glycolysis is regulated by the enzymes hexokinase. phosphofructokinase
and pyruvate kinase. The three regulator enzymes can exist in multimolecular
forms:
the isozymes do not differ only in physico-chemical
properties
such as electrophoretic mobility, but also show different regulatory properties. Kester et al [22] and
Hume et al [23] reported that energy metabolism
in the lymphocyte
is correlated
with cell function.
Glycolysis
is also important
for purine metabolism,
which is
essential for lymphocyte function [24]. Because B and T lymphocytes differentiate
in
a different
way to highly specialised
cells, isozyme changes may be involved:
furthermore.
during maturation
of the different cell types, changes in metabolism
may occur. It is therefore important
to study isozyme patterns in separated T and
non-T (B + ‘null’) lymphocytes in order to compare mature peripheral blood T cells
with immature
T cells in the thymus and mature peripheral
blood B cells with
immature B cells in the bone marrow [13].
From the results presented, it seems that with respect to hexokinase no difference
exists between T and non-T lymphocytes.
In both cell types only hexokinase type 1
could be detected. However, immature B lymphocytes
show higher residual activity
in the presence of glucose-1.6-P,
than the more mature lymphocytes.
Furthermore
the T lymphoblasts
(after PHA stimulation)
have a significant
higher residual
activity
than peripheral
blood T cells. Therefore.
although
the electrophoretic
pattern is not different, it is quite well possible that hexokinase type I varies in the
different cell types. As we already reported [25]. several subtypes of hexokinase type
I are known, which may be differently
regulated, especially with respect to the
inhibition
by glucose-1,6-P,.
Pyruvate kinase can exist in three multimolecular
forms, designated as K, L and
M type. The K type may be regarded as the so-called fetal type; the younger the cell.
the more K subunits can be detected. The latter can be easily demonstrated
by
means of the alanine inhibition
assay. because of a direct correlation
between the
amount of K subunits and the alanine inhibition
[20]. Thus, in young lymphocytes,
both bone marrow lymphocytes
and thymocytes,
K, is predominant
together with
the hybrid K,M.
However,
for mature lymphocytes
from peripheral
blood a
difference between T and non-T lymphocytes
could be detected. Both cell types
contain type K, and the hybrid K,M. However, in T lymphocytes
a small amount
of the hybrid K,M, is present, together with a relatively smaller amount of K,. The
presence of the hybrid K,M, in T lymphocytes
may be important as a cell marker.
Moreover,
mature T lymphocytes
from peripheral
blood seem to contain
more
K,M,
than immature T cells from the thymus.
With respect to phosphofructokinase
isozyme distribution.
no differences were
found between T and non-T lymphocytes
from peripheral
blood. By means of
immunoprecipitation
against the three isozymes of PFK no significant
differences
were found. In thymocytes, however, the amount of M- and F-containing
hybrids is
slightly higher. Thus, of the three regulator enzymes studied, PFK cannot be used to
discriminate
between T and non-T cells, and only small differences
are found

between immature and mature lymphocytes
of this
influence of glucose-1,6-P,
on hexokinase activity
different
stages of maturation
and may in this
maturation
of the lymphocyte.
Pyruvate kinase
mature T and non-T lymphocytes;
this is not valid

enzyme. On the other hand. the
is different from the enzyme at
respect be a good marker for
isozyme pattern
is different
in
for the immature lymphocyte.

Acknowledgements

We are grateful to Dr. M.V.A.M.
Kroeks, Dept. of Gynaecology,
Diakonessenhuis, Utrecht, The Netherlands,
for supplying the cord blood samples and to Ir.
J. Klugkist
for help with some experiments.
Miss J. Kuypers
and Dr. L.J.M.
Spaapen
are thanked
for supplying
some lymphocyte
samples and Mrs. E.L.
Huisman-Backer
Dirks for typing the manuscript.
References
1 Blatt J, Reaman

2
3
4
5

6
7
8
9
10

11
12
13

14

15

G. Poplack DG. Biochemical markers in lymphoid malignancies,
N Engl J Med 1980:
303: 918-922.
Nishida Y. Okudaira K. Tamimoto K. Akaoka I. The differences in purine metabolism between T and
B lymphocytes.
Exp Hematol 1980; 8: 593-598.
Tanaka T. Biochemical activities of nine lysosomal euymea in T and non-T lymphocyte\.
FEBS Lett
1979; 104: 161-164.
Plum J. Ringoir S. Lactate dehydrogenase
isoenzyme pattern as a measure of cellular differentiation
In
lymphocytic
cells. J Reticula-endothel
1977; 21: 225-230.
Rambotti
P. Davis S. Lactic dehydrogenase
in normal and leukemia lymphocyte
auhpopulatmna:
evidence for the presence of abnormal T cells and B cells in chronic lymphocytic
leukemia. Blood
1981; 57: 324-327.
Meienhofer MC. Lagrange JL. Cottreau D, Lenoir G. Dreyfus JC. Kahn A. Phoaphofructohinase
m
human blood cells. Blood 1979; 54: 389-400.
Vora W. Isozymes of human phosphofructokinase
in blood cells and cultured cell lines: molecular and
genetic evidence for a trigenic system. Blood 1981: 57: 724-732.
Kraaijenhagen
RJ, Rijksen G, Staal GEJ. Hexokinase isozyme distribution
and regulatory properties
in lymphoid cells. Biochim Biophys Acta 1980; 631: 402-411.
Rijksen G. Staal GEJ. Regulation
of human erythrocyte
hexokinase.
The influence of glycolytlc
intermediates
and inorganic phosphate.
Biochim Biophys Acta 1977: 4X5: 75-86.
Van Veelen CWM, Verbiest H. Ziilch KJ. van der Vlist MJM. Vlug AMC. Rijksen G. Staal GEJ.
L-@-Alanine inhibition of pyruvate kinase from tumors of the human central nervous system. Cancer
Res 1979: 39: 4263-4269.
Meienhofer
MC. Cottreau
D, Dreyfus JC. Kahn A. Kinetic properties
of human F4 phosphofructokinase: a poor regulatory enzyme. FEBS Lett 1980; 110: 219-222.
Boyum A. Separation of leukocytes from blood and hone marrow. Stand J Clin Lab Invest 1968: 21:
51-55.
de Gast GC. Platts-Mills TAE. Functional
studies on lymphocytes
in adult human bone marrow. 1.
Immunoglobulin
production
in vitro after fractionation
on a sucrose gradient and T/non-T
cell
separation.
J lmmunol 1979; 122: 280-284.
Gmelig-Meyling
F, Dollekamp I, Zegera BJM. Ballieux RE. Lymphocyte
suhpopulations
In neonates.
young children and adults ad detected by six cell surface markers. Acta Paediatr Stand 1980: 69:
13-19.
Gmelig-Meyling
G. Uytdehaag
AGCM,
Ballieux RE. Human
B-cell activation
in vitro: T cell

lb

I6

17
IX
19
20
21
22
23
24
25

dependent pokeweed mltogen induced differentiation
of blood B lymphocytes.
Cell Immunol 1977:
33: 156-169.
Pellegrino MA. Ferrone S. Theofdopoulos
AN. Isolation of human T and B lymphocytes
by rosette
formation
with Z.AET-treated
sheep red blood cells and with monkey red blood cells. J Immunol
Methods 1976: 11: 273-279.
RiJksen G. Staal GW. Purification
and some properties of human erythrocyte
hexnkinasr.
Biochlm
Biophys Acta 1976: 445: 330-341.
Blicher T. Pfleiderer G. Pyruvate kinasc from muxlr. Methods Enzymol 1955: 1: 435.-440.
Lowry OH, Rosebrough
NJ. Farr AL. Randall RJ. Protein measurement
wth the Folin phenol
reagent. J Biol Chem 1951: 193: 265-275.
Van Veelen CWM. RiJksen G. Vlug AMC. Staal GEJ. Correlation
hetueen alanine mhitxtion of
pyruvate kinase and composition
of K-M hybrids. Clin Chim Acta 1981; 1 IO: 113~120.
Cottreau
D. Levin MJ. Kahn A. Purification
and partial characterization
of different
forms of
phoaphofructokinaae
in man. Biochim Biophys Acta 1979: 568: 1X3-194.
Kester MV, Phillips TL. Gracy RW. Changes in glycolytic enzyme levels and ~soqmc expression In
human lymphocytes
during blast transformation.
Arch Biochem Blophyh 1977; 1X3: 700-709.
Hume DA, Radik JL. Ferber E. Weldernan MJ. Aerobic glycolyais and lymphocyte
transformation.
Biochem J 197X; 174: 703.-70’).
Polmar SH. Metabolic aspects of immunodefxiency
disease. Sem Hematol 1980: 17: X-43.
RiJksen G. Janseh G. KraaiJenhagen
RJ: van der Vlist MJM. Vlug AMC. Staal GEJ. Separation and
characterization
of hexokinase I subtypes from human erythrocytes.
Biochim Biophys Acta 1981; 659:
292-301.

