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Regulation of mitochondrial hexokinase in cultured HT 29 human cancer cells.
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The involvement of the mitochondrial bound hexokinase in aerobic glycolysis was investigated in two
subpopulations of the HT 29 human colon cancer cell line: a poorly differentiated one with high aerobic
lactate production (referred as undifferentiated or standard cells), and an enterocyte-like differentiated one
with lower lactate production (referred as differentiated or Glc ~ cells). After mild digitonin treatment, 85%
of the total cellular hexokinase activity remained in the particulate fraction in both cell types. In both cases
mitochondria appeared to be tightly coupled but the Glc ™ cells exhibited a significantly higher oxidation rate
in the presence of glucose. Electron microscopy of freeze-fractured cells revealed the absence of contacts
between the two limiting mitochondrial membranes in the highly glycolytic standard cells, whereas the
confacts were present in the Glc ™ cells. Furthermore, we investigated the functional relationship between
bound hexokinase (as hexokinase-porin complex) and the inner compartment of mitochondria isolated from
standard and Glc ™ HT 29 cells. In contrast to the differentiated cells the hexokinase in undifferentiated
standard cells was not functionally coupled to the oxidative phosphorylation. This suggests that the high rate
of lactate formation in neoplastic cells is not caused by an increase of particulate hexokinase activity but
rather by a disregulation of the hexokinase-porin complex caused by the absence of contact sites between
the two mitochondrial membranes. In agreement with this interpretation, the hexokinase-porin complex
could be completely removed by digitonin treatment in standard HT 29 cells, while this was not possible in
mitochondria from Glc ~ cells.

Introduction

One of the most characteristic biochemical phe-
notype of cancer cells 1s therr ability to sustain
high aerobic rates of glycolysis [1] yielding high
amounts of lactate The reason for this high aerobic
lactate production of cancer cells 1s still not clearly
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understood It seems reasonable to assume a de-
fect 1n the mitochondnal metabolism, but this has
so far not been definitely established Singh et al
[2] could correlate cellular transformation with
increase 1n hexokinase activity in the particulate
fraction the hexokinase activity was found to be
risen more than 20-fold in some rapidly growing
tumors, with approximately 70% of the activity
being associated with the mitochondrial fraction
[3] The particulate forms of hexokinase were found
to be less sensitive to ihibition by glucose 6-phos-
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phate than are the soluble forms of the enzyme
This has led Bustamente and Pedersen [4] to sug-
gest that the resulting high levels of glucose 6-
phosphate entering the glycolytic pathway may
promote the formation of pyruvate concentrations
that cannot be readily oxidized by the
mitochondria However, the rate of glycolytic flux
1s not regulated by the glucose 6-phosphate levels
but rather by the phosphorylation potential in the
cytosol which controls the activity of phos-
phofructokinase and pyruvate kinase It has been
observed mn hver and brain [5,6] that the
mitochondnial bound hexokinase preferentially
uses intramutochondrial ATP, which consequently
increases the rate of oxidative phosphorylation by
direct ADP supply Based on these observations, 1t
was hypothesized that 1t 1s not the free extramu-
tochondrial ADP which regulates the rate of
oxidative phosphorylation but rather glucose in
liver [7,8] or creatine [9] in muscle, by exerting
acceptor control via mitochondnal hexokinase or
creatine kinase, respectively The unability of
tumor cells to oxidize the pyruvate may result
from a reduced number of mitochondna which 1s,
however, not constantly observed [10] Alterna-
tively, 1t may point to a defect in the functional
coupling of the mitochondnal bound hexokinase
to the inner compartment Hence, we suggest that
mitochondrnial hexokinase utilizes extramito-
chondnal ATP 1n neoplastic cells, implying that
oxidative phosphorylation would not be supplied
with ADP while the glycolytic flux would be
greatly enhanced

The structural prerequisites of the functional
coupling between hexokinase and oxidative phos-
phorylation are (1) the binding of the enzyme to
the pore protein (porine) 1n the outer
mitochondrial membrane [11,12] which has also
been characterized in hepatoma mitochondra [13]
and (2) the formation of contacts between the
outer and mner hmiting membranes [8] In the
liver, these contacts have been shown to increase
4-fold 1n phosphorylating mitochondrna (state 3)
when compared to energized mitochondrna (state
4) or freshly 1solated mitochondna (state 1) [14]
Furthermore, the increase of contacts in state 3
correlates to the degree of coupling between
oxidative phosphorylation and electron transport
The contacts are less numerous in loosely coupled

mitochondna and are almost absent in uncoupled
mitochondna [15]

In order to evaluate the importance of contacts
between the two boundary membranes in physio-
logical regulation of glycolysis and pyruvate
oxidation, we compared two subpopulations of a
neoplastic cell line which differ m aerobic lactate
production

When grown in standard medium containing
glucose, the HT 29 colon adenocarcinoma cells
(standard cells) are known to be hghly glycolytic
and to accumulate high levels of glycogen [16,17]
However, when these cells were adapted to grow
in a glucose-free medium, they showed a reduced
rate of lactate production and glucose consump-
tion 1n the presence of readded glucose Concom-
itant with the change in metabolism, these cells
displayed an enterocytic-like differentiation they
are polanzed mn the cell layer and display apical
and cystic brush border, tight junctions can be
observed The morphological changes are accom-
pamied by induction of specific enzymes as al-
kaline phosphatase and sucrase-isomaltase The
enterocytic type of differentiation could be
reversed after several passages when glucose was
added [18]

Materials and Methods

Dulbecco’s modified Eagle medium was ob-
tained from Eurobio, Pans, France All other
chemucals were purchased from Boehringer Mann-
heim and E Merck Darmstadt, FR G

Cell culture

The HT 29 cell-line derived from a human
colon adenocarcinoma was established in perma-
nent culture by J Fogh [19] The differentiated
subpopulation of the HT 29 cell line was obtained
from Dr A Zwelbaum, Paris The cells were
cultured 1n Dulbecco’s modified Eagle medium
supplemented with either 25 mM D-glucose and
10% fetal calf serum (undifferentiated cells) or
without D-glucose (differentiated cells), plus 10%
dialyzed fetal calf serum as described in Ref 18
Two days before analysis of the differentiated
cells the medium was supplemented with 25 mM
glucose



Dugitonin treatment of the cells

The cells were harvested from the culture flasks
by trypsination and were suspended in Krebs-
Henseleit medium The suspension was adjusted
to contain approx. 10 mg of protemn per ml
Aliquots of 0.5 ml were incubated at 30°C for 30
s with concentrations of digitonin ranging be-
tween 10 and 200 pg/mg of protemn and subse-
quently centrifuged for 30 s 1n a tabletop centri-
fuge. The supernatant was kept for analysis and
the pellet was resuspended 1in Krebs-Henselet
medium

Isoenzyme electrophoresis

The structure bound hexokinase was extracted
from the digitonin-treated cells by Triton X-100
This extract and the cytosolic fraction were run on
agar gel electrophoresis as described by Allen et
al [20] The isozymes were visualized by specific
staiming and the amount of the different 1sozymes
was determuned densitometrically

Assays

Hexokinase (EC 2 71 30) and lactate dehydro-
genase (EC 111 27) were determined photometri-
cally according to Bucher et al [21] The assays of
adenylate kinase (EC 2 7 4 3) and succinate dehy-
drogenase (EC 1 3 99 19) were carned out as de-
scribed recently [22] Glucose concentration was
measured by incubating 20-ul aliquots for 30 min
at 30°C with a reaction mixture contaimng 015
M Tns (pH 7 6), 20 mM MgCl,, 0 7mM ATP, 05
mM NADP, 07 U/ml hexokinase and 06 U,/ml
glucose-6-phosphate dehydrogenase, the change 1n
absorbance was read at 340 nm L-Lactate con-
centration was measured in 20-ul aliquots using
lactate dehydrogenase and NAD

Protein was determuned by the method of Lowry
et al [23] using bovine serum albumin as stan-
dard

Isolation of mitochondria from HT 29 cells

HT 29 standard cells and Glc™ cells in the
stationary phase were harvested with 025% tryp-
sin 1n 0 13 M phosphate buffer (pH 7 2), Ca2* and
Mg?2* free, contaiming 0 53 mM EDTA, then sus-
pended 1n culture medmum to stop the trypsin
action The cells were centrifuged at 500 X g for 3
mun and resuspended 1n 1solation medium contain-
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mg 021 M manmtol, 007 M sucrose, 2 mM
Hepes (pH 7 4) and 1 mM EGTA The suspension
(10 ml) containing Glc™ cells was muxed with
DEAE-cellulose (250 mg in 5 ml of 1solation
medium) according to Lawrence and Davies [24]
and Nagarse 1n a final concentration of 15 pg/mg
of total protein was added The suspension was
stirred on 1ce for 7 mun After incubation, the
suspension was diluted 2-fold with 1solation
medium contaiming 1% bovme serum albumun,
homogenized 15 times with a motor driven
Teflon/ glass homogenizer and subsequently
centnfuged at 500 X g for 10 mun The super-
natant was centrifuged 10 mun at 10000 X g The
sediment was resuspended in 1solation medium
contamng 1% bovine serum albumin and the
mitochondna were sedimented by 10 mn centrifu-
gation at 14000 X g The final sediment was resus-
pended 1n 1solation medium without EGTA con-
taimng 1% bovine serum albumin Mitochondna
from standard HT 29 cells were 1solated by the
same procedure without addition of DEAE-cel-
lulose

Respiratory measurements

Respiration was determuned by a Clark type
oxygen electrode at 23° C according to Estabroock
[25] Respiration of the HT 29 cell subpopulations
was determined 1n culture medium 1n the presence
of 25 mM glucose Respiration of mitochondna
1solated from HT 29 cells and brain was measured
in the respective mutochondnal 1solation medium
with 5 mM succinate as substrate

Treatment of 1solated mitochondria with digitomin

Mitochondrna 1solated from HT 29 cells were
suspended 1n the 1solation medium so as to obtain
a protein concentration of 10 mg/ml Ahquots of
01-02 ml of the suspension were incubated for
30 s at room temperature with concentrations of
digitonun ranging from 01 to 1 0 mg/mg of pro-
tein The suspension was subsequently centrifuged
for 1 mun m a tabletop centnifuge The super-
natant was removed and the sediment was resus-
pended 1 1solation medium

Fixation and embedding
The differentiated and undifferentiated cells
were fixed in the culture dishes with 2 5%
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glutaraldehyde 1n 01 M cacodylate buffer (pH
7 4) and postfixed with 2% osmum tetroxide The
fixed samples were embedded in Spurr’s epoxy
resin, thin sectioned, post-stained with ‘Locke’s’
uranyl acetate stain [26], and examned in a Zeiss
5M 10 electronmucroscope at 80 kV Mitochondnal
area per cell area was determined with a MOP —
AM2 picture analysing system (Kontron) on thin
sections of the two HT 29 subpopulations

Freeze-fracture analysis

Dafferentiated and undifferentiated cells were
grown on Thermanox (obtamned from Lux Sa
Corp USA) sheets under standard culture condi-
tions described above Small pieces of the cell
layer on Thermanox were subjected to rapid
cryofixation with the sandwich-cryogen-jet-freez-
ing method as described recently [27} The samples
were broken n a Balzers 360M freeze-etch device
at —120°C and 2 1077 Torr, followed by Pt/C
and C shadowing For electron microscopy, a Zeiss
5M 10 at 80 kV were used The morphological
evaluations were performed using a Kontron MOP

Fig 1 Thin section of undifferentiated HT 29 cells HT 29
tumor cells grown 1n the presence of 25 mM glucose were fixed
1n the culture dishes with 2 5% glutaraldehyde and 2% osmium
followed by conventional embedding 1n Spurr’s epoxy resin as
descnibed 1in Methods The substrate (lower margin) 1s covered
by a multilayer of tightly packed undifferentiated not polanzed
cells The mucrowilli at the surface are not regularly onentated,
tight junctions are not visible, but numerous desmosomes are
present between the cells Bar =10 pm

Am2 picture analysing system connected to a HP
9825 calculator The nomenclature of the exposed
membranes follows that of Branton et al [28]

As a mean of quantifying the difference in
fracture-plane deviations, the length of the edge
where the fracture plane deflects was measured as
related to the corresponding examuned area In
convex fractures, the edge of the exoplasmic face
of the outer membrane was measured, whereas, 1n
concave fractures, measurements were made of the
exoplasmic face of the inner membrane These
values ( L) were expressed as length (pm) per unit
of mitochondnal fractured membrane area The
quantification was made 1n the areas where the
curvature was low 1n order to avoid large distor-
tions of the measured edgelines

Statistics

The statistical differences of the measured
parameters between experimental and control
groups were deterruned by the Mann-Whitney
U-test and are shown as P % values

Results

Morphological characterization of the two HT 29
cell subpopulations

HT 29 cells cultured 1n a standard medium 1n
the presence of 25 mM glucose grow as dis-
organized multilayers and display an unpolanzed
nucleus as well as cytoplasmic projections ran-
domly dispersed at the cell penphery (Fig 1)
Adaptation of the standard cells to glucose free
medwum changed the morphology sigmificantly In
contrast to the undifferentiated cells (Fig 1) the
glucose-deprived (Glc™) cells were covered with
an apical brush border and formed a monolayer
(Fig 2A) They were sometimes organized around
small intercellular cysts (not shown) Tight junc-
tions, considered as specific to polanized epithehal
cell monolayers, were found between the cells
(Fig 2B) Although both subpopulations of the
adenocarcinoma were fixed under the same condi-
tions, the mitochondna exhibited a very different
structure they were swollen in the undifferenti-
ated cells and condensed in the differentiated cells
The swelling of the mutochondna was partially
reduced when the undifferentiated cells were fixed
mn suspension after detachment from the substrate
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Fig 2 Thin section of differentiated HT 29 cells HT 29 cells adapted to glucose deprived medium were fixed on substrate and

embedded as in Fig 1 (A) the cells forming a monolayer exhibit an apical brush border (upper margin) and are polarnized Tight

Junctions are formed between the cells at the apical side (M = mutochondrion, A = autophagosome) Bar =10 um (B) detail

micrograph from (A), TJ = t1ight junction, D = desmosome, rER = rough endoplasmic reticulum, R = nbosomes, M = mitochondnon,
MF = mucrofilaments, N = nucleus Bar =1 pm

(not shown), suggesting that the multilayer struc- fixation process However, independent of which
ture of the undifferentiated cells may affect the mode of fixation was chosen, the mitochondna in
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the differentiated cells had a more condensed
structure compared to the undifferentiated cells
This points to the possibility that the difference in
structure may be related to different functional
states of the mitochondria 1n the two cell sub-
populations

Metabolic characterization of the two HT 29 cell
subpopulations

The glucose metabolism of the two cell types
described above was analyzed two days after read-
dition of glucose to the differentiated cells Lactate
production of the differentiated Glc™ cells was
less than 50% of that observed in the undifferenti-
ated cells (Table I) The lactate/glucose ratio of
the undifferentiated standard cells was close to 2,
suggesting that these cells utilize glucose mainly
for energy production The ratio in the Glc™ cells
was sigmficantly lower However, as glucose may
also enter other metabolic pathways, the calcula-
tion of the glycolytic ATP production from the
amount of consumed glucose can result mn an
overestimation Also any pyruvate which 1s utilized
mn the oxidative metabolism reduces the produc-
tion of lactate and thus leads to an underestima-
tion of the glycolytic rate We used the lactate
formation to estimate the glycolytic ATP produc-
tion since Nakashima et al [29] assumed that the
error of this calculation would be less than 8%
(Table I)

TABLE 1

GLUCOSE METABOLISM IN DIFFERENT TYPES OF HT
29 ADENOCARCINOMA CELLS

The glucose consumption and lactate production were mea-
sured 1n differentiated (adapted to glucose free medium) and
undifferentiated HT 29 cells grown 1n the presence of glucose
Analysis of the differentiated cells was performed two days
after readdition of 25 mM glucose n = number of different
experiments

Undifferentiated Dufferentiated
cells (n = 24) cells (n =21)
Glucose uptake
(pmol/h per mg)  0559+0 095 0300+0088
Lactate production
(pmol/hpermg) 10921021 04201013
Lactate/glucose 194 +034 142 +024
(P% < 0001)

Analysis of freeze fractured nutochondria in the two
HT 29 cell subpopulations

Freeze-fractured mitochondna exhibit frequent
Jumps of the fracture plane between the inner and
outer membranes provided that they are not chem-
ically treated for fixation or cryoprotection. It has
been postulated that these fracture-plane changes
between the two boundary membranes represent
mtimate contacts between the two membranes, a
phenomenon referred to as semufusion [30)]. There-
fore the frequency of fracture-plane jumps corre-
lates to the frequency of contacts We have de-
termuned the frequency of fracture-changes as de-
scribed 1n Methods by measuring the length of the
edge where the fracture-plane deflects to the other
layer In undifferentiated standard cells, mito-
chondna exlubiting fracture-plane deflections be-
tween the boundary membranes were very few
(Fig 3), whereas they were frequent in the dif-
ferentiated Glc™ cells, determined two days after
re-addition of glucose (Fig 4) When exclusively
the mutochondria showing fracture plane deflec-
tions were compared 1 both cell types, the
frequency of deflections (representative for con-
tact sites) was significantly lower in undifferenti-
ated cells, whereas the mitochondna in differenti-
ated cells exhibited values comparable to those
observed 1n mitochondna of cultured hepatocytes
[31] It should be noted that we detected only four
mutochondria with fracture plane jumps within
approx 12 10* freeze-fractured HT 29 standard
cells, while we analyzed 21 detailed micrographs
of mitochondna within 2 10* differentiated cells
(Table 1I) However, the mitochondrnal protein
and the mtochondnal area per cell area de-
termined 1n thin sections (Table IV) appeared to
be stmilar 1 both cell populations Thus, one has
to consider that in undifferentiated cells presuma-
bly a larger number of mitochondna exhibits
smooth fracture faces because they are completely
void of contacts In this case, 1t 1s difficult to
distinguish between miutochondria and other cell
organelles with sumular size and particle distni-
bution Therefore, the portion of the mitochondnal
population without fracture-plane deflections
could not be included into the quantification of
contacts Consequently, the analysis overestimated
the frequency of contacts in the mitochondna of
undifferentiated HT 29 cells



Fig 3 Freeze-fracture of undifferentiated HT 29 cells HT 29 cells were grown on Thermanox sheets They were fixed without

chemical pretreatment on thus substrate by the cryogen-jet method and freeze-fractured Mitochondna which exhibit fracture plane

deflections between the two boundary membranes are very few (A) M = cross-fractured mitochondrion, * = mitochondrion with

fracture plane deflection, PM = plasma membrane Bar =1 um (B) Higher magnification of the membrane fractured mitochondrion

(») from (A) Only one deflection between outer and inner membrane 1s seen (EF = exoplasmuc face, PF = protoplasmc face,
OM = outer membrane, IM = inner membrane) Arrow heads mark the entrances into pediculi cristae Bar =02 pm

Fig 4 Freeze-fracture of differentiated HT 29 cells The sample of differentiated HT 29 cells was prepared as described 1n Fig 3
Mitochondna n this subpopulation show frequent fracture plane deflections between the two boundary membranes Nomenclature
asmFig 3 Bar=02 pm
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TABLE II

FREQUENCY OF CONTACT SITES IN MITOCHONDRIA
OF FREEZE-FRACTURED UNDIFFERENTIATED AND
DIFFERENTIATED HT 29 CELLS

HT 29 adenocarcinoma cells grown 1n the presence of glucose
(undifferentiated) and cells of the same cell line adapted to
glucose free medium (differentiated) were fixed by rapid freez-
mg techmques and freeze-fractured The length of the
fracture-plane edge (L) was examuned in freeze-fractured
mitochondria as described in Methods The determination was
made two days after readdition of glucose to the differentiated
cells The first column shows the approximate number of cells
examuned The second column presents the number of
mitochondna with fracture plane deflections which were used
to determune the length parameter (L) in column three Staus-
tical differences of this measured parameter between the ex-
perimental groups are shown as P % value

Number  Number of L
of cells mitochondna (pm/pm?)
examined wath patches

HT 29
undifferenuated 12 10* 4 48+ 17
HT 29
differentiated 21104 21 23 +103
P<02%

Actwnty of hexokinase in the particulate fraction of
the two HT 29 subpopulations

The differentiated and undifferentiated tumor
cells were incubated for 30 s at 30 ° C with increas-
ing concentrations of digitonun After subsequent
centrifugation the activity of lactate dehydro-
genase, adenylate kinase, and hexokinase was de-
termined 1n the pellet and the supernatant The
activity of lactate dehydrogenase, which represents
the soluble cytosolic fraction, was extracted from
the sedimented cells According to these results, a
concentration of 50 pg digitonin per mg of protein
1s sufficient to liberate 93% of the cytosohc frac-
tion 1 both cell types (Figs 5 and 6) The main
activity of the hexokinase was, however, not ob-
served n the soluble fraction More than 80% of
the total cellular activity of the enzyme appeared
to be structure bound 1 both cell types The
specific activity of the bound hexokinase in dif-
ferentiated and undifferentiated cells was almost
the same 45 or 40 mU /mg of structural protein
(Figs 5 and 6)
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Fig 5 Extraction of cytosolic enzymes by treatment of undif-
ferentiated HT29 cells with increasing concentrations of dig-
omn HT 29 cells grown wath 25 mM glucose were suspended
to a protein concentration of 10 mg/ml 1n 025 M sucrose, 25
mM Hepes (pH 7 5) and 5 mM MgCl, 1 ml ahquots of this
suspension were incubated with diffenng concentrations of
digitorun for 30 s at 30°C Subsequently the suspension was
centrifugated through a 30% sucrose layer for 30 s The result-
ing supernatant (S) and sediment (P) were analyzed for acivity
of adenylate kinase (AdK, O) hexokinase (HK, O) and lactate
dehydrogenase (LDH, @) The actvities of these enzymes 1n
the different fractions are presented as percent of the total
activity in A The specific activity of hexokinase in the differ-
ent cellular fractions 1s shown in B

Analysis of the 1sozyme pattern of structure-bound
hexokinase in undifferennated cells
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Fig 6 Extraction of cytosolic enzymes by treatment of dif-
ferentiated HT29 cells with increasing concentrations of dig-
itoun Tumor cells adapted to glucose depnived medium were
analyzed 2 days after re-addition of glucose in the same way as
described in Fig 5 Activities of adenylate kinase (AdK, 0) and
lactate dehydrogenase (LDH, @), are shown 1n A as percent of
total activity 1n the cells The specific activity of hexokinase in
supernatant (S) and sediment (P) 1s presented in B

The 1sozyme analysis of the soluble and struc-
ture bound hexokinase activity showed that both
fractions contamned three 1sozymes According to
the relative mugration in the electrophoresis, 70%
of the activity 1n the particulate fraction was rep-
resented by 1sozyme III, while 1sozymes II and III
were prominent m the soluble fraction (Table I1I)
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TABLE III

HEXOKINASE ISOENZYMES IN THE CYTOSOLIC AND
PARTICULATE FRACTION OF UNDIFFERENTIATED
HT 29 CELLS

Cytosolic and particulate fraction were separated by the dig-
itonin technique (see Methods) The hexokinase remaining 1n
the sedimented cells was desorbed by mcubation with 0 5%
Triton X-100 The concentration of the different i1soenzymes
was determuned by densitometry after 1soenzyme electrophore-
sis on agar gels The activity of the different 1soenzymes 1s
given as percent of the total stain intensity on the gel Mean of
three experiments

Cellular Isoenzymes (%)

fraction I 11 I
Soluble 1964068 432432 3358422
Particulate 32104 176+23 704 +21

Volume of the mutochondrial fraction in different
HT 29 cell subpopulations

The inability of the undifferentiated tumor cells
to oxidize pyruvate could have been due to a
reduced number of mutochondna Therefore, the
specific activity of succinate dehydrogenase was
measured n the cell homogenate and the 1solated
mutochondrial fraction Based on these data, we
calculated that mitochondnal protein amounts 29%
of the cellular protein in the standard cells and
21% 1n the Glc~ cells (Table IV) These values are
comparable to what 1s found in liver cells

Furthermore, the area of mitochondrna per cell
area was determined by morphometric methods
[32] mm thin sections of 41 Glc™ cells and 24
standard cells as shown in Figs 1 and 2A The
differentiated Glc~ cells were smaller compared to
the undifferentiated cells and had a lower
mitochondnal area per cell than the standard HT
29 celis (Table 1V) The morphometric analysis
agreed with the shghtly higher amounts of
mitochondnal protein 1n the undifferentiated cells,
as calculated from the specific activity of suc-
cinate dehydrogenase

Oxidation rates in different HT 29 cell subpopula-
tions

The respiration of the different cell subpopula-
tions was determined with the oxygen electrode 1n
culture medium contaiming 25 mM glucose The
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TABLE IV
MITOCHONDRIAL PROTEIN AND AREA PER CELL IN HT 29 SUBPOPULATIONS

Mitochondnia were 1solated from HT 29 cells grown 1n the presence of glucose (undifferentiated) The cells were treated with Nagarse
and homogemzed in a teflon homogenizer 1n sucrose-manmtol isolation medium The actwity of succinate dehydrogenase was
determuned 1n the homogenate and 1n the 1solated mitochondrnia The amount of mutochondnal protein (expressed as percent in
column 3 of the table) was calculated from the increase 1n specific activity 1n the mitochondnal fraction compared to the homogenate
The mutochondnal area and cell area were determined by morphometry in electron micrographs from conventionally fixed, thin
sectioned cells (Glc™ n = 41, standard n = 24) of the two HT 29 subpopulations

Cells Succinate dehydrogenase (U/mg) Mitochondnal Mean cell area Mitochondnal area
Homogenate Mitochondrnia protein (%) (pm®) per cell area

HT 29

undifferentiated 3020+250 102854205 29 869+309 008 +005
HT 29

differentiated 21544238 10395+238 21 71314357 00458 +0 021
respiration of both cell types 1n the completely reference to the activity of the insoluble inner
uncoupled (by CCCP) state was comparable membrane enzyme succinate dehydrogenase in the
However, the oxidation rate of the differentiated cell homogenate and the 1solated mutochondrial
Glc™ cells was 71% of that registrated mn the fraction glutamate dehydrogenase was chosen as
uncoupled state, whereas the undifferentiated celis representative for the matrix, adenylate kinase for
respired only 45% of the maximal rate The oxygen the outer mitochondrial compartment, and
consumption 1n both cell types was due to coupled hexokinase for the outer mutochondnal surface
mutochondrnial respiration since 90% of 1t was sen- (Table VI) The relative activities of all three
sitive to oligomycin (Table V) enzymes did not change 1n the 1solated

mitochondria when compared to the homogenate,

Characterization of mitochondna 1solated from the suggesting that the mitochondria remained intact
two HT 29 subpopulations Moreover, the fact that the ratio of hexokinase

Because disruption of HT 29 cancer cells needs actuvity per succinate dehydrogenase activity did
treatment with protease and intense homogeniza- not significantly decrease after 1solation of the
tion, the structure of the isolated mitochondna mitochondna confirms that almost all of the cellu-
might become destroyed Therefore, the activity of lar activity of this enzyme 1s bound to the
charactenistic soluble enzymes was determined by mitochondna
TABLE V

RESPIRATION OF DIFFERENT HT 29 SUBPOPULATIONS

Undifferentiated HT 29 cells (grown 1n the presence of glucose) and differentiated HT 29 cells (adapted to glucose free medium) were
used in the post-confluent phase The differentiated cells were grown on glucose two days before the experiment The respiration was
determuned with a clark type oxygen electrode in 2 ml of Dulbecco’s modified Eagle medium i the presence of 25 mM glucose The
degree of coupling between mitochondnial oxidation and phosphorylation was determined by addition of 10 pg/ml ohigomycin The
maximal oxidation rate was determined by addition of 10 pM of CCCP

Celis Respiration

acceptor controlled uncoupled

(% of uncoupled respiration) + CCCP

+ glucose + ohigomycin (nmol O, /mun per mg)
HT 29 undifferentiated 449+246 94 +071 977+076

HT 29 differentiated 714+421 366+126 945+040




TABLE VI

INTEGRITY OF MITOCHONDRIA ISOLATED FROM
DIFFERENT SUBPOPULATIONS OF HT 29 CELLS

The integnty of 1solated mitochondria was controlled by de-
termination of soluble enzymes relative to membrane in-
tegrated succinate dehydrogenase (SDH) The following en-
zymes were determined in the cell homogenate and in the
isolated mutochondnal fraction glutamate dehydrogenase
(GLDH representing matrix enzymes), adenylate kinase
(ADK representing enzymes of the outer mitochondnal com-
partment), hexokinase (HK representing enzymes located at
the mitochondnal surface)
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TABLE VII

ACTIVITY OF BOUND HEXOKINASE IN ISOLATED
MITOCHONDRIA FROM DIFFERENTIATED AND UN-
DIFFERENTIATED HT 29 CELLS

The activity of matochondrnal hexokinase was determuned by a
direct optical test system in mitochondral 1solation medium
The assay system contained 4 mM MgCl,, 4 mM phosphate, 5
mM NADP, 2 mM glucose, 05 U glucose-6-phosphate dehy-
drogenase and 5 pM rotenone ATP was provided either by
addition of 2 mM ATP and 02 pM carboxy-atractyloside or
by the oxidative phosphorylation from 10 mM succinate and
05 mM ADP

Cell GLDH/SDH ADK/SDH HK/SDH
fraction
HT 29 undifferentiated
homogenate 528+026 1249+106 1554033
mitochondna 5534051 12524132 1684005
HT 29 differentiated
homogenate 1114+04 1751+29 1001013
mitochondria 1516418 1654425 088+017

Actinty of hexokinase in 1solated mitochondria from
the different HT 29 subpopulations

Mitochondnia were 1solated from undifferenti-
ated and differentiated HT 29 cells Both types of
mutochondria were well coupled and exhibited a
P/0O ratio of 16-18 and an acceptor control
index of 6-8 with succinate as substrate The
glucose phosphorylation by bound hexokinase was
investigated using an optical test system 1n the
mutochondnal isolation medium The ATP was
provided either by direct addition and inhibition
of the adenine nucleotide translocator (by
carboxyatractyloside) or by oxidative phosphory-
lation from succinate, phosphate and ADP The
mitial hexokinase activity with external ATP
mutochondria from Glc™ cells was not measurable
although the mitochondrnal fractions of both HT
29 subpopulations had almost the same activity of
the enzyme 1n the Triton X-100 lysate (Table VII)
In the mtochondria of the Glc* cells hexokinase
activity with external ATP was comparable to the
activity determuned in the Triton lysate When
ATP was provided by the oxidative phosphoryla-
tion, glucose phosphorylation 1n the latter
mitochondna decreased to 25% of the activity
with external ATP, whereas a 2 4-times higher
activity was observed in mitochondna from dif-

VA PV OO

Hexokinase activity (mU /mg)

mtact mtochondna lysed muto-
hondna
ATP ADP ¢
(ATP, Triton
X-100)
HT 29
differentiated 000 4924147 903+205
HT 29

undifferentiated 814472 198+ 36 1022+ 97

ferentiated HT 29 cells This suggests that, al-
though hexokinase 1s tightly bound to the
mutochondnal surface of the undifferentiated cells,
the enzyme does not preferentially use
mitochondnial ATP

Desorption of structure bound hexokinase by dig-
itonin 1n mutochondria from different subpopulations
of HT 29 cells

It 1s known 1n liver mitochondna that digitonin
detaches most of the outer membrane but leaves
parts of 1t unaffected which are bound to the inner
boundary membrane 1n the contact zones [33]
Because hexokinase appears to be mainly bound
to this part of the outer membrane 1n the contact
sites [34], digitonin treatment cannot desorb bound
hexokinase from mitochondna if contacts between
the two boundary membranes are present [34]
Therefore, the lack of contact sites in mitochondrna
of standard HT 29 cells could explain why
hexokinase 1s found to be hberated by digitonin
like adenylate kinase (Fig 7A) By contrast
mutochondna from Glc™~ cells, when treated in the
same way, lost hexokinase at significantly higher
digitonin concentrations than that required to
liberate adenylate kinase suggesting that they con-
tain contact sites (Fig 7B)
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Fig 7 Effect of digitomin on the solubihzation of bound
hexokinase 1n 1solated mutochondna from HT 29 cells
Mitochondna 1solated from undifferentiated (A) and differen-
tiated HT 29 cells (B) suspended 1n isolation medium were
mncubated for 30 s with increasing concentrations of digitonin
and subsequently centrifuged Activities of hexokinase (O) and
adenylate kinase (O) were determined 1n the pellet and super-
natant fraction

Discussion

In order to understand the mechanisms by
which the mutochondrial metabolism in rapidly
growing tumors 1s reduced, we compared two sub-
populations of the HT 29 adenocarcinoma cell
line which, as characterized by Zweibaum et al
[18], vary 1n lactate production and morphological
differentiation We calculated the relative contn-
butions of glycolytic and oxidative metabolism to
the cell ATP from the data in Tables I and V by
assumung 1 mol ATP per mol produced lactate
and 2 5 moles ATP per mol oxygen according to
Nakashima et al [29] Based on this calculation
the energy metabolism of both cell populations
produced ATP with the same rate. However, the
contribution of oxidative phosphorylation in the
Glc™ cells was 83% and the glycolytic 17%, whereas
n the Glc™ cells both metabolic systems produced

approximately half of the ATP (Table VIII) In
both cell types more than 90% of the respiration
was sensitive to oligomycin and was therefore, due
to coupled oxidative phosphorylation Ths sug-
gested a reduced ADP supply to the oxidative
phosphorylation 1n the undifferentiated cells Al-
ternatively, the undifferentiated cells may lack
mitochondnia This can be excluded, since maxi-
mal (uncoupled) oxidation rates (Table V) and
concentrations of mitochondrial protein in the
undifferentiated cells (Table IV) are comparable
to what 1s found 1n the differentiated HT 29 cells
and 1n 1solated hepatocytes It has been reported
that the elevated levels of mutochondna bound
hexokinase are essential for the high rates of gly-
colysis 1n rapidly growing tumor cell hines [2-4]
However, we found that the activity of
mitochondrial hexokinase in the two subpopula-
tions of tumor cells was approximately the same
If the mtochondnia bound enzyme has preferred
access to the mutochondnally generated ATP as
has been described for the hver [5] and bran [6),
then, we are left to explain why the ADP supply
was reduced in the undifferentiated HT 29 cells
In view of these findings 1t appears that not the

TABLE VIII

RELATIVE CONTRIBUTION OF GLYCOLYSIS AND
OXIDATIVE PHOSPHORYLATION TO CELL ATP PRO-
DUCTION IN DIFFERENT SUBPOPULATIONS OF HT
29 CELLS

The rates of ATP production due to glycolysis were calculated
from the lactate production n Table I, considening the forma-
tion of 1 mol ATP per mol lactate The production of ATP by
the oxidative phosphorylation was calculated from the respira-
tory rates 1n Table V, assuming the formation of 2 5 mol ATP
per mol of oxygen

Source of ATP HT 29 cells
undifferen- differen-
tiated tated
Glycolysis
nmol /min per mg 189+34 70+21
% of total ATP 454 172
Oxidative phosphorylation
nmol /min per mg 219+11 337430
% of total ATP 547 828
Total ATP
nmol/min/mg 401 408




amount but rather the regulation of the
hexokinase-porin complex at the mutochondrial
periphery 1n the undifferentiated cells 1s altered
when compared to differentiated tumor and bram
cells Indeed, in 1solated mutochondria from the
differentiated cells the mmtial activity rates of
bound hexokinase with internally generated ATP
were 50% of the activity observed in the Triton
lysate and no activity was determuned with exter-
nally added ATP The enzyme mn nmutochondna
from undifferentiated HT 29 cells, however, ap-
peared to use preferentially external ATP (Table
VII) Similar results have been reported with
hepatoma mitochondna by Nelson et al [35] This
apparent absence of a functional coupling be-
tween hexokinase and oxidative phosphorylation
1in mutochondnia from undifferentiated neoplastic
cells points to a lack of a channeling mechanism
for ATP 1n these nmutochondrna We have pos-
tulated that the topological relationship between
hexokinase bound to the outer membrane pore
and the mner membrane transport systems 1s
mediated by the formation of contacts between
the two boundary membranes [8] In agreement
with this postulate, the frequency of mtochondnal
contact sites was significantly reduced in freeze-
fractured samples of undifferentiated cells, while
contact sites were present 1n differentiated HT 29
cells (Table II)

A structural difference of the mitochondna in
the two cell subpopulations became also evident 1n
conventional fixed and embedded thin-sectioned
samples The swelling of the mitochondna 1n un-
differentiated cells may result from a different
behaviour during fixation, because these cells grew
as a multilayer However, 1t may also be explained
by the reduced mitochondrial ADP supply in the
undifferentiated cells compared to the differenti-
ated one As observed by Hackenbrock et al [36],
1n ascites tumor cells, such swollen mitochondna
represent orthodox (non-phosphorylating mto-
chondnia) which could be ultrastructurally trans-
formed 1nto condensed mitochondna by artificial
(addition of 2-deoxyglucose) increase of the in-
tracellular ADP level

The presence of contact sites can be demon-
strated by electron microscopy and also by treat-
ing the mitochondria with digitonin, because they
are responsible for the incomplete removal of outer
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membrane by this reagent [33] Proteins located 1n
the outer membrane 1n the area of contacts remain
attached during this treatment [37] As observed
by electron microscopy [38] and confirmed by
binding to the isolated contacts [34] hexokinase
adsorbs preferentially to the pore 1n the contacts
In agreement to thus finding, the activity of this
enzyme becomes only partially desorbed by dig-
itomn from mitochondria of rabbit heart [39], rat
kidney [40], liver [34] and brain [41] However, n
mitochondna from Nowvikoff ascites tumor [42]
and the undifferentiated HT 29 cells (Fig 7A)
hexokinase 1s desorbed by digitonin just hke
adenylate kinase, again suggesting the absence of
contacts

The absence of contact sites 1n nutochondrna of
undifferentiated tumor cells may explain the lack
of functional coupling of hexokinase However,
this observation cannot account for the elevated
level of mutochondnial hexokinase described n
many tumor cells [2,3] Together, these data sug-
gest that the binding of hexokinase in undifferen-
trtated HT 29 cells 1s regulated independently from
the functional coupling of the enzyme, although
the contact sites in differentiated cells can be
considered as preferred binding sites

The content of the pore-forming protein which
1s required for hexokinase binding 1s not sigmfi-
cantly elevated in mutochondria from neoplastic
cells [13] and, therefore, cannot account for the
increased hexokinase binding (43] The same situa-
tion 1s found in brain where, Itke in neoplastic
cells, most of the hexokinase 1s mitochondnal In
the case of brain a binding property specific for
1sozyme I was proposed, but the observed amount
of this 1sozyme in the mutochondnal fraction of
standard HT 29 cells was low Thus the high
affinity of tumor mitochondna for hexokinase re-
mains unexplamned However, the reduced rates of
oxidative phosphorylation may be due to a lack of
efficient transfer of phosphate acceptor in the
absence of contact sites Although the distribution
of other peripheral kinases in mitochondna of HT
29 cells has not yet been studied, one has to
consider that the functional coupling of such
kinases, like creatine kinase [44], may also be
effected by the reduction of contact sites Creatine
kinase has been recently located in the contact
sites of brain mitochondria (unpublished results)
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