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The involvement of the mitochondrial bound hexokinase in aerobic glycolysis was investigated in two 
subpopulations of the H T  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 G lc -  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 GIc-  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 
contacts were present in the GIc-  cells. Furthermore, we investigated the functional relationship between 
bound hexokinase (as hexokinase-porin complex) and the inner compartment of mitochondria isolated from 
standard and G l c -  H T  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 mitocbondrial membranes. In agreement with this interpretation, the hexokinase-porin complex 
could be completely removed by digitonin treatment in standard H T  29 cells, while this was not possible in 
mitochondria from GIc-  cells. 

Introduction 

One of the most characteristic b~ochemxcal phe- 
notype of cancer cells is their ablhty to sustain 
high aerobic rates of glycolysls [1] yielding high 
amounts of lactate The reason for tlus high aerobic 
lactate production of cancer cells as still not clearly 
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understood It seems reasonable to assume a de- 
fect in the rmtochondnal metabohsm, but this has 
so far not been defimtely estabhshed Singh et al 
[2] could correlate cellular transformation with 
increase m hexoklnase activity In the particulate 
fraction the hexokanase 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 mltochondnal fraction 
[3] The parUculate forms of hexokanase were found 
to be less sensluve to inhibition 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 glycolytlc pathway may 
promote the formation of pyruvate concentrations 
that cannot be readily oxidized by the 
rmtochondrla However, the rate of glycolytlc flux 
~s not regulated by the glucose 6-phosphate levels 
but rather by the phosphorylatlon potential in the 
cytosol which controls the activity of phos- 
phofructokmase and pyruvate klnase It has been 
observed in liver and brain [5,6] that the 
mltochondnal bound hexokanase preferentially 
uses lntramltochondnal ATP, which consequently 
increases the rate of oxldatwe phosphorylatlon by 
direct ADP supply Based on these observaUons, ~t 
was hypothesized that it is not the free extrarm- 
tochondrlal ADP wtuch regulates the rate of 
oxidative phosphorylaUon but rather glucose in 
liver [7,8] or creatme [9] in muscle, by exerting 
acceptor control wa nutochondrlal hexokanase or 
creatlne kmase, respectively The unablhty of 
tumor cells to oxidize the pyruvate may result 
from a reduced number of rmtochondna wtuch is, 
however, not constantly observed [10] Alterna- 
tively, ~t may point to a defect in the functional 
coupling of the rmtochondrlal bound hexokmase 
to the tuner compartment Hence, we suggest that 
mltochondnal hexoklnase utilizes extramlto- 
chondnal ATP m neoplastic cells, implying that 
oradatwe phosphorylatlon would not be supplied 
with ADP wtule the glycolytlc flux would be 
greatly enhanced 

The structural prerequisites of the functional 
coupling between hexolanase and oxadatwe phos- 
phorylatlon are (1) the binding of the enzyme to 
the pore protein (porme) m the outer 
nutochondrlal membrane [11,12] wluch has also 
been charactenzed in hepatoma rmtochondna [13] 
and (2) the formation of contacts between the 
outer and inner hrmtlng membranes [8] In the 
liver, these contacts have been shown to increase 
4-fold in phosphorylatlng rmtochondna (state 3) 
when compared to energized mltochondna (state 
4) or freshly isolated nutochondna (state 1) [14] 
Furthermore, the increase of contacts m state 3 
correlates to the degree of couphng between 
oxadatwe phosphorylat~on and electron transport 
The contacts are less numerous m loosely coupled 

rmtochondna and are almost absent in uncoupled 
matochondrla [15] 

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

When grown m standard medium contalmng 
glucose, the HT 29 colon adenocarclnoma cells 
(standard cells) are known to be tughly glycolyUc 
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 in the presence of readded glucose Concom- 
itant with the change in metabohsm, these cells 
displayed an enterocyt~c-hke differentiation they 
are polarized in the cell layer and display apical 
and cystic brush border, tight junctions can be 
observed The morphological changes are accom- 
panied by induction of specific enzymes as al- 
kahne phosphatase and sucrase-lsomaltase The 
enterocytlc 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 Euroblo, Pans, France All other 
chemicals were purchased from Boehnnger Mann- 
helm and E Merck Darmstadt, F R G 

Cell culture 
The HT 29 cell-hne denved from a human 

colon adenocarcmoma was established in perma- 
nent culture by J Fogh [19] The differentiated 
subpopulatlon of the HT 29 cell hne was obtained 
from Dr A Zwexbaum, Pans The cells were 
cultured m Dulbecco's modified Eagle medmm 
supplemented with either 25 mM D-glucose and 
10% fetal calf serum (undlfferenUated cells) or 
without o-glucose (differentiated cells), plus 10% 
dialyzed fetal calf serum as described in Ref 18 
Two days before analys~s of the dlfferenuated 
cells the medium was supplemented with 25 mM 
glucose 



Dtgttonm treatment of the cells 
The cells were harvested from the culture flasks 

by trypsmatxon and were suspended in Kxebs- 
Henseleit medium The suspension was adjusted 
to contain approx. 10 mg of protein per ml 
Ahquots of 0.5 ml were incubated at 30 °C  for 30 
s with concentrations of dlgatomn ranging be- 
tween 10 and 200 p g / m g  of protein and subse- 
quently centnfuged for 30 s m a tabletop centn- 
fuge. The supernatant was kept for analysis and 
the pellet was resuspended in Krebs-Henselelt 
medium 

lsoenzyme electrophoreszs 
The structure bound hexolonase was extracted 

from the dlgxtonm-treated cells by Triton X-100 
Tlus extract and the cytosohc fraction were run on 
agar gel electrophoresis as descnbed by Allen et 
al [20] The lsozymes were vxsuahzed by specific 
stmmng and the amount of the different lsozymes 
was deterrmned densxtometncally 

Assays 
Hexokmase (EC 2 7 1 30) and lactate dehydro- 

genase (EC 1 1 1 27) were deternuned photometn-  
cally according to Bucher et al [21] The assays of 
adenylate lonase (EC 2 7 4 3) and succmate dehy- 
drogenase (EC 1 3 99 19) were carried out as de- 
scribed recently [22] Glucose concentration was 
measured by incubating 20-#1 ahquots for 30 nun 
at 30 °C  with a reaction nuxture contatmng 0 15 
M Trls (pH 7 6), 20 mM MgC1 z, 0 7 mM ATP, 0 5 
mM NADP, 0 7 U / m l  hexolonase and 0 6 U / m l  
glucose-6-phosphate dehydrogenase, the change in 
absorbance was read at 340 nm L-Lactate con- 
centratlon was measured in 20-pl ahquots using 
lactate dehydrogenase and NAD 

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

Isolatton of mltochondna from HT 29 cells 
H T  29 standard cells and Glc -  cells in the 

stationary phase were harvested w~th 0 25% tryp- 
sin in 0 13 M phosphate buffer (pH 7 2), Ca 2÷ and 
Mg 2+ free, contalmng 0 53 mM EDTA, then sus- 
pended m culture medium to stop the trypsin 
action The cells were centnfuged at 500 x g for 3 
mln and resuspended m isolation medium contain- 
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mg 021 M manmtol, 007 M sucrose, 2 mM 
Hepes (pH 7 4) and I mM EGTA The suspension 
(10 ml) contaxmng Glc -  cells was mixed with 
DEAE-ceUulose (250 mg in 5 ml of isolation 
medium) accorchng to Lawrence and Davies [24] 
and Nagarse m a final concentration of 15 # g / m g  
of total protein was added The suspension was 
stirred on ice for 7 nun After incubation, the 
suspension was chluted 2-fold with isolation 
medium contatmng 1% bovine serum albunun, 
homogemzed 15 times w~th a motor dnven 
Te f lon /g l a s s  homogenizer and subsequently 
centnfuged at 500 x g for 10 nun The super- 
natant was centnfuged 10 nun at 10 000 × g The 
sediment was resuspended an lsolauon medium 
contaamng 1% bovine serum albunun and the 
nutochondna were sechmented by 10 nun centnfu- 
gatxon at 14 000 × g The final sediment was resus- 
pended m isolation medium without EGTA con- 
taming 1% bovine serum albunun Mltochondrla 
from standard H T  29 cells were isolated by the 
same procedure without addition of DEAE-cel- 
lulose 

Resptratory measurements 
Resptratlon was deternuned by a Clark type 

oxygen electrode at 23 ° C according to Estabroock 
[25] Respiration of the H T  29 cell subpopulaUons 
was determined in culture medium m the presence 
of 25 mM glucose Respiration of nutochondna 
isolated from H T 29 cells and brain was measured 
in the respective rmtochondrlal lsolauon medium 
with 5 mM succmate as substrate 

Treatment of tsolated mttochondrla with dlgttonm 
Mltochondrla isolated from HT 29 cells were 

suspended in the isolation medium so as to obtain 
a protein concentration of 10 m g / m l  Ahquots of 
0 1 -0  2 ml of the suspension were incubated for 
30 s at room temperature w~th concentrations of 
dlgttomn ranging from 0 1 to 1 0 m g /m g  of pro- 
tern The suspension was subsequently centrifuged 
for 1 nun m a tabletop centrifuge The super- 
natant was removed and the sediment was resus- 
pended in isolation medium 

Ftxanon and embeddmg 
The differentiated and undifferentiated cells 

were fixed in the culture dishes with 25% 
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glutaraldehyde an 0 1 M cacodylate buffer (pH 
7 4) and postftxed with 2% osmium tetroxade The 
fixed samples were embedded m Spurr's epoxy 
resin, thin secuoned, post-stained wath 'Locke 's '  
uranyl acetate stain [26], and examined m a Zeass 
5M 10 electronmacroscope at 80 kV Mltochondnal  
area per cell area was determined with a M O P -  
AM2 p~cture analysing system (Kontron) on thin 
sections of the two HT 29 subpopulaUons 

Freeze-fracture analyszs 
Dffferentmted and undffferentmted cells were 

grown on Thermanox (obtained from Lux Scl 
Corp USA) sheets under standard culture condi- 
tions described above Small pieces of the cell 
layer on Thermanox were subjected to rapid 
cryoflxauon w~th the sandwich-cryogen-jet-freez- 
ing method as described recently [27] The samples 
were broken m a Balzers 360M freeze-etch device 
at - 1 2 0 ° C  and 2 10 -7 Tort, followed by P t / C  
and C shadowing For electron microscopy, a Zelss 
5M 10 at 80 kV were used The morpholog|cal 
evaluaUons were performed using a Kontron MOP 

F~g 1 Thm secUon of un&fferentlated HT 29 cells HT 29 
tumor cells grown m the presence of 25 mM glucose were fxxed 
m the culture dishes with 2 5% glutaraldehyde and 2% osrmum 
followed by convenUonal embedding m Spurr's epoxy resin as 
described m Methods The substrate (lower margin) ~s covered 
by a multdayer of ughtly packed undffferentmted not polarized 
cells The rmcroxalh at the surface are not regularly orientated. 
txght juncUons are not Vtslble, but numerous desmosomes are 

present between the cells Bar =10 pm 

Am2 pacture 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 m 
fracture-plane devaatlons, the length of the edge 
where the fracture plane deflects was measured as 
related to the corresponding examaned area In 
convex fractures, the edge of the exoplasmlc face 
of the outer membrane was measured, whereas, an 
concave fractures, measurements were made of the 
exoplasmxc face of the tuner membrane These 
values (L )  were expressed as length (/~m) per unit 
of matochondrlal fractured membrane area The 
quantification was made in the areas where the 
curvature was low m order to avoid large d~stor- 
Uons of the measured edgehnes 

Stattstws 
The statlsUcal differences of the measured 

parameters  between experimental and control 
groups were determined by the Mann-Wlutney 
U-test and are shown as P % values 

Results 

Morphologtcal characterzzatzon of the two HT 29 
cell subpopulatlons 

H T  29 cells cultured an a standard medmm m 
the presence of 25 m M  glucose grow as dls- 
orgamzed multdayers and display an unpolanzed 
nucleus as well as cytoplasrmc projections ran- 
domly dispersed at the cell periphery (Fag 1) 
AdaptaUon of the standard cells to glucose free 
medmm changed the morphology slgmficantly In 
contrast to the undffferentmted cells (Fag 1) the 
glucose-deprived (G lc - )  cells were covered wath 
an apacal brush border and formed a monolayer 
(Fag 2A) They were someumes orgamzed around 
small antercellular cysts (not shown) Tight junc- 
Uons, consadered as specafic to polartzed epathehal 
cell monolayers, were found between the cells 
(Fag 2B) Although both subpopulaUons of the 
adenocarcmoma were fixed under the same condl- 
uons, the ml tochondna exhab~ted a very different 
structure they were swollen m the undifferenti- 
ated cells and condensed m the dlfferentmted cells 
The swelhng of the matochondna was partially 
reduced when the unchfferenuated cells were fLxed 
an suspension after detachment from the substrate 
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Fig 2 Thin section of &fferentlated HT 29 cells HT 29 cells adapted to glucose deprived medmm were fixed on substrate and 
embedded as m Fig 1 (A) the cells forrmng a monolayer exhibit an apical brush border (upper margin) and are polarized Tight 
junctions are formed between the cells at the apmal side (M = rmtochondrlon, A = autophagosome) Bar =10 /~m (B) detad 
mlcrograph from (A), TJ = right junction, D = desmosome, rER = rough endoplasrmc retlculum, R = ribosomes, M = mitochondnon, 

MF = rmcrofilaments, N = nucleus Bar = 1/.tm 

( n o t  s h o w n ) ,  s u g g e s t i n g  t h a t  t he  m u l t l l a y e r  s t ruc -  

t u re  o f  t he  u n d i f f e r e n t i a t e d  cel ls  m a y  a f f ec t  the  

f i x a n o n  p r o c e s s  H o w e v e r ,  i n d e p e n d e n t  o f  w l u c h  

m o d e  o f  f i x a t i o n  w a s  c h o s e n ,  t he  r m t o c h o n d n a  m 
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the dffferentmted cells had a more condensed 
structure compared to the undffferentmted cells 
Tlus points to the poss~bthty that the difference an 
structure may be related to different functional 
states of the mltochondrla m the two cell sub- 
populations 

Metabohc characterlzatzon of the two H T  29 cell 
subpopulatwns 

The glucose metabohsm of the two cell types 
described above was analyzed two days after read- 
dmon of glucose to the dffferentmted cells Lactate 
productaon of the dffferentmted Glc -  cells was 
less than 50% of that observed m the unchfferenu- 
ated cells (Table I) The lactate/glucose ratio of 
the undlfferentmted standard cells was close to 2, 
suggesting that these cells utthze glucose mainly 
for energy producUon The raUo m the Glc -  cells 
was sagmficantly lower However, as glucose may 
also enter other metabohc pathways, the calcula- 
taon of the glycolyUc ATP production from the 
amount of consumed glucose can result an an 
overesumauon Also any pyruvate wtuch as uUhzed 
m the oxadaUve metabohsm reduces the produc- 
uon of lactate and thus leads to an underesttma- 
tlon of the glycolytlc rate We used the lactate 
formaUon to esUmate the glycolyUc ATP produc- 
tion since Nakasluma et al [29] assumed that the 
error of ttus calculation would be less than 8% 
(Table I) 

TABLE I 

G L U C O S E  METABOLISM IN D I F F E R E N T  TYPES OF  HT  
29 A D E N O C A R C I N O M A  CELLS 

The glucose consumpUon and lactate production were mea- 
sured m dffferentmted (adapted to glucose free mechum) and 
undffferentmted HT  29 cells grown m the presence of glucose 
Analysis of the dffferenUated cells was performed two days 
after readdluon of 25 m M  glucose n = number  of different 
experiments 

Undifferentiated Dlfferentmted 
cells (n  ~ 24) cells (n = 21) 

Glucose uptake 
(1~ m o l / h  per nag) 0 559 + 0 095 0 300 + 0 088 

Lactate producUon 
( /Lmol/h  per mg) 1 092-1-0 21 0 4 2 0 + 0  13 

Lacta te /glucose  1 94 + 0 34 1 42 + 0 24 
(P% < 0001) 

Analysts of freeze fractured mttochondrta m the two 
H T  29 cell subpopulatzons 

Freeze-fractured matochondna extublt frequent 
jumps of the fracture plane between the tuner and 
outer membranes provided that they are not chem- 
acally treated for hxaUon or cryoprotectton. It has 
been postulated that these fracture-plane changes 
between the two boundary membranes represent 
intimate contacts between the two membranes, a 
phenomenon referred to as sermfuslon [30]. There- 
fore the frequency of fracture-plane jumps corre- 
lates to the frequency of contacts We have de- 
termaned the frequency of fracture-changes as de- 
scnbed m Methods by measunng the length of the 
edge where the fracture-plane deflects to the other 
layer In un&fferentmted standard cells, nuto- 
chondna extubltmg fracture-plane deflecuons be- 
tween the boundary membranes were very few 
(Fag 3), whereas they were frequent an the dif- 
ferentiated Glc -  ceils, deternuned two days after 
re-addition of glucose (Fig 4) When exclusavely 
the rmtochondna showing fracture plane deflec- 
tions were compared m both cell types, the 
frequency of deflections (representatwe for con- 
tact s~tes) was s~gruficantly lower m undlfferentx- 
ated cells, whereas the mttochondna in dlfferenu- 
ated cells exhtbxted values comparable to those 
observed in rmtochondna of cultured hepatocytes 
[31] It should be noted that we detected only four 
matochondna with fracture plane jumps wathm 
approx 12 104 freeze-fractured HT 29 standard 
cells, while we analyzed 21 detatled nucrographs 
of mltochondna wlthtn 2 104 dffferenUated cells 
(Table II) However, the mltochondnal protein 
and the nutochondnal  area per cell area de- 
ternuned m tlun sectaons (Table IV) appeared to 
be sarrular an both cell populations Thus, one has 
to consider that in undlfferenlaated cells presuma- 
bly a larger number of rmtochondna extubxts 
smooth fracture faces because they are completely 
void of contacts In this case, it ~s difficult to 
distinguish between matochondrm and other cell 
organelles with smular saze and partacle d~stn- 
butlon Therefore, the portaon of the nutochondnal 
populataon wathout fracture-plane deflections 
could not be included into the quantaficataon of 
contacts Consequently, the analysas overestamated 
the frequency of contacts in the rmtochondna of 
undffferentmted H T  29 cells 
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F~g 3 Freeze-fracture of  undlfferenUated HT  29 cells HT  29 cells were grown on Thermanox sheets They were fixed w~thout 
chermcal pretreatraent on tlus substrate by the cryogen-jet method and freeze-fractured M~tochondna wluch exlub~t fracture plane 
deflections between the two boundary membranes  are very few (A) M = cross-fractured rmtochondnon,  * = rmtochondnon  with 
fracture plane deflectton, PM = plasma membrane  Bar = 1 # m  (B) Htgher magmficat~on of the membrane  fractured nu tochondnon  
(* )  from (A) Only one deflecuon between outer and mner  membrane  ~s seen ( E F ~  exoplasrmc face, P F =  protoplasrmc face, 

OM = outer membrane,  IM = tuner membrane)  Arrow heads mark the entrances into pedicuh cns tae  Bar = 0 2 # m  

Fig 4 Freeze-fracture of  differentiated HT  29 cells The sample of dlfferentaated HT  29 cells was prepared as described m Fig 3 
Ml tochondna  m this subpopulat lon show frequent fracture plane deflections between the two boundary  membranes  Nomenclature  

as i n F l g  3 B a r = 0 2 / z m  
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TABLE II 

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

HT 29 adenocarcmoma ceils grown m the presence of glucose 
(undffferentmted) and cells of the same cell hne adapted to 
glucose free medmm (dffferentmted) were fixed by rapid freez- 
mg techmques and freeze-fractured The length of the 
fracture-plane edge (L) was exatmned m freeze-fractured 
rmtochondna as described m Methods The deternunauon was 
made two days after read&tlon of glucose to the dffferentmted 
cells The hrst column shows the approxamate number of cells 
exanuned The second column presents the number of 
rmtochondna with fracture plane deflections wluch were used 
to deterrmne the length parameter (L) m column three Stat~s- 
ucal differences of tbas measured parameter between the ex- 
perimental groups are shown as P % value 

Number Number of L 
of cells mltochondna (~m/It  m 2 )  

exarmned with patches 

HT 29 
undffferentmted 12 104 4 4 8 + 1 7 

HT 29 
dlfferentmted 2 1 1 0 4  21 23 +10 3 

P < 0 2 %  

Activity of hexokmase m the parttculate fractwn of 
the two H T  29 subpopulattons 

T h e  d l f f e r e n t m t e d  a n d  u n d f f f e r e n t m t e d  t u m o r  

cel ls  were  i n c u b a t e d  for  30 s at  30 o C w i t h  inc reas -  

i ng  c o n c e n t r a t i o n s  o f  d~g~torun A f t e r  s u b s e q u e n t  

c e n t n f u g a t l o n  the  a c U w t y  of  l a c t a t e  d e h y d r o -  

genase ,  a d e n y l a t e  lonase ,  a n d  h e x o k m a s e  was  de-  

t e r m i n e d  m the  pe l l e t  a n d  the  s u p e r n a t a n t  T h e  

acUvl ty  of  l a c t a t e  d e h y d r o g e n a s e ,  w t u c h  r ep re sen t s  

the  so lub le  c y t o s o h c  f rac t ion ,  was  e x t r a c t e d  f r o m  

the  s e d l m e n t e d  cel ls  A c c o r d i n g  to  these  resul ts ,  a 

c o n c e n t r a t i o n  o f  50 # g  chg t tomn  p e r  m g  o f  p r o t e i n  

~s su f f i c i en t  to l i be r a t e  93% of  the  c y t o s o h c  f rac-  
t i on  m b o t h  cel l  t ypes  (F igs  5 a n d  6) T h e  m a m  

ac t swty  o f  t he  h e x o k m a s e  was,  howeve r ,  n o t  o b -  

s e rved  m the  so lub le  f r ac t i on  M o r e  t h a n  80% o f  

the  to t a l  ce l lu la r  act~vaty o f  the  e n z y m e  a p p e a r e d  

to b e  s t ruc tu re  b o u n d  m b o t h  cel l  t ypes  T h e  

spec i f i c  ac t iv i ty  o f  the  b o u n d  h e x o l o n a s e  in  dff-  

f e r e n t m t e d  a n d  u n d i f f e r e n t i a t e d  cells  was  a l m o s t  

the  s a m e  45 o r  40 m U / m g  o f  s t ruc tu ra l  p r o t e i n  

(F igs  5 a n d  6) 
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FIg 5 Extraction of cytosohc enzymes by treatment of undif- 
ferentiated HT29 cells with increasing concentraaons of dig- 
ltomn HT 29 cells grown with 25 mM glucose were suspended 
to a protein concentration of 10 mg/ml m 0 25 M sucrose, 25 
mM Hepes (pH 7 5) and 5 mM MgC12 1 ml ahquots of thas 
suspension were incubated with dlffenng concentrations of 
th~tomn for 30 s at 30 °C  Subsequently the suspension was 
centnfugated through a 30% sucrose layer for 30 s The result- 
mg supernatant (S) and sediment (P) were analyzed for actsvlty 
of adenylate kmase (AdK, ra) hexokmase (HK, O) and lactate 
dehydrogenase (LDH, @) The aettvaUes of these enzymes m 
the different fractions are presented as percent of the total 
activity m A The spccafic actawty of hexokmase m the differ- 

ent cellular fractions ~s shown in B 

Analysis of the tsozyrne pattern of structure-bound 
hexoktnase in undifferentiated cells 
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Fig 6 ExtracUon of cytosohc enzymes by treatment of dff- 
ferentmted HT29 cells with increasing concentrations of d~g- 
l tomn Tumor  cells adapted to glucose depnved medmm were 
analyzed 2 days after re-ad&tlon of glucose m the same way as 
described m Fig 5 Actwltles of  adenylate lanase (AdK, []) and 
lactate dehydrogenase (LDH, o), are shown m A as percent of 
total actwlty m the cells The specific actlwty of hexokanase m 

supernatant  (S) and sediment (P) is presented m B 

The lsozyme analysis of the soluble and struc- 
ture bound hexoklnase acuwty showed that both 
fracuons contained three ~sozymes According to 
the relatave nugratlon in the electrophorems, 70% 
of the activity m the parUculate fraction was rep- 
resented by lsozyme III, while lsozymes II and III  
were prormnent m the soluble fraction (Table III) 
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TABLE III 

H E X O K I N A S E  ISOENZYMES IN THE CYTOSOLIC A N D  
P A R T I C U L A T E  F R A C T I O N  OF U N D I F F E R E N T I A T E D  
HT 29 CELLS 

Cytosohc and particulate fracuon were separated by the dlg- 
l tomn techmque (see Methods) The hexoklnase rematmng m 
the sexhmented cells was desorbed by mcubauon  with 0 5% 
Triton X-100 The concentrauon of the different lsoenzymes 
was determined by denmtometry after lsoenzyme electrophore- 
ms on agar gels The activity of the different lsoenzymes is 
gwen as percent of the total stmn mtenmty on the gel Mean of 
three expenments 

Cellular Isoenzymes (%) 
fracUon I II III 

Soluble 196+068 432-1-32 3358+22 
Particulate 32+04 1765:23 704 +21 

Volume of the m,tochondrlal fractton m d,fferent 
H T  29 cell subpopulatlons 

The mabthty of the undlfferentmted tumor cells 
to oxa&ze pyruvate could have been due to a 
reduced number of rmtochondna Therefore, the 
specific actwlty of succlnate dehydrogenase was 
measured m the cell homogenate and the isolated 
nutochondnal fracUon Based on these data, we 
calculated that rmtochondnal protein amounts 29% 
of the cellular protein m the standard cells and 
21% m the Glc -  cells (Table IV) These values are 
comparable to what is found m hver cells 

Furthermore, the area of nutochondna per cell 
area was deterrmned by morphometnc methods 
[32] m dun sections of 41 Glc-  cells and 24 
standard cells as shown m Figs 1 and 2A The 
dlfferentmted Glc -  cells were smaller compared to 
the undifferentiated cells and had a lower 
mltochondnal area per cell than the standard HT 
29 cells (Table IV) The morphometnc analyms 
agreed with the shghtly lugher amounts of 
mltochondnal protein in the undffferentmted cells, 
as calculated from the specific actlvaty of suc- 
create dehydrogenase 

Oxtdatlon rates mdtfferent H T  29 cell subpopula- 
tlons 

The respiration of the different cell subpopula- 
tlons was deterrmned with the oxygen electrode in 
culture medmm contmmng 25 mM glucose The 
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TABLE IV 

MITOCHONDRIAL PROTEIN AND AREA PER CELL IN HT 29 SUBPOPULATIONS 

Mltochondrta were isolated from HT 29 cells grown m the presence of glucose (undlfferentmted) The cells were treated wRh Nagarse 
and homogemzed m a teflon homogemzer m sucrose-manmtol isolation medium The actlwty of succmate dehydrogenase was 
determined m the homogenate and m the isolated nutochondna The amount of rmtoehondnal protein (expressed as percent m 
column 3 of the table) was calculated from the increase m specific actlwty m the nutochondnal fraction compared to the homogenate 
The nutochondnal area and cell area were determined by morphometry m electron rmcrographs from conventionally ftxed, than 
sectioned cells (Glc- n ffi 41, standard n ffi 24) of the two HT 29 subpopulatlons 

Cells Sucemate dehydrogenase (U/mg)  Mltochondnal Mean cell area Mltochondnal area 

Homogenate Matochondna protein (%) (/~m 2) per cell area 

HT 29 
undifferentiated 30 20 + 2 50 102 85 + 20 5 29 86 9 + 30 9 0 08 + 0 05 

HT 29 
dlfferentmted 21 54 + 2 38 103 95 + 23 8 21 71 3 + 35 7 0 0458 + 0 021 

respiration of both cell types m the completely 
uncoupled (by CCCP) state was comparable 
However, the oxadation rate of the dffferentmted 
Glc- cells was 71% of that reglstrated m the 
uncoupled state, whereas the undffferentmted cells 
resptred only 45 % of the maximal rate The oxygen 
consumption m both cell types was due to coupled 
mltochondnal resplrataon since 90% of ~t was sen- 
sltwe to ohgomycm (Table V) 

Characterization of mttochondrla tsolated from the 
two H T  29 subpopulatzons 

Because dlsruptxon of HT 29 cancer cells needs 
treatment wath protease and intense homogemza- 
t~on, the structure of the Isolated nutochondna 
nught become destroyed Therefore, the actlvaty of 
charactensuc soluble enzymes was determmed by 

reference to the activity of the insoluble tuner 
membrane enzyme succmate dehydrogenase m the 
cell homogenate and the isolated mttochondnal 
fraction glutamate dehydrogenase was chosen as 
representative for the matrix, adenylate lonase for 
the outer m~tochondrml compartment, and 
hexolonase for the outer rmtochondnal surface 
(Table VI) The relatwe activities of all three 
enzymes d~d not change m the isolated 
nutochondna when compared to the homogenate, 
suggesting that the rmtochondna remmned intact 
Moreover, the fact that the ratio of hexolonase 
acuvlty per succmate dehydrogenase activity &d 
not slgmficantly decrease after isolation of the 
mltochondrla confirms that almost all of the cellu- 
lar acuwty of this enzyme is bound to the 
rmtochondrla 

TABLE V 

RESPIRATION OF DIFFERENT HT 29 SUBPOPULATIONS 

Undlfferenuated HT 29 cells (grown m the presence of glucose) and dlfferenuated HT 29 cells (adapted to glucose free medmm) were 
used m the post-confluent phase The &fferentlated cells were grown on glucose two days before the experiment The respiration was 
deternuned w~th a clark type oxygen electrode m 2 ml of Dulbecco's modified Eagle medium m the presence of 25 mM glucose The 
degree of coupling between nutochondnal oxadatlon and phosphorylat~on was deterrmned by addmon of 10 ~tg/ml ohgomycm The 
maxamal oxidation rate was deternuned by addition of 10 #M of CCCP 

Cells Respiration 

acceptor controlled 
(% of uncoupled resplraUon) 

+ glucose + ohgomycm 

HT 29 unchfferentlated 44 9 + 2 46 9 4 :t: 0 71 9 77 -I- 0 76 
HT 29 &fferentlated 71 4 + 4 21 3 66 _+ 1 26 9 45 __. 0 40 

uncoupled 
+ CCCP 
(nmol 0 2 / n u n  per mg) 



TABLE VI 

INTEGRITY OF MITOCHONDRIA ISOLATED FROM 
DIFFERENT SUBPOPULATIONS OF HT 29 CELLS 

The integrity of isolated rmtochondna was controlled by de- 
ternunauon of soluble enzymes relative to membrane in- 
tegrated succmate dehydrogenase (SDH) The following en- 
zymes were detern'aned in the cell homogenate and in the 
isolated nutochondnal fraction glutamate dehydrogenase 
(GLDH representmg matrix enzymes), adenylate klnase 
(ADK representing enzymes of the outer rmtochondnal com- 
partment), hexokmase (HK representing enzymes located at 
the nutochondnal surface) 

Cell GLDH/SDH ADK/SDH HK/SDH 
fraction 

HT 29 undifferentiated 
homogenate 5 28-+0 26 12 49-+1 06 1 555:0 33 
matochondna 5 53+0 51 12 52+1 32 1 68-+0 05 

HT 29 &fferentiated 
homogenate 11 14+0 4 17 51 5:2 9 1 00_+0 13 
nutochondna 1516-+18 1654_+25 0885:017 

345 

TABLE VII 

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

The acavlty of rmtochondnal hexolonase was deterrmned by a 
direct optical test system m rmtochondnal isolation medium 
The assay system contained 4 mM MgCI 2, ,1 mM phosphate, 5 
mM NADP, 2 mM glucose, 0 5 U glucose-6-phosphate dehy- 
drogenase and 5 #M rotenone ATP was provided either by 
ad&tion of 2 mM ATP and 0 2 #M carboxy-atractyloside or 
by the oradat~ve phosphorylation from 10 mM succlnate and 
0 5 mM ADP 

Hexolonase actlvaty (mU/mg) 

intact imtochondna 

ATP ADP 

lysed nuto- 
chondna 
(ATP, Triton 
X-100) 

HT 29 
differentiated 0 00 49 2 4-14 7 90 3 + 20 5 

HT 29 
undifferentiated 814-t-72 198_+ 36 1022+ 97 

Actwlty of hexokmase m tsolated mttochondrta from 
the dtfferent HT 29 subpopulatwns 

M i t o c h o n d n a  were i so la ted  f rom undi f fe ren t i -  
a ted  and d i f fe ren t ia ted  H T  29 cells Both  types  of  
n u t o c h o n d n a  were well  coup led  and  extubl ted  a 
P / O  ra t io  of  1 6 - 1  8 and  an  accep to r  cont ro l  
index  of 6 - 8  wi th  succmate  as subs t ra te  The  
glucose p h o s p h o r y l a u o n  by  b o u n d  hexolonase  was 
inves t iga ted  using an opt ica l  test  sys tem m the 
m t t o c h o n d n a l  i so la t ion  m e d i u m  The  A T P  was 
p rov ided  ei ther  b y  &rec t  add i t i on  and  l n t u b m o n  
of  the  a d e n i n e  nuc l eo t i de  t r a n s l o c a t o r  (by  
ca rboxya t r ac ty los lde )  or  by  oxadatlve phospho ry -  
l a u o n  f rom succlnate ,  p h o s p h a t e  and  A D P  The 
lnl tml  hexoklnase  ac t lwty  with  externa l  A T P  in 
n u t o c h o n d n a  f rom G l c -  cells was no t  measu rab l e  
a l though  the nu tochondr l a l  f rac t ions  of  bo th  H T  
29 s u b p o p u l a u o n s  had  a lmos t  the same ac twl ty  of  
the enzyme m the Tr i ton  X-100 lysate  (Table  VII )  
In  the rmtochondr l a  of  the G lc  ÷ cells hexolonase  
actw~ty w~th externa l  A T P  was c o m p a r a b l e  to the 
ac twl ty  de t e rnuned  m the Tr i ton  lysate  W h e n  
A T P  was p r o w d e d  by  the oxadatlve p h o s p h o r y l a -  
t lon,  g lucose  p h o s p h o r y l a t l o n  m the l a t t e r  
rmtochondr l a  decreased  to 25% of  the ac t iv i ty  
wi th  external  ATP,  whereas  a 2 4-t~mes higher  
ac t lwty  was observed  m rmtochondr l a  f rom &f-  

f e renua ted  H T  29 cells This suggests that ,  al- 
though  hexok lnase  is t ight ly  b o u n d  to the  
r m t o c h o n d n a l  surface of  the und i f fe ren t i a ted  cells, 
t h e  e n z y m e  d o e s  n o t  p r e f e r e n t i a l l y  use  
m l t o c h o n d n a l  A T P  

Desorptton of structure bound hexokmase by dlg- 
ltomn m mttochondrta from dtfferent subpopulattons 
of HT  29 cells 

I t  is known  m hver  matochondr la  that  dlg~tomn 
detaches  most  of  the ou te r  m e m b r a n e  but  leaves 

pa r t s  of  it unaffec ted  which are  b o u n d  to the tuner  
b o u n d a r y  m e m b r a n e  in the contac t  zones [33] 
Because hexolonase  appea r s  to be ma in ly  b o u n d  
to tlus pa r t  of  the outer  m e m b r a n e  m the con tac t  
sites [34], & g t t o n m  t r ea tmen t  canno t  desorb  b o u n d  
hexolonase  f rom m l t o c h o n d n a  If contac t s  be tween  
the two b o u n d a r y  m e m b r a n e s  are present  [34] 
Therefore ,  the lack of  contac t  sites in m l t o c h o n d n a  
of  s t anda rd  H T  29 cells cou ld  expla in  why 
hexolonase  is found  to be  hbe ra t ed  by  & g t t o m n  
hke  adeny la te  k lnase  (F ig  7A) By con t ras t  
n u t o c h o n d n a  f rom G l c -  cells, when t rea ted  m the 
same  way, lost  hexolonase  at s ignif icant ly  lugher  
&g~tomn concen t ra t ions  than  that  requi red  to 
hbe ra te  adeny la t e  k lnase  suggest ing that  they con- 
t am con tac t  sites (F ig  7B) 
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Fig 7 Effect of dlgttomn on the solubihzation of bound 
hexokmase m isolated rmtochondna from HT 29 cells 
Mltochondna isolated from undifferentiated (A) and differen- 
tiated HT 29 cells (B) suspended in isolation me&um were 
incubated for 30 s with increasing concentrations of dlgttomn 
and subsequently centrifuged AcUwties of hexokmase (O) and 
adenylate kmase (n) were deterrmned m the pellet and super- 

natant fraction 

Discussion 

In  o rde r  to u n d e r s t a n d  the m e c h a m s m s  b y  
which  the i m t o c h o n d n a l  m e t a b o h s m  in r ap id ly  
growing  tumors  is reduced,  we c o m p a r e d  two sub-  
p o p u l a t i o n s  of  the  H T  29 a d e n o c a r c m o m a  cell 
l ine  which, as charac te r ized  b y  Z w e l b a u m  et al 
[18], vary  in lac ta te  p roduc t i on  and  morpho log ica l  
d i f fe ren t i a t ion  W e  ca lcu la ted  the  relat ive contr i -  
bu t ions  of  g lycolyt ic  and  oxadative m e t a b o h s m  to 
the  cell  A T P  f rom the d a t a  m Tab les  I and  V b y  
assunung  1 mol  A T P  per  mol  p r o d u c e d  lac ta te  
and  2 5 moles  A T P  per  mol  oxygen  accord ing  to 
N a k a s h i m a  et  al [29] Based  on  this ca lcu la t ion  
the energy m e t a b o h s m  of  b o t h  cell popu la t i ons  
p r o d u c e d  A T P  wi th  the same rate.  However ,  the 
con t r i bu t ion  of  ox ida t ive  p h o s p h o r y l a t i o n  in the 
G l c -  cells was 83% and  the  glycolyt ic  17%, whereas  
m the  G lc  + cells b o t h  m e t a b o h c  systems p r o d u c e d  

a p p r o x i m a t e l y  half  of  the A T P  (Table  VI I I )  In  
b o t h  cell types  more  than  90% of  the resp i ra t ion  
was sensit ive to o h g o m y c m  and  was therefore,  due  
to coup led  ox ida t ive  phospho ry l a t i on  This sug- 
ges ted  a reduced  A D P  supply  to the oxida t ive  
p h o s p h o r y l a t l o n  in the und i f fe ren t i a ted  cells Al-  
ternat ively,  the und i f fe ren t i a ted  cells may  lack 
n u t o c h o n d n a  This  can be  excluded,  since maxi-  
mal  (uncoupled)  ox ida t ion  rates  (Table  V) and  
concen t ra t ions  of  r m t o c h o n d n a l  p ro te in  m the 
und i f fe ren t i a ted  cells (Table  IV) are  c ompa ra b l e  
to wha t  is found  m the d i f fe ren t ia ted  H T  29 cells 
and  in i sola ted  hepa tocy tes  It has  been  repor ted  
tha t  the e levated levels of  ma tochondna  b o u n d  
hexo lonase  are essential  for the high rates of  gly- 
colysls  in r ap id ly  growing t u m o r  cell l ines [2-4]  
H o w e v e r ,  we f o u n d  t ha t  the  ac t i v i t y  of  
n u t o c h o n d n a l  hexoklnase  in the  two subpopu la -  
t ions of t u m o r  cells was app rox ima te ly  the same 
If  the  n u t o c h o n d n a  b o u n d  enzyme has prefer red  
access to the n u t o c h o n d n a l l y  genera ted  A T P  as 
has  been  descr ibed  for the liver [5] and  b r a m  [6], 
then,  we are left  to expla in  why the A D P  supply  
was reduced  m the und i f fe ren t i a ted  H T  29 cells 
In  vaew of  these f indings  it appea r s  that  no t  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 glycolysls were calculated 
from the lactate production m Table I, considering the forma- 
tion of 1 tool ATP per mol lactate The production of ATP by 
the oxadatlve phosphorylatlon was calculated from the respira- 
tory rates m Table V, assurmng the formation of 2 5 mol ATP 
per tool of oxygen 

Source of ATP HT 29 cells 

undffferen- differen- 
tiated tinted 

Glycolysls 
nmoi/mm per mg 18 9 + 3 4 
% of total ATP 45 4 

Oxidative phosphorylation 
nmol/mm per mg 21 9 + 1 1 
% of total ATP 54 7 

Total ATP 
nmol/mm/mg 40 1 

70+21 
172 

337+30 
82 8 

408 



amount  but  ra ther  the regulation of the 
hexolonase-ponn complex at the mltochondrial 
periphery in the undifferentiated cells is altered 
when compared to differentiated tumor and brain 
cells Indeed, in isolated rmtochondna from the 
differentiated cells the initml activity rates of 
bound hexolonase with internally generated ATP 
were 50% of the activity observed in the Triton 
lysate and no activity was determined with exter- 
nally added ATP The enzyme in rmtochondria 
from undifferentiated HT  29 cells, however, ap- 
peared to use preferentially external ATP (Table 
VII) Sirmlar results have been reported with 
hepatoma mltochondrla by Nelson et al [35] Tins 
apparent absence of a functional couphng be- 
tween hexolonase and oxadative phosphorylation 
in rmtochondria from undifferentmted neoplastic 
cells points to a lack of a channehng mechanism 
for ATP in these rmtochondria We have pos- 
tulated that the topological relationship between 
hexoklnase bound to the outer membrane pore 
and the inner membrane transport systems is 
mediated by the formation of contacts between 
the two boundary membranes [8] In agreement 
with this postulate, the frequency of nutochondrlal 
contact sites was s~gniflcantly reduced in freeze- 
fractured samples of undifferentiated cells, winle 
contact sites were present in dlfferentmted HT  29 
cells (Table II) 

A structural difference of the mttochondna in 
the two cell subpopulatlons became also evident in 
conventional fixed and embedded tinn-sectioned 
samples The swelhng of the tmtochondna in un- 
differentiated cells may result from a different 
behavlour dunng fixation, because these cells grew 
as a multllayer However, It may also be explained 
by the reduced rmtochondrlal ADP supply in the 
unddferentiated cells compared to the differenti- 
ated one As observed by Hackenbrock et al [36], 
in ascites tumor cells, such swollen rmtochondna 
represent orthodox (non-phosphorylating rmto- 
chondrla) winch could be ultrastructurally trans- 
formed into condensed mltochondria by artificial 
(ad&tlon of 2-deoxyglucose) increase of the in- 
tracellular ADP level 

The presence of contact sites can be demon- 
strated by electron nucroscopy and also by treat- 
ing the rmtochondna with digatonln, because they 
are responsible for the incomplete removal of outer 
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membrane by tins reagent [33] Proteins located m 
the outer membrane in the area of contacts remmn 
attached during tins treatment [37] As observed 
by electron rmcroscopy [38] and confirmed by 
binding to the isolated contacts [34] hexokmase 
adsorbs preferentially to the pore in the contacts 
In agreement to tins finding, the activity of tins 
enzyme becomes only partially desorbed by dig- 
ltomn from rmtochondrla of rabbit heart [39], rat 
lodney [40], liver [34] and brmn [41] However, m 
rmtochondrla from Novikoff ascltes tumor [42] 
and the undifferentiated HT 29 cells (Fig 7A) 
hexoklnase is desorbed by dlgltonin just like 
adenylate lonase, agmn suggesting the absence of 
contacts 

The absence of contact sites in rmtochondna of 
undifferentiated tumor cells may explain the lack 
of functional couphng of hexolonase However, 
tins observation cannot account for the elevated 
level of rmtochondnal hexolonase described in 
many tumor cells [2,3] Together, these data sug- 
gest that the binding of hexolonase in undifferen- 
tiated H T  29 cells is regulated independently from 
the functional couphng of the enzyme, although 
the contact sites in differentiated cells can be 
considered as preferred binding sites 

The content of the pore-forrmng protein winch 
is required for hexokmase binding is not slgmfi- 
cantly elevated in rmtochondria from neoplastic 
cells [13] and, therefore, cannot account for the 
increased hexolonase binding [43] The same situa- 
tion is found in brain where, like in neoplastic 
cells, most of the hexokmase is rmtochondnal In 
the case of brain a binding property specific for 
lsozyme ! was proposed, but the observed amount 
of tins isozyme in the rmtochondrlal fraction of 
standard H T  29 cells was low Thus the Ingh 
affinity of tumor rmtochondna for hexolonase re- 
mains unexplained 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 klnases in rmtochondna of H T  
29 cells has not yet been studied, one has to 
consider that the functional couphng of such 
lonases, hke creatme lonase [44], may also be 
effected by the reduction of contact sites Creatine 
kmase has been recently located in the contact 
sites of brain rmtochondna (unpubhshed results) 
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