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Studies on the regulatory mechanisms of glycolysis of Ehrlich asci-
tes tumor cells have indicated that Pi is the major rate-limiting factor
for both sercbic and anaercbic glycolysis (Wu and Racker, 1959, 1963),
whereas in HeLa cells both Pi and adenine nucleotides control glycolysis
(1959). 1In several other tissues the phosphofructokinase (PFK) step
seemed to be rate-limiting for aerobic glycolysis; this conclusion was
based on measurement of intracellular levels of fructose-6-phosphate
(F-6-P) and fructose diphosphate (FDP) under serobic and anaercbic con-
ditions. Thus the PFK step was suggested as being responsible for the
Pasteur effect in yeast (Lynen et al., 1959), heert muscle (Park et al.,
1961), diaphragm (Newsholme and Randle, 1961), and brain (Passonnesu and
Lowry, 1962). Lardy and Park (1956) have shown that in cell-free sys-
tems PFK activity was inhibited by excess ATP; more recently, Passonneau
and Lowry (1962), as well as Mansour and Mansour (1962) reported that
the inhibition of PFK by ATP was relieved by AMP and several other cel-
lular constituents. These findings suggest that the inhibition of PFK
seen under aserobic conditions in surviving tissue preparations may be
due to inhibition by ATP. This explanstion is applicable providing it
can be shown that intracellular ATP is higher and AMP lower aerobically

then anaerobically.
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In this commnication, control of glycolysis is studied in tissue

slices of kidney cortex, Novikoff Hepatoma, and DBAHl and DBAG adenocar-

cinomas. Improved procedures for the study of intracellular intermedi-
gtes in tissue slices are presented. Measurements were made of the lev-
els of F-6-P and FDP, as well as ATP and AMP. The results are consis-
tent with the view that in all four tissues studied PFK is a rate-limit-
ing step which controls serobic glycolysis, and that the inhibition of
PFK may be responsible for the Pasteur effect in these tissues.

METHODS

Procedures for the preparation of kidney cortex slices, measure-
ments of inorganic phosphate (Pi)’ glucose, and lhc-lactate, and the
simultaneous counting of 32P, luC, and 3H compounds have been described
previously (Wu, 1963).

It was found that short exposure of slices to air before the addi-
tion of acid can cause appreciable changes of cellular contents of ATP
and sugar phosphates. Therefore it was necessary to carry out depro-
teinization before opening the vessels to air. Since fairly large quan-
tities of sugar phosphates were found in the incubation medium, it was
necessary to separate the slices from the incubation medium, and then to
estimate the intracellular materials in the slices as well as in the me-
dium. 3SH-inulin was placed in the medium to permit a correction for the
amount of medium carried along with the slices.

Kidney slices were incubated in the presence of 3H-inulin and th-
glucose in a Warburg vessel with both a double and a single sidesrm.
The vessel was gassed with 5% COy in 95% O, or 95% Ny for 10 minutes.
After the incubation, most of the incubation medium in the main com-
partment was tipped into the double sidearm, and then 0.10 ml of 10 N
perchloric acid was tipped from the single sidearm into the main com-
partment, vhich contained the slices and some remaining medium. After
incubation for 2 minutes more to assure complete deproteinization, the

vessel was opened to air and chilled. The incubation medium in the
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double sidearm was then removed with a capillary pipet and centrifuged,
and an sliguot was deproteinized with an equal volume of 10% trichloro-
acetic acid. After another centrifugation, part of the supernatant so-
lution was used to determine lhc-lactate; the remaining fraction was
extracted three times with ether to remove trichlorocacetic acid, and
used to measure sugar phosphates and adenine nucleotides, One ml of
water was added to the main compartment of the vessel, the slices were
poured out with the perchloric acid into a graduated conical centrifuge
tube, and the volume was noted. The slices were broken into fine pieces
by stirring them with a glass rod (4 mm diameter) with sharp edges. The
sample was then centrifuged and the supernatant solution neutralized
with KOH. After removal of KCth, most of the sample was used to deter-
mine cellular materials, and 0.05 ml of the sample was counted for 3H-
impiin. The percent of 3H-inulin in the sample represents the amount
of medium included in the cellular sample (recorded in the Tables as

g, medium included in cellular sample"). This information was needed
for the correction of cellular contents of various compounds.

Sugar phosphates and adenine nucleotides were determined fluorimet-
rically. An Eppendorf Fluorimeter with attachments, similar to that
described by Estabrook and Maitra (1962), was used. Three-ml cuvettes
with 2 ml of fluid volume were used for all assays. Glucose-6-phos-
phate (G-6-P) was determined with G-6-P dehydrogenese in a system which
contained triethanolamine buffer, pH 7.%, 50 mM; TPN, 0.06 mM; and G-6-P
dehydrogenase, 0.4 ng. Increase of fluorescence due to TPNH formation
wvas campleted in gbout 5 minutes, When the reedings were steady, F-6-P
was determined in a similar manner by adding 0.5 ug of phosphoglucoiso-
merase to the seme cuvette, ATP was glso measured in the seme sample by
adding MgCl,, 1 mM; glucose, 8 mM; end hexokinase, 5 ug. Triose phos-

phates were determined by coupling the resctions to IPNH oxidation in a
system which contained triethanolemine buffer, pH 7.4, 50 mM; DPNH, 1 to

6 uM; and a mixture of a-glycerophosphate dehydrogenase and giyceralde-
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hyde-3-P isomerase, 5 ug. FDP was then determined by adding 20 ug of
aldolase to the same cuvette, and the DPNH oxidation was sgain recorded.
Sometimes triose phosphates and FDP were measured together, ADP and AMP
were determined according to Estabrook and Maitra (1962). All the en-
zymes used were crystalline preparations from Boehringer and Soms. They
were found to be free of other enzymes which may interfere with the as-
says described above,
RESULTS AND DISCUSSION

The rate of anserobic lhc-lactate production and glucose uptake in
kidney cortex slices was about 4 times as high as the aerobic values
(Table 1). In spite of the higher rate of glucose phosphorylation under
anaerobic conditions, the intracellular level of G-6-P was much lower
than under serobic conditions, whereas the FDP level was 5 times as high.
Also, a higher level of ATP and a lower level of AMP were found in the
aerobic experiments. The above findings are consistent with the view
that in kidney slices aerobic glycolysis is controlled by PFK activity,
and that the inhibition of PFK by high ATP may be responsible for the
Pasteur effect. However, since the concentrations of intracellular ATP,
AMP, and F-6-P, as measured after bresking up the cells, mgy not repre-
sent the real concentrations of these compounds at the site of PFK, no
quantitative comparison with the inhibition of PFK in cell-free systems,
such as was reported by Passonnesu and Lowry (1962), could be made. It
should be mentioned that this approach, based on comparison of aerobic
and anaerobic levels of sugar phosphates and adenine nucleotides, does
not yield information with regard to the controlling factor under anaer-
obic conditions.

In slices of Novikoff hepatoma the rate of anaerobic glycolysis was
much higher than that in oxygen. Again, PFK appeared to be inhibited;

as shown in Table 2, the level of F-6-P (the substrate for PFK) under
aerobic conditions was found to be higher than under anaerobic condi-

tions, but FDP (the product of PFK reaction) was actually lower. The

82



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 14, No. 1, 1964

*d~9~p Jo asou} ¢Gz Lregsurxoxdde sxsm J-9-4 JO STOAST |

soTowr! g8 pPosgaadxs USY] SIOM SUOTAIBIFJUSOUOD JI8TNTTOOBIUT DPOIOBXIOD OYL

-NOTEO SISM ‘UMIPOW 9YJ U SUSJUOD Y3 JO UOTR08II00 J94Je ‘ardues IBTNTISO UT SHUSIUOD

woua] so8easvas juessadax s3Tnssy

T3 yo seTour 9T ‘6°L HA ‘I97Jnq 938UCQIBOTq ISFUTY SAaIY JO TW £°'T POUTBIUOD UOTYM ‘T ¢*T SBM SUMTOA PINTT

*(€96T ‘np fxojem %0Q INOGB UTBIUOD SINSSTH aU3}) a9jes JI8TNTTIV8IQUT T Jod

*(wdo 000¢0T2) UTTNUT-H

£

Jo Bw 10 pue ‘(wdo 000°0 asoonTd~)
9

*soqeydsoyd sso0TI} SIpuToutl ddd

‘qudtem qom TeurJ 3 xad ssToum se pajat
*squswyxadxs aqeoTTdnp

Jo satour g

T

TeUTS YL '9TISSdA JInqep UT  LE 38 PI38qnoutl axss (juawrsadxe xod qudram qom Suw 022) s90TTS ¥93.100 Laupty
0'g OO0 G610 g90°0 §20°0 e 00'2 2600°0 THOO'O | O'f 9T00'0C §T00'0 o' L'T of
T'g G°0 02°0 €90°0 0£0°0 92 0T’ 9800°0 #HO0'0 | O HTCO'O TS00°0 6°0 02 oN-°00
T°9 gT°0 TI°'T %T0°0 TLO'O e 29°T G200'0 90TO'0f T°E 2200°0 0200°0 3'0 o0 Of
0°9 GT'0 0O'T LI0°0 #LO'O = gh'T gT00°0 OTT0'0; 6°2 2200°0 H300°0 G20 oz <0-%m
A.pmxm\mmﬂosiv ( *3dxa/seToum) A.paxm\mmH051v (‘utw)
‘4 @y dry el d-9-p|oTdmes | '¢ 4l 4-9p | T4 dai 4-9-p | oyey uorsonp  smpy  oseud
I8 TaTTa0 -dn ~oad uorleq 9§89
ut 2800 2781 -noug
(pa3oax100) papnTour (pe3o8xI00tM) WNITPAOR ~n1np  -08T-D
UO0T28I3UDUCS IBTNTTSIBIIUT *W§H@ms % gTdwes JBTNTTS) T

SEOITS XANCIN VY NI SHIVICINJAINT ¥VINTTIOVEINI 40 NOLLVYINIONOD - T STABl

83



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 14, No. 1, 1964

ZajaM eTuITovBIjuT Tw J9d soTowrt s@ pPogsdfdxe ads SUOTIRIFUIOUOD JIBTNTTOIOBIFUT PIYDAIIO)
pajeqnout axsm (2m O) HYEq Io (Jm Gy) mmqm

‘qU3ToM 184 TAUTJ SU} UO paseq

‘T 9TYBL UT PaqiJIosap se
q Jo (jusurradxa xad qudrans 1omM Bw 06) sworeday JIONTAON JO SIITYS

9°'C 2£°0 TO'0 £0°0 gt £€100°0 T00°'0 400°0 6T0°0 QT0°0 9°'1 oc mz-woow
0'T O0T'0 G0°0C gT°0 ST G00°0 200°0 LOO‘O #T0°0 H10'0 o't o2 wo-moow ovaq
+
70 62°0 900 o1 0100 H00°0 ®TQ°0 2230°0 1°¢ 02 eN-200
L0 £1°0 LT°0 21 000 Loo*0 | TT0'0 LTO'O 60 oz %-°m Tyyaa
9'0 T2°0 £0°0 g0'0 o2 610°0 €00°0 OQT0°0 HT0°0 920°0 8L °0T of
L0 02°0 £0°0 QT'0 LT 710°0 €00°0 600°0 cT0"0 020°0 9'9 ¢T 2 2
L0 22°0 £0°0 60°0 o2 #10°0 £00°0 Q00°0 900°0 HQTO'0 2'€ 0T N-~00
LT 01°0 60°0 €270 ac 800°0 900°'0 gT0°0 0100 220°0 2°¢ w'h oh
9'T §0°0 60°0 L2°0 8e L0000 900°0 020°0 £00°0 YT0"0 te ¢z Z. 2 ; uojeday
9'T Q00 g0°0 42°0 02 900°0 G00°0 9T0°0 | 900°0 2T0°0 TT 0T 0-“00 | J30NTAON
( *9dxs /saourl) ( -3dxa/saTour) | ( .pmxm\mmﬁoiv ( ‘utu)
dly ddf d-9-4 4-9-9 da4 d-9-4 d-9-D dad  d-g9-H
aTdumy ay\e3 uoTIOMP  AWTL sseyd JToumpy,
JIBTNTTSO ~dn -oxd uotrieq gen
(pa3031300) ur (peroaax00Un) SNMIPIR 3500 8383  -nour
UGT3BIIUSOUCD papnTout ordues IaTNTTIY -nNTH -08T-=) T
JBTNTTS0BIUT umyTpam * K

SEDTTS HOWNL NT SHLVICHWMAINI SYINTITAIOVLINT J40 NOLLYYINTINGD - 2 aTqel

84



Vol. 14, No. 1, 1964 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

high aerobic level of ATP is also consistent with the inhibition of
PFK by ATP. Similar results were slso found with DBAHl and DBAG adeno-~
carcinomas, indicating that PFK is inhibited under aerobic conditions.
It should be noted that the amounts of G-6-P and FDP found in the medi-
um were as high as those found in the cellular sample, or several times
higher; this emphasizes the importance of the corrections described in
this paper. Since no ATP was found in the medium, no correction for the
cellular content of ATP was necessary.
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