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SUMMARY ,

Chick embryo fibroblast cells in tissue cu]turehwere grown under
A carefully controlled conditions in the presehce-of []4C]#glucoseuand
[32P]eihorganfc phosphate for a time period sufficient to establish a
| steady-state of labeling for all intermediary metabo]ites."Pérturbatiqn
_rof‘the steadyestate metabolism by either 2edeoxyglquse (2-DG) orrcarbony]-'“
cyanide m-chlorophenylhydrazone (cccp), followed by k1net1c analysis of the
metabo]ite pools, showed that both of these agents lnduced rap1d fluc-
“tuations in most_steady—state pools. The uncoupler, CCQP, drops the energy
charge which stimu1ates glycolysis and brings levels uf metabo]ites'baek
toward controi_va]ues. The addition of 2-DG causes both inhibition of
._gluc05e uptake and a very rapid utilization of ATP torgive.Z-DG-Gephosphate,
with consequent inhibition of‘converstn of g]ucose465phosphate ta fructose-
6-phosphate. The. combined effect'of these inhibitidns-is to reduce g]ycof"
lytic flux and energy charge nearly to zero during the first 30 sec. In
spite of continued severely restricted uptake of substrate and the destruc-
tion of more . than 80% of the tota1 ‘adenylate pool, the energy charge |
recovers to intermedlate levels and many metabol1te poo] 1evels also

recover. -

INTRODUCT ION
An importaht determinaht in variations of metabolismhin both normal
and Virus-transformed chick cells in tissue culture appears to be the,.
rate of giutose uptake (1). Recent measurements of glycolytic pool sizes
during.steadyéstate metabolism of these cells, for exampie, showed a

: c}ear'corre1at1§n between these pool sizes and rate ef"glucose uptake (1,2).



The techniques used for kinetic steady state studies in these cells
lend themselves to the 1nvestigat10n of rapid metabol ¢ transients. Such
tran31ent»changes follow;perturbation of the steady-state by introduction
of chemicals orVSUdden changes\in other-physiological'factors.- Asjone |
| Such perturbation gluc05e’uptake'couldfbe-suddenly-affected’by the intro-_'
duction of a chemical agent with a specific action on glucose transport
‘into the cell Glucose uptake could also be affected by reduc1ng the
'vgeneral availability of chemical energy in the form of ATP.

The glucose analogue, 2- deoxyglucose (2 DG), is taken up by animal

. cells, and 1s converted to 2- deoxyglucose 6 phosphate (2 DGBP) by hexo-
‘kinase. Neither this compound nor 2 DG is further metabolized to any . |
appreciable extent (3 4), 'The transport of'Z-DG has-been shown to be com-
petitive W1th glucose transport, although its affinity for the binding 51te
.is much lower (5,6,7). In the presence of high concentration of 2-DG, its
rapid phosphorylation_depletes the cellfs supply of ATP (8,9),;and there
is evidence'that'Z-DGGP which-aCCUﬁulates'in the cell,-noncompetitively‘,
:inhibits the transport of‘glucose‘(lO) lThus, 2-DG was chosen as an agent
| which specifically affects glucose uptake by direct competition as well

as by indirect effects resulting from changes in the energy charge

ATP + 1/2 ADP
Crrpempiawp ) (1)

An uncoupler of oxidative phosphorylatiOn,‘carbonyl cyanide m-chlorof_
phenylhydrazone (ccer), was employed in parallel experiments to prov1de
information about general metabolic effects in chick cells of lowered

- adenylate ratios in the‘absence of a specific block on,glucose uptake.



_-4-
MATERIALS AND METHODS

Growth of Cel] Cu]tures——Pr1mary cultures were prepared from ]0 -day

| o]d‘C/O or C/B type SPF chick embryos (12) free of res1stance-1nduc1ng
factor essentially as described (13,14). Briefly,'after decapitation and
evisceratidn,.the embryos were minced, washed with.tris—saljne buffer and
digested with 0.25% trypsin. After 15 min the suspended_ce11s were_pcdred:
i_nto ‘a'"st-ap bath" containing 2/3 cold medium 199 (Gibco) and-.1./3‘ calf
vserem This process waS'repeated twice. The singleaceils were then plated
in 100 mm cu]ture dishes at 8 x 106 cells per plate in med1um 199. Two: “s
‘percent tryptose phosphate broth (Gibco), 1% calf serum, and 1% ch1cken N
serum (Microb1olog1ca1 Associates, Inc. ) were added to the med1um Fungi- .-
zone was eliminated entirely, as harmful side effects have been observed in
dvthis laboratory. Secondary cultures were prepared 4‘days'after-the'primary
seeding by trypsinizafion'of primary cultures and Were'seeded at the desired |
ce]1 concentration in 35-mm petri dishes. The concentrat1on of g]ucose

‘ and calf serum was doubled (11 mM and 2% respect1ve1y) at the time of
‘_-secondary seedings, 'Each "samp]eﬁ referred to below;was one such-petr1 .
dish culture. | | S | o

Steady-state Labe11ng of Ce]]s--Th1rty two hours after secondary

seeding the medium of secondary cell cultures was rep]aced by one wh1ch - N
'contained 5.5 mM []4C]-g1ucose (specific activity 10.2aC1/mole), 1.25 mM

| 1norganic1[3?P]-ph95phatea(specific activity 1 Ci[mole),.and the cells

Were allowed to metabolize for at least 15 hr under the usual growth condi-
tions (tissue culture incubators, 5% CO, in air, .9°C)- The cells were

| tnen fransferredlto our steady-state anparatus m. At 1 hr and again just

| ‘before each experiment, the growth medium was replaced by one which contained

' 1/10 the Qriglnal glucose concentratlon (0.5 mM), w1th»the specific



_ rad1oact1v1t1es kept constant Fifteen minutés after the 1ast medium
change, elther 2 DG (20 mM) or CCCP (10 uM) was added to perturb the
: steady-state unless otherwise indicated. Each experlment included a series
- of kinetic points (1, 5, 15, and 30 min) 1n order. to establish the Tevels
of steady-state metabo]1te pools, as well as k1net1c po1nts (30 sec, 1 2,
, 15, and 30 min) taken’after the perturbation,'for'measurement of "the
fluctuations in these pools. | | | |
For exper1ments in which the rate of entry of []4CJ g]ucose carbon
- into metabo?1te pools was measured, the rad10act1ve medium was added to the
~cells at 0 time and then samples were_taken at variousvtimes asdpreyious]y ;
described (1). | e
Analytical Methods--Immediately'before thevcellsfmere killed, the

mediumdwas removed and the cu1tore was rapidly washed with cold Hanks'
;huffer contafning unlabeled g]ucose The ce]]s were killed by‘addition o
of cold 80% methanol (Vess than 15 sec after removal of med1um) The dead
,cel]s were then scraped from the dish with a rubber po]1ceman and disrupted
by sonic oscil]atjon, aft.r which an aliquot port1on was applied to filter
_paper for -analysis by two-dimensional paper chromatography (15)._ The samples
‘were first developed with pheno]-water -acetic acid (84: 16: 1) for either 24 or
',_48 hr. After the paper was dr1ed, it was turned 90° and deve]oped with
:_butano1-waterfprop1on1c acid (50:28:22) for another 24 or_48 hr. After
| the paper was again dried,'thetlocations of thef]abeied metaboIites were
detected by radioautography and the content of ¢ in each was determined.
Protein.concentrations were determined on a1iqnots of each}samp]e
by the method of Lowry (16). ]4C-Labe1ed components of'the'mediom were
iso]ated by column chromatography on a B1o—ge1 P-2 (200-400 mesh) column
'(1 5x 120 cm)
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' Chemicals--The []4CJ—glucose (306 Ci/mole) was‘pdrchased from
Amersham, and the‘32P as H 32PO4 (carrier free) in HZO from New England
- Nuclear. 2-Deoxy- D—g]ucose (A grade) and carbony1 cyan1de m- chloropheny]—.

hydrazone (CCCP) were purchased from Calbiochem,

RESULTS |
Effects Of'Z—Deoxyglucosevon Labeled Metabolites in Cells Previously .
14 q 32

‘Grown on _"C-glucose_an P-labeled Pi--The glucose concentration of the

grdwth medium in these expéfimeﬁts was low (0;5 mM)§ therefore'when.a high.

- concentration of 2-DG (20 mM)‘waé.added, the transport and_phoSphorylatioh

‘of 2-DG was rapid (Fig. 1). This phosphorylation resulted in an immediate

décrgase in thé.ATP.pobliconcurrent with a rise fn thé ADP (Fig. 2) and -

AMP (Fig. 3) pools. The sUdden]y eTevatéd AMP_pool_as compared to the

~changes in the ADb poo1'5u§gests that these ce]ls have an extremély éctive .

"adenyIAte kinase enzyme. Adeny]ate kinase has been shown to be act1ve

in other mammalian cells (8).- - v |
with1n 30 sec after *he addit1on of 2-DG, the ce]l ut1]12ed approx1- |

mately 95% of its ATP pool. wh1]e.some of the 32P thys released from ATP

can be accountéd for as 2-DG-6 32P, smaller amounts could be;a;;odnted for

in 1hcreaséd'phpsphonylation of glucose to give hexdsé'hondphosphétes.

There is a‘1arge initial increase in the internal 32Pij§oo1 (Fig. 4, Table

1). Thus, it appéars'that some activity resulfihg'in conversion of ATP termi-

nalphosphate to Pi has been st1mu1ated during the f1rst 30 sec after 2-DG

addition. This might be a hexose phosphatase, ATPase, or some other activity

involving a hore.indireét conversion. After the initiaT‘rTse in Pi, its .

Tevel drops.rapid1y and remains low for the duration of the eXperimen;.



The addition of'ZeDGdcaused a very rapid decreasefin the energy charge -
of the cells (Figs. 1, 2 and 3, Table I}. This drop in energy charge of
the cells was partially adjusted by the destruction'of AMP and ADP 1 mini
after the addition of 2-DG. There was no évidence from the paper chromato-
grams of the appearance of a\new,intracellular poo]"derived from the |
adenosine portion'of these moTecules A previous:report»has shown that -
inosine and hypoxanthine are reieased ‘into ‘the medium in the presence of
'2-DG (9). while these products were not spec1f1ca11y identified in the )

- column chromatograms of the culture medium (see Methods), there was-anlf
increased_radioactivity in a fraction which could not be attributed to

- glucose or 1actate It is therefore p0551b1e that the breakdown product

of AMP was rapidly re]eased into the medium - |

_ Some of the cells' response to these changes in adeny]ate ratios can
~be seen in the kinetic fluctuations in other metabolite poois For example,
the pooistof glutamate, aspartate, citrate, and malate (Fig. 5) change con-.
' currentiy with the decrease in the energy charge Of'thehcelis} One of
'the'most notabie changes after addition of 2-DG occurs ‘n‘the g]utamate

14,

' pool within the first minute. The large amount of '"C lost from the

glutamate pool is ba]anced by the>]4C;increase in the aspartate pool. .
Simultaneously,'there.are decreases in the citrate’and.malate pools.

o The_metabo]ite}poois of the giycolytic sequence ai]ldecrease very. id'
o rapidiy in the first minute.after the addition of 2?DG probab]y due to
fboth the decrease in glucose transport and the drop 1n the energy charge -
of the ce]l However, the metabolite pools_tend to recoyer to- varying
3‘degrees 1 min after thedaddition of 2-DG, with the Iargest increase in

pentose monophosphate and the smallest in lactate. The recovery of these'
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pools occurs_concurrently.with the‘partial reboundhlndthe energy_Charge
caused by‘the drop in the AMP‘and ADP- pools. The Tevels off]4C-glycogen
in samples before and after 2-DG were measured (1) andrfound to be unchanged,

After other glycolytic pools have reached new”steadyestaté leVels,.
'the hexose monophOSphate concentratlon continues to r1se Analysis of
this mixture shows the increase to be almost completely due to an 1ncrease _
in glucose 6 -phosphate and.not fructose 6- phosphate (Table II) This
ind1cates that the 1nterconvers1on of’ glucose 6-phosphate and fructose—6-
'phosphate, normally rapid and revers1ble, is 1nh1b1ted by the accumulat1on
of 2-DG6P. | | -

The high 2-DG/glucose‘ratio used in these experiments was chosen to
,_produce maximal perturbation of the system. When 2- DG concentrat1on is
_ lowered to 100 mM and glucose concentratlon ralsed to l mM, the energy
charge changes 1n_avs1mllar way but at a slower rate (F1g. 7). Thus the
: fluctuatlons in other metabolite pools are small and,more diffjcult to
interpret.. | ' R |

Effects of Carbohyl Cyanide m-Chlorophenylhydrazone {pCCRl-4When

ceee, an uncoupler of phosphorylat1on, is added to the cells, ‘one -can
‘see by the rise 1n the ADP pool (Fig. 2) that oxidative phosphorylat1on

- has been blocked at the flnal step in the phosphorylat1on process The,'
'1nit1al rap1d drop and the later slow decay of ‘the ATP pool (F1g 1) and
rise in the AMP pool (Fig 3) are due to the consumpt1on of ATP in energy
coupled reactions w1thout replacement via ox1dat1ve phosphorylat1on 'The
_rise in the inorganic phosphate pool (Fig. 4) 1s-also_a reflection of
the blocked oxidative phosphorylation system. While the initial fast
rise in Pi parallels that observed with 2-DG add1t10n, the subsequent
continued rise 1n P{ after CCCP add1t1on is 1n strong contrast to the

_drop_and subsequent low level of Pi after 1 min with 2-DG.
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The uncoupling of phosphorylation results initia]]y in an increased
citric acid cycle and electron transpprt acfivity, as'indicated'by the
fluctuation of the glutamate, aspartate, citrate, and malate pools (F1g 5).
These changes are s1m11ar to those observed when the energy charge was
1oweredvby the phosphorylatron of 2-DG. - . vﬂ__ .

The g]ycpjytic pools, except for'fructose-l;6#diphosphate; increased
wheh CCCP was added to the cells (Fig. 6). The fruéiose-igs-diphosphate
‘pool decreases during the first minute, but 1ater“increases The immediate
rise in the pool of lactate indicates that glycolys1s is greatly acce]erated.

Effect of 2-Deoxy- D-g1ucose on the Appearance of ]4C -and 32P in

‘Metabolite Pools: Labeling from Zero Time--When 2-DG_and [ C]-glucose were

added together, at zero time to cells which were growing on unlabeled

0.5 mM glucose, the ihitia]'rate,of 14¢ appearance.in various. metabolic

pools decreased (Fig. 8). The level of labeled fructose—T ,6-diphosphate,
and other metabol1tes derived from it, a]ways stays 1ower in the 2-DG treated
cells than in the control., While the labeling of hexose monophosphate poo]s.
1n untreated cells stopped rising (1nd1cat1ng a steady—state), the labeling
of hexose monbphosphate pools in cells ireated with Z-DG continued,to rise .
(Fig 8). This again indicates that. the conversion of»glucose-G-phosphate
to fructose-6- phosphate is inhibited as 2- DGGP accumulates in the cells.

| The 1ntrace11u1ar Pi.pool 1s labeled more s]ow]y w1th 32P in the ce]]s

treated with_Z-DG (Fig, 9). This indicates that ejther the rate of entry

of 32Pi is 1pwer, or the'tota] 1ntrace]TUIar pool offPi s rapid1y decreased‘

~in the presence of 2-DG. The results with 2-DG add1t1on to a1ready labeled

' ce]ls Fig. 4, ‘showed that the pool of Pi rapld]y decreased
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| DISCUSSION
The varioﬁs transient changes in pools of metabolites accompanying
the addition of an uncoupler of'phosphorylation (ccep) are for thé most
part expected, based on well known reguiatory mechanisms of fntermediéry
mefaboiismv(17). As the energy charge and the level of ATP fall, there
“is a stimulatioh df métabolism, partfcu]arly g]ycoiysis to proQide gjyco-<
_ lytic phosbhdrylatioﬁ, 1eading‘to,a'1arge increase inriactate. These -
changes provide a useful pattern fbr.compariSon wifh‘traﬁ§fents_ind0ced -
by 2-DG addition. | - |
Since in both cases (CCCP and 2-DG addifion) there is a rapid initial
~drop in energy Charge,"some of ' the metabolic transieht changes are sihilartb
Thus, the citric acid cycTe respdﬁds to the low enérgy'tharge‘by‘a surge
of activity.‘ Thé glutamate pool may serye as the subsfrate for citric acid
cycle activity.in order to'produce electron flow for the production of ATP
via oxidative phoSphohylatibh. Although the complete cycle is not able to
faccéleraté Sufficientiy dde to ,a 1imited‘supb1y of.ace;y] CoA, a'partial
_réyc1e may'function via the‘g]utamate-aspartate.trahgamiﬁase enzyme and con-
-fversfon of.a-kétbglutarate"to.oxé1acétate plus COZQI Asvthe éhergy charge |
'of.the'éells périially‘recovérs éfter the first mjnute;:theée'pobls”retukh R
near1yvto normal levels. Latér, with CCCP addition; this uncoupler con-.
~ tinues tov"pu11? thé cycle so that the level of citrafé qupﬁ and remains
Tow, " o
- A basic difference between the action of 2-DG and thét of'CCCP is
ih their effect on g]uéose transport. The addition of a high concentration
| of i?DG essentially blocks the uptake of g]utose-whf]e;CCCP causes an increased
uptake and utf1izatioﬁ of glucose. When the energy sdpp]y js.depleted by

“addition of 2-DG, glycolysis cannot compensate‘as an energy source as well
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. as itgdoes in the case of ccep addition. Thus, the rate and extent of
energy stress is much-greater on addition of 2-DG,'and}this appears.to
‘cause marked d1fferences in certain metabo]1te poo]s |

The AMP pool is e1evated to a greater extent and the total adenylates
(Table I) are rapidly dep1eted in the case of 2-DG,adet1on. This seems
to indicate activation ofhadenylate'kinase and AMP deaminase activities
_toha much greater‘extent thanvin the uncoupled system.b'The’Pi level |
: remains.hfgh in the presence of CCCP but:is very low after 30 sec in 2-DG.
The decreaSed'uptake of Pi, and continued low Tevel of Pi after 1 min fol-
low1ng 2-DG add1t1on may be related to the decreased uptake of g]ucose or
the decreased rate of g1yco1ys1s (18) |

S1nce Pi has been shown to be an inhibitor of AMP deam1nase (19) the
higher Tevel of Pi could part1a11y explain the s]ower destruct1on of
adenylates in the presence of CCCP even though substantial AMP is produced.
It is notew0rthj that'despite the large destruction of adenylates in the |
case of 2-DG addition, the energy charge 1s restored to about as h1gh \
~a level (0 6) as in the c se of ccce add1t10n. whlch produced only m1nor
‘adenylate destruction (Tab]e I). :

_ Another effect of 2-DG addition.appears to be an atlleast partial

'{nhibition of the interconversionvof g]ucose-s-phosphate‘and fructose-6-
'-phosphate (Tab]e I1). The in vitro ihhibitionvOf hexose phosphate isomerase'
. by 2-DG6P has been reported (20) Apparently this part1a1 block to g]yco]ys1s
,115 bypassed to some extent by the pentose phosphate shunt ' Thus, after the |
. first 30 sec fo]]ow1ng add1t1on of 2-DG, there is a recovery of some of the -
: -pools of glycolytic 1ntermedrates from the low levels reached just after

Z-DG‘addttion; This recoyery is greatest for pentose monophosphate and



: -'] 2- .. . .
least for lactate. This might be expected if the inhibitioh of olycolysis
(due both to inhibition of glucose uptake and g]ucoseEG-phosphate conversion
to fructose-Gephosphate) is_partia11y relieved by conuersion of some g]ucose-
6-phosphate to lactate via the pentose phosphate cyc]e The s]ow but steady-'
increase in glucose -6- phosphate, together with the fa11ure of the g]ycolyt1c |
pools to recover completely to control levels suggests‘that the pentose |
phosphate cycle is'a1so limited in some way, perhaps hy'the availability of
| acceptors-of electrons from NADPH produced'by the pentose‘phosphate'cycle.

' Theimetabolic changes produced by 2-DG and by1CCCP{might be'used to
vsome extent to examine proposed mechanisms for reguiation of glycolysis, v
for example, oy energy charge (21), by inorganic_phosphate level (22), and-
by ADP ]evel_(23). Thds, the intracellular 1actate'poo] can be taken as a
rough measure ofyg]yco]ytic flux; and.can be companed with ]evels of-ADP;
Pi and energy charge, = o | _’

With CCCP addftion, there is correspondence‘consistent wi th each
~mechanism. The increased g]ycolyt1c flux 1nd1cated by the elevated level
of lactate correlates with 1ncreased ADP 1eve1, 1ncreased Pi leve], and
with lower energy. charge | |

| v with'Z-DG addjtlon, 1nterpretation.is made more dffficu]t because the.
'.pfimary cause'of decreased glycolytic f1ux is'diminishedvg]ucose uptake.
'This diminished glucose uptake clearly is not a‘consequence of decreased
energy charge, since w1th ccee g]yco]yt1c f]ux 1ncreased This is consis-
“tent with ear11er studies showing that glucose uptake in chick cells (6,7)
is by facilitated diffusion, not active transport. Although g]yco]yt1c flux
is much Tower after 2-DG addition, partial recovery of glycolySIS seen 1n

the 1actate and fructose ] 6-diphosphate pools after 1 min (Fig. 6) appears

to be in response to the operation of control mechan1sms The 1n1t1a1
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recovery (after 1 min) mfght be attributed to either the 1 min'peak in ADP,
the 1 min peak in Pi, or the drastically 1owered energy charge The sus-
v‘tained partial recovery: after 2 min is most easily attr1butab1e to the
vcontinued low energy charge,vsince the 1eve1s}of ADP and Pi are below the

~ control 1eve1s after this time with 2-DG. o

| The effects of the two 1nh1b1tors thus operate through very d1fferent |

mechanisms: _CCCP acting as an uncoup]er produces the expected results on
91ycolysis'and tricarboxyiic acid cycle. H1gh 1evels of 2-DG, added to
g cells metabol1z1ng Tow levels of glucose, 1nh1b1ts entry of g]ucose into

. the cell and 1nterconvers1on of glucose- 6 phosphate and fructose-6-phosphate.
While in both cases the energy charge 1s lowered the metabo11c causes and
consequences of this lowered energy charge are qu1te d1ss1m1]ar Perhaps
the most str1k1ng result of the 2-DG add1t1on is the tendency of the energy
,charge to recover to at’ 1east 1ntermed1ate levels in sp1te of mass1ve
destruction of adeny]ates, very low 1eve] of 1norgan1c phosphate, and a
severely restr1cted uptake of substrate. A]most as remarkab1e is the returnv
' nearly to control levels of many meaSUred metabo]lc pools, even though the
metabolic flux must be greatly reduced. This demonstrates‘the‘impressive o
' ab111ty of the regu]atory system of the ce]] to recover ‘under extreme con- |

ditions
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 TABLE T
',Chanqe igAEnergy Chafge.and'Tnte1 Adenylate Pool after
| 2-DG and CCCP Addition

26 - - ccep

Total —_ Total

» E.C. vAdeny]ate _Pi'-" E.C. - Adenylate  Pi

Control ~ 0.91  106.5 35 0.91 ‘i05.5'. 35

‘30" Y 59.6  63.5 0.7] .:__11o.rh' f.61f°
1* o024 . 790 580 o.é4_’he M6 66
20050 64.9 145 075 117.2 52
5 0.50 B w7 92 075  lo44 64
15! 0.0 207 - 7.9 0.6 ";fés.s 8 |
s o6z 199 13 0.5 693 103

| These data‘represent the same steady-state experiment descnibed
-~ 1n Fig. ]‘, The tota] adenylate pool (ATP+ADP+AMP) and energy charge'

‘(%%E;Eﬁéé%ﬁéggb were calculated from va]ues shown 1n F1gs l 2 and 3

_‘Phosphate values are the same as shown 1n F1g 4
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TABLE II

)

Poo]s _f_G]ucose 6 phosphate and Fructose GfphOSPhate _

1Q_Contrql>and 2- DG Treated Cells

G6P

 FeP

Addition. Time ;(nmoles-]4C/mg.protein) (nmb]eSa]4C/mg'protefn .
Control 0.98 0.8

2-DG 300 - 0.50 o 0.09

" 1 0.70 02

n I . 1.41 ©0.60

: 5 1,61 0.64

K 15" 3,58 1,18

L 30° 4.66 106

r——

separation of the HMP pool shown in F1g 6.

as described 1n F1g ]

These pool levels were obta1ned from the 48 hr chromatograph1c

~ The- exper1menta1 detail is’
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FIGURE CAPTIONS | _ » ,

FIG. 1. Effects of 2Q mﬂ 2 -DG and of 10 uM CCCP on the steady- state'
pool of ATP. ' The medium of cells used in this.experiment>was changed
to that containing ['%c]-glucose (46 Ci/mole) and H,%2P0, (1 Ci/mole)
15, 1-1/2, and 0 hr te insunevcomplete.iaheling befcrevmeasurement of

pools..'Thevg]hcose_concentration of_the_medium was 0.5 mM at “0" timec"

and the specific activities‘Were constant throughout~* Cell samples were

‘taken after the last medium change to establish steady state poo]s, and i

again after the additions. Fifteen min after the 1ast medium change

either 20 mM 2-DG or 10 uM CCCP was added directly to the plates as indi-

cated by the arrow. ATP was quantitated by itsv]4qxcontent (nmoTes ]4C/

32

mg protein); and 2-DG 6-P by its P content (nCi 32P)mg'protein). 0,

steady-state pooT;'A, pool after addition of 20va12-DGiu ; pool after

addition of 10 uM CCCP; - - - - 0, pool of Z-DG 64P'which accumulates in

the ceil

FIG. 2. Effects of 20 mM 2-DG and of 10 uM CcCceP on the steady state
pool of ADP. Measurement of the ADP pool was from the same experiment
described in Fig. 1. The arrow-indicates the direct addition of 20 mM
2-DG or 10 uM cccp. o, Steady'state p001 4, pool after addition of
20 mM 2-DG; 0 pool after addition of 10 1M CCCP. |

FIG. 3. Effects of 20 mM 2-DG and of 10 uM CCCP on the steady-state
pool of AMP. 'Measurement of the AMP pool was from the'same'eXpeniment ,
described in Fig. 1. The arrow indicates thevdirect'addition of 20 mM
2-DG or 10 uyM CCCP. o, steady-state poo], A, pool after addition of

20 mM 2-DG; o, pool after addition of 10 W ccce. | |
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F1G. 4. Effect of 20 mM 2-DG and 10 pM CCCP on the steady state poo]
of inofganlclphosphate. Measurement of the Pi pool was- from the same
experimentldesCrihed in.Fig.‘l; The arrow indicates_theldirect additiohv;'
of 20 mM 2-DG or 10 LM CCCP. o, steadyestaté poo];fA,?pdoi after addi-
tion of 20 mM 2-DG;0 , pool after additiah-¢%1opnlcctP; |

FIG. 5. Effect of 20 mM 2- DG and 10 uM CCCP on the steady state poo]s
of amino acjds and TCA intermed1ates These pools were measured from the .
same experiment.deSCribed in Fig.-]. The arrow 1nd1cates the direct addi-
tioh of 20 mM 2-DG or 10 pM CCCP 0, steady- state poo]s A, poo]s after
- the addition of 20 mM 2- DG; t1, poo]s after the add1t1on of . 10 uM ccep.
The significance of the final d1fference in the malate pool is not clear.
However, this'peoi is very small (the fihal'd{fferehte betWéehSCCCP ahd |
:ZrDE treated: pools is in fact less than the f1na1 d1fference in other

- pools) and the poss1b111ty for variation is greater

© FIg. 6. Effect of 20 mM 2-0G and 10 M CCCP on the steady-state glyco- -
lytie pools. These poo]s were medSured from the:same eXperfment describee '
. in Fig.‘i. ‘The arrow 1ndicates the d1rect add1t1on of 20 mM 2-DG or 10 uM
CCCP. o, steady-state poo1s, As pools after add1tlon of 20 mM 2- DG o,

_ pools after addItion of 10 uM. cccp.

FIG. 7. .Effects‘of 10 mM’Z-DG,on_the'steadyéstate'adenylate_ahd Pir
pools. The cells used in this experiment here treated as described.in 
Fig. 1, e*cépt'that the g]ucese concentration was 1 mM at l"0'_"1:'ime. The
-arrow 1ndicates the time at which 10 mM 2-DG‘was'added directly to the _'?
p1ates. ATP, ADP and AMP were quantitated by ]4Cacontent (nmales C/mg
'.proteih); andtPi“and 2-DG 6-P by 3?? cdntent (nCi P/mg prote1n)

' .
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steady-state pOd]s; A pools'after addition of 10 mM 2-DG; -~ - - - 0,

,ac;umu]ationlof'Z-DP 6-P_in the cell.

" FIG. 8. The rate of labeling of glycolytic ahd_am{no acid pools in the

presence and absence of 20 mM 2-deoxyglucose. After equilibration of the -

cel]s:in the “steadyfstate apparatus" in the preSen¢g;6f 0.5 mM unlabeled
giucose, the"medium was changed to that whi;h Cdntafﬁed 0.5me.[]4C]-:

_ g]ucosé'(46 Ci/mo]é) at "0" time with or withoﬁt 20 mM“ZQDG. o, absence
‘of 2-DG; a, presehcé of 2-DG. | | o |

~ FIG. 9. 'Labeliﬁg df the inorganic_phOSDhate poo1 fh t5é.preSeh§e'aﬁd
ébsencé of 20 mM 2-déoxyg1ucose. The éxpefimenfa} conditfonslwefé.thev

same as in ng. 8 except that H332P04'(I Ci/mo]e)'wa$ addéﬂ:at 0" time.
0, absence of 2-DG; 4, presence of 20 .mM 2-DG. : |
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or

‘responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed,. or represents
that its use would not infringe privately owned rights.
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