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Quantitative Tracer Studies of Metabolic Dyhamiés of Animal Cells’

Grow1ng 1n T1ssue Culture

JAMES A BASSHAM, MINA J BISSELL AND RODNEY C. WHITE

- Running Title: Metabolic Dynamics of Animal Cells

. ABSTRACT

Metabolic dynamics of animal ce]]s,igrowing in tissue culture, can

be determined quantitatively by a]ldwing the'ce11s to metabolize radio-
~actively labeled Subsfrates‘under-carefully controlled steady-state con-

ditions. In order to avoid artifacts resulting from uncontrolled changes

in physiological conditions, a steady-state apparatus for animal cells
(SAFAC) has been constructed.iiln this device ce]]s'in up to 30 cell

dishes can be given radioactive substrate and incubated for various

'._ periods without disturbing tne steady-state metabo]ism_pfior to killing.

Subsequent analysis by two—diménsiona] paper chromatography and radio-

autography-shows.that metabolites are Tabeled rapidly énd subse-

~quently are maintained at constant levels of‘radioactivity, as expected

4 for'steady—State metabolism.
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Laboratory gnghemica1vBiod1pamics, Lawrence Berkeley Laboratory,
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Animal cells, growing in tissue culture and‘aftathed to a flat sur-

face, are now widely used as model systems for the Study of the properties

of animal cells iﬁ_vivo.- Such cells have many advantagés for the study

of metabolic dynamics, which include the rates of uptake and conversion

of substrates, pool sizes of intermediary metabolites, rates of flow of

" material a]dngvdiverse metabolic pathways, and the regulation of these

flows in response to physiological conditions and external variables.
For example, radioactive carbon-labeled substrate of constant concentra-
tion and specific radioactivity cam be administered under carefully con-

tro]]ed.conditiOhs unti] a steady state of labeling of intermediary pools

‘has been achieved. Then a single controlled condition méy be a]tered;[ Fol-

1owing subséquént_ana]ysis of the metabolites and theirt1abe1ing before and

_'aftervthé perturbation, one'can dbserve the effects of'the.changed condi- |
“tion. Even the measurement of pool sizes under a constant condition pro-

-vides information about sites of reQUlationgand_their relative impoktante (M.

o Steadyfstate and. perturbed steady—state studies of ce11s:usihg labeled

‘substrates have provided much information about metabolism and its regula- -
~tion in the case of photqsynthesizing plant cells (2,3). Adaptation of
‘this method to the study‘of_ahimal cells grbwihg on a f1at.;urface and

‘using complex substrate mixture requires a number of modifications in
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equipment and-techniques; A Brief description of the éenéra] method as
applied to‘énima1vce11$ hasvappeared (4). The purpose of the présent
report is to describe the techniques, and particularly the:steady—state

apparatus for animal cells (SAFAC).

METHODS

Stéédy-stéte apparatus for animal cells (SAFAC)

a. Dfsh carrier.” SAFAC (Fig. 1) is.bui1t around a 19.2 cm diameter,
6 mn thick, disc Which serVes as’ the ceTi dish_carrféﬁAand which can be
rotated during the experiment. This dish carrier hés 30 holes each 35 i
in diameter in which the 35 mm cell culture dishes (Falcon plastic petri
_dishes) are carried. The holes are arranged inbtwo con;éntri¢ circles
(Fig. 2) of radii 13.1 cm and 17.0 ¢cm. To prevent the dishes fa]]ing_‘
through the disc, flat circular bands of plastic are"gTUed to the bottom
of the disc in such a Way as to cover all but the outerFS mm of bottom of
the holes. .This 5 mm Spacé is required for the operation of the dish
tilters, described later. The outer edge of the diéh carrier is notched
in 1ine with each hole for positioning.

b. Chamﬁer. The dish carkier’is housed in a c]bSed chamber (fabri-}
cated fromvTO‘mm p]astic.by gluing a vertical decqgona] wall to the flat

base) with a wall 41 mm highb(inside) and enough clearance at the outside

of the dish carrier to allow for the dish-tilting mechanisms. The dish =

carrier is supported above the floor of the chamber by the pointed end
-of the center shaft resting in a depression in the chamber floor, and -
by 4 small nylon rollers whose axes are held by p]asti¢ attached to the

'dish carrier, and which roll along the floor of the chamber at a.radius
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of 13.5 cm, The top of the chamber is also 1_Cm'thick'c1ear plastic and .-

| is'rém0vab1e'but is normally attached to the wa]]shof the chamber by

' screws into” ho1es threaded into the wa]]s Stopcock grease. is aiso used

to make a seal between top and walls. The 10 mm.diamefer steel shaft,
wh1ch is r1g1d1y attached to the d1sh carrier, extends through the top
of the ‘chamber to a removable round handle. The dish carrier can be

rotated by turning this handle. A flexible strip of'pJastic mounted

vertically, extendihg from one side to an adjacent side of the decagonal

wall, and backed at the.center by.a spring compressed betlween the corner
and the plastic strip, carries a plastic V-shaped ridge which presses
against the outer rim of the dish carrier and drops into a notch in the
rim when a,gi?en set of culture dishes are in positioh under the varicus
ports described below. This pdsitioning hq]ds the dish against ihadvertent |

movement, but a'moderate'tWist oh the hand]e forces the ridge out of the

“notch, and the dish carr1er can be turned to the next pos1t1on

c. Ports. For the 1oad1ng of the SAFAC with tissue cu]ture dishes -

from_fhe incubator, a 13_cm'd1ameter port 1s-prov1ded in the chamber top,
'pocitioned so'that both rings of dish holes can.be'reachéd.r This port
ffs closed by a removable round plate with a compressibn disc Which forces
, an_O'ring out agaihst-thé sides of the port when it ishtightened with a

.SCrew.

Two sma]] ports, one over eacn circle of dish ho]es, are fitted

“with vertical 20 mm diameter plastic tubes g]ued into'the chamber top so

~ that the botfom of the tubes is even with the inside of the top and the

tops of the tubes extend upward 15 mm. These are tight1y fitted with

1arge serum caps. Hypoderm1c needles can be inserted through these caps
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'.to the dishes forvremoval and addition of medium té fhe cells.
A setond pair‘of ports-is positioned over the .circles of dish. holes j

about 150 degrees from the first pair.. Fach of ‘these ports is fitted

-

with a fixed O#ring¢and'é.movab1e plastic tube 45 mh in diameter and
. 40 mm long. These tubes are closed with.removable;rubber stoppefs.
When the tubes areé puéhed all the way in; they §eaf ggainét thélsurféée
of the dish carrier, forming an air.lock around the dish hole and the
cell cu]turefdfsh. Thé Stopper can then be remOved;‘and.the cell dish
can be removed from the éhamber without distUrbing'thé-atmoéphere'of the
chamber. | _ - . o

At one of the decagonal corners of the Chamber.walT, inlet and out-
let ports are provided for'fhe flow of gas through thé chamber. These
are made Qf 6 mm 1.D. plastic tubing'gluéd.into:the'wél1s horizontally
and pointing in nearly oppositeidireétions along the_inside'walls of the
chamber. Thus the inflowing gés'tehds‘to cikculéte aréund the circum-
ference of the chamber before ekiting; From the change in color of indi-
cator‘dye_(Phenpl Red) in plates on the dish cérrier'af;er admission of
.5%,C02 in air'(the mediﬁm goes s1ight1y alkaline durihg_tranSfer from'
“incubator to SAFAC), ft is clear that gas mixing is rapid and’uniform,v
when the gas flow rate ié_adjusted to 400 cc/min.

- d. Dish tilters. For steady-state kinetic eXperihents,'rapid

removal of medium is esséntié]:A_Such operationsvsﬁou1d take no longer
than about 5 sec. The medium is,in\contact with theice11s as.a 2 mﬁ deep '
léygr during metabo]ism. For rapid removal of medium, thefdishes are |
'.ti1ted'§o that the medium can be sﬁckéd out from onekéidé ofrthe-dish

. through a hypodermjc'needle.' Two pairs.pf dish tiltefs.are pfoVidéd in
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such positions that the disheé under the two pairs 6f ports (for médiUm
' changé and for ki]]fng)'may be tilted. One part of each tilter is a
b]astic_]ever arm which pivots in a Vértica1 direction:around a hOrif
zontal pin mounted in a bracket attached fo the floor of the CHamber.v
Near the_chamber, one end of the arm is attached with a pin to d vertical
rod which extends Qut through the top of the thamber to a handle. A
spring compresséd between the hand]é and chamber top keeps_the,rod_and;
outer end of fhe arm up untf]\the handle is pushed down. Mhen the
v'handle is pushed down, a plastic "finger" on the ehd of the arm undér
the dish rises and elevates One’side'of the dish about 10 mm. -Nhén the
handle is released, this finger drdps down thréugh the open space at the
loufer edge of the dish hole, permitting the dish carrier to be rotated.

- e. Temperature control. The chamber is immersed in a water bath

aisoﬁconstructed of clear plastic. Hater 1s'récircu1ated througn this
“bath from a reservoir which is temperature controlled at 40°C in the case
of sfudies with tﬁicken'ce11s. This water firsf passes.through a shallow
c1o$edvchamber (6 mm deep) attached to the bdttom-side'of the chamber top
and cerring all of the top area except that occUpied by the ports. Thfs
~ chamber i§ made of '3 mm clear p]éstic glued to 6 mm strips of p1asfic
“which are'in turn g]ﬁed to_thé chamber top. Iniet and butlet tubes are -
“provided through the chémbér fdp. Use of this temperature control pre- |
“vents condensation of water vapor on the top which would 6b§curé the
b-worker's viéw of the dishes during experiménts'conducted in a room at 22°C.
The stream of 5% COZ in air used to gas the chamber is first passed
thrdugh about ]Z:m of 6 mm 0.D. copper tUbing which‘is wound in a flat

¢0il and immersed in the bath under fhe chamber. The gas then passes
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~ through a watér bubbler immersedvin the 38°C féSerVOir-in order fo '
-'saturate'ﬁhe gas with water vapor. THe gas_then.pagées through:the
“chamber via the inlet and outlet ports; During pre]}minary étudiéé,
it waélfound thaf with a\flow_rate of 400 cc/min, a uniform température
of 380g cod]d be maihtained in a]] parts of the chamber. |

Animal Cells

The procedurcs fof preparation of Chick embryo_ceT]s aré essentia]]y.
similar to those previously deécribed in detail (5). Ten-day o]d C/O'or
C/B type SPF'chick embfyos'are removed ffom eggs., After decapitaticn and '
eviscefation, fhey aré minced and washed with tris-Sdiine buffer, then

‘stirred with a magnetic stirrer in 0.25% trypsin (Sigma). At']5~min.
interva]s the éuSpended single cells are decanted into a “stop bath"
vcontaining 2/3 cold medium 199 (Grand Island) and T/3 calf scrum' |
‘(Microbiological Associates). The brdcedUré is repeaied two ﬁimes.
The cells are centrifuged and resuspended in medium 199vtoﬁta1ning %
itryptose phdsphate broth, 1% calf éerum, and 1% heai inactivated chicken
‘serum [referre&‘td as (2-1—1)]7‘ Primary cu]tures.afe'seededvat 8 x 10°
“cells per 100 mm petri dish in 12=1/2,m1 medidm.. The_éultures are
-,_incubated.at_38439?C 1n an atmosphere of 5% €0, in air to maintain pH
of 7.3-7.4. The mediun is changed to fresh 199 (2-1-1) on the third
'day,' Secondary cultures arerprepared 4 days aftef fhe primary'séeding.
After_rembva]'of‘ceTls by trypsinization, they afé seeded at desired- ’
cell concentration (usué]]y 1 x 106 ée]]svper 35 mm'dish in these o
experiments) in ]99.(2-241). vAh additional 1 mg/h] of g]uéose is added _

to4the medium at. this timé, bringing the glucose concentration to 11.0 mM.

~ While peniciTin and streptomycin is inc]uded,'FungiZOne is eliminated
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from all experiments, as harmful side effeets have been observed in

this laboratory.

Kinetic and Steady-state Experiments -

After 48 hr intubatfon, the secondery cultures a?e>fémoVed from the
incubator ahd e1aced in SAFAC ‘ The apparatus has bcen prev1ous1y brought
to 38°C. The 1oad|ng port is c]osed, and a strnam of 5% CO2 in air
saturated with water vapor at 38°C is cont1nuous]y,passed through the
chamber at a fate of about 400 cc/min for the duratienvdf tﬁe experiment.

The medium in the culture dishes is about 2 mm deep;'énd_pH equilibration

with the gas phase is rapid. When the dishes are removed from the incu-

bator, the color of the pH indicator goes s]ﬁght]y purple as pH rises,
and dur1ng the first few m1nutes in SAFAC the co]or turns once again
redd1sh orange, indicating a pH of 7.2-7.4. Dur]ﬂg\pre11m1nary experi-

ments with SAFAC we measured the pH at various positioné in the chamber

with pH e]ectrodes and established that the pH of medium in dishes was

uniform throughout ‘the chamber after an equ111brat1on period of a fel

mlnutes

After 15 min, a dish is moved under a mediumfchanging port. Two

hypodermic need1es are inserted through the rubber serum cap Unti] the

heed]e tips are close to the Tiquid in the dish near the edge opposite

the p]éteeti]ter; One of these needles is attached to a'Vacuum through

- a waste bottle, whf]e the other is attached to a Syringe containing fresh

medium. The pTaté—ti]tek handie 1is pushed down, raiéing.One side of the
dish and causing the medium to flow to the other side. The vacuum needle

is inSerted to the lowest inside edge of.the dish, and the old medium is

sucked out.:}The»p]até—ti]ter is released and fresh medium is added.
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The added fnesh redium in this case may or may not be 1abe]ed With_radto-
isotope, depending on the nature of the experiment, If a;dua]—]abe]ing

32 32P—1abe1ed inorganic Dhosphate may

exper1ment ( C and °p) is to be done,
have been added 12 hr. before while the ce]]s were in the incubator; and is
added w1th each subsequent change of medium.. In some eXperlments, where

14¢-1abeling of nuclectides is desired, 17

complete CeU}g]ucose may be -
added to the cells in the incubator and at. later medium changes; The
_rema1n1ng dishes are brought in turn under the appropriate mediun- -changirng
vport and are’ glven fresh medium. .

One hour after the first med1um change, the f1rst dish is again
brought under tne.med1um-changlhg port,_and the o]dvmedlum is removed.
The cells are washed three times Withyg]uCOSe—free Hankfs buffer. Each
time about 2 ml of buffer 1s_added to the dish in the_hotizontal posi-
tion, and the dish is then tilted twice, causing theabuffer to flow back
and forth across the cells. After the third rinse is cahefu]dy removed
from ‘the t1]ted p]ate, fresh medium is added and the plate is. t]’ted tw1ce
Th]s med1um is 1dent1ca] L0 that used previously except that unlabeled

- g]ucose is reolaced with 14

'C-U- glucose (New Eng]and Nuclear Corp., f1na1
‘spec1f1c activity 22. 5 C1/mo]e) | -

- The entire. process of med1um rep]acement is comp]eted 1n ]ess tnan
10jsec, during wh1ch time the cells are,not-exposed to' any change in pH,
tenperature'oh aeration Thus we approach c]ose]y to the ideal of the

steady- state exper1ment which is to change no physiological cond1t1on, and

‘ to 1nstantaneous1y subst1tute rad1oact1ve substrate for unlabeled substrate._}_?“

After the f]rst dish, each of the other d1shes 1s subJected sequent1a]1y to
1ts prescr1bed med1um change. At times, otner agents such as 1nh1b1tors

" may be’ added to some dishes, in the first or second medium change, or both,



or added. 1ater after a per1od of metabo]lsm with labeled substrate If.
the ce]]s are to be used for non rad1oact1ve ana]ys1s, such as the deter—
m1nat10n of pyr1d1ne nuc]eotldes, some of the dishes may receive only fresh
medium with un]abe]ed g]ucose | .
After the prescr1bed perlods of 1ncubat1on w1th 1abe]ed substrate,

each d1sh is moved under one of the ports for k1|.1ng The p]astlc tube
is pushed»down over the dish, forming an air lock, thevrubbervstopper is.
removed, and the medium is sucked out,.frqzen,-and saved for future
analysis. The cells are quickly washed with con.Hénhfs‘buffer containing.
unlabeled glucose, and then are killed by thevaddjtioh bf 80% methanol
(less than 15 sec'after removal of medium). The dish is removed with
forceps thrdugh the p]astic tube, the rubber stopper_is'rep]aced,fand
the.p}astic.tube is raised to permif rotation of the dish earrier.

| Analysis S

‘The killed cells are scraped with a rubber po]iCeMan and disrupted by

‘sonication. Cells and methanol are removed from the dish, which is then

washed with me thano! . Killing 1s’essentfa11y 1nstantanéous; as no change

-~ in metabolic pattern was observed when the cells were left in methanol for
hvériou5-1engths of time. The comb1ned methano11c suspens1on and methano]
' wash is reduced 1n volume under nitrogen to 0.2 ml, and the m1xture is

;"subJected to more sonic d1srupt10n to give a f1ne1y d1v1ded suspension.

Ana]ys1s of -labeled metabolltes is by two- d1mens1ona] paper chroma-
tography and rad1oautography (4,6). A 75 -ul aliquot samp]e 1s dried on

the origin of Nhatman ho 1 chromatograph1c paper. Each chromatogram is '

o flrst developed for 24 or 48 hr in a so]vent made up of 840 ml “]1qu1f1ed"_

~ phenol (J. T. Baker USP, about 88%»pheno1, 12% water), 160 ml water, 10 ml
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g]ac1a1 acetlc acid, and 1 m] 1.0 M ethy]ened1am1netetraacetwc ac1d
After it is dr1ed the paper is turned 90° and run w1th butano]—water—
'.prop1on1c ac1d (50 28: 22) From each d1sh samp]e, two paper chromato-
grams are made. One is deve]oped 24 hr in each solvent system, wh1]e o Vr.
the other‘ia'deve1oped 48 hr in each solvent. After the samples are |
diried, the 1ocation offthe 1abe1ed'metabo]itesvis detected by radio-
autograohy and the content of ]4C and/or 2P is.determined either by
sc1nt111at1on count1ng or through use of the semi- automat1c spot counter (7)
as mod1f1ed for ]4C and 32P counting and automatic computat1on of data (8).
The unknown spots are eluted, and the procedure is repeated after add1t1on
of unlabeled: known compounds which later are localized as colored spots |
onvthe chromatograms after specific chemfcal reactionelwﬁth sprays of
chemicals. When the phosphoryTatedvcomponnds'are'not'well separated
‘even in_48ehrfChromato§rams, these regions are eluted and'treated with
phosphataSe [purified'from Po]idase S (Schwarz Laboratories) by ammonium
su]fate prec1p1tat1on, 25 1g/0.3 ml]. The'samples are left at 37°C'
iovern1ght taken up in 80% methano],‘and rechromatographed as prev1ous1y

Protein content of another[a]1quot sample of ce]]s_from each dish is
;determined.by the Methodjof.towry gt_gl;_(9). o |

L AT RESULTS: |

ExceT]entbchromatOQraphfc separation of 1abe]ed'nétabo1iteg from chick

cells can be obtained usingvthe methods described (Fig. 3). 'Sugars, amino_

Ty

ac1ds, and carboxy11c acids are best seen with the 24-hr cnromatography,

while 48-hr chromatography seryes better for nuc]eot1de and sugar phos—

- “phate separat1onﬁ
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14

: Uhen C U-glucose (5.5 mM) -is administered td-chick cells under the.h

descr1bed conult1on , the intermediatefcompOUndé of glyCO]ysis‘ére completely

14

labeled with "°C at the same specific rad1oact1v1ty per carbon ‘atom position

’,Withinvabout “to 10 min. (F1q 4). The intracellular poo] of lactate is

14

‘"saturated“ with C by 15 min, whi]e large pools of Secondary metabolites

(metabo]ités,fUrther from glycolysis) such as glutamate are nmore slowly

]4C,even after 1 hr. In general, the

,1abe1ed and are_net saturated with
pod]s,eonce'SatUratéd,'remain reasonably constant over the 1-hr time of
- the’exper1ment; a]thdugh‘therebis a slow dec]ine’{n the level of fhuctose—
1,6~ d1ph05phate, indicating the extreme sens1t1v1ty of this poo] to a |

': decreasing ]eve] of glucose in the medium (4)

The'pool ef"glvco]ytie Tntermedfateé are sufffciently well-defined

'j to perm1t calculation of the steady -state free energy changes anG analysis

:eof the rate- 11m1t1ng steps under these phys1o]og1ca] cUnd1t1ons, as has

‘been done for Ch]ore11a p/reno1dosa (1). For examn]e, the molar ratio
of fructose-],G—d1phosphate to fructose-ﬁ-phOSphate~(FbP/F6P) is'about
:].0 (after'30'min) “for cells under the cond1t1ons wn1ch gave the data .
vehown in Fig. 4. Ina para]]e1 exper1ment, under 1dent1ca1 cond1t1ons,

]4C g]ucose added 12 hr ear11er and rep]en1shed as indicated

14

‘but w1th

above, the C-labeling of ATP and ADP is “saturated" and gives va]ues

of ]52.3_nanbgném—atoms 146 in ATP, 19.6 nanogram-atoms ﬁn.ADP and 3.9
 nanogran-atons in A”P'(ﬂ1 per mglprotein)."Thus_the:ATP/ADP ratio is
: !7-7v[the energy charge“ (10) is:O.Qéj. For the reaction mediated by

phosphofructok1nase - | IR -

FGP + ATP ——~ ADP + FDP, 860 = -4.2 keal (1) and

865 = 6% - RT n 7.7 =_-4.2A— 1.3 = - 5.5 kcal.
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In other_studies, SAFAC may be used to obtain'eaMp]es quickly fp]-'_;
lowing the introduction of some,physiological changeuexpected to.attert_
metabolism QUick1y.‘ For.examp]é, after the intrddoction of 2-deoxyglucose
to cells grown and exposed to ]4C-glucose under the'conditiOns described
above, thehe are hapid changes (Tess than 30 sec) in thev1eve]s:of inor-
_gan1c phosphate ATP, ADP, and other compounds (11) | |
| DISCUSSIOV |
Ana]ys1s by measurement of appearance of rad1oact1v1ty in metabolites

when ‘the cells are given radioactive substrate can prov1de mean1ngfu1
1nformat1on about metabo11c dynam1cs (f]ow rates, poo] sizes, po1nts of
~ regulation, etc.) if the addition of labeled substratei-metabotlsm of
cells, and sampling of cells are all done in such a way as to rule out
_Oncontho]]ed penturhation of the physiojogicai condttionsm Some reported
.effects of Physio109ica1 factors on metabotism'inc1Ude'the'effects of
hydrogen jon concentration‘ontg]yco]ySis (in ekythrocyteS) (12), the
effects of glucose concentfationlon glycogen'synthesis_(13,4), and on
‘other metabo1ic pathways (4,]4);_and.the'effectsdof,tnorganic phosphate'
concentration on carbohydrate metabolism (15). V : :b A

| Failure to”control'SUCh factors as these during attempted quantitattve_
| metabo]1c tracer studies could account for some of the conf11ct1ng reSU]ts
'reported in the 11terature For examp1e, 1f normal and ‘transformed chick .‘
_ ce]]s were grown for 24 hr on 5. 5 mM glucose, and then the medlum removed |

14

and 5.5 mM C—U-g]ucose added, subsequent sampling and-ana]ys15'of the .

cells might give verydmis]eading results. Before. the start of the 1ncu—
'bat]on with 1abe]ed glucose, the transformed cells, which take up more

' g]ucose, can dep]ete the glucose in the medium more rap1d]y than the .

normal cells. Thus it can happen that the transformed cells will have
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- Thus it can happen that the transformed cells wi]] heve.been starved'

while the norma] ce]]s have not yet dep]eted the q]ucose in the mcdnum
Differences’ observed in the subsequent metabo]1sm of labeled 91ucose or

enzyme levels may be due much more. to the fact that‘the.transformed cells

were starved than to metabolic differences inherent in normal and trans-

fornmed cells, In fact, we obsérved such effects in preliminary experi-
ments.

The use OfeSAFAC and other techniques described in this report have

enabled us to obtain smooth saturation curves for 1ébeTing of metabolic

pools, without overshoot or serious change in the saturation level once
it has been achieved. The method has been'used to determine differences

in the metabo]1c dynam1cs between normal and transformed chick cells (4).

"It may also be used to determ1ne the requ]rement of macromolecular syn-

r

“thesis in the regu1ation of carbon flow (18). Such techniques would

appear to have-wide applicability to study of other cell cultures and

other variabless.
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FIGURE CAPTIONS

Fig. 1. Steady-state apparatus for animal cells (SAFAC).
Fig. 2. Dish carrier of the SAFAC.

Fig. 3. Radioautograpns of two-dimensional chrometogram. a. Chromatc-
graphs for 24 hr in each direction. b. Chromatographs for 48 hr ir each
direction. Abbreviations: LAC, lactate; ALA, alanine; Gln, glutamine;
GLUC, glucose; GLUT, glutamate; MAL, malate; CIT, citrate; ASP, aspartate;

GolP, a-glycerol phosphate; X1 an unknown, prominently labeled compound;
G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; PP, pentose mono-
phosphates; 3PGA, 3-phosphoglycerate; Pi, inorganic phosphate; 6PGIA,
6-phosphogluconate; UDPG, uridine diphosphoglucose; FDP, fructose-1,6-

diphosphate.

14

Fig. 4. C Labeling of intermediary metabolites in chick cells given

]4C—U~g]ucose as substrate.
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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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