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The Study of Metabolic’Compartmenfalization N _ -

V. MOSLES AND K, K. LONBERG-HOLﬁ*.

Bio-Orzanic Chemistry. Group, Lawrence Raliation Laboratory, University of

California, Berkeley, California

The concept of metabolic compartmentalization is definedbland a num-
ber of po;sible.experimgntal appreaches for the study of this‘phenomenon
are considered. Most of these are rejected as currently presenting ine
superable technical difficulties, However, a behaviocuristic approéch
appéars p:omising which is capable of providing information onlthé nae
ture and degree of ccmpartmentalizétion but not on the intraééllular
localization of pabtigular compartmehts.

The mefhod is.essehtially to investigate the metabolic beﬁaviour'of
a compouﬂd as a function of the way in Qﬁiéﬁ it‘came to exiét within.the

"cell, Thus, a particqlar compound might be produced fr§m one of a number
:of chemical sources and in this way méy coﬁceivably Ee located in one of

a number of diffe:ént coexisting compartiials, Alternétively, the compcund‘
nay ba taken preformed intovthe cell from the environment and this ééy
facilitate its entry into yet another compartment. A varying pattein of
metabolism éorrelated with the mode of formation or entry of the spb-
stance is then taken as an indication of.cpmpartmental separafion.vThe
method assumes that.fhe routes of metabolism (iie., the sequences of
metabolic interhediates) are understood, 80 that compartmental datavmay'

be interpreted on the basis of known pathways.

# Present address: Central Research Department, Du Pont Experimental

$tation, Wilmington, Delaware



Important technical probleas relatihg fo a study of this sort
are §f two maiﬁ types: (i) the constancy of‘metabolic.activity of the
systen must be adequatel} controlled, and (L) the large experimental
scale on which.it is desirable to operate, resultlng al#o in very many
analytical manipulations, requires the development of mechaﬁicalvaids
to experimentation; The first class of difficulties are discusseﬁ.her@}
the details of the mechanical devices héve been considerad elsewhere,

A prelininary éxperiment on these lines haé.b@en performed with
mouserascites tumour cells, dealing with the area of carbohydrate meta-
bolism, in glycolysis, Some of these results are reported as being
indicative of the tyée of data which may.be obtained,‘ang_a provisional

interpretation of the data has been made.

It is currently well recognized that a living cell i$ an exceedingly'
complex systém‘containing a diverse multiplicity of structural components
which afe ﬁonethelééﬁ extremeiy well iﬁfcgratcd ﬁo produce:a,chemically‘
and biologicaliy efficient unit, Just how wide the range of these differé"
‘ent subcellular Qnits of céll anatémy is has beeﬁ amply déﬁonstrated in
recent yeafs by fractionation and electron ﬁicroscope studies,

It Qould seem Qeéy reasonable that the largé amount of subcellular
Structqrai features might be cqfrélated with a corresponding-degree_of

metabolie differentiation, The metabolic counterparts of the structural

1

differentiation might be of at least two sorts: (a) certain of the cell's
biochemical activitieé are restricted entirely-fo one type of subcellular

structure; and (b) sone biochemical activities might be found simultaneously
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ln'differeht Stfucturés, which éreg hqwever, separately.modulated;.Thé
Ainéermedigtes invthe sevaal sequenées might not-be in equilibrium with one
another because of such restrictive features as the relative impermeability
of membranes bounding the different locations, or the organization’of the
venzymes of the $équences as surface structural units which do not release
intermediary metabolite molecules between one catalytic step -and the next.
¥hen we look at a map of metabolic aétivity we notice that ménylmetaa
bolic sequénces demonstrate branching. Thelexteﬁt of}brancﬁing possibilities
in any individual metabolic enviromment might, however, be much more Llimited
than one would expect From thé ﬁetabolic map, which reéreéeﬁfs the compcsite
éctivity of all the individual portions of the cell. For clarity, let us
consider a ;pécific examplé. Glycolysis Céncerus a number of chemical
reactions starting with glucose and producing pyruyié acid.  Several meta-
boiic roles are availaéle to pyruvate, It‘may‘be raduced to lactate;bor
transaminated to alanine; In séme instances it may be deéarboxylated to
acataldehyde, oXidative;y‘decarboxylatedvto acétaté (or acetylféoenzyme_h),'
or carboxyldted to ox#lacetata. Two or more of these metabolic fates might' 
be suffered simultancéusly by pyruvate in the‘sameborganism. 2 can then
ask the very important question: do all metabﬁlic poésibilities'occur'>
at the same time at every location within the cell aqd to the same extent? -
That is, does a mblecule of pyruvic acid ha&e the same probability of bé—
ing conyerted to any one of its products regardless of where it is gen=
erated witﬁin the cell? If the answer is no, b} reason of the differing
chemicél or physical eﬁvironmgngs at the various sites, then the cell can
be said to be metabo;icaliy compartmentaliied.' Hopre séecifically,‘ifbgly-
colysis occufs‘semi-indepenQentlj in a nﬁﬁber of gnﬁironmenté, one of which.

might contain lactic dehydrogenase but little or no transaminase, while
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~another contains transaminase but liftle or no»lactic d;hydroggnasé;
then the cell is glygolytically compartﬁéntalizcd. |

A study of metabolic compartmentalization has been made in a fdirly
small number of instances where it has been possible to take advantage of
some special charactéristic.of the biological system; these have recently
been reviewed (Moses, 1865)., Mo attempts have been made, as farvas we
are aware, to Study-the degree of involvement of compartmentalization.
over a wide arca of metabolism in one cell type, although this would”be
of greaf interest to those concerned with the interrelations of metabolism
with structuré. We have therefore consideréd ways in which metabolic cqﬁ--
vpartmenfalizaﬁiom might be tested for, and ha?e performed scme exbérimental
studies with the approach which, in our opinion, offered the greaﬁest pro-
nise of success,

Basically, the approqches we will discuss may be dividgd into twb_
groups: thdse requiring cell fractionativi and tﬁose inyolving'study of
the behaviour of living cells. Techniqués based on fractionétion mﬁy be
carried out either by first fractionating_the ceil and lnvestigating the
metaboliq activities of individual fractions, and of combinations of frac-
tioné, or by feeding the intact cell with labelled substrates and later
carrying out the fractionation and investigation of the chemical nature
df the lébelled reactiop products. )

Subcellﬁlar'fracticnatign conventionally involves avbreaking of the
cell fbllowed Ey separation of different intracellular inclusions by
-differeﬁtial centrifugation. Itvis'likely.that this pvocedube would re-

. » w
sult in unequal destri?tion of the metabolic potentialities of the sub-

o

units or isolated fractions, Alternatively removal of the subunits from
their normal locations might release inhibitory factors, thus promoting

enhancement of metabolism, and this, too, would not be expected to favour
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all metabolic reactions equally. These objections. to the use of-fractionated

" subunits are the more serious because we usually cannot measure their in

- vivo activity and so are unable to assess the extent of alteration during

fractionation. There are alsc the additicnal quantitative difficulties

that (3) not all of the subcellular structures can be assigned to a parti-

cular fraction and (b) it is not poszible to purify most cell conponents

fres from other cdntaminants. Thesé difficulties szem insuperable, and
we are lgd to consider other approaches.

It might be possible to permit the metabolic events to go on in
the intact cell and then carry out the analytical précedurés, including
fractionatioﬁ, after the ﬁeriod of metabelism. In this way the subunits

would operate under natural conditions and the fractionation procedure would.

- be performed only after their inactivation. An experiment of this sort might

be pgrformed by supplying the cell with a iabelled substrafé, preferébly a
volatile one, and allowing metabolism to pﬁoceed for a périod under stan;
dard conditions._ Samples would Le removed at appropriate intervals, the
reactions %topped'by rapid cooling to liquid nitrogen temperature, aﬁd the
watenr and substrateﬂremoved'by lyophilization (hence the advantage of a
v&latile substrate), In order.té pfevent diSplacemant of labelled watér—
soluble intermediates from theib true Intracellular positions, all frac-
tignation would need to be performed in non-polar solvents. Such non-polar
separations are not unknown for certain types of subcellular particles

(Stocking, 1959; Heber #§! Willenbrink, 1964), Radiochemical analysis of

' each fraction would then demonstrate the locus or loci of each metabolic

intermediate., Unfortunately it socn became apparent]; experimentally that

the conditions of criteria_(g) and (b) above (that not only must the



fractions be pure; but all the cell material must be accounted for) could
not be met. Attempts to separate in non-polar solvents only the chloro-

plasts, nitochondria and "soluble" cytoplasm from Elodea canadiensis

and from_spinach leavés were entirely unsuccessful (V. Moses and J. Bigginé,
unpublished), Althouph mitochondria could be ob erved in the whole cells
under the phase microscope, they are present in comparatively small qmounts
and could not»bé found ét all after a non-polar fractionation, Presﬁmably‘
they were_édsorbed; tdgethér with the "soluble" fraction, onto thevmﬁchA |
' lafger‘bulk of‘Chldrqplésts, or onto cell wall material or otﬁer debris,
,Folloﬁing this_failure of ﬁon-polar separatiods wehabandoned éll attenpts
.to‘study compartmentalization by the fracticnation fechniqueé.

| The next possibllity considered lnvolvcd the use of cellular radio~
autography. The idea bchind this method was to investigate simuitaneous-
ly during metabolism the nature of the compounds coﬁtaining radloactive .
atoms and the positlon of radioactive materxal inside the cell as observed
by direct radioautography. The object of the experxment would be to re=~
late different stages in the biochemical reaction ochemas with the appear;
ance of radloactivity in different parts of the cell,

~ The éxpevimental arrangement would ba to feed a Qolétile.radioéetivev
substrate to a éell'sﬁspension and atvéuitable intervals of tiqe rémove
"samples for radiochehicéi aqaiysis of the iptermediates;‘and,forvradio-
autography, Samples for the latter purpose might be sprayed directly
onto deeply chilled microéccpe slides and the cells lyophilized there.
It would then be necesoary to place the tissue in contact thh a pﬁoto~
-praphlc emulsion without the intervention of a lzquid so as to prevent
any dlsplacement-of labelled compounds ins;de the cell.~:Later, the lo-

cation of radioactivity_in the preparation determined by radioautOQraphy
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would be correlated witﬁ'structural features observedvdibectly under fhe‘
micros;ope. , o
A main'disaanﬁtagc with this.aﬁproach is thg difficulfy-of_uéing it
"~ with l“C-labelled'szstr;tes. The comparatively high eﬁergy of the.éipartigle
'emltted from this nuclide would result in an area of film blacknninp from |
each focus of radioactivity too large to permit exact definition at the.
site of origin of the ra&ioactive emissions, Studies of this sort would
be much easier to perform with 3H-labelled substrates from the iocation
point of view, but thén difficultigs arise from‘exchange reéctions between
_3H released from the substrate by metabolic processes and éxchangeable hy-;
drogen atoms in 6ther substances (Moses ;.&u CalQin, 1959).
Because of its disadvantéges this method, like the fractionation teéh;
niques, was not pursued:further. |
The behaviour1¢tic approach, while not nrov1d1ng any lnformatxon of
the actual physical 1ocat10ns of different reuervoirs, permlts a study to
 be ‘made of the numbar, extent and lnterrelatlons of different compartments"
This,method.dependgvbn investigating the metabolic behaviour of a number
of different metabélitgs és a funcfioh of tﬁéir ﬁiochemical route of for~
'mation.or Qf theirvmode'of entry into the cell, Let us consider a tho—
thetical;reaction seqﬁence (Fig. l). start;pg with substance A and pro-
ceeding via sevaml interhediatés-tolgf ‘Let E represent a metaboiic_branch
point with possible further metabolism to F; G orAH..:In the first instance
"~ we . might consxder the consequences of there existlng Ln the cell only one
(.type of compartmental location for this rbuctlon sequence. In other words,

| all replicates of the sequence are equlvalent to one another, and will all

- behave in'the same way because the chemical and physical environment of each
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individuélﬁsequedce is identical. It follows, then, in consideration of

the metabolism of compound B in this sequence that the final products are -

the same if B is made in the pathway from A, or if B etters the pathway di-

:ectly_frém outside; Either way, the same final proporfion of tbe products
' F, G and H should be formed (Fig. 1). ‘- However, it could be argued that
supplying A as a substrate for the pathway is not the same as supplylng 3,
and this might éause a rearrangement in the yields of the péoducts. This
objection can be ovefcome if we set up expefimentally twoAparaliel.reactiong,
identical‘in every chemical respect and differing only‘in thét in one“reac~
tion A is iabelled and B unlabelled, while in the'other A is not labelled
aﬁd g.is radioactive. Thus, by investigating the distribﬁtion of label in .
F, E_;nd H inbthe two cases, one may cﬁmpare the fate of E'whén it ié de-
rived fromrﬁ‘and when it enters the éequence f;om some external’sonrce.';
If there are two compartmental situations in which thé'reaction’occubs
we may have a sifugtion';ikg that illugfiated in Fig. 2. Here we suppose

that although qﬁalitatively the same products (F, G and H) are produced in.

each sequence, thers are quantitative differences in the proportions of the. -

products in the‘two compartments., However, it may be the case that both A
and £ enter each compartment with equal ease, as shown.;n Fig..z, énd.both,
contribute inva like manner to tﬁe products.?We will then faii‘to observev
thg pfesence éf thevt;; conpartments, not because fhey‘do:nOt exist,.but
because we have chéaen the wrong pair of tesf substancés; In this example
it might be necessary té'cémpare A and C or A and g_in.ordér to distinguish'
between the two compartments.~ | |

| Grantéd th%t'tﬁo"compartménts do ccexist‘it $eems4likély that ﬁ_u

and E.wbuld'nbf enter each cohpartmenf with equa;‘fécilitf.-Tﬁen;.as in

Fig. 3, external é'might enter fhe.upber pathway rathet thaﬁ the lqwer'one; 
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while B might be predominantly 1ncorporated into thn lower sequencc. If it
wera further true. that the prOportlons of products F, 6 and H were not

identical in the two compartments, we -would obzerve that the proportion

~of ¥y, G and H made from B which was in turn derived from A (upper path-

way of Fig. 3) was different from the proportion of the products produced

from B originating in.somé way other than from A (lower pathway of Fig. 3).

This may be restated in the following form: the metabolic behaviour of

B depends on its route of formation or mode of entry; therefore there must

be non-equilibrating reservoirs of B subject to different metabolic fates,

i.e. B may exist in more than one metabolic compartment. Fig. 4 illustrates

an extreme case of fhe situation shown in Fig. 3. Here it is supposcd that
the upper pathway, in which B arioc¢ frem A, producen 'F and H, but no G.
The lower sequence,‘in which B enters from some source other than A, pro-
duces E.and H, but no E: .In this case.¥he behaviOufal differencev baw

‘ N
tween upper compartment B and lower calpax.ment B is uncquivccal.

One of tbe essential requirements for the.successful performance of
such a study is that the cellsbmust be in a steady metabolic stafe which
does not alter when the iabclled Substrateé are added but remains constant
throughout the whole course of the experiment. The difficulties arising
és'a conéequence of this requirement will be discussed later; |

When one embarks on studies of this sort one cannot predict which

will be the most appropriate substance: to demonstrato existing conpart=

méntalization. Nor, in the dynamic system of the living cell ex‘ubitin'T

complex biochemzcal reaction klnetlco, is it easy to foracast which would

be the most sultable tine to obaerve to the bes t advantage buch<pmoartmgntal
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séparations whicﬁ héy bévpresent. One ié therefore forced to desigh expefi-
ments in which many substrates are investigated simultaneously, and many
samples for analysis, eﬁcompassing a long peried of time,.érejtéken from
-each reaction vessél.’ | |

Most cells, particulérly free4livihg'proti;ta, disériminate to a
'greatef.ér Jesser extent against the ehtry of substances into the cell.
from fhe external medium, Thié has ‘to be borne in mind when.deéigniqg-
compartﬁentalizatibn experiments. In a compéehensive experiment along
these lines which we report briefly below we employed Ehrlich aécites
tum§ur cells from miqe'on the grounds that cells liQing in the more or
less friendly environment of a host body would be less.discbiminating:
- than tho#e founa in the mucﬁ morerhostile‘environment of the free-living

forms. It has subsequently‘béeﬁ founq, however, that free-living forms, =

at least as repveSented\by'thé bacterium Escherichia céli, are Suffi-
clently permeablevto permit the entry of a considerable number of
metabolic_intermediates_(V. Moses, unpublished), Since the preparation
of a homdgeneodsvsuSpension of L.coli is ﬁuch simpler than one of tumour ‘i
cells, andimuch less damage is likely to result from manipqlatioh, vie
would favour the usé of suchvaiméie organismé'where possible. |

If one is to stﬁdy the effects 6f several substrates simultansously
in prder.tO\éover_a wide argaiof metabolism, it is neceséary to'set>up a
huﬁber of reaction veésels equal to the uuﬁber of sﬁbstrates to be test-
ed, Fach reaction vessel contains éll the éubstrétes and is in every
- chemical way identical with all the others. The only differene between
~the different vessels is that a differ;nt one of the substrates is labelled

_in each caée.‘ It was desired that samples be taken at times.ranging from
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 31few seconds ﬁntil about u5 minutes.'This‘made it unsatiSfactory to per-
‘form ea§h>of say, éix-incubatioﬁs sequentially becaﬁse thén'tﬁé lastvin-:
cubation would not be flnished until three hours after the first had start-
| ed, at which tlme/EZil populatlon would be appreclably dltered from the
initial state. Fpr‘thisvreason the experlmentpl vessels were incubated
simultaneously. |

Briefly, then.'fhe éxperimental afrangemént in the experiment we
have pérformed was as follows: Itlwas decided to study,thé area of
glycolysis and pentose phosphate cycle metaboliém in ascites tumoﬁr
cello. 8ix uubstrates were cmployed, in six parallel reaction vessels:
glucose, fructooe, glucose—o-phosphatc, b-phosphogluconic acid 3—phos-
'phoglyceric acid and L—lactic acmd.'When employed a3 radloactlve sub-
~ strates these were all uniformly labelled. The six reaction vesscls
formed part of asampling machlne. A mixture of the six uubstrateg was
simqltaneously added to each of the reaction vessels by a mechanical gy=
ringe injection assémbly; A sample of each reaction mixture was taken .
simultaneouiy(atvdesirgd intervals and each sample wés #utomaticélly
mixed with Sufficieﬁt ethanol to stop metabolisﬁ-and kill the cells. The
- sampling device ig des crlbed QISewhere (\1ose~,w£~A Lonberw~Holm 1864),

Fifteen Jamples were taken from each reaction vessel at intervala.
»ran ino from 3 seconds to us mlnutea after addition of the sub trates.
-Analysls of ‘the ethanolic uuspensions of dead cells was carried out by
two-dimensional paper chromatography (reviewad by quesg 1960, and modi~
fied by Crowley, Moses vg@ Ullrich 1963), Heasurement of thé radicacti-
vity in each of’ the compounds forned in. each samnle was carried out by

first locatlng the positxons of the rgdioactive arcas on each chromato-‘



gram by fadioautography and fheﬁ eicising the spots and cdﬁiiﬁg them in
‘1'a sémi—éufématic instrument designed for this pqvpose (Moses_§ L@nbgrgf'
fﬁélm, 1963); From:é knleedge'of the specific radiogétivity_of each sub-
Straté compound and the numbgr of carbon atoms in the product molecules
it wéé possible to célculate'the number 6fiﬁﬁoles of each'product pros=
duced from each substrate for a standard quantity of cell at eéch time
intervalAanalyzéd.' Compartmental'diffeﬁences were then sought by com=-
paring the ratios between the jleld” of pairs of product substances -
startlnp from each of the different labelled substrates..

It is not intended to present a full discussion of the results in
~ this papet, but mention of a few of them miyht serve to illustrate the
. sort ;f-data wh;ch may be obtalned. of the sxx substrates used, the

metabolism of 6-phosphogluconic acid was 30 slow that it will be ex~

cluded from this discuﬂsion. It was obsarved that all'the substrates

' (excent lacuate) vere predomlndntly metabolx&ed via ql]colyqio to pyru- -

vate wlth some ev1dence for pentose phoaphate cyclc act1v1ty. Pyruvate

was metabollzgd to‘lactate, alanine and further into the trlcarboxylic

acid cycle. Thus, in the‘hypothetiéal scheme of Eig. 1, we may equate é!'.

with glucoég, g_Withvg;ucosefs-phOSphate, C, with fructose-s-pﬁosphate -
(a prodﬁétbalsq-of,the-free fructose Qsediés-one of the substrates), D
with 3=-phosphoglyceric acid, g_wifh pyruvaté, E_with»léctate, S with
alanine and ﬂ_with the tricérboxylic acidvcyéle; |

' fn the{expedmenf glucose was utilized about 306.t;mes fastér than
'frucfoéé- both were @etaSoliied mostly viavglycolysis. Yét fhere wés
 more citrlc acid produced from fructose than from glucose during the

flPSt 2 mlnutes of the expeviment (Taule 1), suggesting that glucose

"t



éarbon and fructOSejcarboh are metabélized.separately._Thisvview‘is'fﬁr-
tﬁer substantiéted if we compére the ratios of lactatenfo cifrate'(Tablé
2), citrate to malaté'(TéSle 3), citrate to giutamate (Table 4), and lac~
tate to alanine'(Table 5), all of which indicate non-equilibration of |
fglucose and fructose carbon at thg end of glyCQlysis_and in the citric
acid dyclé. However, a comparison bf fructoéé monophosphate and uridine-
‘diphosphoglucose (Table 6) suggests thatlate in the expériment (from 15
minutes) giucose and fructose carbon might mix. Thatvfructvse carbon does
not mix with the other substrates can also be seen by the ratios of pro=~
ducts produced compared with ratios from the other substrates:  glucose-
G-phbsphéte (Tables 2,3 and 6); S-phosphéglycerate (Tabies 2,5, and- 7);
and L-laétaté (Tables 3 and 4). . !

More surprisingly, glucose-G-phosphate fed from the nedium does not
behave in the éame way as glucose-6-phosphate derived from external glu-
cése. Thus, the product ratlios. cbtained from these two substratés demon~r
strate compartmentél separation (Tablesfs,s, and 6, and to & iesser ex=
tent Tables 2 and 7), Glucoée-G-phosphate metabolism is also distinct from
that of 3-phosphoglycerate (Tables 5 and 7) aﬁd L-lactate (Table 3).
Phosphoglyceric acid metabolism is sepabate from the metabolism of both
glucose (Tables 2, 5, and 7) and lactate..fhe'only coincidencé of com-
partmentalization suggested by this experiment is between glu;ose and
lactate (Tables 3 and 4). This means that the relatively'enérmous quan=
tities of lécfate‘produced from giucose equilibrate with lactate in»thé'
médium,iwhile the much'smél;er amounts formed from glucose;6~phqsphéte,_; 

‘frudtose and phosphoglyceric acid equilibrate neither with each other



nor with lactaté in‘the medium. A summary gf:these conclusions, tOgethep _
with some otﬁeré based on evidence not presented here, is shown in Fig. 5.
Thc greatest technical dlfflculty in the type of exoer1ﬂent diocussed

heie is the maintenance of a steady state of metabolism. More Speczflcally,
the problem is of two sorts: actually obtaining the biological material -
in a state of stéady metabolism (aﬁd keeping it there), and nof.changing
this steady state wheh the substrates are added. If is in any event not
easy to.define an overall steady metabolic'statg in a slow=growing cell
derived from an animél or plani.vOne is much’ﬁore confident'qf doing‘so
‘with a micro-organism which can be shown to maintain a constant rate of
doubling, for instance, for several generations. Even more certainty is
p;ovided by the use of a chemostat or similar device, but such methods

are really only applicable to unicellQlar micro-organismé*together, per~
hapé, withrsome simplg colonial or filamciitous forms, This is_a_ppoblem
which @ust be lndividually resolved in each case.

A problem‘whiéh was not resﬁlvéd ln the exﬁeriment_réported in this

paper involve§ the requirement that the.addition §f thé substrates must
“also not alter the éteady saté._'If tﬁe addition of Subsfrates‘should re-
sult ln,fhe "setfihg of " of a pattéfn of sequentialhnxefab§lic trénsient
 states then the results of the experiment qight reflect.the shifting pool
éizes and sequential uptake of differing.substfates. The substrates, un=-
labelled must therefore also be present before the experlment is started,
- and the addltlon of the ‘mixed subotrates~ including the labelled one, |

- must not cause 51gn1ficant alteratxon of thelr concentratlons; Nor must
the dearee of utilization of any of the substrates during the nenpd of

" the experiment be great enough to effect a serious concentration change. :



The pfoblém»presgntéd by these requireﬁents is tha# the vaét diiutibnjqf'

the speéific activity-bf thé labelled s@bstratefloﬁers/zﬁzberfof cdunts‘
later available in the analysis and hence the accuraéy of tﬁé radicactivity
measurement to an unusable level, This ié Qartiéulavly‘frué when the.analysis
is made by two~dimensional péper chromatography'wherg there is a very low -
~ limit for the total quantity of cell suspension* spotted ohto one chroma-
togram; other methods of analysis are not sufficiently convenient to be
used in large scale expebimenté.

In tﬁe experimént briefly repqrted in this communication we did not

in fact take adéquate precautions to maintain a steady metabolic state.

In order to maximize the uptake of substrates the cells were first sus-
pépded in substrate-free buffer, and only at fhe start of the experimental
ihcubation period Qeré the subétrates édded. .This should hava_caused
tansients in the.concentrati§ns of }he glycolytic-intermediateé (Lonberg-
Holm,_lBSQ,IIQGZ) renderig some:of the.data eéuivocal. F§r this reasbn we
“have pfésented thesé results only as being indicative §f the sort ofvdata.
which might be obtained and the type of 'c;nclusions which‘ can be arawn »
from them. - |

The 1ast.of the essential criteria tovbe met in these ékperiments
is that the cell population‘musf be homogenéous. If it is not, one can-

not know if two compartments coexlst in one cell type or are present in

two dlffetent cells.' Obviouoly. it is much easier,to obtain a homogeneous

* It would be prohibitively difficult at this stage to construct a ;.
machine which would not only sample the cell suspension and klll the
Vecells but also would firqt separate the cells from the medium rapldly

, enough so au not to distort the intracel‘q;anmmtabollc pattern.
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QOpulatién:with a.ﬁute bacterial culture tﬁan with a cell typé_extrééted
frem & higher organism, and this»rebpesents_one;of therstropgest tgtﬁﬁiCal
arguments.in‘favour¢of performing these experiments with micro-organisms,

If_is_apparant thaf,the behavioural infp:mstiqn_which may'be,Obtained’,v
by these simultancous mpltimsubstrat§ studiss gives no elus te the struce
v‘tural nature of intracellulgr localization, but with thaAkncwledge of the
éxiStence of a particular compartmenﬁal organization 2 more intelligent
i i seaﬁch can be mado for structural correlations. S -
| This work was sponsored in part by tae UeSe Atenic Enérgy Commission.
The éuthors wish to acknowledge the invaluable technical assistance of
vMiss.Julia Je Chang.
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Captions for Fipures

Fig.

Pig .

B added externally.

A non-compartmentalized situation in which added A or B

are both metabolized in the same series of reservoirs,

B behaves similarly whether derived from A or from out-

- side the pathway.,

A compartmentalized situation in which addedfﬁ and B

behave similarly in both series of reservoirs. These

cannot then be distinguished by the use of A and B.

A compartmentalized system in which added A does not enter

- the same compartment as added B. It may be possible to.

distinguish these if they differ during subsequent meta-

bolism as B derived from A does behave differently from

-

The extrema case of the compartmentaliaation\shown in
Fize 3+ The compartment entered by A forms Fj that‘éntered

by B forms G, It is therofore easy to distinguish them.

A summary of the compartméntalization tentatively prdeSed

for. ascites tumour cells,
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TABLE 1

¢ in ecitrate (mumoles/ml of wet-packed cells). The reaction mixture

contained the following in 2,025 ml of sodium phosphate~Locke's solution:

0.172 ml of wet-packed cells; glucose, 0.300 umoles; fructose, 0.288

ynoles; glucose-6-phogphate, 0.337 ymolesy 6-phosphopgluconate, 0,159

umolesy 3~phosphoglycerate, 0,063 pmoles; L-lactate, 0,718 pmoles,

Incubation was at 30,5 in air.
Seconds Glucose ~ Fructose |
3 0.0 s
7 0,40 | 1.0
w . ow2 1w
15 _' - 0.75 1.7
20 Cooen 1,9
30 1.1 2.1
| Cus 1.3 2.2
kg CU we | 2.3
! 90 e 2.3
§§ 120 - vv‘2.2 S
: o _ R
180y _ 25 2
| Cwso. 2.9 o Ls
? 00 o aa 1
Cwo0 5.2 0.82-
$ - o200 0 62 o 0.13
]
1
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TABLE 2

luC in lactate/luc in citrate

Seconds Glucose Fructose ‘ G=6~P 3-PGA

3 -~ inf 0. | inf -

7 w35 0 | inf -
10 . u72 ) 0 - inf inf
15 685 039 - inf B
20° 695 | 0.70 inf inf.
30 85 1.2 inf inf
45 - 959 | '_ 2.1 inf ~ inf
60 f_éui . 3.1 e inf
90 1056 | 6.1 inf inf
120 | 990 ' 9.4 inf inf
180 . 910 20 tnf inf
4s0 - 825 34 - dnf | ,: 9.9
900 543 sy inf . !

1800 367 114 © o inf 1

2700 283 777 ~ inf 25
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TABLE 3

14

¢ in citrate/luc in malate .

Seconds Glucose Fructose . G=6=P Lactate
3 0 0,26 0 0
7 0.08 1.6 0. 0.08
10 0.11 2,0 0 0,13
15 0.10 2.3 0o 0.19
20 0.12 2.4 0 0.23
30 0,12 2.5 vo 0.29
Wi 85 0,17 2.5 0 0.35
80 0.24 2.5 0 0.4l
50 0,32 2.3 0 0.51
120 0,42 2.1 0 0,60
180 0.54 1.9 0 0.77
450 0.83 1.4 0 1.5
300 1. 0.97 0 1.8
1800 2.2 0.47 0 1.4
2700 3.0 0.11 - 1.2
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i TABLE U4
4 14
, ! C in citrate/ C in glutamate
:‘ ®,
h :
; " . Seconds Glucose Fructose Lactate
.; _ 3 0 inf ' ——
| 7 0.18 inf 021
10 0,22 inf 0.38
15 0421 inf 0.41
20 0,22 inf 0.50
30 ' 0.20 © inf - 0.60
¥s 0,21 inf 0.64
60 0.22 inf 0.59
“
90 0.21 inf 0.53
120 0,22 inf . o
180 0,22 Sinf 035
450 0419 inf 0.29
900 . 0,21 inf - 0,19
1800 0.21 inf 0.08
2700 . - inf " inf . 0.04
‘.
/o
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TABLE §
‘;;“c in lactate/luc in alanine 
Se_donds o i - Glucose | Fructose G-—B-? 3-PGA
3. 6.8 .- f tnf o0
7 1,. w0 - inf ' 0
10 o w - ~ inf — 3,4
15 L7 . inf - inf 1 5.9
200 us . inf . ing sl
30 - ws  inf  ine w7
45 '_' w7 inf '\ | inf 2,8
50 . us o inf 18
- 90 | o 9 . | .v.inf | inf 1.}
120 a7 inf -  inf © 0.85
160 u1 " in€ ine | 0.95
450 30 f 15 : 6.0 0,99
00 > 23 12 . .0 4,8
1800 w12 B _ 18
2 12 S U I a7
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U , o TS ST o
C in fructose,monoPhosphate/},C in.uridinediphosphoglucose . .

- Second

5 . _Glucos

Q .

Fructose =~

. GeBeD

10

15
30
us S

90

.3.7 _v‘v. l’, “

IR

0.52

v‘_inf_ "
00

6.9 o

k.7

0,81

,f;‘Q.SS# o

- 0.56 -

'fés e

20

B

‘11

9.9




TABLE 7

l%Cpin'lact&tC/l“C in.phosphoenolpyruvatev, -
Seconds Glucose Fructose ‘ G-E;PV o ..'3-EuA '

3 28 _— inf -

7 163 -- . inf R
w213 e=ing 0 ing
B 306 ing ine a0

20 0 sm . inf 'f inf SR X
30 sl - ©  daf - inf SR P
45 773 ing  nf 2.7
60 o 991’ S Y  daf ) : 1.5
0 1655 inf 0 inF e, 0.88

120 3111 dnf inf _f  | 0.62

180 inf’ gm0 ing 3 ,. 0: 68

450 ,‘ o inf . inf = inf T 0.9

80 - Jinf inf B 3 0T

1860 o ooinf inf 19  0.86

© 2700 'f:f'  '“inf' o faf 118 , . C 0,73
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Fig. 3

Fig. 4 .




0

e e G e e s v e e et s om

e e i e s e B 4

R P A0 .

MEDIUM

" FRUCTOSE

G6P

ATP 6P

3-pGA

ALA +—PYR+—LAC

.. COMPARTMENT | -

F-6-P
|
3-PGA

PYR==LAC

COMPARTMENT 2

" JUOPG

N

PR/
CYCLE

MAL

Fig. 5

G-6-P

F-6-P

‘
3-PGA

ALA =~—~PYR=-LAC

|

| _~0AA

s

-COMPARTMENT. 3

T

COMPARTHMENT 4

. MU.32472
SN




AN , . -28-

APPENDIX

~ ON INTERPRETING COMPARTMENTALIZATION EXPERIMENTS .

Mark W. Horovitz and Grove C. Nooney

] . . - ~ Mathematics and Computing Group
, , > _ Tawrence Radiation Laboratory
j - , IR : University of California

: A L Berkeley, California
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Introduction -

In‘the“prec‘:ed_i..ng'main text, Moses and Lonberg-Holfn describe a _
rhethddology for. ekperiments to determine meté.bolic compa'rtrnenfalization;

. Although they show experimental results and draw 'cbn_clusions from one such
experiment‘,‘ those authors only hint at their methods fqr analyzing the experi.-
mental data. It is cleazj, howe'ver, that those methods are predominately
qualitative. This Appendix outlines a methodology for the quantitative anal-
lysis of this and similar experiments. The methods we describe are appli;
cations of common te_chniqués in the ahalysis of tracer kinetics, 'aﬁd we re.\}iew

| them.‘partly to display the novel context of metabolic compartmentalization,
partly to em'phasize experimental and anélytical difficulties in'this context,

and'partly to sugge‘st the failure of certain plausible qualitative considerations.

Definitions and Assumptions

We shall continue use of the term compartment in the structural sense
of Moses and Lonberg -Holm, and we shall regard the experiment they describe
-as consisting of sevverall distinct I.)arallel subexperiments or sections, each ovf
which involves the introduction ofa single labeled substance. Let us include
an ext‘racellular compartment of substrate, so that all label is intréduced
dir’ectiy into a compartment. We suppose the met_aboiic system to behave

identically in each section; we let S; ; denote the substance i in compartment

j; and we define for all sections two functions: U, j(1:) is the amount of
. : ’ : _
unlabeled Si J at time t, and the transfer rate Ri it (t) is the instanta-
£ 4 . 3 H

neous rate at time; t of direct conversion of -Si into Sk g+ By direct
= v ’

?

conversion we mean conversion involving no intermediate substance of present

" interest. For a s,?e_cific section we define Xi:j(t) to be the amount of label

on S;; at time t divided by the number A .of tracer atoms in each labeled
. Y . ? ) .
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" molecule of Si' .. Measurements in the experiment described yield values for

Xi(t) =2 Ai . X, (t) vfor.ce:rt'ain. i, theisum extending over all compartments .

JoWJ 4

je The Ri jik, £ (t) are assumed to dépehd on t only through their dependence
» s . - | .

‘on all Ui J.(t).i,l We further assume the lat}el on each substance in each com- .

- partment to be homogeneously distributed there.

The Kinetic Equations

With the forégoing definitions .é.nd assumptiéns, we may write the s‘ystemv ,
" of ordinary difﬁefential equations (e.g., Sheppard, 1962)
dX, .(t

L)

—ax ]f:z Ry, 5,308 Fpe, 0 (0 = Ryge o (0) Xi,j(t)],’ E (1_)-

!

‘where i énd k range over thé number- of s'ubétances and j and £ ra'.f;ge over
the number c;f..compartments. These equafio'ns are satisfied also By the functions
_ vUi,j(t) ;nd are vglid for every gecﬁon... These equatiéns account for intrac.:e'l‘.-
lular metabolism as well as for ingestion of substrate,. excretion or I~eakage
from cells into the _su-i'rou;lding l‘sub.strate, and leakage from oh¢ comparfment
' ir;té é.nother‘. Ingest.ion and leakage are §ignaled by nonzero transfer rates of
~the‘forr'n Ri,j;i’,k' Initial conditions fqr_ thg -Xi’.j(t) are pr'ov‘ided‘ by the
_experimental mode of tracer ihtrodu‘ction;' If the intfoduction occurs at 't =0, .
then all Xi,j(o)' | ?,re known (in fact, only c‘>_nev of them is not zero). Thus the
solutjons of the differ'enfial equat_iqﬁs (1) for different initial conditian'y;eld
the"tzv'acer distributions for Aifférenf séétiOns. Vé.riou-s compartmer;taii.zation
.hypotheses are reflected in equati-ons{ (1) bYI.'the~-@;ar§g.e'.djf,subs-cripts :j vand 4
and in the s‘peciflication of éertain Ri,";k,ﬂ . I '

In general, the transfer rates appearing in‘equath'ions (1) are not known.
Even for metéboli%g pamwéys‘Which' are Qéll undexjstood',v only rough estimates

of the nonzero transfer rates can be given. In order to solve equations (1)

with given initial conditions, it is therefore necessary for one to determine
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or approximate the transfer rates on the basis of measurements from the experi-
ment. The difficulty of such determination and the necessity of solving equa-

tions (1) are greatly influenced by the existence of steady states.

Steady States

A steady state of the unlabeled system or of the tracer systerh is a situ-
ation in which is constant each Ui J.(t) or each Xi j(t), res?ectively. If both
’ 1 .

are proportional to the Ui 5
’

For the left-hand sides of equations (1) are then zero, and we obtain the same

systems are in steady states, then the L'Xi j

' system of linear, homogeneous algebraic equations for the steady-stafe values

Thus if tracer is introduced into

! !

X, j. as for the steady-state values U,

the separate compartments 1 and 2 in experimental sections 1 and 2, we have,

writing Y for X in section 2,

Ak, 1 Xl - Xl, 1. Ul’ 1 (Section 1)
i,1 "k Tk, 1 k, 1
o k2N Y2 Y, ior
‘ x v = S (Section 2)

for each pair of labeled substances in the same-‘metabolic pathway. Of course,

if there is transfer, even by diffusion, from one compartment to the other, then

A g XA X = A, YA Y

However, inequality of those ratios clearly indicates compartmentalization. In

- principle, then,an experiment to determine the existence of compartmentalization

with both systems in steady states requires only four measurements. .

If the unlabeled system is in a steady state, then each Ri. jik, 2 is

constant, and the differential equations (1) have constant coefficients. Methods

are available (Bexg}nan,- Shahn & Weiss, 1962; Davidon, 1959) by which to

'deter,mine these constants in order that the resulting solutions Xi j(’c) should
. : b
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‘best ‘apprbxir‘nate- the experimental data in the least-squares sense. The ade-

quacy of this approximation may then be assessed in relation to experimental

error, perhaps formally 'with sta-tisticall-:tests such as the chi-squared test.

|

.Applied to two compartmentalization hypptheses,' this method yields a com-

parison between them. The decisiveness of the comparison depends strongly

on the number of measurements available relative to the numbers of substances
and compartments involved. In particular, preliminary analysis indicates

that the data of Moses and Lonberg-Holm are insufficient for a decisive com-

' parison of a single-compartment hypothesis for their experiment with the

four -compartment hypothesis of Fig. 5. The analysis was not ‘completed'due

to the doubtfulness of the steady-state conditions maintained in the experiment,

‘as explained in the last part o,fv the Moses and Lonberg-Holm paper.

If neither system is in a steady state, then an excessive amount of

. data is required for one to determine a best-fitting solution of the differential .

equations. If, ‘however,' ‘the quantities Ui :
v f R : »

.('F) and consequently Ri,j;k,ﬂ (t)

may be assumed to ’Qa;ry Slowly {as verified by independent experiment), then

. . a' parameterization of the transfer rates may be attempted, with subseqhent
‘determination of the constant parameter values as suggested for the steady=

-state case. Na-turally, the determination of more uriknow.n constants requires -

more experimental data. The decisiveneés of such non-steady-state analysis"
is weakened by its dep.eedence on the povssibly‘arbitra.ry parameterization of
the trans.fer rates. C | |

The determination of values for the unk;'xOWn transfer retes most

compatible with both the measurements and the compaftmentaiization hypothesis

“inthe stated sense does not establish these values as chemically correct; nor is

the best-fitting hypothesis necessarily metabolically correct. The main effect

of the analysis described is to limit the range of hypotheses to be further in-

vestigated.
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Qualitative Considerations

Qualitative analysis of the differential equa‘tivons describing a metabolic

‘system and its compartmentalization rhay»also be useful. Cénclusions may be

reavchefl which coﬁtradict otherwise plausible qualitative statements. For
instance, consider the system of Fig. 3 under the assumption of a steady
metabolic state and the hypothesis of a single compartment. The differential
equations of the system show that if the ratios of activities of the substances
F, C, and H are to be identical in the two sections indicated, then each

ratio is a constant, and the rates of conversion or destruction of F, G, and

H must be equal. (This can easily be demonstrated by equating the derivativ.es

of a ratio in the two sections and invoking the independence of the initial con-

ditions.) Identification of F with the lactate, G ‘with the alanine, and H

with the tricarboxylic acid cycle of the Moses and Lonberg-Holm "experiment
implies that F, G, and H do indeed suffer further conversion. It follows

then that the ratios mentioned may be the same from section to section under

~ the hypothesis of a single "compartment only if the rates of conversion of lactate,

i

of alanine, and of the contents of the tric“arboxylic acici-cybl'e are all equal.

Since such equality is quite unlikely, the ratios are unlikely to be identical in
different sections. Thus in this respect the experimental data are consistent
with the hypothesis of a single compai‘tment even for the metabolic steady

state. ' ;

This work was supported by the
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