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A gldnce at the metabolic maps which more and more are adorning labora-

“tories of biochemistry will reveal a highly integrated and apparently ex-

quisitely organized network of biochemical reactions, some catabolic and

many synthetic. While the evidence ‘on which these reactions are based is derived

- from a wide variety of organisms, it is probably true thaémost of the pathways

Ay

can and do occur in each cell of each species of living thing, all the way

~ from baoﬁeria to men. One is immediately tempfed to wonder how the cell

chooses between ail these myriad oppcrtunities for metabolic actigity.

how it arranges that the most appropriate feactions aib made use of at tﬁe

right time, and how the many enzymes and cofactors necessary to catalyze aﬁ;

these activities may be distributed among the various zones and regions of. o

the cellular architecture, ‘ - ' _ ', B '. . |
Attempts have been made in recent year§ to account for the control of. ;

some fairly restricted areas of metabolism in terms of enzyme and substrateil .

 concentrations, reaction rates, and the availability of cofactors. Two very
- recent examples of this apprpach. have been applied‘to a study of glycolysis in

" ascites tumour cells (12,22), Another type of contbol mechanism applicable to

some biosynthetic mechanisms involves retro-inhibitionj that is, inhibition of -

an enzyme catalyzing an early step in a synthetic pathway by the ultimate

© % _ The preparation of this paper was sponsored by the U,S. Atomic

Energy Commission,



fi” product produced (18.25,35). Control mechanisms of these sorts appear to be .

. from two points of viewt either all the reactions take place within the cell

;'”] sion barriers to exist and the moVement of small molecules inside the cell

‘well substantiated; they seem to apply, however. to reactions wbich take place f;”#, -
callk within one phase or limited area of the cell. at least insofar as the -

'v_intrecellular localization of the appropriate enzymes may be deduced from their”;.

. with particulate material soparable by differential centrifugation.'

;:fically with one type of particulate fraction, Cempbell. Hogg and Strasdine (5)

. tained from more than one fraction. In other'organisms, as we shall see"

%, different in the different fractions.-

- localities, or "compartments“ .in sucn:a way as to prevent the free movement_mf; f7 Sf

i behaviour when the cell is. disrupted. For example. thc enzymes of glycolysis' . _fg"Q*

are found in the "soluble cytoplasm" of the cells and are mostly not associatedd»om?ef

. TR

In some instances. particular enzymic activities are, associated speci-.'

"dfractionated cells of Pseudomonas. aeruginosa and found that hexokinase glucose*

- b6=-phosphate dchydrogenase, G-phosphogluconate dehydrogenase, gluconic dehydro-

genase, malic dehydvogenase, fumarase, isocitric dehydrogenase, isocitritase ;o

- and catalase werevpresent only in the soluble'cytcplasm._,ﬁlucose oxidase and »,'

succinic_dehydrogenase;~on‘the‘other hand, wete found in a "ghost" fraction, -

while yet other enzymes,(NAD oxidase, adenylic kinase, ATPase, etc.) were ob- .

later, many enzyme activities may be detected in more than one. subcellular L

“~

fraction, though the ratios between- various enzyne activities may be quite B ":T

“4.

- We may thus begin to consider the total map of metabolic activity :f o

in such a way that no barriers to diffusion of small molecules exist between

o ..l' :

the enzymes of one pathwey and thoge of another. or we may suppoee such diffu- féjus”w d

v is restricted within“definite‘boundaries. In other words. the metabolic 4 ? 7;? 3i5¢}

»

activities of the cell might be physically located within defined and restrioted
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of material to all parts of the cell, Considering any porticular sequence
of reactiona, it may be that the pathway ogceurs entlrely within a compart-

ment of a particular typo so that the products of the pathway have a limxted

possibility for further reaction, Alternatively. tbe same chemical sequence

of reactions may take place in more than one‘intracellular compartment, in
correSpondingly different environments, s0 that the product of the sequence
located in one compartment may react in quitea different uay from the product

of the sequence in another, solely as a result of different environmental

factors, We mlght envisage, for instance the same series of reactions pro-

ducing the same A~keto acid in each of two or three separate compartments.
One compartment might also contain an appropriate enzyme for the reduction

of this ketovacid.'together with a sulitable source of reducing power; this

.~ would result in the formation'Of the corresponding o ~hydroxy acid. The

i

second compartment might bé devoid of the reductase, but possess a trans-
aminésa and an amino donor, so that insfead of being feduced to ao 4 =hydroxy
acid, the d\~ketovacid is transaminated to anx‘-omino ocid. In thelcbird |
compartment the fate of the keto acid might be decarboxylation; perhaps two of
these activities might be present in the same compartment,

Thus whon we ses a junction on a metabolic map we must remember that

\.J

the mop rapresents the sum of all the cell’s metabolic possibilities, and
that the junction may exisf.only in that ovorall sense, thc different foutes*“
diverging from the junctioﬁ not really befnyg deoived-froﬁ'a prooursof which is
physically as well as ohemically comnon to all the subsequent routes.

Such a system of separated reservoirs of metabolio pools might apply*wé
equally to the metabolism of compounds presented externally to the cell and
to those arising endogenouslyy To say that a particular type of cell may ﬁ::

metabolize a compound (A) presented to it to products By C, D, and E may

" be a description of the. overall capacity of the cell to convert Atoa



number of specified producta. Organizetlonally. the cell may convert A

‘ to B et one type of intracellular location. to C ‘at another. and perhaps

vﬁ-

to somé characteristic ratio of D and E at a thlrd. The cell may even be

able to metabolize A to EF, but only if Ais present at the correct locu3¢'w«

: aupplying A to the outside of the cell mey not ensure its presence at-the
site where F is 8ynthesized, so that A added to the medium surrounding the f";'

cell does not result in the formatlon of Fa However, A, erising internall,y .

might inde:d be brought in contact with the appropriate enzyme and thus
"be converted to F. |

It is often difficult to study organizatlonal poseibilities of this

sort eince there may be no way of distinguishing betWeen the products of fj'l'

‘one compartment and those of another. For many yeare now, workers have
dsometimee been forced to a conolusion involving compartmentalmzatlon to

~ account for thelr observations, while heing unable to offer formal proof

that this interpretatlon is velld. Thus Dormer and Street (9), from a study S

.

'vof the growth of tomato roots supplied with glucose, fructose oy sucrose, :

. proposed that sucrose 18 phosphorylated at the cell surface, and the re-

sultant suger’phosphates metabolized there without galning access to the _ T

T cell lnterior. Free glucose is metabollzed inside the cell through many -

-

R
Sz,

of the same intermediatee as those on the'pathway of sucrose metabollsm._sfff"A'*“"

<

" The c¢ell surfaoe may iteelf be oonsidered a compartment if metabolic
-activity takes placa there without equilibration of material with the

inside of the cell. The boundary to thlavcompartment would then be the

: barrier between the surface and the inside, and there may he no barrier uzﬁ'j,i L

. between the surfaoe and the medium.\
More recently Rothstein et al. (36) studied the relationshlp of fer—

wmentation to cell structures in yeere. They lyophilhedg and extracted; yeast

i K ¢ U S



Vpenetrating appreciably into the centre (succinate, glycerate, arabinose "{[f‘f-"

cells.with:acefbné’to pfodﬁce d'ﬁon-viablé preparatién éifh'reééibatory

and fermentative capacities. ;his preparation would ferment glucose, fruc-g
tose and mannose to c¢arbon dioxide and ethanol. but while hexose phosphates,
triose phogphate, py:uvate~and endogenous reserves were not fermented, glu-‘l
cose, hexose diphosphate, gaiactose. pyruvate and endogenous reserves ware
respired. Rothstein et al, concluded that fhe énzymes.of fermentation exis%ﬁ

within the cell in an organized structure distinct from mitochondria, Glu- -

coge was able to enter the structures concerned with both fermentation and -
. respiration, while compounds like hexose diphosphate cculd enter the res=-
_piratory structure only and were consequently not fermented..The carbohy~

drate metabolism of the organism was therefore divided into at least two

compartments,

,:.,ﬁ )

In contrast to the findings with tomato roots (9), invertase in
yeast 1s present Qéétly in thé céll wall (43,44), but is also found at
another location Qithin fhe cellt maltase is present 6p1y¢at anviﬁtra~ ;
cellular site (u3). Externally supplied sucrose ma& readily gain access

to the invertase in tha,éell”wall. buf not to the intracellular enzyme,

while maltose is brought into contact with the intracellular maltase by

"{the mediation of an induéibla“permease system 1h the céll membrane, Conway

and Downey (6) have also studied metabolic compartments in yeast and were

able to distinguish at least two chambers on the basis of the abilities of

certa;n compounds to enter the cdll from the medium, There were found to

exist three classes of substances:f those nct entering the cells appre~

ciably (inulin and sodium), those entaring an outer region rapidly but not -

!

and glucose) and those diffusing rapidly throughout the whole cell (ace~

- tate and propionate). The outer region. it was felt, represented a real



~vhether the very same chemical entities vere involved in photosynthesis

TS

‘space other than a»menbrane.surface, possibly coincident with the cell wall.d,
vLEarly work by Stier and Stannard (h2) suggested that ‘the normal endOgenous:;di,ﬂ
-respiration of baker s yeast was exhibited only by the intact cell and was Etfff
iabolished when the normal compartmental architecture of the yeast is des-'“fj_ibf_;T'f
troyed. | | | o
Examples of evidence supporting the concept of compartmentalization y
appear over the whole field of biochemistry and have often arisen as a con—:l;;"
sequence of kinetic experiments u51ng radioactive tracers. In the field of . L
photosynthesis, Moses et al. (28) studied the relationship between the meta—;a‘iu":'
'mfbolic pools of the)respiratory and photosynthetic intermediates, The.actualftl!h
| compounds indthe respiratory and photosynthetic carbon‘reduction pathways;_h*"
" are almost_identical,ralthough the two pathways are headed in_opposite di- 3 5'
rections. In the green alga Chlorella”it was'knoun that“the;turnover.of, | '
" material invthe photosynthetic carbon cycle is some twenty.times faste},o:'
" than that of the respiratory intermediates, and the question arose\as té«?d
(reducing carbon dioxide to suger) and in resplration (oxid1z1ng sugar to f};;.7-5‘
.:;‘carbon dioxide). By 1nvestigating kinetically the distribution of radlocarbon ;idj?*f

h'from reSpired glucose and from photosynthetically fixed carbon dioxide it was. ;[ 'ka

'fshown that the same material does not flow in. each pathway. but that the two’n”ffrihﬁ

'series of reactions are confined to separate compartments with only a very |
- slow interchange of material ‘between .them. Support for this conclu51on came g,f"}gi?z
; from an investigation of the appearance of the products of photosynthe51s :-:.5gib{*;7
outside the chloroplasts (19). When whole spinach chloroplasts vere exposed to;fi;"?
- labelled carbon dioxide in the light, compounds of the carbon reduction cycle iiih;é
" within the chloroplasts were labelled within a short period of‘time.‘)"' fp&i;;il}

- Removal of the chloroplasts from
- K _
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| the reaction mixtube ﬁyvfiltraﬁion_showed that only phosphoglycolate; 
glycolate and serkne were §reaent outside ‘the chloroplastsg’all the |
sugar phosphates reﬁained inside. Glyoxylate, but nét glycolate, could
enter the chloroplasts when added to the medium,.suggesting.a glycolate~- -
glyoxylate shuttle to carry '"reducing power" prodﬁced during photosyn-
thesis from fhe chloroplast‘to the cytoplasm. Heber and Willenbrink (ig)

_ similarlyvfound that the-coﬁpoundsvof the carbon reduction cycle wére at -
first confined to the chloroplastq, tﬁough later on some of them, notsably
“those also acting as intermediates in respiration, appeared outside.
Other cémpounds (glucose diphosphate, uridinediphosphoglucose, sucfose,
malate and clitrate) not involvéd strictly in the phbtosynthetic reduction |
of carbon dioxide, were always found outside the cﬁloroplasts.

The question of_comparthent separation in the preducts of photo-
synthesis has been'considérgd by Smifh, Bassham And Kirk (40) with éarti—
cular refeéence to émino acid synthesis, . Using'radioactfve carbon d&oxi&e, -
and measuring the épecific radicactivities of amino acids extracted from
Chlorella after a period of photoaynthesié, it was found that the Qctive
pools concerned with the rapid metabolism of alanine, seriné, glutamie
acid énd asparfic acid were each less than half of the total reservoirs of :

"~ - these substances: there must therefore ﬁevaf least two §6ols of each 6f
these amino}acids.. It was shown kigetically that the éétive poois.aré |
vformed directly frbm_the-earkaa—reduction-agd;maY*E6ﬁ§6§6§ﬁfi§fiié'ﬁfiﬁfﬁﬂ“—*_AA;—NQAA
the chloroplast, The less actlve pools may be cytoﬁlasmic. Results ob= v»"'

tained with label-led acetafe indicate that glutamic acid_"labelled From _‘

" this precursor is probably different from the glutamic.acid labelled fbom'  -.
radiocactive carboﬁ dioxlde in phofosyntheais, The glu¥§mate 1hccrporat- :
ing radiocarbon from acetéte‘may thus be in‘the postulated*cytopiasmic jjf

reservolry,

Vo ekmasy oy -
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'_ whole animals, Sohapira st al. (37) injeoted labelled glycine into rabbits jfl_zi-‘v
- and examined the specifio radioactivity of glycine reisoleted from differ—';; S

. ent tissues at a number of times after injection. After some variations
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The eompartmentalization of amino aoid metabolism hae been studied

in a number of tissues other than photosynthetic organisms.'working with

during the first few daye they found a long period of persistent differ—“

w ek

. ences in the specific radioectivitiee of reisolated glycine. They were

led to conclude from tbie noa:equilibration of glyoine tbroughout the zd{t?ﬁwgiff

*;ﬂ animal body that there was an absence of a single metabolic pool of tha 7;; o RN

: amino eoid. A number of. possible ceusee were 1isted to account for this *‘f”}ﬁf“

¥

' derived from a small reservoir of glutamate, but in the liver glutamine

v with tissue glutamate. “t'x e '\,;3'ﬂ,ff,'.h EON

~ lack of equilibration, including cell permeability barrier differences in

the vari°u3'tiss“°3"a°tive xrensport,_free glycine levels‘in,the tissues, -~ .~

the rates of protein symthe;is and turnover,»end the biQSynthesis'end_

;Vmetabolism of glycine itself. »Restricting themselves to cat brain and "
. liver. Berl et‘al.v(l) ueed le-labelled sobstratesvto follow glutamio .

acid metabolism to glutamine or espantio acld and obtained data suggeat- 5"{f§i;ﬁiil

ing multicompartmentalization, with espartio acid erising from a amall. :
highly aotive reservoir of glutamate. Glutamine in the brain is. elso

—a “....-,....u...L

appears to come from a much larger pool of glutamic ac&d which mixes reedily

4 B re«l L
- . ,A'o., B

o An investigation of the kinetic eppeerance of labelled amino ecids 'f”?

in the intracellular amino aoid pool and in celluler protein was underw

taken under steady-state oonditions in rat diaphragms and in isolated

‘!!u" LR

guinea pig and rabbit lymph-node cells (21). The ratios of the coneentra- ;Jiiﬁ,if"

tione of labelled amino acida between the intra~ and extraoellular pools



" utilds two poola were found (8). One of these, termed the "expandable pool"‘b'

concentrates amino acide from the extemal medium, Its size ie veriable, -

approached equilibrium-exponentially, while incorporaticn into protein.

was lineav.f A theoretical model was developed and the experimental data :1

'shown to fit the hypothesis that tbe intracellular amino acid pool is not :

an cbligatory intermediate in protein synthesis, There must thus be more

than one pooli Onme cannocfdietinguish yet between pools maintained seﬁar~.
ate by etruetubal berriers from those effected by a chemical envircnment.,
Structural compartmentalization implies the restrictiou of the active pool

of amino acids to particular sites (riboeomes, nuclei oy mitochrondria)

" known to be the locations of protein aynthesis. A chemically separate pool

 might imply that incoming amino acids are immedietely converted to S-RNA

esters in preference to pre-existing intracellular amino acids, 80 that

‘a free intracellular pool of amino acids engaged in protein synthesis may .

R

not exiSt. The origin of the distinetion between the two sorts of amino »
aclids would then lle in the nature of the preferential formation of S-RNA :

asters with the incoming molecules, Support for structural compartmentaliza— e

tion, with perhaps different metabolic characteristics in each compartment.

comes from evidence on the intracellular 1ocalization of enzymes . Borst

-~ and Peeters (2), for instance, found in pig and ox heart that two separate

glutemic-oxelacetie trensminases are present. One is found exclusively in

IRPRER W

the soluble cytoplasm while the other is oonfined to the mitochOndria.

14 micro»organisme an extensive study has been made of the amino acid

- pools by workers at the Carnegfe Institution in Washington. In Candida

’ being dependent on the coueentration of the external amino acids, and amino

acids in this pool exchange readily with those in ‘the medium. Thie pool is

"_'seneitive to osmotic shock and loses much of ite material if the cells are A”f:7'f




e amino acids.

PR A

-fiA:removed from srowth medium and placed in watev. The second, or "internal"

fxivpool interoonverts amino aeids and selects them for protein synthesis. ;:“5”;3“

¢

:?‘Metabolism of amino acids thus takes place solely in the internal pool.:.avi
"'dehis reservoir maintains a constant size, and is affected neither by
'f? the concentration of amino acids in the medium, nor by osmotic shock._ e

..:‘Amino acids are not exchanged With the medium or with the expandable pool, g .

. and those . in thie internal pool seem. to be quite tightly bound. Similar tf'gaﬂii'n"

results have been obtained in nucleio acid synthesis in c. utilis (7). -

,fIn this case supplementation of the medium with nucleic acid basas leadsv'

u'fgito a concentrating pool whioh accumulates the bases internelly to levels flyff;f"":

exceeding the external concentratiou. This pool then gives rise to a’

nucleotide pool which is always constant in size and which ‘in the absence

' These two pools are analogous to the expandable and internal pools of 4;;5-'

" . .
e s . SR : . LA
- . - . .

- An extension of amino acid pool studies to Escherichia coli (u) has

| gf'of external bases, is derived from the sugar used as the earbon source. -

Do e R

- shown that. at least for proline and valine, amino aclds supplxed outside gi;'i:ff

" the cell must pass through or equilibvate with the internal amino acid

f:pool before incorporation into protoln. It is POSSible- however, that

a "_ internally synthesized amino acids may by-pass the internal pools, and R
'»}h¥even at high concentrations, to substitute completely for the internally

‘Vincorporation of nucleio acid bases in RNA in E. coli it is known that .

v‘; there is a large byopass flow, and that here too at least two pools of

--VT:; this is supported by the failure of external lysine and aspartic acid. j;ff'na

ﬁ'l?*_synthesized amino acid in protein synthesis (3&).‘ In the .case of:the 'ij;

' -;ﬂintermediates exist (23)q ,;4 , B S .‘lua-.A'f;'ﬁ.v"“5t




observed with S?hydroxytrthamine and histamine that cells which do contain

Compartmentalization, altﬁoughlincomphte; has  also beenvfound to ex-
tst for amines in neoplastic masf cells. These cells hormally synthaéize
amines and also concentrate them from the mediumj in both cases the amines - -

are not metabolized but are §liminatqd from the cells. Green and Furano (14)....

¢ Y
4

"endogenously produced amines also contgin externally supplied émines'in ”
| subcellular fractions which arevnormélly devoid of endogenous amines, How-
-ever, if the endogenous amines are completely absent, then external aminesl
‘are found in these fractiona normally containlng endogenous amines. The

_ amines from tha two sources are therefore normally kept aeparated and

'aceessibility,of-tha endogenbus amine pool for external amines depends on '

the concentration of endogenous amines already present. The authors have
reviewed some examples of intracellular compartmentalization and the differ-
ing fates of substances originating inside or outside the cell (10). They

point out that not oniy may the turncver rate of a compound depend on its

. site of origin, and the effect of drugs on metabolism differ if the meta—
- bolite originates inside or cutsdle the cell, but the disposition of external
-~ substances may be affected by the intracellular level of the same substance

. derived from an endogencus source. .

Gaizhoki (11) has shown that separate reservolrs of.intracellular

adenylic nucleotides coexisf in the'mitochondria and hyaloplasm of mouse
_hepatic cells and Ehrlich ascites carcinoma cells. and proposed that the

" diffusion of these compounds in and out of mitochondria as a result of

changes  in the permeability of the mitochondrial membrane mnay be a con-

- trolling factor. in glycolysism M1tochondria release adenylio nucleotides

in isoctonic solution, and this secretion stimulatesvglycolysis.in the

B T TV S
W
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.ﬂ plasm stimulates the swelling of the mitochondria and release of nucleo—

5 inpyridine nucleotide is cytoplasmic (e‘g. from glycolysia) yet reoxidation i:g;;fgidm

"ftnot directly accessible to reduced DPN. Schemes have been proposed of
'"gishuttle mechanisms between the intra- and extramitochondrial pools of 3f

"'.:DPN, utilizlng either the dihydroxyacetonc phcsphate:cK-glycorophosphate fi}

hyaloplasm. In Bhrlich cells incubation of the mitochondria with hyalo--» ',,5;7 .

y _tides. As the conceutration of ATP in the hyaloplasm incroases as a re-
,sult'of glycolytic'cctivity, the mitochondria contract,'ceaSe releasing}.z_;i;;,
.nucleotides, and glyc°1ysis slows’ down to achieve a balanced state. Large';fliFf»;

".molecules, Such as - pyridine nucleotides ‘are also unable to cross mito-'j];-~

f-chondrial membranes. A good deal of the metabolic reduction of dlphos-‘

,;"._i. - . . . KPR 5 "c.\-.“ﬁ Lo e
LR . -1..( 5 ' :

T

»~:*involve° the electron transport eystom which 1is intramitochondrial and tbus iflfT -

o f:'system or the acetcacetatez p:hydroxybutyrate system. These smaller molce-fc},j'

i

‘ (;cules are able to cross the membrane barrier.‘ Reduced 'DPN may reduce

B @-Hydroxybutyrate then enters the mitochondria. there to be reoxidized to ;?'rjg,7l

‘“vf is reoxidized via ‘the cytochrome system to which is now has access (3).,

g 'Conclusions consistent with this scheme were reaohed by Hoberman (16) as

" reductive biosynthesisr In rats, glycogen 1ncorp°!‘ated a highly 318"”1“‘"‘ -

. 7.a high degree of substrate specificity in the reductive synthesis of triOSe jlfff.}f

'.;'acetoacetate to ﬁLhydroxybutyrate, Simultaneously becoming reoxidized.  i4Tf;f?ﬁ_5fi

: acetoacetate by intramitochondrial DPN. The latter is thereby reduced and f:
;}quantity of deuterium from lactate-2-ﬂ2, less from malateQ233-52 d none :
{L}from 1aotate plus ﬁ~hydroxybutyrate-2:3eﬂ .. Deuterium from these Substrates

frjphosphate and therefore that intracollular pyridine nuoleotide is kinetically

R . ‘ ) . ) i S

‘e

t -

.E;a result of his otudies on the ooupling of the oxidation of substrates to ?f5-1

LI _.g L

“ffwac not incorporated into oholesterol or fatty aoids. Thesa results suggest ,};‘,7



- over, these sugar phosphates do not leave the interlov of the’ dlaphragn

13

£u

1nhomogenbus.- d\ A'-Deuterofumarate donates a aignificantly greater

quantity of deuterium to glycogen.than does malate-2.3-ﬂ2; thus, endogenous-

1y formed malate is better used for glycogen-synthesis'than is extérnally

supplied malate. In the respiratory chain itself in 1ivep‘mitbchondria.
there seems to be no compértmentalization (20) and, at least as far as
the suceinic andi choline oxidase systems are concerned, these sequences

are interlinked at and above the oxidation level of cytochrome Cy., It

“appears fhat fwo or more dehydrogenases may be linked to a given cyto~

chrome chain and there is intercommunication (1,6. electron transport)among

all the cytochrome chains in a given mitochchdrion,
Carion metabolism thrbugh glycolysis, the pentose phosphate cjcle
and the tricarboxylic acid aycle has received the attention of several

investligators. Among the most elegant of these studies are those reported

by Shaw and Stadie (38,39) for rat diaphragm muscle. They studied the

ability of the muscle to incorporate radiocarbon from external substrates

into glycogen and into a number of glycolytic intermediates. The influence

of insulin on the system was investigated and the use of this hormone

enabled conclusions to be drawn.concevning the localization of some of

the metabolic activities, In a phosphate buffer it was shown that medium -

glucose may be metabolized by way of glucose-6-phosphate and glucose—l—'

phosphate to glycogen. Fructosq«ixﬁ-diphosphate is not forméd from the

. glucose-6~phepphate, Inaulin atimulatea the synthesis of glycogen from

glucose and increases the turnover of the two glucose phbsphates. . More~ "

and,. 1f added to the medium, neither glucose-6-phosphate nor glucose-l- -

P



phosphate contribute carbon to glycogen. Glucose phoaphates present in ‘1f

the medium do not mix with the chemically identical glucose phosphates nhfaf

on the bioeynthetic route to glycogen. q'

By a second, glycolytic, pathway glucose in the medium is converted

‘via glucose-ﬁ-phosphate, fructose-l 6 diphosphate, etc.. to lactic acid.f-“ J“ﬁikg

N

This pool of glucose-ﬁ-phosphate was . not the eame as the one on the route °

- } to glycogen. _When glucose-ﬁ-pbosphate~and fructose~l:6 diphosphate (but

o phosphates in the medium was not due to the’ leaching of enzymes from the -

S

e

not glucose-l-phosphate) are added to the medium they enter the glycolytic aﬂj-l”"

sequence and’ interchange with the chemically identical phosphates formed=:e

. to gagtage via pools of 8ugar phosphates which could exchange with sugar =~

a cell. Insulin did not influence the formation of lactic acid from glu-
' cose.' These data led to the conclusion that two sitea of glucose meta— .
boliem exist. an intracellular site - leading to glycogen (which is known__i“;5f:“

to be’ formed inside the cell), and an extracellular locus of glycolytic f‘;-iﬁl**

i
| .

i

Port of glucose into the cell. an explanation was provided for the stimula-” ﬁci

had no effect on the (extracellular) metabolism of glucose to lactic acid.l';'

ﬂhen the euspending medium was changed from a phosphate buffer to

synthesis but also had eome stimulating effect on the formation of lactate ,;fvf

: to ...

A;;l- from glucose. In bicarbonate buffer it was - possible/detect labelled .

-

: cell. though there was still no exchange of the phosphate esters across

BTSN

3 from glucose in the medium. Itvee shown that this conversion of glucose BRI

' activity.. Since insulin action is believed to be related to the trans- '1";f

'; tion of (intracellular) glycogen formation from glucose by inaulin. which "*%“

s L

. s
Yot

‘ *F~; a bicarbonate buffer it was found that insulin not only affected glycogen fh”*

fructose-lze-diphosphate from glucose--cl inside as well as outside the < hy5'-

‘the cell membrane. Finally. it was found that the intracellular phospho-

- i ) e « ; P . ! .
R e L T ER LR Soe L . S IR

T {{'.-



‘- \ N

15

fructoklnase was inactive in the absence of blcarbonate. There are thus two .

e

glycolysis pathways coexisting in rat dlsphragm muscle. One of these lles

1n31de the cell as evidenced firstly, by the lack of equillbratlon between

_'phosphates formed metabolically and those added to the medlum, and secondly, co

- by the fact that glycogen is certalnly laid down withln the cell. The other wmuili.uy

pathway lies out31de thevcell, perhaps on the surface; this is demonstrated R
by the mixing between medium phosphates and those formed metabolically from
glucose. . - . ' o - o

vAnother example of. compartmentalization in carbohydrate metabolism -

'\ was found in the fungus Zygorhynchue moelleri. Kinetic studies made of the

1ncorporation of radiocarbon frcm labelled blcarbonate in the presence of

: unlabelled glucose showed that the first appearance of label in a phosphate
~ester was into 6—phosphogluconate, about four seconds after supplying the

~>bicarbonate (29)..There was a rapid formation of tricarboxylic acid cycle

S

intermediates, and eventually radiocarbon eppeared in 3=-phosphoglyceric acid

k1

(indicaﬁing a reversal of glycolysis) and in hexose monophosphates,but none

appeared in the suger dlphosphates even after thirty mlnutes of incubation.

.. Since the dlphosphates did not become ‘labelled before the monophosphates,"

‘the latter probably arose by reduction of phosphogluconate. From studies of .

glucose metabolism, however, it was known that glucose rapidly gave rise to "

hexose diphosphates via the monophosphates (26)._The'fac£ that hexose mono-

: phosphate formed by reduction of, phosphogluconate did notlrspidly form hex- . -

Lo _ose diphosphate suggests that this pool of hexose monophosphate is different |

. -

from the one formed from glucose.

Further attempts to study compartmentalization in carbohydrate meta-yv"
" bolism were made in ascites tumour cells of mice (27)._ Here it was reasoned ‘

" that if compartmentalization does not exist, then irrespective

TR oy g

i

R




;btfcell. However, the fate of thc aubstrato presented to the cell in each

1

o

i,r- o
. S

of the orlgin of a substanceventering a sequence of metabolic reactxons,

the proportion of the quantities of thc sevaral products of the sequenca #

will be the same , provided that the physlological and biochemical state 1Ff:u‘?b:t‘ i.

of the cell does not varyvduring the experiment, In other words , the-pro-‘ |

L ducts of metabolism of a substrate will be in the same proportion whetherfl
. Jthe substrate is supplied in the medium or generated ondogenously within M;E.

v.the cell. As the cell must be kept chemically constant the substrate e

“must be aimultaneously added to tho medium and be produced inside the ,.‘:

| of the two ways may be studiad separately by arranging that in one incu- '
bation vessel the substrate originating in one way, but not in the otheg a
is labelled isotopically. In another vcase;, chem 11‘~identical. the o
labelling pattern is reversed. If there ie compartmentalization, then the
7bipossibility arises that tho substrates originating from differenttsources
L'may enter diffevent eompartments, and give rise to. different distributions _i'”
of product compounds. Again, such differences might be found by differential
' f labelling experimenta. o '\ | : B
| ‘ This technique has been appliod to glycolysis in the ascites cells. i :;:li:E;
.t Pive substrates were supplied simultaneously. but in aach separate Vessel R
B only one was labelledc glucose.;glucosc-s—phosphate, fructose, 3~phosph05'
;_glycoric acid, and lactic acid.'Thus it was‘p0931ble to comparc the be~'>

f; haviour, for example. of phosphoglyceric acld produced metabolicallyibom

N glucose via glucose»ﬁ-phosphate and fructose-&-phosphate. from glucose- ‘,;QT;A'

vep el

_G-phoaphate via fructose-s-phosphate, from free fructose via fructose=6= "
phosphate, and frbm phosphoglyceric acid added to the mcdium. Preliminary «
_ results.have suggested that as many as four compartments, each containing

© . all or part of glycolysia, may be present together in the ascites cell.



’studied the incorporation of radiocarbon from acetate-1-C

- inactive reservoirs outside the rapidly turnlng-over pools, with the im-
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Of the five_éubatéafeé édded to the-medium, énly glucose and léctic écid
seem to share fh§ same metabolie compartment -- ise, lactate made from glu-
cose mixes with lactate in the mediﬁm. Fructose, gluéose-s-phospﬁate and
phésphoglycerate all appear to be meiabolizéd,.at least in the early

stages, sepdrately from one another and from glucose and lactate.

Compartmentalizafion'of'the acids of the tricarboxylice acid”cycie-~3ﬁ*"

in plant tissues has recently been investigated by Maclennan et al, (2u).,

Having demonstrated that acetate was metabolized via the cycle, they

i into a number

of carboxylic and amino acids, and into respired earbon dioxide, Even after

the 8peciflc radioactivity of the carbon dioxide had become constant, in~

dicating that ‘the pools of intermediates between acetate and carbon diox-

" ide had become equilibrated with acetate carbon, the specific activities

of the Krebsvcycle aclds after extraction from the plants showed great

-

differences, demohstrating the existence of udhbelléd poéls of these

LY

~ acids in addition to those containing radioactivity. Extraction of the

acids from the plants, of course, destroya any compartmental separation.

It was caloulated thatparge amounts of the Krebs cycle acfds did not turn’

over when the acetate was supplied. This work provides one of the few

cases in which it was possiﬁle to meke some degree of correlation be- v

tween pool separation.and strugtural features..ln maize roots increasing

age brings with it increasing intracellular vacuolation. At the same time

., there is a marked inecrease in the relative amounts of the acids found in -

plication that the inactive reservolrs may be located within the vacuoles..

‘Pette and his cowprkers (30,31) have studied the specific propor-

 :ions of a number of enzymes in subcellular fractions which may be pre--

O e



S

 ", sumed to correspond to diffevent compartments. They found for example,

[}

.that in mitochondria from a number of different tissues and frOm dlffer-
'.‘ent speCleS of animals more - or less constant amounts of malxd dehydrogenas§,
'glutamic dehydroggnase, TPN—linked isocitrlcwdehydrogenase, glutam1c~oxa1~
viacetic transaminase; succinie dehidrogenasa? gljcebol—l—phosphate oxidasé..
'ané pyruvicibﬁiﬁésé wér@_ﬁresent_c§mparea'ﬁith-the quanfif§ of_cyfochrome_fv"
- € (31). Similar constant brppértionaligies. again‘from manyvtiSSueé, were._fA
'vﬁound in the eﬁtramitochondriai'fraction for the-eﬁzyﬁeé triose phos§hate  _f
K .isomérase. 3-phosphéglycéraldghyde dehydrogenase, 3-phOSphog;ycer1§ kinase,‘ 
-phosph§g;ycerate mutase ana enolase (30). They found, however, that,thoﬁgh:
< . ' the ratios of acf;vities-of fqnctiohally clésely related ehiymes may remainmgr“

roughly canstant.in'different cellular compartments, the concentrations of -

' the related ehzymes_on a weight basis may vary widely‘in the different
" compartments (32). Thus the total enzymic capabilities of different com-

' partments hay exhibit'great'variatlonsi Thisvpointsiup the possibility,

A

made use of by Moses s Chang and Lonberg-Holm (27) that different pro-

. portions of metabolic products may be expectad in each compartment al~
"though qualitatively the same chemical sequences of reactlons occur at

’ each 1ocus."w

The fact that different forms of some enzymes have been isolated el

- from certain tissues (17) does not necessarlly mean thax they are located o

“in separate compartments.sStadgman (ul) has discussed the presence 1nv-_;e i)

o Escherlchic coli of three different Versions (1sozymes) of aspartokinase,_‘”
* ' all of which catalyze the reaction between aspam:ic acld and adenos:.ne

.  vt”iPh°5Ph8t8- ASpartate is known in E. coli to be the parent substance SR

! o .

T e three other protein amino acidsz _1ysine, methionine and tbreonine.

- The biosynthetic pathways of all three are common from aspartic acid

[

: 18 RN
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through aspartyl phosphate to aspartic semialdehy&e.'From that point

fOn the pathwayJOfilysine biosynthesis branches away. Methionine and

4

threonine biosynthese&continue along a common path to homoserine and f5
then they dlverge. Control of the biosyntheses of these three amino acids

is achieved by both feedback inhibition (retro-inhibltlon) and repre551on

exerted by the three endeproduct amino acids on vgrious.enzymes along the
: ' . '
routes leading toieach, and including aspartokinase, an enzyme common to

all three. It can be shown physically éhd enzymologicelly that three

different versions of aspartokinase are present. In addition to showing

some physical differences, these enzymes exhibit a varying response to
feedback inhibition and repression by lysine, methionine and threonine.

Thus, one enzyme is inhibited ‘and its synthesis repressed by lysine, though

the 6ther two isozymes are not affected. The second enzyme is specifically .

inhibited and repressed by threonine, while the third enzyme;is unaffected

by all three amino acids. Genetic evidence has been interpreted to indicate .

-that the three aspartokinases cannot be performing similar roles in parallel, -

compartmentalized pathways, but must feed into a common pool of aspartyl
phosphate. In an auxotrophic mutant of E. coli, requiring threonine, me-

thionine, and diaminopimelic acid (& lysine precursor), the fequifement for

~ all three amino acids was shown to be the consequence of a single mutated

locus resulting in~the.inability of the mutant to synthesize aspartic

semicaldehyde dehydrogenase (13). This has been held to précludé the

L 4

‘existence of multiple enzymes catalyzing the conversion of aspartyl phos-

phate to aspartic semialdehyde, implying, in turn, thaqone pool only of each -
of these substances exists. |

If, in conclusion, we consider data from different areas of biochem-

istry, we can see that the evidence supporting the concépt of intracellular
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compartmentalizétiép'is;aocumulating frbm many: sources, Until. now most
investigations of the phenomenon have exploitéd'somé peculiar:gharacter- ER

.istic of the'biological systém to'lead'io.conclusions relating to compart-

mental organization. Individuél species-have not been studied sysﬁematically _"

and no attempts hayé éo far been made'to follow and interrelate the conse~
quences of compaftmentaliZaﬁion in consecutive series of biocpemical”re—
~actions, It might_belpossible evéntuallyato build up & picture of metabolic
activity which describes not Just the sum of all the possible chemical infer«
éonversions, but'feiates.the reactiohs undergone by é given compound to its
‘biological brigin.'Even in those systems'whiCh_have Been shovn to behave in

a compértmentaliied mannef,_almosf‘ndthing is known about theiphysical éites’-

- of the various_pools} Much_ob%iously remains to be done in this direction;

E at the present time we can be fairly certain that intramitochoﬁdrial events,

for example, are to some degree separated from those occurring outside these =

.. organelles, but we do notknow whether subcompartments might‘not also exist

inside the mitochondria themselves, perhaps as surface localizations of

groups of enzymes on the walls of the cristae. It is interestiﬁé that Ponte- ,

-

corvo (33) has predicted on theoretical grounds that the nuclgusvw;ll be
found not to exhibit compartmentalization, but whether or not individual

nuclei, mitochondria, or ribosomes do themselves show this effect we need

not doubt that compértmentalization is a widespread property of biologicalv':;."“

systems and is in all likelihood intimately connected with the basic events 6£lg'

Y

cellular 6rganization, regulation, and differentiatiozi._

-
B T

1 73

o



lc' i
2.
3
4,
5.
DY

7.

.‘ 8._'

o,

18,

in, :
RN

' " REFERENCES

i

Berl. Se o G. Tekagaki, D. D. Clarke. and H. Waelach: J. Biol,

Chem, 237, 2562-2569 (1962),

'f21

Borst; P,, and E. M.Peeters: Biochim, et Biophys. Acta 54,

£

188-189 (1361).

Boxer. Ge E.' and To M. Devlin.

Science 134, 1495-1501 (1961),

-Britten, R. J., and Fe T. MeClures Bact.‘RGVS- 26 292-335 (1962).

Campbell. Je J R., L. A. Hogg, and G. A. Strasdine: J. Bact. 83,

: 1155-115q (1962). f ¢

(

. Cowie.- DQ: B.' and E. TQ ‘B°1t003 ’

292-298 (1957),
Cowie, Do Bs, and F, T. McClures

236-2”5 (1959).

_ Dormer, Ke Joy and H._E. Street:

199-217 (19u8).

, Furano. A, V,, an d J. P. Greant
' 4Gaizhoki Ve Add Biokhimiya 26

' Garfinkel. D.. and B. Hesst Js.

-Green. Je P., and A. V. Furano:

1049-1053 (1962). .

Heber, U., and J. willenbrink:

313-324 (196u)b

- Conway, E. J., and M. Downey Intern.'Céngr. Biochem., Abstrs. of

'Communs., lst. Congr. Cambridge, Engl. 308 (1949)°

Biochim, et Biopgjs. Acta, 25,
?iocﬁim. et Biophys. Aété.ilt
Ann.HBotg Lénd. N;S; ié,

Na;uré. Lond. 199. 380-381 (1963).

926-938 (1961)a

Biol. Chem. 239, 871~983 (196&)

. Gilvarg, Ct . Biol. Cham. 237, u82-u8H (1962). e

Biochem. Pharmacol. ll.

Biochim..at BiophyéZ'Acté ggé



'lﬁﬁ;"
17.

19,

20,

21,
22, .

23,

2y,
25,

25..1;’

27
. " 28, .

C g,

- 30;;: 3
32,

- .‘, 33;'_;.‘_

,Hoberman. H. D‘: J. Biol.vChem. 232 9-16 (1958).

”iBiophys. Acta. 73 ulu~u26 (1963).

164171 (1962).

?.uaboratory Report UbRL-lOSS? (1962).
ff;;ala-azv (1963)s .-

Noses, Vi J. gen. Microbiol. 20. 18“—196 (1959). ;'
;Moses, V.. Julxa J. Chang, and K. K._Lonberg-ﬂolmz Intern.vCongr.iilt

:'Blochem., Abstrs. of Lommuns, Sth Congr.’ New York U S A, Ix-59 (lBGQ). -

'tPette, D., and W. Luha Biochem. Biophya. Res. Communs. 8, :

'?{7293~287 (1952).

LIRSS A o

BRSNS .

Kaplan, N. 0.: Bact. Revs. 21, 155 169 (1963)-

S ’ R

»Karasaevitch, Y., and H.,de Robichon-Szulmajster. Biochih.“et': 1Fl’.; .

:,Kearney. P. Cas and N. E. Tolbert' Arch. Biochem. Blopbys. 98; _ q;’ffﬁl‘“"

.v) -
i

Lo e

fKimura. T.; and T. P. Singer. Natﬁfé, Lond.‘lau,;791~793 (lgsg)yw

'*Kipnis, D. M., E. Rglss. and E. Helmrelch:' Biochim. et Biophys.
" Acta 51, 519-524 (1961). e | '
. Lonberg-ﬂolm, K. Kt University of Californla ngrence Radlatlon ;b

o . + . /
; McCarthy, B. J., and R. Je Brittenz Biophys. J. 2, 35-u7 (1962). -

‘:MacLennan, D. H.. H. Beevers, and, J. L. Harley: ‘Biochem. J. gg,

Monod, J., J.-P. Changeux, and F. Jacop; J,f&oi.’siql. 6y 306-329 i

(1963).

- ,1_,‘

Moses, V.. 0. Holm»ﬁansen, J. Ay Bassham,and M. Calvin: J. mol. Biol.‘;,fv“‘ﬁﬂ

L, 2029 (Q959)s ¢ . . P .

_ Moses; Vu, O. Holm-Hansen,and M, Calvini J. Bact. 77, 70-78 (1959). e
Pette.:D:. ﬁ, Luh.,an& T. Bagheﬁz Biochéﬁ. Biéphys;.Reé} Cémmuné. ' .:1:; )
"3, ulo-uze (1862))" o _;"l ff2' I .'“‘  B o
r Pette, D., M., Klingenberg, and T, Bucher: Biochem, Biophys. Rea.3 :;g? ’
. Communs. 7, 425-429 (1962). | | g il E

i

<Pontecovvo. G.s Proo. qu. Soc. 1593 1-23 (1953)5; ,‘~



(]

L 2

4.

35,

36.

37.

- 38.

39.

40,

41,

42,
T 43,

Ty,

" R. J. Brittens 'Studies of Biosynthesis in Escherichigd coli,

Tk

Roberts, R, B, P, H. Abéiaon; D, S.‘Cowié, E.;T. Bolton, and

2

Washington, D.C.: Carnegie Institution of Washington Publication
607, 1985,

Robichoﬁszulmajstér, H. de, and D, Cofﬁivauﬁn Biochim. et Biophys,
Acta 73, 248-256 (1963). |

R

Rothstein, A,, D. H. Jennings, C. Demis, and M. Bruce: Biochem, Je

7%, 99-106 (1359).
" Schapira, Gs, J.-C. Dreyfus, J. Kruh, D. Labie, and P, Padieu:

" Proc. 2nd U.Ns Intern. Conf, on Peaceful Uses of Atomic Energy o

v\

25, 21-24 £1958),
Shaw, W, N., and W, C. Stadie: J, biol, Chem. 227, 155-134 (1357).

Shaw, W, Ne, and W, C. Stadie: J, biol, Chem. 234, 2451-2496 (1958),

" Smith, D.C., J. A, Bassham, and M. Kirkt Bibchim.cet Biophys. Acta

%

48, 299-313 (1861).

‘Stadtman, E. R.t Bact. Revs, 27, 170-181 (1963).

Stier, T.J.B,, and J. N, Stannard: J. gen, Physiol, 19,
479-ug4 (1936). | |

Sutton, D. D.y and J, O, Lampen: Biochim, et Biophys. Acta 56, .
303-312 (1962).

¥

Wilkes, G. B., and E, T, Palmer:, J. gen. Physiol. 16, 233-242 (1932),



* This report was prepared as an account of Government
\ sponsored work. Neither the United States, nor the Com-
i mission, nor any person acting on behalf of the Commission:
A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or
B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.
As used in the above, '"person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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