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ABSTRACT .-

The mechanisms by which mammalian cells degrade intracellular
proteins ﬁavé.been investigated. Rndioactively lahelled.protginsiof rat o
: hepdcoma cissne-culturdvceals were incubated in cell-free systems dn an
.gctenpt to‘identify thd degrnd;ég:ﬁrocdsses. Aitpqugh proteins in intact
_cells'are degraded to ;heif cohltitqent amino acidd, little acid~soluble -
| ndterial vas produced from thc.labelicd proteins at neutral pH, even in
cell homogenates which contained 111 the cellular components.

Dihydrcfalnte reductase from a subline of the L1210 lynphoma was
radiosctively labelled and dsed as a model pfo:ein so that changesvdd-a
single protein couid.be inv:stigated.‘ The enzynd was inactivated dﬁring
;incubaqish with hombge;aces of the same cell line."Lictle‘inactivdtion
vas produced by ﬁﬁe 100,000 x g sﬁperuatanc while;inactivation was'rapid

during incubation with the 27,000 x g pellet vhich contains mitochondria, —

. ;,f-'
, 1§souomes and microsomes, or with the 100,000 x g pellet which contdined %ﬁ\x

microsomes.

Columm chtonatography on Sepharose 2B shoued that inactivation of/
dihydrofolate reduc:ase was accompanied by its incorporation into materii
of high nolgcular weight. Since inactive enzyme was recovered in several
fractions of'ﬁhe column eluatd corresponding to ihe elution volume of the
pro:dins of the subcellular membranes, this material probably represented
enzyme which was inactive and bound to these membranes. Greatest binding

occurred with membranes of the microsomal fraction.
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The formation of inactive enzyme of high molecular weight did not

e et

. R

depehd on prior denaturation of the enzyme nor oh'prior protecolytic

\ : . cleavage since no sighificant,prodﬁction of acid-soluble materisl, change

in molecular weight or change in the éharge could be démonatrateé.
Treafnenc of the inactive enzyme with urea resulted in ;gac:iva;ion. again
suggeating'tha: extensive modifiéation of tﬁe enzyme by proteolysis did
not occur, | |

‘Binding of the enzyme to microsomal membranés was not reversed Sy
dflution or by the addition of cofactor and ne;hoﬁréxate.‘ Methotrexate,
n Lnﬁiﬁitor of dihydrofolate feductase, increases :ﬁg levels of the enzyme
the cells of patients with cancer treated ﬁith the-drug, possibly by
staPilichioﬁ againét'degradation. When methotrexate was'preaent during
inchbation of dihydrofolate reductase with the subcellular membrane
fracﬁion inactivationqgnd binding of the -enzyme to microsomal membranes
.;as ?ecreaséd. | . e

Thé suggestion is made that binding to microsomal m#mbrahes could
represent the initial step in the degradation of proteins‘ia intact cells.
Lysospmes contain proteases and are 2 likely sitqléf degradation of intra-
cellular proteins. The failure :o.demonstrate degradaqion in broken cell
preparations could be due to proteins not being able to enter lysosomes.
These organelles are formed from vesicles of the Golgi app?racus. "1t 1is
suggested that by binding to membranes of the microsomal fraction in intact’

cells, intracellular proteins could be incorporated into lysosomes at the

time of their formation.
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1. INTRODUCFION-

The activity of enzymes in cells can be regulated by stimulation or

inhibition of existing protein molecules (Frieden, 1971; Holzer and
.Duntze, 1971) and by changes in the numbe; of.thesa moleculgs (Schimke
$£d Doyle, 1970).% The intracellular proteins of mammalian cells are
being synthesized continuously sc regulation of the é&nthesis of ‘proteins
can control their levels, Proteins are also d_egfaded cont:llnuou;ly and ’
the amouﬂt of protein present can be controlled by ch;ngeslin the rate of
degradation. While rapid advances havé been made in our knowledge of the
mechanism and centrol of protein synthesis; much less is known about the
processes by which protéins are degraded as indicated in recent reviews
(Goldberg and Dice, 1974; Schimke and ﬁucunuma. 1975; Goldberg and
St, John, 1976). o

1.1 CHARAé&ERISTICS OF PROTEIN DEGR&DATION . -' ' . :

.
.I_S

Proteins are degraded coptinuouslylin both dividing and resting
mammalian cells (Eagle et al., 1959;,T;£;k; and Ichihara, 1976). The
rate of degradation of ge;éral cellular proteins has been measgred in
cultured mammélian cells by the release of acid-soluble radioactivity
from proteins pre-labelled with radiocactive amino acids. Such studies
have shown that proteins are degraded at 2-3% an hoﬁr in cultured rat
hepatoma cells (Hershko and Tomkins, 1971; Gelehrter and Emanuel, 1974).
Not all proteins are degraded at the same rate, however. The rate of
degradation of individual proteins can differ greatiy from the average.

In rat liver, for example, the average half life of proteins is 212 -~ 3

days (Schimke, 1964). The half-life of ormnithine decarboxylase in this

L
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tissue is 11 min (Russell and Snyder, 1969), while that of isozyme 5 of
lactate dehydrogenase 1s 16 days (Fritz et al., 1969).

The rate at which proteins. are degraded can be altered b;anrious
physiglogical changes, During ;tarvation the rate of degradafion of
liver and muscle proteins increasés (Hillward;x1979). The rate of
degradation is influenced.by hormones such as giucagon which stimulates
protein degradation in perfused.rat iiver {(Woodside et al,, 1974) and by
insulin whiéh inhibits protein degradation iﬁiisolated rat diaphragm
(Fulks et al.;: 1975), perfused rat heart (Rannels et al., 1975) and in
perfused liver (H;ndon and: Mortimore, 1967). ﬁutritionallfactora can
also alter the rate df'prqtein degradation 4{n wivo. Inhibition of
degradation by amino acids has been demonstrated in perfused rat liver-
(Woodside and Mortimore, 1972) and in isolated rat diaphragm (Fulks et al.,
1975)'and gimilar results have eén obtained in tissue culture systems,
Hershko and Tomkins (1971) havk shown that removal of serum and amino
acids ‘from the médium-markedly creased the rate of degrad§tion of HTC
cell praﬁeins. Removal of thes nutriénts also increased degradation in
Reuber H35 cells while the addipion of insulin prevented this increased
rate of degradation (Gunn et dl., '1976).

Hﬁile a physiological change maf have an effect on the average
rate of degradation of the proteins of a tissue, it.does not always
produce the same effect on all of the proéeins. For example, du?ing
starvation the rate of degradation of rat liver proteins increases
(Millward, 1970) but the rate of degradation of arginase decreases

(Schimke, 1964).



1.2. DETERMINATION OF THE RATE OF DEGRADATION BY PROPERTIES CF THE
PROTEIN SUBSTRATE | j
w Whaiever the mechanisw for degrading intracel}ulér proteins, it
has to-explain why different proteins are degraded at different ratesl
It also has to exp}ain how the rate of degradétisn of 1nd£}idua}‘broteins
‘can be -independently altered by changing physiological conditioems. |
One factor which appears to be important in determining the rate
of degradation of a protein is the gtructure of the proteiﬁiitself.
Evidence for this comes from sﬁudies on the degradation of abnormal
Proteins. Work with bacteria has shown that abnormal prﬁteins resulting
from errorsduring translation or synthesized after exposure to.puromycin
or amino acid analogues, are degraded more rapidly than normal proteins
‘.‘\(Goldberg, 1972), Similar results have been obtained usiﬁ; mammal#gﬁ
cells, Knowles et al., (19755 showed that in Reuber H35 hepatoma.cells
phosphoenclpyruvate carboxykinase (guanosine'triphosphate) synthesized
in the presence of medium which céntained canavine instead of arginine or
5-fluorotryptophan or 6-fluorotryptophan instead of tryptophan was
degraded more rapidly, 4in wivo, than enzyme which was synthesized in the
presence of the normal amino acids. Similarly, exposure of human
fibroblasts to canavine resulted in an increased rate of degradation of
those proteins which were synthesized in the presence of canavine but
not of those proteins synthesized in the absence of canavine (Bradley et

al., 1976). Rabinoviti and Fisher (1964) have shown that reticulocytes

rapidly degrade the haemoglobinm which is synthesized in the presence of



analoéues of valine or ifmine. There 18 also evidence that proteins
synthesized in the presence of mutations are also degraded more Tapidly
than normal proteins. Haemoglobin Spbine, in which a leycine rqsidﬁe is
substituted by proline, and hagnoglobin.hnn Arbor, in which a leucine
residug is ;eplaced by arginine, both occur in very low concentrations
compared to haemoglobin‘A. These low levels are due to the rapid
&egradation of the abnormal proteinh (Shaeffer,'1973; Adams et al., 1972).
Capecchi et al., (1974) have shown that L cells degrade several missense
mutant enzymes of hypoxanthine-guanine phosphoryl transferae more rapidly
than the wild type enzyme. The rate o( degradaticn of ‘general proteins
in all the mutants was the same. - ”;) . -

| memamtMtwmmdpmmmsueuyﬁdmuemmﬂy
could be tﬁa: these proteins have an altefeq"conforﬁation as a result of
.the ch;nge intheir primary sequence. Observations of the effects of
ligands on the rate of degradation of proteins provide evidence that the
conformation of a protein is indeed an importamnt factor in determining °
its rate of degradation.

The conformation of a protein is highly flexible {(Englander

et al., 1972) and can be altered'by interaction with Eigands (fankeelov
and K;shland, 1965; Ludwig et al., 1967 and Citri, 1973). Such inter-
actions have been shown to protect protein molgcules from proteolysis,
presumably by stabilizing the prqteins in conformations in which
susceptible bonds are not accessible to the degrading enzymes (Markus,
1965; 0'Connell, 1269 and Taniuchi and Anfinsen, 1969).

Interactions of proteins with ligands may be importanmt in
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stabilizing proteins against degradation in intact cells. When tryptophan

is fed to rats, the rate of deﬁradatign of tr&ptophaq-pytrolgse in rat

N 8

~.

liver decreases (Schimke et al., 1965). Since tryptophan prevents

digestion of the enzyme by trypsin and chymotrypsin in vitho, {ts éffects

A vivo could be due to stabilization of tryptophan pyrrolase, Administration
of thymidine to rats results in iﬁcreased lgvels oflthymidyla:e kinase in
rat liver and kidney (Hiatt and Bojarski, .1960). It is likely that this
results from stabilization of the enzyme against degradation since the
enzyme is stabilized by thymidine in hompgenates of rat liver (Bojarski

and Hiatt, 1960). | |

iﬁteractions of proteins yith other factors may also determine
their rate of degradation. Dunqway and Segal (1974, 1976) have described
a peptide which specifically stabilized an isozyme of phosphofructokinase
against themal inactivation and against proteolysis by lysosomal enzymes,.
When ﬁhe d;etary intake of rats was decreased and then glucose administered,
the levels of the peptide in rat liver increased. These fﬁcreé;;d levels
were demonstrated befo;g a corresponding increase in the levels of the
isozyme of phosphdf;uctokinase occurred (Dunaway and Segal, 1976).

Other factors which may be fnvolved in determining the rate of
degradation of proteins inclgde their molecular weight and the iscelectric
point. Larger proteins are degraded more rapidli thanrsmaller ones
(Dehlinger énd Schimke, 1970; Dice et al., 1973; Aplers, 1973; Gurd and
Evans, 1973) and acidic proteins more rapidly than neuc;al or basic ones

(Dice and Goldﬁerg, 1975a). Since exceptions to both of these correlations

have been demonstrated (Dice and Goldberg, 1975; Dice and Goldberg, 1975a).
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the size and charge ofproteins coulé be involved 1n deternining.the
rate of degradation in’ an 1ndirect way, for example, by affecting the
conformatiomn of ﬁ protein (Goldberg and St. John, 1976).

| The way in which properties of a protein determfne its rate of
dggradation is not knoewn. Conceivably the rate could depend on the
susceptibility of a particular protein conférmation to the degrading
'system. The conformation of individual proteins could be altered by
changing levels of substrates, cofactors 6} specific factors such as
that described by Dunaway and Segal (];974, '1976). There is little -
information on this possibilicy since the nature of the degrading system

is nbt known. Possible systems are considered in the followingksectiqns.

/



1.3 NATURE OF THE DECRADING SYSTEM

-1.3.1. Lysosomes

Mammalian cells contain lysost;mes which are membrane bound |
structures containing many hydrolytic enzyﬁes (deDuve a;dlwattiaux, 1966).
These include a carboxypeptidase, cathepsin A; endopeptidzses, cathepsin
‘B, cathepsin D and a dipetidyl aminopeptidase, cathepsin C.

‘The following scheme (Holzmann, 1976) illustrates the mechanism

by which lysosomes are forqedf

-
e .:.
o /
- \ . 57 ! % Golg: apparatus
Ribosomes __//—"’-

Mitachondrion

Endoplasmic ;o -
I : - ydrolgsss ;
retlculum \\ / .
Preexisting secondary Residual body T Primary lysosome
lyS?sOﬂ"l /
T
\ .

Pinacytic
digestian
) ) vacucle
‘Autophagic vacuole Phagocytic {secondary
{secondary lysosome) digestion vacuale 'yso0some}

Lsecondary lysasome)

Endeplasmic \
reticulum {?)

i Lysosomal enzymes are synthesized in the rough endoplasmic
reticulum and are transported to the Golgi apparatus for packaging

l
(deDuve and Wattiaux, 1966; Goldstone et al., 1973). Primary lysosomes
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are formed by budding off of vesicles from the Golgi apparatus,(ﬂolzﬁann,

‘1976). Ljsosomes‘are known to be involved in the digestion of foreign

material which enters cells by_phagocytoﬁis.or bj pinocytosis. Such
haterial is contained in vacucles which fuse with the primary lysosoﬁih
to form secondary lysosomeé (Holzmann, 1976). In addition, portions of .
the cytoplasm, often containing recﬁgnizable cellular structures such as
Qitochondria; becomé.surfaénded by membranes to form sutophagic vacoules.
These §acoules also fbaguu;th primary lysoscomes to form secondary
lysosomes (Holzmann, 1976).i{ e

The use of.radiocactively labelled molecules has shown that
materfal which gains access to lysosomes by pinocytosis is digested

ingide these organelles. When ribonuclease lébelled_with [125

1) was
injec;ed into mice, label was rapidly lost from the blood and accumulated.
in kidney cells. Subsequently a loss of radioactivity from the kidney
occurred (Davidson et al., 1971). Studieq on cell-free systems showed

that the radioactive protein was associated with the lysosomal fraction.

When the lysosomes were incubated .Ut wifn0, production of acid-soluble

material from the [1251]-labe11ed ribonuclease was demonstrated {Davidson,

1973; Davidson, 1975a).

In similar experiments [13111-18belled albymin ﬁas injected into
rata. The radicactive protein accumulated in lysosomes 6f rat liver and
production of acid-soluble material could be demomstrated during {n uwiiro
incubation of isolated lysosomes (Mego, 1973).

-

a) Evidence that lysosomes are involved in the degradatiom- of

?

Intracellular proteins




o~ Sinée lysosomes contain proteéases and are known to degrade
foreign proteins, :héy are a likely site of degradation of intracellular
'proteins (deDuve and Wattiaﬁx, 1966; Holzmann, 1976; Schimke and Dpyle;
1970). Some evidence that iyso@qmes are involved in protein degradation
has come from tﬁ;\hsemqf various inhibitors., Wibo and Poole (1974) have
treated cultured rat fibroblasts with chloroquine. This drug is Eaken
up by the cells and accumulates within lysosomes (Wibo aﬁd Poole, 1974;
d;Duve et al,, 1974). Tregtment with chloroquine resulted in an
inhibition of protein dééfadation poassibly as a result of the inhibition
of cathepsin Bl by chloroquine (Wibo and Poole, 1974). Similar results
have beep obtained‘using pepstatin, a pentapeptide which inhibits cathepsin
D (Barfett and Dingle, 1972) but does not affect any ;:her known protease
of rat liver (Dean, 1975b). This drug inhibits the degrédatian of
cytoplasmic proteins by lyscsomal proteases in witro (Dean, 1976)T' Since
pepstatin does ﬁot;cross cell membranes, effects on protein degradation
in intact cells were not demonstrated until recently whgn Dean (1975b)
perfused rat liver with medium Eontaining pepstatin incorporated into
lipid vesicles.; Such vegicleé can cross cell memhrané; and molecules
incorporated igto them a;; accumulated inside lysosomes (Grepgoriadis
and Ryman, 1972; Gregoriadis, 1974; Gregoriadis eF al., 1974; Weissman
et al., 1975). Dean showed that while pepstatin alone or lipid
vesicles alone had no effect on the rate of degradation of the proteins
of rat liver, perfusion with medium containing pepstatin incorporated

in vesicles resulted in a decreased rate of protein degradation.

Other circumstantial evidence that lyscosomes may be involved in
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the degradation of intracellular proteins comes from observations of

o

lysosomes and their enzymes under conditiong in which the rate of
protein degradation is altered. Denervation leads ﬁo a; increagsed rate
of protein &egradation (doldberg; 1965) and an increased amount of
lysosomal enzymes (Wienstock and Iodice, 1969).‘ In muscular dystrophy
the levels of lyhosbyal protéases are markedly increased (Wienstock and
Iodice, 1969; Kar and Pe;rson, 1972). During pe‘r_ftision of rat liver
with an unsupplemented medium, protein degradation is stimulaﬁed while
lysosomes become larger and more fragile (Mortimore and Neely, 1975). )
If insulin, amino acids or cycloheximide is added, there is a
corresponding'decréase in the rate_of protein degradation and in the-
gize and fragility of thg lysosomes (Neely et al., }974; Mortimore and
Neely, 1975). - A
Studies on the degradatioﬁ of cytoplasmic proteins {n witro
confirm that lysosomal proteases can hydrolyze these proteins. Hayashi
et al., (1973) showed significant degréﬂation of the proteins of rat
liver during incubation with lysosomes. Their 1ncubafions were performed
below pH 5.0, the optimum pH for lysosomal proteases, and under
conditions in which the lysosomes were largely disrupted (Huisman‘et al.,
1974). Dean (1975) and Segal et al., (1974) have used lysosomes from
rat liver at acidic pH's and in the presence of Triton X-100, a detergent
which disrupts lysosomal nnnbrénes. They have shown that soluble
proteins of rat liver are ;apidly degraded under these conditions. They
libelled the proteins by the dual-isotope method of Arias et al., (1969).

This methed involves exposing the cells to an amino-acid such as [léc]_
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leucine for h period of time. The isotope is then removed and the cells
are exposed for‘a shorter period of éime to the same amino-acid
labelled with [BH].; In this way intracellular ﬁroteins aré iabelled
.uith both [1401 and [BH].and have [BHIIAC] fatioa wh%ch diffe; depending
on the rate of degradation of the proteiﬂs. Those protéins which are
rapidly degraded have a higher raqio than do those proteins which are
degraded more slowly. Usiné protéins labelled in this way, tﬁéy showed
. -
that liver proteins with short half-ltves {in wvo were degraded more
rapidl& by the lysosomal enzymes than were those proteins with longer
half-lives in wivo. Although these results confirm that lysosomal
enzynes can degrade intracellular proteins if they come into contact
with them at a suitable pH, they dolnot prove that these are the enzymes
which are responsible for degradation in intact cells. Similar

correlations between the rate of degradation {1 w{vo and the rate of
p;oteolysis by a variety of different proteases have been shown. Dice
et al., (1973) 1abelle§ proteins of rat liver by ﬁhe dual-isotope
method (Arias et al., 1969) in such a way that those proteins which
_were rapidly degraded in vivo had a high 3HIMC ratio., The acid-
soluble material produced during incubation of these proteins with
trypsin or pro;ase, in vitno, had a high ratio of 3H/l.(‘C indicating
that those proteins which were rapidly degraded 4{n uwivo were also
rapidly degraded by these non-lysosomal proteases. Bond (1971) has
measured the rate of degradation of five enzymes of rat liver by

trypsin and chymotrypsin and has shown that the rate of degfadatiop by

these proteases correlates with the rate of degradation of the five
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enzymes {n vivo, .

.

More convincing evidencé fhét lysoaomes\are 1nvol§gd in degrading
intracellular proteins woul# be the.demonstrétion‘tﬂﬁt intracellular
proteins were dggraded by intact lysosomes, {n vitio, at neutfal pH.
Hayashi et al., (1973) could show no production of acid-soluble

material from proteins of rat liver during fincubation with lysosomea'¥

of rat liver at this pH, nor could Huisman et al., (1973) show

degradation of serum albumin by lysosomes of rat liver.

b) Access of intracellular proteins to 1ysosomallproteases

b If lysosomes are invelved in the degradation of intracellular

proteins, intracellular proteins must either enter lysosomes or
L

lysosomal proteins must leak from these organelles.

-

i) Entry of substrate into lysosomes

If proteins are degraded inside lysosomes, a method for entry

into these organelles must exist. As already.discussed (1.2} the

- structure of proteins appears to be important in determining their

susceptiﬁility to the degrading system. IF is difficult to explain why

this is so on the basis of degradation of protein# inside lysoéomes.
Intracellular l;fo:eins can be incotporatg.d into lysosomes as

a result of formation of autophaglic vacuoles (deDuve and Wattiaux, 1966;

Deter, 1971; Buckley,-1973; Lockshin and Beaulaton, 1974). 1f formation

of such vacuoles simply involves the uptake of a section of cytoplasm,

then there would presumably be no selective uptake of individual

proteins.
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Various models have been proposed to explain how lysosomes

- could degrade proteins in a selective manner, Segal et al., (1974)

'suggest that proteins enter lysosomes ﬁy a procéss such as autophagy

which is non-specific and that the rate limiti;g step is the susceptibility
of the protein to degradation by lysosomal proteases. This model

4

requires that proteins which are more resistant to these enzy

leave the lysosomes (Segal zt al., 1965; Segal and Dunaway, 1975)

pointed out by Behlim Schimke (1970) this model could explain how
proteins of lowér molecﬁlar weight are degraded less rapidly thén thoée '
of higher molecular weight, 1f tﬁe smaller proteins are able to pass out
of lysésopes more readily than larger proteins. The evidence for this
hypothesis is based on the observation that the rate of degradation of -
soluble proteins by lysosomal prbteasés Ain vitno correlates with the
rate of degradation in wivo (Segal et al., 1974). As mentioned
previously (1.3.1),‘this_doeq not provide proof that lysosomal -nLymes
are responsiﬁle for theaﬁegradation in intact cells since similar
correlations have been shqwn.wich~othﬁf'ﬁaﬁ;iyéosoﬁﬁl proteases (Bond,
1971; Dice et.al., 1973). There 18 no evidence that proteins can
escape undigested from lysosoméé (Gordon, 1973).

deDuve and Wattiaux (1966) have suggested that autophagic
vesicles could sélectively engulf altered proteins. They suggest that
denaturation of proteins could be the first step in degradation and that
denatured proteins either induce autophagy or are transported to a region
of the cell where autophagy o;curs. Evi&enceﬁchat selective modification
of proteins may occur prior to their total hydrolysis is presented later

(1.3.2.).
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Another mode]iiswoﬁe in which proteins enter lysoscmes by a
process of pinocytosis (Poole, 1975; ﬁean, 1975a). ;}inocytosis is the
procesé by which cells ingest molecules which are first adsorbed onto
the:celL membrane. They are incorporated into tﬁe éeil‘when the
membrane folds inwards forming a vesicle which is pinched off. This
process is a highly specific.one. When cells are exposed to a mixture
of proteins, the proteins enter at' very different rates, pt;sumably as
a result pf their differing affinities for receptors on the plasma
membrane (Jacques, 1969; Williams et al., 1975). Pooie (1975) suggests
that intracellular proteins could enter lysosomes by an analogous process;
He ﬁfcposes that proteins bind to lysoscmal membranes to different degrees
and become incorporated into these organelles following invagination-of
the 1yso§omal membrane. In in tuf)to experiments, Dean (1975a) has
shown that proteins become adsorbed to the membranes ofla lysosomal
preparation and that there is a correlation between the degree of binding
and the rate of-degtadation of the protein in intact cells. There is
little evidence, however, that extensive pinocytosis of lysosomal
wembranes occurs. (ne report éhows that ferritinm incorﬁorated into the
cytoplasm of macroﬁhages following ingestion of erythrocytes is removed
from the éytoplasm and incorporated into lysosomes by a process which
might involve pinocytosis of lyscsomal membranes. Electron microscope
studies suggest that while some ferritin becomes incorporated into
autophagic vacuoles, other molecules enter lysosomes directly in vesicles

which are formed by invagination of lysosomal membranes (Fedorko et al.,
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1973). Another study (Buckley, 1973) has shown by light microscopy

that lysosomes are continually putting out extensions. Buckley suggesté
that these extensions coﬁld be involved in the formation of autophagic
vacuoles. lf this were so, proteins;sélectiﬁgly bound to the lysosomal
membranes would be selectively iﬁcorporaﬁed. The general occurrence of

this lysosomal movement and its role in the formation of autophagic

vacuoles, - however, are not known.

: 5
ii) Leakage of lysosomal proteases

Lysosomal proteases have pH optima in the acidic range (Barrett,

1972). The pH inside lysosomes has genergllﬁ been assumed to be acidic
{deDuve and Wattiaux; 1966). Some_evidence that this is so has been -
obtained from the‘observation that weakly basic des aécuqulate inside

" lysosomes (deDuve, 1969).. If ﬁt is assumed thai these dyes.cﬁpss'
membrane; only in the uncharged form, accumulation would be e*plained

by protonation‘inside the acidic organelles (Reijengoud ang Téger, 1973).
Further evidence that the pH is acidic comes from the use of yeast which
was stalned with 1ﬁdicators. After pﬂagocytosis by human polyworpho—
nuclear neutrophils, this material was incorporated into lysosomes where
the acidie pH—ZSBld be dememstrated R{ observation of the dye by light
micrOSEOpy (Mandell, 1970). If intraégllular proteins are degraded
inside lysosomes, therefore, the environment will be at a suitable pH
for digestion to proceed. If intracellular proteins are degraded ¥
outside lysosomes, however, the proteases must be active at neutral

pH. Neutral proteases of lysosomal origin have been reported in some

tissues including rabbit polymorphonuclear leucocytes (Davies et al.,

(13
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1971), human leukocytes-(Oranéky eﬁ al,, 1973).and'hﬁman spleen (Starkey
and Barrett, 1976). At present there is no evidenge chat‘these proteases
occur in lysosomes from all cell types.

Degradation in the cﬁtoplasm could also be produced by leaked
lysosomal proteases which are optimally active at acidic pH's but which
havé some activity at neutrai pH, Under some conditions in whicg the
fate of degradation is altered, changes in the fragility of 1ysasoﬁes
can be demonstrated. During perfusion of rat liver, large lysosomeé are
formed which are more sensitive to osmﬁtic disruption in vitho than are °
control lysosomes. This change is accompanied by an increased'rate of
protéin degradation.(ﬂeely et al., 1974; Mortimore and Neely, 1975).
Perfusion of ;solated rat hearts results in an. increased rate of protein
degradation and a&\}ncrease in 1ysgsamal enzymes in the soluble fraction
(Rannels et al., 1975). The lncrease in free

after homogenization

levels of enzyme uastE?t accompanied by ait increase in the total amount

S

-

of lysosomal enzymes. Addition of insulin to the perfusion media
decreased the rate ?f protein degradaFion and also decreased the amount
of,free, but.not total, lysosomal enzymes (Rannels et al., 1975).
Although indicating_th;E leakage of lysosomal prdteases could be
involved in, the de&fadation of proteins, fhe increased f;agility of
lysosomes has not been demcns:ra;ed in uwivo. Some lysosomes are always
broken during homogenization of cells (Holzmanﬂ, 1976) so it is possible
that perfusion of rat liver and heart prodﬁces changes in the-lysosomes,
such as the increased size (Mortimore and Neely, 1975), which make them

+
more susceptible to rupture during homogenlization. This interpfetatton



is supported by findings on the effect of vitamin A on lysosomes.
Vitamin A stimulates the release of lysosomal enzymes during incpbatioq-
of lysosomes in vitro (Dingle, 1961; Roels, 1969). It has been
sﬁggested that it also decreases the stability of iysosomes in intact

cells since administration of excess vitamin A to rats causes an

increased amount of free lysosomal enzymes in homogenates of rat liver
(Dingle et al., 1966; Sudhakaran and Kurup, 1974). It has recently

R .
_been shown by Kim et al., (1976) that although treatment of rats with

» -

vitamin A resulted in increased lysosomal enzymes in the soluble
fraction of homogenized' liver, the rate of degradation of the proteins

of rat liver was unaltered by treatment with vitamin A. Leakﬁge of

, ~ ) .
the lysosomal proteins in vitamin A treated livers could, therefore,

occur only ‘during homogenization or, if cathepsins do leak from lysosomes

in intact cells, they probably do not contribute to the degradation of .

-

proteins.

1.3.2. Extralysosomal proteases

Several nonlyso;omal proteases have been described. Katunuma's grOup‘ 
has described éroup-specific proteases, in liver, skeletal muscle and
small intestine of rats. They have described one enzyme'yhich
specifically inactivates pyridoxal—pbosphate dependent enzymes, another,
nicotine adenine dinucleotide dependent enzymes and a third, flavin -
adenine nucleotide dependent enzymes (Katanuma et al., 1971; Katunuma et
al., 1971a; Kominami et al., 1972; Katunuma et al., 1972; Katunuma et al.,

1973; Katunuma, 1973). Unlike lysosomal proteases, these enzymes are

»
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optimally active at neutral pH. They do not degrade profeins to tﬁeir
constituent amino acids. - The enzyme ﬁh;éh inéctivaﬁes pyridoxal phosphate
dependent enzymes inactivacgs.ornithine transamdnase without proéucing

any detectable change in the molecular yeight of the protein moleculg.

The release of ninhydrin positive material from the molecule was very
small suggestiqg that iﬁacti?ation resulted5f;om very limited proteolysis
(Katunﬁma, 1975; Kominamf et al., 1975). 1t was shown that after
inadtivation the H-terminal amino acid of omithine transaminase was
altered, indic#eing that thé group-specific protease had cleaved the
protein close to the N-terminal end (Kominami.et al., 1975).

Katunuma's group suggests two ways inwhich these épedific
pfoteases may be involved in the regulation of the degradation of
intraceilular p}oteins.'lFirst, they suggest that thé level of an
individual enzyme could be altered by changes in the activity or amouﬁt
of the group specific protease which inactivates it. fhey have described

inhibitors of these enzymes, the levels of which change under various:

physiological conditions (Katunuma et al., 1972)}. They also report that

-
s i

the levels’af,zﬂe proteases themselves change under different conditions
(Katunuma et al., 1971; Katunuma et al., 1971a; Katuﬁuma et al., 1972;
Katunuma et al., 1973; Katuﬂuma, 1973; Banno et al., 1975).

| Secondly, they have'shown th;t inactivation of enzymes by the
group specific proteasés is prevenfed by the presence of the appropriate
cofactor (Katunuma et al., 1971; Katunuma et al, 1971a; Kominami et al.,
1972) . They suggest that an important factor determining the rate oé

degradation of an intracellular protein is the availability of cofactors,
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substrates or other ligands wﬂich’protectithe enzyme against inactivation
by the group specific proteases. Their m%del proposes that the rate
limiting step in the degradation of a protein is the imitial alferation
by these proteases and that once altered, the proteiﬂ is degraded to its
component amipo.acids by.other_non_specific enzymes, perhaps lysosomal
in origin (Katunuma et al., 1972; Katunuma, 1973; Katunuma, 1975).
Although Katunuma's group has afgued thé£ these group specific
proteases are not ly;osomal enzymes, they have recently shown that the
enzyme speéificrfor pyridoxal phospha:e dependenf enzymes occurs ;q
mitochondria rather than in the soluble fraction pf the cell (Kominami
ét al., 1975; Katunuma et al., 1975). ?hefe 18 therefore still no
evidence. that these enzymes exist for the alteration of cytosblic proteins.
Reléted to the model of Katunuﬁa in which alteration. of proteins
outside the lysosomes is the initial step in degradation is the
-su;gestion.that spontaneous denaturation of a protein is the rate limiting
step (L1 and Knox, 1972; Ballard et al., 1974). Such a mechanism wou;d
explain how the conformation qf a protein, as determined by its size,
charge, primary sequence and availability of'ligands.’could determine
its rate of degradation. In E. coli there is evidence that denaturation
may indeed be an early step in the degradation of abnormal proteins.
. These rapidly degraded proteins accumulateiin insoluble aggregates before
being hydrolyzed to their constitqent amino acids {Prouty et al., 1975).
In mammalian cells, however, evidence for this mechanism is limited.

L1 and Knox (1972) have shown that the catalytic activity of tryptophan

oxygenase and the immunological activity was lost from soluble fractions
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of rat liver during 4in uilno incubation. They suggest that this

represented spontaneous denaturation of the enzyme although they did

not eliminaté the possibility that the enzyme was altered by a soluble

o
enzyme. Ballard et al., (1974) have shown that phosphobfolpyruvate

carboxykinase (guamosine triphosphate) was lost from the soluble

fractions of rat liver homogeﬁates, without detectable proteolysis of

.the enzyme. They suggest that the loss of solubility resulted from

denaturation. Although they have since reported that the enzyme
becomes bound to microsomal membranes wnder these conditions (Ballard
and Hopgood, 1976) they still argue that denaturation of the eﬁzyma

probably occurred first.

1.3.3. Multiple mechanisms

There is evidencé chaf more than one mechanism may be involved
in the degradation of intracellular proteins.

Hershko and Tomkins (1971) showed that,protein degradation was -
increased in HIC cells in culture by removing amino acids bt serum from
the medium, The increased rate of degradation was decreased by inhibitors
of protein synthesis while. the rate in control cells was unaffected. Similar
results were obtained in cultured Reuber H35 cells (Gunn et al., 1976).
Poole and Wibo (1973), studying the rate of degradation of proteins
labelled by the ‘dual-isotope method (Arias et al., 1969), showed that
iodoacetic acid, fluoride and chloroquine decreased the rate of protein
degradation in rat fibroblasts in culture. The rate of degradation of

proteins of both long and short half-lives was inhibited to, the same



21

extent.. The addition of fresh medium to the cells also reduced the rateqw
of degradation of tﬁose proteins with long‘half-lives, but had no effect
on the rate of degradation of those proteins witﬁ shorter half-lives,

Poole (1975)‘suggests that inhibition of the degradation of
-proteing with both long and short half-lives by three differgnt inhibitors
(Poole and'Hibb, 1973), indicates that all . proteins have some degradative
steps in com#on. Since the degradation of some proteins but not of
otherg was q;créésed by the addition of fresh medium, he proposes that
some of the|steps in degradation are different for diffgrent proteins.
Holzmann (1976) suggests that all protei;s may be deg;aded inside
1y-sosomes Jhile differences may exigt in the mechanism by which they enter
the lysoso;es.

Knowles and Ballard (1976), on the other hand, éuggest that
protein d%§radation occurs by two different mechanisms, one ofiyhich is
the formation of autophagi; vacuoles and incorporation into lysosomes.

The other mechanism may involve degradation of proteins outside of

lysosomes. '
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1.4. RATIONALE AND EXPERIMENTAL DESIGN ‘ “

It is aﬁparent that although there have been varioﬁg models put
forward for the mechanisms of protein degradation; there is little EVigence
favouring one over the other (1.3.). 4

f1y56§;ﬁés appear to be a likely site of degradation of intra-
cellular proteins, mainly because they cont;in the necessary proteases.
Whether or not the specifity of protein degrada;ion is exerted at the -
level of the lysosomes or whether there is an initial process such as
Qenaturation.or alteration by enzymes such as those described by Katunuma
is not-known. Alternatively proteins may be degraded to their amino acids
by unknown non-lysosomal enzymes;

In an atteqpt”to elucidate Fhe processes involvediin degradation,
1 have used cell-free preparations of mammalian cells and/measured the
productioﬁ of acid-soluble material from radicactively labelled proteins
in various cellular fractions. Since the initial step in degradation may
involve limited cleavage of proteins (1.3.2.}, polyacrylamide-SDS gel
electrophoresis was used to see whether any changes In the molecular
welght of proteins could be detected. In some experiments radioactively
labelled proteins of HIC cells were used.

In other experiments a single protein was used so that any changes
which occurred during the cell-free incubations could be more readily
detected. Dihvdrofolate reductase (DHFR) was uséd as a model protein
since purified enzyme could be obtained relatively easily and 1its
degradation appears to be altered by drugs used in the chemotherapy of

cancer. .
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Dihydrofolate reductase is an enzyme which catalyzes the reduction

of dihydrofolate (DHF) to tetrahydrofolate (TH?) by reduced nicotinamide

adenipe dinucleotide phosphate. The reacEiOn 1s represented in the

following equaﬁion:

DHF + NADPH + H' 2 THF + NADP'
The enzyme is important in dividing cells since it maintains the
pool of reduced folate which 1is essential as the donor of carbon units in,

the synthesis of purines and in the formation of thymidylic acid from-
. : :
deoxyuridylic acid (Blakley, 1969).

Dihydrofolate reductase 1s the target enzyme for various folic
acid ahalogues such as methotrexate QTX) which are used in the chemo-
: U

therapy of cancer. The similarity between the normal substrate and the

analogue can be seen in the following structures:-
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As well as inhibiting DHFR, methotrexate increases the total
amount of enzymwe in the cells of patients. Increased enzyme levels are
also produced in cultured cells which are treated with the drug (Bertino
et al., 1963; Hillcoat et al., 1967). Since MIX stabilizes the enzyme
in crude extracfé of cultured cells (Hillc&at et al., 1971), the
increased levels seeniin_intact cells possibly result from decreased

» —

degradatidﬁ of the enzyme.

i, : : :
Inhibition of DHFR is an effective method of treating cancer so

.

it is important to understand the proqesseé involved in regulating levels
of this enzyﬁé in cells. Since the increased levels pr;duced during
treatment with MIX are prébably the result of decreased degradation

it &s especially important to understand the meéhanism by which the
enﬁyme is degraded. In the experiments reported here cell-frece systems
ha&e been used in an attempt to characterize the degrading process.
Inactivation of the enzyme by various cell fractions has been studied.

In addition, the enzyme was radioactively labelled to determine whether
inactivation was accompanied by the production of acid-soluble material,

a change in molecular weight, a change in the charge or a change in the

solubility of the enzyme.



/ 2. MATERIALS AND METHODS

2.1 MATERIALS
2.1.1. Chemicals

. Adenosine-5'-triphosphate, dithiothreitol, MIT, sodium dodecyl-
sulphate, trichlorcacetic acid, nicotinamide adenine dinucleotide phosphate
(reduced form)? phosphoenolpyfuvate, pyruvate kinase, cytochrome ¢, B~ _
glycerophosphate, phenolphthalein glucuronide, Sepharose 2B and- haemoglobin
were purchased from Sigma Chemical Company, Saint Louis, MO, ; bovine.éerum ‘
albumin and folic acid were from Calbiochem, San Diego, CA.; ethylene
diamine tetra—acetate, tris(hydroxymethyl)-amino methane. sodium boro-
hydride, 2 S—diphenyloxazole and 1 4-bis-(5—phenyloxazol 2-y1)benzene
from Fisher Scientific, Fairlawn, N.J.; ammonium sulpha;e {special enzyme
grade) and urea from Schwérz—Mann, division of Becktén, Dickinson and
Comﬁany, O;Engebury, N.Y.; Triton X 100, NCS Tissue Solubilizer and
naphthalene fro; Amersham/Searle, Arlington Heights, IL.; methatrexate
was f;om Lederle products department of Cyanamid of Canada Limited,
Montréal; acrylamide, N,N'-methylene bisacrylamide, riboflavin, N,N,N' N'-
 tetramethylethylenediamine and 2-mercaptoethancl from Eastman Kodak
Company, Rochester, N.Y.; dioxane, scintillation grade, from Mallinckrodt,
.Saint Louis, M0., and ammonium persulphate from the McArthur Chemical
Company, Montreal.

Fetal calf serum, viokase and the ingredients for RPMI 1640 medium

{(without sodium bicarbonate) were purchased from the Grand Island

25
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Bioclogical Company, Grand Island, N.Y.

Dihydrofolate was prepared in tﬁis laboratory by reducing folic

acid with dithionite as described by Blakley (1960).

2;1.2 Radicactive Materials ;
!
‘L-[4,5—3H]—1eucine, specific activicy go curies/mmole, [3',5',9(n)-

—_—

3H] methotrexate, sodium salt, specific activ#:y 523 curies/mmole and
adenosine 5“[Y—32P]tr1phosphate, ammonium salé, spgciéih\activity 15.06
j .
cuties/mmole were obtained from Amersham/Searle. - -_73;
L~[14C(U)];1eucine, 275 miilicurieslmﬁ?le{/:;;i[;ag}\labelled
formaldehyde, 10 millicuries/mmole, were fraé NeJ\Englhpd Nu}léat.

Y .
/\;> )

/ | -
oo
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2.2, METHODS

2.2.1. Growth and Maintenance of llammalian Cells

HTC cells from the rat, originaliy supplied by Dr. G. Tomkins,

were grown in monolayer in 75 cmz plastic flasks (Falcon) in RPUI 1640

”Eedium, supplementcd with iOZ fétal calf serum. Cells were maintained
by subculture of 1 x 105 cells/ml every four days.

Mouse LM cells were obtained from a subline (LM4) of the L1210
lymphoma as &escribed by Hillcear (1971). When isolated th{;féubline had
high slevels of DHFR and was resistant to MTX. The celis were passaged .
every six days iﬁ the ascites form by 1njecti&n of 4 x lﬂg é;lls in 0.2

3

ml of RPMI 1640 medium into the peritoneal cavity of BDFi mice.

A model F Coulter counter was used ro count cells of both lines.

2.2;2. Preparation of Subcellular Fractions of HTC Cells

HTC cells were radigactively labelled by two methods. In some
experiments culture 24 h old were exposed to fresk medium contalining
lycurie, L—[A,S-BH]—leucine/ml, for a'period-of.l h or to medium containing
Sucuries L—[}kc(u)]-leucine/ml, for a period oﬁ 48 h. Cells were harvested
by the addition of 2 ml of 0.25% viokase and incubation at 37°C until the
ce;ls 1ifted from the flasks. They were washed once‘in galine and

. resuspended in 0.1M Tris-HC1l, pH 7.4. After sonication for two periods of

20 sec each, they were centrifuged at 20,000 x g for 15 min and"the
unincorporated radicactive leucine removed from the supermatant on a
column of Sephadex G10 (2.5 x 20 cm), previously equilibrated with 0.1IM
Tris-HCl, pH 7.4. Fractions containing protein were detected by the

absoibance at 280 am, then pooled and stored frozen at -20°C for periods
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of up to three mqnths. In other experiments, proteins from HTC cells
were labelled by exposure of cultures 24 h old to fresh medium containing .
Nucurie L—[4,5—3H]—1eucinelml for a period of 24 h. The mediu; was then
replaced by fresh unlabelled medium for a period-of 1 h. .Cells were
harvested with a rubber éoliceman, washed in saline and suspended in
0.02M Tris—HCll pH 7.4, at a cohcentrégionrof 5 -6x 1061ml. After 10
min at rqom‘temﬁerathre, the cells were homogenized 15-times_in a Dounce
homogenizer fitted with a loése pestle. The homogenate was immediately
brought to b.ZSH'sucrose, 0.021 Tris—ﬂCl, pH 7.4, by the additién'af 1.0M
sucrose, 0.02M Tris-HCl, pH 7.4 and centrifuged at 600 x g for 15 min.
The pellet was discard?d #nd the 600 x g supernatant was centrifuged for
20 min qb527,000 x g. The s;per;atant was used as radioactive protein
substrate, and freshly prepared for each experimentl

‘Unlabelled 27,000 x g lysosomal pellet f;oﬁ HIC célls was prepared -
from cells grown in 153 cm? glass bottles for a period of 49 h without
any change -of medium. They were harvested, broken and fractionated by
the methods qsed in the preparation of the {BH]-labelled 27,000‘x g
supernatant. The 27,000 x g lysosomal pellet was suspended in 0.235M

sucrose, 0.02M Tris-HCl, pH 7.4, with a Dounce homogenizer and freshly

prepared each day.

2.2.3. Preparation of Subcellular Fractions of LM Cells

LM cells were harvested from the peritoneal cavity of mice by
rinsing with saline.’  They were susﬁénded, at a concentration of & x 168
cells/ml, in 0.02M Tris-HCl, pH 7.4. After 10 min at room temperature

the cells were homogenized five times in a Dounce homogeﬁizer fitted with
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a loose pestle. The homogenate was immediately brought to 0.25M sucrose,

1-

0.02M Tris-HCl, pH 7.4, by the addition of 1.0M sucrose, 0 02M Tris-HCl1,
pH 7.4, centrifuged at 600 x g for 15 min and the supernatant centrifuged

at 27,000 x g for 20 min. The 27,000 x g pellet was used as the lysosomal .

pgllet. ‘The 100,000 x g light microsomal pellet was obtained by centri-

fuging the 27,000 x g supernatant at 100,000 x g for 30 min. Each pellet
was resuspended at a concentration of 5 - 10 mg of protein/ml, in 0.25M
sucrose, 0.02M Tris-HCl, pH 7.4, with f;ye ptpokes of a Dounce homogenizer.
In some experiments mitochondria*rich, lysosome-rich or‘heavy
microgome-rich fractions were used instead of the total 27 000 x g pellet.-
The mitochondria-rich pellet was obtained by centrifuging the 600 x g
supernatant at. 3, 000 x g for 20 min. The lysosome-rich pellet was
obtained by centrifuging the 3,000 x g supernatant at 8,000 x g for 20 min.
The heavf microsome—rich fraction was prepared by, centrifuging the 8,000
X g supernatant at 27,000 x g for 20 min. Each pellet was resusPended in :
0.25M sucrose, 0.02M Tris-HCl, pH 7.4, at a concentration of 3 - 10 mg/ml. -
When [ H]—lébelled fractions of LM cells were used they were
prepared from cells grown in mice injected with L—[A,SJBH]-leucine. Mice
were Iinjected 1ntrap§ritoneally with 25 y curies, zero,rone,'tvo, three .
and four days after injection of the cells. ]
“  Bolled fractions were prepared by placing samples of 0.2 - d.4
ml in sealed disposable glass culture tubes (10 x 75 mm) in a boiling

water bath for 5 min. The tops of the tubes were then broken off and

_the samples sonicated for 15 gec.
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2.2.4. Preparation and Labelling of DHFR

DHFR was purified. from LM cells by affinity chromatoéraphy on a
column of Sepharose-ufx (Gauldie and Hilleoat, 1972). Cells harvested
from 100 wice and ;iored frozen were ;uspended in 2 volumes of 0.05M
Tris-HCl, pH 7.5, containingtlo-SH\NADPH, ;nd stirred at 4°C for 1 h.
After centrifugation at 20,000 x g for 15 min, the Supernatant, with an
enzyme activity 1 - 8 units/mg, was treated with ammonium sdlphéﬁe gnd
the fraétion precipitating beﬂ;een 45% and 90X saturation dissolved‘in a
mihimum volume of distilled water containing l1x lO-SM NADPH. This
solution was desalted on a column of Sephadex G-10 (2.5 x 25 cm), the
active fractions pocled and then applied to a column of AH-Sepharose-4B
1x9 cm), to which MIX had béen coupled. The column was waéhed with

0.1M Tris-HC1l, pH 7.5, containing 1 x 10 SH NADPH and then with 0.2M

Tris—glycine, pH 9.5, containing 2M potassium chloride and 10 5M NADPH
until the‘absorbance at 280 nm of the eluate fell to a low level. DHFR
was then eluted with 0.2M Tris-glycine, pH 9.5, containing 2M potassium
chloride and IO_SM DYF. The-active fractions were pooled and passed
through a column of Sephadex G-75 (2.5 x 20 em), previously equilibrated
with 0.05M Tris-HC1, pH 7.5. v

DHFR was labelled with [ C] by methylation of the £ amino groups
of lysine residues (Rice and Means, 1971). Purified enzyme in 0.05M Tris-
HC1l, pH 7.5, was lyopholized and then dissolved in 0.25M sucrose at a
concentration of‘SD - 600 units/ml. It was Srought to pH 9.0 wich 1.0M

sodium hydroxide, then 100 Ul of 0.04M [lAC]—labelled formaldehyde were

immediately added to 1 ml of the enzyme solution. Sodium borohydride,
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20 W, 50 ﬁg/ml in distilled wéter, wag added 30 sec, 50 sec, 70 sec and 90 sec
after addition ﬁf the formaldehyde. Affer anothey 60 sec, 100 ul of sodium
borohyd?ide soluti;n‘were added;: All Ehese procedurés were carried out at 4°C.
The labelled én;yme solution was dialyzed for 24 h against 4
" changes of 1,000 volumes of 0.254 su;:rose, 0.02M Tris—HCl, pH 7.4,'&;-
reduce the acid-soluble counts to a lowt level,
~During lyophalization, 4QZ of tﬁe enzyme'activity was lost, while
du:i;g the labellinglprocedure 601 of the remaining activity was lost.
Methylation of. the enzy;e was probébly not the cauge of the loss of
- activity during ;he labelling procedure, sincg the same amount of activity
was lost during diaIysis of a control sample.
Labelled enzyme was centrifuged. at 27,000 x g to remove any
insoluble ;nzyme and stored at -20°C .for periods of up to two months.
The labelled enzyme gave a single band of radioactivity after poiyacry—
lamide-SDS gel electrophoresis. On polyacrylamide gels, in the absence

of SDS, it gave a single band of radicactivity which corresponded to the

position of enzyme actiwvity.

2.2.5. Assay of DHFR

DHFR was assayed at pH 7.5 by a continuous recording spectro-
photometric method (Bertino et al., 1965). The activity is measured as
the change in absorbance at 340 nm in an assay mixture which contains
4 4

1 x10 M DHF, 1 x 10—3H 2-mercaptoethanol, 0.15M

M NADPH, 1 x 10
potassium chloride, 0.1M Tris-HCl, pH 7.5. When MIX was present, assays

were performed at pH 8.5. At this pH the inhibition of the enzyme by

S SOV
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MTX is partially reduced (Hillcoat at al:, 1971). -

A unit of enzyme activity was taken as that which reduced I x 10
umoles of DHF per min. \ ~

A

The protein concentration of DHFR was calculated froﬁ a turnover
number of 2090 moles dihydrofolaCe reduced per min per mole of ;izyme at
pH 7.5 and 3750 (Gau%ﬁie and Hillcoat, 1972). The wolecular weight of
the enzyme was determined as 18,000 from polyacrylamide-SDS gel electro-
phoresis. Little activicy was lost during storage, freezing or thawing

of the enzyme, so inaccuracies in the calculation of the’pro:ein concen—

tration due to formation of inactive soluble enzyme were not significant.

2.2.6. Inactivation of DHFR

DHFR was incubated with fractions of Ey cells in 0.25M sucrose,
0.02M Tris-HCl, pH 7.4. All incubations were(at 37$C. Aliquots were
removed at intervals and the enzyme activity measured. The activity at
zero time was measured as soon as enzyme was added to the cellular
fraction, immediately before ﬁhe sample was put into a waterbath at 37°C.

Purified, frorzen enzyme was used in these assays. It was shown
that freezing and thawing the enzymelup to 4 times did not alter the rate
of inactivation of the énzyme by the 27,000 x g pellet. The enzyme was
routinely centrifuged at 27,000 x g before use in order to remove any
insoluble denaturated enzyme.

Equivalent amounts of DHFR, as determined by enzyme activity,
were added to each incubation. When cell fractions-containing 100,000

X g supernatant were useq< the endogenous activity was measured and the

amount of purified enzyme reduced so that the final activity was the same

2



in all incubations.

When an adenosine-5'-triphosphate (ATP) regenerating system was
present, the incubation mixture contained 7 ml potassium sulphate, 7 mM
’magnesium sulphate, 1.4 mM ATP, 20 mM phosphoenolpyruvate and 1.2 units

1y

of pyruvate kinase at pll 7.4.

2.2.7. Production of Acid-Soluble Material

Acid-soluble material was measured by adding 10X trichloroacetic
acid, (TCA), to a final‘concentration of 5X. Bovine serum albumin (BSA),
1 mg/ml, uas added as carrier protein. The samples were left overnight
at 4°C, centrifuged aé 600 x g for 10 min and aliquots of the supernatant

counted in Bray's scintillation fluid (Bray, 1960)

2.2.8. Polyacrvlamide Gel Electrophoresis

Polyacrylamide gel electrophoresis was performed by the method
of Ornstein (1964) and Davis (1964) as described by Hiebert et al., (1972).
Aliquots of 200 pl in 7.5X sucrose were applied to gels of 7% acrylamide,
pH 8.9. Browmphenol blue, 0.001Z was.applied as a tracking dye to
separate gels since it has been shown to interact with DHFR during
electtophoresis (Kiebert et al., 1972). The gels, 8 cm long, were run
at 1 mA/gel for 30 min and then at 3 mA/gel for 6 - 7 h in the BioRad
model 300 gel electrophoresis cell.

When urea was incorporated into tﬁe gels it was at a final con-

centration of 8 M, Samples were incubated in 8 M urea, 1.2 mM 2-mercapto-

ethanol, for 60 min at room temperature before being applied to the gels.
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DHFR activity was detected at the end of electrophoresis by
inecubating gelf/gt 37°C, in the dark,—in an assay mixgure which contained
1x 1o£“M NADPH, 1 x 10" %M DHF, 0.15M pol:'assiumlchloride‘, 0.4 mg/ml MIT,
0.1M Tris—HCI, pH 7.5. The enzyme was detected as a blue band formed ﬁy
reduction ofmﬂTT,.a tetrazolium dye, by the tetrahydrofolate produced

’ o
during the enzyme reaction (Mell et al., 1968).

Polyacrylamidg-SDS gel electrophoresis was carried out by the
method of Fairbanks et al., tl971). This method uses 5.6% acrylamide
gels, pH 7.4, containing 11~SDS. ‘Semples were incubated at 37°C for 30
min in 1X SDS, 7.5% sucrose, 0.01M fris—HCl, pHi 8.0, 1 mi ethylene
diamine tetra-acetate (EDTA), 40 mM d tthiothreitol (DTT), and 10 ug
pyronin Y/ml. Aliquots of 200 pl were applied to the gels which were run
at a constant current of 8 mA/gel until the pyronin Y wag 1 - 2;cm from
the bottom of the gel.‘ Ovalbumin, B-galactosidase, BSA, bepsi;, cytochrome
é and myoglobin were used to calibrate the gels for molecular weight.

Protein was detected on the 7X polyacrylamide gels and on the
5.6% polyécrylamide—SDS gels with Coomassie blue (Fairbanks et al., 1971).
Gels were scanned at 550 nm in a Gilford model 2Q10 gel scanner.

Gels conta;niné labellied proteiné were fractionated into 2 mm
slices using a Gilson Aliquogel Fractionator. Slices were treated at
50°C for 2 h with approximately 0.5 ml of NGS Tissue Solubilizer and the

radicactivity in each slice was counted in 10 ml of Bray's liquid

scintillation fluid.
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2.2.9. Detection of High Molecular Weight [1AC]-1abe11ed

DHFR by Columii/ Chromatography

DHFR was incubated with fractions of LM cells at 37°C in OfESM

sucgose, 0.02M Tris-HCl, pH 7.4, for 2 h. A sample of 0.25 ml of the

incubation mixture, or of the 27,000 x g suagrnatant after centrifugation

for 20 min, was applipd to a column of Sepharose 2B (1 x 18 cm)@ previously

N

equilibrated with 0.25M sucrose, 0.02M Tris-HCl, pH 7.4. The column was

1

eluted with the same buffer at 4°C. Fractions of 0.65 ml were collected

and the radioactivity in 0.45 ml counted in Bray's liquid scintillation
fluid.

2.2.10. Purification of Cathepsin D

Cathepsin D was partially purified from both rabbit li;er and LM
cells by the method of Barrett (1967). The method involves preparation
of an acetone dried poﬁder from the lysosomal-mitochondrial peilgt,
extraction with an acidic buffer and ion exchange chromatography on
Séphadex A~50. Although the eniyme prepared from rabbit liver eluted
from the ion-exchange column in O.05M sodium chloride, as described by
Barrett for the rabbit liver enzyme, 0.5M sodium‘chloride was needed to

elute the knzyme-of LM cells.

2.2.11. Assay of Marker Enzymes

Partiallf purified cathepsin D, prepared as described in Section
2.2.10, was used to develop an assay for cathepsin D. Haemoglobin was
methylated using [I&C]Plabelled formaldehyde and sodium borohydride

(Rice and Means, 1971) and used as a substrate for cathepsin D.
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-

Incubations contained 80-100 yg of '1ab.¥11ed haemoglobin and 0.25 yg

of partially purifie& cathepsin D in O.é'ml; 0.1 M sodium acetate buffer,
pH 4.0. Reactions were stopped by the addition éf 10X TCA to a final .
concentration of 52 and unlabelled haemoglobin, 1 mg/ml was added as a
carrier. Samples were centrifuged at 600 x g for 15 min and aliquots

of the supernatant counted in 10 ml of Bray's liquid scintillation fluid.
The production of acid-soluble materi;}éwas shown to be linear with

time and with the amount of cath;psin D' in the incubation. The stability
of the lysosomes in the 27,000 x g pellét was determined by the amount

of the total cathepsinlD which was in the 27,000 x g supernatanf after
the 27,000 x g pellet was removed by centrifugation. The total cathepsin
D was measured by dissolving a sample in Triton X-100 at arfinal
concentration of 0.1X. Since Triton X-100 was found to inhibit the
production of acid-soluble material it was also added to the samples of
27,000 x g.Supernatant. In this way the activity in the 27,000 x g
supernatant could be exprgssed‘aﬁ a percentage of the total activity.

Acid phosphatase was measurgd by the release of inorganic
phosphate from B—glyﬁerophosphate (Bar}ett, 197.2).

B-glucuronidase was measured by the release of phenolphthalein
from phenolphthalein glucuronide (Gianetto and deDuve, 1955).

Cytochrome ¢ oxidase was measured by the method of Cooperstein
and Lazarow (1%51). The concentration of cytochrome ¢ used in this
as;ay was increased to 3.1 x IO—SH. It was reduced with.scdium dithio-
nite which was added as a powder, to a final concentration of 0.1Z.

NADPH-cytochrome ¢ reductase was measured hy‘the method of

Williams and Kamin (1962).



2,2.12. Protein Determination

Protein concentrations were measured by the method of Lowry

et al{, (1951), using BSA as a standard.
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3. RESULTS.

3.1. DEGRADATION OF HTC CELL PROTEINS

In 1ntagt cells proteins are dhgraded to thelr constituent amino
acids. Radioac&ively labeilgd proteins of HTC cells were therefore used
in in vitro incubations and attempts made to characterize the ﬁrotein
degrading system by measuring the release of radioactive amino acids and
changes in the molecular weighés of the labelled proteins.

~

3.1.1. Production of acid-soluble material

Lysosomes are the most likely site of degradétion of intracellular
proteins so the degradation of HTC cell proteins by these_organelles was
investigated first. It ;s difficult cs obtain large amounts of lyscsomes
from cultured HIC cells so in these preliminary studies lysosomes were
obtained from LM cells. Passage of LM cells in the peritoneal cavity of
mice allows cells to be harvested in much greater aﬁdunts thaﬁ is practical
with HTC cells grown in tissue culture.

‘ The fraction of LM cells which sediments between 600.x g and
27,000 x g was used as the lysosomal fractioa. This pellet lcontains
lysosomes, mitochoadria and heavy microsomes. The peliet was suspended
in 0.25M sucrose, 0.02M Tris—HC1, pH 7.4, an isotonic buffer (osmolality
255 mOsmoles/kg), intended to maintain the lysosomes intact. Incubations

were in the same buffer. Using cathepsin D and B-glucuronidase as

lysosomal marker enzymes, it was shown that only 6-10X of the lysosomal

38
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enzymes were soiuble at the begioning of the incubations. After 2 h at
37°c, 16-21% wefe soluble.

Thé¢ radiocactive substrate usgd in these experiments was the
20,000 x g supernatant from HTC cells which were grown for 1 h in [3ﬁ]—
leucine and broken by sonication. ”

When the [BH]—labelled proteins of HTC cells were incubated
with lysosomes of LM cells at pH 7.4, in the isotonic sucrosé buffer;
there was little increased production of acid-soluble material from the
proteins of HT& cells as é%ﬁpared to a control which contained an
equivalent amount of BSA instead of the LM lysosomes (Table 1). Nor
was the rate of production of acid-soluble material increased when the
lysosomal pellet was sonicated.

Incubations were also performed at pH 7.2 in phosphate buffered
saline (PBS), an isotonic buffer {osmolality, 291 mOsmoles/kg) of
greater ionic strength than the sucrose-Tris buffer. Again there was
little production of acid-soluble material whether the lysosomes were
sonicated or intact {(Table 1).

Since lysosomal proteases have pﬂ.optima in the acidic range,
these incubations were repeated in an isotonic (osmolality, 284 mOsmoles/kg)
phosphate-citrate buffer, pH 5.0 (Gomori, 1955). Under these conditions
lysosomes were much less stable. At the beginning of the incubation, 37X
of the cathepsin D activity was soluble. This rose to 42X after 3 h at 37°C.
When [3H]—labelled proteins from HIC cells were incﬁbated with the 27,000 x g
lysosomal fraction of LM cells in thias buffer, significant production of
acid-soluble material occurred (Table 2). Degradation was increased by

sonication of the 27,000 x g pellet.
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TABLE 1 \

AN

N
N

PRODUCTION OF ACID-SOLUBLE MATERIAL FROM [3H]—LABELLEDvPR0TEINS
OF HIC CELLS DURING INCUBATION WITﬁ THE 27,000 x g

LYSOSOMAL PEtLET FROM LM CELLS AT pH 7.4

t

Incubation % Acid-soluble 4 Acid—solublg / Change
at zero time - after 3 h ( '
. 27,000 x g pellet 3.6 4.6 1.bz
in sucrose--tris ; ’ "
buffer . ‘ \
BSA in sucrose- 3.4 4.2 0.82

tris buffer

Sonicated 27,000 x é 2.9 4.4 1.5%
pellet in sucrose-
tris buffer

27,000 x g pellet 3.4 6.1 C2.72
in PBS

BSA in PBS 2.7 4.8 2.1
Sonicated 27,000 x g 3.3 a 5.7 2.4

pellet in PBS

Incubations contained 0.98 mg of BSA or protein from
the 27,000 x g pellet and 0.06 mg [3H]-1abelled HTC cell pro-

teins in a final volume of 1.2 ml, 0.254 sucrose, 0.02M Tris-

HCl, pH 7.4 or 1.2 ml, PBS, PH 7.2. The total dpm in incubations was

40,406. cpn measured ranged from 51 to 82. Results given repreéent

the mean of duplicate incubations. Similar results were obtained

in seven different experiments using sucrose-tris buffer and two

w

experiments using PBS,
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TABLE 2
PRODUCTION OF ACID-SOLUBLE MATERIAL FROM RADLOACTIVELY LABELLED
PROTEINS OF HTC CELLS DURING INCUBATION WITH THE 27,000 x g

. LYSOSOMAL PELLET FROM LM CELLS AT pH 5.0

Incubation Total dpm in X Acid-soluble i Acld-soluble” Change
~lncubation at zero time after 3 h

27,000 x g pellet 40,406 4,14 27,35 23.212

and [3H] proteins

BSA and [3H] proteins 40,406 4,22 10.14 5.92%
_Sonicated 27,000 x g 40,406 2,18 34.59 32.41% _
: pellet and [3H] . ) .
proteins '

27,000 x g pellet 50,295 2.54 15.17 12.63%

‘and [I&C] proteins

BSA -and [XC] 50,295 .2.09 6.90 4,812
proteins :
Sonicated 271000 xg 50,295 2.21 22.04 19.83%

pellet and [ AC]

proteins

Incubations contained 0.96 mg BSA or protein from. the
27,000 x g pellet of LM cells and 0.06 mg éf\[3H]—labelled or 0.085 mg
of [1AC]-Iabe11ed proteins of HTC cells in a final volume of 0.92 ml
phosphate-citrate buffer, pH 5,0, Proteins labelled with [JH] were
from cells exposed to [3H]~leucine for 1 h. iroteins labelled with
[lAC] were from cells exposed to [IAC]—leucinGEE;; 48 h Ln wivo.
Results given are the mean of duplicate incubatfgas. Similar results

were obtained in four different experiments. cpm wmeasured ranged from

30 to 1123,



The proteing of HTC cells which are labelled duriné exposure
of intact cells to [3H]-leucide fod 1 h‘are'mainly prq;eids with short
half-lives (Arias et al.,1969). Proteins which turn ove; ﬁore slowly -
in intact cells can be ldbelled by expdsure of'the cells to radicactive
amino acld for a longer period of time.l Nﬁen the rate of degradation
of proteins of HIC cells labelled with [3H}r1eucine for 1l h was codpared
to the rate of degradation of proteins which had been labelled with
[1aC]—leucine for 48 h, under the above conditions of .acid pH it was
found that the [3H]-labelled proteins were degraded to a greater extent
than the [MC]-labelled proteins (Table 2). Y
These résulta indicate that the 27:000 x g lysosomal fraction
of LM cells contains proteases which are able to degrade proteins of
HIC cells. 'Horeover, there is a correlation between'the rat; of
degradation by these proteases {n ditno and the half lives of the
proteing in the intact cell. The 27,000 x 8 lﬁsoso?al pellet does ndt - !
degrade the proteins at-neutral pH. Ome posaible reason for this lack N
\
of‘hegradation at neutral pH is that the substrate proteins and the
27,000 x g pellet are from different cell lines; The incubationd at
neutral_pﬁ were, therefore, repeated usiﬁg the 27,000 x g pellet from
HTC cells as the source of lyaoeones. The subatrate protdln in these
experimenta was the 27 ,000 x g supernatant obcalned from the same cells
which had been exposed to [ H] -~leucine for 24 h and broken with

»

Dounce homogenizer. . Again little acid-soluble material was produced during

incubation of the [3H]-labe11ed HTC proteins with the lysosomdl raction

at neutral pH (Table 3).

To see whether some other component is necassary for‘degradation
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TABLE 3

PRODUCTION OF ACID-SOLUBLE MATERIAL FROM [3H];LABELLED PROTEIN

FROM HTC CELLS BY TME 27,000 x g PELLET OF HTC' CELLS

' {
X Acid-soluble X Acid-saluble Change

at zero time after 3 h
27,000 x g pellet 0.7 1.55 0.76 y
- Bolled 27,000 x g 0479 0.93 0,14

peller

Incubations contained 0.214 mg of protein from the [3H]-
labelled 27,000 x g supernatant and 0.06 mg of protein from the
27,000 x g pellet of unlabelled HIC cells, in a final volume of
0.30 ml, 0.25 M sucrose, 0.02 M Tris-HC1l, pH 7.4.

(,_,;/ ‘ .

The -total dpm in incubations was 173,025. Results given

are the mean of triplicate incubations. Similar results were obtailned

\ ‘ .
in five different experiments. cpm measured ranged from 126 to 300.
Say
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to occur at neutral pH.'éﬁe incubations u;re carried out with all the
cellular qupqnents present. The cells were simply broken by homo-
gen;zation and the total homogenate incubated in the isotonic sucrose-

Tris buffer. The rate of production.of acid-soluble material wés very

low, less than 0.3X an hour (Table 4): Only 0.052 per hour of the proteins
were degézgzd by a heét'sensitive.procega (Table 5). Some of this degrading
activity waﬁ lost when intact cells and‘ngclei were removed by centri- “
fugation at 600 x g and the majority was ‘lost when ;he 27,000 x g pellet

was removed by centrifugation (Table 4). The additidq of EDTA which

stabilizes lysosomes in vitro (Davidson, 1975) did not increase the

degradation of [3H]—labq11ed proteins of HIC cells (Table 5)..

3.1.2. Changes 1n the molecular weights of proteins from HTC

calls during in vitro incubations

]

Since little acid-soluble material waﬁ‘produced in broken cell :
preparations, pol&acrylnmide—SDS gel electrophoresis was used to see
whether less extensive degradation occurred. The substrate used in
these experiments was the [3H]-laballed 27,000 x 8 supernatant of HIC
cells; prepared from cells grown for 24 h in the presence of [3H]—laucina.
_ There was no change in the positions of the protein peaks on the gels
after incubation of the proteins with the 27,000 x éilyabsomal pellet
as compared with a control which contained boiled 27,000 x g pellet (Fig. 1).

To investigate whether soluble profains already presant in the
[3Hl;1abellad 27,000 x g supernatant rather than proteins in the
27,000 x g pellet cleave proteins of the soluble fraction‘dufigg in

vitro incubations, the molecular weight distribution of the proteins of



! ~TABLE 4

PRODUCTION OF ACID-SOLUBLE MATERIAL FROM SUBCELLULAR FRACTIONS

OF [3H]-LABELLED HTC CELLS

Total Total I Acid % Acid- - Change
dpm in dpm/mg  socluble soluble
incubation protein at 0 time after
' 3h
Total homogenate 533,812 635,490 0.67 1.44 0.77
600 x g supernatant 274,136 - 637,525 0.75 1.31 0.55
610,638 0.85 1.04 0.19

27,000 x g supernatant 225,936

-

Incubationd contained 0.82 mg of protein from the total

homogenate, 0.36 mg of protein from the 600 x 8 supernatant ot 0,32 mg

of protein from the 27,000 x g supernatant of HTC cells-in a final

volume of 0.20 wl, 0.25M sucrose, 0,024 Tris-HCl, pH 7.4. Results’

glven are the mean of triplicate incubations. Similar results were

obtained in three different experiments,

183 to %

cpm measured ranged from -

Y
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TABLE 5 ' /’;?

PRODUCTION OF ACID-SOLUBLE MATERIAL FROM THE [BH]-LABELLED PROTEINS

OF HTC CELLS IN THE PRESENCE OF EDTA

Total dpﬁ in X Acid-soluble X Acid-soluble Change

incubation at zero time - after 3 h

Total homogenate - 391,825 ©0.50 1.25 0.75%
Total homogenate 391,825 - 0.50 1.10 0.60X
boiled : -

Total homogenate 442,900 ° 0.53 1.20 0.672
+ EDTA ) .

p
Total homogenate - 442,900 0.51 1.13 0.52%

boiled + EDTA

Incubations contained 0.53 mg of protein from the total homogenate

¢

in a final volume of 0.20 ml, 0.25 M sucrose, 0.02 M Trig-HCl pH 7.4,
¥,

|}
" Where present EDTA was at a final concentration of 10™° M. Results given
L +

.

are the mean of duplicate incubationg} cpm measured ranged from 198 to

516.
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dpm x 10

Fig. 1.

Polyacrylamide-SDS gel electrophoresis 6f-[?H]-lnbelled
proteins which remain in the 27,000 x g supernatant after
incubation 4n vitho -

Incubations were at 37°C and for 3 h. They contained
570 ug of [3H]-labelled protein, prepared as described
in the text, and 100 ug of unlabelled protein from the
27,000 x g pellet of NITC cells in a final volume of 0.35 ml
0. 25H sucrose, 0.02M Tris-HCl, pH 7.4. The volume of
sarple applied to each gel was that which contained 84 ug
of protein from the 27,000 x g suparnatant at the beginning
of the incubation. .

[3)-1abelled 27,000 x g supematant incubated with
27,000 x g pellet, o—~——o; [3H])-labelled 27,000 x E
supernatant incubated with boiled 27,000 x g pellet,

b—aA

Similar results were obtained in seven different -
experiments, .
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the 27,000 x g supernatant before and after incubation were compared.
Again there was no cﬁange in the positioﬁs.of the tadioactive peaksa.
Although there was a general decrease in each of the peaks, this was
not accompanied by a corresponding increase in proteins of lower
wmolecular weight (Fig. 2). A general decrease in\the amount of radio-
active protein in the peaks was also seen after incubation of intact
cells for a further 3 h. fhia'also cccurred without an increase in
proteins of lower molecular weight.

‘The production of acid-soluble materinl‘during incubation in
vitro is much too small to account for this loss df soluble proteins.
The most proﬁable explanation is that these proteins QEre removed‘from
solution during the incubations. Labelled proteins were indeed found .
in the 27,000 x g pellet at the end of the incubation. The molecular
weight distribution of these proteins on polyacrylamide-SDS gels is
shown in Fig. 3, There was no detectable difference in the mclecular

weight distribution of the proteins which sedimented with the 27,000 x g8

pellet as compared to thoai*which remained soluble,
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dpm x 10

Fig. 2.
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Polyacfvlamide—SDS gel electrophoresis 6f the [3H]—1abélled

proteins from the 27,000 x g supernatant of HTC g¢lls before
incubation, after incubation iR V{0 and after incubation
of intact cells

Aliquots of 27,000 x g supernatant which contained 84 yg
of protein“before incubation or after a further 3 h incubation
of intact cells were applied to gels. Incubations in vitho
vere for 3 h at 37°C, they contained 570 g protein from the
27,000 x g supernatant. They were terminated by centrifuging

at 27,000 x g for 20 min and a volume equivalent to that which

-originally contained 84 ug of protein was applied to the gel,

Before incubation, D——np ; after incubation of intact
cells, *——*—{:>; after incubation {n vitwo, e——so .,

Similar results were obtained in six different
experiments. '



Fig. 3. Polyacrylamide-SDS gel electrophoresis of the [ H}-labelled
proteins from the 27,000 x g supcrnatant of HTC cells after
incubation 4n vitho 3

Incubations were at'*37°C and contained 800 ug of [~H]-
labelled protein from the 27,000 x g supernatant and 272 ug
of unlabelled protein from the 27,000 x g pellet of HIC cells,
in a final volume of 1.0 ml, 0.25M sucrose, 0.02M Tris-lCl,
pH 7.4. After 3 h the 27,000 x g pellet was removed by
centrifugation and the [JH]-labelled proteins in both the
supernatant and pellet applied to polyacrylamide-SDS gels.

The volume of 27,000 x g supernatant sput onto the gels was

that which initially contained 70 ug of [3H]-labelled protein.
The amount of 27,000 x g pellet put onto the gel was that
arising from a volume of incubation which had initilally
contained 320 ug of {3H)-labelled 27,000 x g supernatant protein.
The solid lines indicate proteins remaining in the 27,000 x g
supernatant, the dotted lines indicate proteins in the

27,000 x g pellet. . -

[3Hi-labe11ed 27,000 x g supernatant incubated with
27,000 x g pellet, o——o; [3l]-labelled 27,000 x g
supernatant with boiled 27,000 x g peller, &a—dA.

Similar results were obtained in two different
experiments.
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3.2 DEGRADATION OF DHFR

Since it was not possible to show any production of.acia-
soluble material nor change in,molecular weight of the pfoteins of HTIC
cells 4{n ﬁizno at neutral'pﬁ. an individual enzyme was used for similar
studies so that the fate of a single pr;céinicould be followed. .bHFR
purified from LM cells was incubated with vaéious fractions of these
cells. The investigation of the deg?ading system for this enzyme was

begun by attempting to find which cell fraction inactivates the enzyme
in vitne.

N

3.2.1. Inactivation of DHFR in vitro

e

a) Initial studies

Purified DHFR is very unstable, rapidly losing activity at 37°C.
When ﬁhe enzyuwe was incubated alone at 37°C in 0.25M sucrose, 0.02M Tris-
HCl, pH 7.4, activity vas 1os£ by a first order process (Fig. 4). Although
the effect of temperﬁtura.on this process has not been investigated, loss of
activity by this mechanism is subsequently referred to as heat denaturation.

The enzyme was protected against heat denaturation by the
addition of boiléd protein from the 27,000 x g pellet of LM cells
(Fig. 5). The greater the amount of protein, the greater the degree .
of protection. The nature of the protein was also important in deter-
mining the degree of protection, for example, BSA was leas efficilent

in stabilizing the enzyme against heat denaturation than boiled protein

from the 27,000 x g pellet of LM cells (Fig. 6). When bolled BSA was
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Loss of activity of DHFR {in vitro

Incubations contained 10.00 units of DHFR in a final volume
of 0.39 ml, 0.25M sucrose,'0.02M Tris,HCl, pH 7.4.

Although the rate of loss of activity differed with different

enzyme preparations, similar results were obtained in eight
experiments.
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Loss of activity of DHFR in the presence of varving amounts

of boiled protein from LM cells

Incubations contained 3.5 units of DHFR and varying amounts
of boiled protein from the 27,000 x g pellet of LM cells in a
final volume of 0.26 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4,

Similar results were obtained in four different
experiments.
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Fig. 6. Loss of activity of DHFR in the presence of BSA and boiled
protein from the 27,000 x g pellet of LM cells
Incubations contained 0,70 mp of BSA or boiled protein
from the 27,000 x g pellet and 4.7 units of DHFR in a final
volume of 0.39 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4

Similar results were obtained in four different
experiments. .7
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present in the incubationm, liptle protection was provided (Fig; 6),
. poasibly because boiled BSA is leas soluble than the non-boiled protein

(Table 6). | o f
These results illustrate the problems involved in the choice of -

suitable controls for studies of the inactivation of DHFR by fractions

¥

of LM cells. The degtee'of protection against heat denaturation

appeared to depend on the type of protein, the amount of the protein
0 .
and the phyaical state of the protein. It ua&\deciqed that boiled

cellular fractions would be used as controls in these experiments. All

&
boiled fractions were sonicated in order to disperse the proteins. In

an attempt to keep the amount of inactivation by simple heat denaturation
-“tonstant equal concentrations of the various fractions;were used., These
arrangements were not entireiy satisfactory since ﬁhé amount of soluble
materiai in the different fractiongﬁ:éa not the’sage.(TaSle 6) nor was

the amount of soluble protein in the boiled. fractions the same as in

x

the unboiled fractions (Table 6).

i

b) Identification of the fraction which inactivates DHFR <n

-

vitho

When purified DHFR was incubated with the 600 x g supernatant
of LM cells activity wvas log: in the control which contained boiled
protein (Fig. 7). In the incubation containing unboiled 600 x g super-
nitant. however! the loss of anivity wag greater. Activity was

-~

also lost by a heat sensitive procesa in incubations which containad

\



TABLE 6

PROTEIN REMAINING IN THE 100,000 x g SUPERNATANT

. b
AFTER 2 h AT 37°C »
Sample Soluble protain X Solubla
= aftar 2 h
ng/ml
BSA ' o L4 ’ 96.92
Boiled' BSA 0.09 5.02
~27,000 x g pallet 0.46 " 26,25
‘Boiled 27,000 x §"° 0.27 15.36
pellet
100,000 x g pellet ' 0.71 39,94
Boiled 100,000 x g 0,20 . 11,17
pallet . ‘ > '

Incubations contained 0.76 mg of pratein in a final

volume of 0.39, 0.25 M aucrose, 0.02 M Tris-KCl,

pH 7.4,

Reaults given are the mean of duplicate samplés,

Similar results were obtained in two experiments,
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Fig. 7. Inactivation of DHFR in the presence of various fractions.

of LM cella

Ilcubations contained 0,47 mg of protein from the fractions
of LM calls and-5.6 units of DHFR activity in a final volume
of 0.26 ml, 0.254 sucrose, 0.02M Tris-HCl, pH 7.4, The
incubation containing the 600 x g supernatant had 4.9 units
of purified enayme, the incubation containing the 27,000 x
suparnatant had 4.6 units of purified sntyme and the
incubation containing the 100,000 x.g supernatant had 4.4
units of purified enzyme. Incubations containing each boiled
fraction had 5.5 units of purified DHFR.

The open symbols show the unboiled fractions, the closed
synbols show the corresponding boileq fractions. '

Similar results were obtained in four different
axperiments. .
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H

‘ AN
27,000 x g sGpernatant., Little activity was loat by a heat sensitive

proéeﬁs in incubations which contained 100,000 x g suﬁerﬁnéant. These
results indicate that the 100,000 x g palleé/of LM cells probably inacti-
vates DHER <n vitro. If this wera the only fraction which inactivated the
‘enzyme, the-inactivation per ug of c;;lullr prétain would ba expectad
td'increaqe when tha‘27.000-x R pellet vas rcmoved._ Since such an -
increase waas not saeﬁ. components of the 27;000 X g pallet may also
‘1nnctiva:e the enzyma., This waakpe;tia by resuspending the pellets and

incubating them with purified DHFR. In the presence of the 27,000 x g

" pellat activity was rapidly lost by a heat sensitive process (Fig. 8).

Activity was alao rapidly lost in the preaencg of the 100,000 x g
pellet. Thia procesa appeared to ba less heat ;ensitiJ; (Fig. 8);

One explanation for the apparant heat senaitive inactivation
of DHFR ia that it was ainmply the result of greatar protection of the
enzyme against heat denaturation by the boiled than by the unboiled
!r;c:iona. Evidence against auch Qn explanation is aiyan in Fig. 9.
The rata of inactivation of DHFR inc;aaled with 1ncren;1ng ancunts of
unboiled 27,000 x g pellat. Thia is in coﬁtraat to éhe decroaaing
rate of 1nac:i§ation sean with incraasing amounts of boiled ;;.000 X g
pellet (Fig 5.), and indicated that this fraction inactivated DHFR
in vitro,

"The 100,000 x g pcllc:iot LM calls containad iiaht microsomas
(Tab10.7). The 27,000 x g pellat of LM cells containo? miéocﬁondria.
lysosones and hntvﬁ nicrolémea. Fractions rich in each of those
orgnnillec.can be prepared 1@ah1n 7). To .?lehich aubcalluldr‘oraannllo

vas responsible for the inactivation of DHFR by the 27,000 x g pellat,
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Fig. 8, Inactivation of DHFR by subcallular membrans fractions of

LM calls .
Incubations contained 0,46 mg of protein from the s
27,000 x g or 100,000 x g pallat of LM cells and 6.6 unita

of DHFR in a final volume of 0.26 ml, 0.25M sucross, 0.02M
Trie-HCl, pH 7.4 :

Similar resulta were obtained in four different
experiments,
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Fig. 9. Inactivation of DHFR by increasing amounts of the 27,000 x -4 \
pallet of LM calls

Incubations contained 7.3 units of DHFR and varying amounts
of protein of the 27,000 x g pellet in a final volume of
0.39 ml, 0.23M sucrose, 0.02M Tris-HCl, pH 2.4,

Similar results were obtained in six different
oxXperimenta. -



< TABLE 7

DISTRIBUTION OF MARKER- ENZYMES IN LM CELLS '

61

27,000-100,000 x g

Cell Fraction NADPH cyt ¢ Cyt ¢ Acid . Cathepsain
‘ reductase oxidase phosphatase D
AOD/min/mg AOD/min/mg 40D/min/ug  dpm/min/mg

Mitochondria ] 33.7x1072  1.53x 1073 9,35

~ Lysosomeas o 18.1 x 1072 1,44 x 10°3 17,605
3,000-8,000 x g _ . . :
Heavy microsomes 28,3 x 10~4 0 0.74 x 10-3 7,542
8|000-27'000 x s -
Light microsomes 16.7 x 104 ) 0.3 x 10™3 $4

U\-__‘-_

Results given represent the mean of duplicate agsaya. Similar

results were obtained in two different experiments.
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1

DHFR in the bé’ﬂ.d

" the rate of inactivation by equivalent amounts of each of these
fractions was compared. The loua of lctivity'i;

mitochondrin control was the-lame an that ih tﬂh‘boiled lysoaome -
control (Fig. 10), more activlty vas lost in the incubation which con-
tained boilad haavy microasome f:action.“\whgg fhe anzyme was incubated
with unboiled mitochéndria-ricﬁ,‘lysoaomc-richng;'ﬁicroaopn-tich fraction,
the rate of 1uact1vati§n wvas nuch greater than in the boiled controls
; and wvas comparabla in each case (Fig. 10). |

Under the conditions used in these incubations, 21X of the
lysosomal marker enzymes vere soluble after 2 h (3.1.1.). Of the
total pfotoin in the 27,000 x g pellat, 26X wai soluble after 2 h
(Table 6). Innc:ivatioﬂ of DHFR by the subcellular mcmbrin. fractions
of 1M cells might, therefora, have been produced by protains, such as
lyaosomal proteanass, which leaked from the organall 8 or which were
solubilized from the menbtanep during 1ncﬁbntion. Sgch n'poanibilicy
~ was examined in several ways. First, the rate of inactivation of DHFR
‘by & lysqsomal proteass, partially purified cathepsin D, was measured.
At pH 7.4, the pH at which DHFR was inactivated by the 27,000 xlg
pellet, no increased inactivation could be demonstratad by cathdpsin D
compared to a control whichrconﬁnincd boiled cathepain D (Fig. 11).
Sccond. the 27,000 x g pcilct vas lonic;th. " Such treatment disrupts
lysosomes thus 1ncr|;lins tha levals of fres lysoscmal proteases. Tha
rate of 1nlct1vition of DHFR by\aonicltod 27,000 x g pellet was tha
sane as that by untreated pcll;t_trtg. 12). The third approach was to
nmeasure inactivation of the anzyma by the 27.000A# g suparnatant

obtainsd after incubation of the 27,000 x g pellet for 2 h. The rata

V'
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Inactivation of DHFR by the components of the 27,000 x g
pellet of LM cells

Incubations contained 0.70 mg of profein from LM cells and
10.0 unite of DHFR in a final volume of 0.39 ml, 0.23M sucrose,
0.02M Tria-HCl, pH 7.4.

Incubation with the mitochondria-rich fraction, o——wo;
incubation with the lyscsome-rich fraction, O——0 ;
incubation with the heavy microsome-rich fraction, &A——a
Open symbols show incubations containing unboiled proteins;
closed symbola show incubations containing boiled proteins.

Similar results were obtained in three different

-experimonta,
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Inactivation of DHFR by cathepain D 4in vitho

Incubationa contained 3.7 unita of DHFR and 0.04 mg of
partially purified cathapsin D in a final volume of 0,26 ml,
0.23M sucrcase, 0.02H Tris=HCl, pH 7.4.
 DHFR + cathepsin D &——=4 ; DHFR + boiled cathepsin D,
e : .

Similar reasults were obtained in three different
experiments. ' '
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Inactivation of DHFR by th
LM calls

ncubations contained 0.70 wg of protein from the
27,000 x g pellet and 5.1 units of DHFR in a final volume
of 0.25M sucrose, 0.02M Tris-HC1l, pH 7.4

Similar results were obtained in four different
experiments.

a sonicated 27,000 x 'allct:‘ot.
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3

of inactivation by this supernatant was similar to that produced by the

27,000 x g pellet (Fig. 13), indicating that inactivation could be

--produced by proteins which are solubilized from the pellet during

incubation. If inactivation was producaed entirely by such proteins,
however, the rate of inactivation would be expacted to be greater by
the suparnatant than by an equivalent amount of protein from the total

pallet,

The 100,000 x g pallet inactivated DHFR by a process that

- appeared much less heat niniitivc than thn:.by which the 27,000 x g

. Pellat inactivated DHFR (Fig. 8). Inactivation may only have been

apparcﬁt 1f the 100,000 x g pellet contained factors which wera not
destroyed by boiling and which aimﬁly injiibited/the enzyma, The

100,000 x g pellat was dialyzed overnight against 2,000 volumes of

| 0.25M sucrose, 0.024 Trds-HC1, pH 7.4 and the inactivation of DHFR by |

dialyzed and undialy:cd'pel;.t was eoup;tcd. Rathar than decreasing
the rate of inac;ivatibn. dialysis of the pellet resulteg in an
increased rate of inactivation (Fig; 14). Since the rate of inactiva-
tion by the pellet,. which was dialyicd and then bo;lcd, vas greatar
than that by the boiled plll‘t. the increasad rate seen wvith the
dialyzed pellet was probably dua to tha removal o!rligandc vhich J
stabilize DHFR. The rate of 1nactivation of DHFR by the 8,000 xoé
pellet vas unalterad by dialysis (Fig. 15).

p
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Fig. 13.
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Inactivation of DHFR by proteins which are solubilized from

the 27,000 x g pellet of LM cella during incubation 4 VitA0
Incubations contained 13.3 units of DHFR and 0.24 mg of
protein from tha 27,000 x g pallat of LM cells or from tha
27,000 x g supernatant obtained after incubation of the
27,000 x g pellat in a final voluma of Q.39 ml, Q.25M
sucrose, 0.02M Tris-HCl, pR 7.4, Tha 27,000 x g supernatant
was obtained by incubation of 7.0 mg of protein from the
27,000 x g pellat for 2 h in a final voluma of 0.4 ml,
0.25Y sucrose, 0.02M Tris=-HCl, pH 7.4 and cantrifugation at

27,000 x g for 20 min.

Similar results were obtained from two different
experimanta. :
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Fig. 14, Inactivation of DHFR by the dialyzed 100,000 x alliet of
LM cells

ncubationa contained 0.47 mg of protein from the 100,000 x g
pallet and 6.0 unite of DHFR in a final volume of 0.26 wl,
0.254 sucrose, 0.02M Tris-KCl, pH 7.4.

Similar results werc obtained in two different
exporimonts, '
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Fig. 13. Inactivation of DHFR by the dialyzed 8,000 x R pellet of LM
calls . : ]
Incubations contained 0,47 mg of prdtein from the 8,000 x g
pellet of LM cells and 5.2 units of DHFR in a final volume of
_0.26 ml, 0.25 sucrose,.0.02M Tria-HCl, pH 7.4,

‘K\Similn? results wero obtained in two different
oxperimonts,




[
T ‘ DHFR 4 gﬁEﬁg
The rate o! dnnradation of protqinl in wivo can be dcertaaod

¢) E!!.ct ot variguc eomgoundl on the loas of activitz of’ ' -
by 1isandl such as aubltratnl and’ cofactors (Schimke at al.. 1965, 1965a) |

The offact of substrate, cofactor and_inhibi:or on the 1naetivation of

DHFR by the 27,000 x g plllct v;n therefore 1nvcltisat|d.

- When 1 ¥ 10 ‘N DHF was preasant 1n incubationa, DHFR was :o:ally
At a concentration of 2 x 10"H

pro:nc:cd from inactivation (Fig. 16).
NADPH alnont complately prnvcn:cd loas of activi:y of the enayme (Fig. 16) .
’ 1

%
- Hethotraxacc. 3 x 10‘7M. aluo ‘atabiliaed the nnlymc (Fin. 16).
Tharc have he,n tnportl thlc protein dcnradltton is an

energy requiring procass (Sinplon. 1953 Poole, 1978; Hcrlhho and
Tor thil rcllon an ATP regenerating lyatcm was uncd to

- Tha ATP

Tomkins, 1971).
s1ee uhcth.r it increasad tha rate ol inactivation of DHFR by the
Quite the opposita was found.

[

27, 000 X g pellat of LM cclll.
rc;cnorlttns systam totally prevented the heat sensitive inactivation

When -the ATP regenerating system vas added after an
¥ was not restored but further

“ of DHFR (Fig. 17).
initlal pariod of inactivation, the.activit
| S:Abiltlation probably did not

‘;.naduvnuon vas pnvcnnd (Fig. '18).
aﬁilnvolvl 1ncorporatton of inoralnto phosphate into the enszyme since uh.n -
it wis incubaged u%:h 27,000 x g pallet, (92p Joate and the other compo-
entu of thq,AtP ra;uncratin; lyltil‘:;;‘thln purttttd by a!tinity
e roml:off:;hy on lcphntoﬁc-ﬂrx. no [33P] wvas datacted in the puritiud
|niylc (dlta not lﬁ%ﬂn) Hhcn thl l!!cnt of the indtvidull componanta
of :he ATP reuonurntinx lyatnn on :hl 1n|et1vation of DHFR vas. studied;

1: was tound that ATP alonl. u!’ncliun nlonl and potlultum alone
L

£ -%.

»
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Fig. 165 Stabilismation of DHFR by NADPH, MTX and DHF

Incubations shown triangles, contained 0.76 mg of protain
from the 27,000 x g pellet of LM cells and 7.8 units of DHFR
in a final volume of 0,39 ml, 0.25M sucross, 0,02M Tris-HCl,

pH 7.4, Where presant, MTX vas at a final cofcentration of

3 x 10=7N and NADPH at 2 x 10=4M, Incubations shown by circles
contained 0.41 .mg of protein from the 27,000 x $ pellet of LM
calls and 2,04 units of DHFR in a final volume of 0.26 al,
0.23M sucrose, 0.02M Trie-iCl, pH 7.4, Whers presant, DHF was
at % concentration of 1 x 10“M. o

he resulte ohtained with DHF present are representative of
three different experimgnta, those with NADPH of two difforent

experimante.

4
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the presence of an. ragenerating aysten
. Yncubations non:atnca.e.§§ og oE protein from the 47,000 x g

72

%% REMAINING ACTIVITY
o ‘

——t—
& #ﬁﬂE(hM } . -

Inagtivation of DHFA by the 27,000 x g pellet of LM cells in

pellat and 13,8 units of DHIR in a final volume of 0.8 ml,
0.23M sucrosa, 0,02 Tris-HCl, pH 7.4, o
Open syubols represent non-boiled 27,000 x g pellet, closed
syzbols represent boiled 27,000 x g pellet. Incubations
vithout ATP regenerating system, o==—o} incubations with ATP
r.lnnltatin] system, fr———f , :

Similar rosults were obtained in two different
experirents, - . | '
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Kffact of an ATP regenarta yatem on the inactivation of
8 QU0 x allet of LM colls . ‘
Incubations contained 0.68 mg of protein from the 27,000 x g
pellet, and 20.0 units of DHFR in a final volume of 0.78 ml,
0.23M sucrose, 0.024 Tris-HCl, pH 7.4, The ATP regenerating
systen was added in a volume of 0,14 ml, ‘

Upen symbols represent 27,000 x g pallet; closed l;vnboll
reprasent boiled pallet. .

Stmilar results vere cbtairied in three different

experiments.
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. dcerc,{g’ lht ratn of inactivation of DMUFR by the 27 000 x L ; pellat

(rig. 19). Pyruvata kinase also protectad DHFR but. wvas lcll cfﬂletivc

: :hnn tha othcr componsnts of the ATP rn;annrltinl system (Fig. 19).

Althoush ATP and naanlliun prnvontcd inactivation by the 27,000 x 8
" peallet, thay did not stabilise ghc enayme against denaturation when

" 1t was incubated alona (Fig. 20).

3.2.2. e of Insgtivation of DHFR in ulte -

To investigate the ncchlniil by which Dﬂrﬁ_wll inactivated by
the subcellular membrane fractions of LH'cclli. tadioaotivc label was
1ncorporatld into the moleculs, In this way tha 1nae:1vn uol!eulc could

‘be detected and changes in it examined.

o) Poduction of scid-soiuble materis] from [1c)-labeiied DHFR:

A.p°l§1b;| ucchgpti"by which DHFR vaa insctivated by th..lth
cellular membrane fractions of LM cells was by degradation of the protein.
to its coustituent auino acids. Using [;ﬁcl-luﬁcllcd DB!R..thc'produntien
of acid poluble material from the lnayl; by the 27.b00 X § pallet of LN
calle was studied, ILt:gla luid-ioluﬁll‘lntdrial vas ptﬁdunc@ from DHFR
when it vas incubated with the 27,000 x g pellet (Table 8) hnddr con= ;
digionn that hcvn‘bcqn shown to ;roduuolcxtcﬂltvu inautivn:ton'o! the
qnayue (Fig. 8), _

.DHFR was tnleuvlud by the 27'000<¥*;- 'pn‘.h‘t': of LN cells and
the 27,000 x g supernatant .subsaquently uddnd. A;;ln’tfjﬁlc acid-soluble
materal vas produced (Table 9). ' R |

~
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Inactivation of DHFR by the 27,000 x g pellet of LM cells in
the prasance of the components of an ATP regenaratin
ncubations contained 0.29 mg of prote
pellet and 21.0 unite of DHFR in a final volume of Q. Bé nl.
0.234 sucrose, 0.02M Tris-HC1, pH 7.4,

Components of the ATP regenerating lyutun were ptcdinu as

shown and ware at the concentrations described in the Methods
Section (2.2.68)." o

Similar results wern obtained in two dit!eront
oxperimantl._
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Fig. 20. Heat inactivation of DHFR in tha presance of ATP and magnesium
nocubationa containe
of 0.39 ml, 0.23X sucrosey 0.02M Tris=HC1, pH 7.4,

ATP and magnesium were at the concentrations describad in

'thl Mathods Saction (2.2.6).
" No addition, o-——o; ATP and sagnesium, o,

Similar vesults vare obuinad 1n thrae different
expaerimants. :
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TABLE 8

I
¢

PRODUCTION OF ACID-SOLUBLE MATERIAL FROM:[14C]~LABELLED DHFR AFIER
INCUBATION WITH THE 27,000 x g PELLET OF LM CELLS

* Acid-soluble X Actd=

// L dpm 3 soluble
. Noﬁ'ihaubl:ud 738 | 5,18
Incubated withe g62 . 6,04
27,000 x g pellet ) '
for 90 min o
Incubated with boiled o’ #3

27,000 x g pallet
for 90 win o

Ingqhitionl wara for 96 nin.‘:hny contained 4.1 ug DHFR
and 0.39 =g ot.protnin from the 27,000 x g pellat in a final vol-
une of 0,33 ml, 0,25 M sucrose, 0,02 X Tric-HCl. pH 7.4,

Iﬁuubdtiéa;.c;ntainod lA;iSi-dpm. Tho results given
reprerent duplicato sampleosy cpm measured ranged from 263 to 31‘.

Althogsh the amount of acid-soluble material in th; aample

before iﬁcgpntion varied, similar results wofo obtained in throe

diffarent ixperimlnﬁl.
) , - -

1
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PRODUCTION OF ACID-SOLUBLE MATERIAL FROM [“cl-mm.um DHTR

¥

Treatment of DHFR X Acid-soluble
0 time I e s.18
90 mia + 27,000 x g pellet | ‘ 6.04
90 min + boilad 27,000 x g pellet . 5,54
90 min + 27,000 x g pellet, then 6,60

90 min + 27,000 x g lupcmal;’unt

/90 min + boiled 27,000 x g pallet, then | 6,19
_90 min + 27,000 x g suparnatant

90 min + 27,000 x g pellet, then E 6.18
90 min + boiled 27,000 x g supsrnatant .

1

Initial ingubations were at b YA n;\d éonui.nnd'o.“ mg. of protein

!fon the 27,000 x g pllh: and 4.1_#‘ mmi in a um. volume of 0,33
wl, 0.25 X sucrose, 0.02 M Tria-=HC1, pH 7.5, After 90 min, 2.07 mg
of protein from the 27,000 x g suparnatant vere added in a voluma of

0.30 ml of the sazme buffer, incubation vas continued for another
90 min.

Incubations contained 14,253 dpm. cpm mearured ranged from 163 to

314, The ruultbsivo:{ reprosent the Wean ort duplicate samples.
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"b) Changes in the molscular ulilht of DHFR during inactivation
in_witro | N

The molacular weight of DHFR, as deternined Sy polyacrylanide-

SDS geal electrophoresis, is 18,000 (Fig., 21). This was unalterad aftar

incubation with the total 600 x g call homogenate (Fig. 21) ,or with

the 27,000 x g lyscsomal pellet (Fig. 22A). Some [1‘01-1ab|11|d protein

“was found in the 27,000 x g pallet at the end of tha incubation. The

molecular weight of this material was the same al‘that vhich remained in

~

the soluble fraction (Fig. 22B), -

¢) Changes in the chlrgo of DHFR

1t inactivation of DHFR is th. :cnult of removal of amino acids
from the moltculc, a chlnsc in the chargc o! the enzyme might oceur.
Polyacryluntdc gel eslectrophorasis was ulcd to sea vhather such a change
could bc dcuonltratnﬂ. Tha radicactivity uhieh vas Tecovared.at the
buffer tron: rcp:ulcn:l acid-loluhlc uatnrtal. that at an RF of 0.2 - O. 3
represents l C] lnbcllcd DUFR. No change in the charge of the cnlync
which rcmnincd in thl 27.000 X § supernatant could be detected ut:cr '
incubation with the 27,000 x g pcllct as compared to & control uhich vad
incubated with boiled pellet (rig..aa). It was found, howevar, that
some material did not enter the 7X polyacrylamide .ill. Radtoiutivity
was recovered on the top slice of the ||1|. Formation of this wmaterial
Hll catalysed by the presence of unhotlcd 27,000 x g pellet. No such
natcrill vas formed when tha ensyme was incubated alone (Fig. 24).

A!;cr incuhatiﬁn with 8M urea and 1.2M mercaptoathanol, the amount

of vadioactivity which remained at the origin compared to the amount

{
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Fig. 21, Polyacrylamide=-5DS gel slactrophoresis of uc =laballed DHFR
thur Zneu%a:ion with the 8600 x g su ernatant of LM cells
' ncubationa contafnqa 1.8 ng of protain from the 600 x (]

. supernatant and 0.81 ug of DHFR in a final voluzme of 0.39 ul,
0.234 sucrose, 0.02M Tris=HCL, pH 7.4, Aftar 2 h at 37°C
samples of the 27,000 x g supernatant wers lgpliud to

- polyacrylamide-5D8 gels. The voluma of sanple which was put
ca each gel was equivalent to that’which contsined 0.24 ug of
DHFR at the beginning of the incubatiom. -~

Aftar incubation with 600 x g suparnatant, o~——o; -
after incubation with boiled 400 x § supsrnatant, e—e.

Bimilar results ware obtained from two different
experiments.
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noubations were at C and contained 1.9 g
0.61 mg of protein from the 27,000 x g pellet at pHl 7,4 in a
final voluma of 0,39 ml, 0.25M sucrose, 0.02M Tris-HCl,
After 80 min, the incubation was terminated by centrifugation
at 27,000 x g. .

A. Material which remained in the supernatant of incubations
with the 27,000 x g pallat. A vollwm of sample equivalant

to that which had contained 0.66 ug of DHFR at tha baginning of
the incubation was applied to the gels. :

B. Material which was recovered in the 27,000 x 8 pellet: The
pallet from a volume of sample aquivalent to that which
containad 1,41 ug of DHFR at the beginning of the incubation

- was applied to thea gels,.

Aftar incubation with 27,000 x g pellet, o—=0; after

| incubation with bolled 27,000 x g pallet, e———g. .

Thess results are representative of seven different experimentas
ih which the aupernatant of incubations with the 27,000 x g pellet
vas applied to gels and three-expariments in which the 27,000 x '
p?llc: was applied to gals, - '

_
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~ eontained 0,44 ug of DHFR at the baginning of the incubation
. . . ‘

Polyacrylamide ||;,'|1ee5_p_qpltg_g_cgg__o_f [“c_l;_-_;a alled DHFR
ich r

v maintig thu 47,000 % g supernatant after !Ecusuigog
with the 27,000 x g pollet of LM cells

Incubations were at C and contained 0.73 mg of protein
from the 27,000 x g pellat and 1,08 ug of DUFR in a final
volune of 0.39 nl, 0.25M sucrose, 0.02M Tris=HC1, pH 7.4.
After 90 min a volume of sample equivalent to that which had

was applied to the gels, \

N
After incubation with 27,000 x 8 pellet, o———v; after
incubation with boiled 27,000 x § pallet, or——g,

8imilar resulte were obtained in three different
exparimonts. :

-
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 Incubations contained 1.8 ug of DHFR in 0,39 mi, 0.254 _
aucrose;, ‘0.024 Trie=HCL, pM 7.4, at 0! or st 37°C. After 80
min, a~volume of the 27,000 x § suparnatant equivalent to that

~which contained 0.8 ug of DUFR at the beginning of the

incubation was applied to polyacrylamide gals.
After incubation at 0°C, o———v; after incubation at 37°C,
M‘ N . ! - . B : . -

il

,,,,,
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which dga recovered in the enzyme peak_yas-grgatly‘reduced‘(Pig. 25),""

~

This indicated either.that the material found on the top of the gels\-

(Fig. 23) represented denagtured matcrial-which‘whs solubilized by urea

and mercaptoethanol or that it represented material of high molecular -

weight which was dissociated by incubation with ures and metéapﬁoethanol.
. . : e :
The charge of this [14C]-labelled material could riot be shown to be

different from that which entered the polyacrjlsmiﬂe“gelﬁ, since when it

entered the polyacrylamide gels in the ﬁre;ence of urea and mercapto- =~

ethanol all the radioactiﬁify was recovered in a single peak which was
the sawe in samples incubated with boiled or unboiled 57.000 xg
pellet (Fig:“ZS).

Treatment with urea and mercaptoethanol resulted in reacciv;t;oﬁ
of the enzyme iTable i0), while the activiéy in controls which had éonf.
téined no protein or protein from éhe boiled 27,0b0 X g peliet was
decreased by this treatment. This suggests that tﬁe most likely explan-
ation for :hé formation of.che [lbcl-labelled eniymé which did not enter
7% polyacrylamide gels is that it was 1nac§1ve high mclécular weigﬁt
enzyme which was dissociat/ed énd reactiirat;ed by treatment ﬁith urea and
mercaptoethanol, To elimihate the poasibility that the increased DHFR
actifvity was the result of activafion of'la:ent endogenous DHFR, controls
were performed in w;ich the endoéen;;;IEctivity of the 27,000 x g pellet

of iH cells was measured before and aftef treatment with urea and

mercaptoethanol, No DH?R could be detected in the 27,000 x g pellet

either before or after treatment with urea and mercaptoethanol (data

not shown).

~
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Fig. 25. Polyacrylamide gel electrophoresis in the presence of 8M urea
of the [**C]-labelled DHFR which remained in the 27,V )X B
. supernatant after incubation with the 27,000 x g pellet of
- 1M cells : :

Incubations were for 2 h at 37°C and.contained 0.5 mg of
protein from the 27,000 x g pellet and_1.9 pg of DHFR in a
final volume of 0.39 ml, 0.25M sucrose, 0,02M Tris-hCl, pH 7.4

Aliquots applied to the gels contained 8M uree and 1.2 mM
mercaptoethanol.. The volume was equivalent to that which
contained 0.4 pg of DHFR at the beginning of the incubaticn.

After incubation with 27,000 x g pellet, o——v; aftex
- dincubation with boiled 27,000 x g pellet, e——o. '

Similar results were obtained'in two different
experiments. -
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TABLE 10

EFPECT OF UREA AND MERCAPTOETHANOL ON THE ACTIVITY
. / Q"

OF PREVIOUSLY INACTIVATED DHFR

Incubation % of original % of originai
activity remaining’ activity remaining
after 2 h incubation = after 2 h incubation

and subsequent treatment
with urea gnd mercaptoethanol

\

DHFR + 27,000 x g 1%,0 o 24,0
pellet . .
DHFR + boiled .38 ; .9
© 27,000 x g pellet - '
DHFR + buffer 25.9 | 2.9
only '

.

“

Incubations contained 0.5 mg of proﬁein from the 27,000 x g
pellet of LM cells and 1.9 ug DHFR in a final volume-of 0.39 ml, 0.55 M
sucrose, 0,02 M Tris-HCl, pH 7.4. After 2 h, the 27,000 x g pellet was
removed by centrifugation. An aliquot of the 27,000 x g supernmatant was

assayeq before and after incubation with 8 M urea, 1.2 mM merchptbethanolv

Results given represent the mean of duplicate incubations.
' i
This experiment is one of a series in which DHFR, intially

inactivated by subcellular membrane fractigns_r wasﬁfhactivated by urea
YRS | N
Lok

' (Table 10, 12-15).
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d) Asiociation_of DHFR with the subcelluiar membranes of LM cells =

Most of the high moiecula:rweight llacl—iabelled ﬁaterihl which
remained in the 27,000 x g superhq;ant.after'ipcubﬁtioq of DHFR with
the 27,060\: g pel;et of TM éells, entered a]cﬁlumn of S;pharose 2B
kFig._fG); Af;ersincubétion of DHFR\eitﬁer alone,or’with Soilgd 27,000
xg péllef; @osﬁ’of‘zﬁehiadioactivity was recovered és a Qingle peqk.

_After incubation‘yith:&nboiled pellet, radioactivity-w;s found ‘in the
single peak but was also recovered in geiéral fr#ctions of higﬁer'
molecﬁlar.ﬁgight. The material in the single peﬁk-wah active, that in

-

each‘of the higher mdleculaé welght fractioﬁs was not aﬁtﬁve (Fig. 27).

The inactive high molecular weight maferiaL recove;ed on Sepharose
2B co;umns.ﬁight represent the formation of aggregates of DHFR catalyzed
by the 27,00Q?xhg.pe11et. On the other hand,‘it‘might represent enzyme

. b : '

?hich wasg bou&d to components of the 27,000 x g pellet which remain in
thé 27,000 x g supernatant at the end of the incubafionsu- The presence
of the ingctivg material in aevéral different fractions suggests that
the latter éxﬁianatipn is the most likely. In order to detect: the posi-
tionalof the subcellular proteins in the eluate of Sepharose 2B columns
[3H]flabelled proteins’ of tﬁe 27,000 x g pellet were used in the incu-
batioﬁn. Each fraction of the column eluate.which confained [1401—
- labelled material of high molecular weight was also found to cgntain
[3H]-labe11ed profeins of the 27,000 x g pellet (Fig. 28). ._' o A

»

. P :
e) Characterization of the proteins associa&ed with inactive DHFR

¢
The 27,000 x g pellet of LM cells contained mitochondria, lysosomes

and heavy microsomes. Fractions rich in each of these organelles were

-

Vo

- L
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Columm chromatography of [14C]~labelled DHFR on a Sepharose 2B

colum after incubation with the 27,000 x g pellet of IM cells

Incubations contained 0.53 mg of protein \from the 27,000 x g
pellet and 4,75 ug of DHFR in a final volime of 0,39 ml, 0,25M
sucrose, 0,02M Tris-HC1l, ph 7.4.

After 2 h, 0,25 ml of the 27,000 x g supematant was applied
to a Sepharose 2B column,

After incubaticn with the 27,000 x g pellet, o—vo; after
incubation with boiled 27,000 x' g pellet, e——»; after
incubation alone, o—— . )

Similar results were obtained in three different
experiments,
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Fig. 27. Enzyme activity and [_aclrlabelled material {in the fraccions
eluting from a column of Sepharose 2B
“After incubation of 0.53 mg of protein from the 27 000 xg

pellet of 1M cells and 4. 75 ug of DHFR for Z h in & final
volume of 0.39 ml, 0,254 ‘sucrose, 0.02M Tris-HCl, pH 7.4,
0.25 ml of the 27,000 x g supernatant was applied to a colum
of Sepharose 2B.

- Enzyme activity is shown by triangles, [ C]-dpm are shown
by circles. (A), after incubation with the 27,000 x g pellet;
(B), after incubation with boiled 27,000 x'g pellet' (C), after °,
incubation alone. '

Similar results were obtained in three different
experiments. T . '
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Fig. 28, Column chromatography of [!“C]-labelled DHFR and [3H]}-labelled
protein from the 27,000 x g pellet of LM cells on a column of
Sepharose 2B

‘Incubations contdined 2,64 mg of protein from the 27,000 x g
pellet and 14.14 pyg of DHFR in a final volume of 0.40 ml, .
0.25M sucrose, 0.02M Tris-HC1, pH 7.4. After 2 h the 27,000 x g
pellet was removed by centrifugation and 0.25 ml of the

‘/ 27,000 x g supernatant applied to a column of Sepharose 2B.
‘ - [1%C}~labelled DHFR, o——v; [3H]-labelled cellular protein,
e, ) " .

. )
This experiment is one of 2 series in which the [1%C]-labelled
material of high molecular weight eluted at a constant volume
. (7.1 = 9.7) only when cellular protein was also present in that
volume (Fig. 28-32).

»
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_ﬁréparéd from cells labelled with-[SH]-lcqrine'and wera‘iﬁcubated wi:ﬁ :
1‘&]-1abe11ed DHFR, When a sample containinglﬁﬂFﬁ and the pellét rich-l

in mitochondria was' applied te a Sepharose 2B column, a small amount of

-[14C] labelled -material eluted 4in the void volume with. the bulk of the

. [3H]-labd11ed pro:ein (Fig;.zgh). When a samgle containing DHFR and the -
rellet rich in lysbroﬁes was applied to a col;mn'bf Sephar&se 2B, some -

[ C]- labelled material agnin eluted in the void volume with the bulk of
the [ H]-laballed protein. Some { C]-labdlled material of high molecular
:weighc entered the column and elu:ed between 7.1 and 9.1 ml (Pig. 298,
Tabla 11). When -a sample containing DHFR and the pellet rich in heavy -

. microaomea was applied to a column of Sepharose 2B the [ C]-labelled
macerial of high molecular weight which entered the column increased (Fig.
29C,'Table‘11).' The elution volumes of the [ C] and [ H]-labélled
proteins corresﬁonded (Fig. 29C).

lhe t:tal amount of protein applied to each of the Sepharose columns
was the same, yet the [3H]-dpm eluting from each was different (Fig. 29),
indicating differential labelling of the proteins ‘of the three subcellular
pellets. To see howrmuch cellular protein was in each of the fractions of
the Sepharose 2B colummn, samples of the labelled ﬁallecs were‘applied to
columns‘and the total-prétein eluting in each fraction, rather than the
radioactivity, was measured (Fig. 30). Coﬁparison of the amount of cellular
| protein (Fig. 30) and of [14C]—labe11ed pﬂFR (Fig. 29) in each fraction /
éhows_that the ratic of [14C]-dpm to lig 6flprotein in the void volume was

very low in incubations which contained pereius from the pellet rich in

mitochondria or lyadaomés as compared to.one which contained proteins from
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" Fig. 29.

-[t4c)-dpm. .
(A), after incubation with the fraction rich in mitochonéria, :“--'
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Columm chromatography of [*H]-labelled subcellular fractions of
1M cells and [2"C]-labelled DHFR on columns of Sepharose 2B’
Incubations contained 2.7 ug of DHFR.and 0.47 mg of protein
from the subcellular fraction in a final volume of 0.30 ml,
0.25M sucrose, 0.02M Tris~HCl, pH 7.4, " After 2 h, 0.25 ml of
the incubation mixture was agplied to-a column of Sepharose 2B..
Closed circles represent [ H]-dpm and open circles represent

(B), after incubation with the fraction rich in lysosomes;: (C),
after incubation with the fraction, rich ih heavy mif osomes.
This experiment is one of a series in which the ['*C]- ~labelled
material of high molecular weight eluted at a constant volume
(7.1 =" 9,7) only when cellular protein was also present in that
volume (Figs, 28-32),
. . k

o e
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Fig. 30. Protein content of the eluate of colums of Sepharose 2B after
application of various subcellular pellets of LM cells

Each pellet, 0.47 mg was incubated in (.30 mi, 0.25M sucrose,
0.02M Tris-HC1, pK 7.4, After 2 h, 0.25 ml of the sample was

- applied to a column of Sepharose 2B. Each eluate fraction was
concentrated to dryness by lyopholization and the protein
content determined. '

(A), mitochondria~-rich fraction; (B), lysosome-rich fraction;
(C), heavy microsome-rich fraction.

This experiment is one of a series in which the [1%C]-labelled
material of high molecular weight eluted at a constant volume
(7.1 - 9,7) only when cellular proteic was glso present in that
volume (Figs. 28-32), ‘
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TABLE 11
[lac]-LABELLED DHFR AND jig OP CELLULAR PROTEIN

IN THE ELUATE OF A SEPHAROSE 2B COLUMN

‘. " 14 .
Eluate b, [(*'cl-dpm/
Volume ~ Sample Lg protein -[” Cl-dpm Ug protein
3.8-4.5 ml  Mitochondria-rich 94 24 . 0.26

Lysosome-rich © 118 66 0.60
Heavy Microsome-rich 16 34 2.12
7.1-7.8 m1  Mitochondria-rich S | 6 - :
‘ Lysosome-rich - - 28 -
Heavy microsome-rich 10 &6 6.60
, .
7.8-8.5 ml  Mitochondria-rich - 11 -
Lysosome-rich - 6 - -
Heavy microsome-rich 14 71 5.07
8.5-9.1 ml  Mitochondria-rich - 21 -
Lysosome-rich - 4 : 52 13,09
Heavy microsome rich 20 66 3.30

" Incubations were performed as described in the legends to Fig. 29
and 30. The [l4C]-dpm and ug of protein in each fraction of a Sepharose
2B column were calculated. ’

a, ratio could not be calculated since the protein was too low

" to measure

b, ratio is probably not correct s*nce the protein was too low
to be accurately determined. :
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.che pellet rich in heavy microsomas (Table 11}, The ratio of [IAC]-dpm to ..
microsomal protein was much higher in the fractions eluting bQ:ueen'?Ji
and 9.1 ml. The protein conce;cracion was téo low for a ratio to be '
calculated for these frnctiona in 1ncuba£ionu which contained tﬁq mita-
chondria-rich or lysosome-rich pellets, but the ratio Qan probably also
high. (Table 11). |

The most likely explanation for these results is that inactive
enzyme was associated to a small extent to alarge amount oY lysosomal and
.mitochondrial protein which was excluded from the gel, while there was much
- 8reater specific binding of enzyme to the microsomal fraction OF the mfhro-
somal proteins which contaminated ;he lyaouome-ricp and mitochondria-rich |
pellets., Further ﬂuppo;t'for such an explanation was obtained by incubation
of DHFR with [SH]—lébclled 100,000 x g light microsomal pellet. There was .,

a good correlation between the position of [14C]-1ube11ed material of high

molecular weight and the [3H]-labe11ed proteins (Fig. 31).

£} Relationship between the inactivation of [IAC]vlabelled DHFR

and the formation of [14C]-1abelled material of high

molecular weight

If formation of the inactive IIQC]-laba;led DHFR of high moieculnr
weight was the result of binding of the enzyme to the subcellular membranes,
then it would be expected that none of this material would be formed during
incubation with proteins which did not inactivate the enzyme,

When [1fC]~labe11ed DHFR was incubated with [3H]-labe11ed

proteins of the 100,000 x g Bupernatant, a fraction which did not

\ \
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Fig. 31. Column chromatography of [!"C}-labelled DHFR and [3H]-labelled
proteins from the 100,000 x g pellet of LM cells on Sepharose 28
Incubations contained 0.47 mg of protein from the 100,000

x g microsomal pellet and 2,7 wg of DHFR in a final volumwe of
0.30 ml, 0.25M sucrose, 0.02M Tris-HC1l, pH 7.4, After 2 h,
0.25 ml of the incubation mixture was applied to a column of
Sepharose 2B,

Open circles represent [}“C)-dpm; closed cizcles represent
[3H]-dpm. .

This experiment is one of a series in which the [!“C])-labelled
material of high molecular weight eluted at a constant volume
(7.1 - 9.7) only when|cellular protein was also present in that
volume (Figs, 28-32).\\ /

—— r
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inactivate bHFR in vitho (Fig. 7), little material of high molecular

“weight was ‘formed (Fig. 32)l The effective fractionation range of

~ -
- o

‘SephArose ZB s such tﬁat the DHFR monomer was-;or separated from the
[3H]-1abe11ed protgins of the 160,000 i}gféupernacant on this columm.
. Althoﬁgh it can therefore bészgncluded'éha:'in the presen;e of the ’
100,000 x g supernatant, enzyﬁq of molecular ueigﬂt as hiéh as.fhat
 f§rmed in incubations éqncaining thel27,000 x g or 100,000 x g pellecs;
‘was not formed, this experiﬁent does not show whether or not DHFR was
bound to components 6fgthe 100,000 x g, supernatant. If such‘binding

did occur, then the 100,000 x g sugernataﬁt might compete with the

27,000 x g br the 100,000 .x g pellets for eﬁzyme moleculés. To test
this, dialyzed 100,000 x g supernatant was incubated with [14C)-labelled
DHFR aﬁd 100,000 x g pellet. No decrease in the amount of [140]‘labelled
materjal eluting in the fractions of high molecular weight could be
demonstrated (Fig. 33). The supernatént used in this experiment was
dialyzed in order to remove any ligands which might stabilize DHFR
against inaétivatign. fhe 100,000 x g supernatant contained endogenous
- DHFR which might compete with [lacl-labelled enzyme for the inactivating
system. The activity added with the 100,000 x g supernatant, however,
was only 1.0% of the total activity in the incubation.

‘ The effect of BSA on the formation of [140}-labelled material

of high molecularlueight.in the presence of 100,000 x g pellet was also
investigated, BSA is another protein which did not inactivate DHFR

(Fig. 6). It did not alter the amount of high molecular weight paterial

that was formed (Fig. 33).
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Colum chromatography of [3H]—labe11ed proteins from the
100,000 x g supernatant of LM cells and ['"C]-labelled DHFR
on Sepharose 28

Incubations contained 0.47 mg -of 100,000 x g supernatant
protein and 2.7 pg of DHFR in a final volume of-0.30 ml, 0.25M
sucrose, 0.02M Tris-HCl, pH 7.4. After 2 h, 0.25 ml of the
incubation mixture was applied to a columm of Sepharose 2B.

Open circles represent [I“C]-dpm;
[3H]—dpm.

This experiment is one of a series in which the [!"C]-labelled
material of high molecular weight eluted at a constant volume

(7.1 - 9.7) only when cellular protein was also present in that
volume (Figs. 28-32).

closed circles represent
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Effect of BSA and dialyzed 100,000 x g. supernatant protein on

the amount of high molecular weight [1“Cj—labelled material which

is formed during incubation of DHFR with the 100,000 x g peller of

LM cells

Incubations contained 0.53 mg of protein from the 100,000
x g pellet-of LM cells and 1.03 pg of DHFR in a final volume
of 0.34 ml, 0.25M sucrose, 0.02M Tris-HCI, pH 7.4. After 2 h,
0.25 ml aliquots was passed through a column of Sepharose 2B,

No addition, o——vo; 0.53 mg of BSA present in incubation,
o——w; 0.49 mg of dialyzed 100,000 x g supernatant from LM
cells present in incubation, g——o0 .

Simdlar results were obtained in two different experiments.
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. By inéteasing the amﬁﬁni of DHFR in the incubations, while keeping
the amount of 100,000 i g peliet congt;nt, it was showm that a gréatér
; loss of euzyﬁeractfviﬁy in'absolu:e amoﬁnté was accnmpaﬁied by an increase _/
in the tofal rédioactivity w?iéh eluted in the fractions of.hiéh ﬁolecular
weight‘of a Sepharose 2B cbiumn (fig. 34). Almost twice as much enzyme activity
was lost in the incubation which contained 2.3:yg as: in the inc_ubatioﬁ
which contained 1.4 ug of DHFR. Almogt. .iwice as much fadioactivity
was fegovered-in fractiﬁns of high molecuigr weight iﬁ the incubation
which contained 2.3 pug of enzyme.- |

It has‘been shown that t%g fate of inactivation of DHFR in

incqbations containing the 27,000 x g pellet of LM was decreased by
MTX at a concentration of 5.0 x 10f7M (Fig. 16). MIX at a condqptracion of
1.4 x 10~7M did not prevent the formation of [lécl-labelled mﬁterial
of high molecular weight (Pig. 35). The.eéfect of MIX appears to be
due to stabilization of the enzyme which was recovered in the pedk at
an elution volume of 11 - 14 ml. While the amount of radioactiv;ty in
this volume was the same in samples incubated with and without MTX, the
enzyme activity was much higher in the sample which was incubated with
MIX (Fig. 35). When (14c]-1abelled DHFR was incubated in buffer alonme
until 867 of the activity was lost by ﬁeat inactivagion all the radio-
activity eluted at this volume on a Séphhrose colum (Fig. 36). The
enzymé eluting at this volume, therefore, represents active enzyme and
heat inactivated enzyme so that the effect of MIX on the rate of in-
activation of DHFR may be due to stabilization of the enzyme ag;inst

heat denaturation. Alternatively, stabilization of'the enzyme by MIX
could be due to a decreased rate of formation of some other inactive .
form of the enzyme which eluted in this volume.

-
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Effect of increasing [IQC]-labelled DHFR concentration on the

formation of inactive DHFR of high molecular weight

Incubations contained 0.53 mg of protein from the 100,000
x g pellet of LM cells and [!“C]-labelled DHFR in a final
volume of 0.30 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4.
After 2 h, 0,25 ml aliquots were applied to a columm of
Sepharose 2B, ‘

Incubation containing 1.4 ug DHFR, o———o; incubation
containing 2.3 yg DHFR, e——,

-
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Fig. 35. Effect of MIX on the formation of [!“C]-labelled DHFR of high
' molecular weight and on the activity of the enzyme which is
recovered on_a column of Sepharose 2B
Incubations contained 0.53 mg of protein from the 27,000 x g
pellet of LM cells and 5.7 pg of DHFR in a final volume of
0.39 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4. MIX, where
present was at a concentration of 1.4 x 10~/M. After 2.5,
0.25 ml aliquots were applied to a columm of Sepharose 2B,
Enzyme activities were measured at pH 8.5,
[}“C]-labelled. DHFR, o—o; DHFR activity, A—n
Open symbols represent incubations in the absence of MTX;
closed symbols represent incubations in the presence of MIX,

Similar results were obtained in four different
experiments. 4} _ '
]

4




/- o 1m

P
400}
| 360- | S . '
200

100

P

10 =]
VOLUME. {ml)

Fig. 36. Column chromatography of heat inactivated DHFR on Sepharose 2B
. Incubations contained 1.03 ug of ['“C]-labelled DHFR in
0.28 ml, 0.25M sucrose, 0.02M Tris-HCL, pH 7.4. After 2 h,
0.25 ml was applied to a colummn of Sepharose 2B,
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- g) Inactivation of DHFR prior to the formation of

* material of high molecular weight

It has been suggested that denaturation is an‘early step in
ﬁrotein dggradation (Coffey and deDuve,.1968, Li and Knox.71972; Knowles
and Ballqrd, 1976). It was therefore of intereét to see whether mbre‘
[146]-labé11ed material of high molecular weight was formed d;ring
incubation of denatured DHFR with the 100,000 ¥ g pellet than dﬁring
incubation of active gnzym; yith thé_pellet. Dihydrofolate reductase.
labelled dlth‘[lAC] was Incubated at 37°C unfil 86Z.of the activity was -
lost. The 100,000 x g pellet was fhen added and'a.sample of the incubation
immediately pagsed through a column of‘Sepharose 2B. Llittle DHFR of high
‘molecular weight was formed (Fig. 37). Since binding may he heat dependent,
incpbacion.at'37°c was coﬁtinued for 1 h afEer addition of the %O0,0DO.X g
pellet, but the amount of matgrial of high molecular weight in the column
eluate did not increase (Fig. 37).

. The formation of [14C]—1abe11ed material of high molecular
weigﬁt may represent enzyme which was inactivated by some mechanism
other than binding to ﬁicrosomal membranes. When DHFR was incubated
with boiled 100,000 x g pellet, activity was lost fapidly (Fig. 8).
Elution of the incubation mixture on a column of Sepharose 2B showed
.that much of the [IAC]—labelled enzyﬁé‘was present in the voild volume
(Fig. 35) where the proteins of the boiléd pellet would be expected
to elute. This material was inactive, put activity -was restored by
treatment with urea and mercaptoe:hanq} (Table 12). This enzyme activity

per dpm was compared with enzyme activity per dpm after the same
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Effect of previous inactivation on the formation of [!"“C]-1ah-

elled materjalof high molecular weight in the presence of

protein from the 100,000 x ¢ pellet of LM cells

Incubations contained 1.03 ug of [!"C]-labelled DHFR in
0.28 ml, 0.25M sucrose, 0.02M Tris-HC1, pH 7.4. After 2 h at
37°C, 0.02 ml of the same buffer containing 0.53 mg of protein
from the 100,000 x g pellet was added. An aliquot of 0.25 ml
of one sample was irmediately applied to a column of Sepharose
2B while another sample was incubated at 37°C for a further
1 h before being applied to a Sepharose 2B columm,

A control incubation contained 1.03 pg of [I“C]-labelled
DHFR and 0.53 mg of protein from the 100,000 x g pellet in
0.28 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4. After 2 h,
0.02 ml of the same buffer was added and an aliquot of 0.25 ml
passed through a column of Sepharose 2B,

[14C)-labelled DHFR incubated with 100,000 x g pellet
protein, o——o; [}%C]-labelled DHFR incubated alone, 100,000
X g pellet protein added and sample applied immediately to
Sepharose 2B column, O——0 ; [1%C]-labelled DHFR incubated

alone, 100,000 x g pellet protein added and sample incubated
for a further 1 h, #——mn.

-~

“
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Fig. 38, Formation of [1“0]—1abe11ed material "‘of high molecular weight
in incubations containing boiled or unboiled protein from the
100,000 % g pellet .
Incubations contained 0.47 mg of protein from the 100,000 x g
pellet of LM cells and 5.0 vug of DHFR in a final volume of
0.30 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4, After 2 h
.aliquots of 0.25 ml were applied to colums of Sepharose 2B,
After incubation with 100,000 x g pellet, o—ov; after
incubation with boiled 100,000 x g pellet, o—e,
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REACTIVATION OF [laC]-LABBiLED DHFR IN FRACTIONS Of'HIGH

MOLECULAR WEIGHT AFTER INCUBATION OF DHFR WITH BOILED OR

UNBOILED PROTEINS FROM THE 100,000 x g PELLET OF LM CELLS

Eiution volume

Subcellular

.Initial activity

Activity after

fraction in {units/ml) treatment with
4 -incubation . urea and mercapto-
ethanol (units/ml)
Y 3.9 4.5 ml 100,000 x g 0.00 0.25
A ' pellet’
]
! 3.9 - 4,5 ml boiled 0.00 1.74
! 100,000 x g
j pellet
8.5 - 9.1 ml 100,000 x g 0.00 10.65
pellet
8.5 - 9.1 ml boiled 0.00 0.11
100,000 x g
pellet

Incubations contained 0.47 mg of protein from the 100,000 x g

pellet of LM cells and 5.0 ug of DHFR in a final volume of 0.30 ml,

0.25M sucrose, 0.02M Tris-HCl, pH 7.4. After 2 h, aliquots of 0.25 ml

were applied to columns of Sepharose 2B.

Fractions eluting from the

colurm were assayed for enzyme activity before and after incubation with

8M urea, 1.2 mM mercaptoethanol at room temperature for 60 min.

Results given represent the mean of duplicate incubations.

This experiment is cne of a series in which DHFR, initially

inactivated by subcellular membrane fractions, was reactivated by urea

{Table 10, 12-15).
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»

treatment of enzyme present in the fractions containing proteins of the

N

unboiled pellet. The enzyme associated with membranes of the boiled
and unboiled fractioha was reactivated to the same extent, This result
suggests that previous alteration of DHFR, by a heat sensitive process,

was not necessary for assoclation of the enzyme with microsomal membranes

gince inactivation and association also occurred with boiled microsomal

membranes.

h) Dissociation of the IIAC]'labelled material of high molecular

welght

Inactive [14C]'labe11ed DHFR in fractions of high molecuiar veight was
not dissociated by dilution. There was no difference in the distribution
of radicactivity in the fractions of Sepharose 2B columns between a
sample which was incubated with 27,000 x g pellet and applied to Sepharose
2B immediately aqd one which was diluted three times after incubation,
left at 4°C overnight and then applied to Sepharose 2B (Fig. 39).

MTX and NADFH did not cause dissociation of t@e material of
high molecular weight. After incubation of DﬁFR with the 100,000 x g
" pellet, MTX and NADPH were added and the sample left at 4°C overnight
before being applieq to a column of Sepharose 2B. The amount of radio-
activity eluting in tﬁe high mole;ular wéigﬁt fractions was not reduced
ag compared to a control which had no MTX or NADPH (Fig. 40).

Experiments have already been presented which suggest that the

formation of [14C]—labelled material of high molecular weight was

reversed and the enzyme reactivated by urea and mercaptoethanol (Fig. 25,



Fig.

39.

109

dpm N
800 :

600

400

200

Effect of dilution on the [IHC]-labelled material of hiech molecular
weight ‘

« Incubations contained 7.75 mg of 27,000 x g pellet protein
of LM cells and 16.44 pg of [!“C]-labelled DHFR in a final
volume of 0.6 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4 at 37°C.
After 2 h, the sample was centrifuged at 27,000 x g for 20 min
and a 0.25 ml aliquot of the 27,000 x g supernatant applied to
a colum of Sepharose 2B, Another portion of the 27,000 x g
supernatant was diluted three times in the same buffer and left
overnight at 4°C., A 0.25 ml aliquot of the diluted sample was
then applied tc a Sepharevse 2B column,

Undiluted sample, o——0; diluted sample, e———s; [l!“C]-

dpm of the diluted sample corrected for the dilution factor,
g——--a0 .




)
e

dpnﬂ. - 110
300' i i ¢

200

100

L

10 %
VOLUME (M)

-

Fig. 40. Effect of MTX and NADPH on the formation of ['“C]-labelled material
of high molecular wejght
Incubations contained 0.47 mg of protein from the 100,000 x g
pellet of LM cells and 5.0 ug of DHFR in a final volume of
0.30 ml, 0.254 sucrose, 0,024 Tris-HCl, pH 7.4. After 2 h,
17 vl of the same buffer or 17 pl of the buffer containing
NADPH and MIX, to give a final concentration of 10~6M NADPH and
3 x 107°M MIX, were added to the incubations. The control
sample without NADPH and MTX was immediately passed through a
column of Sepharose 2B, previously equilibrated with 0.25M
sucrose, 0.02M Tris-HCl, pH 7.4. The sample containing NADPH
and MIX was left at 4°C overnight and then passed through a
colum of Sepharose 2B, previously equilibrated with 0,25M
sucrose, 0.02M Tris-HCl, pH 7.4 containing 10~5M NADPH and
3x 10'6 MTX. '

Control, o——vo; sample containing NANDPH and 3 x 10_6H.HTX,
—e. S ‘




Table 16). .Hhen_the-inactiﬁe_high mélécula: weight ﬁatérial'was sep#fatéd
from the enzyme of low molecular ﬁgigﬁt by column chromatog?aphy on
Sepharose 2B and urea and ;ercaptoethanol addéd, the previously inactive
material of high molecular weight became ;ctive. In contrast, the
previously active enzyme of lower molecular weight ‘was inactivated
(Table 13):

To determine whether urea or mercaptoethanol was responsible
for the reactivation observed, DHFR labelled with [1AC] was inéubated
with ghe 100{d00 x g pellet and after 2 h aliquots of the incubations
treated with urea or with mercaptoethanol. Enzyme activity was not
restored by treatment with mercaptoethanol. Treatment with urea re-
activated the enzyme (Table 14).

Since urea and mercaptoethanol activate only the iﬁactive
material of high molecular weight (Table 13}, treatment of incubations
with urea and mercap:oe;hanol should provide a method for detecting
the production of such inactive maéérial without using [1aC]-1abelled
eazyme. A comparisom of the Inactivation and reactivation of unlabelled
and [lécl—labelled DHFR suggested that both forms of the enzyme are
inactivated by the formatibn of high molecular weight material (Table 15).

1) Binding of MIX to the enzyme in fractions of high molecular weight

It has been shown that at‘d concentration of 1.4 x 10f7H MTX did
not prevent the formation of inactive material of high molecular weight
(Fig. 35). Since it was of interest to see whether MTX binds to this
form of the enzyme, [3H]—labelled MTX was used an& the distribution of

this isotope in' the eluate of Sepharose 2B columns determined. A



REACTIVATION OF DHFR WITH UREA AND ME

' TABLE 13

112

RCAPTOETHANOL

Elution _Sdbcellular fraction .Initial activity Activity after
volume in incubation (units/ml) treatment with
. ‘ '~ urea and
mercaptcethanol

(units/ml)‘

3.9 - 4.5 nl mitochondria—rich 0.12 0:24

3.9 - 4.5 ml lysosome-rich 0.20 Y 0.22
~

3.9 - 4.5ml  microsome-rich 0.00 _J0.32

3.9 - 4.5 ml light microsome—rich 0.00 0.07

8.5 - 9.1 mi wi tochondria-rich 0.11 0.07

8.5 - é.l ml lysosome-rich 0.14 - 0.20

8.5 -96.1ml microsome-rich 0.15 0.45

8.5 - 9.1 ml light microsome~rich 0.03 0.34

11.7 - 12.4 nl mitoch‘ondria—ric_:h ash 0.64

11.7 - iZA ml lysosome-rich 3.99 o 0.61

11.7 - 12.4 ml microgowe-rich : 2.78' | 0.44

11.7 - 12,46 ml 1.60 0.71

light microsome-rich

Incubations were carried out, the products passed through

Sepharose 2B columms as described in the legends to Rig. 29 and 31.

Samples eluting between 3.9 ml and 4.5 ml, 8.5 and 9.1 mi, 11.7 and

12.4 wl were brought to 8 urea and 1.2 mM mercaptoethanol and after

60 min at room temperature DHFR activity was assayed.

Results given represent the mean of duplicate incubations.

This experiment is one of a series in which DHFR, intially

inactivated by subcellular membrane fractions,was reactivated by urea

(Table 10, 12-15).
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REACTIVATION OF UNLABELLED DHFR WITH UREA AND MERCAPTOETHANOL

 TABLE 15

114

Incubation

Z of original
activity remaining

after 2 h incubation

% of originmal
activity remaining
after 2 h incubation

and subsequent treatment

with urea and mercaptoethanol

[14c]-1abelled DHFR
+ 100,000 x g
pellet

(Y4¢]-1abelled DHFR
in buffer

Unlabelled DHFR
+ 100,000 x g
pellet

Unlabelled DHFR
+ buffer

6.98

11.51

1.23

9.82

41.00

5.16

65.15

2.94

Incubations contained 0.53 mg of protein from the 100,000 x g pellet

of LM cells and 1.44 pg of unlabelled DHFR or 1.8 ug of [-%C]-labelled

DHFR in a final volume of 0.39 ml, 0.25 M sucrose, 0.02 M Tris-HC1l, pH

7.4. After 2 h, aliquots were incubated with § M urea,/i;z mM mercapto-

ethanol for 60 min at room temperature.

Results given represent the mean of duplicate incubations.

This experimen

inactivated by subcellular membrane fractions, was reactivated by urea

(Table 10, 12-15).

g

s one of a series in which DHFR, intially
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single peak of'[3H}-MTX'uas found (Fig. 4;), indicating that MTX,-at

a concentration of 1.4 x-10_7ﬁ did ;dt bind to thg high molecular‘fofm
of DHFR. No informatiqn couid be obtained concerning the bin&ing of
MTIX to the heat inactivaﬁed enzyme since free MTX eluted.in'the same
volume as this form of the enzyme. Since binding to the’enzyme of

high molecular weight may have occurred but the MTX displaced during

the cﬁlumn chromatography, aﬁother method to see whether MTX bound

to the inactive material of high molecular weigﬁt was used. After
incubation of [14C]—labelled.DHFR with the 100;000 x g pellet, a

sample was applied to a column of Sepharose-MTX. The column waé eluted
by the method used in the preparation of DHFR by affinity chromatography
(Gauldie and Hillcoat, 1972). Some active enzyme was recovered in the
third buffer but most of the [IGC]~1abe11ed material passed straight through
the column and was recovered as inactive enzyme (Fig. 42), showing that
the inactive gnzyme'did not bind to MTX on :H&ASephafosewHTX columﬁ.

L

AN

\\
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Fig. 41. Column chromatography of [1“C]-labelled DHFR and [3h])-labelled
MIX after incubation of DhFR, MIX and the 27,000 x g pelletsof
1M cells -

Incubations contained 0.53 mg of protein from the 27,000 x g

. pellet and 4.8 ug of [1*c}-labelled DHFR in a final volume of
0.33 ml, 0.25M sucrose, 0.02M Tris-HCl, pH 7.4, for 2 h at 37°C.
Where present, [°H]-labelled MTX was at a concentration of
1.4 x 107°M. The incubations were terminated by centrifuging at
27,000 x g for 20 min and 0.25 ml of the 27,000 x g supernatant
applied to a column of Sepharose 2B. The elution volume of free
MIX was determined with 0.25 ml of 1.4 x 10~9M MIX.

Open circles show [!%C]~labelled DhFR in a sample incubated
without MIX. Closed circles show the [!“C]-labelled DHFR in a
sample incubated with MIX.

{3H]-labelled MTX in incubation containing 27,000 x g pellet
and DHFR, 0——0 ; [3H]-labelled MTIX only, s=—m .

Similar results were obtained in four different experiments.
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Affinity chromatography of inactivated [I“C]—labelled DHFR on
Sepharose-MTX

Incubations contained 0.47 mg of protein from the 100,000 x g
pellet of LM cells and 5.0 pg of DHFR in 0.30 ml, 0.25M sucrose,
0.02M Tris-HCl, pH 7.4. After 2 h, 0.25 ml was applied to a
coluwm of Sepharose-MIX (1 x 1.5 cm) previously equilibrated
with 0.1M Tris-HC1, pH 7.5 containing 1 x 10~5M NADPH. The
column was eluted with the buffers used in the purification of
DHFR by affinity chromatography (2.2.4).

[1%C]-1abelled DHFR, o—v0; enzyme activity &———nA

Similar results were obtained in two different experiments.
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4. DISCUSSION

4.1. PROTEOLYSIS IN CELL-FREE SYSTEMS

Intracellular proteins are degraded to their constituent amino
acids in intact cells (Swick,.1958), yet no significant\loss of amino
acids either from proteins of HIC cells or from purified DHFR during

incubations in vitro at neutral pH could be demonstrated in this study.

4.1.1. HIC cell proteins

The proﬁuction of acidFsoluble material by the total homogenate
of HTé cells was very low, less than 0.3% an hour (Table 4,5) and of
this only 0.05% of the proteins were degradeds per hour, by a heat
sensitive p;ocess (Table 5). This was_much lower than the rate of 3% a; )
hour which was observed in intact HIC cells (Hershko and Tomkins, 1971;
Gelehrter and Emanuel, 1974; Hillcoat, personal communication). The
homogenate in these incubations was'IZ times more diluée than in intact
cellé. When this dilution factor was taken into account, assuming the
process to be concentration dependent, the rate was still much lower in
the total homogenate than in intact cells.

The rate of production of acid-soluble material by homogenates
of HIC cells fell to less than 0.2 an hour when intact cells and nuclel
~ were removed by centrifugation at 600 x g. When the 27,000 x g pellet
was removed, negligible acid-soluble material was produced from the

remaining supernatant. This suggests either that membrane proteins were

118
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-idegréded mere rapidly than aolublg ErOCeins or that the proteaées which
produceé the acid-soluble méterial‘were in the 27,000 x g pellet.\. Since
the 27,000 x g pellet‘con:aius lysosomes, mitochondria ;nd microsomes, )
eacﬁ of which contain proteases‘(dénuve and Wattiaux, 1966; Lgvaas, 1974; -
Bohley, 1971), the latter explanation seems the most likely. The poséibility

that procgins;of different fractions compete for degrad;tion with labelled

proteins to different extents is unlikely since each fraction was labelled to
a similar extent (Table 4). The xesults presented in Table 3 indicate that
this pellet does indeed contain proteases which degrade the proteins from the

1

27,000 x g supernatant at a slow rate, The 27,000 x g pellet in these incu-

f

/
bations was four times more dilute than in intact cells. Allouing/for this

factor the rate of production of acid-soluble matefial in these incubations
was lower than in the intact cell.

When incubations were performed at acidic pH, degradation was
much‘moFe rapid (Table 2). Althoﬁgh the 27,000 x g peliet in this.
experiment was from a different cell line than in the experiments just
discussed, the production of acid-soluble material appeared to depend on
the.low pH rather than the different source'of the pellet, since in
incubations containing the 27,000 x g pellet from LM cells af neutral pH,
little acid-soluble material was produced (Table 1).

The [3H]—1abe11ed proteins from BIC cells which were used in
these experﬁments represented mainly those proteins which are rapidly
degraded in intact cells (Arias et al., 1969). Other proteins were
;abelled-with [lAC}—leucine in such a way that they represented mainly
those proteins which are degraded more slowly in intact cells (Arias et
al., 1969). The rate of productiog of acid-soluble material by the
27,000 x g pellet of LM cells at pH 5.0 was greater from the [3H]—

labelled proteins which have short half-lives in intact cells than from
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the [lAC]—labelled proteins which have lonéér half-lives in intact cells
(Table 2). As discussed in the Introduction, a correlation between the
rate of degradation of proteins in the presence of lysosomes and thelir
' f

fate'of_dégradatinn in vivo has been shown by other groups also (e.g.

Segal et al., 1974; Dean, 1975). These authors interpreted thelr results

-~
-

as showing that lxsosomesiare respons?ble for degrading proteins in vivo ‘
and that the rate of degradation in vivo depends on the susceptibility of
proteins to lysosomal enzymes (Segal et al. ;}9?4; Dean, 1975). " Such a
.correlation does not necess;riiy mean that the intralysosomal proteases

are the one; which degrade proteins in intact cells, however, since
.Goldberg has shown a gimilar ;orrelation between the rate of degradation

of Hroteins from E. coli by try;sin or prenase and their rate of degradation
in vivo (Goldberg, 1972). These enzymes are not known to occur in
lysosomes. A correlation between the rate of degradation of proteins of

rat liver in vivo and their rate of degradation by trypsin and chymotrypsin
(Bond, 197{) and by pronase (Dice et al., 1973i has also been shown. The
incubations used by Segal et al., (1974) and by Dean (1975) contained Triton

-

X-100, so the lysosomes were disrupted. The pH was in the acidic range.

&

Similarly, in the experiments described above, the pH was_acidic.. At this
pH, lysosomes were less intact than at neutral pH, since 37Z of the cathepéin
.D was soluble at the beginning of the incubations. Thusg, at acidiec pH
[3ﬁlhlapelled proteinsg from HTC cells weré most likely degraded by
proteasaa.éhicb leaked from the lysosomes. Evidence for this was that
degradatibn_inc?eésed‘after sonlcation of the 27,000 x g pellgt (Table 2).

While these results do not, therefore, confirm that lysosomes are

responsible for degrading ing}agellular proteins in intact cells, they
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do show‘that lysosomes contain proteases which can dggrade cellular
proteins if they come into contact with them at a suitablé pH. Since
the internal ;ﬁ';f lysosomes is acidic (deDuve and Wattiaux, 1966) it is
therefore probable‘that lysosoﬁal proteases degrade intracellular
proteins in ﬁgtact cells if these proteins ente? lysosomés.-

More convincing evideéﬁe that l&sosomes are involved in degradation
in vivo would be the demonstration that lysosomes degrade intracellular
proteins during incuﬁation in vitro, at neutral pH. As already mentioned,
however, the rate of degradation at this pH was Qefy much lower than in
the intact cells (Table 3). The small amount of degradation which was
pr&duced in the presence of the 27,000 x g peller could represent the
in\ﬁivo degrading system which does not-function as rapldly under the
incubation conditions.used in these experimeﬁts. A possible ré;son,is
that proteins are normally degraded inside lysosomes but u;der tﬁese
conditions they cannot enter the lysosomes. Since the isotonic sucrose-
tris buffer is a solution of low ionic screﬂgth in which interactions,
necessary for proteins to enter lysosomes, may not occur, PBS, a buffer of
gre;ter jonic strength was used in incubations at neutrxal pH. The
production of acid-soluble material from labelled proteins of HTC ceils
did not Increase (Table 1). Auricchio et al., (1972) have reported that
tyrosine tranéaminase is igactivated.in homogenates of rat liver’at
neutral pH, only when special care was taken to maintain the lysosomes
intact. The reason proteins were not.degraded in broken cells, in the

studies reported here, may be that lysosomes were disrupted during

homogenization. The cells, however, were broken gently in a Dounce

-
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homogenizergzﬁsing a looge fitted pes;le, an§ the addition of EDTA,
which stabilizes lysosomes in witro (ﬁavidson, 1975; Chvapil, 1972), did
not increase the production of acid—éoluble material (Table 5).

As discussed in the Introduction, lysosomes could be involved in
degFading proteins in the intact cell either by uptake of preteins into
lysogomes or by leakage of lysosomal proteases which have some activity
at neutral pH. If degradétion were the result of proteolysis by enzymes
which leaked from lysogomes, it would be expected that‘sonication of the
27,000 x g pellet would increase the rate of degradation‘in vitro. Since
- litcle degradation was produced by sonicated pellet at neutraf3pH (Table 1),
it seems unlikely that leakage of lysosomal proteases would plgy a role in
degradation in vivo.

Since sonication of the 27,000 x g pellet neiﬁher increased nor
decreased the rate of degradation which was observed in vitro, it is
possible that this small amount of degradation.wﬁs not produced by
intralysosomal proteases. Thise degradation could have been produced by
proteases on the outer surfaces of lysosomal or mitochondrial membranes
or by microsomal proteases. If this were so then it could represent
limited cleavage of proteins such as that descfibed by Katunuma's group
(1.3.2,). Katunuma suggests that cleavage by non~lysosomal enzymes occurs
before a protein is totally degraded to its constituent amino acids by,
other proteases. When polyacrylamide-5DS gel-electrophsresis was used to
measure the molecular wgights of proteins, no changes could be shown.

This technique is propably not sensitive enough to detect the changes in
molecular weight which would result from the very low rate, of production

of acid~soluble material by the 27,000 x g pellet if these amino aclds
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were removed from the ends of the molecules. If internal peptide bonds
were broken, however, so that a protein ﬁas cleaved into more than one
protein of lower molepulat weights; such changes would probably have

been detected. -

These results show that while the 27,000 x g pellet contains

-

proteases which can degrade intracellular prote;ns at acidic pH, the pll
inside lysosomes, very little dégradation occurred at neutral pH. The
small amount that did may have been produ;ed by membrane bound enzymes
rather than gy intralysosomal enzymes. Whether or not it représents a
protein degrading system that functions tn vive is not known. Whatever
the mechanism of the degradation observed in these incubations, at
neutral pH, 1t was much lower than the rate observed in iﬁtact cells.
This indicates that the incubation medium was not suitable, that
component(s) of the débrading'system were very unstable or that intact
cells are required for protein degradation to continue. The obgervation
that most of the degrading activity was lost simply by breaking the.cells

is consistent with reports that acid-soluble material was produced much

more rapidly in rat liver slices than in homogenate (Simpson, 1953).

4.1.2. Dihydrofolate Reductase

DHFR was rapidly inactivated by the 27,000 x g pellet of LM cells.
This pellet consists of mitochondria, lysosomes and microsomes, each of
which contain preteases kdebuve and Wattiaux, 1966; Lévaas, 1974; Bohley,
1971). 1t was also inactivated by the 100,000 x g péilet which contained

mainly microsomes (endoplasmic reticulum and Golgi apparatus) but which
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was also contaminated with some lysosomes and mitochondrialﬁg Jjudged by’,
marker enzymes (Table 7). Evidence in the literature suggests that
lysosomes are a likely site of degradation of intrébéllular proteins
(1.3.1.), so inactivation of DHFR could have been caused by leakage
of proteases from these organelles. Cathepsin D,“a lysosomal pro:easé
which has been implicated in protein degradation (Dean, 1975b) has
an optimum pH of 3.0 - 3.5 (Barrett, 1972). If this protease were
responsible for degrading DHFR‘outside the lysosomes, it‘would have to act
at pH 7.4. However, it did not inactivate DHFR at this pH"(Fig. 11).
Moreover, if inactifation of DHFR was due to proteolyﬁ}s by enzymes ﬁhich
leaked from organelles during incubation, ;hen the in;ctivation in the
presence of a fixed amount of protein would increase.when DHFR was incﬁbated
with the 27,000 x g supernatant obtained after incubation of the 27,000 x g
pellet or when DHFR was incubated with sonicated 27,000 x g pellet.
Similarly, if inactivation was the result of proteolysis only by enzymes
confined to organelles, sonication of the pellet, or Incubation with only
thogse proteins which were solubilized from the pellet, would decrease the
rate of inactivation. Neither sonic?tion nor incubation with only those
components which were solubilized E{om the 27.00Q x g pellet altered the
rate of inactivation of DHFR (Fig. 12, 13). This suggests that inactivation
was not produced by a limited number of proteases which leaked from the
pellet nor was it produced by proteolysis inside lysosomes or mitochondria.
Direct evidence that inactivation did not result from extensive
proteolysis was provided by using [14C]—labelled DHFR. When labelled
enzyme was ‘incubated with the 27,000 x g pellet there was no increased

production of acid-soluble material compared to incubations which contained

o
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boiled 27,000.x g pellet (Table 8), nor was there any chaﬁge in the
mﬁlecular weight of the enzyme as detectéd gy polyacrylamide~SDS gel
electrophoresis (Fig. 22). .No change in molecular weight of the enzyme'
could be detected after inactivation in the pfesencé of thé-totaIVBOO x g
homogenate‘(Fig. 21). While showing that inactivation was not tﬁg result °
of extensive proteoclysis, ,these results do not show whether or not more
limited proteolysis occurred. Kominami et al., (1975) have shown that
the N-terminal amino acid of ornithine transaminase was different after
inactivation, although no change in the moleéular yeight of the enzyme
could be detected. Inactivation of DHFR may also result from cleavage of
peptide bOn;(s) close to the end of the molecule since such small changes

in molecular weight would not be detected by polyacrylamide-5SDS gel

N

electrophoresis. This type of limited cleavage might produce a change in
the charge of "the enzyme. No such change could be shown by poelyacrylamide
gel electrophoresis (Fig. 23).

Better evidence that proteolysis had not occurred may be obtained
if the amino a;id composition of the inactive enzyme could be analyzed.
Inactive DHFR could not be easily pupified, however, since it did not
bind to MIX on a columé of Sepharose to which MTX had been bound (Fig. 42).
The observation that inactive DHFR could be separated from active DHFR by
gel filtration through Sepharose 2B (Fig 26) and that the inactive
material was reactivated by treatment with urea (Table 13, 14) suggesgs
that it may be possible to purify the inactivated enzyme by separating it
from active‘engyge on a column of Seﬁharose 2B and then applying it to a
column of Sepharose-MIX in the presence of ;rea. Comparison of ;he amino

acid composition and of the N-terminal and C-terminal amino acids of
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'active and Ilnactive DHFR would provide better evidence that inactivation
was not accompanied by cleavage of peptidé.bonds.

It has been suggested that inactivaéion of enzymes is an initial
step in degradation and proteins are only recognized by the degrading
system when they are inactive (Katunuma et al., 1972; Katunuma, 1973,
katunuma; 1975). If this is.so, then inactivation and degradation may
occur in separate parts of the cell. The absence of the degrading system
could explain why inactivation of the enzyme by the 27,000 x g pellet was
not accompanied by degradat;on in the experimen;s-p;esented here. To test
this, enzyme was inactivated by incubation with the 27,000 x g pellet and
the 27,000 x g sﬁpernatang was then added. 1In this way, inactive enzyme
was present in incubations which contained all the cellular components
excep& those which had been removed by centrifugation at 600 x g. No
acid-soluble material was produced (Table 9). |

The results obtained with this enzyme were, therefore, similar
to those obtained when p;ote}ns from HTC cells were used as the protein
substrate. Under no conditions could significant degradation be

demonstrated in cell-free incubations, at neutral pH.
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4.2. BINDING OF PROTEINS TO SUBCELLULAR MEMBRANES

4,2,1 Association of inactive DHFR with high molecular weight matefial .

Two-lihes of evidence suggest that.inactivation of DHFR was
accompanied by the formatioﬁ of mﬁteriai of.high-ﬁolé;uiar weight.

(1) Poljacrylami&e gel electrophoresis showed that the
27,000 x g pellet catalyzed the formation of material which included
[l&C]—labelled enzyme and which did not enter 7X polyacrylamide gels
(Fié. 23, 24). Reaéciyation of the enzyme Qi;h urea and mercaptoethanol
(Table 10) andlthe conversion of the enzyme into a form which entered
gels in the presence of urea (Fig. 25) suggested that the material which
was recovered on top of the gels in the absence of urea was an inactive
form of enzyme of high molecular weight.

(ii) Column chromatography on Sephafose 2B showed that the
27,000 x g pellet catalyzed the formation of [lQC]—labelled enzyme which
eluted in fractions of high m;lecnlar weight (Fig. 26). Evidence that
the formation of this material was related to inactivation of the enzyme
was that the [lAC]-iabelled enzyme in these fractions increased when the
. amounf of inactivation of’enzyme increased (Fig. 34). Measurement of
the activity of DHFR in each fr;ction.showed dirgctly that the high
molecular weight form of the enzyme was inactive (Fig. 27).

In E. colt, abﬁormal proteins accumulate in aggregates before
they are degraded to their constituent amino acids (Prouty and Goldberg,
1972; Prouty et al., 1975). The formation of inactive DHFR of high

molecular weight in these experiments could represent the production of
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aggrggates of DHFR. The‘aﬁpearance of the erdzyme in several different
._frac;ipﬁs of high molecular weight which corresponded to the positions
of proteins Efdm :ﬁe.subcellular bembrénes (Fig. 28, 29, 315 suégests
that binding of enzyme to subcellular membranes is a more likely
explanation for the prbduction of this inactive-enzyme.

Comparison of the llﬁq]_lab;iled DHFR/ugﬁof membrane protein in
theﬁeluace_of Sepharose 2B columns showed that while some enzyme eluted
in the void volume with‘proteins of the mitochondria-rich and lysosome-
ricﬂ pellets, the dpm/ug was very much lower than in fractions which
contained proteins from the heavy microsome-rich pellet (Fig. 29, 30,
Table 11). 'While urea and mércaptoethanol reactivated the enzyme which
was associated w{th microsomal membranes, it had little effect on the
enzyme in fractions containing lysosomal and mitochondrial proteins
(Table 13). This suggests that greatest binding of DHFR occurred with
membranes of the microscmal fraction and that the low recovery of enzyme,
which was not reactivated by urea, in the;void volume with mitochondrial
and lysosomal membranes represented non-specific associatioﬁ perhaps due
to trapping of heat denatured enzyme in the suspension of high molecular
weight organelles. Some [lAC]—labelled enzjme of high molecular weight
entefed the Sepharose 2B column in samples which contained the pellet rich
in lysosomes (Fig. 29B, Table 11). The ratio of [140]—dpm to ug of protein:
in these fractions was probably high (Table 11). This suggests either .
that high specific binding of DHFR occurred only to a very small percentage
of lysosomal proteinsthich have a lower molecular weight tEan the bulk of

lysosomal proteins (Fig. 29B), or that formation of this material was due

: /
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to contaminatign by microsomal mem&ranes. Since the molecular weight of
’khe material was the same asrthat of microsomal proteins (Fig. 29C), the
latter explanation seéms the most likely. While no microsomal marker‘
enzyme was demonstrated in th7 lysosome-rich fraction (Table 7), the
gensitivity of the éssay may have been too low to defect contaminating -
enzyme. If greater ;mounts of cellular protein were 'used iﬂ these -
incuﬂations,iit may be poésible to assay for marker ehzymes in each
fraction 6f eluate of the Sepharose 23 ;olumns. This would be valuable
in determining whether the binding to proteins of the lysosome-rich
fraction was the result of contamination by microsohes.

' These results show that greatest association of DHFR with sub-
cellular membranes.oé¢curred with microsomal membranes. If inac;iyation
of DHFR was due only to binding of the enzyme to membranes, then such
inactivation would be produced o;ly by those meﬁbranes to which the
enzyme bound. Thus, greatest inactivation should be by the microsomal
fraction. A comparison of the rate of inactivation by the lysoscme-rich
fraction, mitochondria-rich fraction and heavy microsome-rich fraction,
however, showed that the rate of inactivation by each of these fractions
was comparable (Fig. 10). A possible explanation for this result is that
inactivation by heat denaturation varied between incubations as
discussed later (4.2.3.). Although the same amount of protein.was present
in each fraction incubated, in an attempt ﬁo keep the protection from
heat denaturation constant, such protection depended not only on the

amount but also on the type ‘and possibly also on the solubility of the

protein (Fig.'ﬁ, Table 6). Greater inactivation of the enzyme by heat

N\
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denaturdtion may, therefore, have occurred in the incubations which
con:ained fractions rich in mitochondria and lysosomes. Although the
facfdrs protecting the enzyme against heat denaturation are not
understood; ?t_§ééms likeiy that more of the héavy micfosome proteins may
have remained i# suspension and been available to protect the DHFR‘during.
incubation than did the protein; of the intact lysosomes and mitochondria
of higher molecular weight which would have a greater téndeﬁcy to settler
out of the suspension} |

While inéetivatiod of the enzyme was produced by membrane
fractions which did not appear to bind the enzyme, in no case was binding
detected by proteins which did not inactivate the enzyme. Although on
columns of Sepharése 2B, i; could not be shown direct hat BSA and
proteinsrof the 100,000 x g supernatant did not bind the enzyme, these
; o ‘

proteins did not decrease the association of enzyme with microsomal

membranes (Fig. 33), suggesting that they did not bind the enzyme.

4.2.2. Nature of the inactive material of high molecular weight l

When the inactive [1&C]—1abelled material of high molecular welght
was eluted on a column of Sepharose 2B and treated with 8 M urea and
1.2 mM pércaptoethanol, enzyme activity was reéstored (Table 13). Im
contrast, the active enzyme eluting in fractions of lower molecular weight
was inactivated by this treatment. fhis suggests ghat DHFR was dissoclated
from microsomal membranes by this treatment or that the conformation of
inactive enzyme, bound to microsomal membranes, was aitered so that thé

bound enzyme bécame active. The observation that this treatment converted
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[lacl-labeiled material which did not enter 7% pelyacrylamide géls into

a form which entered gels and which had tﬁe same charge as native enzyme

(Fig: 23,.£§); suggésts the former‘explaﬁation is tLe more likely. Thus,
binding to the miprosomal membraneé may bé by hydrophobic or hy@rogen bonds or
by the formation of &iSulph£de bonds. Treatment of incubations

containing inactive enzyme and the 100,000 x g pellet with urea or
‘mercaptoethanol showed that regctivation of the enzyme was produced_only

by urea. This indicates that the enzyme was probably bound to microsomal
membranes by hydrophobic or hydrogen bonds, to microsomal proteiné,llipids,

or, less likely, to nucleic acids.

4.2.3. Nature of the inactivation process

The results presented here do not show whether inactivation was
the result of binding to microsomal membranes or whether the enzyme was
*

inactivated first and then bound.

After treatment with mercaptoethanol and urea, the inactive high

il .

molecular weight material eluted oﬁ a column of Spharose 2B was
reactivated (Table 13). Although this suggests that the enzyme activity
was restored by dissociation of the eﬁzyme from the high molecular weight
matgrial, it does not give any information as to whether or not the
engyme was altered before binding to the membrane. Two schemes for the

effkct of urea are showm below.
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According to these schemes, DHFR(E)‘can be inactiva;ed by heat,
kl). It can also be inactivated by binding to microsomal membranes (2),
Scheme I. Accordihg to Scheme II ;t is altered by some unknown mechaﬁismé'
<Za), follo;ed bf_binding of the altereh enzymgwto microsomal memgranes_
(2b). When the active enzfme which remains is treated with urea and
‘ﬁeréaytoethanoi (ME), its activity ig.decreased, presumably as a result

of a conformational change (3).

When the membrane-enzyme complex is treated. with urea and
mercapéoethanol, ic is;assumed that the enzyme is dissociated from the
membranes (4). Free enzyme is formed. According to Scheme I, the enzyme
is the same as the original eﬁzyme and will be inactivated to the sane
extent as the enzymé of low molecular weight (5). The effect of urea on
the activity of DHFR varies between specles (Blakley, 1969). If the bound
enzyme were altered in some way, as in Scheme 1I, then when dissociated
from the membranes it may be inactivated by urea to a different extent
than wouid uqaltered enzyme (5). If binding of DHFR to microsomal
membranes occurred according to Scheme I, it might be expected that after
treatment with urea, the activity/dpm of the enzyme in the fractions of
high molecular weight would be the same as the activity/dpm of the low
molecular weight enzyme. Since this ratio is in fact much higher (Table
13, Fig. 29) it could be interpreted as evidence that binding otcurréd
according to Scheme II. |

Several complicating factors must be considered, however. First

the enzyme of low molecular weight ‘which eluted from the column of

Sepharose 2B represented heat inactivated enzyme as well as active enzyme

-
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. (Fig. 36). The activity/dpm of this enzyme would, therefore, ﬁot be as
high as the oriéinal ratio of the enzyme before incubation. When DHFR was
incubated with the 100,000 x g pellet, 66X of the eﬂzyme activity was lost,
while only about 35X of the radioactively labelled enzyme was recovered
as mate;ial of high molecular ﬁeight (Fig. 34). This result suggests
ghat as much as half of the enzyﬁe in the ﬁeak of lower molecular weight
in this experiment may have been inactive. If'the same were true in the
experiment shown in Fig. 29, then the activity/dpm of the material of
low molecular weight, after treatment with ufea and mercaptoethanol, would
be much less than that of the eﬂzyme in fractions of high molecular weight.
Since this result was obtained (Table 13, Fig. 29) it copld be taken as
evidence for the mechanism which is illustrated in Scheme I as well as
for that 1llustrated in Scheme II,

Secondly, microsomal membranes may affect the inactivation of
DHFR by urea since 4M urea inactivates DHFR of chicken liver in the
absence of gubstrate but the presence of DHF completely stabilized the
enzyme (Kaufman, 1963). As well, DHFR was protected from heat inactivatiqn
by the presence of protein (Fig. 5), so inactivation of DHFR by urea could
also be influenced by other proteins. H

While these results do not show whether the enzyme of high
molecular weight was altered before it was bound to microsomal membranes,
the degree of reactivation of the enzyme with urea suggests that if the
enzyme was modified before binding to the membranes, such modification was

not extensive. This is consistent with the earlier observation that the

molecular weight of the enzyme was not markedly altered. Microsomal

el ~
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‘membranes contain proteasés (Bohley, 1971), so if the enz&mé‘ware.
modified before binding to the microsomal membranes, protepl&sis would
be a likely method. Although it has not been pdssible to demonstrate
cleavage of peptide bonds, the limitations of the methdds used are '
discussed in section 4.1. |

Another nechanism by which enzyﬁes can be inactivated is by
dephosphorylation (Brand Qnd Soling, 1975; Seubert and Hamm, 1975).
'Tyrosine transaminase is inactiQated by subcellular membrane fractions
of rat liver and kidney. Inactivation is greatest gy the microsomal
fraction and is prevented by an ATP regenerating system, possibly.due to
phosphorylation of the enzyme (Seubert and Hamm, 1975). Al though
inactivation of DHFR by subcellular membranes was decreased by an ATP
regenergting system (Fig. 17), it is unlikely that inactivation of the
enzyme was the result of dephosphorylation. Inactive enzyme was not
reactivated by the ATP regenerating system kFig.’lS), nor has phosphory-
lation of DHFR been reported. Further evidence that inactivation was
not due to this mechanism was that components of the ATP regenerating
system stabilized DHFR in the absence of ATP (Fig. 19) and the lack of
incorporation of radioactivity into DHFR when 32[P]—labelle;‘l ATP wasg used
in the regenerating system (data not shown).

Wheh DHFR was incubated with the 100,000 x g pellet, inactivation
was produced by a mechanism which appeared less heat sensitive than the
mechaﬁism by thph the enzyme was inactivated by the other subcellular
pellets (Fig. 8). The reason for this seems to be that DHFR bound to

.

microsomal membranes even when they were bolled (Fig. 38). This result
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provides evidence that previous alteration of the enzyme, by a heat
sensitive process, was not needed for the enzyme to bind to these
membranes. Although only medified enzyme may have boupd to unboile&
membranes while unaltered enzyme bound to boiled membranes,ftréatment of
the bound enzyme in both cases éith urea and mercaptoethanol resulted in
equﬁl recovery of enzyme (Table 12}, suggesting ;hat there was no
differeﬁce in the enzyme which was béund to boiled and unboilled micro-
somal Qembranes.

It has been suggested that heat denaturation is an early step in
proteln degradation (Coffey and deDuvé, 1968; Li and Knox, 1972; Knowles
and Ballard, 1976). When a sample of the 100,000 x.g pellet was added to
enzyme which had been previously inactivated by heat denaturation, little
hipgh molecular weight material was formed (Fig. 37). Further evidence
that inactivation of the enzyme by denaturation was not required for
binding to microsomal membranes was provided by the use of MIX in
incubations. When MIX was present in incubations during 1lnactivation of
DHFR by the 27,000 x g pellet, the enzyme which was recovered in fractions
» qf low molecular weight on a Sepharose 2B column had a much higher
;ctivity/dpm than the enzyme from incubations which had not contained MTX
(Fig. 35). This increase was observed even though MTX, which partially
inhibits the enzyme at the pH used in the measurement of its activity
{Hillcoat et al., 1971), was also present in’these fractions (F%g. 41).
Since these fractions of the Sepharose 2B column contéined enzyme

inactivated by heat denaturation and MTX is known to stabillize the enzyme

against heat denaturation (Hillcoat et al., 1971), it is probable that



B\

137

' there was less denatured enzyme in the incubation which contained MTX.

The amouﬁt of enzyme of high molecular weight, however, was unaltered b}
the presence of MTX (Fig. 35). |

These results suégest thét'neither heat denaturation nor a heat
sensitive alteration of DHFR was required for the association of the |
éuzyme with membfanes ?f the 100,000 x g pellet.-.Sucﬁ inéctivation was,

therefore, the result of binding to these membranes.

4.2.4. Factors affecting the rate of inactivation of DHFR

As discussed in the introduction, interaction with ligands can
stabilize proteins against degradation, presumably bv causing conforma-
tional changes which decrease the sensitivity of the proteins to degrading

enzymes. Such interactions are also thought to be Involved 1n decreasing

‘the rate of degradation of proteins tn vivo (Schimke et al., 1965; 1965a).

Because of this effect of ligands in altering the rate of degradation
of proteins, the effect of varlous compounds on the rate of inactivatien

of DHFR by the 27,000 x g pellet was examined,

a) Substrate and cofactor

Stabilizatjion of DHFR by DHF and NADPH in crude extracts of human
cells has been described (Hillcoat et al., 1971). These ligands were
also Eougd to stabilize DHFR in the in vitre incubations reported ﬁere.
Dihydrofolate completely prevented loss of activity while NAPPH provided
almost complete protection, suggesting that both inactivation by heat

denaturation and by binding to subcellular membranes was.prevented. The
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role of these ligands in controlling the rate of degradation in vivo is

A
1

not known. ,

b} ATP regenerating system

An ATP regeneratilng system prevénted the heat sensitive inacti-
vation of DHFR by the 27,000 x g pellet (Fig. 17,18). Alchouéh the mechanism

of this stabilization is not known, several possible mechanisms can be-

* considered:

(1) Since the'fate of inactivation of DNFR in buffer alone
(Fig. 20) or in incubations containing boiled pellet (Fig. 17) was not
affected by these molecules, one explanation for the decreased loss of
activity was that the components of the regenerating $ystem caused a
conformational change in the enzyme that did not protect it from heat
inactivation but prevented its binding ﬁo the subcellular membranes.
Activation of DHFR from L1210 cells by s;dium chloride and by potassium
chloride has been described (Ryes and Huennekens, 1967). The effect of
the salts is considered to be due to an alteration in the conformation of
the enzyme caused by interference with intramolecular bonds. It is
possible that magnesium sulphate, potassium sulphate and ATP caused
conformational changes in this way. Alternatively, ATP is a nucleotide,
50 the effect of ATP could have occurred through a cg;fgfmational change
induced by binding of the molecule to the cofactor bi:di;g site.

(11) Reactivation of the inactive enzyme of high molecular

welght by urea (Table 13, 1l4) suggests that binding of the enzyme to

subcellular membranes was by hydrophobic or by hydrogen bonds. It is
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possible that the‘increasgd‘ionic strength caused by the components of
the ATP r;generating system resulted in decreased hydfogen'bondigg between
DHFR and‘the supcell;laf mémbranes. This would explain why DHFR was
stabilized only in the presence of the 27,000 x g pellet.

(111) Another explanation for the protection of DHFR ﬁnly in the
presencé of the nonﬁoiled pe}let could be that ATP, magnesium sulphate
- and potassium sulphate each stimulated a ﬁeat sénsitive-reactiqn of the
subcellular membranes. For example, stimulation of an enzymlclreaction
may result in the production of a.metaleite which brevented binding of

N .
the enzyme to microsomal membranes.

Until the mechanism by which the components of the ATP regeﬁerating
system protected DHFR from inactivation by the 27,000 x g pellet is

further elucidated, it 1s difficult to know whether these molecules are

involved in controiling the degradation of DHFR in intact cells.

c¢) Methotrexate

Methotrexate stabilizes DUFR from proteolysis by'trypain and
chymotrypsin and from heat denaturation kﬂillcoat, et al., 1971).
Protection of DHFR by MIX in vivo is considered to be the wost Itlely_
explanation for the increased levels of .enzyme in cultured cells and in
cells of patients after treatment with MIX (Hillcoat et al., ;E?l;
Hillcoat et\hl., 1967)., Ev;dgﬂce for this has been provided by Jackson
_and'Huenhekens“(1973) who have shown that the half—life of DHFR increased
ST

from 18 h to 39 H in L1210 cells during treatment with MTX. /

)
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.';f binding of DHFR to subcellular membranes is involved in
degradation of the enzyme tn vivo, it might be expected tﬁai MTX would
prevent the binding observed ir vitro; When tkis was teéted, it waé
shown that aithougﬁ MTX stabilizés DHFR against inacfivation by the
27,000 x g pellert (Fig. 16), 1.4 x 107"y MIX did not prevent the
formation. of [IAC]-labelled enz&me of high wolecular weight (Fig. 35).

The scheme below shows the probable interactions between the

various forms of the enzyme:

- - | ® © !
.E —@—;v- HEAT INACTIVATED £ MTIX-E == E -~-> HEAT INACTIVATED E

v

" MEMBRANE-E MEMBRANE - E

- According to this scheme, DHFR(E) is inactivated by heat
denaturation (1), and by binding to microsomal membranes (2). When MTX
’\\ifipresent it binds strongly to the enzyme (3), thus markedly reducing
the amount of enzyme which is inactivated by heat denaturation (4).

' Since heat denatured enixgg i3 reduced in incubations containing
fo, the concentration of DHFR which 1s available, either in the free
form or as enzyme-inhibitor complex, 1s wmuch hiéhar in incubations which
contain MTX than in those which do not. It was shown that increasing
amountg of DHFR.resulted in increased formation of high molecular weight

material (Fig. 34), so if the enzyme-MTX complex binds as readily as

free enzyme, more enzyme of high molecular weight would bé formed in
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incubations which contained MTX than in those which did not. This result
was not obtained (Fig. 35). Rather, the amount formed was no.higher than
that in a control which contained much less-native-enzfme. “This indicates

that enzyme must bind less efficiently to membranes in the presence of
s :

MTX.

.4.2.5. The significance of the formatibn of material

of high molecular weight

1
\,

a) Problems involved in extrapolating from in vitro

incubations to the situation-in intact cells

Although these }esults suggest thgt DHFR is inactivatea by binding
to microgomal membranes in uitro. it‘is not known whether such binding
occurs 1n intact cells. The ratio of the amount of DHFR to the amount of
subcellular membrane used in these incubations was 1.03 - 5.7 ug of
DHFR/0.53 mg of membrane protein. In intact cells, the ratio was approxi-
mately 2 -“3 ug of active DHFR to 0.53 mg of protein from the 100,000
x g pellet. The ratio was, therefore, in the same range as in the intact
cell, 80 artifacts due to a great excess of eitHer enzyme or membranes
in vitro were not involved. The concentration of these proteins in the
cell-free incubations was approximately half of that in the intact cells.
The effect of this dilution factor on the interaction between enzyme and
membranes is not known. Similarly, the total protein concentratio&’in
these incubations was approximately one hundred times lower than in intact

cells, this could influence interactions between the énzyme and membranes.
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Another poasible complicating factor in this work was the use of
[1 C] ~labelled enzyme to demonstrate binding of the enzyme to microsomal
membranes. Labelled enzyme had to be used since the enzyme of high
molecular welght was inactive and the radioactive label provided a means
of detecting the molecule. The use of labelled enzyme could have
prodt;ced mislea.ding results if methylation of the c-amino group of lysi% »
residues\resulted in different interartions between the modifie& enzyme
and microsomal ﬁembrahas than that between unlabelled enzyme and micro—l
soﬁal membranes. The demonstration that urea~and mercaptoethanoll
reactivated the enzyme of high molecular weight (Table 13) suggested
that the enzyme was diséociated from the membranes by this treatment.
Assuming this to be so, such tfeatment provided a method of detecting
inactive enzyme which was not radicactively labelled. The regults ‘in
Table 15 show that both labelled and unlabelled enzyme, after inactivation
by the 100,000 x g pellet, were reactivated by :reatment‘with urea and
mercaptoethanol and indicate that binding of enzymé to the 100,000 x g
pellet was not an artifact resulting from the use of modified enzyma.

When the amount of DHFR in tn vitro iﬁcubationa was increased

while the amount of microsomal protein was kept constant, tga formation
of high molecular weight enzyme increased (Fig. 34). It would bg desirable
_to use a wide range of enzyma concentrations so that a Scatchard plot
could be obtained. The valua of the binding constant would bé ugseful in
evaluating whethar binding of DHFR to microsomal membranes may occur in

intact cells.
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b) Possibfe roles for binding of DHFR to microsomal membranes

If DHFR 13 inactivaced by binding to subcellular membranes in vivo,
this could be important in regulating the activity of the ‘enzyme in two

different ways:

(1) Stabilization of DHFR by protein-protein interactions

The activity of DHFR is“inhibited by its interaction with thymi-
dylaie syﬁthetase in.vitro Binding is prevented and reversed by MIX.
or by substrates of either enzyme (anai and Hillcoat, 1974). Interactions
.such as these may be important in'regulating the activity of enz&mes
in vivo. Enzymes could be present in the cell in & latent form until wj
such time as they were needed. Bindiﬁg of DHFR to subcellular membranes
could represent this type of interaction. 1If binding did have such a
role, however, it would be expected that it would be readily reversible.
This could not be demonstrated. At 4°C, the presence of NADPH and MTX
did not dissociéte the enzyme from the high molecular weight material

(Fig. 40) nor did dilution of the material cause dissociation- (Fig. 39).

(11) Binding to membranes as the initial step in

proteln degradation

Proteins in vivo are degraded to their constituent amino acids
(Swick, 1958) and the presence of proteases in the lysosomes makes it
likely that this is where degradation takes place. Altﬁough lysosomes
produce acid-soluble material from proteins tn vitro at acid pH (Table 2)
(Segal et al., 1974; Dean, 1975), 1ntactllysoaomes aﬁ‘nautral pH do not
.(Tabla 1, 3) (Huisman et al., 1973; Hayashi ét al., 1973). The reason

" proteins are not degraded by lysosomes in vitro might be that they are
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unable to enter intact lysogoﬁes. Binding of prbteins ﬁo microsomal
membranes could r#présgnt Ehe initial stép in degradation. Lysosoﬁes
are formed from vesicles of the Gélg% apparatus (deDuve énd Wattiaux,
1966) and tﬁose intracellular protgins to be degraded could be inéorpo—
rated into lysosomes at the time of formation of these organelles by
binding to microsomal membranes. Alternatiyely, proteins which were -
bound to microsomal membranes could be incorporatedAintomgg;ophaéiéﬂﬁw
vacuoles which then fuse wiﬁh pfimarf lysosomes (Holzggnn, 1976).
Formation of autophagic vacuoles is known to increase under conditions
in which protein degradation increases (Deter and deDuve, 1967; Ashford
and Porter, 1962). As discussed in the-Introducgion, it has been
conéidéred that incorporation of intracellular protéins inté lysosomes by
autophagy could not e#élain the selective nature of:protein degradation.
If binding to microsomal membranes were determined by propertieé of &he
protein, the heterogeneity of half-lives and theiway in which the rate
of degradation of individual proteins 1s altered could be explained.
Reactivation of DHFR by urea (Table 13’and 14) suggests that
binding of this enzyme to microsomal membranes may be by hydrqphobic\bonds.
Intereatingly, proteins which have short half-lives tn vivo have a
relatively high proportion of hydrophobic amino acids (Bphley et al., 1975).
The results obtained during incubation of HIC proteins could
~ also be explained by binding of proteins to.aubcellular membranes. Some
proteins from th; 27,000 x g supernatant of HTC cells were lost from the
supernatant during incubation withltha 27,000 i g pellet (Fig. 2). These
proteiﬂs'sedimented with the 27,000 x g pellet at the end of incubations

(Fig. 3). Although proteins were lost from the supeérnatant when no pellet
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protein was present (Fig., 2), a compérison of the radioactively'labélled
proteins which remained soluble in five different experimenté. as .
determined by the radiocactivity recovered on polyacrylamide-SDS gels,

showed that there was. pn increase in the loss of soluble protein from

compared to controls which did nét (Hillcoat, personal communication).
Proteins.were also lost frog'thé 27,b00‘x g supernatantlduting incubation
‘of the intact cells. There was a general loss of proteins without an
increase in material of lower molecular welight. This result can be
explained as removal of proteins from the supernatant by binding to
membranes which sediment at 27,000 x g.

Dean has reported that cytosclic proteins from rat liver bind
to lysosomes during incubations tn vitro. By using lgbellea proteins he’
has shown a correlation between the rate of degradation tn vive and the
amount of binding to lysosomal membranes (Dean, 1975a). He suggests that
the rate of degradaciod'of intracellular proteins depends on the rate at
which they are bound to lysosomal membranes and proposes that once bound,
proteins enter lysosomes by plnocytosis.

- While some binding to lysosomal membranes was observed in the
results reported hera:.binding was greatest with the microsomal membranes.
As d@ghussed in the Introduction, there could be more than one mechanism
of degradation of proteins (1.3.3.). Poole (1975) has provided evidence

»that some steps in the degradation of proteins may be shared by all

proteins while other steps appear to differ. Holzmann (1976) suggests

that differences may exist at the level of entry into lysosomes. Binding
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to lyéosomes‘could thefefore represent one mechanism of entrgqce'while
binding to microsomes .could represent a second mechanism. Thé%e is litﬁle

| evidence, however, that extensive plnocytosis of.iysosomal membranes

éccurs (1.3.1.). The lysosomal preparations used by Dean may have been

contaminated by microsomes {(Dean, 1975¢c; Beaufay, 1972), so the binding

observed in his experimenﬁs could have represénted binding to microsomal

‘membranes.

The suggestian that bipding to microsomal membranes may repr$§ent
the preliminary step in the in vivo degradation of intracellular p;oteins
1s supported by a recent report of Ballard and Hopgood t1976). They have
reported that phosph&enolpyruvate carboxykinase (guanosine triphosphate)
was inactivated in vitro by the microsomal membranes. Their resulﬁs are
also similar to those reported here in that they have been unable to show
any proteolysis prior to binding.

If binding of proteins to microsomal membranes occurs in intact
cells it would explain how proteins céuld enter lysosomes in a selective.
manner. It.would alse expiain why lysosomes do not degrade intracellular
proteins in vitro, at heutral pH. The work of Ballard and Hopgood and
the observation that DHFR was inactivated by binding to“microsomal

membranes without any detectable production of acid;ébluhle material,

o

change in molecular weight or change in the chargf/of the enzyme suggests

s
that binding to these membranes in intact cells’could represent the

initial step in degradation.
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