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The synthesis and degradation of metallothionein (Ml') was studied 

in streptozotocin-induced diabetic rats and :ioonolayer cultures of 

adult rat hepatocytes. Elevated levels of Ml'-I and Ml'-II were 

identified in the liver and kidney of mitreated diabetic rats. The 

relative rates of hepatic and renal Ml' synthesis were significantly 

higher in STZ-diabetic rats than in controls. The changes in the 

relative rate of Ml' synthesis were maximal by 4 and 10 days in liver 

and kidney, respective, after administration of streptozotocin. The 

relative rate of cytoplasmic Ml' turnover was also increased in liver, 

but lm:gely \lllaffected in the kidney, of diabetic rats. The altered 

metabolism of hepatic Ml' in diabetic rats was attributed primarily to 

chronic changes in the levels of pancreatic and adrenal hollllOnes in 

plasma. In contrast, increased synthesis of renal Ml' in the diabetic 

rat was due lm:gely to accumulation of excessive dietary cu in the 

kidney. 



Critical analysis of in vivo studies with diabetic rats and other 

literature revealed that cytoplasmic turnover of Ml' may not reflect 

actual degradation of this protein. Therefore, the characteristics 

of Ml' degradation in primary cultures of hepatocytes were 

investigated in subsequent studies. Hepatocytes were incubated in 

medium containing 35s-cysteine and 100 uM zn overnight to induce Ml' 

synthesis. The level of 35s-Ml' was quantified in heat stable 

extracts of cell haoogenates by Fast Protein Liquid Chranatography 

(FPIC). When zn was removed fran medium, the rate of 35s-Ml' 

turnover (t112= 7 hours) was four times faster than general 

11-protein (t112= 29 hours). This decrease in cellular Ml' level 

reflected degradation since less than 1% of cellular Ml' was 

secreted. The rate of Ml' degradation was inversely proportional to 

cellular zn status. Cycloheximide, chloroquine and tosyl-lysine 

chloranethyl ketone (TI.CK) inhibited 35s-M!' degradation by 33, 65 

and 50%, respectively, without affectin;r cellular zn status. 

Degradation of 11-protein was inhibited by 41, 41 and 16% in the 

presence of cycloheximide, chloroquine and TI.CK, respectively. 

RanoVal of insulin increased 11-protein degradation by 30%, but did 

not alter 35s-Ml' degradation. Together, these data suggest that 

hepatic Ml' degradation (a) is primarily regulated by cellular Zn 

status and (b) occurs in both lysosanal and cytoplasmic c:::anpa.rbnents. 
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General characteristics of metallothionein 

Metallothioneins (Hr) represent a family of low molecular weight 

proteins with high affinity for several essential micronutrients 

(i.e., Zn and CU) and a variety of toxic transition metals (e.g., Cd, 

Hg and .JIJ;J). cauparison of the amino acid canposition of Hr isolated 

fi:an different species reveals that its primary sequence is highly 

conserved (1). Hr is a siD;Jle polypeptide chain with 61 amino 

acids. At least two isofonns of this protein that differ slightly in 

amino acid canposition and charge are usually present in manmal.ian 

tissues. All Hr lack aranatic amino acids and contain 25-35 mole 

percent cysteinyl residues. The position of the cysteinyl residues 

along the polypeptide chain is invariant and exists in cys-x-cys and 

cys-cys sequences (2) • Heavy metals associate with Hr via thiolate 

bonds with all cysteinyl residues. The relative affinity of metals 

for Hr is as follows : 11J;J = cu > Hg > Cd > zn. 
The tertiary structure of Hr consists of two danains. The two 

cluster arran;ement of Hr has been oonfizmed by 113Cd-NMR, circular 

dichroism, proton nuclear magnetic resonance spectroscopy and 

extended x-ray-absozption fine structure studies (3-8). The A danain 

is located on the cartxixyl-teminal end of polypeptide (residues 

seven atans of 

Cd2+ or zn2+ are bound by one molecule of apo-thionein. The A and 

B &xnains contain 4 and 3 metal ions, respectively, with all metal 

ions bound to cysteinyl residues. The metal-thiolate cluster in Zn-
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or Cd-Ml' is tetrahedrally coordinated (4,10). 

contain 6 atans of cu1+ and displays trigonal geanetry (11). By 

usiD] an in vitro metal reconstitution system and susceptibility to 

enzymic digestion, Nielson and WiD]e (12) demonstrated that Cd and Zn 

preferentially bind to the A &Jnajn and the bindiD] of metal ions 

within each danain is highly cooperative. The sequence of cu binding 

to apo-thionein occurs in the reverse order of Cd and zn, i.e., 

cu1+ binds to the B danain first (13,14). 

The metal oc:mposition of hepatic metallothionein isolated fran 

Cd-exposed animals is hete:rogenous. It usually contains 2 moles of 

zn and 5 moles of Cd per DDle of Ml'. Netteshein et al. ( 15) have 

demonstrated that displacement of zn fran zn.,-Ml' by 113Cd does 

not show preferential bindiDJ to a specific danain and no 

cooperativity was observed. By mixinq appropriate amormts of 

CG,-Ml' and zn.,-Ml', the native oc:mposition of Cd5,zn:z-Ml' can 

be obtained in vitro. This suggests that direct metal exchange 

between CG,-Ml' and zn.,-Ml' leads to fozmation of Cds,zn:z-Ml' in 

structure and function of metallothionein genes 

The structure and regulation of Ml' genes have received intensive 

study (see 16 for review) • The functional Ml' genes fran different 

species have similar structure with two introns and three exons 

(17,18). HUman and rat Ml' genes are encoded by multigene families. 
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In addition to the :functional HI' genes, several pseudogenes have been 

described. These pseudcgenes probably arose fran either accumulation 

of point mutations (19) or insertion of reverse transcripts of HI' 

mRNA into the genane (18,20). 

HI' synthesis is induced by a variety of factors, including 

exposure to elevated levels of essential and nonessential heavy 

metals, physiological stresses, and changes in endocrine status 

(21-25). In virtually all cases examined, increased synthesis of Ml' 

resulted fran increased transcription of HI' genes ( 16) • Recent 

studies have shown that HI' gene expression is also increased in cells 

harbori.D:] the human ras onoocjenes and is activated by protein kinase 

c (26,27). FUrthennore, differential transcriptional activity has 

been demonstrated for human Hl'-IA and Hl'-IIA genes. The Hl'-IIA 

gene is responsive to Cd, Zn and gluoocortiooid, while the Hl'-IA 

gene is responsive only to Cd (28) • 

Analysis of deletion or fusion mutants of HI' genes revealed that 

at least two metal regulatory elanents (MREs) and one glucooortiooid 

regulatory elanent were located in the 51 -flankin;J region. The MRE 

consists of a 12-base-pair sequence. Insertion of this conserved 

sequence into the pranoter region of thymidine kinase gene confers 

regulation of gene expression by heavy metals (29). It also has been 

postulated that the gluoocortiooid regulatory elanent of Ml' gene is a 

rm bindin;J site for the gluoocortiooid-receptor CClli>lex (30) • 

Although trans-actiD3' factors that regulate HI' gene transcription 
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have not :been identified, it has :been suggested that intracellular 

factors that induce transcription of these genes are positive 

activators (31). sequin and Hamer (32) daoonstrated that these 

trans-acting factors are multiple proteins that bind to MREs of the 

mouse Hr-I gene and can be activated by addition of Cd in vi tm. In 

contrast to the observation in mamnaJs, it was found that yeast 

cu-thionein acts as a negative autoregulator to thionein genes (33). 

The mechanism by which these trans-acting factors regulate 

transcription of Ml' genes remains \.lllknawn. 

FUnctions of metallothionein 

Detoxification of heavy metals was the first :flmction proposed 

tor Ml'. This function was supported after the initial purification 

ot the Cd and zn bi.ndiD1 protein fran equine kidney (34). This 

proposal was supported by the isolation of several Cd resistant 

mamnaJian cell lines (e.g. 35,36). The induction of Ml' synthesis was 

found to be several-told higher for Cd-resistant mutants than for 

wild-type. The increased production of Ml' in these cell lines is due 

to gene aq;>lification and is correlated with the decreased toxicity 

ot Cd (36,37). Since high tissue levels of Cd are found only when 

animals are exposed to toxic environments, it is doubtful that a 

transient detoxification system would be preserved \Dlder the pressure 

ot evolutionary developnent (38). Therefore, many investigators have 

not ac:c:epted the proposal that the primary :flmction of Ml' is 
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detoxification of heavy metals. 

Elevation of hepatic levels of Zn and CU by dietary and 

parenteral manipulations also markedly increase Ml' levels (39-42). 

FUrtheimore, higher concentrations of Ml' are present in fetal liver 

during the third trimester and in the neonatal liver of various 

animals and humans (43-45). Together, such observations have led to 

the suggestion that Ml' :functions primarily in Zn and cu haneostasis. 

However, cu-thionein is not required for nonnal growth of lower 

eukaryotes, i.e., yeast, in medium conta:iniD;J 0.1 uM cu (31). More 

recent studies have provided evidence that this protein also may 

participate in the intracellular tranport of Zn and cu, cellular 

growth, and protection against free radicals (38). Despite numerous 

studies concerning the protein, the physiological :function of Ml' 

remains speculative. 

Metallothionein metal:x>lism 

The synthesis and turnover of Ml' are subjected to canplex 

ho:cnonal control. 1\m:>I¥;J ho:cnones tested, elevated levels of 

epinephrine (46), glucagon (47), gluoooorticoid (48,49) and dibutyryl 

cAMP (SO) have all been shown to increase hepatic concentrations of 

Ml'. Since administration of actinanycin D to animals blocks the 

induction of Ml' synthesis in response to these honnones (50), it has 

been suggested that ho:cnonal modulation of Ml' level requires 

transcriptional events (51,52). The gluoooorticoid-mediated 
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induction of Hl' synthesis bas been characterized in greater detail. 

It bas been ~ested that glucocorticoid-receptor canplex binds to 

the glucocorticoid regulatory element of Hl' gene and thus increases 

its transcriptional efficiency (30). However, the molecular 

:mechanisms by which other hoi:mones induce Hl' synthesis are unknown. 

It is apparent that further research is required to explore the 

metabolic regulation of Hl' synthesis. 

In our laboratory, studies revealed marked alterations in the 

metabolism of essential trace metals in insulin-deficient diabetic 

rats. Significant amomits of zn and cu accumulated in the liver and 

kidney of \Dltreated diabetic rats (53,54). Furthei:more, the 

additional canplanent of zn and cu was primarily associated with 

Mr-like proteins. Similar metal accumulation was found in 

spontaneously diabetic BB Wistar rats (55). Failla and associates 

(56) have ~ested that the accumulation of high levels of cu in 

kidney may contrihlte to the developnent of renal dysfunction, which 

Since these diabetic animals are 

c/Ja.racterfzed by clu:orilca.l1y decreased plasma levels of insulin and 

elevated levels of glucagon and adrenal honnones (57), it also has 

been ~ested that the changes in cu and zn metabolism in \Dltreated 

diabetic rats were due to endocrine imbalance. Additional studies 

revealed that the increased levels of cu and Mr-like proteins in 

diabetic kidney were due in part to hyperglucocorticoidemia (58). 

Together, these studies have danonstrated the physiological relevance 
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of in vitro ol:lservations that glucagon and gluoooorticoid honnones 

influence various aspects of trace metal and Ml' metabolism. 

In contrast to the plethora of inf oi::mation available concerning 

Ml' synthesis, knowledge of Ml' degradation is very limited. In vivo 

experiments have suggested that the rate of cytosolic Ml' turnover is 

influenced by the species of bound metal. These studies primarily 

have measured the rate at which 35s-Mr di~ fran cytosol by 

usiD} gel-penneation chranatoqraphy to quantify cytosol Ml' levels 

(59-64). The half-life (t112> for cytoplasmic 35s-Mr is 18-20 

hours followiD;1 i.p. injection of zinc salts to animals. Mr-I and 

-II exhibited similar rates of disappearance fran the cytoplasm 

(59). In contrast, the t 112 of cytoplasmic Ml' was approximately so 

hours followiD;1 administration of cadmium salts (60). Intracellular 

Cd remains bound to Ml' for much extended periods, presumably because 

Cd released during Ml' 11tw:navert• binds to newly synthesized 

apo-thionein (61). The tw:naver rate of cytosolic CU-Ml' 

(t112=15-18 hours) was found to be slightly faster than Zn-Ml' 

( 64) • Whether the measurement of cytoplasmic Ml' turnover reflects 

actual degradation of this p:cotein has not been critically 

addressed. IDss of 35s-Mr fran cytoplasm might reflect transfer to 

another cellular cx:apartment, viz., lysosanes (65). 

It has been assumed that Ml' is degraded within lysosanes, since 

the latter contain an array of hydrolases capable of digestiD} most 

cellular macraoolecules (3,65). In vitro degradation of Ml' also has 
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Whether this mechanism for the degradation of extracellular Ml' 

reflects the fate of intracellular Ml' is 1.Ulknown. 

Another potential fate of hepatic CU-Ml' may be secretion into 

extracellular fluids, as suggested by Bremner et al. (73). Monaneric 

and agg:cegated Mr-I were detected by radioinmunoassay in plasma and 

bile. In addition, various low ioolecular weight species in bile 

reacted with anti-Ml' sera. These may represent partial degradation 

products of Ml'. These authors estimated that secreted MI' could 

account for 14% of the turnover of liver Mr-I (73,74). The 

possibility that the secreted protein was partially degraded by 

extracellular proteases ana;or proteases on the trans surface of 

plasma membrane of vascular endothelial and ductal epithelial cells 

has not been considered. Obviously, the fate of cytoplasmic MI' has 

not been critically addressed and requires further investigation. 

Mechanisms of protein degradation 

current info:cnation indicates that cellular proteins are degraded 

in a heterogenous manner. For example, the regulatory enzymes in rat 

liver tum aver rapidly, thereby enabli.D1 the cell to respond to 

various metabolic demands. The half-lives of these regulatory 

enzymes (e.g. ornithine deca:cboxylase and 3-phosphoglycerate 

dehydrogenase) range fran O. 2 to 15 hours (75) • The average 

half-life for rat liver cellular proteins is approximately 3 days. 

There is no evidence that substrate-specific proteolytic systems 
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exist. The heterogenous rate of protein turnover may :be due to the 

intrinsic properties of protein. It has been suggested that proteins 

with short half-lives tend to :be more acidic, laxge and hydrophobic 

(76). A model proposiD;J that protein turnover is subject to 

theI.modynamic controls has been suggested. It was stated that the 

susceptibility of a protein to proteolytic attack is dependent on its 

intramolecular c:x>nfo::cmational equilibrium: a protein is more 

susceptible to proteolytic attack in an unfolded state (77) • This is 

supported by the observation that the rate of degradation of 

oxidatively damaged and, therefore, denatured protein is higher than 

that of the native protein (78-80). Simlarly, covalent modification 

of cysteinyl residues (i.e., fo::cmation of intramolecular disulfide 

bonds) of fructose 1,6-bisphosphate aldolase increases susceptibility 

of this protein to proteolytic digestion (81). 

The suggestion that the physiochemical structure of a protein 

c:x>ntrols its rate of turnover has gained :further support fran other 

recent observations. The primary sequences of sane short-lived 

proteins c:x>ntain regions rich in proline, glutamine, serine and 

threonine (PF.B'l' regions). It has been proposed that such PF.B'l' 

regions input unusual c:x>nf o::cmations that render the protein more 

susceptible to proteolysis (82). Another interestiD;J findiD;J is that 

the half-life of a protein may depend on the nature of its N-tenninal 

amino acid residue (N-end rule), as in the case of B-gal.actosidase 

(83). However, the physiochemical structure of a protein does not 
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seem to be the sole deteminant of its degradation. The stabilizing 

effects of ligands (e.g., substrates and organic and inorganic 

cofactors) on protein turnover are well established. For example, 

mevinolin, an inhibitor of hydroxymethylglutaryl CO-A reductase, 

decreases the rate of turnover of this enzyme (84). Similarly, the 

turnover of apo-thionein is much faster than its metal associated 

holoprotein ( 66) • Other factors affecting protein degradation have 

been reviewed recently by Beynon and Bond (85). 

Mechanisms of intracellular proteolysis 

Intracellular proteolytic systems are generally divided into two 

ca1p:>nents, viz., lysosanal and non-lysosanal processes. The 

lysosanal degradation pathway has received far greater attention than 

other intracellular protein degradation systems. The lysosanal 

pathway is often divided into two canponents with regard to the 

origin of substrates, i.e., autophaqic and heterophagic pathways 

(86-92 for review). In autophagy, a specialized membrane structure 

fonns arotmd intracellular macranolecules and organelles. These 

vesicles are called autophagosanes. The origin of this specialized 

membrane has not been identified, although the Golqi canplex may be a 

source. Autophagosanes subsequently fuse with primary lysosanes and 

give rise to secondary lysosanes in which protein degradation occurs 

(Fig. 1.1). Intracellular substrates may enter lysosanal vesicles by 

invagination of lysosanal membrane. Thus, proteins adsorbed on the 



13 

trans surface of the lysosanal membrane are internalized. This 

processes is referred to as microautophagy (85). 

In well :nourished cell cultures, there is little evidence of 

autophaq.ic structures and the rate of proteolysis is relatively low. 

This basal proteolytic activity is probably due to basal lysosanal 

activity (microautophagy) or cytoplasmic proteases (87) • The 

enhanced rate of protein degradation in nutrient-deprived cells is 

due to increased autophagy. Addition of serum, insulin, amino acids 

or a variety of growth factors inhibits autophagy (93-100). Insulin 

and amino acids are known to decrease the rate of cellular 

proteolysis by inhibitirq the sequestration of intracellular material 

into autophagosanes, while glucagon increases the number of 

autophagosanes foi::med (96,99). While autophagy seems to be regulated 

at least in part by ho:r::m::>nes, basal proteolysis is relatively 

unaffected. 

Lysosanal and :non-lysosanal processes may be distinguished by 

using lysoSC11¥>trophic inhibitors (101). Weak-base amines, e.g., 

chloroquine, methylamine and anmonia ion, specifically raise the 

intralysosanal pH thereby provid.i.D1 a suboptimal environment for 

lysosanal proteases (102,103). Similarly, inhibitors of specific 

lysosanal enzymes block protein degradation in intact cells. 

Pepstatin, leupeptin, chymostatin and antipain are ccmnonly used 

inhibitors for different types of cathepsin proteinases (104,105). 

3-Methyladenine inhibits the foi:mation of autophagosanes (106). 



>-
<..:> 
< 
:c 
a... 
0 = ..... ,__ ..... 
:c 

>-
<..:> 
« 
:c 
a... = -= < 

14 
£ 

B B 
B ~~~~~~~~~~~~~~~~-

j REC E PT Ol! - MED I A TED 
ENTOCYTOSIS 

JBULK PHASE 
UPTAKE Q 0 ENOOSOMES 

0 0000~0N 
~C20.0MU LJ \~ 2° LYSOSOMES 

~ 
AUTOPHAGOSOME 

vinblastin 
colchicine 

insulins 
amino acids 1 ... e 

""""" @ glucagon 
starvation 

x;Z~~ 

1 
"x "' /''~;;JJ) y 

CYTOPLASM MITOCHONDRIA 

8 amines 

8inhibitors 

PROTEIN 
DEGRADATION 

RESIDUAL 
BODIES 

Fiq. 1.1 schema.tic presentation of autophagic and hete.rophagic 
pathways. In autophagy, cellular macranolecules (X,Y,Z) and 
organelles (i.e., mitochondria) are sequestered into autophagosanes. 
These vesicles are subsequently fused with primary lysosanes which 
contain acid hydrolases (e.q. cathepsins). Digestion of 
macranolecules occurs in the sec:onda.y lysosanes. Hete.rophagy is 
initiated by fonna.tion of pinocytic vesicles containing extracellular 
materials (A, B, C) within endocytosed plasma membrane. one possible 
fate of these vesicles (endosanes) is fusion with primary lysosanes 
to produce secondary lysosanes in which protein degradation occurs. 
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Vinblastine and colchicine dissociate microtubul.es, thereby, blocking 

fusion of autophaqosanes and primary lysosanes (107). Recent 

evidence indicates that chloroquine and anmonia might not inhibit 

lysosanal degradation cxq>letely. Moreover, leupeptin and 

chyn¥:>statin also inhibit certain non-lysosanal proteinases (101). 

Thus, their effects on lysosanal degradation nrust be interpretated 

with reservation. 

There are certain similarities between autophaqy and 

heterophagy. Heterophaqy is initiated by fonnation of pinocytic 

vesicles containing extracellular materials fran portions of plasma 

.membrane. These vesicles, referred to as endosanes, move along the 

cytoskeletal track to their destined target area (Fig. 1.1) • one 

possible fate of endosanes is fusion with primary lysosanes to 

produce secondary lysosanes in which protein breakdown occurs (108). 

Although Squi1:b et al. (72) demonstrated that heterophaqy is probably 

pertinent for degradation of reabsort>ed Ml' in proximal tubule cells, 

the heterophaqic process is not relevant for the degradation of 

intracellular Ml'. Assuming that cytoplasmic Ml' is degraded in 

lysosanes, this protein will have to enter the lysosanal vesicles via 

the autophaqic process. 

In regards to Ml' degradation, another possibility that does not 

appear to be previously considered is that the hydrolysis of this 

metalloprotein occurs partly or cxq>letely within the cytoplasmic 

carparbnent. Several cytoplasmic catabolic systems have been 
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d.escri1::>ed. The ubiquitin-, ATP-dependent proteolytic systems have 

been characterized in reticulocytes ( 109) • conjugation of ubqui tin 

to substrate proteins is the essential step in the degradation of 

these tagged proteins. However, this system has not been found in 

liver cells. Other ubiquitin-independent, ATP-dependent proteolytic 

systems recently have been described in manmalian tissues including 

liver (110,111). several other serine, cysteine and metal-dependent 

proteases have been fo\llld in rat liver cytosol (112-114). Although 

proteolytic activity in the cytoplasm is lower than that in 

lysosanes, cytoplasmic proteolytic activity may provide turnover of 

specific types of cellular proteins andjor provide the initial event 

in protein degradation. It has been shown that Ml' can be separated 

into its two danains by limited proteolysis in vitro (12). Since Ml' 

has been proposed to flmction as zn and cu donor to 

apo-metalloenzymes (115-117), limited proteolysis of Ml' by 

cytoplasmic proteinases may either facilitate the release of bound 

metals or be the consequence of such a transfer. Thus, the 

possibility that Ml' is degraded in the cytoplasmic canpartment merits 

evaluation. 

Research objectives 

In the initial part of my thesis research, I first purified and 

characterized the zn and cu associated protein fran liver and kidney 

of diabetic rat. Having established that it is indeed Ml', I examined 
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the effects of streptozotocin (STZ)-induced diabetes on the synthesis 

and turnover of Ml' in liver and kidney (Chapter II). The relative 

rates of Ml' synthesis were increased in the liver and kidney of 

untreated diabetic rats. I also found that the stress-related 

induction of hepatic Ml' synthesis was coordinated with an increased 

turnover of cytoplasmic Ml' in the liver, but not in the kidney. 

Having realized that the measurement of cytoplasmic Ml' turnover 

might not reflect actual degradation of this protein, I subsequently 

focused on Ml' degradation in greater detail. An understanding of the 

characteristics and regulatory aspects of Ml' degradation is as 

inp>rtant as that of synthesis in assessing the physiological 

function of this protein. Elucidation of the mechanism(s) of Ml' 

degradation also may provide insights as to how Mr-bound metals are 

ioobilized in vivo. Therefore, the primary objectives of these 

investigations were two fold: (a) to evaluate the effects of 

essential trace metal status on Ml' degradation, and (b) to detennine 

the subcellular site(s) of Ml' degradation. 

Monolayer cultures of rat hepatocytes were chosen as a IOOdel 

system to investigate Ml' degradation. It is recognized that 

reincorporation of radiolabelled amino acid is the major obstacle in 

measuring protein turnover rate in whole animals (76). This problem 

can often be minimized by following protein degradation in a cell 

culture system. In addition, investigators interested in the 

kinetics of zn, CU and Cd uptake and effects of ho:cmones on the 
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uptake and metabolism of these metals have effectively utilized 

suspension and monolayer cultures of adult rodent hepatocytes for 

elucidatin;J such info:cna.tion (118-122) • other advantages of this 

cell system include (a) relative ease of isolatin;J large numbers of 

one specific type of differentiated cells fran the liver, (b) minimal 

biological variability in replicate cultures fran single animal 

donor, and (c) ability to rapidly alter the extracellular milieu. 

I initially studied the effects of ho:tm:>nes and lysosanotropic 

inhibitors on general protein degradation in monolayer cultures of 

adult rat liver hepatocytes to develop skills with the in vitro 

system (Chapter III). Then, the subcel.lular site(s) of Ml' 

degradation and the effects of cellular zn status and insulin on Ml' 

degradation were investigated (Chapter IV). 
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INI'R:>DUCTION 

We have previously reported that the metabolism of zinc, copper, 

iron and manganese is markedly altered in both chemically-induced and 

spontaneously diabetic rats (55,123). one of the specific changes 

noted was the presence of significantly elevated levels of a 

metallothionein (MI')-like, zinc and copper binding protein in liver 

and kidney of diabetic rats (53-55). Because of the apparent 

molecular weight of this heavy metal binding protein and the known 

influences of stress and ho:cnones on MI' synthesis (2), we previously 

proposed that the protein present in high concentration in the 

tissues of the diabetic rats was MI'. The first objective of this 

study was to purify and further characterize this protein(s) fran 

diabetic liver and kidney. Havllv;J established that the zinc and 

copper binding proteins were indeed Mr-I and -II, the effects of the 

insulin deficiency and dietary copper on MI' synthesis and turnover 

were examined in the streptozotocin-induced diabetic rat. 
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Animals and diets 

Male rats (Ra.ttus rattus; Sprague Dawley strain) weighing 150-175 

g were purchased f:ran Charles River Breedi.n;' Lalx>ratories 

(Wil.min;;ton, MA) • Insulin-dependent diabetes melli tus was induced by 

an i.p. injection of streptozotocin (STZ, 90 nqjkg body weight) in 50 

mM citrate buffer, pH 4.5. Diabetic rats were polydipsic, polyuric 

and hyperglycemic, and had a decreased growth rate. Animals were 

given free access to deionized water and either ccmnercial (Prolab 

Rat, Mouse, Hamster Fonm.tl.a 3000, Jqway Inc., syracuse, NY) or 

purified diet. The c::atq;>Osition of the purified diet has been 

reported (53). The cxmnercial diet contained 13 and 76 ppn copper 

and zinc, respectively. The purified diets contained either 13 or 35 

ppn copper and 45 ppn zinc. 

Trace metal analysis 

The levels of copper and zinc in diets and tissues were 

detennined by atanic abso:rption spectrophotanetric analysis of 

samples that had been dry ashed at 440°c as described elsewhere 

(53). Recoveries of these metals f:ran a certified reference material 

(bovine liver 1577a; National Bureau of Standards, Gaithersburg, MD) 

with this protocol exceeded 97%. The concentrations of copper and 

zinc in cytosol, chranatographic fractions and purified protein were 
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directly measured on samples that were appropriately diluted with 0.1 

N ultrapure HCl (Ultrex, J. T. Baker, Phillipsburg, N.J.). 

Purification and characterization of metallothionein 

Control and diabetic rats ( 10 days after receiving STZ) were 

injected i.p. with 25 UCi 35s-cysteine (sp. act. 80 UCi/tm10l; New 

England NUclear, Boston MA) in 0.9% (w/v) saline per lOOg body 

weight. Rats were killed 18 hours later and livers and kidneys were 

perfused with ice-cold saline to raoove residual blood. Tissues were 

frozen in liquid nitrogen and stored at -10°c. The soluble 

fraction (cytosol) of these organs were prepared by centrifugation 

(150,000 x g for 80 min.) of hcm::>genates and fractionated by Sephadex 

G-75 gel filtration chranatography as previously described (54). 

Copper, zinc and 35s were measured in each fraction collected fran 

the column. Fractions of a similar elution volune as purified rat 

liver zinc-Ml' (i.e. , VejVo = 2. 0-2. 5) were pooled and concentrated by 

ultrafiltration (YM-2 membrane, Amicon Co., Danvers, MA) • The 

concentrated material was fUrther fractionated by DEAE-Sephadex A25 

anion exchange chranatography. After applying the sample, coll.mlilS 

(21 x 150 nm) were washed with 2 bed volumes of 20 mM Tris-acetate, 

pH 7.4, before beginning a linear gradient of 20-200 mM Tris-acetate, 

pH 7.4 (total volume= 400 ml). Copper, zinc and 35s were measured 

in each fraction (4 ml). Salt concentrations were estimated fran the 

measured conductance of fractions (Beckman Conductivity Bridge, Model 
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RC-16B2, cedar Grove, HJ). Peak fractions containing radioactivity 

and the trace metals were pooled, dialyzed against 2.5 mM potassium 

phosphate buffer containing 1 mM 2-mercaptoethanol, pH 7.4, 

lyophilized and stored at -10°c. Before fUrther analysis, 

lyophilized samples were dissolved in phosphate buffer and 

fractionated once again by sephadex G-75 gel filtration 

chranatography using 2.5 nm phosphate buffer to reroove polymers and 

2-mercaptoethanol. 

In a separate study, control and diabetic rats were injected i.p. 

with 25 UCi 3ii-leucine (sp. act. 80 UCi/tm:>l) per 100 g body 

weight. cytosol was prepared and analyzed by gel filtration 

chranatography and anion exchange chranatography as described above. 

Reactive sulfhydryl groups of Ml' isofonns obtained after 

OEM:-sephadex A25 chranatography were assayed with 

2,2'-dithiodipyridine (124). The level of Ml' protein was estimated 

by the method of IDWry et al. (125) using bovine serum albumin as 

standard. Experimentally determined values were adjusted by dividing 

these amomits by 2.5 to obtain the actual level of thionein 

polypeptide (126) • 

Relative levels of 35s-Mr synthesis in liver and kidney 

Rats were randc:mly selected and injected with STZ (90 nqjkg). 

Because treatment with the diabetogenic drug tellp)rarily decreased 

food consurrption, and fasting affects metallothionein synthesis (39), 
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control and STZ-diabetic rats were pair-fed for two days after 

administration of STZ. At indicated times, groups (N=S) of control 

and diabetic rats were injected i.p. with 15 UCi 35s-cysteine per 

100 g body weight between OB00-0900 hour. Food was ranoved f.ran 

caqes of these rats at 0700 hour. Five hours after injection, rats 

were killed by decapitation and the organs were perfused, frozen and 

stored as above. Cytosol was prepared and analyzed by one of two 

methods. In the first, aliquots of cytosol were fractionated by 

sephadex G-75 gel filtration chranatography (22 x 600 nm) and the 

moounts of 35s, copper and zinc in each fraction were measured. 

The relative level of 35s-cysteine incorporated into Ml' was 

calculated by dividing 35s in fractions that eluted similarily to 

purified rat liver zinc-Ml' (VefVo = 2.0-2.5) by 35s present in 

total cytosol protein (i.e., Ve/Vo = l.0-2.5). In the alternative 

procedure, trichloroacetic acid ('!'CA) was added to cytosol to a final 

concentration of 2%. kid precipitated 35s was re!OOV'ed by 

centrifugation, washed with 2% TCA, solubilized in lN NaoH and 

counted by liquid scintillation spectranetry (efficiency of COllllting 

was 92%). Pilot studies showed that 35s-Ml' was not precipitated by 

2% TCA. kid-soluble materials were fractionated by sephadex G-50 

gel filtration chranatography. COlunms ( 9 x 300 nm) were 

equilibrated and eluted with 100 mM NaCl in lmM HCl. 35s was 

measured in collected fractions. The relative aioomit of Ml' synthesis 

was calculated by dividing the moount of 35s that eluted similarly 
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to purified 35s-M!' (VefVo = 1.4-1.8) by the sum of 

acid-precipitated 35s plus acid soluble materials eluting as 

35s-Ml'. The results with both methods were virtually identical and 

those presented in ResUlts are values obtained fran analysis of 

intact cytosol by sepha.dex G-75 gel filtration chrana.tography. 

cytosol protein was estimated by the microbiuret procedure with 

bovine serum al1:Jumin as standard (127). 

Rate of disappearance of 35s-Ml' f:ran hepatic and renal cytosol 

control and 10 day diabetic rats were injected with 15 uci 

35s-cysteine per lOOg body weight as above. After 24 hours, 

animals received 4 umoles nonradioactive cysteine per lOOg body 

weight to miminize reutilization of 35s-cysteine. Five rats fran 

both groups were killed i.nmediatedly and additional groups (N=S) of 

control and diabetic rats were killed 36, 48, 72, 96 and 120 hours 

after injection of 35s-cysteine. cytosol was prepared fran the 

liver and kidney of each animal and analyzed by sepha.dex G-75 gel 

filtration chranatography as described above. 35s was measured in 

each fraction and half-life (t112 ) values for 35s-M!' and 

35s-proteins with apparent 100lecular weights greater than Ml' were 

calculated ac:oord:m;J to 8egal and Kim ( 128) • 

Data analysis 

Values are presented as mean ± S.E.M. Where appropriate, data 
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fran various treatment groups were analyzed by either Student's 

t-test or one way analysis of variance and Duncan's multiple range 

test to deteJ:m:i.ne significant differences at p < o.os. 
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RF.sULTS 

Purification and characterization of Ml' in liver and kidney of 

diabetic rats 

The sephadex G-75 elution profiles of 35s in cytosol prepared 

fran the livers of control and diabetic rats are shown in Figure 

2.lA. The am::nmt of 35s associated with species having apparent 

molecular weights similar to purified zinc-Ml' (VefVo = 2. 0-2. s) was 

2.2-fold greater than that in control rats. In contrast, the 

percentage of 35s in soluble proteins that eluted with apparent 

molecular weights in excess of 10,000 (i.e., ve;vo = l.0-2.0) was 

similar in control and diabetic liver. In agreement with earlier 

reports (53,54), cytosol fran diabetic liver contained significantly 

higher levels of copper and zinc and the majority of the additional 

oanplement of these trace metals was associated with Mr-like species 

(Fig. 2.lB). 

Total 35s and acid-insoluble 35s were similar in cytosol of 

diabetic and control rat kidney. However, 1.5-fold more 35s in 

diabetic renal cytosol eluted at ve;vo = 2.0-2.s canpared to control 

cytosol (Fig. 2.2A). The copper and zinc concentrations in cytosol 

and the am::nmts of these trace metals that eluted fran Sephadex G-75 

at approximately twice void volume were significantly higher for 

diabetic kidney than for control kidney (data not shown). 

Mr-like materials were further purified by ion-exchange 
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Fig. 2.1 Purification of Ml' f:ran liver of control and STZ-diabetic 
rats. Aliquots of cytosol samples f:ran livers of control and 
diabetic rats were fractionated by Bephadex G-75 chrana.tography. 
Eluted fractions that corresponded to purified zinc Ml' were pooled 
and analyzed by DEAE-Bephadex A25 chranatography as described in 
Methods. Panel A shows Bephadex G-75 elution profile of cytoplasmic 
35s f:ran 1i vers of control (.,L) and STZ-diabetic ( O ) animals. 
Panel B shows DEAE-Bephadex A25 elution profile for representative 
samples f:ran STZ-diabetic rats. 35s <O), zinc <D> and copper 
<L>. 
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Fig. 2.2 PUrification of Ml' fran kidney of control and STZ-diabetic 
rats. Procedures were identical to that described for hepatic 
saq:>les in the legend to Fig. 2.1. Representative Sephadex G-75 
~~ution profiles of renal cytoplasmic species containing 

s-cysteine fran control (A) and STZ-diabetic ( O ) rats are shown 
in panel A. Representative DEAE-Sephadex A25 elution profile of 
~ sample obtained fran STZ-diabetic animals is shown in panel B. 

5s <O), zinc <D> and copper <~>. 
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chranatography. The elution pattems shown in Figure 2. lB and 2. 2B 

indicate that 35s, copper and zinc in hepatic and renal samples 

were present in two fo:cms. These eluted at 65 and 135 mM 

Tris-acetate; purified rat liver zinc-Ml' I and II eluted at 70 and 

140 mM Tris-acetate, respectively. Approximately 75% of the 35s 
applied to DEAE-sephadex column eluted in these two peaks. This 

indicated that these two Mr-like species accounted for the majority 

of 35s-cysteine that eluted f:ran Sephadex G-75 at approximately 

twice void volume. Various atta:Iq;>ts to assess the purity of the 

material in two peaks by native and sodium dodecyl sulfate 

polyacrylamide gel electrophoresis were unsuccessful. Multiple bands 

were present in gels, even after species that eluted f:ran the 

ion-~e column were once again fractionated on Bephadex G-75 to 

remove polymers. Because ananalous electrophoretic behavior of 

copper-containing Ml' has also been reported by others ( 129) , I 

atta:Iq;>ted to dissociate bound copper and block reactive sulfydryl 

groups by cart>oxylmethylation. I was unable to CC111pletely remove 

bound copper. Therefore, I directly analyzed the pooled and 

concentrated material in each peak f:ran the ion-exchange column. The 

protein and metal content, number of reactive sulfhydryl groups and 

ratio of sulfhydryl groups to copper and zinc in the peak fractions 

f:ran diabetic liver and kidney were similar to that of rat liver 

zinc-Mr-I and -II (Table 2.1). 

Cytosol f:ran liver and kidney of control and diabetic rats that 
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Table 2.1 Characteristics of Ml' purified fran liver and kidney of 
STZ-dial:>etic rats*. 

o:rgan Isoprotein c cu+zn> /Ml' -SH/metal -SH/Ml' 

Liver Ml'-I 8.fi±0.9 2.5±0.4 20.7±1.4 
Ml'-II 6.5±0.9 3 .1±<> .8 22.Q±0.9 

Kidney Ml'-I 7.7±<>.9 3.2±0.5 24.1±1. 7 
Ml'-II 8.5±0.4 2-4±<>-4 22.2±2.4 

*cytosol sanples were fractionated by gel filtration and 

anion-exchange chrana:tography as described in the legend to Fig. 
2 .1. Peak fractions containing Ml' were concentrated and analyzed as 

described in Methods. Values (mean± SEM) are expressed on a molar 
basis and were calculated for samples purified fran organs of three 
separate groups of rats. 
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bad been injected with 3H-1eucine was also analyzed by gel 

penneation and ion-exchanqe chranatography. Manmal ian Ml' does not 

contain leucyl residues (1). The relative level of 3H inoozporated 

into cytosol protein that eluted fi:an Sephadex G-75 with apparent 

molecular weight of 10,000 was lower in the tissues fi:an diabetic 

rats than control rats. Mavever, these 3M-containing species 

eluted fi:an DEAE-Sephadex as a siD;Jle peak at a higher concentration 

of Tris-acetate than the two Ml' peaks containing copper and zinc 

(data not shown) • 

Because of their chranatographic behavior, preferential 

incozporation of cysteine, and the levels of copper, zinc and 

sulfhydryl groups, we concluded that the low molecular weight, heavy 

metal binding proteins present in diabetic liver and kidney were 

indeed Ml'. The results in Table 2.2 show the impact of the diabetic 

condition on the levels of zinc and copper associated with Ml'-1 and 

-II in hepatic and renal cytosol. The concentrations of these metals 

bound to Ml'-I and -II were significantly higher in cytosol fi:an 

diabetic liver and kidney than fi:an respective control saq;>les. 

Renal cytosol contained higher concentrations of zinc and copper 

bound to Mr-I and -II than hepatic cytosol in control and diabetic 

rats. Finally, the copper-to-zinc ratio for Ml'-I and -II was usually 

less than 1 in diabetic and control liver, :tlllt approximately 2 for 

the isoproteins in control and diabetic kidney. 
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Table 2.2 concentrations of zinc and copper associated with Ml' 
isop:roteins in liver and kidney of control and 
STZ-diabetic rats*. 

Tissues Group Isofonns zn cu 

ug as Ml'/g cytosol protein 
Liver control Ml'-I 2 1 

Ml'-II 4 1 

STZ-diabetic Ml'-I 47±4 53±5 

Ml'-II 48±7 30±1 

Kidney control Ml'-I 13,15 23,25 

Ml'-II 11,13 20,24 

STZ-diabetic Ml'-I 82±21 191±36 

Ml'-II 88±23 219±47 

*Ml' was isolated as descri1::>ed in Methods. six replicate saq>les of 
liver and kidney were analyzed fran diabetic rats. Ml' was isolated 
fran liver and kidney of one or two control animals, respectively. 
Data are expressed either as the individual value or mean ± S.E.M. 
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Effect of diabetic condition on the relative levels of Ml' synthesis 

The percentage of 358 inoo:rporated into cytosol proteins (i.e., 

acid-insoluble 358) was similar in liver and kidney of control and 

diabetic rats. The relative level of Ml' synthesis was detemi ned by 

quanti:fyilv; the percentage of 35s-cytosol protein that eluted fran 

sephadex G-75 as Ml'. Figure 2.3 shows the effect of duration of the 

untreated diabetic condition on the relative aJOOunt of Ml' synthesis 

in liver and kidney. 358-Ml' represented approximately 7 and 13% of 

358 inoo:rporated into cytosol protein in liver and kidney, 

respectively, of control rats. Maximal relative levels of Ml' 

synthesis were elevated about 3-fold in liver and 2-fold in kidney of 

diabetic rats. However, the l~ of time after induction of the 

diabetic condition required to attain the maximal increase in the 

relative rate of Ml' synthesis was only 4 days in liver canpared to 10 

days in kidney. The level of Ml' synthesis in the liver and kidneys 

of control rats was not significantly different during the 

experimental period (Fig. 2.3). 

The effects of dietary copper and dietary 0001p0sition on Ml' 

synthesis in liver and kidney of control and diabetic rats are 

suamarized in Figure 2.4. The relative aJOOunt of Ml' synthesis was 

greater in liver, but similar in kidney, when diabetic rats were fed 

purified diet containing 35 ppn copper canpared to 13 ppn copper. In 

contrast, the copper content of the purified diet did not affect Ml' 

synthesis in control liver. SUbstitution of ocmnercial "chow" for 
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purified diet with an identical level of cower (13 ppn) decreased 

the difference in the relative levels of Mr synthesis in hepatic 

cytosol. Moreover, there was no significant difference in the level 

of Mr synthesis in kidney of ex>ntrol and 10 day diabetic rats fed 

chow. The relative amen.mt of 35s-cysteine incorporated into 

hepatic and renal Mr was significantly higher in ex>ntrol rats fed 

ocmnercial diet than in rats fed purified diets. 

Effects of diabetic oondition on half-life of 358-Mr and 

35s-protein in hepatic and renal cytosol 

This initial study was aimed at de~ the relative rate of 

reooval. of 35s-Mr fran the cytosolic ccmpartment. Whether this 

measurement represents actual degradation of the polypeptide or its 

transfer to another cellular ccmpartment (e.g., lysosanes) has not 

been established (65). The disappearance of hepatic 358-Mr fran 

the cytosol was accelerated by the diabetic ex>ndition. The half-life 

was 1.3 days and 5.1 days for the diabetic and control groups, 

respectively (Table 2.3). In cxwparison, the half-life of 

35s-cytosol protein was 3.9 and 4.9 days in livers of control and 

diabetic rats, respectively. In kidney, the half-lives of 358-Mr 

and cytosol protein were not significantly altered by the diabetic 

state. 
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Table 2.3 Influence of diabetic condition on half-life of 
35s-p:roteins and 35s-Ml' in cytosol frail liver and 

kidney of cont:rol and STZ-diabetic rats.* 

Tissue Protein cont:rol STZ-diabetic 

Half-life (days) 
Liver 35s-Ml' 5.1 1.3 

35s-cytosol p:rotein 3.9 4.9 

Kidney 358-Ml' 2.3 2.6 
35s-cytosol p:rotein 4.6 5.7 

*1\ge-ma.tched cont:rol and STZ-diabetic rats were given free access 
to camnercial diet (13 ppn CU). After 10 days, rats were injected 
with 35s-cysteine and with non-radioactive cysteine 24 hours 

later. sets of animals (N=S) frail each gi:oup were killed 24, 36, 48, 
72 96 and 120 hours after injection of radioisotope. The loss of 
35s-Ml' and 35s-p:roteins frail hepatic and renal cytosol was 
detemi.ned l:Jy gel filtration chranatography. Half-life values for 
the disappearance of 35s frail Ml' and cytosol p:roteins were 

calculated as described in Methods. 
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DISCUSSION 

Earlier reports fran our laboratory showed that elevated levels 

of zinc, copper, and a Ml'-like, heavy metal binding protein were 

present in the soluble fraction of liver and kidney of 

chemically-induced and spontaneously insulin-deficient diabetic rats 

(53-55). As a result of the more detailed studies sunmarized in this 

report, I conclude that this protein is indeed Ml' because its 

chranatographic behavior, heavy metal binding properties, number of 

reactive sulfhydryl groups and lack of leucyl residues are similar to 

that of purified Ml' (1) • 

The levels of zinc and copper associated with Ml'-I and -II were 

elevated in the liver and kidney of the streptozotocin (STZ)-induced 

diabetic rats (Table 2.2). STZ-induced diabetes is characterized by 

a chronically decreased ratio of plasma insulin to glucagon and 

elevated levels of adrenal ho:cnones (57). It is well recognized that 

synthesis of hepatic Ml' is induced by administration of heavy metal 

salts and by physiological and pharmacological manipulation of 

endocrine status (2). 1\mong the ho:cnones studied, glucagon, 

epinephrine, glucocorticoids and dibutyryl c.AMP are potent inducers 

of Ml' synthesis in rat liver (SO) • The presence of increased amounts 

of hepatic Ml' in animals during episodes of physiological stress, 

i.e., bacterial infection (41) and fasting (39), supports the central 

role for ho:cnones as endogenous regulators of Ml' metabolism. We 
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previously reported that insulin trea'bnent of STZ-diabetic rats 

reduced the ammmt of Mr-like proteins in liver towards constitutive 

(control) levels (53). Therefore, our data stron;ly suggest that the 

elevated levels of Ml'-I and -II in diabetic liver were due in part to 

chronic endocrine imbalance resultin;J fran STZ-mediated destruction 

of pancreatic beta cells. 

In contrast to their effects on hepatic Ml' metabolism, pancreatic 

and adrenal hoDDOnes do not seem to significantly influence renal Mr 

status (2). For exa1Ji>le, administration of dil::iutyryl cAMP did not 

alter the concentration of renal Mr (50) • Also, dexamethasone, a 

synthetic gluoooorticoid, failed to induce Ml' synthesis in a cultured 

cell line derived fran rabbit kidney (130). The presence of an 

increased level of Ml' in the kidney of the diabetic rat is associated 

with the accumulation of excess dietary copper in this organ 

(56,58,131). The concentration of renal copper was 7 fold higher 

than hepatic copper in STZ-diabetic animals and much of the 

additional oanplement of this metal in the cytosol was associated 

with Ml'. Hepatic Ml' was enriched in zinc in the STZ-diabetic rat. 

Ac:cumul.ation of copper in the kidney by brindled mice ( 132) and by 

rats exposed to cadmium (61) dem::>nstrates that accumulation of copper 

in this organ is not limited to the diabetic condition. The 

mechanisms responsible for the preferential accumulation of copper by 

the kidney in such conditions remain l.lllknown. 

Elevated levels of Ml' in liver and kidney of STZ-diabetic rats 
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may be primarily due to changes in the rates of synthesis and 

degradation of this protein. Indeed, MT synthesis was significantly 

increased in both organs of STZ-diabetic rats fed purified diets 

(Figs. 2.3 and 2.4). Differential influences of the 

insulin-deficient diabetic condition on MT synthesis in liver and 

kidney were fOlD'ld. Maximal relative rates of hepatic and renal MT 

synthesis were observed 4 and 10 days after treatment with STZ, 

respectively. The increased synthesis of hepatic MT during the early 

phase of insulin-deficiency is similar to that previously reported 

for animals subjected to physiological stresses (e.g. infection and 

fas~; see 2, for review), suggesting that such alterations are 

primarily due to disturbances in endocrine status. The delayed 

enhancement of MT synthesis in diabetic kidney is probably related to 

the greater length of time between induction of the diabetic 

condition and the increased absorption and renal acctmrulation of 

dietary copper. These changes are correlated with the onset of 

hyperphagia and hypertrophy of the gastrointestinal tract, which are 

not evident lllltil 4-5 days after inducing insulin deficiency 

(58,131). The increased synthesis of MT in diabetic rats exhibited 

sane specificity, since 35s-cysteine incorporation into non-MT 

proteins in the cytosol fran liver and kidney was similar in control 

and 10 day diabetic rats. 

When the copper content of a purified diet was increased a.l..Ioost 

3-fold (to 35 ppn), the relative rates of hepatic and renal MT 
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synthesis in STZ-diabeti.c rats increased significantly (Fig. 2.4). 

In contrast, dietary copper did not affect MT synthesis in control 

rat tissues. This latter observation is consistent with that of 

Bremner et al. (73). Hepatic MT synthesis was also less pronounced 

in STZ-diabeti.c animals fed chaw than in those fed purified diet 

cont:ainil¥.;J an equivalent amount of copper. This difference may be 

due to the increased bioavailability of the metal fran a purified 

diet (133). Renal MT synthesis was also affected by dietary 

trea'bnent. The relative rate of renal MT synthesis was slightly 

lower in 10 day diabetic rats than in control rats fed cxmnercial 

(chaw) diet. This discrepancy may reflect adaptation of chow-fed 

animals to the diabetic state. 

Because the amount of copper associated with renal MT in chow-fed 

rats was elevated despite the lack of an apparent change in the 

relative rate of MT synthesis, we investigated the iq:>act of the 

diabetic condition on the half-life of MT in the cytosol of livers 

and kidneys of control and diabetic animals fed this diet. The 

turnover of 35s-cytosol protein in liver and kidney was not 

significantly altered by trea'bnent with the diabetogenic drug (Table 

2.3). This fi.nd:inj is in agreement with others who reported that 

general protein turnover in liver and kidney of chronically diabetic 

animals was similar to that in age-matched controls (134,135). The 

observed half-life of 5 days for cytosolic MT fran control liver is 

consistent with previous reports (61,136). In the STZ-diabetic rat, 
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the rate of disappearance of 35s-Mr fzan hepatic cytosol was 

markedly accelerated (t112= 1.3 days). This enhanced turnover of 

cytoplasmic Ml' is similar to that reported by various investigators 

following the administration of zinc and copper salts (2,65). 

SOboc:inski et al. (41) also found that the rate of disappearance of 

Ml' fzan the cytoplasm was also increased by infection. Thus, 

stress-related induction of hepatic Ml' synthesis also appears to be 

CX>Ordinated with an increased rate of removal of this protein fran 

the cytoplasmic canpartment. The turnover process may be subject to 

hozmonal cxmtrol. 

The half-life of cytosolic Ml' in the kidney was not significantly 

altered in chronically diabetic animals (between 10 and 15 days after 

onset) fed cxmnercial diet (Table 2. 3) • This observation was 

surprising since the relative rate of Ml' synthesis was also similar 

in the kidney of control and 10 day diabetic rats fed ocmnercial diet 

(Fig. 2.4), despite the presence of elevated levels of zinc and 

copper associated with Ml' in this o:rgan (Table 2. 2) • To estimate Ml' 

turnover, animals received one injection of 35s-cysteine and the 

amomit of the radioisotope present in Ml' in the soluble fraction of 

liver and kidney was detemined at various times. This approach is 

based upon several important assumptions that may not be valid for 

diabetic kidney. First, reincorporation of the radioisotope must be 

minimal. Several investigators reported that this assumption is 

valid in noi:mal animals (59,136). However, renal metabolism is 
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markedly altered by insulin deficiency (137) and the impact of the 

diabetic state on cysteine transport and metabolism in the kidney is 

llllknown. Second, we previously reported high levels of copper, 

possibly in the fo:tm of copper-Ml', in the lysosanal fraction of the 

diabetic renal cortex (56). Copper-Ml' is resistant to lysosanal 

enzymes in vitro (64,67). Thus, sane of the 35s-Mr present in the 

cytosol fraction may have been released fran lysosanes during 

hanogenization of frozen tissues. such factors canplicate 

interpretation of the results for turnover of Ml' in the kidney of the 

diabetic rat. current studies are aimed at clarifying these matters. 

In suamary, the concentrations zinc and copper bound to Ml'-1 and 

-II were markedly elevated in cytosol fraction of liver and kidney 

fran STZ-diabetic rats. The relative rates of Ml' synthesis and the 

rate of removal of these proteins fran cytosol were increased in 

liver of STZ-diabetic animals. These ~es are probably due to the 

characteristic alterations in the levels of pancreatic and, perhaps, 

adrenal ho:cmones in the chemically-induced diabetic animal. The 

relative rate of renal Ml' synthesis was also increased in diabetic 

rats fed a purified diet. This response appears to be IOOdul.ated by 

the marked accumulation of dietary copper in the kidney of diabetic 

rats. The effects of diabetes on the turnover of cytosolic Ml' in the 

kidney are inconclusive at this time. 
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INl'R:>DUCTION 

In the previous studies with streptozotocin-diabetic rats, I 

found that the relative rate of Ml' synthesis and turnover of 

cytoplasmic Ml' were both accelerated in liver. The altered 

metabolism of hepatic Ml' in diabetic rats was attributed primarily to 

distmbances in endocrine status (Chapter II) • Critical analysis of 

my data and the literature revealed that cytoplasmic Ml' turnover 

might not reflect actual degradation of this protein. Therefore, I 

decided to investigate this subject in greater detail. The study of 

protein degradation is difficult in intact animals, since 

OCl!i>licating factors, e.g., isotope reinco:rporation and reutilization 

of radioisotope by different tissues, often preclude tmequivocal 

interpretation of the results. For this reason, I focused my 

attention on the use of cultured cells as a JOOdel system. The 

advantages of usiDI cultured cells for s~ protein degradation 

were descri.1:>ed in Research Objectives section of Chapter I. Here, I 

selected monolayer cultures of adult rat hepatocytes as the cellular 

model because the liver is the central organ involved in short-tenn 

control of heavy metal haneostasis. 

The rate of general protein degradation has been previously 

evaluated in perfused rat liver (95), suspension cultures (97) and 

monolayer cultures (100) of adult rat hepatocytes. These studies 

have shown that cellular protein breakdown occurs in lysosanal and 
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non-lysosanal (cytoplasmic) oanpartments. It has been shown that 

lack of serum, growth factors, honnones and nutrients increase the 

rate of protein degradation. This enhanced protein breakdown is 

solely due to increased lysosanal autophagy (for review, see 85,86). 

Also, lysosanotropic agents and various types of proteolytic 

inhibitors have been juidiciously used to differentiate between the 

lysosanal and cytoplasmic events in protein degradation. 

In the studies stmnarized below, I estimated the rates of 

cellular proteolysis and characterized the effects of insulin, 

glucagon and dexamethasone on general protein degradation. The 

effects of several lysosanotropic amines and cytoplasmic proteinase 

inhibitors on protein degradation were also investigated. The 

inf onnation on general protein degradation was important for 

interpreting various characteristics of Ml' degradation in subsequent 

studies (Chapter IV) • 
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Chemicals 

Medium 199 and fetal calf serum were purchased fran Giboo 

Laboratory (Chagrin Falls, OH). Waymouth'S MB 752/1 was prepared 

according to standard fonnula of Giboo Laboratory except that leucine 

was anitted. Puck's balanced salt solution consisted of 0.4 g KCl, 

0.15 g MgS04.11120, 8 g NaCl, 0.016 g cac12.21120, 1.1 g 

glucose and 2.38 g HE.PF.S (N-2-hydroxyethyl piperazine-n1 -2-ethane 

sulfonic acid) per liter. Perooll and collagenase were purchased 

fran Phannacia Inc. (Piscataway, NJ) and Worthington Biochemical 

(Freehold, NJ), respectively. [4,5-311]-L-leucine was obtained fran 

ICN Chemical & Radioisotope Inc. (Irvine, C2\). Bovine albumin (fatty 

acid free), lysosaootropic amines, proteinase inhibitors and other 

chemicals were reagent grade and obtained fran Sigma Chemical co. 

(St. IDuis, K>). 

Animals 

Male sprague-DaWley rats (200-250 g) purchased fran Charles River 

~Laboratory (Wilmington, MA) were fed ccmnercial diet (Prolab 

Rat, Mouse, Hamster 3000 fonnula, 'Al;]Way Inc., syracuse, NY) and 

deionized water ad libitium. Animals were maintained on a 12 hour 

light/12 hour dark cycle (lights on 0600-1800h) in a tenperature 

(21-23°C) and lnmri.dity (45-55%) controlled roan. 
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cell isolation and culture 

Donor rats were fed overnight and cell isolation was initiated 

between 0900-1000 hour. Liver cells were isolated by the collagenase 

perfusion technique of Seglen (138) as modified by Failla and cousins 

( 118) • Intact hepatocytes were separated fran non-parenchymal cells 

and leukocytes by iso-osmotic Percx>ll density gradient and 

differential centrifugation (139). cell viability, as estimated by 

trypan blue exclusion, was 90 to 95%. Approximately 2 x 106 

purified hepatocytes were added to collagen-coated (16 ug/well), 

multiwell dishes (35 nm2> and incubated at 37°c in 95% air: 5% 

m 2 • The platin;J medium consisted of Medium 199, 5% fetal calf 

serum (:FCS), 10-7 M insulin, so ug gentamycin/ml and o.s ug 

fun:]izonejml. After 1 hour, non-adherent cells were rerooved by 

washin;J monolayers twice with PUck's buffer. 

Estimation of protein degradation 

To estimate the rate of protein degradation, the procedure of 

~ et al. (100) was followed with slight modificiations. 

Monolayers of adult rat hepatocytes were incubated overnight ( 18 

hours) in Waym:mth's MB 752/1 medium containing 10-8M insulin, 10 

uM zn (znso4.7ffiO), 0.2% all:unin and 11-leucine (10 UCi/:mool) 

to label cellular proteins. Monolayers were then extensively washed 

with M199 medium and 11-leucine was "chased" by incubation of 

monolayers with fresh medium containing 1. 9 mM non-radioactive 
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leucine for 4 hours with one chalr;Je of medium (after 2 hours) during 

this chase period. This facilitated the efflux of 311-leucine fran 

the intracellular amino acid pool, thereby minimizing reincozporation 

of 311-leucine into newly synthesized proteins duriD,;J the 

experimental period. 

Experiments were initiated by incubating monolayers in either 

''basal" or "step-down" medium. The oarp>sition of basal medium was 

the same as "chase" medium which consisted of canplete amino acids 

mixture and a physioloqical concentration of insulin (l0-8M). When 

indicated, amino acids and insulin were rem:wed fran basal medium to 

stimulate the rate of protein degradation (see Results). This 

nutritionally deficient medium is referred to as "step-down" medimn. 

At the canpletion of the experimental period, cells and medium 

were collected separately. Monolayers were washed twice with 

ice-cold PUck's buffered saline before harvesting in 1.5 ml of 0.2% 

Triton x-100. cell suspensions were sonicated (Microson Instrument, 

Farm:iD;dale, NY) at 40% output for 20 seconds using a mic:roprobe. An 

aliquot of cell haoogenate was rem:wed to detennine total cellular 

radioactivity. To another portion of cell haoogenate, bovine albumin 

was added as a carrier protein before the addition of equal vol'LU11e of 

10% (w/v) trichloroacetic acid (TCA). 1\cid soluble and precipitated 

materials were separated by centrifugation and an aliquot of 

supernatant was analyzed to detennine the level of acid-soluble 

radioactivity. 1\cid-insoluble material was washed twice with 10% TCA 
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and the final pellet was dissolved in 1 N NaOH. Aliquots were 

analyzed to determine the amcnmt of radioactivity. 

Spent medium was centrifuged at 200 x g for 10 min at 4°c to 

ranave :nonadherent cells. Total, acid-soluble and acid-insoluble 

radioactivity in medium were detemined as described for cell 

hancgenates. Radioactive samples were transferred to vials 

containing liquid scintillation fluid (Scinti Verse II, Fisher, Fair 

Lawn, NJ) and oc:nmted in a Beckman LS 6800 liquid scintillation 

spectrophotaneter. QUench.ll¥.;J was corrected with an autanatic 

ext:ernal. standard. 

Acid-soluble radioactivity in cells and medium were smrmed and 

divided by total radioactivity in the well. Replicate wells were 

also harvested at zero time and acid-soluble 11 in the well was 

deterniined. The increase in relative level of acid-soluble 3H 

durin;J the experimental period was used to calculate the rate of 

protein degradation (% degradation/h). 

To investigate the effects of hoi:mones, lysosanotropic agents and 

proteinase inhibitors on general protein degradation, indicated 

substances were added at the beginll¥;J of the experimental period, 

with one exception. That is, monolayers were exposed to 

dexamethasone durin;J the overnight lal:>elliD;J period and the chase and 

experimental periods. Stock solutions (1,000X) of insulin and 

glucagon were prepared in 1.6% glycerol, 0.2% phenol and 0.05% bovine 

serum albumin, pH 2. o. Lysosanotropic and proteinase inhibitors were 
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prepared in aqueous medium (Waymouth's MB 752/1), while 

dexamethasone, pepstatin and TICK (tosyl-lysine chloranethyl ketone) 

were dissolved in alcohol (95% vfv). The rate of proteolysis was not 

affected by the presence of 1% alcohol in the medium. 

Estimation of protein synthesis 

Monolayers of hepatocytes were incubated in basal medium 

overnight. cells were then incubated in medium containing 

3H-leucine (20 UCi/mnol) for indicated times. The amollllt of 

3H-1eucine inoo.rporated into acid-insoluble fraction per nq of cell 

protein was detennined as descril:>ed above. The protein concentration 

was measured by a nr::>dified I.J:Mry procedure (140) using bovine serum 

al.l:ll.1lnin as standard. To investigate the effects of cycloheximide on 

protein synthesis, various concentrations of cycloheximide were added 

to the incubation medium at the begining of the experimental period. 

The dec::reased inoo.rporation of 3H-leucine into acid-insoluble 

fraction of cycloheximide-treated cells was expressed as percent of 

control. Stock solution of cycloheximide was prepared in Waymouth' s 

MB 7 52/1 medium. 

Statistical analysis 

Data are expressed as mean±S.E.M. Each datum point represents the 

mean of measurements fran at least six separate wells that contained 

cells fran at least two donor rats. one way analysis of variance and 
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Duncan's multiple rcm;Je test were used to test for significant 

differences between trea:bnent g:r:oups (p< 0.05) 
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RF.SULTS AND DISCUSSION 

Assessment of protein deqradation in hepatocytes. 

The levels of radioactivity in acid-soluble and -insoluble 

fractions of medium and cells during a 6-hour experimental period are 

shown in Fig. 3.1. Acid-soluble 3i1 in medium, which reflects 

exchanged free amino acids resulting fran intracellular protein 

breakdown (141), increased linearly with time. In contrast, 

acid-soluble 3if within cells, which represents the free leucine 

pool was only 10% of that in medium after 6 hour. .Moreover, the 

level of acid-soluble 3if in cells gradually decreased with time, 

suggestiD;J rapid exchange of free leucine between the intra- and 

extracellular pools. Acid-precipitable 3if in medium remained 

relatively constant after 1 hour, suggestiD;J minimal incorporation of 

3if-leucine into newly synthesized secretory proteins. It is 

unlikely that the presence of labelled proteins in medium was clue to 

either cell lysis or leaky membranes, since medium contained a low 

level of lactate dehydrogenase (less than 5% total activity in 

wells). The level of 3if-labelled cellular proteins decreased 

slightly with time. our results are canpatible with previous 

observations with isolated rat hepatocytes (142) and human 

fibroblasts (98), suggesting that 3if-1eucine is an effective 

radioactive tracer for investigating protein degradation. Therefore, 

the rate of protein degradation was calculated according to Hopgood 
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Fig. 3.1 Effect of incubation period on the levels of acid-soluble 
and acid-insoluble radioactivity in medium and cells prelal:>elled with 
11-leucine. Hepat:Qcytes were incubated in basal medium (insulin+ 
amino acids) with 11-leucine for 18 hours to label cellular 
proteins. cells were then incubated in medium containing excess 
leucine to chase intracellular 11-leucine pool as described in the 
Materials and Methods. At o ~, fresh basal medium was added and 
acid-soluble and acid-insoluble 11 in medium and cells were 
measured at indicated times. Each point is the mean value fran 6 
replicate wells in two separate experiments. 
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et al. (100). 

% degradation = acid-soluble ~ in medium & cells (t-tol x 100% 
total 11 in medium & cells (t) -

where t and t 0 indicate the levels of radioactivity at time t and o 

hour, respectively. One major advantage of usiDI this method was 

elimination of slight variations in the level of cellular protein per 

well and the absolute aioount of 11-leucine accumulated by cells 

within and between each experiment. 

In a preliminary experiment, hepatocytes were incubated in the 

''basal medium", i.e. , medium containing the c:anplete mixture of amino 

acids and a physiological concentration of insulin (l0-8M). 

Proteolysis was linear for up to 6 hours at a rate of 1. 77%/h (Fig. 

3.2). Therefore, a 4-hour experimental period was chosen as the 

convenient interval in subseqUent studies unless otherwise 

indicated. The proteolytic process was ~ture dependent since 

only minimium degradation (O. 09%/h) was detected when cells were 

maintained at s0 c. .Addition of fetal calf serum (2% final 

concentration) to the incubation medium did not significantly reduce 

the rate of proteolysis (1.66%/h), suggestiD1 that basal medium 

provided nutrients and/or factors required for minimal protein 

turnover in hepatocytes. 
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Fig. 3.2 Degradation of 3M-protein in monolayers of adult rat 
pepatocytes. Monolayers that were previously labelled with 
3H-1eucine were incubated in basal (0) or step-down (.6) medium 
duriD; the experimental period. The ccmposi tion of these media has 
been described in the Materials and Methods. The rate of protein 
~tion (%) was assessed by monitoring the amotlllt of acid-soluble 
3H in medium at indicated time. Each point is the mean value frcm 
6 replicate wells in two separate experiments. 
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Effects of extracellular amino acids and ho:cmones on protein 

degradation 

Simultaneous removal of insulin and amino acids f:ran incubation 

medium (step-dawn) significantly increased the rate of protein 

degradation (1.3- fold) above basal levels (Table 3.1). The majority 

(80%) of this enhanced degradation was due to removal of insulin 

alone. Elimination of only amino acids f:ran the incubation medium 

did not significantly increase the rate of proteolysis. Hopgood et 

al. (100) reported that the rate of proteolytic turnover in ioonolayer 

cultures of hepatocytes maintained in medium without insulin was 

2.5%/h. Addition of insulin (l0-8M) to medium decreased the 

protein degradation rate to a level similar to that observed in the 

present study. However, both Shworer et al. (96) and Seglen et al. 

(97) showed that addition of a mixture of amino acids decreased the 

rate of proteolysis in perfused rat liver and suspensions of freshly 

isolated hepatocytes, respectively. While these findings appear to 

contradict the present results, it should be noted that freshly 

isolated hepatocytes are in a catabolic state with protein 

degradation rate as high as 4-5%/h (143). The ioonolayer cultures 

employed in this study had been incubated ovemight in oanplete 

medium, which presumbly restores nitrogen balance and maintains 

protein turnover at a minimal rate. Thus, it is possible that amino 

acid deprivation would not affect protein degradation in a well 

nourished cell culture within a short period of time. 
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Table 3.1 Effects of amino acids (aa) and insulin on 
protein degradation in monolayer culture of 

* adult rat hepatocytes • 

Experimental medium 

Basal (W/ aa & insulin) 
Basal w/o aa 
Basal w/o insulin 
Step-down (w/o aa & insulin) 

% degradation/h 

l.77±0.05a (17) 

l.90±<>.12a,b (3) 

2.22+o.02b,c (6) 

2.32±0.lOC (15) 

*Hepatocytes were incubated in basal medium with 3ii-
leucine for 18 hours. cells were then incubated in medium 
containinq excess cold leucine to chase intracellular 
3ii-1eucine as descriJ:>ed in the Materials and Methods. To 

initiate experiments, either fresh basal medium or basal 

medium without either amino acids and/or insulin was added. 
The rate of protein degradation was estimated after 4 hours. 
Data are expressed as mean±SEM· Means with different letters 
as superscripts are significantly different at p< o.os. The 
number in parentheses indicates the number of measurements. 
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To investigate whether higher rate of proteolysis in the absence 

of insulin was due to enhanced autophagy, the effects of 

lysosaootropic agents on protein turnover were oanpared in 

hepatocytes incubated in basal and step-dawn media. Chloroquine, 

methylamine, and a111110nium ion each decreased the rate of protein 

degradation by 40-50% in JlK)nolayer cultures of hepatocytes incubated 

in step-down medium (Table 3. 2) • simul. taneous addition of 

chloroquine and NH4Cl failed to inhibit further proteolysis. 

Mdition of chloroquine to cultures of hepatocytes maintained in 

basal medium also inhibited protein degradation by 40%. Hopgood et 

al. (100,144) also reported a 50% inhibition of protein degradation 

after a111110nia was added to JlK)nolayers culture of hepatocytes in the 

presence or absence of insulin. 

Assuming that lysosanal degradation was canpletely inhibited upon 

exposure to chloroquine, the amine-sensitive (i.e. lysosanal) pathway 

accxnmted for protein degradation rates of o. 73% and 1.15%/h in basal 

and step-down cultures, respectively. That is, removal of insulin 

and amino acids increased lysosamrmediated turnover of cellular 

proteins by 1.6-fold with apparently minimal (if any) effect on 

non-lysosanal processes. Thus, approximately 40% and 60% of hepatic 

protein turnover was due to lysosanal and non-lysosanal pathway, 

respectively, in basal cultures. McElligott et al. (145) reported 

that when rat liver cytosol proteins were microinjected into human 

fibroblasts, lysosanal and cytoplasmic pathways acc:otmted for the 
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Table 3.2 Effects of lysosanotropic amines on protein degradation in 
monolayers of adult rat hepatocytes*. 

Experimental 
medium Weak-base amines % degradation/h % inhibition 

Basal None A 1.77±0.05 (17) 
Chloroquine (0.1 mM) 1.05±0.02 B (6) 41 

Step-down None a 2.32±0.01 (15) 
Chloroquine (0.1 mM) 1.17±0.02 b (6) 49 
1\Dm)nia ( 10 mM) 1.25±0.07 b (6) 45 
Methylamine (10 mM) b 1.45±0.05 (6) 37 
Chloroquine+almlonia 1.22±0.07 b (6) 47 

*The oanposition of basal and step-down medium has been described 
in leqend to Table 3.1. At the begllllD;J of experimental period, 

fresh basal or step-down medium with indicated substances were added 

to 3H-labelled monolayers. Data are expressed as mean±SEM. 
Statistical analyses were made within groups maintained in basal and 

step-down medium, respectively. Values with different letters as 
superscripts are significantly different fran one another (p < 

o.05). The mnber in parentheses indicates the number of 
measurements. 
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degradation of approximately 40 and 60% of exogenous material, 

respectively. By measuriD;J the fractional volumes of lysosanal 

vacuoles and the rate of proteolysis in perfused rat liver, SChworer 

et al. (96) reached a similar conclusion. That is, both lysosanal 

and non-lysosanal routes of protein degradation operate llllder basal 

condition. Mortiloore et al. (146) suggested that this basal 

lysosanal activity is probably due to microautophagy. 

The effect of lysosanal proteinase inhibitors on the rate of 

proteolysis was also tested in hepatocytes incubated in step-down 

medium. Pepstatin (100 ugjml), an inhibitor of cathepsin D (105), 

reduced protein degradation by 10% (2.20%/h). The limited 

effectiveness of this chemical may be due to the brief incubation 

period since pepstatin uptake by cells is relatively slow (101). In 

addition, the hydrolytic activity of cathepsin D is greater in 

hepatic non-parenchymal cells than hepatocytes (147). Leupeptin (SO 

ug/ml), a stron; inhibitor of cathepsin B (104), inhibited protein 

tu:rnaver in the step-down culture by 30% (1.62%/h). These results 

indicated that pepstatin and leupeptin partially inhibited lysosanal 

degradation. SUch results were expected, since these substances 

inhibit only specific types of lysosanal hydrolases. 

Effects of glucagon and gluoooorticoid on protein degradation 

Glucagon and gluoooorticoids are key ho.nnones in regulating 

intracellular metabolism in hepatocytes (e.g., see 148 and 149). 
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consequently, I tested the effects of glucagon and dexamethasone, a 

synthetic gluoooortiooid, on the rate of protein degradation in 

hepatocytes (Fig. 3.3). Glucagon (l0-8M) stimulated protein 

turnover :by approximately 1.4- and 1.2-fold in the absence and 

presence of insulin (l0-8M), respectively. This glucaqon-mediated 

increase in proteolysis was probably due to enhanced lysosanal 

degradation, since glucaqon has been shown to enhance the fonna.tion 

of autophagosanes (99). In contrast, insulin blocks autophagosane 

fo:cnation (95). This probably serves as the basis for the 

antagonistic action between insulin and glucagon on protein turnover 

in hepatocytes. 

The rate of protein degradation in both basal or step-down 

cultures was decreased 12 and 16%, respectively in dexamethasone 

(l0-8M) treated cells (Fig. 3.3). Present data were contradictory 

to that of Hopgood et al. (144) who reported a 20% increase in 

protein breakdown in hepatocytes incubated in insulin-free medium 

containing dexamethasone. However, the maximal effects of 

dexamethasone-enhanced protein breakdown were observed at a 

concentration of l0-7M and cells were exposed to this synthetic 

gluoooorticoid for only a brief period (7 hours) in their study. In 

addition, insulin was absent durin;J overnight incubation of 

hepatocytes in their study, result:iD:] in a protein degradation rate 

of 2.5%/h (144) canpared to 1.77%/h in the present study (Table 

3.1). HUsson et al. (150) showed that the activities of urea-cycle 
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Fig. 3.3 Effects of glucagon and (lexamethasone on the rate of 
pmtein degradation in monolayers of adult rat hepatocytes. 
Hepatocytes were previously labelled with 311-leucine for 18 hours. 
At the beqininq of the experimental period, eit:hel" fresh basal CO> 
or step-dawn <Ira> medium containing glucagon (10-~) was added. In 
a separate set of Rreparation, hepatocytes were exposed to 
dexamethasone (10-°M) during ovemiqht labelling, as well as during 
the chase and experimental period. The rate of pmteolysis was 
dete.mined as described in the Materials and Methods. statistical 
analyses were made within groups maintained in basal and step-dawn 
medium, respectively. The difference observed within a group is 
indicated by the presence of different letters al:>ove standard error 
bars (p< 0.05). 
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enzymes were increased in cultured fetal hepatocytes by dexamethasone 

treatment, but this activation was inhibited by addition of insulin. 

It was suggested that enhanced urea-cycle enzyme activities is 

probably due to increased proteolysis in dexamethasone-treated 

cells. The integrity of lysosanal membrane in a cultured human 

diploid cell line (WI-38) was stabilized by addition of 

hydrooortisone, a gluoocorticoid honnone, to culture mediun (151). 

In addition, it has been reported that increase in the rate of 

protein degradation was m::>re proncn.mced in myoblasts incubated in 

mediun containing dexamethasone for 4 hours than that of cells 

exposed to this gluoocorticoid for 18 hours (152). This 

dexamethasone-mediated enhancEment of protein degradation in 

myoblasts was also inhibited by insulin. The interactions between 

insulin and dexamethasone and the difference in acute and chronic 

action of dexamethasone on protein turnover were probably the basis 

for the discrepancies between JJrJ observations and those of Hopgood et 

al. (144). 

It was fO\llld that addition of glucagon to mediun failed to 

enhance protein degradation when cells had been pretreated with 

dexamethasone (Fig. 3. 3) • Iaishes and Williams ( 153) and SChwarze et 

al. (154) fO\llld that addition of insulin and dexamethasone improved 

attachment, m::>rphology and viability of hepatocytes. Present data 

suggested that the ability of insulin and dexamethasone to decrease 

the rate of protein turnover may also contri.JJute to the beneficial 
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effects of these hont¥:>nes in primary cultures of hepatocytes. 

Effects of cycloheximide and TICK on protein degradation 

To detennine the apparent half-life of a protein, many 

investigators have treated intact animals and isolated cells with 

cycloheximide, an inhibitor of sos ribosanal activity, to prevent 

reutilization of the radiolabelled amino acids. In monolayer culture 

of hepatocytes, cycloheximide (~ 3.4 uM) inhibited protein synthesis 

by 85% (Fig. 3.4). However, cycloheximide also has been folllld to be 

an inhibitor of protein degradation (107,155). The rate of protein 

degradation in hepatocytes incubated in basal medium and basal medium 

without insulin was inhibited by 0.64 and 0.91%/h, respectively, in 

the presence of 3. 4 uM cycloheximide (Table 3. 3) • The relative 

degree of inhibition of proteolysis in cells treated with chloroquine 

was the same as that of cycloheximide. Addition of chloroquine to 

cycloheximide-treated cells failed to increase significantly protein 

degradation, suggestin; that cycloheximide selectively inhibited the 

lysosanal pathway of protein degradation. More specifically, 

cycloheximide apparently blocks fo:cnation of autophagic vesicles, 

perhaps by increasiD;J the intracellular level of amino acids 

(87 ,157). 

TICK (tosyl-lysine chloranethyl ketone) is an inhibitor of serine 

proteases i.e. , proteases with trypsin- and chylootrypsin-like 

activity (158). The rate of proteolysis was decreased in monolayers 
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Fig. 3.4 Effects of cycloheximide on 11-protein synthesis in 
monolayers culture of hepatocytes. After overnight incubation, 
hepatocytes were pulsed with 11-leucine in the presence of 
indicated concentrations of cycloheximide for 4 hours. Protein 
synthesis was estimated fran the incorporation of 11-leucine into 
the acid-insoluble fraction of cells. Inhibition of protein 
synthesis by cycloheximide was expressed as % of control. Each point 
is the mean value fran 6 replicate wells of two separate experiments. 
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Table 3.3 Effects of cycloheximide and TICK on protein degradation 
in monolayer cultures of adult rat hepatocytes *. 

Experimental 
medil.lll Inhibitors % degradation/h % inhibition 

Basal None 1.54±<>.ozA (9) 
Chloroquine 0.90±<>.06 c (9) 41 
Cycloheximide 0.91±<>.04 c (6) 41 
TICK 1.29±0.04 B (6) 16 

Basal w/o None 1.97±0.08 a (9) 
insulin Chloroquine 0.85±0.01 d (9) 57 

Cycloheximide 1.06±<>.04 c (6) 46 
TICK 1.67±<>.03 b (6) 15 

*Monolayers of hepatocytes were labelled with 3H-1eucine for 18 
hours. To initiate experiments, either fresh basal medil.lll or basal 

medil.lll without insulin containin; indicated substances was added and 
incubation was continued for 6 hours. The concentrations of 
chloroquine, cycloheximide, and TICK were 1 mM, 3.4 uM and O.SmM, 
respectively. Data are expressed as Mean±SEM· statistical analyses 
were made within groups maintained in respective medil.lll. Means with 
different letters as superscripts are significantly different at p 
<0. OS. The number in parentheses indicates the number of separate 
measurements. 
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incubated in basal medium oonta:iniD:J TLCK by 0.25%/h. Since TLCK 

also decreased protein turnover by 0.3%/h in step-down medium, this 

chemical did not seem to interfere with lysosanal degradation. 

Similar finc:ti.D;Js were also noted by Mc:Ilhinney and Hogan ( 159) • 

In sunmary, primary monolayer cultures of adult rat hepatocytes 

have been used successfully to monitor the characteristics and the 

subcellular sites of intracellular protein degradation. It was found 

that the rate of proteolysis can be modulated by honnones, 

lysosaootropic agents and proteinase inhibitors. The lysosanal and 

cytoplasmic pathways of protein degradation were experimentally 

distinguished. This cellular model provided me with an important 

tool for investiqa~ the characteristics of MT degradation in 

subsequent experiments (Chapter IV) • 



CHAPl'ER IV 

DEGRADATION OF ZIN:: .METALI.DrHIONEIN 

IN HJN:>IAYER CULTURES 

OF ADULT RAT HEPA'lUCYTF.S 
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INI'IDDUCTION 

Metallothionein (Ml') represents a family of ubiquitous, low 

molecular weight, cysteine-rich, heavy-metal binding proteins (1). 

This protein is carp>sed of a single polypeptide cha.in and at least 

two distinct isofozms of Ml' are present in most eukaryotes. Roles of 

Ml' in the metabolism of essential m.icronutrients (i.e., zn and CU) 

and the detoxification of heavy metals have been suggested (38). 

Most studies on Ml' metabolism have focused on liver and kidney, the 

primary sites of heavy metal a.ccucn1l.ation. The synthesis of Ml' is 

induced by a variety of factors, including exposure to heavy metals, 

physiological stresses and alteration in endocrine status (2). In 

virtually all cases examined thus far, increased synthesis of Ml' 

resulted frcm enhanced transcription of Mr genes (l.6) • 

In contrast to the plethora of inf o:cna.tion on the structure and 

synthesis of Ml', knowl~e of Ml' degradation is limited. In vivo 

studies have suggested hepatic cu- and zn-Ml' (t1; 2= 15-20 hours) 

tum over significantly faster than Cd-Ml' (t112= 80 hours) 

(59-64). In such studies, it has been assumed that the disappearance 

of 35s-labelled Ml' fran the cytosol fraction refl~ actual 

degradation of this protein. This conclusion is supported by in 

vitro studies sh.owiD;J that apothionein, zn-Ml' and Cd-Ml' were degraded 

in lysosanal extracts (66) and by neutral proteinases (9,66). 

However, CU-Ml' is resistant to lysosanal degradation in vitro 
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(64,67). In addition, the possibility that loss of Ml' fran cytoplasm 

in vivo might be due, at least in part, to secretion or transfer to 

an organelle other than lysosanes, e.g., mitochondria, has not been 

previously addressed (65,160). It is awarent that the 

characteristics and regulation of Ml' degradation remain largely 

unknown. Infonnation concern:in;J Ml' degradation is important for a 

ioore CCll';>lete l.lllderstandin;J of factors that affect the level of this 

protein in various tissues. Moreover, elucidation of the :ftmction of 

Ml' in regulation of essential trace element metabolism will be 

facilitated by an understand:in; of Ml' degradation. With the above in 

mind, I initiated an investigation of zn-MI' degradation in ioonolayer 

cultures of adult rat hepatocytes. 

Recent advances in the field of protein degradation indicates 

that both intrinsic properties of a protein and regulation of the 

catabolic machinery contribute to the observed heterogenous rate of 

proteolysis. It appears that the regulation of intracellular 

catabolic pathways (i.e. lysosanal and non-lysosanal processes) 

offers coarse control of protein turnover, while the structural 

characteristics of a protein provide the fine control in detennining 

its rate of degradation (85). Data presented in this study indicate 

that zn, which awarently stabilizes the tertiary structure of Ml', 

provides such fine regulation in the degradation of this protein. In 

addition, it was found that Ml' is degraded in both cytoplasmic and 
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lysosanal canpartments. Possible mechanisms on Ml' degradation are 

discussed. 
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CUlture and harvestllp of hepatocytes 

The isolation and purification of adult rat hepatocytes has been 

descri.bed previously (Chapter III). Monolayers of hepatocytes were 

incubated in Wayioouth's MB 752/1 medium containing 0.2% bovine serum 

albumin (BSA), 10-8M insulin, and 100 uM zn (as znso4 .7~0) for 

20 hours to induce Ml' synthesis. After overnight incubation, spent 

medium was removed by aspiration and monolayers were washed twice 

with ice-cold Puck's buffer to rE!liXJVe residual medium and detached 

cells. At the time of sample collection, hepatocytes fran each dish 

were harvested in 1. 5 ml 10 mM Tris-HCl buffer, pH 8. 6, containing 

0.02% Triton x-100 and s mM 2-mercaptoethanol (BME). Protease 

inhibitors, FMSF (0.01%) and leupeptin (10 u;J/ml) also were added to 

the buffer to inhibit cellular proteolytic activity. cell 

suspensions were sonicated (Microson Instrument, Fanni.ngdale, NY) at 

40% output for 30 seconds using a microprobe. Microscopic 

examination of the haoogenate showed OC1Dplete disruption of cells. 

Detemination of cellular Ml' 

1. In vitro 109Cd binding assay 

Due to limited cellular material obtained fran primary culture of 

hepatocytes, the aJOO'llllt of Ml' in ea.ch sample is relatively low. TWo 
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approaches were developed to quantify the cellular level of MT. In 

the initial approach, I used 109Cd to label Ml' in vitro. Liver 

cytosol samples prepared fran control and zn injected rats (1 ng 

ZJJ/kq body wt., for 2 consecutive days) were utilized to develop the 

experimental protocol. The method of Lehman and Kl.assen (161) was 

followed with sane m::>difications. 

Cd required to saturate cytosol MT. cytosol samples were diluted 

with 10 mM Tris-HCl, 5% glycerol, pH 7.6 to 1 ng protein/ml. samples 

were then incubated with various moo\Ult of Cd (as CdC12) and 0.2 

uci 109Cd for 15 minutes at o 0 c to pemit exchange of 109Cd 

with zn associated with MT. Because MT is a heat stable protein, the 

sanple was next heated at 10°c for 5 minutes. The majority of 

other cellular proteins were precipitated by heating and removed by 

centrifugation at 10,000 x g, for 15 minutes. The aioo'llllt of 109Cd 

in the heat treated supernatant was measured to detennine Cd-MT. 

ResUl.ts were calculated as ng Cd lxnmd to MT per ng cytosol protein. 

It was found that MT apparently was saturated in the presence of 2-4 

ug Cd per ng cytosol protein. Therefore, 4 ug Cd (O.l uci 109Cd/ug 

Cd) was added to sample con~ 1 ng of protein to saturate Ml' in 

subsequent analyses. Isofonns of 109Cd-Ml' were purified fran the 

heat stable fraction by Fast Protein Liquid Chranatoqraphy (FPIC, 

Phannacia Inc., Piscatway, NJ). The fractionation scheme for FPIC 

will be described below. Purified isofonns of 109Cd-lalJelled Ml' 

were again subjected to heat treatment and FPIC to detennine the 
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recovery of these proteins duriD;J purification procedures (see 

Results). 

2. Measu.rement of cellular 35s-Ml' 

The secx>nd awroach taken involved the use of a radioactive amino 

acid to label Ml' polypeptide. Monolayers of hepatocytes were 

incubated in medium containing 35s-cysteine (20 uci/mnol) and 100 

uM zn for 20 hours. In a preliminary experiment, cell haoogenate was 

centrifuged at 150, ooo x g for 7 5 minutes to reoove the particulate 

fractions. The high speed supernatant was fractionated by 8ephadex 

G-75 chranatography (Phannacia Inc., Piscatway, NJ). The sephadex 

G-75 column (22 x 600 nm) was equilibrated and eluted with 20 mM 

Tris-HCl, 5 mM BME, pH 8.6. Flow rate was 24 mljhour and 4 ml 

fractions were collected (Fig. 4.1). It was found that 35s was 

distril::Juted aioonq high ioolecular weight proteins (1.0-2.0 void 

volume, V0 ), Ml' (2.0-2.5 x V0 ) and low ioolecular weight species 

(total volume, Vt>· 

To facilitate the measurement of 35s-M!' by FPIC, cell 

haoogenate was heat treated and centrifuged as described alxwe. The 

35s-labelled high ioolecular weight proteins were eliminated by heat 

treatment and awroxima.tely 95% of 35s-M!' was recovered in heat 

stable fractions (Fig. 4 .1) • Heat-treated supernatant was 

concentrated by ultrafiltration (centricon 10, Amicon co., Danvers, 

MA) to o. 5 ml. Non-radioactive Cd-Ml' ( 100 u;) and BSA ( 1 ng) were 
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Fig. 4.1 sephadex G-75 elution profile for sairples ~repared fran 
monolayers of hepatocytes previously labelled with 3 s-cysteine. 
Monolayers of hepatocytes were incubated in medium containing 
35s-cysteine (10 UCi/nnol) and 100 UM zn overnight. soluble 
fraction (--) was prepared by centrifugation of cell hanogenate at 
150, ooo x g for 7 5 min. Heat stable fraction ( · ..... ) of cell 
hanogenate was prepared by heat treatment (7o0 c, 5 min.) and 
centrifugation (10,000 x g, 15 min.). samples were analyzed by 
sephadex G-75 chrana.tography as described in the Materials and 
Methods. 



78 

added to samples before heat-treatment and ultrafiltration steps, 

respectively, to minimize non-specific loss of 35s-M!'. However, 

the presence of a relatively large an¥:>U11t of low molecular weight 

35s-containing species (presumably glutathione) in the heat stable 

supernate interfered with the analysis of Ml' by FPIC. Therefore, the 

concentrated heat stable supernate was next fractionated by Sephadex 

G-25 chranatoqraphy (Phal:macia Inc., Piscatway, NJ) to reoove 

35s-g1utathione. The Sephadex G-25 column (9 x 300 nm) was 

equilibrated and eluted with 0.1 M Tris-HCl, 5 mM BME, pH 8.6. one 

milliliter fractions were collected at a flow rate of 15 mljhour and 

Ml' was eluted at the void volume. Fractions containing 35s-Ml' were 

pooled and aliquots were analyzed by FPIC. 

3. Analysis of Ml' by FPIC 

Chranatoqraphy of Ml' was perfonned by FPIC equipped with either a 

gel filtration column (SUperose 12) or an anion-exchange column (Mono 

Q HR 5/5). sample (200 ul) was injected onto a SUperose 12 column 

equilibrated with O .1 M Tris-HCl, pH 8. 6. Ml' was eluted at so 

minutes with a flow rate of 0.2 ml/minute and 1 ml fractions were 

collected. 35s in each fraction was detennined by transferring 

eluate to a plastic vial containing 10 ml scintillation fluid (SCinti 

Verse II, Fischer, Fairlawn, NJ) and oount.in;J in a Beckman LS 3500 

spectrophotaneter. QUenchin;r was corrected with an autana.tic 

external standard. The an¥:>U11t of 35s-M!' was expressed as dpn per 
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ng cell protein. The protein concentration was measured by a 

modified IDwry method (140) usin;r BSA as the standard. 

The mobile phase of Mono Q column consisted of A: 20 mM Tris-HCl, 

5% glycerol, pH 8.6; B: 200 mM Tris-HCl, 5% glycerol, pH 8.6. sample 

(500 ul) collected fran void volume of sephadex G-25 was injected. 

After isocratic elution with buffer A for 6 minutes, applied material 

was eluted with a linear gradient in 20 minutes (0-100%B). The flow 

rate was 1 ml/minute and 1 ml fractions were collected. MI'-I and 

Mr-II were eluted at 13 and 20 minutes, respectively. 

In pilot studies, MI'-I and MT-· II purified f:ran livers of 

Cd-injected rats (Chapter II) were used to standardize both SUperose 

12 and Mono Q columns. Elution was followed by monitoring absorbance 

at 254 and 280 nm and the aIOOWlt of Cd and zn in each fraction was 

detennined by atani.c absorption spectrophanetry. Cd, zn and ~54 

eluted in identical peaks having minimal absorbance at 280 nm. The 

chranatoqraphic profiles of Cd-Ml' purified f:ran intact rat liver and 

35s-M!' f:ran cultured hepatocytes were identical. 

Ml' degradation 

To study the turnover of Ml', monolayers of hepatocytes containing 

35s-Mr were washed twice with Medium 199, then incubated in fresh 

medium for 6 hours. The experimental medium consisted of Waynx:>uth's 

MB 752/1, 0.2% BSA, lo-8M insulin, excess cysteine (2 mM) and 

indicated substances. The concentration of zn in experimental meditnn 
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was 1 uM as detemined by atanic al:lsoxption spectrophotanetry. The 

level of 35s-H!' at o and 6 hour was quantified by FPIC as descriJ::>ed 

above. Data are expressed as percent of initial Ml' degraded per 6 

hours. 

To probe the subcellular site(s) of Ml' degradation, the effects 

of chloroquine and TICK (tosyl-lysine chloranethyl ketone) on Ml' 

degradation were investigated. As disscussed in Chapter III, 

chloroquine is a lysosaootropic amine and TICK is an inhibitor of 

serine proteases. Morever, TICK does not interefere with the 

lysosanal. pathway. Stock solutions of chloroquine and TI£'!K were 

prepared in aqueous medium (Waymouth's MB 752/1) and ethanol (95% 

V/v), respectively. Cellular protein degradation was not affected by 

the presence of 1% alcohol. These chemicals were added to the medium 

at the beqinll'.g of the experimental period (O h). 

In a parallel set of replicate cultures, monolayers were labelled 

ovemiqht with 3H-1eucine (10 UCi/nmol) and the rate of 

3M-protein degradation was detemined as described in Chapter III. 

Brifely, 3M-labelled monolayers were washed and medium containing 2 

mM leucine was added for 4 hours to "chase'' 3H-1eucine fran the 

intracellular amino acid pool. Studies were initated by adding fresh 

medium containing 2 DIM leucine and other indicated substances. The 

rate of degradation of 3M-protein was estimated by dividing the 

level of acid-soluble 3H by the amomit of total radioactivity in 

each well. Because Ml' does not contain leucyl residues (1), 
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detennination of the rate of degradation of 3u-p:rotein (non-Ml') 

provided info:cnation on the effects of various trea'bnent on the 

characteristics on general protein turnover. 

Ml' synthesis 

It was assumed that Ml' synthesis was not c:anpletely inhibited by 

substitution of medium with 1 uM zn for induction medium, since the 

half-life of Ml' mRNA in 100use hepatana cells was estimated as 2.5 

hours (162). The relative degree of Ml' synthesis was estimated in 

two ways. First, hepatocytes were incubated with 100 uM zn 

ovemight. zn-loaded cells were then incubated in fresh medium 

containing 35s-cysteine and various concentrations of zn for 6 

hours. The relative level of 35s-Ml' synthesis was estimated fran 

the aioount of radioactivity in heat treated supernate that eluted at 

the void volume of sephadex G-25 coll.DlUl. In a second approach, 

cycloheximide was used to inhibit the incorporation of 35s-cysteine 

into Ml'. At 3. 4 uM concentration, cycloheximide inhibited protein 

synthesis by greater than 85% (Fig. 3.4). 35s-M!' synthesis was 

also analyzed in cultures treated with cycloheximide, chloroquine and 

TICK. These chemicals were added to zn-loaded hepatocytes one hour 

before the addition of 35s-cysteine and incubation was continued 

for 5 hours. 35s-Ml' was quantified by sephadex G-25 chranatography 

as descril:>ed above. 
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oetennination of cellular zn status 

The level of zn in primary cultures of hepatoc:ytes was below the 

detection limit of the flame ataidc abso:rption spectrophotanetry. 

Alt:ha\¥;Jh the sensitivity of flameless ataidc abso:rption 

spectrophotanetry is sufficient to detennine cellular zn 
concentration, nonnal hanclli.D;J of samples may introduce contamination 

with exogenous zn. Therefore, cellular zn status was estimated by 

examining the efflux and uptake of 65zn in monolayers of 

hepatocytes. 

To study zn efflux, monolayers of hepatocytes were incubated in 

medium containing 100 uM zn with 65zn (0.2 UCi/ml) overnight. 

Hepatocytes were then washed twice with M199 medium containing 10 m.."1 

EOl'A followed by two washes of M199 to remove non-specifically bound 

zn fran cell surfaces. one set of cells was harvested at this time 

to detennine 65zn content at ti.me o. The remaining dishes were 

then incubated in fresh medium containing indicated concentrations of 

zn. After 6 hours, medium was removed and monolayers were washed 

twice with i~cold Puck's buffer containing 10 mM EOl'A to quench Zn 

transport and remove zn non-specifically bound to cell surface. This 

was followed by two consecutive washes with i~cold buffer without 

EOI'A. Hepatoc:ytes were harvested in 0.2% Triton x-100 and the level 

of 65zn retained by cells was detennined by gamna ray spectranetry 

(LKB 1282 canpuganma). 

To study zn uptake, monolayers that bad been incubated overnight 
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in medium containing ioo UM zn without 65zn were washed as above 

before addition of fresh medium with 65zn (0.2 UCi/ml) and 

indicated concentrations of zn for 6 hours. The level of 65zn in 

cells was detemined as described above. 

zn uptake by hepatocytes was expressed as :nmoles per ng of cell 

protein. zn efflux was calculated as the difference between cellular 

zn concentration at o and 6 hour. Therefore, the net change in the 

amount of zn transported was estimated fran the difference between 

uptake and efflux. Cellular zn status at 6 hour was defined as the 

difference in the cellular concentration of zn at o hour and the 

amount of zn secreted or accumulated ~ the experimental period. 

statistical analysis 

Data are expressed as mean±S.E.M.. Each datum represents the 

mean value fran at least three samples fran 2-3 separate cell 

preparations. one way analysis and Student-Newman-Keuls multiple 

rarqe test was used to test for significant difference between each 

treatment group (p< 0.05). 
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RF.SUI.TS 

Induction and turnover of Ml' 

In preliminary experiments, monolayers of hepatocytes were 

incubated in medium containing 35s-cysteine and 100 uM zn c65zn) 

ovemight. The distribution of intracellular 35s and 65zn was 

examined by gel filtration chranatography. cell haoogenates fran 4 

dishes were pooled and centrifuged (150,000 x g, 75 minutes) to 

separate particulate fran soluble fractions. The resultant 

supernatant, which accounted for 06% of total cellular 35s, was 

fractionated on sephadex G-75 column (Fig. 4.2A). The relative 

levels of soluble 35s distributed among high molecular weight 

proteins (1-2.0 x V0 ), Ml' (2.0-2.s x V0 ) and low molecular weight 

species (Vt> were 10, 12 and 75%, respectively. When zn-loaded 

hepatocytes were incubated in zn-deficient medium (1 uM zn) for 6 

hours, the an:n.mts of 35s-proteins, 35s-Mr and low molecular 

35s-containing species were 93, 65 and 75% of their initial value, 

respectively (Fig. 4.2A). 

Approximately 80% of total cellular 65zn was presented in the 

soluble fraction and 43% of this soluble zn was associated with Ml' 

(Fig. 4.2B). Thus, 34% of the total cellular zn was :tx>lmd to Ml'. 

This finding is consistent with the postulated role of Ml' as the 

storage site for zn (2). After a 6-hour incubation of zn-loaded 

hepatocytes in medium with 1 uM zn, the levels of zn associated with 
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Fig. 4.2 Sephadex G-75 elution profile for soluble fraction prepared 
f:ran hepatocytes previously labelled with 35s-cysteine and 65zn. 
Monolayers of hepatocytes were incubated in medium containing 
35s-cysteine (10 UCi/im:>l) and 100 uM zn;65zn (0.2 UCi/ml) 
overnight (Oh,--). To study Ml' turnover, cells were washed and 
reincubated in medium containing 1 uM zn for 6 hours (·· ... -). soluble 
fraction was prepared by centrifugation of cell haooqenate and 
analyzed by Sephadex G-75 gel filtration chrana~bY as described 
in the Materials and Methods. The chranatoqrams of 5s and zn are 
shown in panel A and B, respectively. 
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35s-Hl' and 35s-proteins were 62% and 87% of their initial amol.lllt, 

respectively. It is apparent that turnover of 35s-Hl' was faster 

than that of 35s-proteins and was acoarprlned by the loss of zn 
f:can the Ml' fraction. It was also noted that intracellular low 

molecular weight zn pool (eluted at Vt> was depleted faster than 

that of zn-Hl' and other zn associated metalloproteins, perhaps 

reflecting loss of the metal to the extracellular space. 

FurtheJ:more, the decrease in intracellular 35s-Hl' level was not due 

to secretion of this protein, since only less than 1% of total 

cellular Ml' was recovered in the spent medium after 6 hours (Fig. 

4.3). App.rox:imately 30% of 65zn in spent medium was associated 

with proteins secreted by hepatocytes and/or exogenous BSA, while the 

majority of extracellular 65zn eluted at Vt. This low molecular 

weight pool of zn was not further characterized. 

Detemination of Ml' in hepatocytes by FPIC methods 

Due to the limited quantity of material that can be obtained from 

primary cultures of hepatocytes, the amol.lllt of 35s-Hl' in each 

sample is relatively low. conventional chranatographic separation of 

Ml' by sephadex G-75 and ~ A-25 is a time consuming process that 

requires relatively lazge amounts of material. Thus, it was 

essential to develop a rapid method for isolation and quantitative 

analysis of 35s-Hl' f:can limited amounts of cell material. FPIC 

seaned to offer a sensitive alternative for the rapid measurement of 
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Fig. 4.3 Elution profile of Sephadex G-75 of spent medium. 
35s-labeled and 65zn-loaded hepatocytes were washed and incubated 
in medium with excess cold cysteine and 1 uM Zn for 6 hours. At the 
oanpletion of study, medium was collected and centrifuged at 1,000 x 
q for 10 min. to remove detached cells. Spent medium was 
concentrated by ultrafiltration (YM-2 membrane) and analyzed by 
~hadex G-7 s chranatography. Eluate was iooni tored by measuring 
358 (-) and 65Zn (· .... ·). 
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cellular 35s-Mr. 

To detennine the applicability of FPIC methods, Mr-I and Mr-II 

were purified fran livers of rats injected with Cd (2ng Cd/Kg B.W.) 

and 35s-cysteine (30 uei/100 q B.W.). The purification of 

35s-lal:>elled Mr-I and Mr-II by Bephadex G-75 and DEAE A-25 has been 

decril:>ed in Chapter II. Purified isofoms of Ml' (100 uq each) were 

mixed with cytosol prepared fran control rat liver. This sa11ple was 

subjected to heat treatment, ultrafiltration and chranatography on 

Bephadex G-25, SUperose 12 and Mono Q columns. The recoveries of 

35s-Mr fran each treatment step were greater than 85% and final 

recovery was 76% (Table 4.1). In a pilot experiment, it was found 

that the percent recovery of 35s-Mr decreased with decreasing 

amo\lllts of this protein. Addition of exogenous Cd-Ml' to hcmogenates 

prevented non-specific losses of cellular 35s-Mr during sa11ple 

processing. Therefore, 100 uq of non-labelled Cd-Ml' was routinely 

added to hcmogenates prepared fran primary cultures of hepatocytes in 

subsequent studies. In another series of studies, Ml' was quantified 

by in vitro 109Cd binding assay. It was found that relatively high 

amo\lllts of Cd bound to SUperose 12 and Mono Q resins (Table 4 .1) • 

Therefore, it was not possible to quantify Ml' by in vitro 109Cd 

bi.ndm;J assay. 

Cell hcmogena.te prepared fran 35s-labelled, zn-loaded 

hepatocytes was heat treated and fractionated by 8ephadex G-25 

chranatography. 35s in fractions that eluted at void volumes of 
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Table 4.1 Recovery (%) of 35s- or 109Cd-labelled isofoms of MI' 
duriDJ purification*. 

Recovery (%) 

Purification MI'-I MI'-II 

scheme 358 109Cd 358 109Cd 

Heat treatment 98 99 98 99 
centrioon 10 93 90 
sephadex G-25 95 95 
SUperose 12 86 S6 89 65 
Mono Q HR S/S 89 so 8S so 

*35s-labelled MI' isofoms I and II were purified fran the livers 
of rats injected (i.p.) with Cd and 3Ss-cysteine. Purified 
proteins (100 u;) were mixed with liver cytosol fran control animals 
and subjected to heat treatment (7o0 c, 5 min.). After rE!lOOVal. of 
precipitate, heat stable proteins were separated fran small peptides 
and amino acids by sephadex G-2S chranatography. Aliquots of 
sephadex G-2S eluate were injected into FPIC (SUperose 12 and Mono Q 
oolunns). In a separate study, isofoms of 109Cd-MI' were prepared 
by adding 109Cd to liver cytosol of zn injected rat and purified by 

FPIC. The purified 109Cd-MI' was again subjected to heat treatment 
and FPIC analysis as described in the Materials and Methods. The 
aroount of MI' recovered was detennined by following either 3Ss or 
109Cd. 
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the sepbadex G-25 column were pooled and aliquots were injectecl onto 

either SUperose 12 or Mono Q columns (Fig. 4.4). Fran the elution 

pi:ofile of SUpemse 12, it was found that Ml' is the predaninant 

species (>75%) in the void fraction of sepbadex G-25. 35s-.Ml' 

content of cells decreased by 40% when monolayers were incubated in 

Zn-deficient medium for 6 hours. This decrease in the level of 

35s-.Ml' was similar to that obtained when samples were analyzed by 

the traditional approach (sepbadex G-75 chrana.toqraphy). Thus, 

fractionation of beat stable material by sephadex G-25 gel filtration 

chrana.toqraphy with subsequent analysis by FPLC provided a rapid and 

sensitive way to quantify small amcnmts of cellular .Ml'. 

Analysis of the void fraction of sephadex G-25 by FPLC, using a 

Mono Q column, revealed the presence of two isofoms of Ml' (Fig. 

4.4). After ovemight incubation, the level of .Ml'-I was 1.25-fold 

higher than that of .Ml'-II in mnolayers of hepatocytes. The 

degradation of .Ml'-II (55%/6h) was greater than that Of .Ml'-I (27%/6h) 

when cells were incubated in mediun oontainiD;J 1 uM zn. 

Estimation of the half-life of Ml' 

To estimate the half-life of Ml', cells were first incubated in 

medium oontainiD;J 35&-cysteine and 100 uM Zn for 20 hours. After 

removal of the radiolabelled precursor and the inducing metal, 

monolayers were harvested periodically and cellular levels of 

35s-.Ml' were quantified (Fig. 4.5). The turnover of Ml' (t112= 7 
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Fig. 4.4 FPIC analysis of heat stable extract fran ioonolayers of 
hepatocytes incubated in medium with 35s-cysteine and 100 uM zn. 
cell hanoqena~ was prepared fran zn-loaded hepatocytes previously 
lal:>el.led with 5s-cysteine (O h, --) and then reincubated in 1 uM 
medium zn for 6 hours ( ...... ) • After heat treatment, aliquots of the 
void fraction eluted fran Bephadex G-25 was applied to either 
SUperose 12 (A) or Mono Q (B) ooll.DIUl. Chranatoqraphic separation 
usiD] FPIC is described in the Materials and Methods. 
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Fig. 4.5 Turnover of 35s-MT and 11-proteins in monolayers of 
hepatocytes. Monolayers of hepa~ were incubated in medium 
containing 100 uM zn and either 35s-cysteine (- · ·-) or 11-leucine 
(-) for 20 hours. To initiate ~ts, fresh medium with 1 uM 
zn and excess cysteine was added to 5s-labelled cells and 
incubation was tenninated at 1, 2, 4 and 6 hours. For 11-labelled 
hepatocytes, a 4-hour chase period was included before initiating 
experiments. The half-life of proteins was calculated f:ran the slope 
of regression line as outlined by 8egal and Kim (128). 
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hours) was 4 times faster than la-proteins (t112= 29 hours). 

since Ml' is the predaninant ZD-bindiD} species synthesized when cells 

are incubated with 100 UM zn, the rapid decrease in cellular Ml' level 

after removal of medi'llll zn suggested a pivotal role for zn in the 

regulation of Ml' degradation. 

~te detemination of the half-life of a protein precludes 

isotope reincorporation. I previously demonstrated that a 4-hour 

chase period effectively prevented reutilization of 3a-1eucine in 

hepatocytes (Fig. 3.1). Various atteapts to chase 35s fran the 

non-protein pool were unscessful, probably because the primary 

species of 35s was glutathione instead of cysteine. Thus, 

reincorporation of 35s-cysteine into Ml' duriD; the experimental 

period was a matter of concem. To estimate the contribution of 

newly synthesized 35s-Ml' to cellular concentration of this protein, 

ZD-loaded hepatocytes were incubated in medium containing 1 UM zn and 

35s-cysteine for 6 hours. The aDMJUDt of 35S-Ml' synthesized was 

approximately 8% of the concentration of 35s-Mr found in 

hepatocytes after overnight incubation in medi'llll with 100 UM zn and 

358-cysteine. Therefore, the half-life of Ml', estimated in the 

present study, does not appear to be markedly overestimated since 

both zn and 35s-cysteine were removed duriD; the experimental 

period. In a separate series of studies, cycloheximide was used to 

inhibit the reincorporation of 35s-cysteine into Ml' (see below). 
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Effects of extracellular zn concentration on hepatic zn and Ml' level 

To examine the relationship between medium zn, cellular zn and Mr 

degradation, first I investigated the efflux and uptake of zn :by 

hepatocytes. Hepatocytes accumulated approximately 4 nmol zn/llg cell 

protein during ovemight incubation with 100 UM medium zn. When 

6Szn-labelled cells were incubated in medium containing various 

concentrations of zn for 6 hours, the aJlDllllt of zn secreted fran 

cells increased in proportion to the medium concentration of zn (Fig. 

4.6). Probably, this was due to the rapid exchange between 

extracellular zn and preexisti.D;1 intracellular zn pools. 6Szn 

uptake was assessed in a parallel series of study. The uptake of Zn 

:by hepatocytes also increased proportionally as the extracellular 

concentration of zn increased. When medium zn was less than so uM, 

the aJlDllllt of zn lost fran zn-loaded hepatocytes was greater than the 

aJID\lllt of zn taken up fran the medium, thereby resulti.D;1 in a net 

decrease in cellular zn content. zn balance, i.e., no change in 

cellular zinc content, was attained at awroximately so UM medium Zn 

(Table 4.2). 

The efflux of zn fran zn-loaded hepatocytes may decrease the 

specific activity of 6Szn in medium. Failure to consider this 

process may result in l.Ulderestimation of zn uptake, especially in 

medium with low levels of zn (e.g. 1 UM). Usin; the aJID\lllt of 6Szn 

present in medium (1 UM zn) after a 6-hour incubation of 6Szn-

labelled cells in medium without exogenous 6Szn, the maximal 
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Fig. 4.6 Effects of extracellular concentration of zn on the uptake 
and efflux of the micronutrient in monolayers of hepatocytes. 
Hepa~ were incubated in medium containin; 100 uM zn with or 
without 6 zn overnight. The 65zn-labelled cells were washed and 
fresh medium containin; each of the indicated concentrations of zn 
was added. The efflux of zn fran cells was monitored :by measuring 
cellular 65zn at o and 6 hour. In uptake experiments, monolayers 
incubated in medium without 65zn overnight were incubated in fresh 
medium with indicated concentrations of 65zn. The accumulation of 
65zn :by cells was measured after 6 hours. Data are expressed as 
nmol Zll/Dq protein. Means with different letter abovejbelow bars are 
significantly different at p < O. 05. Standard errors of means at 
each trea:bnent groups were less than 3% of the mean values. 
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Table 4.2 Effects of medium zn concentration on cellular zn status 
in monolayers of hepatocytes*. 

:mnol zn/Dg protein 
Medium zn Net efflux (-) cellular zn 
cone. (uM) or uptake (+) cone. 

1 -1.2<>±0.06e 2.67±().06 E 

3 -l.27±().08e 2.6<>±0.08 E 

10 -o.89±0.04d 2.99±0.04 D 

20 -0.81±().03c,d 3.06±Q.03C,D 
30 -o.59±0.06° 3.29±0.06 c 
50 -0.13±().lab 3.74±().10 B 

100 +o.79±0.15 a A 4.65±().15 

*cellular zn concentration and the net change in its efflux and 
uptake was calculated f:ran data presented in Fig. 4. 6. After 

overnight incubation in medium containing 100 uM zn (O hour), 

hepatocytes accumulated 3.87±().20 :mnol zn/Dg cell protein. Data are 
expressed as MeanfSEM of six cell samples f:ran two different donor 
rats. Means with different letters as superscripts are significantly 
different at p < 0.05. 
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difference between the calculated and experimentally determined 

cellular concentration of zn was 0.14 :nmol/Dg protein (2.81 vs. 2.67 

:nmoles). When cells were incubated in medium containinq 100 uM zn, 
the difference between the calculated and experimentally detennined 

level was neqligi.ble (4.70 vs. 4.64 :nmol/Dgp:rotein). SUch 

calculations fail to account for the dynamic nature of zn transport. 

However, the difference between actual and experimentally detennined 

estimates of the i.n;>act of extracellular zn levels on cellular zn 

status seem to be minimal and were not considered further when 

interpreting results. 

To evaluate the i.n;>act of extracellular zn concentration on .Ml' 

degradation, 35s-labelled, ZD-loaded hepatocytes were incubated in 

medium containinq indicated concentrations of zn for 6 hours. The 

level of cellular .Ml' was determined by SUperose 12 chrana:tography. 

The rate of Ml' degradation was inversely proportional to the 

concentration of extracellular (Fig. 4.7) and cellular zn (Table 

4.2). In contrast, the degradation of 3u-p:roteins was not affected 

by chaD:]es in the intracellular levels of zn (data not shown). 

The possibility that higher levels of 35s-Hl' were present in 

cultures that had been incubated in medium containing high levels of 

zn was due to significant reinoozporation of 35s-cysteine into 

newly synthesized Ml' required consideration. To circumvent this 

possibility, cycloheximide (3.4 uM) was added to medium. At this 

level of cycloheximide, the synthesis of 3u-p:rotein as well as 
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Fig. 4.7 Effects of extrac:elluar zn concentration and cycloheximide 
on the degradation of 35s-Ml' in primary cultures of hepatocytes. 
zn-loaded hepatocytes previously labelled with 35s-cysteine were 
incubated in medium containil¥;; indicated concentration of zn with or 
without cycloheximide (3.4 uM). The level of 35s-Mr was detennined 
as described in the Materials and Methods. Data are presented as 
percent of initial Ml' degraded per 6 hour. 



99 

35s-Mr in cells incubated in 100 UM medium zn was inhibited by 

greater than 85% (data not shown). In the presence of cycloheximide, 

the rate of Ml' degradation also was inversely proportional to 

cellular zn status. However, cyclobeximide attenuated Ml' degradation 

at all levels of medium zn examined (Fig. 4.7), while only slightly 

aff~ the cellular level of the metal (Table 4.3). consequently, 

the decrease in Ml' degradation in cycloheximide-treated cells was not 

due to increase in retention of celluar zn. It is more probable that 

decreased Ml' degradation was due to cycloheximide-mediated inhibition 

of lysosanal degradation (Table 3. 3) • 

Effects of chloroquine and TICK on Ml' degradation 

To probe the sul:>cellular site(s) of Ml' degradation, the effects 

of chloroquine and TICK on Ml' turnover were investigated. At 1 uM 

extracellular zn, cycloheximide, chloroquine and TICK inhibited MT 

degradation by 33, 65 and 50%, respectively (Fig. 4.8). Degradation 

of non-Ml' protein c3H-leucyl-protein) was inhibited by 41, 41 and 

16% in the presence of cyclobeximide, chloroquine and TICK, 

respectively. At 20 UM medium zn, the levels of 35s-M!' in 

chloroquine- and TICK-treated cells at 6 hour were ccmparable to 

those at o hour, suggestin1 c:anplete inhibition of 35s-MI' 

degradation (data not shown) • Therefore, Ml' appeared to be degraded 

in both lysosanal and cytoplasmic canpart:ments. 

Experilllents were perf onned to assess whether higher levels of 
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Table 4.3 Effects of extracellular zn concentration and 
cycloheximide on cellular zn status*. 

Treatment 
zn cycloheximide cellular zn concentration 

(uM) (3.4 uM) (nmoljng protein) 

1 2.54±().03 e 

1 + 2.42±().02 f 

10 2.75±0.03 e 

10 + 2.69±0.03 e 

50 3.57±().11 c 

50 + 3.29±0.02 d 

100 4.52±().09 a 

100 + b 4.11±().15 

*cellular zn status was estimated as described in the legend to 

Fig. 4.6. cycloheximide (3.4 uM) was added at the begining of 
experimental period. Data are expressed as mean±SEM of six samples 
f.ran two separate cell preparations. Means with different letter as 
superscript are significantly different at p < 0.05. 
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Fig3 4.8 Effects of cyclohex:imide, chloroquine and TICK on the rate 
of 5¥5.Ml' and lil-protein degradation. Hepatocytes were labelled 
with 5s-cysteine and 11-leucine in the presence of 100 uM medium 
zn for 20 hours. The lil-labelled cells were exposed to medium 
oontainqlg excess leucine for 4 hours to "chase'' the intracellular 
pool of 11-leucine. To initiate experiments, fresh medium 
oontainiD] 1 uM zn <D> or 1 uM zn with either 3.4 uM cycloheximide 
( fZI) or 1 mM ~oroquine j ~) or o. s mM TICK ( i83) was added. 
Degradation of 3 S-Ml' and 11-proteins was estimated after 6 
hours. Standard errors of means in groups of cells labelled with 
lil-leucine were less than 3% of the mean values. 
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358-Ml' in hepatocytes treated with chloroquine and TICK might be 

due in part to either enhanced synthesis of this protein or increased 

retention of zn in cells. 35s-Ml' and 11-protein synthesis were 

actually suppressed by chloroquine and TICK (73 and 57% of its 

respective control value). In addition, cellular zn concentration 

was slightly, althouqh significantly, decreased in cells treated with 

chloroquine and TICK (Table 4. 4) • These results indicate that the 

increase in cellular concentration of Ml' reflected inhibition of 

degradation of polypeptide. 

Effects of insulin on Ml' degradation 

Insulin is known to IOOdulate the lysosanal pathway. Since Ml' 

degradation was partially inhibited by chloroquine, I predicted that 

the rate of Ml' degradation would be enhanced by removal of insulin 

f:ran the medium. Indeed, the rate of 11-protein degradation was 

increased by 30% when insulin was rem:wed. Chloroquine effectively 

blocked this enhanced proteolysis by 57% (Fig. 4.9). surprisingly, 

the rate of Ml' degradation was not altered by removal of insulin from 

Zll-deficient medium. Chloroquine inhibited Ml' degradation slightly, 

althouqh not signifcantly, in the absence of insulin. Moreover, 

cellular zn status was not affected by removal of insulin (Table 

4.4). 
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Table 4.4 Effects of chloroquine, TI£!K and insulin on cellular 
concentration of zn in monolayers of hepatocytes 
incubated at l uM medium zn *. 

Treatment 

None 
Chloroquine ( l mM) 

TI£!K (0. 5 mM) 

w/o insulin 

Cellular zn cone. 
(:mool/ng protein) 

a 2.67±0.06 
b 2.33±0.07 
b 2.37±0.09 
b 2.32±0.20 

*eellular concentration of zn was assessed as described in the 
legend to Fig. 4.6. To initiate experiments, fresh medium containing 
l uM zn and either chloroquine or TI£!K was added. In another set of 
cells, insulin was rEIOOVed. fran incubation medium. Data are 
expressed as mean±SEM of 6 samples fran 2 different cell 
preparations. Means with different letter as superscript are 
signifcantly different at p < o.os. 
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Fig. 4.9 Effects of insulin on the rate of 35s-M!' and 3H-protein 
~tion in monolayers of hepatocytes. Hepatocytes were labelled 
with 35s-cysteine or 11-leucine in the presence of 100 uM medium 
zn for 20 hours. To initiate experiments, fresh medium containing 1 
uM medium zn and io-8M insulin in the absence <D) or presence of 
1 mM chloroquine <•> was added. In a parallel cell preparation, 
monolayers were incubated in insulin-deficient medium with ( ~) or 
without chloroquine ( ~ ) • The percent degradation of 35s-Ml' and 
3H-proteins was es1;.imated after 6 hours. Standard errors of means 
in groups of cells labelled with 3H-1eucine were less than 3% of 
the mean values. 



105 

DISCUSSION 

The rate of induced Ml' turnover in vivo previously has been 

detemined by monitori.D;J disappearance of 35s-M!' fran the cytosol 

fraction of rat livers. The bal.f-li ves of cytoplasmic Ml' were 

estimated as 20, 15 and so hours for zn-, cu- and Cd-induced 

35s-Mr, respectively (59-64). However, disappearance of 35s-Ml' 

fran cytosol does not necessarily indicate degradation of this 

protein. Loss of cytoplasmic 35s-Mr may also reflect secretion of 

this protein into plasma and bile (73) and transfer to another 

subcellular canpartment, e.g., lysosanes (65,160). To avoid these 

potential problems, I measured the level of 35s-M!' in heat stable 

extracts of whole cell hclooqenate and in spent medium in the present 

study. When zn-loaded hepatocytes were incubated in zn-deficient 

medium, the level of intracellular Ml' decreased by 40% in 6 hours 

(Fig. 4.2 & 4.4). This decrease in cellular Ml' level reflected 

intracellular degradation, since less than 1% of total cellular MI' 

was secreted duri.n;1 the experimental period (Fig. 4.3). 

The basic experimental design of this study was similar to that 

used in most in vivo studies. That is, Ml' synthesis was first 

induced by incubation of cells in medium oontainin:;J a high 

ooncentration of zn and then the rate of degradation of the 

accumulated protein was examined. The difference between the 

half-lives of induced and oonstitutive (basal) Ml' has been previouly 
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discussed (Chapter II, 160). When extracellular Zn concentration was 

1 uM, 35s-Hl' was rapidly degraded with a half-life of 7 hours; the 

half-life of general cellular pi:otein was 29 hours (Fig. 4.5). The 

observed rate of 35s-Hl' degradation in the present study was 

similar to preYi.ous studies usiJ¥1 HeLa cells (163) and Cd-resistant 

Chinese hamster ovary cells (164). By measuring total 35s-Hl' 

content in cellular lysate, the half-lives of 35s-labelled Zn-Ml' in 

these cell lines were estimated at 10-12 hours (163,164). Kobayashi 

et al. (165) fotmd that the level of 35s-Hl' in the soluble fraction 

of Zn-loaded Chang liver cells was decreased faster (40%/3 hour) than 

that observed in present study. 

The half-life of 35s-Hl' in c:ultured cells is markedly shorter 

than that of cytoplasmic 35s-Hl' in vivo (59-61) • Similarly, the 

degradation of general hepatic pi:otein estimated in present (29 

hours) and related studies (20-32 hours) (100,166) is also more rapid 

that those reported in intact animals (3-4 days) (75,167). The basis 

for the enhanced rate of general pi:otein degradation in c:ultured 

liver cells remains unknown (100). Interestil¥1ly, the rate of 

turnover of induced 35s-Hl' is appmximately 4 times faster than 

that of general hepatic pi:otein both in viti:o (t1; 2= 7 vs 29 hours) 

and in vivo (t112=1s-20 hours vs 3-4 days) • 

To accurately detennine the half-life of a pi:otein, 

reincorporation of radiolabelled amino acid must be minimized. The 

degree of reincorporation of a radiolabelled precursor is influenced 
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primarily by two factors, viz., the am:nmt of mmm being actively 

translated to produce the protein of interest and the specific 

activity of the radiolabelled amino acid pool. Yagle and Palmiter 

(162) estimated the half-life of Ml' mmm was approximately 2.5 hours 

in a mouse liver cell line (Hep lA) and Karin et al. (168) 

demonstrated that the am:nmt of translatable Ml' mmm in HeLa. cells 

was dependent on the concentration of zn in the medium. others have 

shown that the level of Ml' mmm declined rapidly after attaining 

maxinrum levels in the livers of animals injected with metal salts 

(169-171). Therefore, replacenent of high zn medium with medium 

containing only 1 uM zn for the experimental period probably resulted 

in a rapid decline in cellular level of Ml' mmm. Although the 

intracellular 11-leu.cine pool was rapidly diluted by incubating 

monolayers in medium containing excess leu.cine (Fig 3.1), low 

llX)lecular weight 35s-contafofog species were not effectively chased 

by incubation of hepatocytes in medium containing excess cysteine 

(Fig. 4.2). This stability of the nonprotein 35s pool was probably 

due to the high level of glutathione and relatively low concentration 

of cysteine in hepatocytes (172). The possibility that 35s-Ml' 

synthesis continued duriDI the experimental period was considered. I 

fO\U'ld that the maximal am:nmt of 35s-Mr synthesized during 

incubation of zn-loa.ded hepatocytes in medium with 1 uM zn for 6 

hours was only 8% that of the concentration of 35s-Mr found in 

hepatocytes after overnight incubation in medium with 100 uM zn. The 
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results suggest that the rate of 35s-M!' synthesis declined rapidly 

after nm:JVa.l of zn and 35s-cysteine fran the medium and that the 

half-life of Ml' was not markedly overestimated. 

Although the amcn.mts of Ml'-I and -II induc.ed in hepatocytes 

incubated in medium with 100 uM zn ovemiqht were similar, I observed 

that Ml'-II was degraded faster than Ml'-I (Fig. 4.4). SUzuki and 

Yammnnra (173) also reported that the turnover of cytoplasmic Ml'-II 

was ioore rapid than that of Ml'-I in livers of cu-injected rats. 

Others have reported that the turnover rates for both isofo:cns of MI' 

were similar in liver cytosl of rats exposed to zn (59,174). In 

contrast, ca.in and Griffiths (175) observed that the half-life of 

Ml'-I is shorter than that of Ml'-II. Mehra and Brermer (64) also 

fOlmd that zn-Ml'-I was degraded ioore rapidly than Mr-II in lysosomal 

extracts. The basis for these discrepancies in the relative 

susceptibility of Ml' isoproteins to proteolysis is not apparent. 

Havin; established that Ml' was indeed degraded in hepatocytes, I 

next evaluated the impact of cellular zn concentration on protein 

degradation. Intracellular zn was distril:Juted among three distinct 

gi:oups of soluble species in hepatocytes, viz., high ioolecular weight 

proteins ( > 10,000 M.W.), Ml' and low ioolecular weight species ( < 

sooo M.W.) (Fig. 4.2). The low ioolecular weight zn pool was 

eliminated when hepatocytes were incubated in zn-deficient medium for 

6 hours and may represent a labile zn pool that is rapidly exchanged 

with extracellular zn (119). The high ioolecular weight 
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zn.-metallop:cotein pool was relatively unaffected by changes in 

extracellular Zn levels. I.Dss of Zn fran the Ml' pool (38%/6 hour) 

was correlated with degradation of Ml' (35%/6 hour). This observation 

is consistent with results fran previous in vivo studies showiz¥;J that 

the level of Zn in c:ytosol fraction declines at the same rate as Ml' 
(59,63). 

Cellular Zn concentrations varied in proportion to the 

extracellular level of this micronutrient (Table 4. 3) • Ml' 
degradation was inversely proportional to cellular zn (Fig. 4. 7) ; 

general p:cotein degradation was not affected by cellular zn status. 

The rates of 35s-M!' degradation were 15 and 44%/6 hour (apparent 

t 112 of 20 and 7 hours) in hepatocytes incubated in medium 

containing 50 and 1 uM medium Zn, respectively (Fig. 4. 7). Cellular 

Zn significantly declined when hepatocytes were incubated in medil.U11 

with 1 uM zn, whereas intracellular Zn content was constant in 

monolayers incubated in medium with 50 uM Zn (Table 4.3). The impact 

of Zn status on Ml' degradation has been previously considered 

(134,163). Karin et al. (163) found that the half-life of zn-Ml' in 

HeLa cells was 36-38 and 11-12 hours when cultures were incubated in 

medium containing 37 and 1.5 uM zn, respectively. Oh et al. (136) 

reported that the half-life of 35s-Ml' turnover in hepatic cytosol 

was 1.3 days when rats that bad previously been fed 2,000 ppn zn were 

fed diet with 18 ppn zn. In contrast, the half-life of liver cytosol 

Ml' was 2.7 days in rats continually fed the high Zn diet. 



110 

Similarly, Held and Hoekstra (176) found that the turnover of hepatic 

Cd-Ml' was faster in rats fed a zn-def icient diet than a Zn-adequate 

diet. 

several investigators (163,165) found that the rate of 35s-Ml' 

degradation was biphasic. For example, Karin et al. (163) followed 

the rate of 35s-Ml' degradation in Heia cells incubated in 

Zn-deficient medium aver a period of 16 hours. They fotmd that the 

rate of 35s-Ml' degradation during the initial period of incubation 

(0-8 hours) was 3 times faster than that during the latter half of 

the incubation period. It is probable that intracellular Zn 

concentration declined for several hours when cells were transferred 

fran high Zn to low Zn medium and that the rate of Ml' degradation was 

retarded once cellular Zn content reached equilibrium with the 

extracellular Zn pool. The investigators suggested that the rate of 

Ml' degradation is attenuated as long as there was sufficient 

intracellular Zn to saturate the polypeptide. Depletion of cellular 

Zn ac:celerated the rate of thionein degradation. 

Maintenance of native structure of Ml' is dependent on the 

presence of bound metal. conversion of holoprotein to apothionein 

results in transfo:cnation of the polypeptide fran a highly ordered 

stucture to a ~coil oonfo:cnation (177). Since Zn stabilizes 

the tertiary structure of Ml', it awears that this cofactor is an 

important deteminant of the rate of Ml' degradation. This cxmclusion 

is consistent with the general concept that metabolites, substrates, 
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coenzymes and other cofactors affect the rate of degradation of 

specific proteins via ligand-induced alterations in the oonfo:cma.tion 

of the p:rotein. For example, binding of zn and Fe to 

caJ:baxypeptidase A and ferritin, respectively, retards the rate Of 

degradation Of these polypeptides (178,179). 

It has been generally assumed that lysosanes represent the 

primary site of MT degradation. Indeed, the degradation of various 

thionein derivatives in lysosanal extracts is rapid (66). 

Apothionein was digested by lysosanal extracts within 90 minutes, 

whereas 77 and 46% of zn- and Cd-Mr, respectively, were degraded 

after 3 hours. Squibb et al. (72) demonstrated that circulating 

Cd-MT was accumulated and degraded rapidly in the lysosanes of renal 

tubule cells. However, it is not known whether degradation of 

excqenous MT reflects the fate of intracellular MT. others (64,67) 

have found that CU-MT was not digested by lysosanal extracts. The 

minimal degradation of CU-MT by lysosanal proteases could explain the 

observations that this protein accumulates in hepatic lysosanes of 

Bedlllqton terriers (180), individuals with Wilson's disease (71), 

human fetuses (69) and in renal lysosanes of diabetic rats (56). It 

has been suggested that the acidic environment in lysosanes 

facilitates the release of zn and Cd, :but not cu, fran thionein 

( 65) • Dissociation of the metals is associated with a oonfo:cma.tional 

change in thionein which probably increases its susceptibility to 

proteolytic attack. 



112 

I investigated the subcellular site(s) of Ml' degradation in 

monolayer culture l)f hepatocytes. Lysoscm::>tropic amines, e. q. , 

chloroquine, methylamine and amnonia ion, specifically raise 

intralysosanal pH and decrease the activity of lysosanal acid 

proteinases (101). I fO\.md that chloroquine was the most effective 

amine in inhibiting the lysosanal pathway of protein degradation in 

monolayers of hepatocytes (Table 3.2). At 1 uM extracellular Zn, 

chloroquine inhibited the degradation of 35s-Mr and 11-protein by 

65 and 41%, respectively. While cycloheximide is most frequently 

utilized as an inhibitor of protein synthesis, it also inhibits the 

lysosanal pathway (Chapter III). In the presence of cycloheximide, 

the rate of Ml' degradation was attenuated at all levels of medium Zn 

examined (Fiq. 4. 5) • Cellular Zn concentration was not affected by 

treatments with these chemicals (Table 4. 3 & 4. 4) • These data 

indicate that Ml' was degraded, in part, in lysosanes of hepatocytes. 

The possibility that Ml' degradation also occurs in a 

non-lysosanal ocmpartment was investigated. TLCK inhibits the 

activity of serine and, to a lesser extent, cysteine proteases (181), 

without affectin;J lysosanal degradation (Table 3.3; 182,183). The 

followiD;J are included in the family of serine proteases: subtilisin, 

elastase, trypsin and chymotrypsin. These neutral proteinases have 

been shown to partially degrade one or more fo:cns of Ml' (see below). 

TLCK inhibited the degradation of 35s-Mr and 11-protein by 50 and 

16%, respectively, without al~ cellular Zn concentration (Table 
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4. 4) • These data provide the first in vivo evidence that Ml' is also 

degraded in the cytoplasmic canpartment. Several previous 

obse1vations support this find:i.Jq. Feldman et al. (66) found that 

apothionein was oanpletely degraded while zn- and Cd-Ml' was partially 

degraded by neutral proteinases, i.e., trypsin and pronase, in 

vitro. WiD}e and Miklossy (9) reported that native eds,~-Ml' 

was resistant to neutral proteinases (i.e., subtilisin, trypsin and 

chymotrypsin) • Brief incubation of eds, ~-Ml' with m removed 

two zn ions f:ran the protein. Incubation of the mm-treated 

eds-MT with subtilisin or elastase for 16 hours resulted in partial 

digestion of Ml' into its A dcJnain and peptide fragments. This 

metal-dependent resistance against neutral proteinases also has been 

observed with yeast CU-thionein (184). Weser et al. (185) fO'\llld that 

yeast CU-thionein was slightly degraded (15%/12 hour) during 

incubation of this boloprotein in glutathione-depleted soluble 

fraction f:ran rat liver. 

The 3-fold greater inhibition of MT degradation by TICK than that 

of 3H-protein degradation is noteworthy. Trypsin-like proteases 

catalyze the hydrolysis of peptide bonds in which the residue 

cont.ributiD} the carbaxyl gmup to the peptidyl bond is either lysine 

or arginine. Both isofoms of rat liver MT contain 6-8 lysinyl 

residues (186). Moreover, the primary sequence of MT at the hinge of 

A and B dcJDains is cys-lys-lys-ser (residues 29-31). Therefore, it 

is possible that these lysinyl residues in the hinge reqion may be 
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particularly susceptible to cleavage by cytoplasmic endopeptidase(s) 

with trypsin-like activity. It is conceivable that such cytoplasmic 

cleavage may indeed be the rate limiting step in intracellular 

degradation of Ml'. 

Review of available literature indicates that a limited n1.lllber of 

cytoplasmic proteolytic systems have been characterized. The 

ubiquitin-mediated pathway has been extensively studied in 

reticulocytes, but has not been dem:>nstrated in liver cells (187). 

calpains (calcium-dependent papain-like proteinases), a family of 

cysteine endopeptidases, have been identified in cytosol of liver 

cells (188,189). It has been suggested that calpains do not have 
l 

general proteolytic activity, but rather cleave a limited n1.lllber of 

substrate proteins, e.g., proteolytic conversion of inactive protein 

kinase c to its active fonn in neutrophils ( 187) • several other 

cysteine ana;or metalloproteinases have been fcnmd in liver cytosol 

(190-192). Recently, a high JIX)lecular weight serine endopeptidase 

with multifunctional catalytic sites has been purified fran rat liver 

cytosol ( 112) • This proteinase has a trypsin- and chymotrypsin-like 

peptidase activity. FUrthennore, this serine endopeptidase has been 

fcnmd in several tissues, suggesting the illlportance of this enzyme in 

non-lysosanal protein degradation. This proteinase may participate 

in the cytoplasmic degradation of thionein polypeptides. 

It is well known that cellular proteins are degraded in a 

heterogenous manner. For exanple, regulatory enzymes in liver are 
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degraded more rapidly than ''bousekeepinr' enzymes and structural 

proteins (75). Fluctuation in the concentration of these regulatory 

enzymes, largely due to their rapid turnover, enables the cell to 

rapidly respond to metabolic demands. The mechanisms regulating the 

degradation of individual protein are presently unknown. However, 

recent investigations support the proposal that the intrinsic 

properties of a protein and the regulation of the catabolic machinery 

itself contribute to the degradation process (85). The lysosana.l 

protein degradation system consists of at least two ccmponents: 

enhanced (i.e. ma.croautophagy) anc:1 basal (i.e. microautophagy) 

lysosanal pathways. Macroautophagy is primarily controlled by the 

nutritional status of animals and cells. Anabolic reagents, i.e., 

insulin, amino acids and growth factors, suwress macroautophagy, 

whereas qlucagon, a catabolic ho:cnone, activates this process (86). 

The precise nature of basal lysosanal activity is llllknown but 

probably represents microautophagy. While it has been assumed that 

intracellular macranolecules are non-specifically sequestered into 

lysosanes, several examples of selective uptake of cytoplasmic 

material have been described recently (193,194). Mso:rption of a 

protein onto the outer surface of lysosanal membrane may provide such 

selectivity. Interactions with the surface of lysosanes would be 

dependent upon the hydrophobicity and/or the structure of a protein 

(85). For example, after introduction into fibroblasts, 

microinjected ribonuclease A was degraded in lysosanes (195). It has 
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been suggested that a pentapeptide sequence (residues 7-11) of 

ribonuclease A is required for adsorption onto the trans surf ace of 

the lysosanal membrane (193). Ferritin is also known to be degraded 

by lysosanal proteases. Bri&;Jes and Hoffmann (196) found that 

asoorba.te, which does not inhibit lysosanal activity, inhibits the 

uptake of ferritin into lysosanal vesicles. Decreased degradation of 

the protein was correlated with the presence of elevated levels of 

ferritin aggregates in cytosol of asoorba.te-treated cells. It was 

suggested that this structural alteration, i.e., aggz:egation, 

retarded uptake of ferritin into lysosanes (197). 

cytoplasmic proteolytic systems also appear to be subjected to 

regulation. For exanq;>le, the proteolytic activity of calpain 

requires the presence of ca2+ and is inhibited by an endogenous 

inhibitor, calpastatin (189). calpastatin blocks calpain activity by 

foz:mation of a prote~inhibitor oanplex. Also, protease La, 

purified fran ~. coli, is activated and inactivated by allosteric 

bindin;J of ATP and N>P, respectively (198). 

Finally, the suggestion that the physiochemical structure of a 

protein affects its tumover rate has received wide support. 

Mc:Lendon and Rad.any (77) stated that a protein is more susceptible to 

proteolytic attack when unfolded. In addition, oavalent IOOdification 

of a protein, i.e., oxidation (78-80) and disufide bond fonna.tion 

(81), also have been shown to alter the rate of degradation. 

The above observations support the proposal that regulation of 
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catabolic ma.chinery provides the general or coarse control of overall 

intracellular proteolysis, whereas the intrinsic properties of a 

protein affect the specific or fine control of the event. How does 

this concept relate to JJf'f observations co:ncernirg Ml' degradation? 

Ranoval of zn f:ran medium facilitated efflux of cellular zn and, 

apparently, the dissociation of zn f:ran Ml'. IDss of metal fran Ml' 

under aerobic conditions has been shown to lead to inter- and 

intra-nw:>lecular disulfide bond fonna.tion (160,199,200). Partially 

saturated Ml', apothionein and their aggLegates are confonna.tional 

derivatives of native Ml'. Alteration in Ml' strucutre would be 

expected to increase the susceptibility of the polypeptide to 

cytoplasmic proteases and, possibly, lysosanal uptake of thionein or 

its degradation products. since zn stabilizes the native structure 

of Ml', I conclude that the availability of this cofactor provides 

fine control over the rate of Ml' degradation in hepatocytes. 

Most of the experiments presented in this study were conducted in 

hepatocytes incubated in medium containiD;J a canplete amino acid 

mixture and a physiological concentration of insulin. In this basal 

medium, chlorquine inhibited cellular proteolysis by about 40%, 

suggest:in1 that basal lysosanal turnover was responsible for alloost 

half of hepatic protein degradation (Fig. 4.8). Insulin blocks the 

sequestration of intracellular materials into autophagosanes and 

consequently attenuates autophagy (95). Ranoval of insulin fran 

medium increased the rate of 3M-protein degradation by 30% (Fig. 
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4.9). In contrast, remaval. of insulin did not affect the rate of 

35s-Hl' degradation nor cellular zn concentration. This resu1 t 

suggests that HI' is selectively retained in the cytoplasmic 

canpartment, even when mam:oautophagy is initiated. An alternative 

possibility is that 35s-Hr degradation was already maximal in 

bepatocytes incubated in zn-def icient medil.lll and that the presence or 

absence of insulin was insignificant. Similarly, Kobayashi et al. 

(165) fcnmd that the rate of 35s-Hr degradation did not increase in 

Chang liver cells when low zn medil.lll containin; fetal calf serum was 

replaced with Hanks' balanced salt solution. Ranova1 of serum fran 

culture medil.lll, like insulin, activates macroautophagy. 

In sunmary, observations in the present study support the 

proposal that cellular zn status is the primary factor af f ecti.ng the 

regulation of HI' degradation. Binding of the metal is necessary for 

maintenance of the confonnational integrity of this protein. A 

schematic presentation depicting the possible mechanisms of HI' 

degradation is given in Fig 4.10. The intracellular concentration of 

zn in monolayers of bepatocytes is controlled largely by the level of 

this metal in the extracellular environment. Cellular zn is 

distributed among metalloproteins, HI' and a labile low molecular 

weight pool. Reduction in the level of extracellular zn mobilizes 

cellular zn to the extracellular space. The level of zn in the low 

molecular weight and HI' pools is decreased. consequently, sane Hr is 

"denatured'• by fo:mation of partially saturated HI', apothionein and, 
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Fig. 4.10 Proposed mechanism for Ml' degradation in hepatocytes. 
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possibly, polymers. In addition, transfer of metal fran Ml' to other 

metalloproteins (115,116,201,202) may no.nnally yield such "denatured" 

Ml'. All such denatured Ml' would be DK:>re susceptible to attack by 

cytoplasmic proteases with trypsin-like activity. Intact Ml' also may 

be digested by cytoplasmic proteases, although to a much lesser 

extent. Limited proteolysis of native Ml' could produce a stable 

A second, but not exclusive, 

possi.J:>ility is that native and/or denatured fonns of Ml' are 

internalized by either autophagosanes or lysosanes and subsequently 

degraded therein. The acidic environment of these vesicles 

facilitates the release of bound metal fran Ml' or its danains, 

leading to acid protease mediated digestion of this polypeptide. 

The proposed scheme fails to address several specific matters. 

First, what is the relative susceptibility of intact Ml', its danain 

and apothionein to cytoplasmic vs lysosanal degradation? second, 

does the release of bound zn fran Ml' preceed the degradation of this 

protein or does limited proteolysis of Ml' stimulate the dissociation 

of zn, thereby iru::reasin;J the susceptibility of Ml' to further 

proteolytic attack? Third, is CU-Ml' degraded in cytoplasm and, if 

so, is the process identical to that of Zn-Ml'? That is, do the 

strucutral differences in zn-Ml' and CU-Ml' affect their suscepti.J:>ility 

to cytoplasmic proteolysis and/or the uptake by lysosanes? AnsWers 

to such questions are necessary to elucidate the specific 

mechanism(s) of Ml' degradation. 



The synthesis and degradation of metallothionein (Ml') was 

initally studied in streptozotocin (STZ)-induced diabetic rats. 

Relative rates of Ml' synthesis and cytoplasmic turnover of this 

protein were increased in the liver of lllltreated diabetic rats. 

Maximal relative rate of hepatic Ml' synthesis was observed in the 

early phase of insulin deficiency, suggestirg that the increased rate 

of synthesis primarily was due to stress-related disturbance in 

endocrine status. The rate of Ml' synthesis also was increased in 

diabetic kidney and was correlated with excessive accumulation of 

dietary copper in this organ. The relative rate of Ml' turnover was 

similar in renal cytosol of control and diabetic rats. Fran critical 

evaluation of above data and literature, I concluded that the 

measurement of cytoplasmic Ml' turnover might not reflect actual 

degradation of this protein. IDss of Ml' f:ran cytosol might also be 

due to secretion of this protein and/or transfer to another 

subcel.lular ca.nparbnent, e.g., lysosanes. Therefore, I initiated a 

separate study to more closely investigate the characteristics of Ml' 

degradation in mo:nolayer cultures of adult rat hepatocytes. 

35s-M!' synthesis was induced in hepatocytes by ovemight 

incubation of monolayers in medium containll¥; 35s-cysteine and 100 
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uM Zn. Total cellular 35s-Hl' was measured in heat stable extract 

of cell hanoqenate and quantified by FPIC. When Zn was removed fran 

medium, 35s-Hl' (t1; 2= 7 hours) turnover was faster than general, 

non-Ml' 3u-p:rotein (t112= 29 hours). This decrease in cellular 

35s-Hl' level reflected degradation, since less than 1% of total 

cellular 35s-Hl' was secreted duriZ¥;J the experimental period. The 

rate of Ml' degradation was inversely proportional to cellular zn 
status. In contrast, the degradation of 3u-p:rotein was not 

affected by changes in cellular zn. 
To identify the subcellular site(s) of Ml' degradation, the effect 

of chloroquine, a lysosanotropic amine, and TI£!K, an inhibitor of 

cytoplasmic trypsin-like p:roteases, on 35s-Hl' content of 

hepatocytes was investigated. When medium zn was l uM, chloroquine 

and TICK inhibited Ml' degradation by 65 and 50%, respectively. 

cycloheximide attenuated the degradation of 35s-Hl' and 3u-p:rotein 

by inhibitiD} autophagy. Removal of insulin increased 3u-p:rotein 

degradation by 30%, :but did not alter significantly 35s-Hl' 

degradation. Hepatocyte zn status was not affected by treatment with 

these chemicals and hoJ:llX)ne. 

Together, these data demonstrate that intracellular 35s-Hl' is 

rapidly degraded when extrac:ellular level of zn is decreased. They 

also suggest that (a) zn is the primary factor in regulation of Ml' 

degradation since this mic:ronutrient is essential to maintain the 

tertiary structure of Ml', (b) both lysosanal and cytoplasmic 
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proteinases participate in Ml' degradation and (c) cytoplasmic 

protease(s) with trypsin-like activity may be responsible for initial 

cleavage of thionein polypeptide. 
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