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Abstract 

When vertebrate cells are exposed to sodium arsenite, they respond by increased 

synthesis of a small number of polypeptides similar to the heat shock proteins, which 

are induced by exposure to 40-45°C. The 70,000 dalton inducible protein (hsp70) 

is the most commonly induced species and this protein is methylated at both lysyl 

and arginyl residues. In chicken fibroblasts, the hsp70 is composed of two major 

distinct isoelectric variants, as well as several minor components. The more acidic 

one (hsp70A; pl 5.6) is highly conserved and found in all vertebrate tissues and cultured 

cells examined, while the more basic one (hsp70B; pl 6.0) at present has only been 

found in avian cells. 

Th.e hsp70 is a prominent cytoplasmic constituent under normal growth conditions. 

In chicken fibroblasts, the induction by arsenite not only increases the synthesis 

of hsp70 but also results in an accumulation of this protein. In contrast, the induction 

in 3T3 and SR-RSV 3T3 cells results in increased synthesis, but no accumulation 

of this polypeptide. 

In chicken cells, e::-N-trimethyl-lysine has been identified as the major component 

of methyl-lysine species in hsp70, but the contribution of e::-N-monomethyl-lysine 

and e-N-dimethyl-lysine is evident. The methyl-arginine of hsp70 is exclusively 

NG-monomethyl-arginine; these methylations appear to be stoichiometric. Furthermore, 

these methylations can be modulated by arsenite. In particular, in hsp70A the amount 

of e:-N-trimethyl-lysine decreases and the e::-N-dimethyl-lysine significantly increases, 

while in hsp70B the quantity of NG-monomethyl-arginine is reduce fivefold in the 

presence of sodium arsenite. In 3T3 and SR-RSV 3T3 cells, e::-N-trimethyl-lysine 

appears to be the only methylated lysine species; both NG-monomethyl-arginine 

and NG ,NG-dimethyl-arginine have been identified as the methylated arginyl residues. 

Similar to the homologous polypeptide in chicken fibroblasts, the level of arginyl 

methylation of hsp70 of 3T3 cells can be reduced in the presence of arsenite. This 
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arsenite-induced reduction in arginyl methylation of hsp70 appears to be restricted 

to the polypeptides synthesized during the arsenite incubation. However, the arginyl 

methylation level of hsp70 of SR-RSV 3T3 is constitutively lower than their untransformed 

counterpart (3T3 cells), and the methylation cannot be reduced further by arsenite. 

In addition, the level of lysyl methylation of hsp70 remains the same after arsenite 

treatment and transformation. Since the basic amino acid methylation in total cellular 

proteins remains unchanged after arsenite incubation and Rous sarcoma virus trans

formation, the reduction in arginyl methylation of hsp70 in chicken fibroblasts and 

3T3 cells by these treatments appears to be specific. 
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Chapter 1 

Introduction 

The 70,000 Dalton Heat Shock Protein of Cultured 

<Chicken Embryo Fibroblasts and Mouse 3T3 Cells Is Methylated 
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(1) Post-translational Methylation of Amino Acids in Proteins 

S-Adenosyl-L-methionine (AdoMet) may be the sole methyl donor for a 

number of methylation reactions, with the exception of those involved in the 

biosynthesis of methionine (1). The demethylated product of the transmethylation 

reaction, S-adenosyl-L-homocysteine (AdoHcy), is a potent inhibitor of AdoMet

dependent methyl transferases (2). In eukaryotes, the intracellular methylation 

can be regulated by changing the concentration ratio of AdoMet/ AdoHcy (3). 

The tissue distribution and the factors affecting the accumulation of these two 

compounds have been studied (4-9). Substrates for AdoMet-dependent methyl 

transf erases may be small molecules, lipids, nucleic acids, or proteins (for a 

methylation pathway, see Scheme I). The methylation of amino acids in proteins . 
has been documented (10); in some cases, the methylated amino acids have been 

identified and a functional role has been suggested, as will be discussed in the 

following paragraphs. 

The motile bacteria ~· coli and Salmonella typhimurium are capable of 

responding to environmental changes by altering swimming behavior such that 

they can migrate toward attractants or away from repellents; this behavior is 

known as bacterial chemotaxis (for a review, see 11, 12). The presence of attractants 

or repellents causes an immediate response (excitation), followed by a slower 

adaptation process. Adler and Dahl (13) discovered some years ago that L-methionine 

is required for chemotaxis but not for motility. This observation eventually 

led to a series of experiments revealing that AdoMet-dependent methylation 

of a set of bacterial membrane proteins, known as methyl-accepting chemotaxis 

proteins (MCPs), is involved in the adaptation phase of chemotaxis (14-16). The 

methylation sites on MCPs have been identified to be glutamic acid residues 

(17, 18). The specific methyl transferase and esterase also have been purified 

(19, 20). In addition, the level of methylation of MCPs can be modulated by 
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the level of attractant and repellent, being increased by increasing the attractant 

level and decreased after adding repellents (16, 21, 22). MCPs are integral membrane 

proteins with apparent molecular weights of 60,000 ~ 5,000 (23). In~· coli three 

different classes of MCPs have been identified, and each MCP appears to mediate 

responsiveness to a different set of chemicals (24-26). Since MCPs also may 

be receptors for some stimulating agents (27 , 28), signal transduction possibly 

results from the direct binding of chemicals to MCPs. Recent experimental 

results clearly demonstrate that each MCP can be multiply methylated (29-32), 

and this sequential methylation may occur in an ordered manner (33). Hence, 

it is evident that the formation and hydrolysis of glutamic acid y-methyl esters 

on MCPs is involved in the adaptation response of bacterial chemotaxis. 

Evidence has been presented that protein carboxyl methylation also exists 

in mammalian cells (34-36); this type of methylation has been associated with 

leucocyte chemotaxis (37). It was suggested that the methyl esterification of 

polypeptides in mammalian cells may occur at glutamic acid residues as well (38). 

However, aspartic acid residues instead were found to be the methylation sites 

in human erythrocyte membrane proteins (39). The major methylated species 

include band 2 .1 (ankyrin) and band 3 (anion transporter). Furthermore, the S-aspartic 

acid methyl esterification of the erythrocyte membrane proteins appears to 

be substoichiometric and reversible (40, 41). Recent experimental results indicate 

that the methylated aspartyl residues in human erythrocytes are always in the 

D-form instead of the commonly found L-form (42). The appearance of D-aspartic 

acid residues in mammalian proteins may be a consequence of racemization in 

aging; for example, the accumulation of D-aspartyl residues in lens proteins 

has been documented (43). Hence, McFadden and Clarke proposed that a similar 

racemization process may occur in aging erythrocytes, and this carboxyl methylation 

may be involved in a repair process for aging protein (42). 
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3-N-methyl-histidine was first found in human urine (44), but the source of 

this methylated amino acid initially was unclear. Subsequently, it was discovered 

that 3-N-methyl-histidine is a constituent of actin isolated from skeletal muscle 

(45, 46). It also exists in some other polypeptides, e.g., skeletal muscle myosin (46, 47) 

and duck erythrocyte histones (48). The stoichiometry of 3-N-methyl-histidine in 

a-actin was found to be one per molecule and the methylated histidinyl residue is 

localized at a specific position (49, 50). The B-/y-actin of mouse L cells and chicken 

embryonic fibroblasts are also methylated at histidine stoichiometrically (51; Wang 

and Lazarides, unpublished observations). The methylation at a histidinyl residue 

on actin appears to be irreversible (52). Furthermore, methylation of actin in the 

presence of protein synthesis inhibitors could not be detected (53). Thus, the methylation 

of actin 'perhaps occurs only on nascent polypeptide chains (54). Attempts have 

been made, but have failed to elucidate the function of histidinyl methylation in 

actin and myosin. For example, the results obtained by photo-oxidation reactions 

suggest that 3-N-methyl-histidine is not essential for Ca 2+ -ATPase activity and 

actin binding activity of myosin (47). It also was observed that actins isolated 

from chicken embryo are deficient in 3-N-methyl-histidine, but they are capable 

of undergoing polymerization (55). In contrast, actin isolated from fetal rabbit skeletal 

muscle contains the same amount of 3-N-methyl-histidine as from adult (46). 

Post-translational methylation of lysyl residues in proteins has been found 

in a number of polypeptides. The methylated lysine species may be e:-N-monomethyl

lysine, e:-N-dimethyl-lysine or e:-N-trimethyl-lysine (for a review, see 10). It has 

been shown that the methylation of basic amino acids (including lysine) of rat heart 

proteins (56), cultured chicken muscle proteins (56) and chicken fibroblast cellular 

proteins (53, see also Chapter 5) is strongly inhibited by cycloheximide and therefore 

is coupled to their synthesis. Specifically, the methylation of lysyl residues of yeast 

cytochrome c (57) and chicken fibroblast heat shock proteins (58) is known to be 

coupled to synthesis. However, the methylation of lysyl residues on these proteins 



6 

can also occur after the polypeptide chains are completed (58, 59). In most cases, 

the methylation of lysyl residues in protein is irreversible. For example, by double

labeling the polypeptide backbone and incorporated methyl groups followed by a 

12-20 hour chase, little turnover of methyl groups on lysyl residues was observed 

on yeast cytochrome c (57) and the 70,000 dalton heat shock proteins (58); in addition, 

histone methylation is thought to be irreversible, since the half-life of methyl groups 

is identical to that of the polypeptides (60). 

Several different AdoMet-dependent lysyl methyl transf erases with different 

substrate specificities have been purified. A single purified enzyme has been purified 

from the cytosol fraction of yeast (61) and Neurospora (62) which is specific for cytochrome 

c. Although e:-N-trimethyl-lysine is the only methyl-lysine species found in cytochrome c 

in vivo, the in vitro methylation product includes a small but constant amount of 

. e:-N-monomethyl-lysine and e:-N-dimethyl-lysine (61, 62). It has been proposed that 

these lower methylated forms serve as substrates for higher methylated forms, and 

the methylation occurs in a stepwise fashion (62). Nuclear enzymes that catalyze 

the methylation of histone lysyl methylation have also been purified (63, 64). Initially 

it was not clear if a single enzyme was responsible for the methylation of both histone H3 

and H4 (63). However, a later study demonstrated that the lysyl methyl transferases 

for histone H3 and H4 may be distinct (64). Recently, a methyl transf erase was 

purified from brain cytosol which is specific for calmodulin (65). e:-N-trimethyl-

lysine is the predominant methylated lysine species, but the presence of e:-N-monomethyl

lysine and e:-N-dimethyl-lysine is also observed (65). 

In several cases, changes in methylation at lysyl residues in proteins have been 

observed under specific conditions, but the functional role of such changes is still 

obscure. For example, the methylation level of fungal elongation factor EF-la. 

changes during morphogenesis, but its enzymatic activity does not parallel these 

changes (66). Similarly, histone methylation occurs mainly near the end of the DNA 

replication phase of the cell cycle (67), but both methylated and unmethylated histone H4 
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can assemble with equal efficiency into nucleosomes (64). Perhaps cytochrome c 

is the only example where a functional role(s) has been assigned to its lysyl methylation. 

It has been suggested that this may facilitate the binding of cytochrome c to mitochondria 

(57, 59); it may also have a protective effect in in vivo proteolysis in yeast (68). 

However, methylation itself is not required for electron transport (57). 

· Three different methylated arginine derivatives have been identified in proteins, 

which include NG-monomethyl-arginine, NG ,NG-dimethyl-arginine, and NG ,N'G-dimethyl

arginine (for a review, see 10). In many respects, the nature of the methylation 

at arginyl residues in proteins is similar to that of lysyl residues. For example, it 

is coupled to synthesis, but can also occur after the polypeptide chains have been 

completed (54, 56, 58); the methylation is essentially irreversible (58, 60). 

Compared with the enzymatic activities of the adult rat brain, the fetal arginyl 

methyl transferase activities are much higher, but the specific substrates have not 

been identified (69). Furthermore, the hist one arginyl methyl transf erase activity 

has been found to be higher in regenerating liver (70). Thus, it has been speculated 

that arginyl methylation in proteins may be related to cell proliferation. An arginyl 

methyl transferase has been purified from calf brain cytosol fraction; it preferentially 

methylates histone H2, but it is not specific (71). Since the relative amount of NG

monomethyl-arginine, NG ,NG-dimethyl-arginine and NG ,N'G-dimethyl-arginine 

produced by this enzyme remains constant at different stages of purification, it 

was suggested that a single enzyme may be responsible for the methylation of these 

three methyl-arginine derivatives (71). 
"IC 

Similar to the methylation of lysyl residues in proteins, the level of methylation 

at arginyl residues can be modulated. The methylation at arginine in the 70,000 

dalton heat shock protein is reduced after sodium arsenite treatment and Rous 

sarcoma virus transformation (Chapters 5 and 6). The functional significance of 

the arginyl methylation of this polypeptide and other proteins is unclear. 
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(2) Induction of Protein Synthesis by Heat Shock and Sodium Arsenite Treatment 

It was first discovered that a unique set of puffs indicative of increased transcription 

was induced in polytene chromosomes of Drosophila shortly after shifting the organism 

to 37°C, which is higher than the normal growth temperature (25°C) (72, 73). Subsequently, 

a class of polypeptides known as heat shock proteins was found to be synthesized at a 

higher rate in Drosophila tissue or cultured cells after heat shock; at the same time, the 

synthesis of other cellular proteins is reduced (74, 75, for a review see 76). The induction 

of heat shock proteins in Drosophila is mainly due to the increased synthesis of the 

corresponding mRNAs (74, 77-80). Thus, the induction of heat shock proteins in 

Drosophila can be regulated at the transcriptional level. At present, it is also clear that 

the heat shock response in Drosophila is also regulated at the translational level (see below). 

McKenzie, Henikoff and Meselson (78) first demonstrated that the pre-existing 

polysomes in Drosophila break down shortly after heat shock, and a new class of 

polysomes specific for heat shock mRNA was formed. Furthermore, the existence 

of heat shock-specific mRNA is not required for the initial breakdown of the pre-existing 

polysomes (81). The pre-existing mRNA is retained during heat shock and can be 

reutilized after bringing the tissue or cells back to normal growth conditions (82-85). 

Recently, several laboratories demonstrated that a lysate prepared from heat shocked 

Drosophila Kc cells can selectively translate the heat shock mRNA isolated from 

control cells grown at 25°C (82, 83, 86). It was proposed that ribosomes may be 

the responsible factor. Indeed, the phosphorylation of a particular ribosomal protein 

in Drosophila can be rapidly reduced by heat shock (87). Nevertheless, further experiments 

are required to verify if the phosphorylation of this ribosomal protein is responsible 

for the translational control. 

The heat shock response is also common to a number of organisms and tissue 

culture cells ranging from protozoans to mammals; for example, T. pyriformis (88), 

yeast (89), chicken fibroblasts (90), BHK cells (53, 90), quail myogenic cells (91). 
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Furthermore, recent experimental results demonstrate that a similar set of poly

peptides also can be induced by certain chemicals, including sodium arsenite (53, 90, 

92, see also Chapter 6). 

Even after intensive studies of heat shock proteins at the DNA level (77), the 

functional role of these polypeptides is largely unknown. Because a non-lethal treatment, 

which is sufficient to induce the heat shock proteins, increases the chance of survival 

upon further lethal treatment (89, 93), it was suggested that heat shock proteins 

may be important for protecting the cells. 

Evidence has been presented that the heat shock proteins are expressed under 

normal growth conditions (53, 91, 92, 94, 95; also see Chapters 2 and 6), and that 

heat shock may increase the level of these polypeptides. The possible structural 

and functional relationship of these heat shock proteins has been studied. The low 

. molecular weight heat shock proteins of Drosophila have been shown to be related 

to one another and they may be homologous to mammalian lens a-crystallins (96). 

After Rous sarcoma virus transformation, the 89,000 dalton heat shock protein of 

chicken fibroblasts was found to be associated with the product of transforming 

gene, pp60src (97, 98); and it has been proposed that this polypeptide is important 

for the transport of pp60src to the plasma membrane (98). The intracellular localization 

of the 70,000 dalton heat shock protein (hsp70) in a variety of different systems 

has been studied. In Drosophila, most heat shock proteins, including hsp70, are 

located in nuclei shortly after heat shock (99, 100), and hsp70 may be associated 

with the nuclear cytoskeleton (101, 102). However, it is mainly a cytosolic constituent 

(95); a portion of it was found in a Triton X-100/0.6 M KCl insoluble pellet in a number 

of cultured cells (103). A fraction of it also may be associated with a membrane 

surface glycoprotein (104) or microtubules (105) in cultured mammalian cells. These 

different localizations reported may be due to the particular systems utilized in 

these studies. These differences may also be due to the post-translational modifications 

of these polyepttides, which will be discussed below. 
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(3) Scope of This Thesis 

The 70,000 dalton heat shock protein (hsp70) is the most commonly induced 

species after heat shock and sodium arsenite treatment. In chicken fibroblasts, 

hsp70 is composed of two major distinct isoelectric variants (53, 91, 92, 103). The 

more acidic one (hsp70A) is highly conserved and exists in both avian and mammalian 

cultured cells, while the hsp70B is not expressed in mammalian cultured cells. A 

68,000 dalton polypeptide also is induced in mammalian cells (53, 90, 104, see also 

Chapters 3 and 6). Other laboratories and I have demonstrated that hsp70 exists 

in most tissues and cultured cells prior to heat shock induction (53, 91, 92, 95, 103-105). 

It was reported that hsp70 is phosphorylated (95). I found that this polypeptide is 

methylated at lysyl and arginyl residues before and after sodium arsenite treatment 

(Chapters 3-6). In believing that a characterization of the methylation may provide 

valuable information to help elucidate the function of hsp70, I carried out a series 

of experiments to study the nature of the methylation of hsp70 in chicken fibroblasts 

and 3T3 cells. The results are described below. 

Incubating chicken embryonic fibroblasts and some mammalian cultured cells 

such as BHK, 3T3, and WI38/V A13 with [methyl-3H]-L-methionine in the presence 

of protein synthesis inhibitors resulted in the incorporation of [3H]-radioactivity 

into hsp70 and some other polypeptides (53, Chapters 2 and 3). Because labeling 

the cells with r35SJ-L-methionine under the same conditions gave a different protein 

pattern, this [3H]-radioactivity incorporation cannot possibly be due to leaky protein 

synthesis. Since this incorporation is inhibited by S-adenosyl-L-methionine-dependent 

methyl transf erase inhibitors, we suggested that the incorporation is the consequence 

of methylation (53). Because nothing was known previously about the methylation 

of heat shock proteins, I decided to proceed to study the nature of the mettylation 

of hsp70, such as the chemistry and reversibility of this methylation. 

In order to determine the half-life of hps70 methylation, cells were double

labeled with [35S]-L-methionine and [methyl-3H]-L-methionine, and then chased for 
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0-20 hours; the ratio of r3HJ /[35SJ-radioactivity of hsp70 was calculated to determine 

the half-life of methyl groups. The results I obtained indicate that the methylation 

of hsp70 is irreversible (58, see also Chapter 4). 

Carboxyl methylation has been known to be labile to base treatment. Hence, 

I prepared samples and performed gel electrophoresis under acidic conditions (40, 41). 

After immersing in 0.1 N NaOH for half an hour, the gels were dried down for auto

radiography. However, no difference in [3HJ-radioactivity is detected on hsp70 

after base treatment; by the same procedures, the [3HJ-radioactivity associated 

with human erythrocyte membrane protein is reduced dramatically. It appears that 

little B-aspartic acid methyl ester exists in hsp70, but the possible existence of 

y-glutamic acid methyl ester cannot be ruled out completely. I could recover 80%-92% 

of the r3HJ-radioactivity in the dried residues of hsp70 samples after acid hydrolysis 

(58); the r3HJ-radioactivity contributed by glutamyl y-methyl ester is less than 20%. 

Because the majority of the [3HJ-radioactivity may be incorporated into basic amino 

acids, I continued to analyze the basic amino acid methylation in hsp70. 

An ion exchange chromatography procedure, which can resolve all the known 

methylated basic amino acids, was adopted for amino acid analysis of hsp70 hydrolysate 

from chicken fibroblasts. I discovered that lysyl and arginyl residues are the methylation 

sites (Chapter 4). The e:-N-trimethyl-lysine is the predominant methyl-lysine species; 

however, the contribution of e:-N-monomethyl-lysine and e:-N-dimethyl-lysine is 

apparent. Furthermore, NG-monomethyl-arginine is the only methyl-arginine species 

in chicken fibroblast hsp70. 

The incorporation of [3HJ-radioactivity into hsp70 remains linear for at least 

six hours in the presence of protein synthesis inhibitors. I estimated that the stoichiometry 

of methyl group incorporated into hsp70 under these conditions is one per one thousand 

polypeptides or less (Chapter 4). One of the simplest and most straightforward 

explanations for this low stoichiometry is that hsp70 methylation is closely coupled 
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to protein synthesis. To verify this assumption, I labeled the cells with [3H]-leucine 

and [methyl-3H]-L-methionine, or [methyl-3H]-L-methionine alone, without protein 

synthesis inhibitors, and then the radioactively-labeled hsp70 was isolated, hydrolyzed 

and chromatographed. I discovered that under these conditions the methylation 

of hsp70 is stoichiometric (Chapters 4 and 5). At this point, it became evident that 

if the-methylation of hsp70 can be modulated, this would be an important issue. 

I labeled chicken fibroblasts with [methyl-3H]-L-methionine in the presence 

of arsenite, then analyzed the methylation of hsp70. No difference in lysyl residue 

methylation was found in hsp70B, but the distribution of three different methyl-

lysine species in hsp70A is altered by arsenite. On the other hand, the methylation 

level of NG-monomethyl-arginine in hsp70B is reduced significantly, although it 

remains 'unchanged in hsp70A. Since the steady state level of 8-adenosyl-L-methionine 

and the level of total cellular methylation remain the same after arsenite treatment, 

the difference in methylation in hsp70 from chicken fibroblasts appears to be specific 

(Chapter 5). 

A slightly different procedure was utilized to study the methylation of hsp70 

isolated from 3T3 and a Rous sarcoma virus transformed derivative, SR-RSV3T3. 

As with hps70 from chicken fibroblasts, I found that the polypeptide is methylated 

at lysyl and arginyl residues. However, major differences also were observed, which 

include: 1) the existence of NG ,NG-dimethyl-arginine, and 2) the methylated lysine 

species is exclusively £-N-trimethyl-lysine, i.e. , no contribution of £-N-monomethyl-

lysine and E:-N-dimethyl-lysine was detected. The change in methylation of hsp70 

isolated from 3T3 cells in the presence of arsenite also was observed. The level 

of methylation of NG-monomethyl-arginine and NG,NG-dimethyl-arginine is reduced, 

while no change in methyl-lysine is detected. This response is qualitatively identical 

to the arsenite-induced response of hsp70B from chicken fibroblasts. In addition, 

the methylation level of arginyl residues of hsp70 isolated from SR-RSV3T3 is lower 

than the counterpart from 3T3 cells; this level cannot be further reduced by arsenite. 
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Arsenite-Induced Synthesis of Heat Shock Proteins 

in Chicken Embryo Fibroblasts 
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Introduction 

The induced synthesis of heat shock proteins (hsps) in various tissues and cultured 

cells in response to thermal and chemical treatment has been documented (1-8, 

for a review on Drosophila, see 9). In Drosophila tissue culture cells, it is evident 

that the increased synthesis of heat shock proteins is dependent upon the incubation 

temperature in a complex way (5), and the response is controlled at both the transcriptional 

and translational levels (9-12). In addition, the induction of heat shock proteins in 

cultured quail myogenic cells has been shown to be gradually diminished during muscle 

differentiation (6). The function of the heat shock proteins is obscure. It was found 

that a brief nonlethal treatment can result in an increase in survival upon further 

lethal treatment, suggesting that heat shock proteins may be able to confer resistance 

to further thermal treatment (2, 13). 

Arsenite (Aso2 -) is one of the arsenicals which are capable of interacting 

with vicinal dithiols to form a covalent complex, I(~~As = O (14). It was reported 

recently that a set of polypeptides similar to heat shock proteins can be induced 

in some cultured cells by arsenite treatment (4, 7, 8), although the induced synthesis 

may not be a direct effect of changing the thiol status in the cells. A qualitative 

result of arsenite-induced synthesis of polypeptides in chicken embryonic fibroblasts 

was reported previously by Johnston et al. (4). However, a quantitative documentation 

on the induction kinetics is lacking. In this chapter, I present the quantitative results 

of arsenite-induced heat shock protein synthesis. In particular, I present results 

for the 70,000 dalton polypeptide (hsp70), which is the most commonly induced species 

in cultured cells. 

Materials and Methods 

Chicken embryonic fibroblasts were prepared as described (15). Confluent 

60 mm plates with (3.0 ~ 0.5) x 106 cells were incubated with 25 µM sodium arsenite 

for 0-12 hours, then rinsed with methionine-free minimal essential medium and incubated 
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with the same medium with 20 µCi/ml of r35SJ-L-methionine (New England Nuclear, 

specific activity: 1033.6 Ci/mmole) for 15 minutes. Alternatively, the cells were 

incubated with arsenite over a concentration range of 0-200 µM for three hours 

before a 15-minute [35SJ-L-methionine pulse labeling. At the end of the labeling 

period, the cells were rinsed three times with phosphate buffered saline, then scraped 

off the plates and collected by centrifugation. The pellets were solubilized by immediately 

boiling in sample buffer (1 % SDS, 0.5% 2-mercaptoethanol, 10% glycerol and 25 mM 

Tris-HCl, pH 7 .5) before being subjected to two-dimensional gel electrophoresis. 

One-dimensional SDB polyacrylamide gel electrophoresis was performed by 

following the method of Laemmli (16). The stacking gel contained 5% acrylamide, 

0.13% N ,N'-methylene bisacrylamide, 0.125 M Tris-HCl, pH 6.8 and 0.1 % SDS; the 
. 

resolving gel consisted of 15% acrylamide, 0.085% bisacrylamide, 0.38 M Tris-HCl, 

pH 8. 7 and 0.1 % SDS. After electrophoresis, the gels were stained with 0.1 % Coomassie 

brilliant blue in 50% ethanol and 10% acetic acid and destained with 12.5% ethanol 

and 5% acetic acid. The Coomassie-stained gels were then scanned with a densitometer 

before they were treated with ENHANCE (New England Nuclear) for fluorography. 

To quantitate the r35SJ-radioactivity, a particular protein band was excised 

from the dried gels with scissors and placed into a scintillation vial. Half a milliliter 

of 0.1 % SDS in NH4Hco3 was added and the sample was incubated overnight to 

elute the polypeptide from the gel slices. Then 5 ml of Aquasol-2 scintillation fluid 

(New England Nuclear) was added and counted with a liuqid scintillation counter. 

Since the number of actin molecules remain unchanged upon arsenite treatment, 

the ratios of r35SJ-radioactivity associated with a particular peptide band to the 

area under the densitometric trace corresponding to actin were calculated and 

compared to determine the induction kinetics. 
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Results 

Incubation of chicken embryonic fibroblasts with sodium arsenite results in 

an increased synthesis of seven polypeptides with molecular weights of 110,000, 

89,000, 78,000, 76,000, 70,000, 32,000 and 22,000 (Figure 1). Four of them with 

molecular weights of 89,000, 70,000, 32,000 and 22,000 are the more prominently 

induced species. Similar results have been reported by other laboratories with arsenite 

or other treatments including heat shock (3, 4). A similar induction pattern was 

obtained after incubation with arsenite over a concentration range of 10-200 µM 

(Figure 1). Quantitative results of the induction kinetics for four prominently induced 

polypeptides corresponding to Figure 1 are given in Figure 2. The results indicate 

that the rates of synthesis of most of these polypeptides increase with arsenite concen

tration and reach maximal levels at 50 µM arsenite, except for the 32,000 dalton 

polypeptide. The rate of synthesis of the 32,000 dalton polypeptide appears to be 

maximally induced at the lowest arsenite concentration (10 µM) and decreases with 

increase in concentration (Figure 2.) 

The increase in rate of synthesis also is dependent upon the incubation period 

with arsenite (Figure 3). The rate of synthesis of these inducible polypeptides 

reaches the maximal level between three to six hours and then decreases after prolonged 

incubation, with the exception of the 22,000 dalton polypeptide; the synthesis of 

the 22,000 dalton polypeptide remains at a high level for at least 12 hours. The 

induction kinetics of the 22,000 and 70,000 dalton polypeptides are given in Figure 4. 

The induction kinetics for the 32,000 and 89,000 dalton polypeptides are identical 

to that of the 70,000 dalton polypeptide except that the maximal level is lower (data 

not shown). 
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Figure 1. Induced synthesis as a function of arsenite concentration. Cells were 

incubated with 0-200 µM sodium arsenite for 3 hours before labeling with r35S]-L-

methionine. The cells were then solubilized and analyzed by one-dimensional gel 

electrophoresis. (A) Coomassie blue-stained gel. P: phosphorylase (94,000); B: 

bovine serum albumin; V: vimentin; A: actin. (B) Autoradiogram corresponding to (A). 

Lane a, 0 µM; b, 10 µM; c, 25 µM; d, 50 µM; e, 100 µM; f, 150 µM; g, 200 µM sodium 

arsenite. 
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Figure 2. Quantitation of induction versus arsenite concentration. Induction of the 

four most prominent inducible polypeptides corresponding to Figure 1 are shown. The 

[358]-radioactivity of each band is quantitated as described in "Materials and 

Methods." Since the number of copies of actin molecules per cell remains unchanged 

after arsenite treatment, the loadings of each lane were normalized to the area of 

the actin band which is determined by scanning each lane of Coomassie blue-stained 

gel with a densitometer. The control is arbitrarily assigned as 1. Top to bottom 

corresponding to 89,000, 70,000, 32,000 and 22,000 dalton polypeptides. 
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Figure 3. Kinetics of induction. Cells were exposed to 25 µM sodium arsenite for 0-

12 hours before labeling, then solubilized and analyzed by one~dimensional gel 

electrophoresis. (A) Coomassie blue-stained gels. P: phosphorylase; B: bovine serum 

albumin; V: vimentin; A: actin. (B) Autoradiogram corresponding to (A). Lane a, 0 hr; 

b, 1 hr; c, 2 hr; d, 3 hr; e, 4 hr; f, 6 hr; g, 7 hr; h, 8.5 hr; i, 10 hr; j, 12 hr of arsenite 

incubation. 
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Figure 4. Quantitation of induction kinetics. Two polypeptides with different 

induction-kinetic behaviors are shown. The quantitation procedure is similar to that 

of Figure 2. Closed circle (e): 22,000 dalton polypeptide; open circle (O): 70,000 

dalton polypeptide. The control level is assigned as 1. 
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It is also clear from the Coomassie-stained gels that the heat shock proteins 

are accumulated in the cells (Figure 3). Although the increased amount of the 22,000 

and 32,000 dalton polypeptides is evident, it is difficult to obtain a quantitative 

result, because these two polypeptides are in very low abundance and hence obscured 

by the background before arsenite treatment. The accumulation of the 70,000 and 

89,000 dalton polypeptides in chicken embryonic fibroblasts is given in Figure 5. 

The results indicate that the total quantities of the 70,000 and 89,000 dalton polypeptides 

are tripled and doubled, respectively, after a six-hour arsenite treatment. 

The 70,000 dalton polypeptide can be resolved into two distinct major variants 

by two-dimensional gel electrophoresis (4, 7); the more acidic one has a pl of 5.6 

while the more basic one has a pl of 6.0. The accumulation of the 70,000 dalton 

polypeptide after arsenite treatment is due to a comparable increase of both species. 

It is also apparent from Figures 1 and 3 that arsenite does not significantly alter 

the rate of synthesis of most other cellular proteins. 

l also labeled the cells with [methyl-3I{]-L-methionine in the presence of protein 

synthesis inhibitors. Apparently, a very different pattern of radioactive incorporation 

was obtained (Figure 6); the 70,000 and 78,000 dalton polypeptides are among the 

major polypeptides labeled. There is a significant increase in [3I{]-radioactivity 

incorporated into the 70,000 dalton polypeptide after arsenite treatment, whereas 

no difference is observed on 78,000 dalton polypeptide (Figure 7). Furthermore, 

the incorporation increases linearly with incubation time for at least 6 hours (Figure 7). 

We have previously shown that the [3I{]-radioactivity incorporated into these two 

arsenite-inducible polypeptides is due to methylation, presumably by S-adenysyl

L-methionine-dependent methyl transf erases (7, 17). 
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Figure 5. Accumulation of the 89,000 and 70,000 dalton polypeptides after arsenite 

treatment. Each lane of Coomassie blue-stained gel (Figure 3A) was scanned by a 

densitometer. Since the level of actin per cell remains unchanged after arsenite 

treatment, the loading was standardized by the area corresponding to the actin peak. 

The control is assigned as 1. 
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Figure 6. Labeling with [methyl- 3HJ-L-methionine. The cells were incubated with or 

without 25 µ M sodium arsenite for four hours, then rinsed with methionine-free 

minimal essential medium with 100 µg/ml cycloheximide for 45 minutes. They were 

subsequently labeled with [methyl-3H]-L-methionine for 0-6 hr. Thereafter, the gels 

were treated with ENHANCE, dried and fluorographed with preflashed film. 

(A) Control; (B) Arsenite-treated cells. Lane 1, 1 hr; b, 2 hr; c, 3 hr; d, 4 hr; e, 5 hr, 

f, 6 hr of labeling. 



35 

abcdef abcdef 

··---
·- ---~ 

_ _._._ 
I • . .... _ -

------------,.. .. 
~ - .... . 

. , ... 
... - ....., - '. . !I 

~t t ·= 11 ti11 
A B A B 

Coomassle Auto radiogram 



36 

Figure 7. Relative [3HJ-radioactivity incorporation. The Coomassie blue-stained gels 

and autoradiograms corresponding to Figure 6 were scanned by a densitometer. The 

ratios of the areas of autoradiogram to Coomassie blue gel peaks corresponding to 

78,000 and 70,000 dalton polypeptides were calculated. Open circle (0): 78,000, 

control; Closed circle (e): 78,000, arsenite; Open triangle (6): 70,000, control; Closed 

triangle (!): 70,000, arsenite. 
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Discussion 

The induction of heat shock proteins by elevating growth temperature and 

chemical compounds has been found to be common to many eukaryotes. The number 

of inducible polypeptides varies among species. The 70,000 dalton polypeptide is 

one of the most prominently inducible species in chicken embryonic fibroblasts. 

This -polypeptide also may be the most common inducible species in different tissues 

and cultured cells. Comparison of the pattern of proteins induced with arsenite 

or heat shock indicates that the 70,000 dalton polypeptide described here, the 73,000 

dalton protein described by Johnston et al. (4), the p76 described by Kelley and Schlesinger 

(3) and the 68,000 dalton polypeptide (7, 17) are the same protein. The disparity 

in molecular weight may be due to differences in gel systems and molecular weight 

standards utilized. The polypeptides also appear to comigrate with the hsp70 of 

Drosophila (4). However, differences in hsp70 among different species exist. For 

example, the 70,000 dalton polypeptide of chicken embryonic fibroblasts is composed 

of two different isoelectric variants (4, 7), but only the acidic one (with pl 5.6) exists 

in some mammalian cultured cells such as BHK, 3T3, HeLa and WI38 (7, 26). 

The induction kinetics of heat shock proteins of chicken embryonic fibroblasts 

by arsenite were presented here. The relative rate of synthesis of these polypeptides 

was calculated by assuming that the [35SJ-radioactivity associated with a heat shock 

protein band is solely contributed by that protein. Since different polypeptides with 

the same apparent molecular weights will comigrate, the rate of synthesis obtained 

here should represent the lower limit. However, the kinetic properties given in 

Figures 3 and 4 should still be valid, although the true maximal level of induction 

may be higher than I report here. 

The quantitative results on induced heat shock protein synthesis as a function 

of arsenite concentration obtained (Figures 1 and 2) are similar to the qualitative 

results reported previously by Johnston et al. (4). After incubating the cells with 
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25 µM sodium arsenite for different time periods, I found that the maximal level 

of induction was reached between four and six hours of incubation, except for the 

22,000 dalton polypeptide, which remains at a high level for at least six more hours 

(Figures 3 and 4). Qualitatively, this is similar to the results obtained by Johnston 

et al. (4) after the cells were incubated with 50 µM sodium sodium arsenite for various 

time periods. In addition, the induction kinetics of hsp70 of chicken fibroblasts 

is similar to the homologous polypeptide of 3T3 cells. 

The hsp70 and 78,000 dalton arsenite-inducible polypeptides, previously reported 

as 83,000 dalton polypeptides (7, 17), are methylated. The methylation sites of hsp70 

have been identified as lysyl and arginyl residues (17), while the hsp78 is methylated 

exclusively at lysyl residues. In addition, incubation of cells in [32P]-phosphoric 

acid res~lts in the incorporation of [32P]-radioactivity into hsp78. This polypeptide 

may be the highly conserved glucose-regulated protein (27). It is also clear at present 

that hsp78 is not inducible by heat shock or sodium arsenite treatment in a number 

of mammalian cultured cells, including BHK, HeLa, 3T3 and human WI38/VA13 cells. 

From the results of this work and some other reports (4, 6, 7), it is evident 

that the 70,000 and 89,000 dalton heat shock proteins exist in a reasonably large 

quantity of steady state in chicken embryonic fibroblasts. Judging from the densitometric 

traces of Coomassie blue-stained one-dimensional gels, the ratios of these two poly-

peptides to actin are approximately 1:25, which cannot be regarded as small, since 

actin is the most abundant polypeptide in cells. Hsp89 has been found to be associated 

with pp60src (18), and it has been postulated that the complex formed by hsp89, 

pp60src and/or other proteins may facilitate the transport of pp60src to the plasma 

membrane (19). 

The localization of hsp70 has been intensively studied in a number of tissues 

and cultured cells. In Drosophila, hsp70 is localized in the nuclei shortly after heat 

shock (20, 21), and probably is associated with the nuclar cytoskeleton (22). The 
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results of immunofluorescence suggest that hsp70 is one of the cytoplasmic constituents 

in chicken embryonic fibroblasts (23). The polypeptide is also associated with a 

Triton X-100/0.6 M KCl-insoluble pellet, which is mainly composed of intermediate 

filaments and nuclei (24). Hsp70 also appears to copurify with HeLa cell microtubules 

after two polymerization/depolymerization cycles but does not stoichiometrically 

copurify with tubulin through additional cycles and does not stimulate tubulin 

polymerization (25). Recently, it was found that the hsp70 may be associated with 

a membrane glycoprotein in 3T3 cells (26). These results suggest that the hsp70 

may be either an important regulatory molecule (in structural complexes) with an 

as yet unidentified function, or the molecule may be capable of performing diverse 

functions by way of different post-translational modifications. 
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Heat shock proteins are methylated in avian and mammalian cells 
(isoelectric focusing/NaDodSO.,ipolyacrylamide gel electrophoresis/sodium arsenite/erythrocytes/skeletal muscle) 

CHUNG WANG, RICHARD H. GOMER, AND ELIAS LAzARIDES* 

Division ofBiology, California Institute ofTechnology, Pasadena, California 9112.5 

Communicated by James F. Bonner, March 19, 1981 

ABSTRACT Exposure of chicken cells grown in tissue culture 
to heat shock or sodium arsenite results in a dramatic increase in 
the synthesis of three major polypeptides with molecular weights 
of83,000 (USP 83), 68,000 (USP 68; referred to here as "thermin"), 
and 25,000 (USP 25). Incubation of BUK-21 or UeLa cells under 
the same conditions results in induction of USP 68 and a 66,000-
dalton polypeptide (USP 66). Chicken thermin is resolved by is
oelectric focusing into a major acidic and a more-basic component; 
mammalian thermin is resolved only into one major acidic com
ponent. USP 83 and the acidic form of thermin are highly con
served in all avian and mammalian cells examined as judged by 
their electrophoretic mobilities, isoelectric points, and one-di
mensional peptide maps. In addition, the acidic form of thermin 
is indistinguishable from a protein that copurifies with brain mi
crotubules and that remains associated with the intermediate fil
ament-enriched Triton/KC! cytoskeletons of cells grown in tissue 
culture. Thermin is also a component of skeletal myofibrils. USP 
83 and thermin are methylated in cells cultured under normal 
growth conditions. Induction of heat shock proteins by incubation 
of cells in the presence of sodium arsenite results in a marked 
methylation of the newly synthesized thermin. Under the same 
experimental conditions, no significant increase in methylation of 
the USP 83 is observed. USP 25 is not methylated in untreated 
cells or in cells treated with sodium arsenite. These results suggest 
that methylation of heat shock proteins may have an important role 
in regulating their function. 

Exposure of avian and mammalian cells grown in tissue culture 
to heat shock results in a dramatic change in their pattern of 
protein synthesis. This treatment induces the synthesis of three 
or four proteins with a general reduction in the overall pattern 
of protein synthesis. In vivo and in vitro experiments have in
dicated that this group of proteins is synthesized in relatively 
low levels in uninduced cells and that the increase in their syn
thesis after induction results from an increase in the amount of 
mRNA specific for these proteins. Various treatments including 
chelating agents , certain transition metal ions, thiol reagents, 
heat shock, and amino acid analogues can induce similar, if not 
identical, proteins in avian and mammalian cells (1-7). Many 
of the inducers capable of eliciting the heat shock response in 
vertebrate cells also elicit a similar response in Drosophila me
lanogaster cells, in which the phenomenon was originally de
scribed (reviewed in ref. 8). The proteins induced in vertebrate 
and invertebrate cells have closely similar electrophoretic mo
bilities, with a protein at 68,000--70,000 daltons being the most 
reprciducibly and commonly elicited species. Despite the ex
tensive work on the molecular details of the induction of these 
proteins as well as the detailed analysis of the structure of their 
corresponding genes in Drosophila, their natural inducer and 
their function remain unknown. 

The publication costs of this article were defrayed in part by page charge 
paYIJ)ent. This article must therefore be hereby marked "advertise
ment'' in accordance with 18 U. S. C. §1734 solely to indicate this fact. 

3531 

We have studied the heat shock proteins (HSPs) of mam
malian and avian cells. We show that two of these proteins, HSP 
83 and HSP 68 (thermin), are highly conserved and are meth
ylated in cells grown under normal conditions. Induction of both 
proteins by sodium arsenite, a common inducer of HSP, is ac
companied by specific methylation of the newly synthesized 
thermin . These observations point to the importance of meth
ylation in the expression and function of the HSPs. 

MATERIALS AND METHODS 

Cells. Cultures of chicken embryonic fibroblasts , chicken 
embryonic myotubes , and baby hamster kidney (BHK-21) cells 
were prepared and grown as described (9). BHK-21 cells with 
a passage number between 59 and 64 were used in the exper
iments described. HeLa cells grown in spinner culture were 
obtained from G. Attardi. 

Sodium Arsenite Treatment. Confluent plates of fibroblasts, 
myotubes, or BHK-21 cells were first rinsed three times with 
methionine-free minimal essential medium (Met-free ME me
dium) and then incubated in the same medium with 25 µ.M 
sodium arsenite for 4 hr. After the incubation (35S]methionine 
(New England Nuclear) was added either to the medium di
rectly to a final concentration of 3--5 µ.Ci/ml (1000 Ci/mmol; 
1 Ci = 3. 7 x 1010 becquerels) or to a fresh medium in the ab
sence ofNaAs02 and incubation was continued for 45 min. Both 
methods gave the same result. The cells were then scraped off 
the plates and collected in a table-top clinical centrifuge at top 
speed (approximately 500 x g) for 2 min. The supernatant was 
decanted and the pellet was dissolved in isoelectric focusing 
sample buffer for two-dimensional gel electrophoresis (see be
low) (9). 

HeLa cells' were treated the same way. After the NaAs02 

treatment the cells were collected at 500 x g, suspended in 
Met-free ME medium, and labeled with [35S]methionine (3--5 
µ.Ci/ml ) for 1 hr. 

Heat Shock Treatment. Cells were placed for 1 hr inside a 
wet chamber floating on top of a water bath at 45°C. After a wash 
with Met-free ME medium, the cells were labeled with 
(
35S]methionine (3--5 µ.Ci/ml ) at 37°C for 1 hr. They were then 

prepared for two-dimensional gel electrophoresis as described 
above. 

Labeling of Proteins with L-[methyl-3H]Methionine. Con
fluent cultures (100-mm plates) of primary chicken embryonic 
myotubes were first incubated with 25 µ.M NaAs02 for 4 hr, 
rinsed with Met-free ME medium, and incubated for 40 min 
in Met-free ME medium in the presence of NaAs02. Cyclo
heximide and chloramphenicol were then added to the medium 
to final concentrations of 100 and 40 µ.g/ml , respectively, and 
incubation was continued for another 45 min, at which time L-

Abbreviations: HSP, heat shock protein; Met-free ME medium, methi
onine-free minimal essential medium. 
•To whom correspondence should be addressed. 
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[methyl-3H]methionine (8 µCi/ml; 80 Ci/mmol) was added. 
After an additional 2 hr the cells were washed with phosphate
buffered saline and then scraped into ice-cold phosphate-buf
fered saline containing cycloheximide (100 µg/ml), chloram
phenicol (10 µg/ml), l mM EDTA, and 0.1 mM phenylmethyl
sulfonyl fluoride . Under these conditions, incorporation of 
[35S]methionine into proteins was inhibited by 98%. The cells 
were collected by centrifugation and dissolved either directly 
in two-dimensional gel electrophoresis sample buffer or first in 
0.1% NaDodS04 and subsequently in the sample buffer (see 
below). For normal protein methylation, cells were treated as 
above without exposure to NaAs02 . To examine whether so
dium arsenite had any effect by itself on protein methylation, 
cells were treated as described above except that N aAs02 was 
added together with the protein synthesis inhibitors. 

Two-Dimensional Isoelectric Focusing and NaDodSOJ 
Polyacrylamide Gel Electrophoresis and Autoradiography. 
The analysis was performed as described (10, 11). After elec
trophoresis the gels were stained in 0.1 % Coomassie brilliant 
blue in 47.5% ethanol/10% acetic acid and destained in 12.5% 
ethanol/5% acetic acid. The gels were dried and autoradio
graphed at -70°C on Kodak X-Omat R XR-5 film ; the film was 
developed in Kodak x-ray developer. Gels containing proteins 
labeled with [35S]methionine were dried for autoradiography 
directly after destaining. Gels containing proteins labeled with 
L-[methyl-3H]methionine were treated with EN3HANCE (New 
England Nuclear) for l hr after destaining and before drying for 
fluorography and were exposed on preflashed or normal x-ray 
film. To avoid proteolysis, cells were lysed in an equal volume 
of0.1% NaDodS04 and immediately placed in a boiling water 
bath for 2 min. The samples were subsequently adjusted to 9 
Min urea and 2% in Nonidet P-40 prior to isoelectric focusing. 

1 Control 
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Partial Purification of Thermin and HSP 25 From Adult 
Chicken Skeletal Muscle. Chicken breast muscle was excised 
and placed on ice. All further steps were carried out at 4°C. The 
muscle was homogenized in 2.5 vol of cold double-distilled 
water in a commercial blender at top speed for 30 sec and then 
centrifuged at 20,000 x g for 20 min. After the pellet was 
washed twice with distilled water the homogenate was passed 
through a layer of cheese cloth. The myofibrils were collected 
by centrifugation and were extracted with 0.6 M KCl/0.1 M 
sodium phosphate/l mM MgCIJlO mM Na4P20 7, pH . 6.5, 
overnight. The pellet was then reextracted with 0.6 M KI/10 
mM N~S20J10 mM Tris·HCl/l mM ethylene glycol bis(/3-
aminoethyl ether) N, N, N' , N' -tetraacetic acid, pH 7.5, for 8--
10 hr. The supernatant was dialyzed exhaustively against dis
tilled water, clarified by centrifugation (25,000 x g, 30 min), 
and then fractionated with solid (NH4)2S04. The precipitate 
collected between 40% and 80% ammonium sulfate saturation 
was resuspended in 10 mM sodium citrate buffer (pH 5. 7) and 
dialyzed against the same buffer. The solution was centrifuged 
again to remove the precipitate and then applied to a DEAE
cellulose column (Whatman DE-52) that had been preequili
brated in the same buffer. The proteins were then eluted with 
100 mM NaCl in the same buffer. Thermin and HSP 25 are 
major components of this fraction . 

Purification ofThermin From Chicken Erythrocytes. Chicken 
blood was collected in an equal volume of ice-cold 155 mM cho
line chloride/5 mM Hepes, pH 7.4, containing 0.1 mg of hep
arin per ml. After centrifugation for 5 min at 1000 x g, the huffy 
coat and plasma were removed by aspiration. The erythrocyte 
pellet, minus a dark red layer at the bottom of the tube, was 
resuspended in choline chloride/Hepes and recentrifuged as 
above. The top layer of cells was again removed, and the process 
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FIG. 1. Two-dimensional gel electrophoresis of avian and mammalian proteins induced by sodium arsenite and heat shock in cells grown in tissue 
culture showing thermins (Th A, Th B), HSP 25 (arrow), HSP 66 ('t'), HSP 83 (•), actin (A), desmin (D), vimentin (V), and tropomyosin (TM). (A) 
Proteins extracted from a primary culture of chicken embryonic myotubes grown in normal medium and incubated with [36S]methionine. (8) As 
A but incubated in the presence of 25 µM sodium arsenite for 4 hr before further incubation with [36S]methionine. (C) Secondary cultures of 10-day 
chicken embryonic myotubes grown in normal medium and exposed to 45°C for 1 hr before labeling with [36S)methionine. Equal amounts of protein 
were loaded on the gels for A,B, andC. (D) BHK-21 cells grown in normal growth medium and incubated with [36S)methionine. (E) AsD but incubated 
in the presence of 25 µM sodium arsenite for 4 hr before further incubation with [36S)methionine. Equal amounts of protein were loaded on the gels 
for D and E. All gels were exposed for 3-4 days. IEF, isoelectric focusing; NaDodSO,, NaDodSO./polyacrylamide gel electrophoresis. 
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was repeated six to eight times to remove most of the contam
inating cells. The final erythrocyte pellet was lysed with 10--20 
vol of 10 mM Tris·HCI, pH 8.0/5 mM MgCIJl mM EDTA/ 
1 mM ethylene glycol bis(t3-aminoethyl ether) N, N, N', N' -tet
raacetic acid/! mM o-phenanthroline/0.5 mM phenylmethyl
sulfonyl fluoride. The supernatant (100 ml) was lyophilized, re
suspended in 30 ml of 10 mM sodium citrate (pH 5. 7), and 
dialyzed against several changes of this buffer. Insoluble ma
terial was removed by centrifugation at 12, 000 x g, and the 
supernatant was passed through a 30-ml column of DEAE-cel
lulose equilibrated in 10 mM sodium citrate (pH 5. 7). Protein 
was eluted with a 120-ml gradient of0.01-0.5 M sodium citrate 
(pH 5. 7). Thermin eluted in two major fractions, between 10 
and 30 mM and between 50 and 150 mM sodium citrate. A 
portion of the first fraction was dialyzed against water, lyophi
lized, and redissolved in urea sample buffer. Thermin exhibited 
higher purity in the first than the second fraction. 

RESULTS 

Induction of Thennin by Heat Shock and Sodium Arsenite. 
Exposure of primary cultures of chicken embryonic fibroblasts 
(a mixture of fibroblastic and myogenic cells) to sodium arsenite 
(25 µM, 4 hr) resulted in increased levels of three polypeptides 
with molecular weights of 83,000 (HSP 83), 68,000 (thermin), 
and 25,000.(HSP 25); the latter two polypeptides were the most 
prominent of the three (Fig. 1). The induction of all three poly
peptides was concomitant with an increase in their synthesis as 
indicated by the incorporation of 35S from [35S]methionine into 
protein during and after treatment with arsenite. The same 
pattern of polypeptide induction was observed in chicken em
bryonic fibroblasts free of myogenic cells. However, fibroblast
free chicken myotubes incubated under the same conditions 
exhibited a specific increase in the levels and the de novo syn
thesis of thermin and HSP 25; while HSP 83 remains uninduced 
at the basal levels (see Fig. 3D). Induction of thermin and HSP 
25 was maximal after 8 hr and persisted 12 hr after exposure to 
sodium arsenite (data not shown; see also ref. 7). Thermin was 
resolved into two major variants by two-dimensional analysis 
(isoelectric focusing and NaDodSOJpolyacrylamide gel elec
trophoresis)-thermin A, pl 5. 70; and then;nin B, pl 5. 95--each 
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flanked by several minor acidic variants. Similarly, HSP 25 also 
was resolved into two major forms. A similar set of polypeptides 
was induced by sodium arsenite in BHK-21 (Fig. 1) and HeLa 
cells (not shown). However, a notable difference in these mam
malian cells was the absence of the more basic components of 
thermin (thermin B) and the presence instead of HSP 66 with 
a pl of5.90. In addition, the HSP 83 and HSP 25 polypeptides 
were not induced by arsenite under the same conditions in 
either BHK or HeLa cells. HSP 83 had the same pl and elec
trophoretic mobility in both avian and mammalian cells. Results 
similar to those obtained with arsenite were obtained after ex
posure of chicken embryo myotubes to heat shock (45°C, 1 hr) 
(Fig. lC). Induction of thermin and HSP 25 was more efficient 
with arsenite than with heat shock under these conditions. 

Methylation of Thermin and HSP 83. Incubation of chicken 
embryonic primary cells with [methyl-3H]methionine in the 
presence of cytoplasmic and mitochondrial protein synthesis 
inhibitors resulted in methylation of a number of proteins, in
cluding HSP 83 and the two thermin variants A and B (Fig. 2A). 
A small amount of radioactivity was incorporated into a protein 
that had the same pl and electrophoretic mobility as the inter
mediate filament subunit desmin. Actin, tropomyosin , and vi
mentin did not exhibit any detectable incorporation of radio
activity. Exposure of cells to sodium arsenite 4 hr prior to the 
addition of protein synthesis inhibitors and [methyl-3H]methi
onine resulted in a dramatic increase in methylation of all ther
min variants but no discernible change in the level of methyl
ation ofHSP 83. HSP 25 remained unmethylated in both normal 
and arsenite-treated cells. In this experiment, we observed that 
arsenite-treated cells denatured in urea sample buffer prior to 
isoelectric focusing exhibited a number of methylated proteins, 
in addition to therm in, at the acidic side of the gel. These pro
teins were absent when the cells first were lysed in 0.1 % 
NaDodS04 at 90°C prior to isoelectric focusing, suggesting that 
they are degradation products of thermin. 

Exposure of cells to sodium arsenite and protein synthesis 
inhibitors simultaneously prior to the addition of [methyl-
3H]methionine resulted in inhibition of the increased methyl
ation ofthermin. However, both thermin and HSP 83 exhibited 
the level of methylation seen in untreated cells (Fig. 2D). These 
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FIG. 2. Methylation of thermin and HSP 83 in primary cultures of chicken embryonic 
fibroblasts grown in the presence and in the absence of sodium arsenite: (A) Cells grown 
in normal medium containing protein synthesis inhibitors and incubated with [methyl-
3H]methionine for 2 hr. (Band C) As A but exposed to 25 µM sodium arsenite for 4 hr prior 
to addition of protein synthesis inhibitors and [methy/-3H]methionine. Cells were lysed m 
urea sample buffer (B) or boiled in 0.1% NaDodS04 prior to addition ofurea sample buffor 
(C). (D) As B and C but cells were exposed to sodium arsenite in the presence of protein 
synthesis inhibitors. All gels were exposed for 21 days on normal film. 



3534 Biochemistry: Wang et al. 

results indicate that sodium arsenite does not activate preex
isting protein methylases. Similarly, methylation of thermin 
and HSP 83 was observed in BHK-21 cells treated with sodium 
arsenite (not shown). In these cells the inducible HSP 66 re
mained unmethylated. Both in normal and arsenite-treated cul
tures grown in the presence of protein synthesis inhibitors, the 
incorporation of 3H from [methyl-3H]methionine was com
pletely suppressed by the methylation inhibitors homocysteine 
thiolactone and adenosine (not shown). This result indicates 
that, under the experimental conditions used here, the incor
poration of 3H from [methyl-3H]methionine into protein is 
mainly the result of methylation. 

Partial Characterization of Thermin. Analysis of whole ex
tracts from chicken skeletal muscle , erythrocytes, and primary 
cells grown in tissue culture shows the presence of two proteins, 
with pis and electrophoretic mobilities indistinguishable from 
those of thermin A and B (12). Partially purified thermin from 
chicken skeletal muscle comigrated with thermin induced by 
arsenite in primary cultures of chicken embryonic myotubes 
(Fig. 3). In addition, a polypeptide with pl and electrophoretic ' 
mobility indistinguishable from those ofHSP 25 copurified with 
chicken skeletal muscle thermin, indicating that HSP 25 is pres
ent also in substantial amounts in skeletal muscle. Thermin 
purified from chicken skeletal muscle and from chicken eryth
rocytes showed the copurification of the two major forms, A and 
B, each flanked by several minor acidic variants. Thermin pu
rified from mammalian (porcine) skeletal muscle consisted of 
one major polypeptide whose electrophoretic mobility and pl 
were indistinguishable from those of avian thermin A. A protein 
with pl and electrophoretic mobility closely similar to those of 
HSP 66 also was found in this preparation. 

Both avian and mammalian thermin A gave similar one-di-
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mensional peptide maps, indicating that thermin A is highly 
conserved in different species (12). Comparative analysis of 
thermin A and B by one-dimensional peptide mapping reveals 
homologies and differences, suggesting that these two proteins 
may be evolutionally related (not shown). By coelectrophoresis 
and one-dimensional peptide mapping, thermin A is the same 
protein as the protein previously shown to copurify with brain 
microtubules and intermediate filaments but is distinct by pl 
from the 68,000-dalton neurofilament subunit protein (ref. 12; 
unpublished observations). Thermin also remained associated 
with the intermediate filament-rich cytoskeletons prepared in 
the presence of0.5% Triton X-100 and 0.6 M KC! from a num
ber of avian and mammalian cell types grown in tissue culture. 
Finally, both thermin A and Bare components of chicken myo
fibrils as determined by two-dimensional analysis and immu
nofluorescence (12). 

DISCUSSION 

Distribution of HSPs in Avian and Mammalian Cells and 
Tissues. The inducibility of a small set of polypeptides called 
HSPs by higher-than-normal growth temperatures or chemical 
agents is common to many eukaryotic cell types (for review, see 
ref. 13). The number of induced HSP varies among species. In 
avian cells, HSP 25, HSP 68 (thermin), and HSP 83 are the most 
prominent induced polypeptides (3, 7). Thermin, as described 
here, exists as two major forms, acidic (A) and basic (B), with 
the same electrophoretic mobility but different pis. One-di
mensional peptide mapping has indicated that thermin A and 
B are not identical polypeptides. This difference is further 
strengthened by the fact that both forms of thermin are trans
lated in a reticulocyte cell-free system using poly(AtmRNA 
obtained from chicken embryonic fibroblasts treated with so-
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FIG. 3. Two-dimensional analysis of partially purified thermin. (A, B, C, and D) Coelectrophoresis of thermin and HSP 25 partially purified 
from chicken breast muscle, with thermin and HSP 25 of secondary cultures of chicken embryonic myotubes. (A) Coomassie blue-stained gel of 
partially purified thermin and HSP 25 from chicken breast muscle. (B) Coomassie blue-stained gel of a whole extract from a secondary culture of 
chicken embryonic myotubes incubated with sodium arsenite for 4 hr. (CJ Coomassie blue-stained gel of a mixture of the chicken breast muscle 
preparation of thermin and HSP 25 in A and the whole extract from the secondary myotube cultures in B. (D) 368 autoradiography of chicken em
bryonic myotubes in C. (E and F) Coomassie blue-stained gels showing the partially purified thermins from chicken eyrthrocytes (E) and porcine 
skeletal muscle CF). Note the absence ofthermin Bin mammalian tissue. Porcine thermin was purified as described in Materials and Methods for 
chicken skeletal muscle thermin. 
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dium arsenite (7) or from chicken smooth and skeletal muscle 
(14). In mammalian cells, however, the B form of thermin is 
absent and HSP 66 is coinduced with thermin A. A further dif
ference between avian and mammalian cells is the failure of 
arsenite to induce HSP 83 and HSP 25 in the latter cells. 
Whether the proteins described above constitute the complete 
set of inducible HSPs in avian and mammalian cells is not yet 
known. 

Comparison of the pattern of proteins induced by arsenite 
in chicken embryonic fibroblasts (7) and in the avian and mam
malian cells and tissues (studied here) indicates that the 68,000-
dalton protein (thermin) described here and the 73,000-dalton 
protein described by Johnston et al . are the same protein. Sim
ilarly, the HSP 25 and HSP 83 we observed correspond to the 
27,000- and 98,000-dalton proteins described by them. The 
differences in molecular weight of the protein induced might 
be due to differences in the NaDodS04 electrophoretic systems 
used. Furthermore, the 70,000-dalton protein induced by heat 
shock in Drosophila cells is resolved by two-dimensional anal
ysis into two main components (13), analogous to the A and B 
components of thermin in avian cells. All these results indicate 
that thermin is a highly conserved polypeptide in vertebrate and 
invertebrate cells . The genes of the 70,000-dalton polypeptide 
from Drosophila have been cloned and the primary amino acid 
sequence of the protein has been determined (15). Cloning and 
sequence analysis of thermin from avian and mammalian cells 
will establish unambiguously the evolutionary conservation of 
these proteins. 

In most, if not all, cases it has been assumed that the HSPs 
exist in low levels in the cell (see ref. 13 for review). In this paper 
we have shown that thermin exists in substantial amounts in 
avian and mammalian cells and in particular avian erythrocytes 
and avian and mammalian skeletal muscle. We have also shown 
that HSP 25 exists in substantial amounts in skeletal muscle. 
We have previously described (12) a highly conserved 68,000-
dalton polypeptide that copurifies with intermediate filaments 
from rat spinal cord and neurotubules isolated from brain by two 
cycles of polymerization/ depolymerization but is distinct by pl 
from the 68,000- to 70,000-dalton neurofilament subunit pro
tein (unpublished data). A 68,000- and a 66,000-dalton protein 
also appear to copurify with HeLa microtu&ules after two poly
merization/ depolymerization cycles but do not stoichiometri
cally copurify with tubulin through additional cycles of assembly/ 
disassembly and do not stimulate tubulin polymerization (16). 
Coelectrophoresis of these proteins with mammalian thermin 
and HSP 66 indicates that these proteins are indistinguishable. 
A 68,000-dalton polypeptide is also a component of interme
diate filament-enriched cytoskeletons prepared from a number 
of avian or mammalian cell types grown in tissue culture as well 
as a component of chicken skeletal myofibrils . By one-dimen
sional peptide mapping, pl , and electrophoretic mobility, ther
min A and the 68,000-dalton polypeptide are the same protein 
(12). In particular, both thermin A and thermin B are compo
nents of chicken skeletal myofibrils . The association of thermin 
with myofibrils, microtubules, and intermediate filaments is 
suggestive of a cytoskeletal role for this protein . 

Methylation ofHSP. Under normal growth conditions, ther
mins A and Band HSP 83 of avian cells are methylated but HSP 
25 is not. Induction of the synthesis of these proteins results in 
a dramatic increase in the methylation ofthermins A and B. The 
level of methylation of HSP 83 in induced cells is similar to that 
found in uninduced cells. Inhibition of the induced methylation 
of thermin when translation of the induced proteins is inhibited 
argues that the methylation of therm ins A and B after arsenite 
induction is specific for the newly synthesized polypeptides. 
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This argument is strengthened by the observation that, under 
these conditions, the normal level of methylation of thermin is 
not inhibited. On the other hand, the high levels of methylated 
HSP 83 in untreated cells and the rather low induction of this 
protein in cells treated with arsenite may obscure the detection 
of the methylation of newly synthesized HSP 83. The function 
of protein methylation in eukaryotic cells remains largely un
known (for review, see ref. 17). In bacterial chemotaxis, meth
ylation and demethylation of glutamyl residues of a small num
ber of proteins has been shown to be a key factor in the process 
of adaptation to new chemical environments. Each methyl ac
ceptor protein is resolved into multiple species by high-reso
lution one- and two-dimensional gel electrophoresis, and each 
species differs in the number of methyl groups per polypeptide 
chain (18, 19). Thermin and HSP 83 are also resolved into mul
tiple isoelectric variants, all of which appear to be methylated. 
Whether this heterogeneity is due to different degrees or sites 
of methylation remains to be elucidated. Nevertheless , even 
though many aspects of this system are still unknown, the meth
ylation ofHSPs provides us with a rapidly inducible methylation 
system in eukaryotic cells and thus an experimental avenue for 
determining the function of these proteins and the regulation 
of their induction. 
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Exposure of chicken embryonic fibroblasts to 25-50 
p.M sodium arsenite or to heat shock results in the 
elevated synthesis of several polypeptides which can 
be resolved by two-dimensional isoelectric focusing/ 
sodium dodecyl sulfate gel electrophoresis. Three of 
these polypeptides (one with a molecular weight of 
83,000 and two with a molecular weight of 68,000 but 
different isoelectric points) are methylated in vivo 
(Wang, C., Gomer, R.H., and Lazarides, E. (1981) Proc. 
Natl Acad. Sci. U. S. A. 78, 3531-3535). 

In this work, heat shock proteins were labeled in vivo 
by incubating cultured fibroblasts in L-[methyl-3H]me
thionine. Using a combination of amino acid analysis 
and thin layer chromatography, we show that lysyl 
residues are the predominant methylation site(s) of the 
83,000 polypeptide and that both lysyl and arginyl res
idues are methylated in the 68,000 polypeptides A and 
B. In all cases, the major methylated lysine species is 
E-N-trimethyl lysine. The major arginine species is H°
monomethyl arginine. 

The stoichiometry of the methylation was determined 
in similar experiments using proteins isolated from 
cells cultured in the presence of both L-[3H]leucine and 
L-[methyl-3H]-L-methionine. It is estimated that each of 
the three polypeptides contain one to three methylated 
lysine residues per molecule. In addition, there are one 
to two N°-monomethyl arginines peF molecule of both 
68,000 polypeptide A and 68,000 polypeptide B. 

Cells labeled with [methyl-3H]methionine in the pres
ence of protein synthesis inhibitors incorporate less 
than 1 % of the methyl groups incorporated by cells 
labeled in the absence of inhibitors. We conclude that 
methylation at basic amino acid residues occurs during 
or very soon after translation of the polypeptides. In 
addition, there is little turnover of the methyl groups 
in vivo. Pulse-chase experiments provide a minimum 
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estimate of the average half-life of methyl groups of 
65 h. 

Brief exposure of Drosophila tissue or cultured cells to 
elevated temperature induces a profound change in their 
pattern of protein synthesis. The translation of normal cellular 
protein is suppressed, and the synthesis of a new class of 
proteins, known as "heat shock proteins," is greatly enhanced 
(Ref. I; for a review, see Ref. 2). The major heat shock proteins 
fall into several size classes with molecular weights of 20,000 
to 35,000, 65,000 to 70,000, and 80,000 to 100,000. Since 
shocked cells are less susceptible to the effect of further heat 
treatment, it has been suggested that the function of these 
proteins is to confer resistance to further lethal heat shock 
(3). A similar set of polypeptides is induced when many kinds 
of avian and mammalian cells are exposed to heat shock or 
incubated with various other agents, including chelators, cer
tain transition metal ions, sodium arsenite, as well as amino 
acid analogues (4-7) . We have presented preliminary evidence 
that three of these species, the 83K 1 polypeptide and the 68K 
polypeptides A and B, are methylated both in normal growing 
cells and in cells treated with sodium arsenite (7) . All three 
polypeptides incorporate radioactivity from [methyl- 3H]me
thionine, but not from [30S]methionine, under conditions in 
which protein synthesis is inhibited. Since incorporation is 
blocked by inhibitors of S-adenosyl-L-methionine-dependent 
methyl transferases, we postulated that all three polypeptides 
contained methylated amino acids. However, the chemical 
nature of the methylated amino acid residues was not identi
fied, and the stoichiometries of the methylation reactions were 
not determined. 

Post-translational methylation of several amino acid resi
dues in proteins has been well documented, and in some cases, 
a well defined function has been suggested. For example, the 
formation and hydrolysis of glumatic acid y-methyl esters on 
amino acid chemoreceptors is thought to be involved in the 
adaptation response of bacterial chemotaxis in Escherichia 
coli and Salmonella typhimurium (8, 9). Aspartic acid has 
been identified as an in vivo site of reversible methylation in 
human erythrocyte cytoskeletal and membrane proteins (10, 
11), but the function of these reactions has not yet been 
established. Basic amino acid residues, such as histidine, ly
sine, and arginine can also be methylated in vivo (for a review, 
see Ref. lZ), but in most cases the methylation is irreversible. 
The most well studied case involves the methylation of fungal 

1 The abbreviations used are: 83K, 68K, etc., 83,000-dalton, 68,000-
dalton, etc.; SOS, sodium dodecyl sulfate; TPCK, L-l-tosylarnido-2-
phenylethyl chloromethyl ketone. 
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cytochrome c which may facilitate the binding of cytochrome 
c to mitochondria (13-15). 

Because methylation may play a functional role in the heat 
shock response (7) , the chemistry and reversibility of the 
methylation reaction may be important. In this communica
tion we report that the sodium arsenite-inducible 83K poly
peptide as well as 68K polypeptides A and B are methylated 
stoichiometrically at one or more lysine residue(s), while the 
68K polypeptides A and B are also methylated stoichiomet
rically at arginyl residues. Methylation reactions occur during 
or soon after polypeptide synthesis and appear to be irrevers
ible. 

EXPERIMENTAL PROCEDURES 

Materials-Minimal essential medium, antibiotics, and horse se
rum were obtained from Gibco Laboratories. L-[Methyl-"H]methio
nine (80 Ci/mmol) and L-[3,4,5-' H)leucine (122 Ci/mmol) were New 
England Nuclear products. Cycloheximide, chloramphenicol, and 
N G,N •G-dimethyl arginine were from Sigma. E-N-Monomethyl lysine 
and <-N-dimethyl lysine were obtained from Vega Biochemicals. <-N
Trirnethyl lysine oxalate and ~-monomethyl arginine were pur
chased from Calbiochem. Trypsin III-TPCK was from Worthington. 

Cell Cultures-Chicken embryonic fibroblasts were prepared as 
described (16) . Fibroblasts were grown in Eagle's minimal essential 
medium supplemented with 10% horse serum, 2% chicken embryo 
extract, and antibiotics. Primary muscle cultures were first plated on 
collagenized, Falcon dishes in minimal essential medium with 15% 
horse serum, 5% embryo extract, and antibiotics. They were then 
maintained in the same medium as fibroblast cultures. 

Two-dimensional Isoelectric Focusing/ SDS Polyacrylamide Gel 
Electrophoresis-Two-dimensional gel electrophoresis was carried 
out by the method of O'Farrell ( 17) with modifications as previously 
described (18) . Cell pellets dissolved in a small volume of 0.1% SDS 
were placed briefly in a boiling water bath and then diluted in 
isoelectric focusing sample solution (9 M urea, 2% NP40, l % 2-mer
captoethanol) . After electrophoresis, the gels were stained overnight 
in 0.1% Coomassie brilliant blue, 47.5% ethanol, 10% acetic acid and 
destained in 12.5% ethanol and 5% acetic acid. 

Sample Preparation for Analysis of Methylated Amino Acids
Confluent 100-mm plates containing 5-10 x 106 chicken embryonic 
fibroblasts or primary muscle culture cells were first incubated in 25 
or 50 µM sodium arsenite for 4 h at 37 °C to induce the heat shock 
proteins. The plates were then rinsed three times in methionine-free 
minimal essential medium, and after a 30-min incubation in the same 
medium at 37 °C, cycloheximide, chloramphenicol, and sodium arse
nite were added to final concentrations of 100 P,g/ ml, 40 µg/ ml, and 25 
µM, respectively. The incubation was allowed to proceed for 45 min at 
37 °C, and then L-[ methyl-3H)methionine was added to a final con
centration of0.125 µM (10 µCi/ml) in a total volume of 3 ml. Incubation 
with L-[methy/-3H)methionine was continued for 4 h. 

Alternatively, after sodium arsenite treatment, the cells were 
washed three times with methionine- and leucine-free minimal essen
tial medium, and then L-[methyl-3H)methionine, L-(3,4,5-' H]leucine, 
and sodium arsenite were added to final concentrations of 0.375 µM 
(30 µCi/ml), 0.25 µM (30 µCi/ml), and 25 µM, respectively, in a total 
volume of 3 ml. The incubation was allowed to continue for 4 h. The 
cells were then washed with cold phosphate-buffered saline and were 
collected in the same buffer with a rubber policeman. After centrifu
gation, the cell pellet (approximately 10 µI in volume) was mixed with 
20 µI of 0.1% SDS, heated at 100 °C for l min, and then dissolved in 
isoelectric focusing sample buffer for two-dimensional gel electropho
resis. After staining and destaining, Coomassie-stained spots corre
sponding to the 83K polypeptide and 68K polypeptides A and B were 
cut out of acrylamide gels and rinsed briefly with double distilled 
water. The polypeptides were eluted directly from the acrylamide 
slices with 0.1% SDS in 100 mM NH.HCO, at room temperature 
overnight. Alternatively, the slices were washed extensively with 10% 
ethanol, dehydrated with 95% ethanol, lyophilized, and the dried gel 
slices were digested with trypsin as described (19) . After lyophiliza
tion, the eluted proteins or peptides were hydrolyzed with 6 N HCl at 
108 °C for 24 h in evacuated sealed tubes. The HCI was then removed 
under reduced pressure at 50 °C, and the methylated amino acids in 
the residue were identified either by ion exchange column chroma
tography or by thin layer chromatography. 

Ion Exchange Chromatography-The dried amino acid residue 

was resuspended in a small volume of 0.2 N sodium citrate buffer at 
pH 2.2. Radioactive samples, containing several thousand counts per 
min, were mixed with amino acid standards (approximately 0.4 µmol 
of each amino acid) and were applied to a column (0.9 x 30 cm) of 
sulfonated 8% cross-linked polystyrene amino acid analysis resin 
(Durrum type DC-6A) which was equilibrated at 28 °C with sodium 
citrate buffer, 0.35 N Na+, pH 5.69. The column was eluted with the 
same buffer at 28 °C at a flow rate of 30 ml/ h. Alternatively, the 
samples were applied to a short column (0.9 x 10 cm) of Beckman 
PA-35 amino acid analysis resin which was equilibrated with sodium 
citrate buffer (0.35 N Na+, pH 5.28) and then eluted with the same 
buffer at 56 °C at a flow rate of 67 ml/h. Fractions were analyzed for 
radioactivity by liquid scintillation counting in 7 to 10 volumes of 
AquaMix (West Chem Products) and for amino acids by reaction 
with ninhydrin as described (20). 

The peaks eluted from the resin were desalted prior to thin layer 
chromatography by passing the sample through a small column of 
Dowex AG 50W-X4 (Bio-Rad Laboratories, NH,• form) which had 
been prewashed with double distilled water. After washing the column 
extensively with double distilled water, the 3H-radioactivity was 
eluted with 3 N NH.OH and was lyophilized. Alternatively, the 
method of Dreze et al. was employed (21). Briefly, the sample was 
applied to a Dowex AG 50W-X4 column (H• form) , and the column 
was washed with 20 volumes of 0.5 N HCI. Methylated basic amino 
acids were eluted with 4 N HCI and lyophilized. 

Thin Layer Chromatography-The salt-free dry amino acid resi
due was dissolved in a small volume of double distilled water, spotted 
on cellulose than layer chromatogram sheets (Eastman), and allowed 
to develop in pyridine/ acetone/ NH.OH/ H,O (15:9:1.5:6). A set of 
amino acid standards was chromatographed as a mixture with the 
radioactive samples or in parallel with the samples. Amino acids were 
detected by spraying the sheets with 1 % ninhydrin in acetone and 
letting them develop at room temperature for 30 min. Sections of the 
cellulose thin layer (0.5-0.8 cm) were removed from the plates, 
incubated in 0.5 to 1.0 ml of NCS tissue solubilizer (Amersham Corp.) 
containing 10% water, and counted in 5 ml of OCS scintilla tion fluid 
(Amersham Corp.). 

RESULTS 

Stability of Methylated Residues on Heat Shock Proteins
In a previous study we demonstrated that radioactivity from 
L-[methyl-3H]methionine was readily incorporated by cells 
into heat shock proteins under conditions where protein syn
thesis was inhibited by cycloheximide and chloramphenicol 
(7). When similarly labeled proteins were hydrolyzed for 24 h 
at 108 °C in 6 M HCl in vacuo and the volatile components 
were removed by flash evaporation, 80-92% of the radioactiv
ity was recovered in the residue fraction. Under these condi
tions, protein carboxyl [3H]methyl esters hydrolyze to form 
volatile [3H]methanol. It is thus possible to place an upper 
limit of 8-20% on the contribution of [3H]methylated aspartyl 
(11) and glutamyl (22, 23) residues to this preparation. How
ever, when fibroblast proteins were electrophoresed at pH 2.4 
(10), conditions under which methyl ester hydrolysis does not 
occur, no base-labile radioactivity was found associated with 
the heat shock polypeptides, suggesting that methyl esters are 
not present. Since the majority of the radioactivity was acid
stable, we investigated the incorporation of the radioactivity 
into basic amino acids. 

Identification of Methylated Amino Acids After Acid Hy
drolysis-Fig. 1 shows the elution profiles of the hydrolyzed 
68K polypeptides A and B and the 83K polypeptide from an 
ion exchange resin capable of resolving methylated basic 
amino acids. Three peaks (I, II, III) of 3H-radioactivity were 
detected in the 68K polypeptides A and B, while two peaks 
were observed with the 83K polypeptides. Peak I coeluted 
with the acidic and neutral amino acid fraction and may 
include some L-[methyl-3H]methionine which was incorpo
rated into protein. Peak II was located between the elution 
positions of lysine and histidine, while peak III eluted shortly 
before arginine. Standards of mono-, di-, and tri-£-N-methyl
ated lysines applied to the column with the 68K polypeptide 
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FIG. l. Ion exchange chromatography of hydrolyzed ['H] 
methylated chicken fihrobla8t heat shock proteins. Acid hy
drolysates were prepared from trypsin-eluted polypeptides which 
were labeled in the presence of protein synthesis inhibitors and 
chromatographed on a 30-cm column as described under "Experi
mental Procedures." Fractions (6-10 min; 3-5 ml) were collected; an 
aliquot of LO ml was analyzed for radioactivity, and an aliquot of 0.4 
ml was analyzed for amino acid content by reaction with ninhydrin. 
Top, hydrolysate of the 68K polypeptide A was mixed with amino 
acid standards including •-mono-, di-, and trimethyl lysines. Middle, 
hydrolysate of 68K polypeptide B without additional amino acid 
standards. The amount of radioactivity in the peak III region was 
variable but always less than 5% of the total radioactivity. This 
material may originate from a amall amount of contaminating 68K 
polypeptide A in this preparation. Bottom, hydrolysates of the 83K 
polypeptide were chromatographed without additional amino acid 
standards. 

A hydrolysate coeluted with peak II, suggesting that the 
radioactivity in peak II was in the form of methylated lysines. 
Comparison of the elution profile of 3H-radioactivity obtained 
here with that previously shown to occur with methylated 
amino acids under nearly identical conditions (24, 25) suggests 
that the peak III may be either ~.N'G·dimethyl arginine or 
N G-monomethyl arginine. 

The total recovery into identifiable peaks of the radioactiv
ity applied to the column varied from 50 to 90%. Similarly, 
the proportions of 3H-radioactivity associated with each peak 
varied slightly in different preparations. However, peak I has 
never exceeded 15% of the total counts per min applied to the 
column. Peak II accounts for 50% of the total counts per min 
for 68K polypeptide A, 50 to 75% for the 68K polypeptide B, 
and 50-75% for the 83K polypeptide. Approximately 30% of 

TABLE I 
Recovery of 3H-methylated residues on amine acid analysis 

Peak 

I (unidentified neutral and 
acidic amino acids) 

II (methyl lysines) 
III (Nc·monomethyl arginine) 

Total recovery 

150 

100 

50 
Origin 

25 I 

E o 
c. 
() 

~ 290 

100 

75 

50 

TML MML 
0 0 

TML MML 
0 0 

'H-radioactivity applied to column 

68K poly- 68K poly- 83K poly-
peptide A peptide B peptide 

% 
5 6 13 

49 47 54 
33 4 0 

87 57 67 

OML = 
68K Polypeptide A 

OML 
0 

Solvent 
Front 

I 

68K Polypeptide B 

OML 
0 

83K Polypeptide 

Front 

I 

Front 

I 
olL-'-.L...L-t..:::::;:'..........l_.'.:::i:::::::t:::J::::r:::::::::::::J::::c:.J 

4 6 8 10 12 14 

Migration from Origin (cm) 

FIG. 2. Thin layer chromatography of methylated amino 
acids. The acid hydrolysates of (lop) 68K polypeptide A, (middle) 
68K polypeptide B, and (bottom) 83K polypeptide were applied to 
cellulose thin layer chromatogram sheets and developed in pyridine/ 
acetone/ NH.OH/ H20 (15:9:1.5:6). E-N-Monomethyl lysine (MML) , 
•-N-dimethyl lysine (DML), and •-N-trimethyl lysine (TML) were 
run in parallel. 
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the total counts per min of 68K polypeptide A and less than 
5% of 68K polypeptide B were recovered in peak III. Table I 
swnmarizes the calculated percentages of the various peaks 
corresponding to the elution profiles depicted in Fig. 1 for 
these polypeptides. 

Confirmation of Basic Amino Acid Assignments by Thin 
Layer Chromatography-When the hydrolysates of the three 
proteins were analyzed by thin layer chromatography in 1-
butanol/acetic acid/H20 (4:1:1), a solvent system which pro
vides good resolution of unmodified amino acids but poor 
resolution of the various methylated lysines and arginines, 
virtually all of the 3H-radioactivity in each hydrolysate was 
recovered as a peak which comigrated with the methylated 
lysines and/ or arginines (data not shown) . A second solvent 
system ofpyridine/acetone/NH.OH/ H20 (15:9:1.5:6) was uti
lized to further characterize the methylated basic amino acids. 
This system effectively resolves the various methylated ly
sines, but it provides poor resolution of E-N-monomethyl 
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FIG. 3. Methylated lysine species in 68K polypeptide A. Each 
fraction of peak II (Fig. 1) was separately desalted and developed by 
cellulose thin layer chromatography as in Fig. 2. MML, E-N-mono
methyl lysine; DML, E-N-dimethyl lysine; TML, E-N-trimethyl lysine. 

lysine from the methylated arginine species. Here, the hy
drolysates of the polypeptides A and B gave similar chromat
ographic profiles (Fig. 2, top and middle) . The major peak of 
radioactivity comigrated with an E-N-trimethyl lysine stan
dard. Only one distinct peak comigrating with E-N-trimethyl 
lysine was observed with the 83K polypeptide (Fig. 2, bottom). 

To confirm these assignments, a combination of ion ex
change and thin layer chromatography was adopted. Each 
fraction of peaks II and III of the amino acid analysis column 
was separately desalted, spotted on thin layer chromatogram 
sheets, and developed in the pyridine solvent system. Fig. 3 
shows the elution profile of the methylated lysine peak of the 
68K polypeptide A hydrolysate; indentical results were ob
tained for 68K polypeptide B. In both cases, all three substi
tuted lysines were present and were eluted in the order of•
N-monomethyl-, e-N-dimethyl-, and e-N-trimethyl lysine. 
Nearly 80% of the total 3H-radioactivity in peak II is contrib
uted by e-N-trimethyl lysine, while the remaining radioactiv
ity was recovered as e-N-monomethyl lysine and e-N-di
methyl lysine (Table II) . 

When samples of peak III material were desalted and ana
lyzed by thin layer chromatography as above, the radioactivity 
comigrated with a standard of NG -monomethyl arginine and 
was well resolved from ~.N'G-dimethyl arginine (Fig. 4). 

Methylation Stoichiometry in the Presence and Absence of 
Protein Synthesis Inhibitors-We have previously observed 

TABLE II 
Distribution of methylated lysine residues on heat shock proteins 
The percentage of each methylated lysine species was determined 

by thin layer chromatography of desalted peak II material (68K 
polypeptides A and B; see Fig. 3) or the amino acid hydrolysate (83K 
polypeptide; see Fig. 2). 

68K poly- 68K poly- 83K poly-
peptide A peptide B peptide 

(+)• H (+) H (+) H 

MML• 3% 7% 8% 9% 6% 21% 
DML• 17% 31% 15% 9% 13% 21% 
TML• 80% 62% 77% 82% 81% 57% 

Average methyl groups/ 2.6 2.3 2.4 2.5 2.5 2.0 
site" 

•(+),with protein synthesis inhibitors; (-),without protein syn
thesis inhibitors. 

• MML, <-N-monomethyl lysine, DML, <-N-dimethyl lysine; TML, 
E-N-trimethyl lysine. 

'The specific activities of DML and TML are assumed to be 2 and 
3 times, respectively, that of MML. 
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FIG. 4. Thin layer chromatography of methylated arginine 
species in 68K polypeptide A. Fractions of peak III (Fig. 1) were 
desalted and developed in cellulose thin layer chromatograms as in 
Fig. 2. The sample was mixed with both Nc,N'"-dimethyl arginine 
(DMA) and Nc-monomethyl arginine (MMA) before chromatogra
phy. Radioactivity is given in counts per min; the background radio
activity of 15 cpm was not subtracted. 
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that both the rates of synthesis and methylation of the heat 
shock proteins increase upon sodium arsenite treatment of 
cultured fibroblasts (7), but the stoichiometries of the meth
ylation reactions were not determined. These experiments 
could detect protein methylation only in the presence of 
protein synthesis inhibitors. Under these conditions, we cal
culate that less than 1% of each polypeptide became methyl
ated during the labeling period (Table III). 

On the other hand, significant error could enter into these 
calculations if methylation was very closely coupled to protein 
synthesis and the methyl groups were metabolically stable. In 
this case, we would be measuring methyl group incorporation 
into the few sites on newly synthesized proteins which re
mained unmodified for at least 30 min after synthesis and into 
unoccupied sites resulting from methyl group turnover. 

Therefore, in order to calculate more accurately the stoi
chiometries of the methylation reactions, it was necessary to 
label the methyl groups in the absence of protein synthesis 
inhibitors. In this protocol, cultures were labeled simultane-

TABLE III 
Substoichiometric protein methylation in the presence of protein 

synthesis inhibitors 
68K polypeptides 83K polypeptides 

Control Induced Control Induced 

Methyl groups incorpo- 0.88 
rated per cell (xlO- ')" 

Estimated number of 5.2 
molecules/ cell 
(xl0- 6 ) ' 

Calculated methyl 0.0017 
groups incorporated 
per molecule 

6.6, 5.2• 0.54 0.68, 0.48 

12.0, 12.0 3.1 3.2, 2.9 

0.0055, 0.0017 0.0021, 
0.0043 0.0017 

a Estimated from radioactivity incorporated into the appropriate 
polypeptide band on one-dimensional gels after 4 h of incubation with 
[methy/-3H]methionine. Corrections were made for counting effi
ciency (30%). It was assumed that the specific activities of the methyl 
donor S-adenosyl-[methyl-3H]methionine were the same as that of 
the [methyl-3H]methionine added (80 Ci/mmol). The number of cells 
was determined by direct counting in a hemacytometer after the 
release of the cells from the plates with trypsin. 

• Values from two separate experiments are shown. 
' Estimated from densitometric traces of the specific polypeptide 

band on Coomassie-stained one-dimensional gels, using averaged 
values for standards of phosphorylase and bovine serum albumin. 

TABLE IV 
Estimated stoichiometri.es of the methylation reactions 

Estimates were made by assuming that (i) the mole per cent of 
Leu and Met equal 9.3 and 1.7% for 68K A, 3 and 1.7% for 68K B, and 
7.4 and 1.5% for 83K. The amino acid compositions of the 68K 
polypeptides A and B were determined directly by conventional 
amino acid analysis. The values for 83K are average values for 
proteins described in reference 26. (ii) The total number of amino acid 
residues is 635 for the 68K polypeptides and 776 for the 83K polypep
tides. (iii) The specific activity of the intracellular S-adenosylmethi
onine is the same as that of the [methyl-3H]methionine in the incu
bation medium, and the specific activity of intracellular leucine is the 
same as that of the [3H]leucine in the incubation medium. 

68K A 68K B 83K 

Con· In· Con· In- Con- In-
tro! duced trol duced trol duced 

Lysyl methyl groups per 2. 7 4.3 0.4 3.3 5.2 9.0 
polypeptide chain" 2.4 2.4 0.54 5.9 

Arginyl methyl groups 2.3 
per polypeptide chain" 

1.4 
1.7 

0.2 
1.0 

a Values given from two separate experiments. 

0.5 0 0 

ously with [3H]leucine and [methyl-3H]methionine, and la
beled amino acid extracts were prepared and chromato
graphed as described. The number of methylated amino acids 
in each polypeptide was normalized to the number of leucine 
residues incorporated during the culture period. Leucine was 
chosen as the standard since the mole fraction of leucine has 
been estimated for the 68K polypeptides and because it is 
several-fold more prevalent than methionine in proteins (26) , 
which would also become labeled in this protocol. In addition. 
leucine is less susceptible to destruction during preparation of 
samples for chromatography. Chromatography was performed 
using a shorter column than in the previous experiments. 
Although the resolution is reduced, methylated lysines and 
arginines are well resolved from each other and from the 
neutral amino acid fraction, which contains methionine and 
leucine. The methylated amino acids in each peak were fur
ther characterized by thin layer chromatography using the 
pyridine system. Qualitatively, the chromatographic profiles 
obtained using this protocol are similar to those shown in 
Figs. 1-4. The only significant difference is that a methylated 
arginine residue, which has been identified as Nc-monomethyl 
arginine by thin layer chromatography, is now more promi
nent in the 68K polypeptide B. Table II compares the distri
bution of the methylated lysine species observed in this pro
tocol with that obtained in the previous protocol. Again, all 
three variants are present, but there appears to be slightly 
more of the mono- and dimethyl forms. 

Table IV shows that calculated values for the number of 
lysyl and arginyl methyl groups in each 68K A, 68K B, and 
83K polypeptide. Since lysyl residues are methylated to 
mono-, di-, and trimethyl derivatives, the total number of 
modified lysyl residues in each polypeptide can be calculated 
from the data in Table IV and the frequencies of the various 
methyl lysine species given in Table II. On the other hand, 
only the monomethyl arginyl derivative is found in the 68K 
polypeptides. Here, the number of methylated residues is 
equal to the number of methyl groups in each polypeptide 
chain. We calculated that following heat shock, about 1.4 
methylated lysyl residues and 1.6 methylated arginyl residues 
are present in each 68K polypeptide A. Similarly, 1.4 meth
ylated lysyl residues and 0.5 methylated arginyl residues are 
present in each 68K polypeptide B. Each 83K polypeptide 
contains 4.5 methylated lysyl residues but no methylated 
arginyl residues. Comparing the stoichiometric incorporation 
of methyl groups under these conditions with the substoichi
ometric incorporation where protein synthesis is inhibited 
(Table III), we conclude that methylation occurs during or 
very shortly after the ribosomal synthesis of these proteins. 

Turnover of Methyl Groups in Vivo-A number of pulse
chase experiments were conducted to determine directly the 
stability of methyl groups in vivo. In these experiments, 
cultures were first labeled with [35S]methionine to label the 
polypeptide backbone, and they were then thoroughly washed 
with medium containing protein synthesis inhibitors before a 
second 4-h labeling period with L-[methyl-3H]methionine in 
the presence of chloramphenicol and cyycloheximide. After 
several additional washings, the ratio of 3H/ 35S radioactivity 
was monitored as the cultures were incubated in the standard 
culture medium which contains 0.1 mM methionine. No 
change in this ratio was detected over a 10-h period. Assuming 
that we could detect a 10% decrease in the 3H/ 35S ratio, this 
indicates that the average half-life of methyl groups covalently 
linked to basic amino acid residues is at least 65 h. 

DISCUSSION 

Exposure of chicken embryonic myogenic cultures to so
dium arsenite results in the increased expression of the same 



55 

Methylation of Fibroblast Heat Shock Proteins 8361 

group of proteins which are induced by heat shock. Although 
the functions of these proteins are unknown, it has been 
possible to obtain structural information on these species 
which may be relevant to their physiological role. One of these 
polypeptides with a molecular weight of 83,000 and two others 
with molecular weights of 68,000 (referred to as 68K poly
peptide A and 68K polypeptide B according to their respective 
acidity on isoelectric focusing gels) are methylated proteins 
(7). Here we have shown that lysine is the predominant 
methylated amino acid obtained from acid hydrolysates of the 
83K polypeptide and 68K polypeptides A and B. Most of the 
methylated lysine is in the form of E-N-trimethyl lysine, but 
there are contributions from E-N-monomethyl lysine and E
N-dimethyl lysine as well. The 68K polypeptides A and B 
were also found to contain a methylated arginine species, 
which has been identified as NG-monomethyl arginine. This 
species was not detected in the 83K polypeptide. 

From the data in Table IV, it is clear that each polypeptide 
contains multiple methylation sites. The 68K polypeptides A 
and B in induced cells each contain both NG-monomethyl 
arginine and methylated lysine, indicating the presence of at 
least two methylation sites. If the assumptions involved in our 
quantitation of the methylation sites are correct, both 68K 
polypeptides contain at least one additional lysyl site as well. 
Similarly, -Our calculations suggest that there are several lysyl 
methylation sites on the 83K polypeptide. 

These data provide a minimum estimate of the methylation 
sites on the three polypeptides. In the absence of peptide 
analysis, it is not possible to determine the precise number of 
sites and their degree of saturation. An additional complica
tion is the possibility that a specific lysine residue may be 
modified to mono-, di-, or trimethyl lysine. It has been shown, 
for example, that a single enzyme purified from Neurospora 
catalyzes the stepwise methylation of a specific lysine residue 
of cytochrome c (27). Protein lysyl methyltransferases are 
widely distributed in mammalian (28, 29) and avian (30) 
tissues. The substrate specificities of these latter enzymes 
appear distinct from that of the fungal one, and it is not clear 
if the avian enzymes catalyze the stepwise addition of methyl 
groups to lysine residues. 

The limited extent of the methylation reactions in the 
presence of protein synthesis inhibitors, in contrast to the 
stoichiometric methylation observed in the absence of protein 
synthesis inhibitors, is caused by the close coupling of meth
ylation to protein synthesis and by the absence of appreciable 
methyl group turnover (t1;2 > 65 h) . Methylation must occur 
either co-translationally or very shortly after completion of 
the polypeptide, since the proteins are not substrates for the 
methyltransferase(s) 30 min after their synthesis. The reason 
why methylation occurs at all in the presence of protein 
synthesis inhibitors is unclear. Conceivably, we could be ob
serving only the final stage of the methylation process begun 
during synthesis of the proteins. Alternatively, we could be 
measuring remethylation at residues which had become de
methylated. In support of this latter possibility, we have 
observed that the rate of methylation in the presence of 
protein synthesis inhibitors is constant for at least 6 h after 
induction (data not shown), a finding more consistent with 
remethylation than with methylation representing the final 
stages of an initial methylation process. We find it less likely 
that methyl group incorporation is due to leaky protein syn
thesis, since we detect only small amounts of radioactive 
methionine in the protein hydrolysates (peak I in Fig. 1). 

In several respects, the methylation of heat shock proteins 
resembles methylation reactions occurring at basic amino acid 
residues in other proteins. It has been reported that basic 
amino acid methylation of myosin (31), rat heart proteins (32), 

and yeast cytochrome c (15) is strongly inhibited by cyclohex
imide and, therefore, is closely coupled to protein synthesis. 
ln the case of myosin, methylated amino acids are present in 
the nascent polypeptides present on the polysomes, but meth
ylation can occur on completed proteins as well (31). The 
HeLa cell ribosomal proteins show site-specific differences in 
their abilities to serve as methyl acceptors in the presence of 
cycloheximide (33), but it is not clear if these methylations 
are a manifestation of methyl group turnover, which is a very 
slow process (34). Similarly, histone methylation is thought to 
be virtually irreversible, since the half-lives of the methyl 
lysine and methyl arginine residues in histones are the same 
as those of the histones themselves (35). 

The functional significance of heat shock protein methyla
tion remains elusive. From the data presented here, it is clear 
that methylation occurs at several sites. The extent of meth
ylation appears to vary after sodium arsenite treatment in 
several instances (Table IV). With the exception of lysyl 
methylation on the 68K B polypeptide, these changes are 
small. Further studies of the kinetics of protein synthesis, 
methylation, and demethylation, as well as methionine utili
zation will be required to establish any causal link between 
methylation and heat shock. 
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Chapter 5 

Arsenite-lnduced Changes in the Methylation of the 

70,000 Dalton Heat Shock Proteins in 

Chicken Embryonic Fibroblasts 
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Abstract 

Methylated lysyl and arginyl residues are present in the two major heat shock 

proteins, hsp70A and hsp70B, of chicken embryonic fibroblasts (Wang, C., Lazarides, 

E., O'Connor, C. M., and Clarke, S. (1982) i!_. Biol. Chem. 257, 8356-8362). Here, 

we present evidence that several methylated and unmethylated forms of hsp70 exist 

in chicken embryonic fibroblasts, and that the ratio of these forms can be modulated 

by sodium arsenite, a chemical that induces the synthesis of hsp70 at least fivefold. 

In particular, in hsp70A the amount of E-N-trimethyl-lysine decreases and E-N-dimethyl

lysine significantly increases, while in hsp70B the quantity of NG-monomethyl-arginine 

is reduced by fivefold after sodium arsenite treatment. The total cellular level 

of methY,lated proteins was determined by amino acid analysis. Approximately 0.06 mole 

of methyl groups is incorporated into basic amino acids for every mole methionine 

· incorporated in total cellular protein. After arsenite treatment, no significant changes 

in the level of lysine or arginine methylation are observed in total cellular proteins. 

Arsenite-induced changes in methylation, therefore, appear to be specific for the 

hsp70 polypeptides. 
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Introduction 

Exposure of Drosophila melanogaster, chicken and mammalian tissue or cultured 

cells to temperatures higher than their normal growth temperature results in a profound 

change in protein synthesis (2-5; for a review, see 1). Under these conditions the 

translation of normal cellular proteins is suppressed, and the synthesis of a new 

class of proteins, known as "heat shock proteins," is enhanced. A similar set of polypeptides 

is induced upon exposure of cells to sodium arsenite and some other agents (4,6, 7). 

In Drosophila, the change in protein synthesis after induction is regulated at both 

the transcriptional and translational level (1,8,9). Despite efforts for the analysis 

of the genes coding for these proteins in Drosophila, the function of heat shock proteins 

is not well understood. Evidence has been presented that a non-lethal pretreatment 

at elev~ted temperatures or with sodium arsenite, which is sufficient to induce the 

heat shock proteins, increases the chance of survival of the organism or cultured 

cells upon further heat challenge (3,5,10). 

Among all the heat shock proteins, a polypeptide(s) of an approximate molecular 

weight of 70,000 (hsp70) is the most commonly induced species. In chicken fibroblasts 

the molecular weight of these polypeptides has been measured as 68,0001 (7 ,11,12). 

Hsp70 of chicken embryonic fibroblasts is composed of two different major polypeptides 

which are synthesized under normal growth conditions and whose rate of synthesis 

increases five to tenfold after arsenite treatment. We have previously demonstrated 

that both of the hsp70 variants are methylated, presumably by a S-adenosyl-L-methionine 

dependent methyl transf erase (7). The methylated sites have been identified as 

lysyl and arginyl residues, and their methylation appears to be irreversible and coupled 

to the synthesis of these proteins (11). In this report, we present evidence which 

indicates that several stably methylated forms of hsp70 exist in the cell and that 

the methylation of hsp70 changes after sodium arsenite treatment. The intracellular 

AdoMet2 pool size and the total cellular protein methylation remain unchanged 
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after arsenite treatment, suggesting that the changes in hsp70 methylation are specific 

for these two polypeptides. 

EXPERIMENT AL PROCEDURF.S 

Cell Cultures-Chicken embryonic fibroblasts were isolated from 10-12-day-

old chicken embryonic leg muscle (13). The cells were grown and maintained in 

Dulbecco's modified Eagle's medium (0.2 mM in L-methionine) supplemented with 

10% calf serum, and subcultured at least three times before use to eliminate any 

contaminating muscle cells. 

Isolation of [ 35SJ-adenosyl-L methionine-S-adenosyl-L-methionine (AdoMet) 

was isolated essentially by the method of Glazer and Peale (14). [35SJ-L-methionine 
' 

(New England Nuclear, specific activity 1033.6 Ci/mmole) was added to 60 mm plates 

of confluent chicken embryonic fibroblasts (3.0 2:_ 0.5 x 106 cells) to a final concentration 

of 20 µci/ml in a total volume of 1.5 ml (final specific activity: 100 Ci/mole). 

After incubation for 2 minutes to 5 hours, the cells were rinsed three times with 

ice cold phosphate buffered saline (PBS), and then swollen in 1 ml of 10 mM HCl 

in the presence of 60 nmole of AdoMet (Sigma) added as a carrier. The cells were 

then scraped off the plates, an equal volume of cold 30% trichloroacetic acid (TCA) 

was added, and the suspension was mixed well. The supernatant was collected after 

centrifugation and the pellet was washed twice with 1 ml 5% TCA. All the supernatants 

were pooled together and TCA was subsequently extracted four times with an equal 

volume of ethyl ether. Thereafter, the sample was passed through a SP-Sephadex 

(C-25, Pharmacia) column (lx5 cm) equilibrated with 10 mM HCl. The column was 

washed extensively with 0.2 N HCl until both the OD256 and [35SJ-radioactivity 

of the effluent reached background levels. The AdoMet was eluted immediately 

after addition of 0.5 N HCl, and 3 ml fractions were collected. The recovery of 
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AdoMet was determined by OD256 and the C
35SJ-radioactivity by liquid scintillation 

counting with 10 volumes of Aquasol-2 (New England Nuclear). The purity of the 

r35SJ-AdoMet isolated by this method was further checked by thin layer chromatography, 

using two different solvent systems; n-butanol:acetic acid: H2o (12:3:5) and ethanol:acetic 

acid:H2o (65:1:34). 

Amino Acid Analysis of Cellular Protein After Labeling with [3HJ-L-methionine-

Confluent chicken embyronic fibroblasts were incubated in methionine-free minimal 

essential medium with 0.63 µM [methyl-3H]-L-methionine (50 µCi/ml, New England 

Nuclear, specific activity: 80 Ci/mmole) and with or without 25 µM sodium arsenite 

for 1.5 to 24 hours. After incubation, the plates were rinsed with ice cold PBS, 

the cells were scraped and 100% TCA was added to a final concentration of 15% . 
. 

The pellet was collected by centrifugation, washed twice with 2 ml 5% TCA and 

then twice with ethyl ether. The final pellet was hydrolyzed with 6 N HCl at 108°C 

in an evacuated tube for 24 h. Subsequently, the HCl was removed by evaporation 

under reduced pressure, and the dried residue was resuspended with 0.2 N sodium 

citrate buffer, pH 2.5. It was then applied to an amino acid analysis column (Beckman 

PA-35, 0.9 x 13 cm) equilibrated with sodium citrate buffer (0.35 Nin Na+, pH 5.28). 

The column was operated at 38°C at a flow rate of 67 ml/h with the same buffer, 

and 3 ml fractions were collected. [3H]-radioactivity was determined by liquid 

scintilla ti on counting. 

Analysis of Methylated Basic Amino Acids of hsp70-Confluent 100 mm plates 

of chicken embyronic fibroblasts containing 10 7 cells each were incubated in methionine

free minimal essential medium with 50 µCi/ml [methyl-3H]-L-methionine and 2% 

calf serum for 2.5 to 14 hours with or without 25 µM sodium arsenite. The hsp70 

was isolated by a modification of the two-dimensional gel electrophoresis procedure 

previously described (11). Briefly, the cell pellets first were boiled in 200 µl SDS 

sample buffer (1 % SDS, 1 % 2-mercaptoethanol, 25 mM Tris, pH 7.5) per plate, before 
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the addition of 0.15 to 0.2 g solid urea to each sample. Isoelectric focusing gels 

were prepared without detergent. The Coomassie spots corresponding to hsp70 were 

excised from the gels and washed with 10% ethanol overnight, then dehydrated with 

95% ethanol. After removal of the ethanol, the polypeptides were electrophoretically 

eluted from the gel slices in 100 mM NH4Hco3 and 0.1% SDS2• After lyophilization, 

the polypeptides were hydrolyzed with 6 N HCl and the hydrolysates were analyzed 

by ion exchange chromatography (0.9 x 13 cm Beckman PA-35) as described in the 

previous paragraph. 

Thin Layer Chromatography-Since the conditions adopted for ion exchange 

chromatography cannot resolve the three different methylated lysine species, thin 

layer chromatography was utilized to separate £-N-mono, di- and tri-methyl-lysine. 

Samples were desalted and chromatographed on cellulose thin layer sheets (Eastman 

Kodak, No. 13255), using pyridine:acetone:3 M NH40H (10:6:5) as solvent, as described 

previously (11). Amino acids were detected by spraying with 1 % ninhydrin in acetone. 

Six millimeter-wide cellulose strips were cut perpendicular to the axis of migration 

and scraped into scintillation vials, mixed with 0.5 N HCl (0.5 ml) and allowed to 

sit at room temperature for at least 20 min; finally 10 volumes (5 ml) of Aquasol-

2 scintillation fluid (New England Nuclear) were added and the samples counted. 

RF.SULTS 

Determination of Cellular Pool Size of AdoMet in Control and Arsenite-treated 

cultures-Cells were labeled with [358]-L-methionine as described in "Experimental 

Procedures". S-adenosyl-L-methionine (AdoMet) was isolated from acid extracts 

of cells by SP-Sephadex column chromatography as described by Glazer and Peale 

(14). In the experiments reported here, greater than 70% of the AdoMet standard, 

as assayed by its absorbance at 256 nm, was recovered from the column. The results 

in Figure 1 indicate that [358]-AdoMet is formed rapidly (t112 = 0.4 h) and the 
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Figure 1. Intracellular level of [35s] -AdoMet. [35sl -L-methionine was added extra

cellularly and, at a given time, [35S] -AdoMet was isolated by the method described in 

Experimental Procedure. Each point represents the average of duplicate samples. 

The dpm were determined by counting a set of internal standards. The intracellular 

pooi size (45 pmole/3 x 106 cells) was estimated by assuming that the specific 

activity of intracellular [35S] -AdoMet is identical to the [35s] -L-methionine of the 

medium (100 Ci/mole) when steady state is reached. The concentration (1.5 x 10-5 M 

or 60 nmole/g protein) is calculated by assuming the cell volume is 1 pl (the cell 

volume of CHO-Kl was measured as 1.5 pl (35)) and the total cellular protein of 

chicken fibroblasts was measured by the Lowry method as 250 pg/cell. Open circle 

(0), co'ntrol; closed circle (e), sodium arsenite treated cells; the bar represents the 

range of the duplicate determinations. 
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radioactivity reaches a constant level in approximately 1 hour after [35SJ-L-methionine 

is added extracellularly. In particular, arsenite has little effect on the intracellular 

level of AdoMet (Fig. l); hence, changes in methylation induced by arsenite cannot 

be attributed to changes in AdoMet pool size. 

The purity of the r35SJ-AdoMet isolated from the cells was further verified 

by thin layer chromatography; more than 85% of the r35SJ-radioactivity comigrated 

with the AdoMet standard, although a minor peak of radioactivity also was observed, 

which was more prominent when the chromatogram was developed in ethanol: acetic 

acid:water (65:1:34) rather than in n-butanol:acetic acid:water (12:3:5) (Fig. 2). 

Assuming that the specific activity of AdoMet is the same as that of the methionine, 

the data from Fig. 1 allow us to calculate the intracellular concentration of AdoMet. 

We estimate that 45 pmoles of AdoMet are present in 3 x 106 cells, corresponding 

to a concentration of 1.5 x 10-5 Mor 60 nmole/g of protein. This value of concentration 

of AdoMet in chicken embryonic fibroblasts is similar to the level of AdoMet obtained 

from isolated rat tissue (15). 

[3H]-Radioactivity Incorporated into Basic Amino Acids-Chicken embyronic 

fibroblasts labeled metabolically with [methyl-3H]-L-methionine incorporate [3H]-

radioactivity into polypeptides not only as methionine but also as methyl groups 

through [methyl-3H]-S-adenosyl-L-methionine. The relative amounts of methionine 

and methylated basic amino acid residues can be determined by amino acid analysis 

of the labeled proteins. Table I shows the kinetics of incorporation of radioactivity 

into methyl histidinyl, methyl lysyl and methyl arginyl residues relative to the rate 

of incorporation into methionine. These ratios appear similar for short and long 

labeling times. The incorporation of methyl groups into NG-monomethyl-arginyl 

residues relative to methionine may be slightly reduced after prolonged incubation. 

The smaller ratio at earlier time points may simply reflect the fact that the average 

specific activity of AdoMet is smaller than that of methionine at these time points. 
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Figure 2. Purity of [35s]-AdoMet eluted from Sp-Sephadex. Fractions containing 

[35S]-AdoMet were pooled and, after lyophilization, the dried residues were 

resuspended in double distilled water, spotted on thin layer chromatogram sheets and 

developed in (A) n-butanol:acetic acid:H20 (12:3:5). (!?) ethanol:acetic acid:H20 

(65:1:34). AdoMet was located by spraying with 1 % ninhydrin in acetone. Background 

cpm have not been subtracted. 
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It is also apparent that the relative amount of the three methyl lysine species is 

similar for long and short labeling periods (Table II). 

From the data in Tables I and II, it appears that arsenite has little effect on 

basic amino acid methylation in general, since the frequency of methylated amino 

acids in total cellular protein is not appreciably altered by sodium arsenite treatment. 

In both control and treated cells, approximately 60 methyl groups are incorporated 

into basic amino acids per 1000 methionines incorporated into polypeptide backbones; 

this is compatible with the results obtained by amino acid analysis of mammalian 

and chicken tissues (16). 

Methylation of hsp70A and hsp70B-From the results presented above, we can 

conclude that the intracellular pool size of AdoMet and the total amount of protein 

methylation remain largely unchanged in the presence of sodium arsenite. Therefore, 

we proceeded to study whether arsenite had any effect on the methylation of the 

hsp70 polypeptides in chicken embryonic fibroblasts. Figure 3 shows the elution 

profile from an amino acid analysis column of the hydrolysate of hsp70A from a 

sodium arsenite-treated culture. Under these conditions, the three methylated lysine 

species and NG-monomethyl-arginine are separated from the other methylated amino 

acids, but the three different methyl lysine species are not resolved from one another. 

Three different peaks of [3H]-radioactivity were found: peak I coeluted with methionine, 

peak II with methyl-lysines and peak III with NG-monomethyl-arginine. Virtually 

identical results were obtained with hsp70A isolated from control cells. The profile 

obtained from hydrolysates of hsp70B is similar, except that the level of NG-monomethyl

arginine in hsp70B in control cells is slightly lower than that in hsp70A. However, 

the NG-monomethyl-arginine content of hsp 70B drops sharply after sodium arsenite 

treatment. Quantitative analysis of these column profiles is shown in Table III. 

In all cases, the cells were labeled for periods long enough to minimize any differences 

caused by asynchrony in the kinetics of [3H]-Met-tRNA Met and [3H]-AdoMet labeling. 
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TABLE II 

Relative amount of methylated lysine species in total cellular proteins 

of chicken embryonic fibroblasts~ 

Control cells Aresenite treated 

incubation time 3 h 6 h 24 h 3 h 6 h 

E:-N-monomethyl-lysine 18% 20% 31% 27% 18% 

E:-N-dimethyl-lysine 41% 38% 29% 28% 38% 

E:-N-trimethyl-lysine 41% 42% 40% 45% 44% 

meth~l groups 2.2 2.2 2.1 2.2 2.3 methylated lysine 

cells 

12 h 

28% 

18% 

54% 

2.3 

~The [3HJ-radioactivity corresponding to the three methyl lysine species was 

determined as described in Experimental Procedures, and its distribution was calculated 

by assuming that the ratio of the specific activity of E:-N-monomethyl-lysine:E:-N-

dimethyl-lysine: E:-N-trimethyl-lysine = 1:2:3. 
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Figure 3. Ion exchange chromatography of hsp70A hydrolysate. Chicken embryonic 

fibroblast hsp70A was labeled, isolated, hydrolyzed, and chromatographed as 

described in Experimental Procedures. 3 ml fractions were collected and 1 ml was 

analyzed for radioactivity. Peaks I, II and III coelute with the amino acid standard of 

L-methionine, methyl-lysines and N°-monomethyl-arginine, respectively. 
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TABLE III 

[ 3HJ-methyl groups incorporated into lysyl and arginyl residues 

of chicken embryonic fibroblast hsp70~ 

hsp70A hsp70B 

Experimental Conditions b MLs- MMA~~ MLs MMA 

control (6 h~ 9% 3.3% 11% 2.1% 

control (18 h) 11% 3.4% 8% 2.5% 

arsenite ( 6 h) 10% 3.0% 11% 0.33% 

arsenite (14 h) 11% 2.7% 8% 0.58% 

preincubated (8 h), 12% 3.3% 13% 1.0% then arseni te ( 6 h) 

~[ 3HJ-methionine incorporated into hsp70 polypeptide backbone is assigned a value 

of 100%. 

£MLs: methyl-lysines, MMA: NG-monomethyl arginine. 

·~{methyl-3H]-L-methionine incubation period is given in parenthesis. 
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To further examine any changes in the ratio of the three methylated lysine 

species after sodium arsenite treatment the methylated lysines were desalted and 

further resolved by thin layer chromatography. In both hsp70A and B, the distribution 

of radioactivity in the three different methyl-lysines is essentially the same for 

short and long labeling periods, with E-N-trimethyl-lysine being the predominant 

species. No significant differences were found in the distribution of methyl-lysines 

in hsp70B from arsenite treated cultures (data not shown). However, in hsp70A 

there was a significant increase in the amount of E:-N-dimethyl-lysine after sodium 

arsenite treatment (Table IV). In control cells, there are on the average 2.6 methyl 

groups per methylated lysine residue for both hsp70A and hsp70B; it is reduced to 

2.2 for hsp70A after sodium arsenite treatment. 

DISCUSfilON 

Methylation of basic amino acids appears to occur as a post-translational event. 

It has been reported that the methylation of cultured chicken muscle cell protein 

is coupled to their synthesis, perhaps occurring on the nascent polypeptide chain 

(17). In the present work, experiments were performed to determine the relationship 

between protein synthesis and basic amino acid methylation in chicken embryonic 

fibroblasts. The cells were incubated with [methyl-3I{]-L-methionine, and then 

the ratio of [3I{]-radioactivity incorporated into methylated amino acids and methionine 

was calculated. The results (Table I) are consistent with the interpretation that 

the majority of these methylation events are coupled to protein synthesis; however, 

the possibility that methylation occurs shortly after completion of nascent polypeptide 

chains cannot be ruled out. We determined that there is one methylated lysine 

and one methylated arginine per 100 methionines in total cellular protein. In addition, 

arsenite treatment does not change the amount of the methylated lysine species 

in total cellular protein, even though the synthesis of the methylated lysine containing 

hsp70 polypeptides is increased five to tenfold. Therefore, we conclude that the 

methylation of basic amino acids should be common to many proteins. 
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TABLE IV 

Distribution of methylated lysines in hsp70A (a) 

Control cells Sodium arsenite treated 

Incubation time 6h 18 h 30 h 2. 5 h 6 h 14 h 

e:-N-monomethyl-lysine 14% 17% 14% 30% 20% 27% 

e:-N-dimethyl-lysine 11% 6% 2% 22% 27% 26% 

e:-N-trimethyl-lysine 76% 77% 84% 48% 53% 47% 

meth~l groU(2S 2.6 2.6 2.7 2.2 2.3 2.2 methylated lysines 

(a)The [3HJ-radioactivity corresponding to three methyl lysine species was first 

qetermined, and its distribution was calculated by assuming that the ratio of the specific 

activity of e:-N-monomethyl-lysine: e:-N-dimethyl-lysine: e: -N-trimethyl-lysine = 1:2:3. 
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It is not clear why the level of N°-monomethyl-arginine in total cellular protein 

increases after sodium arsenite treatment (Table I). This increase may be due simply 

to the increased synthesis of hsp 70. It is possible that the decrease in the level 

of N°-monomethyl-arginine observed in hsp 70B after arsenite treatment may be 

compensated by the increased number of polypeptide chains synthesized. Alternatively, 

the increase may result from an increase in methylation of N°-monomethyl-arginine 

on some yet unidentified polypeptide(s) after sodium arsenite treatment. 

We found that the distribution of e:-N-mono-, di-, and tri-methyl-lysine of 

chicken embryonic fibroblast hsp70 remains constant with respect to incubation time 

and that the appearance of the lower methyl-lysine for ms is not transient (Table IV). 

The change in the distribution among different methyl lysines of hsp70 by sodium 

arsenite ·is evident (Table IV). Arsenite treatment also results in a 15% reduction 

in the average number of methyl groups per methylated lysine residue. Such a small 

difference may escape detection with the methods used in this work, since when 

two identical samples were used for analysis, a 10% difference in methyl-lysine 

residues was obtained. 

The use of larger amounts of material for the measurements reported here 

have allowed us to obtain a better quantitative estimate than before of the degree 

of protein methylation (11). The values reported here are slightly lower than those 

of the previous report (11). Assuming that there are 12 methionines per molecule, 

we calculate that there are 0.4 methylated lysines and 0.3 methylated arginines 

per hsp70 polypeptide. 

Hsp70A and hsp70B are two distinct polypeptides, though some homology among 

them may exist (6). We reported previously that both polypeptides are methylated 

at lysyl and arginyl residues (11). Here, we have demonstrated that the amount 

of N°-monomethyl-arginine in hsp70B is reduced fivefold after sodium arsenite 

treatment, while in hsp70A, it remains unchanged. Arsenite, which interacts with 
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vicinal dithiols to form a relatively non-dissociable complex (18), may alter certain 

enzymatic activities; for example, aldehyde dehydrogenase can be inhibited with 

arsenite (19). It remains to be determined whether the change in methylation after 

arsenite treatment is a general phenomenon for all agents which can induce the 

70,000 dalton heat shock proteins. 

Methylation of several different amino acid residues in proteins has been documented. 

The reversible methylation of chemoreceptors of bacterial cells at glutamic acid 

residues is thought to be involved in the adaptive response of chemotaxis (20,21). 

D-aspartic acid residues have been identified as the reversible methylation sites 

in human erythrocyte proteins (22,23), and it has been suggested that this reversible 

esterification may be involved in a recemization-repair reaction (23). Whereas basic 

amino ac·id residues such as histidine, lysine and arginine also can be methylated 

in vivo in some cases, on most occasions the methylation is irreversible and the 

functional significance is unknown. For example, the level of methylation of fungal 

elongation factor EF-la changes during morphogenesis, but the enzymatic activity 

does not parallel these changes (24). Similarly, histone methylation occurs mainly 

near the end of DNA replication phase of cell cycle (25), but both methylated and 

unmethylated histone H4 can assemble equally well into nucleosomes (26). Perhaps, 

cytochrome c is the only case where a functional role has been assigned to its lysyl 

methylation. It has been suggested that methylation may facilitate the binding 

of cytochrome c to mitochondria (27 ,28), without affecting electron transport (28). 

The localization of heat shock proteins has been intensively studied. In 

Drosophila, hsp70 is located in nuclei shortly after heat treatment (29,30,31); however, 

a fraction of it may also be cytosolic (30). By immunofluorescence, hsp70 is a cytoplasmic 

protein in chicken embryonic fibroblasts (32); a portion of it possibly may be associated 

with the cytoskeleton or nuclei, since it is insoluble in Triton-KC! (12). A fraction 

of it may be associated also with a membrane surface glycoprotein (33) and microtubules 
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(12,34) in cultured mammalian cells. However, one must bear in mind that different 

systems were used in these studies and differences in hsp70 exist as well. As we 

have shown in this study, hsp70 can exist in several different methylated forms; 

each form may possibly have a preferential intracellular localization. 
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Chapter 6 

The Methylation of the 70,000 Dalton Heat Shock Protein 

In 3T3 Cells Is Altered by Arsenite Treatment 

and Rous Sarcoma Virus Transformation 
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Summary 

Exposure of 3T3 cells and a Rous sarcoma virus transformed derivative of 3T3 cells 

(SR-RSV 3T3) to sodium arsenite, results in the induction of synthesis of several 

polypeptides in both cell types. One of the inducible polypeptides, with a molecular 

weight of 70,000, is shown to be methylated at lysyl and arginyl residues in the normal 

and transformed cell lines both before and after induction of its synthesis by arsenite. 

However, in the transformed cell line, the level of methylation of this protein at 

arginyl residues is lower than in its normal counterpart, while that at lysyl residues 

remains the same. Induction of the synthesis of the 70,000 dalton polypeptide in 

3T3 cells by sodium arsenite results in a decrease in the methylation of this protein 

at its arginyl residues specifically in those 70,000 dalton molecules synthesized after 

induction, but it has no effect on its methylation at lysyl residues. In the transformed 

cells, on the other hand, arsenite treatment has no effect on the level of methylation 

of either arginyl or lysyl residues in this protein. Since the methylation level of 

total cellular proteins remains unchanged after arsenite treatment and transformation, 

the reduction of arginyl methylation in the 70,000 dalton polypeptide appears to 

be specific for this protein. 
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Introduction 

It was first observed in Drosophila melanogaster that the synthesis of a particular set 

of polypeptides, known as heat shock proteins (hsp), is induced, and the synthesis of other 

cellular proteins is inhibited, when tissues are exposed to higher than normal growth 

temperatures (Tissieres, Mitchell and Tracy, 1974). Since then, the experimental results 

from a number of laboratories have clearly demonstrated that the heat shock response 

in Drosophila may be regulated at both the transcriptional and the translational level 

(McKenzie, Henikoff and Meselson, 1975; Storti et al., 1980; Petersen and Mitchell, 1982; 

Scott and Pardue, 1982; for a review, see Ashburner and Bonner, 1979). The heat shock 

response was later shown to be generalized to a variety of tissue and cultured cells 

ranging from protozoans to mammals (Guttmann et al., 1980; McAlister and Finelstein, 

1980; Kelley and Schlesinger, 1978; Atkinson, 1981; Wang, Gomer and Lazarides, 1981). 

However, recently, it has been shown that in addition to heat shock certain chemical 

compounds, including sodium arsenite, are also capable of inducing a similar, if not 

identical, set of polypeptides (Kelley and Schlesinger, 1978; Johnston et al., 1980; Wang, 

Gomer and Lazarides, 1981), suggesting that induction of heat shock proteins is a complex 

phenomenon. 

A polypeptide with molecular weight of 70,000 is the most commonly induced 

species after heat shock and sodium arsenite treatment of several different cultured 

cells, including chicken embryo fibroblasts. We and other laboratories have reported 

that the 70,000 dalton polypeptide of chicken embryo fibroblasts is composed of two 

homologous, but not identical polypeptides, referred to as hsp70A and hsp70B, which 

have the same electrophoretic mobility on SDS gels but distinct isoelectric points (Wang, 

Gomer and Lazarides, 1981; Johnston et al., 1980). Both polypeptides are prominent 

cytoplasmic constituents expressed in substantial levels under normal cellular growth 

conditions and their synthesis can be induced by incubating cells with sodium arsenite. 

The more acidic variant (hsp70A) is a highly conserved polypeptide and is induced in 
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a number of avian and mammalian cells grown in tissue culture. On the other hand, 

the more basic variant (hsp70B) is not expressed in most mammalian cells; these cells 

synthesize instead a 68,000 dalton polypeptide in response to heat shock or sodium arsenite 

treatment. We have recently shown that in chicken embryo fibroblasts both hsp70A 

and hsp70B are irreversibly methylated at lysyl and arginyl residues before and after 

induction of their synthesis by sodium arsenite (Wang et al., 1982). The methylation 

of hsp70B at arginyl residue is reduced specifically after the induction of synthesis 

of this polypeptide by sodium arsenite (Wang and Lazarides, submitted). 

In order to investigate if the methylation of hsp70 is also common to mammalian 

cultured cells, and whether arsenite treatment and viral transformation have any effect 

on the methylation of hsp70, we examined the level of methylation of this polypeptide 

in 3T3 and a Rous sarcoma virus transformed derivative of 3T3 cells (SR-RSV 3T3). 

We show that arsenite treatment induces the synthesis of several polypeptides in both 

3T3 and SR-RSV 3T3 cells. However, the number of inducible polypeptides and the 

level of induction appear to be different. Transformed cells exhibit a higher level of 

induction of these polypeptides. In addition, hsp89, a polypeptide that is induced by 

arsenite in chicken fibroblasts, and a polypeptide with a molecular weight of 110,000, 

are induced only in the SR-RSV 3T3 cells. Similar to chicken embryo fibroblasts, hsp70 

in 3T3 and SR-RSV 3T3 is methylated at lysyl and arginyl residues both before and after 

induction of its synthesis by arsenite. However, while the level of lysyl methylation 

of this polypeptide is the same in both 3T3 and SR-RSV 3T3 cells, the level of its methylation 

at arginyl residues is substantially reduced in SR-RSV 3T3 cells. Furthermore, the level 

of methylation at arginyl residues of hsp70 in 3T3 cells is reduced upon arsenite treat-

ment specifically only to the population of molecules synthesized after induction, but 

it is not modulated and it remains at a low level in SR-RSV 3T3 cells both before and 

after arsenite treatment. These results suggest that hsp70 exists in different functional 

forms in these cells, which are determined by their methylation at their arginyl residues. 
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Normal cells appear to require a highly methylated form of hsp70; however, when trans

formed by Rous sarcoma virus they require additionally unmethylated forms of this 

protein. 

Results 

Arsenite Induces the Synthesis of Several Polypeptides in 3T3 and SR-RSV 3T3 Cells 

Incubation of 3T3 and SR-RSV 3T3 cells with sodium arsenite increases the synthesis 

of several polypeptides. From the autoradiograms shown in Figure 1 and Figure 2, the 

increased synthesis of three polypeptides with molecular weights of 28,000, 68,000 and 

70,000 is evident in both 3T3 and SR-RSV 3T3 cells. Two additional polypeptides with 

molecular weights of 89,000 and 110,000 are also synthesized at a higher rate specifically 

in SR-,RSV 3T3 after sodium arsenite treatment. After coelectrophoresis of the arsenite

treated SR-RSV 3T3 cells with arsenite-treated chicken embryo fibroblasts, it appears 

that the 89,000 and 70,000 dalton polypeptides of 3T3 cells have identical mobilities 

with the corresponding induced polypeptides in chicken embryo fibroblasts. However, 

the 3T3 28,000 dalton polypeptide migrates between the two low molecular weight arsenite

inducible polypeptides (molecular weights 32,000 and 22,000) of chicken embryo fibroblasts 

(data not shown). In addition, we found that the 28,000 dalton polypeptide in 3T3 cells 

is not significantly induced by growing the cells at 43°C for two hours, under which 

conditions, the 68,000 and 70,000 dalton polypeptides are induced (Figure 1). 

Figure 2 shows the results of the induced synthesis of polypeptides as a function 

of incubation time of SR-RSV 3T3 with sodium arsenite. Quantitation of the induction 

kinetics for SR-RSV 3T3 together with those of the 3T3 cells is given in Figure 3. The 

results suggest that 3T3 cells are less responsive to arsenite induction than SR-RSV 

3T3 cells. For example, there is at least a three-fold increase in synthesis of the 70,000 

dalton polypeptide in SR-RSV 3T3 after 4 to 6 hr of arsenite incubation, while the apparent 

increase in 3T3 cells of the same polypeptide is only approximately two-fold (Figure 3C). 
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Figure 1. Autoradiogram showing the arsenite and heat shock-inducible polypeptides 

in 3T3 cells. 3T3 cells were labeled with r35SJ-L-methionine as described in 

"Experimental Procedures". Comparable amounts of total cellular proteins were 

loaded onto each lane of the gel. (a) control, (b) incubated with 25 µM sodium 

arsenite for 4 hr, (c) grown at 43°C for 2 hr before labeling. 

Figure 2. Autoradiogram showing the induction kinetics of proteins in arsenite

treated SR-RSV 3T3 cells. SR-RSV 3T3 cells were incubated with 25 µM sodium 

arsenite for 0-12 hr before labeling with r35SJ-L-methionine. Comparable quantities 

of protein were loaded in each lane. The times indicated below do not include the 

labeling period (15 min). Lane (a) O hr, (b) 1 hr, (c) 2 hr, (d) 4 hr, (e) 6 hr, (f) 8 hr, (g) 

12 hr. 
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Figure 3. Induction kinetics of arsenite-inducible polypeptides. The [35SJ-radio

activity associated with a particular Coomassie blue-stained band was quantitated as 

described in "Experimental Procedures". The protein, loaded onto each lane, was 

estimated by scanning the Coomassie blue-stained gel with a densitometer. The rate 

of synthesis of control cells was arbitrarily assigned a value of 1 and the relative 

synthesis at other time points was obtained by taking the ratio of [35SJ-radioactivity 

per unit area to those of the control values. (A) 28,000 dalton polypeptide, (B) 68,000 

dalton polypeptide, (C) 70,000 dalton polypeptide, (D) 89,000 dalton polypeptide, (E) 

110,000 dalton polypeptide. Closed circles (e) and open circles (o) represent the data 

of SR-RSV 3T3 and 3T3 cells, respectively. 
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It is also evident that the induction of all the polypeptides follows the same kinetics 

in either 3T3 or SR-RSV 3T3 cells and that their rate of synthesis reaches a maximal 

level between 4 and 6 hr of arsenite incubation. However, while in 3T3 cells, the synthesis 

started to decrease after 6 to 8 hr of incubation, in SR-RSV 3T3 cells, the high rate 

of synthesis was maintained for at least 6 hr after reaching the maximal level. From 

Figure 3D and E, it is also evident that the 89,000 and 110,000 dalton polypeptides are 

induced only in SR-RSV 3T3 cells. 

Comparison of the densitometric traces of Coomassie blue-stained gels corresponding 

to control cells with those of arsenite-treated cells showed no significant increase or 

decrease in any of the protein bands. Furthermore, quantitation of the [35SJ-radioactivity 

of many arbitrarily chosen protein bands showed that arsenite treatment does not inhibit 

the rate of protein synthesis in both 3T3 and SR-RSV 3T3 cells (data not shown). 

Methylation of the 70,000 Dalton Arsenite-lnducible Polypeptide in 3T3 and SR-RSV 

3T3 Cells 

The cells (3T3 and SR-RSV 3T3) were grown and labeled in medium containing [methyl-

3ro-L-methionine; hence the [3!{)-radioactivity is incorporated into polypeptides 

not only as methionine but also as methyl groups, presumably by S-adenosyl-1-methionine 

dependent methyl transf erases. The 70,000 dalton polypeptide was isolated by two

dimensional gel electrophoresis (Wang et al., 1981) and then hydrolyzed. The hydrolysates 

were subsequently subjected to amino acid analysis by ion exchange chromatography 

under conditions that only the basic amino acids could be retained and resolved by 

the resin. A set of elution profiles of such experiments with the 70,000 dalton polypeptides 

is shown in Figure 4. Besides the [3!{)-radioactive peaks corresponding to methionine, 

methyl-lysines and N°-monomethyl-arginine, previously shown to be present also 

in hydrolysates from chicken embryo fibroblast hsp70 (Wang et al., 1982; Wang and 

Lazarides, submitted), an additional peak (peak Ill) was also observed which eluted 
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Figure 4. Ion exchange chromatography of hydrolyzed 70,000 dalton polypeptide 

labeled with [methyl-3HJ-L-methionine. The samples were prepared and the columns 

were operated as described in "Experimental Procedures". An aliquot from each 

fraction was analyzed for amino acids by reaction with ninhydrin and another aliquot 

was analyzed for [3HJ-radioactivity. (Top) ninhydrin reaction corresponding to a 

hsp70 hydrolysate from arsenite-treated SR-RSV 3T3 cells. (Middle-Top) [3HJ

radioactivity of a hsp70 sample from 3T3 cells. (Middle-Bottom) [3HJ-radioactivity of 

a hsp70 sample from arsenite-treated 3T3 cells. (Bottom) [3HJ-radioactivity of hsp70 

isolated from arsenite-treated SR-RSV 3T3 cells corresponding to the ninhydrin in 

(Top). The results obtained for hsp70 from untreated SR-RSV 3T3 cells is similar to 

(Bottom). Lys(Me)3: e:-N-trimethyl-lysine; Arg(Me)2,S: NG,N,G-dimethyl-arginine; 

Arg(Meh NG-monomethyl-arginine. 
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between NH4 +and NG,N,G-dimethyl-arginine. Since the only known methylated 

amino acid in proteins that elutes between NH4 +and NG,N,G-dimethyl-arginine 

with the procedure adopted here is NG ,NG-dimethyl-arginine (data not shown) and 

since the [3HJ-radioactivity in peak III comigrates with the NG ,NG-dimethyl-arginine 

standard by cellulose thin layer chromatography (see below), we tentatively conclude 

that the radioactive peak III is NG ,NG-dimethyl-arginine. 

Quantitative analysis of the ion exchange chromatography is given in Table I. 

Here, the level of methylation of various methylated amino acids is measured as 

fractions of the methionine incorporated into the same polypeptide backbone. From 

the data, it is evident that arsenite has little effect on the methylation of lysyl 

residues in the 70,000 dalton polypeptide of 3T3 cells. However, it appears that 

the level of me thy la ti on of NG ,NG-dimethyl-arginine and NG-monomethyl-arginine 

is reduced to 60% and 20% of the control level, respectively, in the presence of 

sodium arsenite. When 3T3 cells are prelabeled with [methyl-3HJ-L-methionine 

for 16 hr and then incubated with arsenite for 5 hr, the [3HJ-radioactivity in methylated 

arginyl residues relative to that of methionine is similar, if not identical, to the 

control cells (data not shown). We can, therefore, conclude that the reduction in 

the level of methylation at arginyl residues in the presence of arsenite occurs only 

to those 70,000 dalton polypeptides which are synthesized during the incubation 

period with the chemical. Furthermore, arsenite cannot remove those methyl groups 

which have already been incorporated into this protein prior to the treatment. 

Table I also indicates that the amount of methyl-lysines in the 70,000 dalton 

polypeptide is practically the same in both 3T3 and SR-RSV 3T3 cells. On the other 

hand, the amount of [3HJ-radioactivity incorporated into the arginyl residues of 

the 70,000 dalton polypeptide from SR-RSV 3T3 is only 40% of that of 3T3 cells. 

In addition, arsenite treatment is not capable of further suppressing the methylation 

level at arginyl residues in SR-RSV 3T3 cells, as it is the case in 3T3 cells (Table I). 
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Since the elution conditions adopted above for ion exchange chromatography 

cannot distinguish among the t:-N-monomethyl-lysine, t:-N-dimethyl-lysine and t:-N-

trimethyl-lysine species, thin layer chromatography was additionally utilized to 

separate these three different methyl-lysines. The methyl-lysine fractions (peak II 

of Figure 4) were pooled together, desalted and spotted on thin layer chromatogram 

sheets before developing in pyridine:acetone:3 M NH40H (15:9:6). From the results, 

it is evident that t:-N-trimethyl-lysine is the predominant, if not the only, species 

(Figure 5A). Furthermore, neither arsenite treatment, nor Rous sarcoma virus transforma+ 

tion, change the distribution of methyl-lysines (data not shown). 

The same thin layer chromatography procedures have also been applied to 

peaks Ill and IV of Figure 4. The results (Figure 5B, C) demonstrate that the [3H]

radioac~ivity in peaks Ill and IV co migrate with the NG ,NG-dimethyl-arginine and 

NG-monomethyl-arginine standard, respectively, which confirms the previous assignments 

(see above, the results of ion exchange chromatography). 

In order to calculate the stoichiometry of these methylations, one has to know 

the relative specific activity of [3HJ-methionine and [3HJ-methyl groups incorporated 

into the 70,000 dalton polypeptides and the number of methionines per polypeptide. 

Assuming that the specific activity of [3H]-methionine and [3H]-methyl group 

incorporation is identical and that the number of methionine residues per 3T3 70,000 

dalton polypeptide is the same as that which has been predicted from the DNA sequence 

of the Drosophila hsp70 gene (Ingolia, Craig and McCarthy, 1980), we estimate that 

there are 0.5 £-N-trimethyl-lysines, 0.3 NG,NG-dimethyl-arginines and 0.5 NG-monomethyl

arginines per 70,000 dalton polypeptide in 3T3 cells under normal growth conditions. 

Methylation of the 68,000 Dalton Inducible Polypeptides in SR-RSV 3T3 Cells 

The 68,000 dalton heat shock protein has been shown to be highly homologous to 

the 70,000 dalton polypeptide by limited proteolysis (Hightower and White, 1981). 

Therefore, we wished to find out if the 68,000 dalton polypeptide is also methylated. 
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Figure 5. Thin layer chromatography of methylated amino acids present in the 70,000 

dalton arsenite-inducible polypeptide. (A) Methyl-lysine fractions (Peak II, Figure 4) 

were mixed with E-N-monomethyl-lysine (lys(Me); Vega Biochemicals), E-N-dimethyl

lysine (lys(Me)2; Vega Biochemicals) and E-N-trimethyl-lysine before they were 

desalted and developed by cellulose thin layer chromatography as described in 

"Experimental Procedures". The results presented here correspond to a hsp70 

hydrolysa te from 3T3 cells. (B) Peak III (Figure 4) was mixed with NG ,NG-dimethyl

arginine then desalted and developed by cellulose thin layer chromatography. (C) 

Peak IV (Figure 4) was mixed with NG-monomethyl-arginine, desalted and developed 

by cellulose thin layer chromatography. The background [3HJ-radioactivity was not 

substracted in this Figure. 
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Since the amount of this polypeptide is very low before induction (Wang, Gomer 

and Lazarides, 1981; Hughes and August, 1982), we analyzed only the samples isolated 

from arsenite treated SR-RSV 3T3 cells. The elution profile of [methyl-3HJ-L-methionine

labeled 68,000 dalton polypeptide from an ion exchange column is similar to those 

of Figure 4. It is evident that, similar to the 70,000 dalton polypeptide, the 68,000 

dalt_on arsenite-inducible polypeptide is methylated at both lysine and arginine residues. 

However, we obtained a rather different stoichiometry on two samples prepared 

at different times (data not shown), and presently it is unclear how the level of methylation 

in this protein compares to that in the 70,000 dalton polypeptide. 

Discussion 

Arsenite-inducible Polypeptides in 3T3 and SR-RSV 3T3 Cells 

In this paper we have shown that the number of sodium arsenite-inducible polypeptides 

and the level of increase in their rate of synthesis are different between 3T3 and 

SR-RSV 3T3 cells, being higher in the transformed cells (SR-RSV 3T3). One of the 

polypeptides, which is induced only in SR-RSV 3T3 cells, has a molecular weight 

of 89,000 and comigrated with the 89,000 dalton heat shock protein in chicken embryo 

fibroblasts. This polypeptide has been shown to be associated with the protein kinase 

pp60src encoded by the transforming gene of Rous sarcoma virus (Oppermann, Levinson 

and Bishop, 1981; Courtneidge and Bishop, 1982). At present, contradictory conclusions 

have been drawn on whether this polypeptide is also the 95,000 dalton polypeptide 

whose synthesis is induced by glucose starvation (Shiu, Pouyssegur and Pastan, 1977; 

Kelley and Schlesinger, 1978; Lee, Delegeane and Scharff, 1981; Lanks et al., 1982). 

The results of two-dimensional gel electrophoresis from this and other laboratories 

indicate that the 70,000 dalton arsenite-inducible polypeptide of 3T3 cells is composed 

of a single major species which is highly conserved in avian and mammalian cells and 

comigrates with the more acidic of the two major heat shock and arsenite-inducible 

polypeptides from chicken embryo fibroblasts (Wang, Gomer and Lazarides, 1981). 
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The more basic variant of hsp70 observed in chicken fibroblasts has not been found 

in mammalian cells. Instead in 3T3 and some other mammalian cells heat shock 

and sodium arsenite induce the synthesis of a 68,000 dalton polypeptide (Wang, Gomer 

and Lazarides, 1981; Hughes and August, 1982). However, slightly different molecular 

weights of the 68,000 and 70,000 dalton inducible polypeptides have been reported 

by different laboratories, possibly due to differences in the gel system and/or molecular 

weight standard utilized. For comparison, we tabulate here these different molecular 

weights reported in the literature and referred to in this work corresponding to the 

same polypeptide (Table II). 

Sodium arsenite also induces in both 3T3 and SR-RSV 3T3 cells the synthesis of 

a 28,000 dalton polypeptide, while it does not induce a corresponding polypeptide in 

chicken fibroblasts. Instead, sodium arsenite induces the synthesis of two polypeptides 

with molecualr weights of 32,000 and 22,000 in chicken embryo fibroblasts. However, 

apparently neither the 32,000 dalton polypeptide in cultured chicken and quail cells 

nor the 28,000 dalton polypeptide in certain mammalian cultured cells can be induced 

by heat shock (Kelley and Schlesinger, 1978; Atkison, 1981; this work). The possibility 

that these polypeptides may be inducible under certain heat shock conditions cannot 

be completely ruled out (Johnston et al., 1980). Nevertheless, one may speculate that 

the 28,000 dalton arsenite-inducible polypeptide in 3T3 and SR-RSV 3T3 cells is not 

a heat shock-inducible protein. It is not uncommon that heat shock and arsenite 

treatment produce different results. For example, arsenite treatment facilitates 

the turn-over of phosphate on tropomyosin in chicken myogenic cells grown in tissue 

culture (Wang and Lazarides, 1983), but heat shock fails to produce a similar effect 

(unpublished observation). 

We have also compared the densitometric traces of one-dimensional Coomassie 

blue-stained gels of total cellular proteins of 3T3, SR-RSV 3T3 and chicken embryo 

fibroblasts before and after treatment with sodium arsenite. They reveal that the 
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number of polypeptide copies of the 70,000 and 89,000 dalton polypeptides in chicken 

fibroblasts steadily increase for at least 8 hr (data not shown). However, no accumulation 

of the polypeptides was observed in 3T3 and SR-RSV 3T3 cells. The reason for this 

difference is not clear. It may be due to the fact that the number of copies of these 

two polypeptides and their rate of turn-over in 3T3, SR-RSV 3T3 and chicken fibroblasts 

is very different. Nevertheless, it is clear that the failure to detect a significant 

increase in the 68,000 dalton polypeptide by one dimensional gel electrophoresis 

after arsenite treatment is due to the other proteins which comigrate with the 68,000 

dalton polypeptide; these contaminating polypeptides can be easily resolved from 

the 68,000 dalton inducible polypeptide by two-dimensional gel electrophoresis. 

We have quantitated the increase in the rate of synthesis of several polypeptides 

of arsenite-treated 3T3 and SR-RSV 3T3 cells by counting the [35SJ-radioactivity associated 

with a particular band and comparing that with the corresponding densitometric traces 

of Coomassie blue-stained one-dimensional gels. Since the whole cell exctracts were 

analyzed, it is likely that some unrelated polypeptides may comigrate with the inducible 

polypeptides; hence the actual control level of synthesis may be lower than what we 

obtained here. Thus, the numbers presented in Figure 3 should be the lower limit of 

increase in synthesis. Nevertheless, the kinetic properties of induction should not be 

affected by the higher background, although the true quantitative level of induction 

may be higher. From the data, it is clear that the arsenite-induced response of 3T3 

polypeptides is different from that of SR-RSV 3T3. In 3T3 cells, the rate of synthesis 

of inducible proteins reaches a maximal level between 4 and 6 hr of incubation; then 

it begins to decline. However, in SR-RSV 3T3 cells, the rate of synthesis remains at 

the maximal level for at least 6 hr. The induction kinetics of 3T3 inducible polypeptides 

is identical to that of the arsenite-inducible polypeptides in chicken fibroblasts; an 

exception is the induction kinetics of the 22,000 dalton polypeptide in chicken fibroblasts, 

which is similar to the SR-RSV 3T3 indubicle polypeptides. Thus transformation of 3T3 
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cells by Rous sarcoma virus appears to affect not only the polypeptide species inducible 

by arsenite but also their kinetics of induction. 

Methylation of hsp70 is Altered in 3T3 Cells by Arsenite and Rous Sarcoma Virus 

Transformation 

In chicken embryo fibroblasts the 70,000 dalton polypeptide has been shown to be methylated 

at lysyl and arginyl residues. The most abundant methyl lysine species detected in this 

protein is £-N-trimethyl-lysine; however, E:-N-dimethyl-lysine and E:-N-monomethyl

lysine are also detected. Furthermore, NG-monomethyl-arginine is the only detectable 

methylated arginine species (Wang et al., 1982; Wang and Lazarides, submitted). However, 

as we have shown here, the methylation pattern of hsp70 in 3T3 cells is somewhat different. 

£-N-trimethyl-lysine appears to be the only methylated lysine species and, in addition 

to NG-~onomethyl-arginine, NG ,NG-dimethyl-arginine also is consistently found in 

hydrolysates of the 70,000 dalton polypeptide isolated from 3T3 and SR-RSV 3T3 cells. 

The existence of minute amounts of E:-N-monomethyl-lysine and E:-N-dimethyl-

lysine in 3T3 hsp70 cannot be entirely ruled out. Assuming that the contribution of 

£-N-monomethyl-lysine and £-N-dimethyl-lysine is equal to twice the standard deviation 

of the background [3H]-radioactivity (the upper limit) in thin layer chromatography 

(Figure 5A), we estimate that the lower limit of the contributuion of E:-N-trimethyl

lysine to the total methylated lysine species is 90%. This value is still significantly 

higher than that of the hsp70 in chicken fibroblasts (Wang et al., 1982; Wang and Lazarides, 

submitted). 

Arsenite treatment of chicken embryo fibroblasts causes a change in the ratio 

of the three methylated lysine species in hsp70A, while in hsp70B it is unaffected (Wang 

and Lazarides, submitted). Here we have demonstrated that in all cases E:-N-trimethyl-

lysine is the only methyl-lysine species in the 70,000 dalton polypeptides of 3T3 and 

SR-RSV 3T3 cells and that it cannot be modulated by arsenite treatment. We also found 

that the level of methylation at arginyl residues in hsp70B of chicken embryo fibroblasts 
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was substantially reduced after arsenite treatment, while it remained unchanged in 

hsp70A (Wang and Lazarides, submitted). Here, we have demonstrated that the amount 

of methyl groups incorporated into arginyl residues in 3T3 hsp70 is reduced significantly 

in the presence of arsenite. Thus, the methylation behavior of the 70,000 dalton polypeptide 

of 3T3 cells is similar to that of the hsp70B polypeptide in chicken fibroblasts, even 

though the mammalian 70,000 dalton polypeptide is highly homologous to the chicken 

fibroblast hsp70A rather than to hsp70B. Furthermore, since basic amino acid methylation 

of total protein remains unchanged after arsenite treatment (Wang and Lazarides, submitted) 

the reduction of arginyl methylation of hsp70 observed in 3T3 cells after arsenite treatment 

appears to be specific for this protein. 

Relatively little [3HJ-radioactivity was found to be incorporated into the 70,000 

dalton polypeptide in the presence of protein synthesis inhibitors (data not shown), just 

as was the case with the homologous protein in chicken embryo fibroblasts (Wang et al., 

1982). Thus, it is reasonable to assume that, with the procedures ultiized here, the 

majority of the methylation of the 70,000 dalton polypeptide occurs only to the 

polypeptides which are synthesized during the labeling period. We have estimated 

that the stoichiometry of methylation is 0.5 e:-N-trimethyl-lysines, 0.3 NG,NG-dimethyl

arginines and 0.5 NG-monomethyl-arginines per molecule. The substoichiometry 

obtained here may be partly due to the assumption that the average specific activity 

of [3H]-methionine and [3HJ-methyl groups incorporated into the polypeptide is identical. 

It is likely that methylation may be stoichiometric, i.e., one methylated lysine and 

one methylated arginine per molecule. Furthermore, the appearance of two different 

methylated arginine species in 3T3 hsp70 does not necessarily mean that two different 

methyl arginine sites exist in the molecule; it may be simply due to a stepwise methylation 

at an identical site (Lee, Kim and Paik, 1977). 

Although we did not detect any difference in the level of methylation of lysyl 

residues in hsp70, the level of methylation of this protein at arginyl residues was clearly 
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reduced in SR-RSV 3T3 cells. This difference in the level of methylation of the hsp70 

after virus transformation appears to be specific to this protein. Since the ratio of S

adenosyl-1-methionine to S-adenosyl-1-homocysteine remains normal after transformation 

(Coalson et al., 1982), presumably, the gross methylation level of proteins should not 

be altered (Hoffman et al., 1980). Indeed, the radioactive methyl groups incorporated 

into total cellular proteins and nucleic acids in chicken embryo fibroblasts does not 

change appreciably after Rous sarcoma virus transformation (Pierre et al., 1977). 

Thus, it is clear that both the level of induction of protein synthesis by arsenite 

and the methylation of the 70,000 dalton arsenite-inducible polypeptide at arginyl residues 

are different between 3T3 and SR-RSV 3T3 cells. One may speculate that these differences 

are due to the transformation of 3T3 cells by Rous sarcoma virus. Nevertheless, one 

has to keep in mind that the 3T3 cells utilized in these experiments were all quiescent 

(confluent plates), and the SR-RSV 3T3 cells were still actively growing even after 

reaching confluency. Therefore, the difference observed here may be due to the different 

growth phases of the two cell populations. 

The function of the 70,000 dalton arsenite-inducible polypeptide is presently unknown, 

even though it is a rather abundant cytoplasmic constituent, even under normal growth 

conditions, and highly conserved. Thus, this polypeptide should be functionally important 

for the cells. Similarly, the functional significance of basic amino acid methylation 

in a variety of polypeptides is largely unclear (Paik and Kim, 1980). Conceivably, such 

a chemical modification of proteins may play an as yet unidentified regulatory role. 

From the results presented here and previously, it is clear that the 70,000 dalton heat 

shock or arsenite-inducible proteins are methylated at both lysyl and arginyl residues 

in 3T3, SR-RSV 3T3 and chicken fibroblasts. Furthermore, its level of methylation 

can be altered by arsenite and by Rous sarcoma virus transformation. Thus it is not 

unreasonable to assume that changes in the methylation of hsp70 may either alter the 

functional effectiveness of the polypeptide or completely change its functional role 
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or cytoplasmic distribution. If this is the case then the results presented here suggest 

that normal cells require predominantly the methylated form of hsp70 under normal 

growth conditions; however, when treated with arsenite or transformed by a RNA tumor 

virus they required additionally unmethylated forms of this protein. 

Experimental Procedures 

Sodium Arsenite Treatment 

3T3 and SR-RSV 3T3 (a Rous sarcoma virus transformed 3T3 cell line kindly provided 

by Dr. T. Hunter) cells were grown in Dulbecco's modified Eagle's medium supplemented 

with 10% calf serum (GIBCO). The cells were incubated with 25 µM sodium arsenite 

for 0 to 12 hr. Then they were rinsed once with methionine-free minimal essential 

medium and labeled with 15 µCi/ml of [35SJ-L-methionine (New England Nuclear, 
< 

specific activity: 1033.6 Ci/mmole) in the same medium for 20 min. At the end 

of the incubation, the cells were rinsed twice with phosphate buffered saline, scraped 

off the plates and harvested by centrifugation. The cell pellets were immediately 

boiled for 3 min in SDS sample buff er (2% SDS, 0.5% 2-mercaptoethanol, 25 mM 

Tris·HCl pH 7 .5, 10% glycerol and 0.0003% Bromophenol Blue) for one-dimensional 

gel electrophoresis. Alternatively, the pellets were first boiled in 10 mM Tris·HCl 

pH 6.8 containing 1 % 2-mercaptoethanol and 2% SDS (200 µl solution per 100 mm 

confluent plate), then 0.15 to 0.2 grams of solid urea were added, before subjecting 

the samples to two-dimensional IEF /SDS polyacrylamide gel electrophoresis. 

Gel Electrophoresis and Autoradiography 

The procedure described by Laemmli (1970) was followed for one-dimensional SDS gel 

electrophoresis. The stacking gel contained 5% acrylamide, 0.13% N.N'-methylene bis-

acrylamide, 0.125 M Tris.HCl pH 6.8 and 0.1 % SDS. The resolving gel was 12.5% 

acrylamide, 0.09% N,N'-methylene bisacrylamide, 0.38 M Tris0 HCl pH 8. 7 and 0.1 % 

SDS. Two-dimensional IEF /SDS polyacrylamide gel electrophoresis was performed 
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by the method of O'Farrell (1975), except that the isoelectric focusing gels were 

prepared without detergent. After electrophoresis, the gels were stained with 0.1 % 

Coomassie brilliant blue in 50% ethanol and 10% acetic acid, and destained with 

12.5% ethanol, 5% acetic acid. The one-dimensional gels were then scanned with 

a densitometer before they were dried for autoradiography. 

To quantitate the [35SJ-radioactivity in Coomassie blue-stained bands of interest, 

the stained bands were excised from the dried gels and placed into scintillation vials. 

Half a milliliter of 0.1 % SDS in 0.15 M NH4Hco3 was added and allowed to incubate 

overnight to elute the polypeptides. Then 5 ml of Aquasol-2 scintillation fluid (New 

England Nuclear) was added and the samples were counted in a liquid scintillation counter. 

Labeling of Cells with [MethyI-3at-L-Methionine and Basic Amino Acid Analysis 

Confluent 100 mm plates of 3T3 and SR-RSV 3T3 cells were rinsed once with methionine

free minimal essential medium. Then the cells were allowed to incubate in the same 

medium supplemented with 1 % calf serum and 50 µCi/ml [methyl-3H]-L-methionine 

(New England Nuclear, specific activity: 80 Ci/mmole) with or without 25 µM sodium 

arsenite for 6 to 12 hr. The cells were subsequently harvested and subjected to two

dimensional gel electrophoresis as described above. The spot corresponding to the 70,000 

dalton polypeptide was excised from the Coomassie blue-stained gel, and electro

phoretically eluted from the gel slices in 0.1 M NH4Hco3 and 0.1% SDS. The eluted 

protein was then hydrolyzed with 6 N HCl in an evacuated tube for 24 hr at 108°C 

as described (Wang et al., 1982). Subsequently, the HCl was evaporated, and the 

dried residues were resuspended in 0.2 N sodium citrate sample buffer, pH 2.0 with 

0.2 to 1.0 µmole of E-N-trimethyl-lysine, NG,N,G-dimethyl-arginine and NG-monomethyl

arginine as added standard (CalBiochem). The samples were loaded onto an amino 

acid analysis column (0.9 x 10 cm, Beckman PA-35) operated at 56°C, with a flow 

rate of 66 ml/hr in 0.35 N sodium citrate buffer, pH 5.28. Two min fractions were 

collected and the [3HJ-radioactivity and amino acids were analyzed by liquid scintillation 
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counting and ninhydrin, respectively, as described (Wang et al., 1982). 

After ion exchange chromatography, the [3H]-radioactivity peaks corresponding 

to the methylated basic amino acids were desalted and chromatographed on cellulose 

thin layer sheets (Eastman Kodak, No. 13255), using pyridine:acetone:3 M NH 4oH 

(10:6:5) as solvent, as described previously (Wang et al., 1982). Amino acids were 

localized by spraying the sheets with 0.2% ninhydrin in acetone. Subsequently, 5 mm 

wide strips of cellulose were cut perpendicular to the direction of migration and 

scraped into scintillation vials. Thereafter, they were digested overnight with NCS 

tissue solubilizer (Amersham; 1 ml/5 cm2 of cellulose) containing 15% double distilled 

water; then 10 volumes of OCS scintilltion fluid (Amersham) were added for liquid 

scintilla ti on counting. 
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It has been documented that arsenite increases the synthesis of a set of polypeptides 

similar to those induced by heat shock (1, Chapters 3 and 6). The effect of heat 

shock and arsenite treatment does not appear to be identical; the 28,000 dalton 

arsenite-inducible polypeptide is not a heat shock protein (Chapter 6), and the 32,000 

dalton arsenite-inducible polypeptide of chicken fibroblasts may not be inducible 

by heat shock (1, 2 and Chapter 2). While it is generally accepted that heat shock 

results in a reduction in synthesis of non-inducible cellular proteins (3), this regression 

of normal protein synthesis is not observed with arsenite treatment (Chapters 2 

and 6). In addition, the turnover of phosphate on tropomyosin of cultured chicken 

muscle cells is facilitated by arsenite (Chapter 8), presumably by changing the thiol 

status of the enzyme(s) involved; heat shock cannot produce the same effect. Thus, 

it is evident that heat shock and sodium arsenite treatment are not equivalent. 

I have demonstrated that similarities and differences exist in the kinetics 

of arsenite-induced protein synthesis among chicken fibroblasts, 3T3 and SR-RSV 3T3 

cells (Chapters 2 and 6). Briefly, there are seven and three arsenite-inducible polypeptides 

in chicken fibroblasts and 3T3 cells, respectively. Compared to those of 3T3 cells, 

two additional polypeptides are inducible in a Rous sarcoma transformed derivative 

of 3T3 cells (SR-RSV 3T3). In all these cell systems, only the 70,000 dalton polypeptide 

is commonly induced. It appears that the rates of synthesis of these polypeptides 

reach maximal levels after four to six hours of arsenite incubation. The synthesis 

of inducible polypeptides of SR-RSV 3T3 and the 22,000 dalton inducible polypeptide 

of chicken fibroblasts remains at a high level for at least six more hours. On the 

other hand, the synthesis of the rest of the inducible polypeptides of chicken fibroblasts 

and 3T3 cells starts to decline after prolonged arsenite incubation (Chapters 2 and 6). 

At present, the course of this difference in induction kinetics is unclear. In the 

case of 3T3 and SR-RSV 3T3 cells, the difference may be a consequence of viral 

transformation. Alternatively, the discrepancy may be due to the given cellular 

state, as quiescent 3T3 cells were actively dividing (Chapter 6). 
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The genetics of heat shock proteins in Drosophila has been intensively studied 

(for a review, see 4). Despite this effort, the function of these proteins is not well 

defined. Although the function of heat shock proteins has been suggested to confer 

resistance for further lethal heat shock (5, 6), the molecular basis for this "thermotolerance" 

is completely unknown. Furthermore, recent experimental results on a mammalian 

cultured cell line suggests that the 68,000 dalton heat shock protein alone is sufficient 

for the protection from lethal heat shock (7), although the polypeptide is not detectable 

in chicken fibroblasts. 

The intracellular localization of these heat shock proteins has been studied. 

It is generally accepted that the low molecular weight heat shock proteins are nuclear 

proteins and the high molecular weight proteins are cytoplasmic (8, 9, 10). It is 

not unreasonable to assume that these proteins are capable of performing different 

functional roles which may or may not be related to each other. 

The 70,000 dalton heat shock protein (hsp70) in cultured chicken cells is composed 

of two major distinct isoelectric variants (1, Chapter 3) which may be cytoplasmic 

constituents both before and after arsenite treatment (10). The more acidic one 

(hsp70A; pl 5.6) is highly conserved and also exists in mammalian cultured cells (Chapters 

3 and 6). The more basic one (hsp70B; pl 6.0) has been found only in avian tissues 

or cultured cells. A polypeptide of 68,000 daltons is expressed in mammalian cells 

after induction (Chapter 3); these three polypeptides may be homologous to one 

another (1, 11). 

I have observed that each major polypeptide of hsp70 is flanked by minor isoelectric 

variants in two-dimensional gels. Originally, I thought that this heterogeneity could 

be the result of phosphorylation, but no r32P]-phosphate was found to be incorporated 

into these polypeptides. Subsequently, it became evident that the existence of minor 

components of hps70 could be due to basic amino acid methylation (Chapters 2-6), 

which will be summarized below. 
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The basic amino acid methylation of hsp70 appears to be irreversible and closely 

coupled to its synthesis, but can also occur hours after the polypeptide has been 

completed. The methylation sites have been identified as lysyl and arginyl residues. 

In chicken fibroblasts, e:-N-trimethyl-lysine is the major methylated lysine species, 

but the contribution of e:-N-dimethyl-lysine and e:-N-monomethyl-lysine is evident. 

Furthermore, NG-monomethyl-arginine is the only methylated arginine species (Chapters 

4 and 5). However, in 3T3 cells, the methyl-lysine in hsp70 is exclusively e:-N-trimethyl

lysine and both NG ,NG-dimentyl-arginine and NG-monomethyl-arginine were found 

(Chapter 6). In addition, the level of methylation at arginyl residues of hsp70B of 

chicken fibroblasts can be modulated by arsenite (Chapter 5). A similar effect was 

observed for the hsp70 of 3T3 cells. However, the reduction of arginyl methylation 

can occur only in those polypeptides synthesized in the presence of arsenite. I also 

discovered that under normal growth conditions, the methylation level of arginyl 

residues of hsp70 isolated from SR-RSV 3T3 cells is constitutively lower than their 

untransformed counterparts (3T3 cells), and it cannot be reduced further by arsenite 

(Chapter 6). 

I demonstrated in Chapter 2 that a 78,000 dalton polypeptide is induced in 

chicken fibroblasts by arsenite (the molecular weight has been reported as 83,000 

in Chapters 3 and 4), but it is not inducible in mammalian cultured cells such as 

BHK, HaLa and 3T3 cells. The polypeptide is highly conserved and is methylated 

at lysyl residues in both chicken fibroblasts and mammalian cultured cells. The 

methylation of this polypeptide appears closely coupled to its synthesis and can 

be modulated by arsenite treatment. [32PJ-Radioactivity is also incorporated into 

this polypeptide after incubating the cells with [32P]-phosphoric acid. Since the 

polypeptide is also ADP-ribosylated (Carlsson and Lazarides, unpublished), it is unclear 

whether the polypeptide is phosphorylated. Because of their similarities in molecular 

weights and isoelectric points, I speculate that this polypeptide is the highly conserved 

glucose-regulated polypeptide (12). 
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In the early stages of this study, (3H]-methyl incorporation was carried out 

in the presence of protein synthesis inhibitors. I have found that this method is 

not adequate for the study of hsp70 methylation. Since the methylation is closely 

coupled to synthesis, the methyl group incorporation may be due to residual methylation 

occurring hours after polypeptide chain completion. Therefore, the observed increase 

in methylation after arsenite treatment in the presence of protein synthesis inhibitors 

(Chapter 2) may not be biologically significant. Rather, this may reflect the increase 

in substrate availability after arsenite treatment, which in turn would cause the 

incorporation of [3H]-methyl group to increase. 

It is evident that more hsp70 molecules with an unmethylated arginyl residue 

exist in the cells after arsenite treatment. This methylation probably has to occur 

on nascent polypeptide chains, since little N°-monomethyl-arginine was found in 

hsp70B in the presence of protein synthesis inhibitors (Chapter 4). One may suspect 

that the observed lower methylation level at arginyl residues may be due to the 

dramatic increase in the rate of protein synthesis, such that the methyl transf erase 

simply cannot methylate all available sites. If so, one must then derive another 

explanation for the rate of SR-RSV 3T3 cells, where arginyl methylation cannot 

be modulated by arsenite. 

The major advantage of labeling cells with [methyl-3H]-L-methionine to study 

amino acid methylation is that one can hardly miss any major methylated species. 

However, the intracellular specific activity of [methyl-3H]-S-adenosyl-L-methionine 

reaches steady state much slower than [methyl-3H]-L-methionine (Chapter 5). One 

therefore must incubate the cells in [methyl-3HJ-L-methionine for sufficiently long 

periods of time in order to obtain reliable quantitative results, especially if one 

wishes to measure the stoichiometry of methylation. Furthermore, if the methylation 

is closely coupled to synthesis and is irreversible, the method utilized here can only 

detect methylation of those polypeptides synthesized during the [methyl-3H]-L-methionine 

incubation period. This also may be regarded as an advantage, since one could then 
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observe subtle changes in methylation which may not be otherwise detected. However, 

certain adjustments will make the method more usable. For example, it should be 

possible to radioactively label the cells or tissues with a particular amino acid(s) 

which has been identified as methylated and then separate the methylated and non

methylated species by HPLC or an equivalent system capable of such a separation. 

Under these conditions, the difference in specific activity between S-adenysyl-L

methionine and L-methionine or the stability of L-methionine upon storage are 

no longer of concern. 

I do not know if heat shock or other treatments will produce a similar effect 

on the arginyl methylation of hsp70. If the effect is specific for arsenite, the resultant 

low level of arginyl methylation most likely is due to the change of thiol status of 

the specific methyl transferases. Hence, in SR-RSV 3T3 cells under normal growth 

conditions, the third status of this enzyme system may be changed (lowering its 

activity), since the level of arginyl methylation of hsp70 is constitutively low and 

cannot be further reduced by arsenite. Alternatively, this effect could be a general 

phenomenon to all physical and chemical treatments which are capable of inducing 

the synthesis of hsp70. One can speculate that the regulation of arginyl methylation 

of hsp70 may be important for the cells to cope with environmental stress, although 

the putative causal stress under which SR-RSV 3T3 cells exist is unknown. 

I demonstrate in this thesis that the hsp70 isolated from both chicken fibroblasts 

and mouse 3T3 cells are methylated. It would be interesting to establish if this 

phenomenon is general to other species. It also may be important to verify if this 

methylation is tissue-specific and/or is dependent upon developmental stages. Recently, 

Blikstad and Lazarides (unpublished observations) discovered that hsp70 is synthesized 

at a high rute and is accumulated in large quantity in cells or tissues isolated from 

phenylhydrazine-treated chickens. Since survival is possible for several weeks after 

treatment, the method may provide a better means to study the methylation of 
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hsp70. In particular, radioactive labeling may not be required if one can properly 

separate the methylated amino acids from unmethylated ones. 

Although the methylation of basic amino acids in proteins has been known 

for decades (for a review, see 13), the functional role of this post-translational modification 

is largely unclear. One can speculate that these methylations may play some as 

yet unidentified regulatory role. Similarly, although hsp70 is highly conserved and 

is reasonably abundant even before induction, its function is unknown. 

The role of hsp70 as an important regulatory molecule is suggested by its 

conservation in evolution. It is evident that different methyled forms of hps70 exist; 

methylation may change the affinity of the molecule to different cellular components, 

or laternatively, hsp70 may play diverse functional roles by virtue of its variable 

state of methylation. 
' 



120 

References 

1. Johnston, D., Oppermann, H., Jackson, J. and Levinson, W. (1980) J. Biol. Chem. 

255, 6975-6980. 

2. Kelley, P. M. and Schlesinger, M. J. (1978) Cell 15, 1277-1286. 

3. Tissieres, A., Mitchell, H.K. and Tracy, U. M. (1974) J. Mol. Biol. 84, 389-398. 

4. - Ashburner, M. and Bonner, J. J. (1979) Cell 17, 241-254. 

5. Mitchell, H.K., Moller, G., Petersen, N. S. and Lipps-Sarmiento, L. (1979) 

Develop. Genet. 1, 181-192. 

6. McAlister, L. and Finkelstein, D. B. (1980) Biochem. Biophys. Res. Commun. 

93, 819-824. 

7. Morimoto, R. and Meselson, M. (1982) Cold Spring Harbor Abstracts - Induction 

of ·Heat Shock Proteins. Cold Spring Harbor, New York, p. 70a. 

8. Arrigo, A.-P., Fakan, S. and Tissieres, A. (1980) Develop. Biol. 78, 86-103. 

9. Sinibaldi, R. M. and Morris, P. W. (1981) J. Biol. Chem. 256, 10735-10738. 

10. Kelley, P. M. and Schlesinger, M. J. (1982) Mol. Cell. Biol. 2, 267-274. 

11. Hightower, L. E. and White, F. P. (1981) J. Cell Physiol. 108, 261-275. 

12. Lee, A. S., Delegeane, A. and Scharff, D. (1981) Proc. Nat. A cad. Sci. USA 

78, 4922-4925. 

13. Paik, W. K. and Kim, S. (1980) Protein Methylation, John Wiley and Sons, New 

York. 



121 

Chapter 8 

Appendix 



122 

(1) The 68,000 Dalton Neurofilament-Associated Polypeptide 

Is a Component of Nonneuronal Cells and of Skeletal Myofibril 



123 
Proc. Natl. Acad. Sci. USA 
Vol. 77, No. 3, pp. 1541-1545, March 1980 
Cell Biology 

The 68,000-dalton neurofilament-associated polypeptide is a 
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ABSTRACT Purified preparations of Hkun neurofilaments 
from rat spinal cord and bovine or porcine brain contain a 
predominant 68,()()(k)alton polypeptide. This polypeptide is also 
a major component of the neurofilaments that copurify with 
brain tubulin isolated by cycles of polymerization and depoly
merization. A. protein that has ~he same is<>4'.lectric point 1:nd 
molecular weight as the neurohlament-assoc1ated polypeptide 
has also been identified as a cytoskeletal protein in a variety of 
avian and mammalian cell types, including baby hamster kid
ney (BHK-21) mouse 3T3, Novikoff rat hepatoma, chicken fi. 
broblast, and chicken muscle cells. This protein is also a com
ponent of isolated chicken skeletal myofibrils. One-dimensional 
peptide maf· s of the 68,00<klalton proteins purified by two
dimensiona isoelectric focusing/NaDodS04/ polyacrylamide 
gel electrophoresis from myofibrils, cycled tubulin, purified 
neurofilaments, and various cultured cell types were identical. 
In immunofluorescence this protein was associated with cyto
plasmic intermediate filaments and myofibril Z discs. These 
results indicate that the neurofilament-llSsociated polypeptide 
is a conserved protein that is present in many different cell types 
in addition to neuronal cells. Because some of these cells contain 
the major components of two other intermediate filament 
classes, desmin and vimentin, a given cell type may contain the 
subunits of at least three distinct intermediate filament 
types. 

Intermediate or W-nm filaments have been observed in many 
cell types of higher vertebrates. Although these filaments share 
several morphological and biochemical characteristics that 
suggest a common origin, the major protein components of the 
filaments from different tissue sources are' biochemically and 
immunologically distinct. At least five subclasses of 10-nm 
filaments can be identified: muscle intermediate filaments, 
10-nm filaments in cells of mesenchymal origin, neurofila
ments, glial filaments, and keratin filaments in cells of epithelial 
origin (for a review see ref. 1 ). One of the most intriguing ob
servations about intermediate filaments to date is that a large 
number of cell types possess two distinct major filament com
ponents. Most cell types contain vimentin, the 52,000-dalton 
intermediate filament component in cells of mesenchymal 
origin. In epithelial cells, vimentin and keratin make up distinct 
filament populations as demonstrated by immunofluorescence 
and electron microscopy (2, 3). In a number of other cell types, 
and in particular muscle cells, vimentin coexists with desmin, 
the 50,000-dalton muscle-specific intermediate filament 
component (4-7). In this case the cytop1asmic filamentous 
distributions of the two proteins are indistinguishable ( 4-6). 

Purified mammalian neurofilaments are composed of three 
major polypeptides of 200,000, 160,000, and 68,000 daltons, 
known as the neurofilament triplet (8-13). These three proteins 
have been assumed to be the subunit constituents of neurofi-

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked ' 'ad
vertisement" in accordance with 18 U. S. C. §1734 solely to indicate 
this fact. 
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laments because they copurify with the filaments and they are 
not dissociated from them under a variety of chemical treat
ments. Recently it has been demonstrated that the 68,000-dalton 
polypeptide is present in conventionally purified microtubules 
from brain that are contaminated with 10-nm neurofilaments 
(14-16). 

In this paper we show that the 68,000-dalton polypeptide of 
purified mammalian neurofilaments is highly homologous, if 
not identical, to the protein that copurifies with microtubule 
protein isolated from brain by cycles of polymerization and 
depolymerization. In addition, the 68,000-dalton protein is 
enriched in the microtubule-free cytoskeletons prepared by 
high salt and detergent extraction of a variety of nonneuronal 
cell types. Because these cytoskeletons are highly enriched in 
intermediate filaments, the extraction results in conjunction 
with immunofluorescence indicate that the 68,000-dalton 
polypeptide is associated with cytoplasmic intermediate fila
ments also in a variety of nonneuronal cell types. 

MATERIALS AND METIIODS 
Cells. Cultures of nonmyogenic chicken embryo fibroblasts 

(CEF), embryonic chicken myogenic cells, and baby hamster 
kidney (BHK) 21 cells were prepared and grown as described 
(4). Chicken skeletal myofibrils were prepared from fresh or 
glycerol-extracted adult chicken skeletal muscle as described 
(5). 

Preparation of Triton X-100 KC! Cytoskeletons and Iso
electric Focusing (IEF)/NaDodS04/Polyacrylamide Gel 
Electrophoresis. Triton X-100 KC! cytoskeletons of CEF and 
BHK cells were prepared as described (4). Purified skeletal 
myofibrils were extracted with 0.6 M KI for 10 min at room 
temperature as described (5). Two-dimensional IEF / Na
DodS04/ polyacrylamide gel electrophoresis was performed 
also as described (17, 18). The rat spinal cord and brain extracts 
were precipitated with 8 vol of acetone at 0°C and the acetone 
was removed under reduced pressure prior to solubilization in 
the urea sample buffer. This treatment was found to reduce 
streaking in the first IEF dimension. 

One-Dimensional Peptide Mapping by Limited Proteol
ysis. Peptide mapping by limited proteolysis followed the 
procedure outlined by Cleveland et al. (19) as described ( 4). Gel 
slices were placed in wells atop the mapping gel and overlayed 
with 10-20 ng of Staphylococcus aureus protease VS (Miles). 
Electrophoresis was at 10 mA until the dye front reached the 
top of the resolving gel; electrophoresis was then continued at 
35 mA until the dye front reached the bottom of the gel. 

Abbreviations: CEF, chicken embryo fibroblast(s); BHK, baby hamster 
kidney; IEF, isoelectric focusing; EGTA, ethylene glycol bis(,8-ami
noethyl ether)-N,N,N',N'-tetraacetic acid. 
• To whom correspondence should be addressed. 
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Purification of 10-nm Filaments from Brain. The method 
of Runge et al. (15) was followed for the purification of pig 
brain 10-nm filaments. All procedures were carried out at 4°C. 
Brain was homogenized in buffer consisting of 0.1 M 1,4-pi
perazinediethanesulfonic acid (Pipes), 2 mM ethylene glycol 
bis(~-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 
1 mM MgS04, and 10 mM 2-mercaptoethanol, pH 6.9. The 
homogenate was centrifuged first for 15 min at 7000 rpm in a 
Sorvall RC-2B centrifuge with an SS34 rotor. The supernatant 
was clarified again for 75 min at 29,000 rpm (approximately 
100,000 X g) in a Beckman L5-75 ultracentrifuge with a ty~· 
42.1 fixed-angle rotor. The high-speed supernatant was applied 
to a column of Bio-Gel A-150m pre-equilibrated in the Pipes/ 
EGT A/ MgS04/ 2-mercaptoethanol buffer and eluted with the 
same buffer. The void volume was collected and centrifuged 
for 2 hr at 35,000 rpm as above. The high-speed pellets were 
either dissolved in the two-dimensional urea sample buffer or 
resuspended and precipitated by cold acetone (8:1). The pre
cipitated material was collected at 15,000 rpm for 30 min in a 
Beckman SW50.l rotor. The excess acetone was removed from 
the pellets under reduced pressure and the material was dis
solved in urea sample buffer. 

. Purification of Rat Neurofilaments. Rat neurofilaments 
were isolated essentially according to the procedure of 
Schlaepfer (8, 10, 20). All experiments were carried out at 
18-20°C. Rat spinal cords were excised and placed in isotonic 
saline after cardiac perfusion of etherized animals with saline 
to clear the vasculature of blood. The spinal cords were then 
minced into small pieces and subjected to hypotonic shock by 
immersing them into a low ionic strength buffer (1 mM sodium 
phosphate/ 2 mM EDTA/ 2 mM EGTA, pH 7.0). After 2 hr of 
slow agitation, the osmotically shocked and swollen tissue was 
homogenized. After the addition of 120 µl of 1 M NaCl per ml 
of extract, the homogenates were clarified at 12,000 rpm in a 
Beckman Ti50 fixed-angle rotor for 30 min. The supernatant 
was carefully decanted and spun again at 35,000 rpm for 2 hr. 
The high-speed pellets were washed once in the above buffer 
containing 0.1 M NaCl. The resultant pellets were either stored 
at -20°C or treated with acetone prior to two-dimensional 
electrophoresis as described above. · 

Purification of Brain Microtubule Protein. Bovine or 
porcine brain microtubule protein was purified by two cycles 
of polymerization-depolymerization according to the method 
of Shelanski et al. (21) and Borisy and Olmsted (22). The protein 
was a generous gift of W. Z. Cande (University of California, 
Berkeley). 

Electron Microscopy. For electron microscopy, samples 
were applied to freshly carbon-coated grids by floating the grids 
upside-down on a drop of resuspended high-speed pellets from 
rat spinal cord or brain for 30 sec. The grids were then allowed 
to float on a drop of 0.5% aqueous solution of uranyl acetate for 
3 min. After the excess liquid had been drawn off with a filter 
paper, the grids were air dried. The specimens were examined 
and photographed in a Phillips 201 electron microscope oper
ated at 80 kV. 

Indirect lmmunofluorescence. Antibodies to the 68,000-
dalton polypeptide were obtained against the antigen purified 
by preparative NaDodS04 gel electrophoresis from rat spinal 
cord. The material shown in Fig. 2A was electrophoresed on 
a preparative NaDodS04 slab gel. After staining and destaining 
the 68,000-dalton band was excised, neutralized with 0.1 M 
Tris·HCI at pH 8.7, homogenized in the same buffer, precipi
tated with A1Cl3, and emulsified for immunization as described 
(5). The immunization scheme was as described (5). Two
dimensional IEF of the antigen revealed the presence of no 
other detectable contaminants of the same molecular weight 
and different isoelectric point (not shown). The detailed char-
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acterization of this antiserum by two-dimensional immu
noautoradiography will be presented elsewhere. 

Indirect immunofluorescence on CEF was performed on cells 
fixed with formaldehyde in the presence of 0.6 M KCI and 1% 
Triton X-100 (4). Indirect immunofluorescence on myofibrils 
was as described (5). 

RESULTS 

Protein Composition of 10-nm Filaments Purified from 
Spinal Cord and Brain. The high-speed pellet of extracts from 
rat spinal cord contained numerous filaments with a diameter 
of approximately 10 nm as well as vesicles of various diameter 
(Fig. IA). Analysis of this material by one-dimensional Na
DodS04/ polyacrylamide gel electrophoresis showed three 
prominent polypeptides of 200,000, 160,000, and 68,000 mo
lecular weight in addition to a number of other polypeptides, 
consistent with the results of Schlaepfer and Freeman (8) (not 
shown). Two-dimensional IEF / NaDodS04/ polyacrylamide 
gel electrophoresis revealed that the 68,000-dalton polypeptide 
is composed of a main isoelectric variant and a slightly more 
acidic minor variant (Fig. 2A ). It is apparent from these gels 
that a and ~ tubulins are also present in the 10-nm filament 
preparations. The 68,000-dalton polypeptide is distinct from 
any rat serum albumin possibly present in these preparations, 
because the two proteins are clearly resolvable on these gels 
(Fig. 2C). 

The high-speed supernatant from brain contained a and ~ 
tubulins as major components as well as a protein with the 
molecular weight and isoelectric point of the rat neurofilament 

FIG. I. Electron ·microscopy of purified 10- nm filaments. (A) 
High-speed pellet of rat spinal cord extracts. (B ) High-speed pellet 
of pig brain extract purified by chromatography on Bio-Gel A-150m. 
Bars= 0.1 µm . 



Cell Biology: Wang et al. 

68,000-dalton polypeptide (Fig. 28 ). When this material was 
purified by gel filtration on Bio-Gel A-150m, the void volume 
contained numerous 10-nm filaments that could be pelleted by 
high-speed centrifugation, but no discernible 25-nm microtu
bules (Fig. lB). Analysis of this material by two-dimensional 
gel electrophoresis revealed the presence of a and f3 tubulins 
as the major components and two other prominent polypeptides 
with molecular weights of 68,000 and 42,000 (Fig. 2D). Coe
lectrophoresis of these brain .extracts with rat spinal cord pu
rified 10-nm fila .ents showed that the ~8,000-dalton poly-
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FIG. 2. Comparative two-dimen
sional gel electrophoresis of the 68,000-
dalton polypeptide. In all electrophero
grams IEF was performed from right to 
left (acid on the left); pH range 4.5-7.0. 
The arrow points to the 68,000-dalton 
peptide. (A) Purified 10-nm filaments 
from rat spinal cord. Tb, a and fJ tubulins. 
(B) High-speed supernatant of a pig lirain 
extract prior to gel filtration. (C) Coelec
trophoresis of purified rat spinal cord 
10-nm filaments and 1 µg of rat serum 
albumin (RSA). (D) High-speed pellet of 
the pig brain extract after gel filtration of 
the high-speed supernatant through a 
Bio-Gel A-150m column and high-speed 
centrifugation of the void volume mate
rial. (E) Microtubule protein purified by 
two cycles of polymerization-<lepoly
merization from pig brain. The pellet 
after the second polymerization step was 
suspended directly in urea sample buffer. 
HMW-MAP, high molecular weight mi
crotubule-associated proteins. (F) Co
electrophoresis of rat spinal cord 10-nm 
filaments and KI-extracted myofibrils 
(compare Figs. 2A and 3D). 

peptides from the two sources have the same molecular weight 
and isoelectric point (not shown). 

The pellets of microtubule protein purified from brain ex
tracts by two cycles of polymerization-depolymerization 
contained a and f3 tubulins as their major component, a group 
of polypeptides with a very high molecular weight, corre
sponding to the high molecular weight microtubule-associated 
proteins, and another prominent polypeptide with a molecular 
weight of 68,000 (Fig. 2E). This is consistent with the results 
of Berkowitz et al. (14) and Runge et al. (15) [protein N4, figure 

FIG. 3. Presence of the 68,000-dalton 
polypeptide in cytoskeletons and whole 
cell extracts of cells grown in tissue cul
ture and in myofibrils. V, vimentin; Tm, 
tropomyosin; Ac, actin; Ds, a and fJ des
min; aA, a actinin. The arrow points to 
the 68,000-dalton polypeptide. (A) Cy
toskeletal residues of BHK-21 cells. (B) 
Cytoskeletal residues ofCEF. (C) Whole 
cell extracts of 7-day-old chicken em
bryonic skeletal myotubes. (D) Triton 
X-100/Kl-extracted chicken pectoralis 
myofibrils. 
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2 of Berkowitz et al. (14)]. The microtubule-associated poly
peptide is also composed of a major variant and a slightly more 
acidic variant. Coelectrophoresis of the microtubule protein 
with purified rat spinal cord 10-nm filaments (Fig. 2 A and E) 
showed that the two 68,000-dalton polypeptides have the same 
molecular weight and isoelectric point (not shown). 

Presence of the 68,000-Dalton Polypeptide in Triton/KC! 
Cytoskeletons of Cells Grown in Tissue Culture. Extraction 
of BHK-21 cells and CEF with 1.0% Triton X-100 leaves an 
insoluble cytoskeletal residue, composed primarily of actin 
filaments and 10-nm filaments (23). Inclusion of 0.6 M KC! in 
the extraction buffer facilitates the extraction of actin, leaving 
predominantly 10-nm filaments. Electron microscopy and 
two-dimensional gel electrophoresis shows that these cyto
skeletal residues contain no detectable microtubules or tubulins 
(4, 24). The major polypeptide species enriched in these residues 
have been identified by two-dimensional IEF / NaDodS04/ 

polyacrylamide gel electrophoresis (4) as vimentin with a M, 
of 52,000, desmin with a M, of 50,000, their degradation 
products, which form a diagonal line extending to the lower left 
(acidic, lower molecular weight) of each of the two molecules, 
and residual actin [Fig. 3 A (BHK-21) and B (CEF)]. Close 
examination of these electropherograms also reveals the pres
ence of a polypeptide with a Mr of 68,000. However, not all of 
the 68,000-a alton polypeptide may be tightly associated with 
these cytoskeletons, because a fraction of it is released upon 
prolonged extraction (not shown). The 68,000-dalton poly
peptide has been identified in whole cell extracts or high salt 
detergent cytoskeletons of a number of cell types grown in tissue 

FIG. 4. One-dimensional peptide analysis of the 68,000-dalton 
polypeptide with S. aureus protease VB. The proteins were purified 
in each case by two-dimensional IEF/ NaDodS04/polyacrylamide gel 
electrophoresis. A, Rat serum albumin; B, chicken serum albumin; 
C, rat spinal cord 68,000-dalton polypeptide (Fig. 2A ); D, BHK-21 
68,000-dalton polypeptide (Fig. 3A ); E, CEF 68,000-dalton poly
peptide (Fig. :JR); F, pig brain high- speed pellet 68,000-dalton poly
peptide (Fig. 2D); G, chicken skeletal myofibril 68,000-dalton poly
peptide (Fig. 3D); H, cycled brain microtubule-associated 68,000-
dalton polypeptide (Fig. 2£). The peptide maps in lanes G and H were 
prepared at a different time than those depicted in lanes A-F and the 
gel was run longer to increase the resolution of the peptides. In both 
cases the 68.000-dalton polypeptide from all these sources exhibited 
indistinguishable peptides. 
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culture, including chicken embryonic skeletal myotubes (Fig. 
3C), mouse 3T3, and Novikoff rat hepatoma cells (not shown). 
In each case this protein has the same isoelectric point and 
molecular weight as the rat spinal cord 10-nm filament-asso
ciated polypeptide. 

Presence of the 68,000-Dalton Polypeptide in Chicken 
Skeletal Myofibrils. Mature chicken skeletal myofibrils give 
a pattern of protein spots on two-dimensional gels that includes 
a 68,000-dalton polypeptide. Myofibrils, prepared from either 
fresh or glycerol-extracted muscle and purified by sucrose 
density centrifugation, still contained the 68,000-dalton poly
peptide. Fig. 3D shows the electrophoretic profile of glyc
erol-extracted chicken myofibrils that have been detergent
washed to remove membranous organelles, banded on a dis
continuous sucrose gradient, and briefly extracted with 0.6 M 
KI to remove actomyosin, whose high quantity in myofibrils 
would otherwise obscure minor protein components. It is ap
parent that these myofibrils contain residual myosin, a-actinin, 
and tropomyosin, in addition to actin, desmin, vimentin, and 
the 68,000-dalton polypeptide. A number of different types of 
muscle were examined, and they were all shown to contain the 
68,000-dalton polypeptide. As in cytoskeletons, a small fraction 
of the 68,000-dalton polypeptide can be extracted with 0.6 M 
KI (not shown). Coelectrophoresis of these KI-extracted myo
fibrils with purified rat spinal cord 10-nm filaments indicates 
that the two 68,000-dalton polypeptides have the same iso
electric point and molecular weight (Fig. 2F). The 68,000-
dalton polypeptide has an isoelectric point of 5.7 (25), which 
agrees well with that estimated for this molecule by Berkowitz 
et al. (protein N4 in figure 2 and table 2 of ref. 14 ). 

Comparative Peptide Analysis of the 68,000-Dalton 
Polypeptide. One-dimensional peptide analysis of the 
68,000-dalton polypeptide was performed with protease VS 
from S. aureus. In order to maximize the purity of the 
68,000-dalton polypeptide, it was isolated from two-dimen
sional IEF / NaDodS04 / polyacrylamide gels. As shown in Fig. 
4, the peptide maps of this protein isolated from rat spinal cord 
10.nm filament preparations (Fig. 4C), BHK-21 cells (Fig. 4D ), 
CEF (Fig. 4E), brain 10-nm filament preparations (Fig. 4F ), 
skeletal myofibrils (Fig. 4G), and cycled brain microtubule 
protein (Fig. 4H) are highly homologous. Comparison of the 
peptide map of this protein with the maps of rat serum albumin 
(Fig. 4A) and chicken serum albumin (Fig. 48 ) indicates that 
the 68,000-dalton polypeptide is a completely distinct poly
peptide; it also has no apparent homology with desmin or 
vimentin (not shown). 

Immunofluorescence. Indirect immunofluorescence on 
CEF was performed on cells fixed in the presence of 0.6 M 
KCl / 1.0% Triton X-100, which solubilizes microtubules and 
the majority of actin filaments but leaves intermediate filaments 
insoluble (4). The rat spinal cord 68,000-dalton antibodies 
reacted with a cytoplasmic filamentous system in these cells 
(Fig. SA) resembling that observed with antibodies to inte r-

~~ 
. . ~~/ ~ 
A - ·· ,; - ··_, E -

FIG. 5. lmmunofluoresrent loca lization of ·the 68,0UU -dalton 
polypeptide. (A) CEF; bar = IO µm. (H and Cl Chicken skeletal 
myofibril. Z, Z line. (D and El Chicken skeleta l myofihril tha t had 
been allowed to react with preimmune serum . A. C. and E are fluo
rescence images; Rand Dare phase-contrast images. Bar= :l µm for 
R-E. 



Cell Biology: Wang et al. 

mediate filaments (2, 26). In isolated myofibrils, immunoflu
orescence indicated that the 68,000-dalton polypeptide is 
concentrated in the Z-line region of the myofibril (Fig. 5 B and 
C). The antigen also remains associated with the Z lines after 
solubilization of the actin and myosin filaments with 0.6 M KI 
(not shown). Preimmune sera were uniformly negative both 
with myofibrils (Fig. 5 D and E) and with fibroblasts (not 
shown). 

DISCUSSION 

The 68,000-Dalton Polypeptide as a Component of 10..nm 
Neurofilaments. It has been well documented in the literature 
that mammalian 10-nm neurofilaments contain a 68,000-dalton 
polypeptide as their major constituent (8, 12, 15, 16). This 
polypeptide remains associated with the filaments under a 
variety of chemical treatments (8, 12, 15) and thus appears to 
be an integral component of the filaments. However, it is not 
clear whether this polypeptide serves as a subunit for these 
filaments, because it has not yet been purified to homogeneity 
and shown to assemble into intermediate filaments in vitro. On 
the basis of its purification with 10-nm filaments from brafn, 
Berkowitz et al. (14) and Runge et al. (15) have concluded that 
the 68,000-dalton polypeptide is not a component of microtu
bules but rather of the 10-nm filaments that copurify with them 
during the purification of the microtubule protein by cycles of 
polymerization-depolymerization. Our results confirm the 
conclusions of these authors and show clearly that the 
68,000-dalton polypeptides isolated from preparations of 10-nm 
filaments from rat spinal cord or pig brain, as well as from 
microtubule protein purified by cycles of polymerization
depolymerization, are highly homologous if not identical pro
teins. The presence of tubulin as the major component of iso
lated brain 10-nm filaments remains unexplained but is in ac
cordance with the observations of Runge et al. (15). 

Presence of the 68,000-Dalton Polypeptide in Nonneuronal 
Cells and in Skeletal Myofibrils. The most interesting con
clusion to be reached from the results presented here is that the 
68,000-dalton neurofilament-associated polypeptide is a major 
component of many different nonneuronal cell types of both 
avian and mammalian origin. In particular, this protein is 
present in cytoskeletal preparations, which are composed 
predominantly of intermediate (10-nm) filaments and do not 
contain any detectable microtubules or tubulin. Thus it seems 
likely that the 68,000-dalton polypeptide is also associated with 
intermediate filaments in nonneuronal cells. Indeed, immu
nofluorescence microscopy with antibodies raised against this 
protein confirms this contention. 

A 68,000-dalton polypeptide designated tubulin assembly 
protein (TAP) has been purified from microtubule protein 
isolated from brain by cycles of polymerization-depolymer
ization as a protein that stimulates microtubule assembly in 
vitro (27). Antibodies to this protein were shown by immu
nofluorescence to decorate cytoplasmic filamentous structures 
that resemble microtubules. It was therefore concluded that this 
polypeptide was associated with cytoplasmic microtubules even 
though the fluorescent images would also be consistent with 
intermediate filament staining (27). From our results it appears 
that at least a portion of this polypeptide is associated with in
termediate filaments in a number of cell types grown in tissue 
culture as judged by immunofluorescence and its presence in 
the microtubule-free, intermediate-filament-rich, cytoskeletons 
prepared from these cells. 

The comparative peptide map analysis of the 68,000-dalton 
polypeptide from a variety of avian and mammalian cell 
sources indicates that it is a conserved protein and a major 
cytoplasmic constituent. We have previously repo[ted that the 
cell types studied here, namely BHK-21 cells, CEF, and em-
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bryonic chicken skeletal myotubes contain and synthesize si
multaneously two distinct major intermediate-filament com
ponents, desmin and vimentin (4, 6). The presence of the 
68,000-dalton polypeptide in these cells indicates that a third 
major intermediate-filament component can also coexist in the 
cytoplasm of these cells. This observation raises interesting and 
intriguing questions about the functional specificity and reg
ulation of assembly of intermediate filaments in higher eu
karyotic cells. 

We have previously demonstrated that desmin and vimentin 
associate with the peripheries of myofibril Z discs and that they 
remain associated with the Z disc after extraction of actomyosin 
with 0.6 M Kl. Furthermore, the two proteins are deposited 
initially as cytoplasmic filaments early during muscle differ
entiation and myofibril assembly, and later during myogenesis 
they transit onto the Z disc (5, 6). From the results presented 
here, the 68,000-dalton polypeptide is also a component of the 
myofibril Z disc and remains associated with this structure after 
short extraction of the actomyosin with 0.6 M Kl. The function 
of this polypeptide during myogenesis and myofibril assembly 
or as a component of cytoplasmic intermediate filaments re
mains to be elucidated. 
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(2) Sodium Arsenite Facilitates the Turnover of 

Phosphate in Cultured Chicken Myotube Tropomyosin 
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Summary 

Both the a and f3 subunits of tropomyosin are phosphorylated in embryonic 

and adult skeletal muscle. Here we demonstrate that the phosphate groups on a

and S-tropomyosin in cultured chicken myogenic cells have half-lives of 7- and 

21-hr, respectively under normal growth conditions. After sodium arsenite treatment, 

the half-lives of a- and S-tropomyosin phosphates are reduced to 1.5- and 5-hr, 

respectively. This facilitated phosphate turnover is reversible and may be specific 

for tropomyosin since it is not observed with other major phosphorylated proteins, 

such as the intermediate filament proteins desmin and vimentin. The results suggest 

that vicinal dithiols may be involved in the enzymatic activities which are responsible 

for the removal of phosphate from tropomyosin. 

Introduction 

Tropomyosin, a two chain coiled-coil molecule (1), in association with actin 

and troponin in skeletal muscle, is a key regulatory protein for muscle contraction. 

It is composed of two different but homologous forms, a- and B-tropomyosin, with 

molecular weights of 33,000 and 36,000, respectively. The ratio of a- and B-tropomyosin 

varies depending on the source of muscle (2,3,4) and also changes during development 

(5,6); the majority of the tropomyosin exists as a heterodimer (a B) rather than a 

homodimer (a
2 

or B 2) (4). It has been shown that tropomyosin is phosphorylated 

in skeletal and cardiac muscle of several different species (7 ,8,9). In addition, the 

phosphorylation of tropomyosin appears to change, both during embryonic development 

and during cultured myotube differentiation (6). Nevertheless, the functional significance 

of the two tropomyosin forms and their phosphorylation are currently obscure. 

Here we report that sodium arsenite, which interacts with vicinal dithiols 

to form a non-dissociable complex (10), specifically reduces phosphate incorporation 

into cultured chicken myotube tropomyosin during a short r32PJ-phosphate pulse 
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labeling period. We also present evidence which indicates that arsenite facilitates 

the removal of phosphate from tropomyosin, presumably by activating a tropomyosin 

specific phosphatase. 

Materials and Methods 

Chicken embryonic myotubes were grown in tissue culture as described previously 

(11): The cells were incubated with or without sodium arsenite (25 µM) for 4 hr, 

after which they were washed twice with phosphate-free minimal essential medium, 

then [32P]-phosphoric acid (New England Nuclear) was added to 100 µCi/ml, and 

incubation was continued for 2 hr. After rinsing three times with phosphate buffered 

saline, the cells were scraped off the plates and collected by centrifugation. The 

cell pellets were lysed in 1 % SDS and subjected to two dimensional gel electrophoresis 

(12,13). The gels were routinely stained, destained and dried for autoradiography. 

The protein spots corresponding to a- and f3-tropomyosin as well as the intermediate 

filament protein, desmin (8,13), were excised from the dried gels and placed into 

scintillation vials. The polypeptides were subsequently eluted with 1 ml of 0.1 % 

SDS in 100 mM NH4Hco3 overnight; 10 ml of Aquasol-2 scintillation fluid (New 

England Nuclear) was added to each vial and then counted. The ratios of the [32P]-

radioactivity of a-and f3- tropomyosin to desmin were then calculated and compared 

between experimental and control cells to quantitate the arsenite effect _on r32P]-

phosphate incorporation into tropomyosin. 

To study the reversibility of the arsenite effect, cells were incubated with 

25 µM sodium arsenite for 4-hr, the chemical was then removed by rinsing three 

times with growth medium, and the incubation was allowed to continue. At various 

time points, the cells were pulse labeled with r32P]-phosphate and the r32P]-radioactivity 

in a- and f3-tropomyosin as well as in desmin was determined by the procedure described 

above. The ratio of r32P]-radioactivity of tropomyosin to that of desmin was compared 

to evaluate the recovery. 
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To determine the half-life of phosphate on tropomyosin, the cultures were 

first double-labeled with 50 µCi/ml of r32PJ-phosphate and 10 µCi/ml of [3H]-leucine 

(New England Nuclear, specific activity 122 Ci/mmole) for 16 hr in phosphate- and 

leucine-free minimal essential medium supplemented with 10% calf serum. The 

cells were rinsed three times with growth medium and then incubated with or without 

sodium arsenite for between 2 and 7 hr. Subsequently, the cells were harvested 

at several different time points and the r32PJ- and [3H]-radioactivity in tropomyosin 

were determined. The ratio of [32PJ /[3H]-radioactivity was used to estimate the 

half-life of phosphate in tropomyosin. 

Results 

1. Arsenite reduces [32PJ-phosphate incorporation into tropomyosin. 

Tropomyosin and the two intermediate filament proteins, desmin and vimentin, 

are among the major r32PJ-phosphate-accepting polypeptides in cultured chicken 

myotubes during a short pulse labeling period (8,13). After comparing the autoradiograms 

of arsenite-treated cells with those of control cells, we found that the [32PJ-phosphate 

incorporation into tropomyosin is reduced with arsenite. Quantitative changes have 

been analyzed in terms of relative incorporation of [32PJ-phosphate into a- and 13-

tropomyosin to that of desmin. Desmin was chosen primarily because it is specifically 

expressed in myogenic cells, since vimentin is also expressed in fibroblasts (11). 

Table I shows the [32PJ-phosphate incorporation of tropomyosin relative to that 

of des min at several different stages of development. The results indicate that 

the relative [32PJ-phosphate incorporation is reduced to 10-30% and 20-50% of the 

control levels for a- and 13-tropomyosin, respectively, after arsenite treatment. 

Qualitatively, the reduction by arsenite is independent of the developmental stage 

of the culture. 
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The interpretation that arsenite reduces the phosphate incorporation into tropomyosin 

is correct only if the [32PJ-phosphate incorporation into desmin and the specific 

activity of [32PJ-ATP do not change significantly. Indeed, we found that the ratio 

of [32PJ-phosphate incorporation into desmin to trichloroacetic acid precipitable 

material does not change significantly. Alternatively, the [32PJ-phosphate incorporation 

into _desmin relative to total amount of desmin remains unchanged (data not shown). 

The low concentration of arsenite (25 µM) used in this study has no effect on oxidative 

phosphorylation (14,15) and the intracellular level of [32PJ-ATP should remain unchanged. 

We therefore conclude that arsenite specifically reduces the [32PJ-phosphate incorporation 

into tropomyosin during a short pulse labeling period. 

2. Reversibility of the arsenite effect on tropomyosin phosphorylation. 

Since the [32PJ-phosphate incorporation into desmin remains unchanged upon 

sodium arsenite treatment, we compared the ratio of [32PJ-phosphate incorporation 

into tropomyosin to desmin between arsenite treated and control cells to quantitate 

the recovery from the arsenite effect. The results of such experiments (Figure 1) 

indicate that the [32PJ-phosphate incorporation into both a- and 8-tropomyosin 

eventually can recover after the removal of arsenite. However, it appears that 

24-48 hr of recovery is necessary for tropomyosin c32P]-phosphate incorporation 

to return to normal levels. The recovery process appears similar at two different 

developmental stages of the cultured cells. 

3. Turn-over of phosphate on tropomyosin. 

Myogenic cells were double-labeled with [3H]-leucine and [32PJ-phosphate 

and the radioactivity incorporated into tropomyosin was then quantitated after various 

chase periods to determine the half-life of phosphate on tropomyosin. Figure 2 

shows the results of such studies for both a- and 8-tropomyosin. Under normal 

growth conditions, the phosphates on a- and 8-tropomyosin have half lives of 7 and 

21 hr, respectively. These are reduced to 1.5 and 5 hr after sodium arsenite treatment. 
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Figure 1. Recovery of Arsenite Effect on Tropomyosin. The results of five day old 

(0) and eight day old myogenic cultures (I) are present here. (A) a-tropomyosin, (B) 

8-tropomyosin. 
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Figure 2. Phosphate Turn-over of Tropomyosin. The results from 10 day old 

myogenic cells are presented here. Open circles (0) and triangles ( !::,) represent the 

results of a- and B -tropomyosin for the control, respectively; closed ones (I, ! ) 

represent arsenite treated cells. Sodium arsenite was added to the cultures at 2 hrs 

and removed at 7 hrs. (A) The ratio of [32P] /[3HJ-radioactivity is plotted directly 

versus the chasing period. (B) The natural logarithm of the ratio relative to those of 

2 hr time points is plotted versus the chasing period minus 2 hr. A straight line was 

drawn for the first three time points. Assuming the decay follows the first order 

kinetics dR/dt = -kR, then k can be determined by the straight line (B), and half-life 

(tl/2) = 0.693/k. 
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In addition, incubation with sodium arsenite for less than 2.5 hr is sufficient to potentiate 

the phosphate turn-over of tropomyosin. These results suggest that arsenite may 

induce a tropomyosin-specific enzyme system which is responsible for the removal 

of phosphate groups from tropomyosin. 

Discussion 

Based on published results, arsenite has a strong affinity for vicinal dithiols 

(10). The inhibition of dithiol enzymes, such as aldehyde dehydrogenase, by arsenite 

occurs even in the presence of a large excess of 2-mercaptoethanol (16). However, 

a similar amount of 2,3-dimercaptopropanol can reduce the arsenite inhibitory effect 

on the enzyme (16). Since the enzyme(s) involved in tropomyosin phosphorylation 

has not been studied, it is difficult to explain exactly by what mechanism arsenite 
' 

affects tropomyosin phosphorylation. Nevertheless, we believe that it is reasonable 

to assume that vicinal dithiols are involved. This could be related to phosphatase 

catalytic activities, or alternatively, vicinal dithiols may be involved in some regulatory 

mechanism. In addition, the fact that 24 to 48 hr are necessary for the recovery 

from arsenite treatment (Figure 1) is consistent with the assumption that a non-

dissociable complex is formed after arsenite treatment, necessitating de novo protein 

synthesis for recovery. 

From the evidence presented here it is clear that arsenite facilitates the turn-

over of phosphate on tropomyosin. However, at present we cannot correlate this 

greater turn-over rate with the three-fold reduction of [32P]-phosphate incorporation 

into tropomyosin duirng a short pulse-labeling period. Because of faster phosphate 

turn-over, more substrates become available for kinase after arsenite treatment. 

Consequently, one would expect more [32P]-phosphate incorporation into tropomyosin 

instead of the observed decrease in incorporation. One could speculate that aresenite 

may affect the kinase as well. 
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It has been documented that a- and B-tropomyosin are homologous to each 

other and that the amino acid sequence around the site of phosphorylation is highly 

conserved (4,17). Since arsenite has a similar effect on both a- and B-tropomyosin 

phosphorylation, it is likely that a similar set of enzymes is responsible for the phosphoryla..-

tion of both a- and B-tropomyosin. From the data present here, it is possible that 

sodium arsenite treatment may help elucidate the enzyme system responsible for 

the phosphorylation of this protein and the functional significance of tropomyosin 

phosphorylation as well. 
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