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ABSTRACT: Antibodies against the product of the human cellular myc gene (c-myc) were prepared against 
a bacterially expressed human c-myc protein by inserting the ClaI/Bcfl fragment of the human c-myc DNA 
clone in an expression vector derived from pPLc24. These antibodies cross-react with viral-coded myc (v-myc) 
proteins from MC29 and OK10 viruses. Furthermore, IgGs specific for synthetic peptides, corresponding 
to the 12 carboxy-terminal amino acids of the human c-myc gene and 16 internal amino acids, were isolated. 
By use of the various myc-specific antisera or IgGs, a protein of MI 64 000 was detected in several human 
tumor cell lines including Colo320, small cell cancer of the lung (417d), HL60, Raji, and HeLa. This protein 
is larger than the corresponding v-myc or chicken c-myc proteins from avian virus transformed cells or avian 
bursa lymphoma cells (RP9), both of which are proteins of MI 55 000. The human c-myc protein is located 
in the nucleus of Colo320 cells, exhibits a half-life of about 15 min, and is expressed a t  significantly lower 
levels than the viral protein. The human c-myc protein was enriched about 3000-fold from Colo320 cells 
using c-myc-specific IgG coupled to Sepharose beads, The protein binds to double-stranded DNA in vitro, 
a reaction that can be inhibited to more than 90% by c-myc specific IgG. 

x e  oncogene v-myc of the avian myelocytomatosis (MC29) 
virus family is closely related to the cellular myc gene, c-myc, 
found in all vertebrate cells [for a review, see Bishop (1983)l. 
Altered expression of the c-myc gene is an important event 
in malignant transformation. Possible mechanisms by which 
changes in c-myc gene expression have occurred include in- 
sertion of the retroviral promoter in the vicinity of c-myc 
(Hayward et al., 1981), amplification of c-myc DNA (Dalla 
Favera et al., 1982), and chromosomal translocations [for a 
review, see Robertson (1983)l. The protein product of the 
v-myc oncogenes of various myelocytomatosis virus isolates, 
which are expressed either as gag-myc polyproteins or as v-myc 
proteins, have been shown to be nuclear antigens (Donner et 
al., 1982; Abrams et al., 1982; Alitalo et al., 1983a,b), except 
for the large polyprotein gag-pol-myc coded for by the OK1 0 
virus which is cytoplasmic (Bunte et al., 1984). The purified 
gag-myc and v-myc proteins bind to double-stranded DNA 
in vitro (Donner et al., 1982, 1983; Bunte et al., 1982, 1983). 
DNA binding in vitro is considered important for transfor- 
mation since deletion mutants code for deleted v-myc proteins 
which have a significantly reduced ability to bind to DNA in 
vitro, even though their proteins still reside in the nucleus of 
fibroblasts [Donner et al., 1983; for a review, see Moelling 
(19891. 

Several groups have prepared v-myc-specific antisera and 
described the v-myc proteins as molecules ranging in size from 
M, 55000 to 62000 (Alitalo et al., 1983a,b; Bunte et al., 1984; 
Hann et al., 1983; Moelling et al., 1984a,b). Recently also 
the human c-myc gene product has been identified (Giallongo 
et al., 1983; Persson et al., 1984; Moelling et al., 1984a,b; 
Eisenman et al., 1984; Hann & Eisenman, 1984). The sizes 
reported are M, 48 000,65 000,60 000-65 000 and a doublet 
of 64 000167 000, respectively. The size predicted from the 
nucleotide sequence would be M, 49 000 (Reddy et al., 1983; 
Colby et al., 1983). The size differences could be due to 
different gel systems, markers, or the antibodies. 
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The present study was undertaken to compare the human 
c-myc gene product with the viral one by using antisera against 
bacterially expressed v-myc and human c-myc gene products 
and various synthetic peptides. We purified the hu-c-myc gene 
product from Colo320 by means of c-myc-specific IgG and 
demonstrate its ability to bind to DNA in vitro. This binding 
is inhibited to more than 90% by c-myc-specific IgG, indicating 
that DNA binding is an intrinsic property of the protein and 
not mediated through cellular factors. 

EXPERIMENTAL PROCEDURES 

Materials 
Cells. The human tumor cell lines were grown in RPMI 

medium supplemented with 10% fetal calf serum (FCS) except 
for HeLa cells which were kept in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 5% FCS. RP9 cells 
were grown in DMEM supplemented with 8% FCS and 2% 
heat-inactivated chicken serum (CHS). MC29-transformed 
quail fibroblasts (Bister et al., 1977) were kept in DMEM- 
RPMI (l : l) ,  5% tryptose phosphate broth (TPB), 0.5% di- 
methyl sulfoxide (Me2SO), 5 mM N-(2-hydroxyethyl)- 
piperazine-N’-2-ethanesulfonic acid (Hepes), 5% newborn calf 
serum (NCS), and 1% CHS. OK10-transformed quail fi- 
broblasts obtained the same medium as MC29 cells except for 
NCS which was replaced by FCS. 

Cells were labeled metabolically with [35S]methionine 
(250-500 pCi/mL; Amersham Buchler, England) for 90-240 
min by using methionine-free medium supplemented with 
dialyzed FCS. 

Antigens and Antisera. Antibodies against p19 were pre- 
pared in rabbits or from a hybridoma as described (Greiser- 
Wilke et al., 1981). Antiserum against the bacterially ex- 
pressed v-myc and v-myc-specific synthetic peptides were 
prepared as described (Bunte et al., 1984; Moelling et al., 
1984b). Antibodies against the human cellular C-terminal 
peptide (12 amino acids and additional tyrosine) were obtained 
after several injections of the peptide coupled to keyhole limpet 
hemocyanine (KLH) by glutaraldehyde. A 4-mg sample of 
peptide was coupled to 30 mg of KLH in 6 mL of PBS buffer 
by 7.5% glutaraldehyde and 0.5 mL injected in the presence 
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-20 "C) and 750 pL of ethylenediaminetetraacetic acid 
(EDTA) (0.2 M) were added. The solution was kept for 30 
min at 4 "C until it was highly viscous as a result of high 
molecular weight DNA. The DNA was sheared by sonifi- 
cation (6  times, 10 s, 50 W). Then 1% Triton X-100 was 
added (30 min at 4 "C), and the solution was centrifuged at 
10000 rpm for 30 min at 4 "C. The pellet was suspended in 
10 mL of 1 M urea (in 50 mM Tris-HC1, pH 7.5, and 1% 
Triton X-100) for 30 min at 4 "C. The suspension was cen- 
trifuged at 10000 rpm for 30 min at 4 "C. This step removed 
significant amounts of soluble bacterial proteins. The resulting 
pellet was suspended in 10 mL of 6 M urea (in 50 mM 
Tris-HC1, pH 7.5, 1% Triton X-100, and 200 mM NaCl). At 
this stage a 200000g centrifugation was performed in a 50Ti 
rotor at 45 000 rpm for 2 h at 4 "C. The supernatant was 
dialyzed against PBS (50 mM, Na2HP04/KH2P04 and 120 
mM NaCl, pH 7.2) resulting in partial precipitation of the 
protein. The pellets were used for immunization and were kept 
frozen at -20 "C. The solution contained about 1 mg/mL 
MS2-myc protein. This was used for coupling to Sepharose 
beads (see below). 

Preparation of Immunoaffinity Columns. To set up an 
immunoaffinity column, anti-myc-specific IgG was isolated 
from anti-MS2-hu-c-myc hyperimmune serum. This was 
achieved by a two-step procedure, which has been described 
in detail recently for the anti-MS2-myb serum (Moelling et 
al., 1985). In summary, the unfused MS2 protein was purified 
from bacterial lysates and coupled to activated CH-Sepharose 
4B. This column binds MSZspecific IgG from the serum. 
The flow-through material from this column containing re- 
sidual IgGs was applied to an MS2-hu-c-myc-specific column 
prepared from bacterially expressed and purified MS2-hu-c- 
myc protein coupled to Sepharose beads. The hu-c-myc- 
specific IgG was eluted from this column with 1.5 M NaSCN 
and dialyzed. Twenty milliliters of hyperimmune serum al- 
lowed the isolation of about 3 mg of specific IgG. Coupling 
of IgG to protein A-Sepharose was performed as described 
(Donner et al., 1982). 

Isolation of p64 hu-c-myc Protein. To purify the p64 hu- 
c-myc protein by the anti-hu-c-myc immunoaffinity column, 
lo8 Colo320 cells were labeled for 90 min with [35S]methionine 
(500 pCi/mL), washed twice in PBS (50 mM Na2HP04/ 
KH,P04 and 120 mM NaC1, pH 7.2), and lysed in 20 mL of 
lysis buffer (see above) supplemented with protease inhibitors. 
After a short sonification treatment, the solution was clarified 
(10000 rpm, Sorvall rotor HB-4, 30 min, 4 "C) and applied 
to the immunoaffinity column. The column was washed with 
50 mL of RIPA, 10-20 mL of high-salt buffer, and 10-20 mL 
of PBS. The protein was then eluted with low pH buffer (0.1 
M citric acid, pH 3.5, 300 mM NaCl,O.l% Triton X-100, and 
50% ethylene glycol) which was neutralized immediately. The 
eluted protein was stored at -20 "C. The specific activity of 
the eluted proteins was about 20 000 cpm/pg and amounted 
to about 5 pg per preparation. The purification was controlled 
by analyzing an aliquot (75 pL) of the eluted fractions (1 mL) 
on an SDS-polyacrylamide gel and autoradiography (for about 
5 days). 

DNA-Binding Assay and Inhibition of DNA-Protein In- 
teraction by IgC in Vitro. DNA binding was tested by a 
filter-binding assay similar to that as previously described 
(Donner et al., 1982; Bunte et al., 1984). 3H-Labeled dou- 
ble-stranded normal chicken cell DNA (200 000 cpmlpg) was 
sheared to about 20 kilobases. Approximately (5-20) X lo4 
cpm of DNA was used per assay. The incubation mixture (500 
pL) contained 50 mM Tris-HC1 (pH 8.0), 2 mM EDTA, 50 

of Freund's adjuvant (Pfaff et al., 1982). Antiserum against 
MS2 alone was obtained as described (Bunte et al., 1984). 
Antiserum against the MS2-hu-c-myc protein was obtained 
by immunization of the bacterially expressed protein which 
was either isolated from bacteria as described below or eluted 
from gels. For that purpose bacteria were solubilized in sodium 
dodecyl sulfate (SDS) sample buffer and loaded onto a 
preparative polyacrylamide gel. After electrophoresis a narrow 
vertical strip of the gel was excised and stained with Coomassie 
brilliant blue. The stained gel strip served as a guide to excise 
the MS2-fusion protein from the remainder of the unfixed and 
unstained gel, which was homogenized and covered with PBS 
buffer. The protein was eluted by rocking for 12 h at 10 "C. 
A 100-200-pg sample of MS2-fusion protein was injected in 
2-week intervals in the presence of Freund's adjuvant. Ten 
days after each immunization the rabbits were bled from an 
ear vein and the sera stored at -20 "C. 

IgG specific for CI6 and C,, were isolated from polyvalent 
human c-myc serum by using the appropriate peptides coupled 
to carrier beads as described (Bunte et al., 1984). 

Methods 
Indirect Immunoprecipitation. Indirect immunoprecipita- 

tion was performed as described previously (Donner et al., 
1982), except with the following modifications: lo7 cells were 
lysed in 2 mL of lysis buffer containing 10 mM tris(hydrox- 
ymethy1)aminomethane hydrochloride (Tris-HCl), pH 7.5, 50 
mM NaCl, 0.5% NP-40,0.5% deoxycholate (DOC), and 0.5% 
sodium dodecyl sulfate (SDS) supplemented with protease 
inhibitors [ 1 mM phenylmethanesulfonyl fluoride (PMSF) and 
100 units/mL trasylol). The lysate was agitated through a 
Pasteur pipet to shear the high molecular weight DNA. In- 
soluble material was pelleted by centrifugation at 10 000 rpm 
in a Sorvall HB-4 rotor for 30 min at 4 "C. The supernatant 
was used immediately for indirect immunoprecipitation. It 
was pretreated with 25 pL of Staphylococcus aureus cells 
(Pansorbin, Calbiochem), centrifuged, and then treated with 
5 pL of serum for 20 min at 4 "C. Subsequently 25 pL of 
Staphylococcus aureus bacteria was added for 10 min at 4 
"C. The precipitate was collected by short spin and washed: 
3 times using RIPA buffer (50 mM Tris-HC1, pH 7.2, 150 
mM NaCl, 1% Triton X-100, 1% DOC, and 0.1% SDS), 1 
time with high-salt buffer (10 mM Tris-HC1, pH 7.2, 1 M 
NaCl, and 0.1% NP-40), and again with RIPA buffer. The 
pellet was processed for gel electrophoresis. 

Molecular Cloning of the hu-c-myc Gene. Previously a 
fragment of the viral myc gene (SalIIBamHI) has been cloned 
into a derivative of the expression vector pPLc24 which con- 
tained v-myc sequences (Bunte et al., 1984). A ClaIIBamHI 
fragment of this vector was excised and the ClaIIBclI frag- 
ment of the human c-myc DNA clone inserted. This fragment 
was obtained from the human c-myc DNA clone pMC41-3rc 
(Dalla Favera et al., 1982). The resulting plasmid coded for 
99 amino acids of the replicase gene of the bacteriophage A, 
20 amino acids of v-myc, and 178 amino acids of human 
c-myc. Details of the cloning procedure have been published 
(Bunte et al., 1984; Moelling et al., 1985). The MS2-hu-c-myc 
fusion protein was purified from bacteria similarly as described 
by Kuepper et al. (1982) and Moelling et al. (1985). A 20-mL 
culture was grown overnight at 28 "C, diluted 1 5  with Ty 
buffer (Kuepper et al., 1982), and shifted to 42 OC for 3 h. 
The bacteria were centrifuged at 5000 rpm for 15 min at 4 
"C in a Sorvall GSA rotor; the pellet was washed with 
phosphate-buffered saline (PBS) and either stored dry at -20 
"C or processed. The pellet was suspended in 3 mL of 10% 
sucrose, and then 750 pL of lysozyme (1  0 mg/mL, stored at 



H U M A N  C E L L U L A R  M Y C  P R O D U C T  Y O L ,  2 4 ,  NO, 2 3 ,  1 9 8 5  6351 

-92 

-66 

as indicated., Incubation was f ~ r  BO min at 37 'C. Then the 

uman c-myc gene product by 



B E I M L I N Q  ET A & .  6352 B I Q C  H E M I S T R Y  

p64 - 

-terminall human c 

three amino acid exch 

from the avian bu 



H U M A N  C E L L U L A R  M Y C  P R O D U C T  

A 

V 8 L .  2 4 ,  NO. 23, 1 9 8 5  6353 

30 min pulse 

Colo320 cells b 

p64 - 



6354 B I O C H E M I S T R Y  B E l M L l N G  ET AL. 

A 
tt. # 1  2 3 M 

c 

OD4 0.068 
pg prokin 

In order to further i 

ank Dt. R. Balla 



H U M A N  C E L L U L A R  M Y C  P R O D U C T  VOL. 2 4 ,  N O .  2 3 ,  1 9 8 5  6355 

C. M. (1983) Science (Washington, D.C.) 222, 430-432. 
Greiser-Wilke, I., Owada, M. K., & Moelling, K. (1981) J .  

Virol. 39, 325-329. 
Hamlin, P. H., & Rabbits, T. H. (1983) Nature (London) 304, 

Hann, S .  R., & Eisenman, R. N. (1984) Mol. Cell. Biol. 4, 

Hann, S .  R., Abrams, H., Rohrschneider, L. R., & Eisenman, 
R. M. (1983) Cell (Cambridge, Mass.) 34, 789-798. 

Hayward, W. S., Neel, B. C., & Astrin, S. M. (1981) Nature 
(London) 290, 475-480. 

Kuepper, H., Delamarterj, J., Otto, B., & Schaller, H. (1982) 
Genet. Ind. Microorg., Proc. Int. Symp., 4th, 222-226. 

Little, C. D., Nau, M. M., Carney, D. N., Gazdar, A. F., & 
Minna, J. D. (1983) Nature (London) 306, 194-196. 

Moelling, K. (1985) Adv. Cancer Res. 43, 205-239. 
Moelling, K., Benter, T., Bunte, T., Pfaff, E., Deppert, W., 

Egly, J. M., & Miyamoto, N.  B. (1984a) Curr. Top. Mi- 
crobiol. Immunol. 113, 198-207. 

Moelling, K., Bunte, T., Greiser-Wilke, I., Donner, P., & Pfaff, 
E. (1984b) in Cancer Cells (Levine, A., & van de Woude, 
G., Eds.) Vol. 2, pp 173-183, Cold Spring Harbor Press, 
Cold Spring Harbor, NY. 

Moelling, K., Pfaff, E., Beug, H., Beimling, P., Bunte, T., 
Schaller, H. E., & Graf, T. (1985) Cell (Cambridge, Mass.) 

135-139. 

2486-2497. 

40, 983-990. 
Newmark, P. (1983) Nature (London) 305, 470-471. 
Persson, H., & Leder, P. (1984) Science (Washington, D.C.) 

Persson, H., Henninghausen, L., Taub, R., De Grado, W., & 
Leder, P. (1984) Science (Washington, D.C.) 225,687-693. 

Pfaff, E., Mussgay, M., Bohm, H. O., Schulz, G. E., & 
Schaller, H.  (1982) EMBO J .  1, 869-874. 

Reddy, E. P., Reynolds, R. K., Watson, D. K., Schultz, R. A., 
Lautenberger, J., & Papas, T. S. (1983) Proc. Natl. Acad. 
Sci. U.S.A. 80, 2500-2504. 

Remaut, E., Stanssens, P., & Fiers, W. (1981) Gene 15,81-93. 
Robertson, M. (1983) Nature (London) 306, 733-734. 
Saito, H., Hayday, A., Wiman, K., Hayward, W. S . ,  & To- 

negawa, S. (1983) Proc. Natl. Acad. Sci. U.S.A. 80, 

Zech, L., Haglund, V., Nilsson, N., & Klein, G. (1976) Int. 

225, 7 18-720. 

7476-7480. 

J .  Cancer 17, 47-5 1 .  

supplying us with the Colo320 and other human tumor cell 
lines and Dr. J. R. Nevins, New York, for his HeLa cell line. 
We are indebted to Dr. E. Pfaff, Heidelberg, for his advice 
concerning the cloning experiments. We thank Drs. H. 
Schuster, Berlin, and H. Schaller, Heidelberg, for support and 
stimulating discussions. The excellent technical assistance of 
S .  Richter, S. Sukrow, and S. Rabe is gratefully acknowledged. 

REFERENCES 
Abrams, H. D., Rohrschneider, L. R., & Eisenman, R. N. 

(1982) Cell (Cambridge, Mass.) 29, 427-439. 
Alitalo, K., Bishop, J. M., Smith, D. H., Chen, E. Y., Colby, 

W. W., & Levinson, A. D. (1983a) Proc. Natl. Acad. Sci. 

Alitalo, K., Ramsay, G., Bishop, J. B., Pfeifer-Ohlsson, S., 
Colby, W. W., & Levinson, A. D. (1983b) Nature (London) 

U.S.A. 80, 100-104. 

306, 274-277. 
Bishop, J. M. (1983) Annu. Rev. Biochem. 52, 301-345. 
Bister, K., Hayman, M. J., & Vogt, P. K. (1977) Virology 

Bunte, T., Greiser-Wilke, I., Donner, P., & Moelling, K. 

Bunte, T., Greiser-Wilke, I., & Moelling, K. (1983) EMBO 

Bunte, T., Donner, P., Pfaff, E., Reis, B., Greiser-Wilke, I., 
Schaller, H., & Moelling, K. (1984) EMBO J .  3, 

Colby, W. W., Chen, E. Y., Smith, D. H., & Levinson, A. 

Collins, S . ,  & Groudine, M. (1982) Nature (London) 298, 

Dalla Favera, R., Gelman, E. P., Martinotti, S., Franchini, 
G., Papas, T., Gallo, R. C., & Wong-Staal, F. (1982) Proc. 
Natl. Acad. Sci. U.S.A. 79, 6497-6501. 

Donner, P., Greiser-Wilke, I., & Moelling, K. (1982) Nature 
(London) 296, 262-266. 

Donner, P., Bunte, T., Greiser-Wilke, I., & Moelling, K. 
(1983) Proc. Natl. Acad. Sci. U.S.A. 80, 2861-2865. 

Eisenman, R. N., & Hann, S. R. (1984) Curr. Top. Microbiol. 
Immunol. 113, 192-191. 

Erikson, J.,  Martinis, J., & Croce, C. M. (1981) Nature 
(London) 294, 173-176. 

Giallongo, A., Appella, E., Riccardi, R., Rovera, G., & Croce, 

82, 431-448. 

(1982) EMBO J .  I ,  919-927. 

J .  2, 1087-1092. 

19 19-1 924. 

(1983) Nature (London) 301, 722-725. 

679-68 1 .  


