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ABSTRACT mRNA from human HL-60 cells was used to
prepare a cDNA library, from which two full-length clones that
encompass the complete c-myc coding region were isolated. One
clone, pM1-11, contains all three exons of human c-myc. The
second clone, pM4-10, represents a relatively rare transcript
that initiated in the farst intron and includes the coding exons
2 and 3. The cDNA insert in pMl-11 was used to express the
human c-myc protein in both prokaryotic and eukaryotic cells.
Insertion of the coding sequences in exons 2 and 3 into the
appropriate expression vectors yielded detectable c-myc pro-
tein in Escherichia coli lacking the Lon protease and in
Saccharomyces cerevisiae upon induction. The protein pro-
duced in E. coli has an apparent size of 60 kDa and appears to
be unmodified, as it is identical in size to the protein synthesized
in an in vitro system. In contrast, yeast cells synthesize two myc
proteins, of 60 kDa and 62 kDa. The difference in apparent
molecular mass between the two proteins appears to be due, in
part, to phosphorylation. Subcellular fractionation of yeast
cells showed that the c-myc phosphoprotein is located predom-
inantly in the nuclear fraction.

Activation of the cellular myc gene has been associated with
neoplasia in a variety of species. In transformed cells, the
c-myc gene can be altered by several mechanisms that result
in abnormal or elevated expression of c-myc RNA (1, 2) and,
presumably, in increased levels of c-myc protein. Analysis of
genomic clones of the human c-myc gene shows that it
contains three exons (3). Exon 1 represents a long 5'
noncoding leader region, whereas all of the coding sequences
are located in exons 2 and 3. The coding sequences are highly
conserved among species and with v-myc, the viral oncogene
homolog harbored by avian myelocytomatosis virus (4, 5).
Immunoprecipitation studies show that myc-specific antisera
recognize proteins of =60 kDa in human cells (6-8). The
highly conserved nature of the c-myc protein in many
vertebrate species suggests that c-myc must supply a crucial
function in eukaryotic cells. Such a function has not been
elucidated, although studies on v-myc and c-myc indicate
that this protein is found predominantly in the nucleus and
binds to double-stranded DNA (9-13).

Studies on the structure and function of the c-myc gene
product have been hampered by the difficulty in obtaining
sufficient amounts of protein for biochemical analyses from
human cells that express elevated levels of c-myc RNA
(unpublished observations). In this report, we describe the
isolation and characterization ofcDNA clones containing the
complete coding region of human c-myc. The cDNA clones
were used to express the c-myc gene in heterologous cells
under regulated conditions. The c-myc gene products syn-

thesized in Escherichia coli and in Saccharomyces cerevisiae
were compared and found to exhibit host-cell-specific mod-
ifications.

MATERIALS AND METHODS
Cell Strains. E. coli strain KRR123 was derived from strain

RR1 (14) by phage P1 transduction of the lon9 allele from
strain RGC103 (15). KRR124 was also derived from RR1
through the same steps, except that the wild-type Ion allele
was selected. These strains were transformed with the
low-copy-number-compatible plasmid pRK248cIts, which
carries the gene for a temperature-sensitive repressor (16).
RR1(pRK248cIts) was used to propagate plasmids containing
the PL promoter of bacteriophage X. The yeast vectors
pYE7(+BamHI) and pCM14 were propagated in E. coli
MC1061 (17). S. cerevisiae 20B-12 (MATa trpl pep4-3) (18)
was used for c-myc expression.

Molecular Cloning of Human c-myc cDNA. Total RNA was
prepared from HL-60 cells by the proteinase K/NaDodSO4
procedure (19) and was fractionated by oligo(dT)-cellulose
column chromatography and sucrose gradient centrifugation.
Fractions containing c-myc sequences were detected by "dot
blot" hybridization with a chicken c-myc probe (20). These
fractions were used to construct a cDNA library in pBR322
by the method of Gubler and Hoffmann (21). The cDNA
library of40,000 recombinants was screened with the chicken
c-myc probe. Positive clones were analyzed further by
restriction endonuclease digestion, and two clones with the
largest inserts were characterized further. Nucleotide se-
quence analysis was as described by Maxam and Gilbert (22).

Construction of Recombinant Expression Plasmids. The
expression vector pRC23 (23) has been described. The yeast
expression vector pYE7(+BamHI) is a derivative of pYE4
(24) with an additional BamHI site. Synthetic oligodeoxy-
ribonucleotides were prepared as described (25). Methods
used for transformation ofE. coli (14) and yeast (26) were also
as described.

Induction of c-myc Synthesis. Bacterial cells containing
c-myc expression vectors were grown at 30'C to early
logarithmic phase (OD6wo 0.5) in M9 medium (14). Cultures
were induced as described (27). For in vitro expression, the
E. coli DNA-directed coupled transcription/translation sys-
tem was used as recommended by the supplier (Amersham).
Yeast transformants were cultured for expression as de-
scribed (24). For labeling experiments, cultures were induced
for expression by transfer to phosphate-free medium for
3-5.5 hr and then were incubated with [32P]phosphate (car-
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rier-free, Amersham) for 1-4 hr before harvest and Na-
DodSO4/10% polyacrylamide gel analysis as described (24).

Immunological Detection of c-myc Protein. The c-myc-
specific monoclonal antibody IF7 was prepared by immuni-
zation of mice with a synthetic peptide corresponding to a
portion of the human c-myc protein. Details of the prepara-
tion of this antibody will be described elsewhere. Im-
munoblot analysis and immunostaining of c-myc protein were
performed by a modification of the procedure ofTowbin et al.
(28).

Fractionation of Yeast Cells. After induction and metabolic
labeling, yeast cells were separated into cytoplasmic and
nuclear fractions by a modification of the method of Udem
and Warner (29). Each fraction was analyzed by immuno-
precipitation and NaDodSO4/PAGE.

RESULTS

Isolation and Characterization of Human c-myc cDNA
Clones. A cDNA library, prepared from size-fractionated
mRNA isolated from HL-60 cells, was screened with a probe
prepared from a molecular clone of the chicken c-myc gene
(20). Twelve myc-related clones were identified, and two
clones with the largest inserts were characterized further by
restriction endonuclease mapping and partial nucleotide
sequence analysis. The structures of the two cDNA clones
and their relationship to a human c-myc genomic clone are
summarized in Fig. 1.
The two cDNA clones both contain inserts 2.2-2.3

kilobases (kb) long but differ markedly in their 5' regions. By
restriction mapping, we determined that the insert in pM1-11
is composed of sequences from exons 1, 2, and 3. Nucleotide
sequence analysis reveals that this cDNA begins at nucleo-
tide 812, using the coordinates of Battey et al. (3). This would
correspond closely to a full-length cDNA copy of an mRNA
transcribed from initiation site no. 2, identified as nucleotide
811 (3). This initiation site is used preferentially in HL-60
cells, as shown by nuclease S1 mapping studies (30). Analysis
of the sequence of exon 1 and the beginning of exon 2 in
pM1-11 shows it is identical to the previously determined
sequence of the human c-myc gene (3). In contrast, pM4-10
contains a cDNA insert with sequences from intron 1 fused
to exons 2 and 3. This cDNA, which begins at position 2344
in the first intron, may represent a rare transcript that initiates
3' of the more commonly used initiation sites. Such tran-
scripts have been detected in cells where the c-myc transloca-
tion removed exon 1 and allows the use of cryptic promoters
and initiation sites in intron 1 (1, 31, 32). Sequence analysis
has revealed (3) that the translation initiation ATG codon of

ATG TAA

_ -= _

TAA

pMl- 11

(2.2 Kb)

ATG TAA

M - 10
pM4-10
(2.31 Kb)

FIG. 1. Relationship between the human c-myc gene and two
HL-60 c-myc cDNA clones. The locations of the initiation (ATG) and
termination (TAA) codons for translation are indicated. Exon se-
quences are represented by open bars; intron sequences, by hatched
bars; flanking cellular DNA, by wavy lines; and pBR322 DNA, by
straight lines. (Upper) Genomic organization of the human c-myc
gene. The arrangement of the c-myc gene is shown as determined by
Battey et al. (3). (Lower) Organization of two cDNA clones of HL-60
c-myc poly(A)+RNA. The structures of the two cDNAs are shown,
along with the approximate size of the inserts.

c-myc is located in exon 2 (Fig. 1) and that exon 1 represents
a long 5' noncoding leader region. Although the inserts in
pM1-11 and pM4-10 have different 5' noncoding regions, both
cDNAs encompass the complete protein coding region of the
c-myc gene.

Expression of the Human c-myc Gene in E. cofi. For the
production of c-myc protein in E. coli, we made use of the
expression vector pRC23, which contains the strong, tightly
regulated bacteriophage A PL promoter and a synthetic
ribosome-binding site (23). Details of the construction of the
c-myc expression vector are shown in Fig. 2A. The resultant
vector pCM8 contains the complete coding sequence of the
human c-myc gene under the transcriptional control of the PL
promoter.

Expression of c-myc was determined in several E. coli
strains transformed with pCM8. After induction of the PL
promoter by incubation at 420C, cell extracts were analyzed
by polyacrylamide gel electrophoresis and immunoblot anal-
ysis with c-myc-specific monoclonal antibody IF7, which
was prepared against a synthetic peptide corresponding to a
region of the c-myc protein (see Materials and Methods).
Initial attempts to detect c-myc in induced E. coli RR1
containing pCM8 were unsuccessful (data not shown), sug-
gesting that the c-myc protein was unstable in these cells. To
test this possibility, pCM8 was transferred to the protease-
deficient (Lon-) strain KRR123. Induction of these cells at
420C for 2 hr resulted in the production of a c-myc protein
with an apparent size of =60 kDa (Fig. 3A, lane 7). Small
amounts of c-myc-related proteins of -58 kDa and =42 kDa
were also detected; these may represent degradation prod-
ucts. The Lon' strain KRR124 (which is isogeneic with
KRR123) was also unable to produce detectable myc protein
(Fig. 3A, lanes 4 and 5). The absence of c-myc protein
accumulation in the Lon' strains is probably due to
proteolytic degradation.
Antibody IF7 is clearly specific for c-myc, as shown by

immunostaining of the protein in induced KRR123 (pCM8)
cells (Fig. 3A, lane 7). No such protein was present in these
cells under conditions where the PL promoter was uninduced
(Fig. 3A, lane 6). Control KRR123 cells containing the
parental expression vector pRC23 without c-myc sequences
also did not produce any crossreacting proteins detectable
with antibody IF7 (Fig. 3A, lanes 2 and 3). In addition,
reactivity of this antibody with the pCM8 product demon-
strated the integrity of the coding sequences in our myc
cDNA clone.
The identification of the 60-kDa protein as the product of

the c-myc coding sequences was confirmed by analysis of the
pCM8 expression vector in an E. coli-derived in vitro coupled
transcription/translation system. [35S]Methionine incorpo-
ration into the in vitro reaction followed by gel electropho-
resis showed that pCM8 in this system directed the synthesis
of a protein that migrated at 60 kDa and comigrated with the
protein synthesized in vivo in E. coli (Fig. 3B, lane 8). Several
less prominent bands were also detectable and may represent
degradation products (the 30-kDa protein is the product ofthe
,3-lactamase gene). No c-myc-related proteins were synthe-
sized in the presence of the parental expression vector pRC23
(data not shown). Since posttranslational modifications are
not known to occur in the in vitro system, the comigration of
the predominant c-myc proteins in the in vivo and in vitro
systems suggests that the c-myc gene product does not
undergo any extensive modifications in E. coli.

Expression of the Human c-myc Gene in S. cerevisiae. To
characterize the properties of c-myc protein made in eukary-
otic cells, we chose to study the expression of c-myc in S.
cerevisiae. The yeast expression vector pYE4 contains the
regulated acid phosphatase PHOS promoter (24). This pro-
moter is repressed in medium with a high concentration of
phosphate but is induced in cells grown in medium lacking
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FIG. 2. Construction of expression vectors for c-myc synthesis. (A) E. coli expression vector pCM8. Open bars represent c-myc exons. The
1.84-kb EcoRV-BamHI fragment from pM1-11 was isolated and ligated into EcoRV/BamHI-digested pRC23, which contains the inducible PL
promoter (hatched bar) ofphage X, to yield pCM1. Four synthetic oligonucleotides were synthesized to create a 54-bp fragment flanked by EcoRI
and Hinfl sites. The 54-bp fragment encodes an initiation ATG codon followed by sequences coding for the next 15 amino acids of the c-myc
gene (5). The 54-bp EcoRI-Hinfl synthetic DNA fragment then was ligated to the 255-bp Hinfl-BstEII fragment from pM1-11, to yield a 309-bp
EcoRI-BstEII fragment that contains the 5' translated region ofc-myc. This 309-bp fragment then was inserted into EcoRI/BstEII digested pCM1
to yield pCM8. pCM8 contains the reconstructed c-myc coding region (exons 2 and 3) under the control of the PL promoter. (B) S. cerevisiae
expression vector pCM14. The yeast vector pYE7(+BamHI), a derivative of the expression vector pYE4 (26), contains the inducible acid
phosphatase PHOS promoter (cross-hatched bar), an additional BamHI site for cloning, and sequences required for stable replication and
selection in yeast. The EcoRI-BamHI fragment from the E. coli expression vector pCM8, which includes an initiation ATG and the entire c-myc
coding region, was excised and inserted into the pYE vector to yield the c-myc/yeast vector pCM14.

phosphate (35). The c-myc coding sequences from pCM8
were inserted in the appropriate orientation into a derivative
ofpYE4 (Fig. 2B). The c-myc expression plasmid pCM14 was
then introduced into S. cerevisiae cells. Transformants were
assayed for c-myc protein synthesis after induction in phos-
phate-free medium (Fig. 4A, lanes 2 and 3). Immunoblot
analysis of extracts of yeast (pCM14) cells showed that these
cells synthesized c-myc proteins with two apparent molecu-
lar masses, a major component at 62 kDa and a less intense
band at 60 kDa. The smaller protein comigrated with the
major myc protein synthesized in E. coli in vivo (Fig. 4A, lane
1).
The time course of synthesis and accumulation of the

c-myc protein in yeast cells was analyzed by polyacrylamide
gel electrophoresis and immunoblotting. Yeast transformants
containing pCM14 were grown under conditions in which the
PHOS promoter was repressed (high-phosphate medium) or
induced (phosphate-free medium). Under induced condi-
tions, yeast cells synthesized c-myc proteins over a 24-hr
period (Fig. 4B). Maximal levels were accumulated at 6.5 hr
and 9 hr of induction (lanes 3 and 5) and decreased by 24 hr

(lane 1). No protein was detectable by the c-myc-specific
antibody at any time when the PHOS promoter was not
induced (lanes 2, 4, 6, and 8).

Phosphorylation of the c-myc Protein in S. cerevisiae. It has
been shown that the endogenous c-myc proteins in human
and mouse cells are phosphorylated (7, 8, 12). To determine
whether such modification occurs in cells that normally do
not produce human c-myc protein, yeast cells containing
pCM14 were induced for 3 hr in phosphate-free medium, then
grown in the presence of [3jP]phosphate for 4 hr. Total cell
extracts then were prepared and myc protein was im-
munoprecipitated with the myc-specific antibody IF7.
NaDodSO4/PAGE and subsequent autoradiography of the
precipitated material showed that the major phosphoprotein
migrated at -60-62 kDa (Fig. 5A, lane 2). The immunopre-
cipitated phosphoprotein appeared as a diffuse band that was
difficult to resolve in comparison to the proteins detected by
immunoblotting. A phosphoprotein of 38 kDa was also
immunoprecipitated but was not detectable by immunoblot-
ting (see Fig. 4B). The autoradiographic smear in the region
above 92.5 kDa may represent the precipitation ofcomplexes
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FIG. 3. (A) Immunoblot detection of c-myc protein synthesized
in E. coli. Cultures were grown in M9 medium at 30°C to an OD6w
of 0.5. The cultures were then divided and either maintained at 30°C
(uninduced) or transferred to 42°C (induced) for 2 hr. Samples were
harvested, resuspended in sample buffer, and analyzed by electro-
phoresis in NaDodSO4/10% polyacrylamide gels. After electropho-
resis, the protein was transferred to nitrocellulose membranes.
c-myc protein was detected by immunostaining using the monoclonal
antibody IF7. Lanes: 1, KRR123 induced; 2, KRR123(pRC23)
uninduced; 3, KRR123(pRC23) induced; 4, KRR124(pCM8)
uninduced; 5, KRR124(pCM8) induced; 6, KRR123(pCM8)
uninduced; 7, KRR123(pCM8) induced. (B) pCM8 in vitro translation
product. Radiolabeled proteins were separated in the same gel as
represented in A and transferred to nitrocellulose membranes, but
this portion of the membrane was removed, impregnated with fluor
(Enlighten, New England Nuclear), dried, and exposed to x-ray film
at -80°C. Lane 8: [35Slmethionine-labeled proteins synthesized in
pCM8-directed E. coli in vitro transcription/translation system.
Lane 9: '4C-labeled protein standards (kDa at right).

between c-myc and 32P-labeled high molecular weight mac-
romolecules, either proteins or possibly DNA.

Subcellular Localization of the c-myc Protein. It has been
reported that the protein products of v-myc and c-myc are
associated with the nucleus of the host cell (9-13). It was of
interest to determine the intracellular distribution of the
c-myc protein in a heterologous system, namely the yeast
cells. After induction and labeling in the presence of
[32P]phosphate, cells were separated into nuclear and cyto-
plasmic fractions. Aliquots ofeach fraction were analyzed by
immunoprecipitation and gel electrophoresis. The c-myc
phosphoprotein was found entirely in the nuclear fraction of
the transformed yeast cells (Fig. 5B, lane 1). No c-myc
phosphoproteins were present in the cytoplasmic fraction of
cells containing pCM14 (lane 2). The c-myc antibody did not
detect any labeled protein in yeast cells lacking the c-myc
expression vector (lanes 3 and 4).

DISCUSSION
We have isolated and characterized two cDNA clones that
contain the complete coding sequence of the human c-myc
gene. The coding region from one of these clones was
inserted into expression vectors designed for the regulated
synthesis of proteins in heterologous cells. Recombinant
c-myc protein was produced in both E. coli and yeast cells,
as detected by a monoclonal antibody directed against the
human c-myc gene product. Watt et al. (36) have also
reported on the expression of the human c-myc protein in E.
coli.
The cDNA clones that we have analyzed represent two

alternative modes of myc transcription in human cells. The

FIG. 4. Characterization of c-myc protein synthesis in S. cere-
visiae. Yeast cells transformed with pCM14 were grown at 30'C in
either high-phosphate medium (uninduced) or phosphate-free medi-
um (induced). E. coli (KRR123) cells transformed with pCM8 were
induced as described in the legend to Fig. 3. Cells were collected at
various times after induction, pelleted, and lysed in sample buffer
(27). After boiling, samples were analyzed by electrophoresis in
NaDodSO4/10% polyacrylamide gels and transferred to nitrocellu-
lose paper. c-myc protein was detected by immunostaining with
monoclonal antibody IF7. (A) Comparison of c-myc proteins syn-
thesized in yeast and E. coli. Lane 1: E. coli KRR123(pCM8)
transformants induced for 2 hr at 42°C. Lanes 2 and 3: yeast (pCM14)
transformants induced for 7 hr in phosphate-free medium (lane 3
represents 6-fold more protein than lane 2). At left is a fluorograph
of the region of the blot containing 14C-labeled standard proteins. (B)
Time course of c-myc protein synthesis in yeast. Uninduced: lane 2,
24 hr; lane 4, 9 hr; lane 6, 6.5 hr; lane 8, 4 hr. Induced: lane 1, 24 hr;
lane 3, 9 hr; lane 5, 6.5 hr; lane 7, 4 hr.

predominant class of transcripts (characterized by the insert
in pM1-11) initiates at sites near or at the beginning of exon
1, as identified by nuclease S1 mapping studies (3, 30-32).
The second class (characterized by the pM4-10 cDNA) is
composed of transcripts that initiate at multiple sites within
intron 1 (1, 31, 32). The latter class of mRNAs have arisen as
a result of a variety ofDNA rearrangements that activate the
c-myc gene in neoplastic cells and cause the displacement of
exon 1 from the body of c-myc. The origin of the pM4-10
transcript from HL-60 cells is unclear. It is possible that the
gene amplification described in HL-60 cells (33, 34) could
result in a rearranged copy of the c-myc gene. Alternatively,
this template may have resulted from an incomplete splicing
event.

Studies on the structure and function of the c-myc gene
product would be facilitated by the availability of substantial
amounts of the protein. To this end, we have synthesized
recombinant human myc protein in both prokaryotic and
eukaryotic cells. In E. coli, myc-specific antibody recognizes
a major protein product of 60 kDa. The molecular mass of the
human c-myc protein is predicted to be 48 kDa, as deduced
from its nucleotide sequence (5). The anomalous behavior of
the E. coli product in NaDodSO4/polyacrylamide gels seems
to be an inherent property of the unmodified protein, whether
synthesized in vivo or in vitro (see Fig. 3). Similar results have
been observed for an in vitro reticulocyte lysate translation
product of mouse c-myc (6). This characteristic of myc-i.e.,
the anomalous migration-is shared with the protein prod-
ucts of other nuclear transforming genes (37).

Yeast cells transformed with a myc expression vector
synthesize myc proteins of 60 kDa and 62 kDa that are
modified, in part, by phosphorylation. Two sizes of c-myc
phosphoproteins are also detected in human cells, described

Biochemistry: Miyamoto et al.
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FIG. 5. Modification and subcellular localization of c-myc pro-

tein in yeast. (A) Phosphorylation of c-myc protein. After 3 hr of
induction in phosphate-free medium, yeast (pCM14) cells were

labeled for 4 hr at 30'C with [32P]phosphate (4 mCi/5 ml, 1 Ci = 37
GBq). Spheroplasts were prepared and then lysed in 1% NaDodSO4
by boiling for 10 min. Aliquots of total cell lysates were analyzed by
immunoprecipitation and NaDodSO4/PAGE. Lane 1: total cell
lysate. Lane 2, immunoprecipitate obtained with myc-specific anti-
body IF7. (B) Intracellular distribution of c-myc protein. After
induction for 5.5 hr, yeast cells were labeled with [32P]phosphate (0.5
nmCi/6.5 ml) for 1 hr at 30TC. Cells then were separated into
cytoplasmic and nuclear fractions. Aliquots of each fraction were

analyzed by immunoprecipitation and NaDodSO4/PAGE. Yeast
(pCM14) cells: lane 1, nuclear fraction; lane 2, cytoplasmic fraction.
Yeast cells without pCM14: lane 3, nuclear fraction; lane 4, cyto-
plasmic fraction. Lane at left shows marker proteins.

by various investigators as 65 and 68 kDa (6), 64 and 67 kWa
(7), and 62 and 66 kDa (8). Biochemical characterization of
the modifying groups will clarify the relationship between
these different c-myc species. The yeast cell product does not
appear to be as extensively modified as myc proteins syn-
thesized by use of a recombinant expression vector in insect
cells (39). Thus, the extent of posttranslational modification
may be a reflection of the host-cell environment. Alterna-
tively, the conditions of induction in yeast (phosphate-free
medium) may limit the available phosphate and thus the
extent of modification.
Both expression systems may prove useful for the analysis

of the function of the c-myc protein. The use of microorga-
nisms for the production of large amounts of modified and
unmodified c-myc protein represents a significant advantage
over endogenous sources of the c-myc gene product. Using
the inducible phosphatase promoter, one can study the
regulated expression and modification of c-myc in yeast cells,
which represent a defined eukaryotic genetic system. Studies
on ras proteins in genetic mutants of yeast have yielded
valuable information on the function of the ras oncogene (38).
The variety of forms of the c-myc protein made in E. coli,
yeast, and higher eukaryotic cells will help to define the
biochemical modifications required for c-myc functions (spe-
cific DNA binding, localization to the nuclear matrix, and,
possibly, transformation).

We thank Daru Young for assistance with E. coli expression, Ueli
Gubler for help in preparation ofthe cDNA library, and A. M. Skalka
for helpful discussions and advice during preparation of the manu-
script.
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