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Cellular levels of the rapidly degraded c-myc protein play an important role in determining the proliferation
status of cells. Increased levels of c-myc are frequently associated with rapidly proliferating tumor cells. We
show here that myc boxes I and II, found in the N termini of all members of the myc protein family, function
to direct the degradation of the c-myc protein. Both myc boxes I and II contain sufficient information to
independently direct the degradation of otherwise stably expressed proteins to which they are fused. At least
part of the myc box-directed degradation occurs via the proteasome. The mechanism of myc box-directed
degradation appears to be conserved between yeast and mammalian cells. Our results suggest that the myc
boxes may play an important role in regulating the level and activity of the c-myc protein.

The c-myc protein is a short-lived, nuclear phosphoprotein
that has a role as a regulator of several biological processes,
including cell proliferation and apoptosis. Elevation in the
levels of c-myc is a widespread phenomenon in a large variety
of tumors from a range of species. Studies of c-myc proteins in
tumor cells led to the proposal that they are involved in the
transcriptional control of genes required for cellular replica-
tion (5, 30). The c-myc protein has motifs that are character-
istic of transcription factors, the leucine zipper and basic helix-
loop-helix (bHLHZip) dimerization and DNA binding
domains (20, 21, 48, 58). To become an active transactivator,
c-myc dimerizes with another bHLHZip protein, max (3, 4,
12). Blackwell et al. (11) showed that c-myc recognizes the
DNA sequence CACGTG, a motif which is present in various
target promoters. The genes encoding a-prothomyosin (22),
PAI-1 (57), ornithine decarboxylase (74), ECA39 (9), eIF-4E
(37), Cdc25 (23), rcl (45), and MrDb (26) have been demon-
strated to be activated by c-myc. In addition, c-myc is able to
repress transcription from the adenovirus major late promoter
(46) and from the promoters for c-EBPa (16), albumin (25),
cyclin D (54), and gadd45 (50).

It has previously been shown that c-myc can function as a
transactivator in Saccharomyces cerevisiae (3). Expression of
c-myc and its dimerization partner max led to activation of a
lacZ reporter gene with a CACGTG site in the promoter. In
addition, Amati et al. (3) and Lech et al. (43) demonstrated
that the N-terminal domain of c-myc functions as a transacti-
vator in yeast when fused to a heterologous DNA binding
domain (DBD) from serum response factor or LexA. In mam-
malian cells, a c-myc–GAL4 DBD chimera has been used to
define an N-terminal transactivation domain of 143 amino
acids (38), and the same region is a functional transactivator in
yeast (51).

Identification and characterization of the N-myc, s-myc, L-
myc, and B-myc proteins showed that there is a family of myc
proteins that have highly homologous regions (6, 39, 44, 68,
70). Two of these regions lie within the transactivation domain
and have been termed myc homology box I (MBI) and myc
homology box II (MBII). MBI and MBII in human c-myc are

located between amino acids 45 and 65 and amino acids 128 to
144, respectively. Both MBI and MBII are 100% homologous
in human and chicken c-myc and 77 to 95% homologous when
c-myc and N-myc are compared (64). MBII is important for the
transforming activity of c-myc, and it has been implicated in
the transcriptional repression function of the c-myc protein
(46, 53). In addition, Brough et al. (15) showed that MBII
forms part of the binding site for an as yet uncharacterized
nuclear factor and proposed that MBII is important for specific
DNA binding. The role of MBI is less clear. It contains the
Thr-58 and Ser-62 phosphorylation sites, which have been re-
ported to play a role in transactivation and transformation, but
different conclusions have been drawn on the basis of results in
different experimental systems (28, 32, 59). MBI is also present
in protein segments that have been shown to bind to p107 (27),
TBP (31, 51), and a-tubulin (2). Deletion of MBI had a dele-
terious effect on transforming ability (64), but a role in trans-
activation and/or repression has not been tested. Sequence
analysis of the c-myc proteins found in cell lines derived from
Burkitt’s lymphoma patients showed that mutation hot spots
were located in MBI at positions 52 to 63 (1, 10). The mutated
residues included the two phosphorylation sites in MBI
(Thr-58 and Ser-62).

We have been investigating the N-terminal transactivation
domain of c-myc by using a yeast-based assay system. A series
of deletions within the transactivation domain were made, and
during their analysis we noticed a significant difference in the
levels of the various proteins on Western blots. In this report,
we show that MBI and MBII destabilize proteins which contain
them in both yeast and mammalian cells and that they target
proteins for degradation via a mechanism involving the pro-
teasome.

MATERIALS AND METHODS

Yeast strains and media. The S. cerevisiae strain used for the investigation of
the c-myc–Pho4 fusion protein was YS33 (MATa his3-11,15 leu2-3,112 ura3-D5
Dpho80::HIS3 Dpho4::ura3-D5 Canr) (71). Pho80 is a high-phosphate-dependent
repressor of Pho4; by deleting it, the requirement for low-phosphate conditions
for Pho4 activity is avoided. The full length c-myc and max genes were expressed
in W303-1A (MATa ade2-1o can1-100o his3-11,15 leu2-3,112 trp1-1a ura3-1) and
in BJ2168 (MATa ura3-52 leu2 trp1 prb1,1122 pep4-3 prc1-407 gal2-1; Yeast
Genetic Stock Center). The proteasome mutants were obtained from Wolfgang
Hilt (Stuttgart, Germany), YHI29/W is the wild type (MATa ura3 leu2-3,112
his3-11,5), and YHI29/14 is defective in protein degradation (MATa ura3 leu2-
3,112 his3-11,5 pre1-1 pre4-1). Yeast transformations were performed by the
method of Ito et al. (35). The selective yeast medium was either SD-LUW
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(0.67% [wt/vol] yeast nitrogen base without amino acids [Bio 101], 2% [wt/vol]
glucose [Sigma], 0.2% [wt/vol] Drop Out mix [62] without tryptophan, uracil, and
leucine) or SDGAL-LUW (same as SD-LUW but with glucose replaced by 2%
[wt/vol] galactose [Sigma] and 2% [wt/vol] raffinose [Sigma]). For the gal2-1
strain, BJ2168, the galactose concentration was increased to 8% (wt/vol).

Plasmids and cloning. For general cloning, E. coli XL-1blue was used (Strat-
agene). Transformation was carried out by electroporation (GenePulser; Bio-
Rad) as specified by the manufacturer. Plasmid pP472S (2mm URA3 Ampr)
contains the 1.1-kb AvaI PHO4 fragment (Pho4DBD) and the PHO4 promoter
and is a mutated form of YEpD2 (71). The original SacI site was deleted, and a
new SacI site was added upstream of the sequence encoding the Pho4 DBD and
downstream of the PHO4 promoter. All c-myc N-terminal mutants were de-
signed to have SacI ends and could be cloned in frame with the PHO4 sequences.
Plasmid YCpD2 (ARS CEN URA3 Ampr) is a low-copy-number version of
YEpD2 (71). The SacI site change has not been made in this plasmid, but the myc
mutants could be excised from pP472S with EcoRI and BamHI and cloned into
YCpD2 to be in frame with the PHO4 sequences there. Expression of the
full-length c-myc and max genes was controlled by the GAL1/10 promoter in
plasmids pSDmyc (ARS CEN TRP1 Ampr) (3) and pRSmax9 (ARS CEN LEU2
Ampr) (19), respectively. All four expression plasmids have f11 origins for
production of single-stranded template DNA. Plasmid pKVlac (2mm LEU2d
Ampr) contains the lacZ gene cloned downstream of a GAL/PGK promoter in
pKV50 (Delta Biotechnology Ltd., Nottingham, United Kingdom). The mam-
malian expression plasmid pCMVt1cGRDBD (Ampr) contains sequences en-
coding t1core (t1c) of the glucocorticoid receptor (GR) fused to the DBD
sequences from the GR. pCMVt1cMBGRDBD (Ampr) is the same as
pCMVt1cGRDBD but with sequences encoding the two myc boxes inserted on
either side of and in frame with the t1core sequences (t1cMB). The mammalian
vector pcDNA3.1V5-HISA (Ampr; Invitrogen) was used for expression of full-
length myc genes with (pcDNA3myc) and without (pcDNA3mycD) the myc
boxes. Expression was controlled by the cytomegalovirus promoter. The proteins
produced have the V5 antigen and His tag at the C terminus.

Oligonucleotides for PCR and deletion mutagenesis. The SacI PCR-generated
N- and C-terminal deletion mutations were produced in standard PCRs with
VENT polymerase (New England Biolabs). A full-length human c-myc clone was
used as a template, and the primers were as follows (the name indicates whether
it is an N- or C-terminal primer and the first amino acid encoded), with the SacI
sites highlighted: N1, 59GCGATAGAGCTCGATGCCCCTCAACGTTAGCTT
CAC39; N41, 59CGCAGCGAGCTCTCAGCCCCCGGCGCCCAGCGA39; N66,
59CCGGGGGAGCTCTCGCTCCGGGCTCTGCTCGCCCT39; N94, 59CGCA
GCGAGCTCGTCCACGGCCGACCAGCTGGAG39; C41, 59CGCGGCGAGC
TCTGCAGCTCGCTCTGCTGCTGC39; C127, 59CGCGGCGAGCTCCGGTT
TTTGATGAAGGTCTCGTCGTC39; and C149, 59CGAGACGAGCTCCGCA
GCTTCTCTGAGACGAGCTTG39. Following purification and SacI digestion,
the PCR products were cloned into pP472S. All the PCR products were se-
quenced (Sequenase, United States Biochemicals) to check for errors.

Internal deletions of regions 41 to 66, 66 to 127, and 127 to 149 (full-length
myc only) were made by using single oligonucleotides spanning the deletion site.
Mutagenesis was carried out as described by Kunkel et al. (41), with the condi-
tions for annealing as follows: single-stranded template DNA and the appropri-
ate oligonucleotide were heated to 75°C for 5 min and then transferred imme-
diately to 37°C for 30 min. The extension reaction was allowed to proceed at 37°C
for 90 to 120 min. The oligonucleotides were designed with two 15-bp “clamps”
homologous to regions 59 and 39 of the deletion site, and a BglII site was inserted
at the point of deletion to act as a diagnostic restriction site. The oligonucleotides
had the following sequences (the name indicates the region deleted), with the
BglII site highlighted: 41–66, 59GCAGAGCGAGCTGAGATCTTCCGGGCTC
TGCT39; 66–127, 59CCCTAGCCGCAGATCTAACATCATCATCCAGG39;
and 127–149, 59CGAGACCTTCATCAAAAGATCTGCTCCTACCAGG39. All
the oligonucleotides were synthesized by CyberGene AB (Sweden). Mutant
clones were isolated by PCR screening for reduced insert size and by the pres-
ence of the BglII site. Positive clones were sequenced to check the deletion site.

The t1cMB construct was produced by cloning a PCR-amplified t1core se-
quence between the two myc boxes in the construct D1–41/66–127P. There is a
BglII site between the myc boxes, and the t1core PCR primers were designed
with BglII and SacI sites at the 59 and 39 ends. The t1cMBI and t1cMBII
constructs were produced from t1cMB by using appropriate pairs of primers
(t1N and C149 or N41 and t1C).

The t1core primers had the following sequences, with SacI and BglII sites
highlighted: t1N, 59CGAGACGAGCTCGAGATCTGACCAAAGCACCTTTG
ACATTTTGC39; and t1C, 59CGCGGCGAGCTCCGAGATCTGTCCTCATTC
GAGTTTCCTTCC39. The full-length myc genes for mammalian expression
were amplified from the yeast pSD plasmids by using Pfu polymerase (Strat-
agene) under standard PCR conditions. The PCR primers were designed with
XhoI or HindIII restriction sites to allow cloning into pcDNA3.1V5-HISA. The
primers had the following sequences (restriction sites highlighted): FN1, 59CG
CAGCAAGCTTCGATGCCCCTCAACGTTAGCTTCACC39; and F439C, 59C
GAGACCTCGAGCGCACAAGAGTTCCGTAGCTGTTC39.

SDS-PAGE and Western blotting. Yeast extracts were prepared by using the
“rapid” protein extraction procedure described by Horvath and Riezman (34).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed with 12.5% (myc-Pho4) or 7.5% (full length c-myc) polyacrylamide

resolving gels (102 by 72 by 0.75 mm). Proteins were transferred electrophoreti-
cally to Hybond C-super membrane (Amersham). The membranes were blocked
in 5% milk, and proteins were detected with primary antibody, secondary anti-
rabbit or anti-mouse immunoglobulin G (IgG)-horseradish peroxidase (HRP)
conjugates and chemiluminescence with an enhanced chemiluminescence cock-
tail (68 mM p-coumaric acid in dimethyl sulfoxide, 1.25 mM luminol in Tris [pH
8.5], 0.009% H2O2). Primary antibodies were raised against Pho4 DBD in rabbits
(antibodies obtained from Colin Gooding) or against a C-terminal c-myc-specific
epitope (408–438, 9E10) in mice (Genosys Biotechnologies Inc.).

RNA extraction and Northern blotting. Total RNA was extracted from yeast
transformant cells grown to mid-log phase under conditions where c-myc expres-
sion was induced. RNA was prepared as described by Schmitt et al. (66), run on
denaturing morpholinepropanesulfonic acid (MOPS) gels, and blotted onto a
Hybond-N nylon membrane (Amersham). Prehybridization and hybridization
were carried out at 65°C in 7% (wt/vol) SDS–0.5 M Na2HPO4 (pH 7.2)–1 mM
EDTA for 20 h. The membrane was washed four times at 65°C in 5% (wt/vol)
SDS–40 mM NaH2PO4 (pH 7.2)–1 mM EDTA (17). The probes for hybridiza-
tion were [a-32P]dCTP-labelled BamHI-XhoI Pho4 DBD and HindIII-BamHI
actin fragments. The relative amounts of each mRNA detected were calculated
after phosphorimager analysis of the hybridization intensity (Fujix BAS 2000).
The actin levels were used as a loading control, and the levels of the myc-Pho4
mRNAs were adjusted to correct for loading differences. The mRNA level
measured for the 1–149P construct was given an arbitrary value of 1, and the
levels of the other mRNAs were compared to this.

Estimation of protein degradation rates. Cultures of W303-1A or BJ2168
carrying pRSmax9 and either pSDmyc or pSDmycDMBI1II plasmids were
grown in selective galactose medium at 30°C until the cells reached a steady
growth rate. Glucose was then added to a final concentration of 5%, and the
incubation was continued. Samples were removed at measured time intervals,
and total protein extracts and Western blotting were performed as described
above. The optical density at 600 nm (OD600) of all samples was measured and
the volume of culture was adjusted to ensure that equal amounts of cells were
used in each extract. The intensity of each band on the Western blot was
determined with GelPro image analysis software (Media Cybernetics). Half-time
values for each protein were calculated from the measured, integrated optical
density of each band, expressed as a percentage (%IOD) plotted against time or
the log %IOD plotted against time.

Transient transfections and proteolysis inhibition. COS7 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
and antibiotics. The cells were transfected with 2.5 mg of expression plasmid and
30 mg of the liposomal transfection reagent DOTAP (Boehringer Mannheim) in
60-mm plates for 14 h and then incubated in fresh medium for a further 30 h. For
protease inhibition, the inhibitor carboxybenzyl-leucyl-leucyl-leucine vinyl sul-
fane (Z-L3 VS [13]), leupeptin (Sigma), or pepstatin (Sigma) was added to the
plates, at a final concentration of 10 mM, 4 h before the cell extracts were made.
Equal amounts of total protein from whole-cell extracts were analyzed by SDS-
PAGE on 20% polyacrylamide gels. Western blotting was performed as de-
scribed above, and the t1c and t1cMB proteins were detected with a monoclonal
antibody to the GR-DBD (Ann-Charlotte Wikström and Marika Rönnholm,
Karolinska Institute). The pcDNA3myc and pcDNA3mycD constructs were
transfected into COS7 cells with FuGENE transfection reagent (Boehringer
Mannheim) as specified by the manufacturer. The cells were incubated with the
FuGENE-DNA mix for 36 h before extracts were made. Proteins were detected
on Western blots with an antibody to the V5 epitope (Invitrogen).

RESULTS

Role of myc boxes in determining protein levels. During
analysis of the N-terminal transactivation domain of c-myc
with a yeast system, various deletions were made in the context
of both the intact c-myc protein and a c-myc–Pho4 fusion
protein, which consists of the N terminal of c-myc fused to the
DBD of the yeast Pho4 protein. Western blot analysis of the
intact proteins and deletion mutants showed that there was a
dramatic variation in the levels of protein produced (Fig. 1).
This variation did not reflect differential extraction of the pro-
teins from yeast since similar results were obtained when pro-
teins were extracted in loading buffer from physically disrupted
cells (results not shown). Analysis of the various myc-Pho4
constructs (Fig. 1A) showed that low protein levels were cor-
related with the presence of one or both of the conserved myc
boxes. We concluded that the absence of both myc boxes led to
an increase in the amount of myc-Pho4 protein present in the
cell extracts. The only exception to this pattern is a construct in
which the two myc boxes are juxtaposed (MBI1II); under
these circumstances, the protein is only slightly destabilized
(see Discussion). When the protein was not detectable, we
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could confirm that it was being produced, since the proteins
were able to induce a lacZ reporter gene fused to a Pho4-
regulated promoter (data not shown). Using a construct ex-
pressing the full-length c-myc protein, we obtained similar
results; that is, the full-length c-myc protein was not detectable.
The amount of protein detected increased on removal of either
myc box, and when both were removed, the levels increased
further (Fig. 1B). Taken together, these results suggest that
each of the myc boxes contributes independently to the low
level of the c-myc protein observed. Since c-myc is generally
found as a dimer with max, we included a max expression
plasmid in all the yeast strains expressing full-length c-myc and
its derivatives. The levels of c-myc proteins were unaffected by
the presence or absence of max.

Changes in mRNA levels do not account for the protein
destabilization effects of the myc boxes. Previous studies have
shown that expression of c-myc is regulated at the mRNA level
(42, 65, 76). Interestingly, exon 2, which encodes the myc
boxes, has been reported to contain sequences which can affect

the amounts of c-myc mRNA (56, 75). To determine whether
the effect on protein levels was due to an effect of the myc
boxes at the mRNA level, we measured the transcript levels of
the different constructs. Total RNA was extracted from YS33
yeast cells expressing each of the myc-Pho4 constructs. North-
ern blots of the RNA were incubated with a probe to Pho4
DBD, which could detect all the myc-Pho4 mRNAs regardless
of the c-myc sequences present. The mRNA levels were quan-
titated and expressed relative to an internal actin control (Fig.
2). Although the mRNA levels for the various constructs vary
considerably, the observed variation does not account for the
variations at the protein level, which we attribute to the myc
boxes. Similar conclusions were drawn from results obtained
with Northern blots, in which transcripts representing the full-
length c-myc proteins, both intact and with the myc box de-
leted, were studied (data not shown).

The myc boxes cause a decrease in the stability of the c-myc
protein. Since mRNA stability did not account for the variation
in the level of myc box-specific protein, we decided to examine

FIG. 1. Western blot analysis of the myc-Pho4 and full-length c-myc constructs in yeast cells. (A) Schematic representation of the myc-Pho4 fusions (left). The myc
boxes are shaded. Western blots showing the levels of myc-Pho4 fusion proteins are shown on the right. Whole-cell extracts from YS33 cells expressing each of the
myc-Pho4 fusions were made by boiling 1.5 OD600 units of cells in 100 ml of 13 loading buffer (34). A 30-ml volume of each supernatant was subjected to SDS-PAGE
(12.5% polyacrylamide). After electroblotting to Hybond C-super, the proteins were detected with anti-Pho4 DBD antibodies (1:6,000 in 1% milk–phosphate-buffered
saline–Tween) and secondary donkey anti-rabbit IgG-HRP conjugate (1:4,000 in phosphate-buffered saline–Tween). Interaction with the antibodies was visualized by
chemiluminescence. The positions of the molecular mass markers are indicated in kilodaltons. The solid arrowhead indicates the 41-127P protein, which is barely visible
on the blot; the open arrowhead indicates a nonspecific band detected by the antibody. (B) Schematic representation of the full-length c-myc protein deletions (left).
The myc boxes are shaded. The c-myc DBD is indicated (bHLHZip). Western blots of intact c-myc and deletion derivatives of c-myc are shown on the right. Whole-cell
extracts were made as described above, from W303-1A cells carrying the c-myc constructs and a max expression plasmid. A 30-ml volume of each extract was subjected
to SDS-PAGE (7.5% polyacrylamide). Proteins were detected with an anti-myc C-terminal antibody (9E10; 1:500 in 1% milk–phosphate-buffered saline–Tween),
secondary sheep anti-mouse IgG-HRP conjugate (1:4,000 in phosphate-buffered saline–Tween), and chemiluminescence. Molecular mass standards are indicated in
kilodaltons. Solid arrowheads indicate the c-myc proteins; open arrowheads indicate nonspecific bands.
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the rates of protein degradation. If some proteins were more
stable than others, this could account for the difference in
steady-state levels seen on Western blots. To allow the detec-
tion of all c-myc derivatives, we expressed the wild-type and
mutant c-myc proteins in a protease-deficient yeast strain
(BJ2168). BJ2168 is deficient for PEP4, PRB1, and PRC1, key
components of the yeast vacuolar protease system (reviewed in
reference 36). The full length c-myc expression vectors (pSD-
myc and pSDmycDMBI1II) were cotransformed with a max
expression plasmid (pRSmax9), and whole-cell extracts were
analyzed by Western blotting. In this strain, the previously
nondetectable constructs were visible, although still at consid-
erably lower levels than the other constructs.

The cells expressing intact c-myc and the derivative with the
myc boxes deleted were grown under inducing (galactose) con-
ditions to allow production of the c-myc proteins. Glucose was
then added to 5%, which inhibits galactose-induced expres-
sion. Samples were removed from the cultures at various times
thereafter, and cell extracts were analyzed by Western blotting
(Fig. 3). The intensity of the c-myc band on the blot was
calculated for each time point, and the half-time for its disap-
pearance was determined. The half-time of intact c-myc was
calculated to be 2 min (Fig. 3A). This was increased fourfold to
8 min for the construct lacking the two myc boxes (Fig. 3B,
upper panel). Interestingly, the same half-time of 8 min was
measured in a wild-type yeast strain (lower panel); therefore,
the vacuolar proteases (mutated in BJ2168) do not appear to
contribute to in vivo degradation of the construct with the myc
boxes deleted. However, it is possible that they contribute
directly to the degradation of intact c-myc and that a half-time
of 2 min is an overestimate of its stability in yeast. To ensure
that the decrease in protein levels was not an artifact associ-
ated with the experimental procedure, we analyzed the half-
time of b-galactosidase (expressed from a GAL-lacZ con-
struct). b-Galactosidase is a very stable protein and exhibited
only a slight change in levels during the assay (Fig. 3C). Fur-
thermore, the same half-times for the c-myc proteins are ob-
served if the glucose addition step is replaced by transfer to
medium containing raffinose as a carbon source (data not
shown).

The myc boxes can destabilize other proteins. Rapidly de-
graded proteins have sometimes been shown to have a “de-
struction box” or sequence that targets the protein for degra-
dation. In some cases, sequences containing the destruction
box are sufficient to destabilize any protein to which they are

attached, as was shown for cyclin B (24) and the MATa2
repressor (33). To determine whether the myc boxes contained
all the necessary sequence information to target proteins for
degradation, we constructed a hybrid gene in which sequences
encoding the glucocorticoid receptor transactivation domain
(GR t1c) were cloned in frame with either one or both of the
myc boxes, upstream of the Pho4 DBD sequences (Fig. 4A).
The t1c-Pho4 protein is usually produced in large amounts in
yeast, indicating that it is not as rapidly degraded as c-myc.
Addition of one or both of the myc boxes to this construct
resulted in a striking decrease in protein levels (Fig. 4A). The
effect of MBI alone on the levels of the protein was less
dramatic than that of MBII alone. As described above, the
presence of the less stable proteins in yeast cells could be
confirmed by using a lacZ reporter gene to demonstrate that
the t1cMB constructs were being produced and were still able
to function as transactivators of gene expression (data not
shown).

To determine whether the myc boxes were also able to
destabilize the t1c protein in mammalian cells, plasmids ex-
pressing similar constructs (Fig. 4B) were transiently trans-
fected into COS7 cells. In these experiments, we have repeat-
edly observed that the protein containing the myc boxes is
present at much lower levels than is the t1c protein alone (Fig.
4B). We conclude that the myc boxes can target proteins for
degradation in both yeast and mammalian cells.

The myc boxes destabilize c-myc in mammalian cells. Hav-
ing demonstrated that the myc boxes can function as degrada-
tion signals in mammalian cells, we investigated the effect of
deleting them from a full-length c-myc protein produced in
COS7 cells (Fig. 4C). We observed that the intact protein
(myc) was present at a lower level than that of the protein
lacking the myc boxes (mycD). In addition, we observed four
extra bands of higher molecular weight in the mycD track.
These were purified by using the His tag fused to this construct
and shown to cross-react with a myc antibody (9E10), confirm-
ing that they are derived from the c-mycD protein (result not
shown). No higher-molecular-weight forms were detected for
the intact protein. We propose that these higher-molecular-
weight derivatives might be intermediates in the degradation
pathway which are visible in the absence of the myc boxes
because the rate of degradation has been decreased signifi-
cantly, allowing the intermediates to accumulate in the cell.

The myc boxes target protein degradation via the protea-
some. The 26S proteasome is a major proteolysis system for
short-lived proteins and is highly conserved between yeast and
mammalian cells (reviewed in reference 55). There are yeast
strains available in which one or more of the proteasome
subunits have been mutated. In these mutants, the proteasome
is still partially active so that the cells can survive, but in many
cases it is possible to detect a decreased turnover rate of
proteins. We looked at the protein levels of the myc-Pho4
constructs 1–149P, DMBIP, and DMBIIP in a strain which
produces mutant forms of the catalytic subunits, Pre1 and
Pre4. Figure 5A shows that there is a dramatic increase in the
level of DMBIP in the mutant strain, strongly suggesting that
MBII targets proteins for degradation via the proteasome in
yeast. There was no effect on the MBI-targeted degradation in
this strain.

To test whether the t1cMB fusion protein is degraded by the
proteasome in mammalian cells, we investigated the effects of
various different diffusible proteolysis inhibitors on the level of
the t1cMB protein (Fig. 4B) expressed in COS7 cells. Figure
5B shows that the Z-L3VS inhibitor, which is a specific and
effective inhibitor of the proteasome (13), stabilizes the myc
box-containing protein, whereas leupeptin and pepstatin,

FIG. 2. Northern blot analysis of myc-Pho4 mRNA expression in yeast cells.
Total RNA was extracted from YS33 cells expressing each of the myc-Pho4
fusions. The RNA was separated on a 1.5% denaturing gel and blotted onto
Hybond N. The mRNA transcripts were detected with a a-32P-labelled probe to
Pho4 DBD or actin. The intensity of hybridization was calculated by phos-
phorimager analysis, and the relative amounts of each myc-Pho4 mRNA, nor-
malized for actin levels, are shown below each lane. p, constructs which have at
least one myc box present.
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FIG. 3. Half-time determinations for c-myc proteins in yeast cells. W303-1A or BJ2168 cells expressing the protein of interest were grown to mid-log phase in
galactose selective medium. Glucose was added to 5% to repress expression of the c-myc derivatives, and 10-ml aliquots were removed from the cultures at various times
thereafter. Cell extracts were made as described for Fig. 1B. The volumes of cells for each extract were adjusted if necessary after the OD600 was determined. A 30-ml
volume of each sample was subjected to SDS-PAGE (7.5% polyacrylamide), and Western blotting was performed as described for Fig. 1B, except where indicated. The
intensity of each band was determined with GelPro image analysis software. The amount of protein present at time zero was set to 100%, and the percentages remaining
were plotted on a logarithmic scale against time to calculate the half-time. (A) Half-time determination for intact full-length c-myc. The half-time was measured for
two different BJ2168 transformants. A representative Western blot is shown, and the values used to calculate the half-time are the means from two experiments. The
c-myc protein is undetectable in W303-1A cells, so the half-time could not be measured in this strain. The open arrow indicates a nonspecific band detected by the
antibody. (B) Half-time determinations for full-length c-myc lacking the two myc boxes. The half-time was measured in duplicate for transformants of both W303-1A
and BJ2168. Representative Western blots are shown, and the values used to calculate the half-time are the means from two experiments. (C) Half-time determination
of b-galactosidase. The primary antibody used was against b-galactosidase (1:500 in 1% milk–phosphate-buffered saline–Tween), and the secondary antibody was sheep
anti-mouse IgG-HRP conjugate. The measured values for the intensity of the b-galactosidase bands were corrected with an internal loading control (results not shown).
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which inhibit thiol and acid proteases, respectively, have no
stabilizing effect. Taken together, our data support a model in
which the myc boxes target protein degradation via the pro-
teasome in both yeast and mammalian cells.

DISCUSSION

We have shown that MBI and MBII, which are highly con-
served in all myc protein family members (Fig. 6), are signals
for rapid turnover of the c-myc protein. In addition, we have
demonstrated that the myc boxes contain sufficient sequence
information to reduce the levels of heterologous proteins to
which they are attached in both yeast and mammalian cells. At
least part of myc box-directed degradation is targeted via the
proteasome in both yeast and mammalian cells (Fig. 5). The
high conservation of the myc box sequences throughout the
myc family proteins suggests that the proteolysis-signalling
function may also be present in other myc family members.

Previously, it has been proposed that the stability of the
c-myc mRNA is important for regulating levels of c-myc pro-
tein (reviewed in references 42 and 65). Many different stabil-
ity-determining sequences have been identified in both the
untranslated and the coding regions of the c-myc transcript. In
addition, the c-myc protein has a rapid turnover, with a half
time of 30 min in mammalian cells (29, 60), so that factors
influencing the stability of the c-myc protein could also be
involved in regulating the cellular levels. We measured a half
time of 2 min for the c-myc protein in yeast. The shorter half
time observed in yeast may be correlated with the shorter
duration of the yeast cell cycle. When the two myc boxes were
deleted, the half-time was increased fourfold; therefore, the
myc boxes appear to be important in determining the stability
of c-myc in yeast. The very high degree of myc box homology
across a range of myc proteins, as well as the conservation
across species (64), suggests that the myc boxes may play an
important role in determining the protein levels of all the myc

FIG. 4. The myc boxes are signals for proteolysis. (A) Constructs used to investigate the effect of the myc boxes on protein levels in yeast cells (left). The t1core
(t1c) of the human glucocorticoid receptor was fused to one or both of the myc boxes (indicated as shaded regions) and the Pho4 DBD. Whole-cell extracts from yeast
strain YS33 expressing either the t1c or the various t1cMB constructs were analyzed by Western blotting (right) as described for Fig. 1A. The open arrowhead indicates
a nonspecific band recognized by the antibody. (B) Schematic representation of the mammalian expression constructs used to investigate the destabilizing role of the
myc boxes in COS7 cells (left). The myc boxes are shaded. COS7 cells were transiently transfected with the expression plasmids for t1c and t1cMB. A 30-mg portion
of total protein from whole-cell extracts was subjected to SDS-PAGE (20% polyacrylamide) and blotted onto Hybond C-super membrane. The t1c and t1cMB proteins
were detected with anti GR-DBD antibody (1:3,333 in 1% milk–phosphate-buffered saline–Tween) and secondary sheep anti-mouse IgG-HRP conjugate (1:2,000 in
phosphate-buffered saline–Tween). Interaction with the antibodies was visualized by chemiluminescence (right). Solid arrowheads indicate the positions of the t1c and
t1cMB proteins. (C) Western blot analysis of the levels of full-length c-myc proteins in mammalian cells. A schematic representation of the mammalian expression
constructs used is shown on the left. The myc boxes are shaded. COS7 cells were transiently transfected with 0.1 mg of the expression plasmid pcDNA3myc or
pcDNA3mycD. A 50-mg portion of total protein from whole-cell extracts subjected to SDS-PAGE (7.5% polyacrylamide) and blotted onto Hybond C-super membrane.
The c-myc proteins were detected with anti-V5 antibody (1:10,000 in 1% milk–phosphate-buffered saline–Tween) and secondary sheep anti-mouse IgG-HRP conjugate
(1:2,000 in phosphate-buffered saline–Tween). Interaction with the antibodies was visualized by chemiluminescence. The mycD protein is indicated by the solid
arrowhead; the derivatives are indicated by solid circles. A nonspecific band is indicated by an open arrowhead. Standard molecular mass markers are indicated in
kilodaltons.
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family members. Sequence analysis of the c-myc proteins
found in Burkitt’s lymphoma revealed the existence of muta-
tion hot spots that colocalize with one of the myc boxes (1, 10).
The c-myc protein in Burkitt’s lymphoma is characterized by
deregulated expression caused by a translocation to the IgG
locus (49). Mutations within the myc boxes may also override
normal cellular control mechanisms and lead to an increase in
cellular levels of c-myc. The binding of c-myc to p107 has been
proposed to be an important step in cell cycle control (8). This
correlates with the observation that c-myc stimulates the G1-
to-S transition and p107 causes G1 arrest. Beijersbergen et al.
(8) showed that increasing the cellular levels of c-myc could
partly reverse the p107 effect and that this might be caused by

direct binding of c-myc to p107. Thus, increased levels of c-myc
due to an increase in stability of the protein could lead to a
reversal of p107 arrest and cause cellular proliferation.

Attempts have been made to delineate the function of the
myc boxes. MBII is essential for the transcriptional repression
activity of c-myc (46), and both myc boxes are required for
transformation of cells (69). Deletion of the myc boxes does
not affect transactivation activity (22a, 46). Several proteins
have been shown to bind to N-terminal sequences containing
the myc boxes (TATA binding protein [31], p107 [27], and
a-tubulin [2]), but in only one case has a myc box been shown
to be specifically involved in protein binding (15). This study
reported that MBII is specifically involved in binding to a
nuclear factor that may be involved in target sequence recog-
nition. It is conceivable that the myc box-targeted protein deg-
radation could provide a universal mechanism to account for
the previously reported functions of the myc boxes, but it is
equally possible that they function by several distinct mecha-
nisms.

To investigate whether the myc boxes alone were sufficient
to cause a decrease in heterologous protein levels, we coupled
one or both of the myc boxes to the t1core of the glucocorti-
coid receptor. The 58-amino-acid t1core is similar in size to the
62-amino-acid region which normally separates the myc boxes.
In these constructs, the myc boxes caused a significant decrease
in protein levels. These results show that the myc boxes alone
contain sufficient sequence information to lead to the degra-
dation of heterologous proteins. This property has also been
reported for other, short “destabilizing” sequences found in
c-jun (72), cyclin B (24), and MATa2 (33). The t1cMB con-
structs show that there is a clear difference in the relative
effectiveness of the two myc boxes. In these constructs, MBII
appears to cause a much greater decrease in protein levels than
does MBI. It is interesting that when the myc boxes are deleted
in the full-length c-myc protein, there is no significant differ-
ence between the levels of the mutant proteins, suggesting that
they contribute similarly in this context. It may be that al-
though deletion of MBI is sufficient to disrupt its destabilizing
effect, the MBI sequence alone is not sufficient for efficient
protein destabilization. Our data suggest that there may be
other sequences, located N terminal of MBI, which are re-
quired for its efficient function (compare DMBIIP and 41–127P
in Fig. 1A). MBII, in contrast, is an efficient and effective
destabilization motif and apparently contains all the necessary

FIG. 5. Role of the proteasome in myc box-directed degradation. (A) Whole-
cell extracts from yeast strains YHI29/W (WT) and YHI29/14 (pre1, pre4)
expressing the myc-Pho4 fusion proteins 1–149P, DMBIP, and DMBIIP were
analyzed by Western blotting as described for Fig. 1A. The open arrowhead
indicates a nonspecific band recognized by the antibody; the solid arrowheads
indicate the DMBIP protein band. (B) COS7 cells were transiently transfected
with the expression plasmid for t1cMB. After 42 h of incubation, 10 mM inhibitor
(Z-L3 VS [Z], leupeptin [L], or pepstatin [P]) was added. Incubation was con-
tinued for a further 4 h. A 30-mg portion of total protein from whole-cell extracts
of treated (lanes Z, L, and P) and untreated (lanes no inhib) cells were subjected
to SDS-PAGE (20% polyacrylamide) and blotted onto Hybond C-super mem-
brane. The t1cMB protein was detected with anti GR-DBD antibody (1:3,333 in
1% milk–phosphate-buffered saline–Tween) and secondary sheep anti-mouse
IgG-HRP conjugate (1:2,000 in phosphate-buffered saline–Tween). Interaction
with the antibodies was visualized by chemiluminescence. An extract from un-
treated cells producing the t1c protein was included as a quantification control.
Solid arrowheads indicate the positions of the proteins.

FIG. 6. Alignment of the N-terminal sequences from different members of the myc protein family. The alignment was produced with DNASTAR/Lasergene
software. Residues identical to the consensus are shaded. The positions of MBI and MBII, described by Sarid et al. (64), are indicated.
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sequence information. The c-mycS protein is a result of initi-
ation of transcription from an AUG codon downstream from
the normal start sites (66), and thus the protein product is a
shortened form of c-myc lacking nearly all of the N-terminal
transactivation region. The c-mycS protein starts at the equiv-
alent of amino acid 100 in the human c-myc protein, just
upstream of MBII sequences. This protein retains a half-life of
30 min in mammalian cells (67), and thus, at least under these
conditions, MBI was not required to cause the rapid turnover
of the protein. Our results clearly show that MBI and MBII
represent destabilization sequences that can work indepen-
dently. However, one construct in which MBI and MBII are
juxtaposed (MBI1IIP; Fig. 1A) is relatively poorly degraded;
therefore, it could be that their activity is partly dependent on
context, but we have not investigated this further.

Our evidence suggests that myc box-containing proteins are
degraded by the proteasome in both yeast and mammalian
cells. We have shown that MBII-directed proteolysis can be
inhibited in the presence of mutations affecting some of the
catalytic subunits of the yeast proteasome (Pre1 and Pre4; Fig.
5A). MBI-directed proteolysis appears to be unaffected in
these mutants, suggesting either that MBI-targeted degrada-
tion is dependent on other proteasome subunits or that the
proteasome is not involved. Results from mammalian cell stud-
ies show that inhibition of the proteasome quantitatively over-
comes the effect of both myc boxes. This suggests that the
proteasome also plays a role in MBI-directed degradation, but
this remains to be shown directly.

Many short-lived proteins which are degraded by the 26S
proteasome are ubiquitin tagged prior to degradation. There
are no specific sequences that mark a protein as a substrate for
degradation by the 26S proteasome. However, it has been
reported that many ubiquitinated proteins have a destabilizing
N-terminal amino acid, as defined by the N-end rule (7). In
addition, sequences rich in proline, glutamic acid, serine, and
threonine, the so-called PEST sequences, can function as deg-
radation signals (61). The ubiquitin tag is always conjugated to
a lysine residue on the target protein, but the positioning of the
lysine residue does not appear to be of great importance (40).
The myc boxes do not contain any PEST sequences, and none
of the constructs tested have a destabilizing N-terminal amino
acid. Each myc box does contain lysine residues, and this
amino acid is not found anywhere else in the N terminus.
High-molecular-weight forms of c-myc, which would normally
be associated with ubiquitination, have not been detected (47),
but using an in vitro assay system, Ciechanover et al. (18)
showed that c-myc and other oncoproteins could be rapidly
degraded via the ubiquitin pathway in vitro. The higher-mo-
lecular-weight forms present in the absence of the myc boxes in
Fig. 4C may be a result of ubiquitin conjugation, but we have
been unable to confirm this. Thus, to date, we do not have
direct evidence for or against ubiquitination of the c-myc pro-
tein in vivo. However, the human N-myc protein has recently
been shown to be ubiquitinated in vivo before undergoing
degradation by the 26S proteasome (14). At least one protein,
ornithine decarboxylase, has been shown to be degraded by the
proteasome without being modified by the ubiquitin pathway
(52, 63), so it remains a possibility that c-myc is also degraded
in this way. Since the myc box-directed proteolysis is conserved
between yeast and mammalian cells, it may be possible to use
the powerful genetic approaches available for yeast to identify
the components involved in the myc box-targeting and prote-
olysis systems which regulate c-myc levels. The prospects for
such an approach are promising, since investigation of prote-
olysis events that regulate the cell division cycle has shown that

the mechanisms involved are highly conserved in yeast, Xeno-
pus, and humans (73).
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