0 1997 Oxford University Press

Nucleic Acids Research, 1997, Vol. 25, N0.1393-1501

c-Myc/Max heterodimers bind cooperatively to the
E-box sequences located in the first intron of the rat
ornithine decarboxylase (ODC) gene

A. J. M. Walhout , J. M. Gubbels *, R. Bernards 1, P. C. van der Vliet and

H. Th. M. Timmers*

Laboratory for Physiological Chemistry, Utrecht University, PO Box 80042, 3508 TA Utrecht, The Netherlands
and 1Division of Molecular Carcinogenesis, Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX

Amsterdam, The Netherlands

Received February 7, 1997; Revised and Accepted March 5, 1997

ABSTRACT

The oncoprotein c-Myc plays an important role in cell
proliferation, transformation, inhibition of differentiation
and apoptosis. These functions most likely result from
the transcription factor activity of c-Myc. As a hetero-
dimer with Max, the c-Myc protein binds to the E-box
sequence (CACGTG), which is also recognized by USF
dimers. In order to test differences in target gene
recognition of c-Myc/Max, Max and USF dimers, we
compared the DNA binding characteristics of these
proteins in vitro using vaccinia viruses expressing
full-length c-Myc and Max proteins. As expected,
purified c-Myc/Max binds specifically to a consensus
E-box. The optimal conditions for DNA binding by
either c-Myc/Max, Max or USF dimers differ with

respect to ionic strength and Mg  2* ion concentration.

Most interestingly, the c-Myc/Max complex binds with
a high affinity to its natural target, the rat ODC gene,
which contains two adjacent, consensus E-boxes.
High affinity binding results from the ability of c-Myc/
Max dimers to bind cooperatively to these E-boxes. We
propose that differential cooperative binding by E-box
binding transcription factors could contribute to target
gene specificity.

INTRODUCTION

Max and the resulting heterodimer binds specifically to the E-box
sequence CACGTG.(-13). The N-terminal domain of c-Myc
mediates activation of transcription possibly via direct contacts
with components of the basal transcription machinery, as has been
shown for the basal transcription factor, the TATA binding protein
TBP (14,15). Both the interaction with Max and transactivation
are essential for the biological function of c-M$(16,17).

In contrast to c-Myc, Max can form homodimers which are also
capable of binding to E-box sequences. However, Max lacks a
transcription activation domain and Max homodimers are
transcriptionally inactive. Therefore Max homodimers are thought
to repress c-Myc action in a passive mannes,18). Other
Max-dimerization partners include the Mad proteins, which are
also members of the BR/HLH/LZ protein familyt9¢21).
Mad/Max heterodimers antagonize the function of c-Myc/Max
by active repression of transcription. For this the interaction with
the co-repressor Sin3 is essent?,3). Mad expression is
induced upon differentiation and induction of Mad correlates
with a decline in c-Myc expression and withdrawal from the cell
cycle ¢4,25).

Besides members of the Max transcription network, other
BR/HLH/LZ transcription factors also function through binding
to E-boxes. One of these, the upstream stimulating factor USF (or
MLTF) does not dimerize with c-Myc, Max or Mad and only
forms dimers with other USF proteing6(27). Co-crystal
structures of both truncated Max and USF dimers with their target
DNA sites have been determined3,29). These structures
showed that both dimers contact DNA in a similar manner. The

The oncoprotein c-Myc plays a pivotal role in important celluladimers fold into a parallel, left-handed, four-helix bundle upon
processes such as proliferation, suppression of differentiation abMA binding. Amino acids located in their basic regions directly
apoptosis (reviewed in refs4). The mechanism by which contact the E-box bases in the major groove and also make
c-Myc exerts its functions is not completely understood. It hasontact with the DNA backbone.

been shown that c-Myc has properties of a regulatory transcriptiorAlthough both c-Myc and USF dimers bind to the E-box
factorin vivo (5-7) and integrity of this activity is required both CACGTG, they regulate the expression of different target genes.

for transformation and for apoptosi9).

USF was first identified as a protein factor that activates

Like most regulatory transcription factors c-Myc contains twdranscription of the adenovirus major late gene via binding to the
separable domains, a C-terminal dimerization and DNA binding-box located in the promoter of this geh&$0,31). Despite its
domain of the basic region/helix—loop—helix/leucine zippeclear function in tumorigenesis and apoptosis only few target
(BR/HLH/LZ) class, and an N-terminal transactivation domaingenes of c-Myc have been identified. These include the ornithine
Via its BR/HLH/LZ domain c-Myc dimerizes with its partner decarboxylase (ODC) and prothymosimgenes which contain
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two and one consensus E-boxes in their first intron, respectivéddanH|. pTM3-His-c-Myc was obtained by cloning the hybridized
(32-36). The ODC gene product is the first and rate limitingoligos 3-CATGGGGCACCACCATCACCACCATCATG-3
enzyme involved in polyamine synthesis and is required for celhd 3CCCGTGGTGGTAGTGGTGGTAGTACTTAA-3 into
proliferation. Furthermore, ODC is involved in c-Myc inducedpBSKS-ATG-Flag digested withicd and EcdRl, generating
apoptosis 7). The function of prothymosin is not known. pBSK-ATG-His. The 1.3 kb c-Myc ORF was digested from
Recently, the human cdc25A gene has been shown to be a tapff64-c-Myc usinglincll andSad and cloned in pBSK-ATG-His
gene of c-Myc. In this gene the E-boxes through which activatiatigested withSma and Sad. His-c-Myc was then cloned into
by c-Myc is accomplished are also located downstream of tlpdM3 usingNcd and Sad generating pTM3-His-Myc which
transcription start site3g). In contrast, the eukaryotic initiation encodes c-Myc with 17 additional amino acids on the N-terminus,
factor 4E (elF4E) gene, which is also responsive to c-MyéMGHHHHHHHEFLQPDSS.
contains E-boxes in a promoter-proximal posities).( pAlter-rODC was made by cloning the 478guRI-Hindlll
In addition to activation, repression of transcription by USF aniDDC fragment from pUC13-rOD@H§) into pAlter (Promega)
c-Myc has also been reported. It is thought that repressiondigested wittEcoRIl andHindlll. pAlter-rODC box1m in which
mediated via the initiator element (Inr) located at the transcriptide-box 1 was mutated into CAC@&Gvas made using the Altered
start site of many promoter$042). sites Ilin vitro mutagenesis system (Promega) with the oligo
It has been difficult to study the DNA binding and transactivas'-GGGCCTCGCGACGGTGGCCGCACA-3creating arMlul
tion properties of c-Myc proteins in vitro assays since full restriction site. pAlter-rOD@ox1 was constructed by digesting
length c-Myc is a labile and extremely insoluble protein in variougAlter-rODCbox1m withMlul, treatment with S1 nuclease and
expression systems like bacteria, CHO cells and baculovirugligation. This resulted in a deletion of 20 bp including E-box 1.
infected insect cells. Several approaches have been employe&ath mutant constructs were verified by sequencing (T7 sequencing
circumvent the solubility problem. Either denatured and renaturédt, Pharmacia).
full length c-Myc proteinin vitro translated proteins, chimaeric
proteins or the isolated BR/HLH/LZ domain have been use, ; ; S
(1343-46). A disadvantage of these approaches is that theeOnStrUCtlon of recombinant vaccinia viruses
produced c-Myc proteins are either incomplete, may be misfoldggbth His-c-Myc and Max were cloned into pTM3 which carries
or not properly modified. In order to examine the difference ifhe gene for th&scherichia colenzyme guanine phosphorybosyl
target gene specificity between USF and c-Myc we construct@@énsferase (gpt), enabling positive selection for recombinants.
recombinant vaccinia viruses aIIOWing eXprESSion of hiStidinqaecombinant vaccinia ViruseS, W'HiS'C-MyC and vv-Max, were
tagged full length c-Myc and Max proteins in mammalian cellghade as describedq). First, recombinant viruses were selected

and compared the DNA binding properties of purified c-Mychy infection of HUTK cells in the presence of §/ml BrdU.
Max heterodimers with USF and Max dimers on a natural c-Myigdividual p|aques were p|Cked and positive p|aques were

target, the rat ODC gene. identified by PCR using a pTM specific primer and either a c-Myc

or Max specific primer. Subsequently, two rounds of gpt-selection

MATERIALS AND METHODS were performed by culturing infected RK13 cells in the presence
. of 250 pug/ml xanthine, 15ug/ml hypoxanthine and 2&g/mi

Materials MPA. Positive plaques were amplified and the titer of the virus

[a-32P]dCTP and\32P]JATP were obtained from ICN Biomedi- stocks was determined. Virus stocks were stored aG-2ior
cals. Herring sperm DNA (HS-DNA), dithiothreitol (DTT) to infection, virus stocks were sonicated for 25 s and then kept on

isopropyl B-p-thiogalactopyranoside (IPTG), BrdU and restriction'C®-

enzymes were purchased from Boehringer Mannheim. Phenyl-

methylsulfonylfluoride (PMSF), protease inhibitors, xanthineProtein expression and purification

hypoxanthine and mycophenolic acid (MPA) were obtained from

Sigma. T4 polynucleotide kinase, Ficoll-400, oligonucleotideMax homodimers were purified froicoli BL21(DE3)-pLysS

and chromatography media were obtained from Pharmaci@ntaining pET-His-Max. Expression of Max was induced by
Protein markers were obtained from BRL. Nitrocellulose (BA45@ddition of 0.4 mM IPTG for 2 h at 3. After centrifugation,
filters were obtained from Schleicher & Schuell. Tissue culturéacteria were resuspended in lysis buffer (50 mM Tris-HCI pH 8.0,
media were from Imperial. 20% sucrose, 0.1 mM EDTA, 5 mB4dmercaptoethanol, 0.2 mM
sodium-metabisulfite, 1 mM PMSF, 1 mg/l leupeptine, 2 mg/I
aprotinin) containing 0.1% Triton X-100 and 50 mg/l lysozyme.
One volume high salt buffer (50 mM Tris—HCI pH 8.0, 0.6 M
The 507 bp human short Max open reading frame (ORF) w&Cl, 0.05 mM EDTA, 5 mM -mercaptoethanol, 0.2 mM
obtained by PCR using pBSK-Max as template,-prifner  sodium-metabisulfite, 1 mM PMSF, 1 mg/l leupeptine, 2 mg/I
containing aNdd site and the M13 reverse primer. The PCRaprotinin) was added and the extract was centrifuged for 15 min
product was digested witNdd and BanHI and cloned into inaSS34rotor at 12 000 r.p.m. The supernatant was sonicated anc
pET15b (Novagen) digested widdd and BanHI. The PCR  subsequently centrifuged for 45 min at 45 000 r.p.m. in a 50 Ti rotor
fragment was verified by sequence analysis (T7 sequencing kit,4°C. Max was purified to apparent homogeneity as judged by
Pharmacia). The resulting pET-His-Max plasmid encodes shaZbomassie blue staining of protein gels. Briefly, the protein was
Max with 20 additional N-terminal amino acids, MGSSHHHHH-bound to Ni-NTA agarose beads in batch, the matrix was washed
HSSGLVPRGSH. pTM3-Max was obtained by cloning the Maxand Max was eluted in buffer T (50 mM Tris—HCI pH 8.0, 10%
ORF (obtained by PCR using ‘adfigo and M13 reverse primer, glycerol, 100 mM KCI, 5 mMp-mercaptoethanol, 0.3 M
creating a 5Rcd site) into pTM3 {7) digested witiNcd and  imidazole).

Plasmids
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Figure 1. Purification of c-Myc/Max heterodimersAY Immunoblot analysis of final column protein fractions using a polyclonal Max antiserum and the c-Myc
monoclonal antibody 9E10. Lanes 1-10 contaipi®7Mono Q fractions as indicated above the lanes. Comparison of the intensities of the bands with known amount:
of bacterially expressed Max indicates that the concentration of the c-Myc/Max heterodimer in fractions #21 af8@2@/sl. B) Coomassie blue staining of

2.5ul of Mono Q fraction #21. Lane 1, molecular weight protein marker; lane 2, 250 ng purified Max. p36 indicates a protein of 36 kDa that copurifies with tt
c-Myc/Max complex.€) Gelshift analysis using OB Mono Q fractions as indicated above the lanes (3-12). Lane 1, 10 ng USHi(2&sed on known affinity

and compared to Max); lane 2, 50 ng purified Max. pCM1, which contains the optimal c-Myc/Max E-box cacCACGTGgtg, was used as a probe. The asterisks indi
non-specific complexes which do not contain either c-Myc or Max protBh&e(shift analysis in the presence ofi.81ax antiserum as indicated. Lane 1, Max
antiserum alone; lanes 2 and 3, 80 ng Max homodimer; lanes 4 and 5, 10 ng USF; lanes 6 and 7, 750 ng c-Myc/Max.

For purification of c-Myc/Max heterodimers, 12 | of Hela S3 USF (kindly provided by L. Chodosh) was purified from calf
cells was infected with vv-His-c-Myc at a multiplicity of infection brain 61).
(moi) of 2 plaque forming units (p.f.u.) per cell and vv-Max at an
moi of 0.5 p.f.u./cell. Since both expression of c-Myc and Max are
under control of the T7 promoter, cells were coinfected with &elshift analysis
vaccinia virus expressing T7 RNA polymerase (v-T7&l) (
at an moi of 5 p.f.u./cell. Cells were incubated for2h a€3i@  The 70 bp E-box probe pCM1, which contains an optimal,
1/20 vol serum free medium, then the volume was adjusted to 1artificial c-Myc/Max binding site cacCACGTGgtg, was labeled
by adding medium containing 10% fetal calf serum and cells wels digesting pCM1 witEEcaR| andHindlll, and filling in the ends
maintained for another 21 h at°® These conditions result in using Klenow DNA polymerase ana-p2P]JdCTP. The 74 bp MLP
the highest amounts of soluble c-Myc/Max heterodimers. Infectgmtobe, containing the E-box located in the adenovirus major late
cells were harvested, washed in ice-cold PBS, dounced six tinggemoter, was labeled as described for pCM1. The 151 bp rODC
in buffer T300 (50 mM Tris—HCI pH 8.0, 300 mM KCI, 10% probe was labeled by digesting pAlter-rODC, which contains the
glycerol, 0.1% NP-40, 0.05 mM EDTA, 0.5 mM PMSF, 0.2 mM+10 to +443 part of the rat ornithine decarboxylase (rODC) gene,
sodium-metabisulfite, 1 mg/l leupeptine, 2 mg/l aprotinin and 5 mMiith Ncd and Pvdl and end-filling the Ncd site with
B-mercaptoethanol) and sonicated three times for 25 s, whlle-32P]JdCTP. rODC mutant probes were labeled identically. Double
keeping on ice in between. After centrifugation for 30 min in &tranded oligo probes were made by annealing the oligonucleotides
SW41 rotor at 30 000 r.p.m. &@, the extract was loaded on a5'-CTCAGGCACCACGTGGTGGGGGAT:3and 5ATCCC-
DEAE Sepharose Fast Flow column equilibrated in buffer T3S0CCACCACGTGGTGCCTGAG-3to make the CM1 probe and
The flow-through was loaded on a Ni-NTA columnildspated 5-GCCTCGCGACACGCGGCCGCACAATC-and 5GATT-
in buffer T300. After washing in buffer T100 (100 mM KCI) with GTGCGGCCGCGTGTCGCGAGGC-® make the CACGCG
16 mM imidazole, proteins were eluted using a linear gradient probe. Probes were labeled by phosphorylatian8s using T4
buffer T100 from 16 to 400 mM imidazole. Fractions containingolynuceotide kinase ang-$2P]ATP. Reactions were done in a
c-Myc/Max (as judged by immunoblotting) were pooled and.5 pl volume either in buffer T (12 mM Tris—HCI pH 8.0, 12%
loaded on a Mono Q column (HR 5/5, Pharmacia) equilibrated giycerol, 0.1 M KCI, 0.6 mM EDTA, 5 mM Mggl1 mM DTT,
buffer B (20 mM Tris—HCI pH 8.0, 20% glycerol, 0.5 mM EDTA, 0.4 mg/ml BSA) (experiments of Fig€ and D,2 and3) or in
0.1% NP-40, 0.5 mM PMSF, 1 mM DTT, 1 mgfupeptin, 2 mg/l retardation buffer (20 mM HEPES pH 8.0, 4% Ficoll-400, 1 mM
aprotinin, 0.2 mM sodium-metabisulfite) plus 0.1 M KCI. BoundEDTA, 5 mM MgCh, 1 mM DTT, 0.025% NP-40) (experiments
proteins were eluted using a linear gradient in buffer B from 0.1 tif Figs1D and4) with 25 ug/ml HS-DNA and 0.3 pmol probe
1 M KCI. The c-Myc/Max heterodimer elutes at around 0.3 M KClunless described differently in the legends. After incubation for
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- MgCl, Antibodies and immunoblotting

c-Myc/Max  Max USF The monoclonal anti-c-Myc antibody 9E10 was purified from 2 |
- — = g hybridoma cells using protein A-sepharose column chromatography
— = 1 (Biorad) as described?). The polyclonal anti-Max antiserum
- e | I was obtained by immunizing rabbits with human MBY that
. . was purified as a His-tagged protein fr&neoli. Immunoblots
e [ - o were performed using nitrocellulose and filters were blocked in
i " TBS-Tween (10 mM Tris—HCI pH 8.0, 150 mM NaCl, 0.05%
% Tween-20) containing 5% dry-milk. Filters were incubated with
the antibodies described in the legends of the figures followed by
| incubation with goat-anti-mouse (9E10) or goat-anti-rabbit (anti-
W Max) coupled to horseradish peroxidase (HRP). After washing,
W bound HRP was visualised by enhanced chemiluminescence (ECL,
: 2 g 4 y & 4 8 g|I}|‘I'Izwﬂl!lﬁu‘lﬂ 19 21 23 35 739 M W I AmerSham)
20 22 24 26 26 W 3}2 M

RESULTS
Figure 2. c-Myc/Max, Max and USF have different salt and MgCIl

requirements for DNA binding. Gelshift analysis using pCM1 as a probe. ThePurified full-length native c-Myc/Max heterodimers are
KCI concentration was varied in the absence or presence of 5 mMM.M@CTI ctive in E-box binding
concentrations of the reactions are 10, 25, 50, 100, 200 and 400 mM in eac%
panel. Lanes 1-6 and 19-24, 350 ng c-Myc/Max; lanes 7-12 and 25-30, 10, order to obtain full-length native c-Myc/Max heterodimers, we
ng Max; lanes 13-18 and 31-36, 8 ng USF. The asterisks indicate non-specifigyystrycted recombinant vaccinia viruses encoding histidine-
DNA—protein complexes, which do not contain c-Myc or Max proteins. - . .

tagged c-Myc and native Max. High levels of expression were

achieved by coinfection with a vaccinia virus expressing T7 RNA

30 min at 30C, the samples were run on 6 or 7.5% (BB)  Polymerase. After optimization of extraction and purification

native polyacrylamide gels in TBE at 200 V for 4 h €4 procedures, 1 mg of c-Myc/Max complex was purified from 12 |
human HelLa S3 cells (8 1P cells). FigurelA shows an

immunoblot of final protein fractions (mono Q column chromato-
graphy) using a polyclonal Max antiserum and the c-Myc
The bottom strand of the rODC gene was labeled as describtmdnoclonal antibody 9E10. Fractions #21 and #22 {Ridanes
above for gelshift analysis. Binding reactions were done d&sand 6, FiglB, lanes 6 and 7) contain the peak of c-Myc and
described for gelshift analysis in flin buffer T. DNasel (0.1 U) Max proteins. In Figur@B a Coomassie blue stained protein gel
was added and after 40 s reactions were stopped by the additibnpeak fraction #21 is shown (lane 3). The heterodimer
of 1 vol stopmix (0.4% SDS, 40 mM EDTA and R@/ml  concentration iscI’50 ngll. A protein of (36 kDa (p36)
HS-DNA). After phenol extraction the DNA was precipitated andopurifies with c-Myc/Max and we are presently investigating the
loaded in denaturing DNA loading buffer (50% formamide, 10 mMunction of this protein. The DNA binding activity of the purified
NaOH) on a 5.5% sequencing gel. Quantifications of botb-Myc/Max heterodimers was tested using the optimal c-Myc/Max
gelshifts and footprints were done by using Phosphorimager dghding site cacCACGTGgtg (pCM1) as a probe. Although
scanner (Molecular Dynamics, Sunnyvale, CA) and Imagequainactions #21 and #22 contain the same amount of c-Myc and Max

DNAsel footprinting

5.25 software. protein, FigurelC shows that the DNA binding activity of the
A c-Myc/Max USF Max B ., = pCM1
pCMi MLP fODC pGM1 MLP rODC  pCM1 MLP fODC @z rODC
- >
i W - <
' Wil ®
‘ 2
©
[Yeen ®
" M
[rYvie M
J 2 34 56 ! a 9\0 "12 1814‘515”18‘ﬁ2021 ’22232»1 2528272:ﬂ30313233343515 Max c-MYCIMaX USF

Figure 3. c-Myc/Max binds with high affinity to the rODC E-boxe&) Gelshift analysis using different E-boxes as probes. pCML1 is a synthetic, optimal E-box for
c-Myc/Max, MLP is the E-box of the adenovirus MLP (from —60 to —55), rODC is the rODC intron which contains two consensus E-boxes (at positions +214 to +2
and +255 to +260). The three dimers were titrated in 3-fold dilutions as indicated. Highest amounts used were: 750 ng c-Myc/Max (lanes 4, 8 and 12), 20 ng
fraction (lanes 16, 20 and 24) and 100 ng Max (lanes 28, 32 and 36). Equimolar amounts of probe were used as B) Rglatv2. ffinity of the three dimers

for pCM1, containing one E-box and rODC, containing two E-boxes. Large protein titrations were done using the two probes (data not shown) and the differen
amount of protein required to bind 50% of the DNA was used as relative affinity.
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Figure 4. c-Myc/Max binds cooperatively to the rODC E-boxes. Gelshift analysis using probes derived from the first intron of the ODC gene. The wild type rat OC
fragment (wt rODC) contains the two E-boxes and flanking sequences, in the box 1m fragment the most proximal E-box (E-box 1) was mutatedSinlo CACGC
thed box 1 fragment, 20 bp were deleted including E-box 1 (see also Fg. [6nes 6, 12 and 18, 900 ng c-Myc/Max, dilutions were 3-fold as indicated; lanes 1, 7 and
13, no added proteirB) Lanes 6, 12 and 18, 300 ng Max (Max was titrated with 3-fold dilutions as indicated); lanes 1, 7 and 13, no addeg)) fitmeimg of

USF (lanes 7, 14 and 21) was titrated in 2-fold dilutions. Lanes 1, 8 and 15 show only free probe. C1 indicates the first and C2 the second DNA—protein complex fo

heterodimer peaks in fraction #21 and therefore this fraction wasoperties of the different complexes were compared. The DNA
used in the following experiments. To analyze the proteibinding characteristics of native, purified USF have already been
composition of the observed complexes, we added antibodiesstadied in more detai?). Figure2 shows a gelshift assay using
the binding reactions. Figut® shows that the slowest migrating pCM1 as a probe. The ionic strength was varied either in the
complex contains the c-Myc/Max heterodimer since this complespsence or presence of 5 mM Mg®&inding of c-Myc/Max and

can be supershifted by the addition of Max antiserum {Big. Max homodimers does not depend on the addition of MgCl
lanes 4 and 5). Binding of Max homodimers is completelyhe binding reaction (Fig, lanes 1-12 and 19-30). However, one
abolished by the antibody whereas, as expected, binding of UgFihe two non-specific complexes present in the c-Myc/Max
is not affected. (FidD, lanes 2, 3, 6 and 7). As already noted byraction, disappears when MgGhvas included in the binding
others g9, the addition of different Myc antibodies, like 9E10, ection (Fig2, compare lanes 1-6 with lanes 19-24). c-Myc/Max
had no effect on the formation and migration of the protein—DNAy 1\1s an optimum in DNA binding at 40 mM KCI (lanes 2 and 3)

complexes (data not shown). whereas Max homodimers have a binding optimuls0 mM

. . - KCI (lanes 10 and 11). Binding of USF is dramatically influenced
c-Myc/ szthal\i dn‘;erent dDNA blndéng SCEaraCte”St'CS both by salt and by Mge(Fig. 2, lanes 13-18 and 31-36). In the
compared to Max homodimers an absence of MgG] binding of USF requires relatively high salt

In order to investigate target gene specificity of c-Myc/Maxconcentrations, with an optimum at 200 mM KCI. In contrast, in
heterodimers and Max and USF dimers, the DNA bindinthe presence of 5 mM Mgg&l binding of USF is largely
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Figure 5. Mutation of one E-box in the ODC enhancer results in a lower affinity of c-Myc/Max for both sites. DNAsel footprinting analysis using the bottom stran
of the rODC first intron and mutants box 1m arttbx 1 as probes. In lanes 2, 9 and 16 no protein was added. All proteins were titrated in 2-fold dilutions. Lanes 7
14 and 21 contain respectively 750 ng c-Myc/Max (Mono Q fraction21000 ng bacterially expressed MBY ¢r 160 ng USFQ). E-box 1 and 2 are indicated

as box 1 and box 2 and protected regions are indicated by black bars. Asterisks indicate DNAsel hypersensitive sites. GA shows G+A tracts of the different pr

independent of the addition of salt. This shows that for binding sfmultaneously bound by two dimers. USF binds with very
USF the addition of 5 mM Mggkan substitute for the addition similar affinities to both the pCM1, MLP and rODC elements
of salt. (Fig.2, lanes 1-6 and 19-24). Chodeslal (26) found (Fig. 3A, lanes 13-24). Max homodimers bind with a lower
that USF binding decreases at high salt concentrations in thginity to the MLP and pCM1 probes compared with the rODC
presence of MgGl This discrepancy could be the result ofelement (Fig3A, lanes 25-36). Although this is not clear from
different reaction conditions, different DNA probes or the purityhis particular experiment, repetition of this experiment clearly
of the protein fraction used. However, our direct comparisoimdicates that Max binds with comparable affinities to pCM1 and
between c-Myc/Max and USF using identical conditions anMLP (data not shown). Both for USF and Max dimers two
DNA fragments shows that the optimal binding conditions foDNA—protein complexes are formed when the rODC element is
each dimer are different. In the following experiments bindingsed as a probe. Most likely, the faster migrating complex
reactions contained 100 mM KCIl and 5 mM MgCl represents occupation of one E-box whereas the slower migrating
complex consists of two dimers bound to DNA (B4, lanes

c-Myc/Max binds with high affinity to the rODC element 21-24 and 33-36). With USF multiple bands can be seen in the
which contains two E-boxes faster migrating complex (FigA). This is most likely due to the

) o ) presence of different forms of USF diméx8)( Quantifications of
Since c-Myc and USF regulate transcription of different targejide protein titrations showed that the affinity of MaxZsfold
genes and in the experiments described thus far a syntheigher for roDC, whereas USF has a somewhat higher affinity for
binding site was used, we analyzed the DNA binding characteristig&M1. However, c-Myc/Max binds with a 10-fold higher affinity
of c-Myc/Max, Max and USF dimers to two natural target sitego rODC compared to pCM1 (FigB). Taken together with the
The adenovirus major late promoter (MLP) contains one E-b®pservation that one protein—-DNA complex is formed by c-Myc/

required for activation of transcription by USF5,30,31). The  Max in this experiment, this suggests that c-Myc/Max binds to the
rODC gene contains two conserved consensus E-boxes in the ftm E-boxes of the rODC gene ina Synergistic manner.

intron which are essential for activation of ODC gene expression

by c-Mycin vivo (32,33). Using gelshift analysis we compared ._ ; : }

binding of c-Myc/Max heterodimers, Max homodimers and USlge“:l]ZC/Max binds cooperatively to the E-boxes of the rODC
dimers with pCM1, MLP and rODC (Fig). In contrast to USF
and Max, c-Myc/Max binds with different affinities to these thredlo investigate synergistic binding of c-Myc/Max to the E-boxes
elements (FigBA, lanes 1-12). The affinity of c-Myc/Max for the of the rODC gene, mutations were introduced in the proximal
rODC probe is significantly higher than for the single E-boxE-box (box 1, see also Fif). In the first mutant the proximal
containing pCM1 and MLP probes. In addition, as for the singlE-box was mutated into CAC@&C(box 1m) and in the second
E-box probes, only one specific DNA—protein complex is formechutant box 1 was deletediijox 1). Both for Max (FigdB, lanes

by c-Myc/Max on the double E-box containing rODC probel3-18) and for USF dimers (F#, lanes 15-21) deletion of box
(Fig.3A, lanes 9-12). This may indicate either that binding of ong results in the formation of one DNA—protein complex (C1),
dimer excludes binding of a second dimer or that both E-boxes avhich runs at the same position as the faster complex with the
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T # LR #4
GGAGCATTGTGCGGCCACGTETCGCCAGGCCCGGACTGCGGTCGCCGGCAGGGGACACGTGGCCGGAGGCTGGTGA

CCTCCTAACACGCCGGTGCACAGCGCTCCGEGCCTGACGCCAGCGGCCGTCCCCTGT CCGGCCTCCGACCACT
Gamaas P *k % * : R

box 1 # box 2

Figure 6. Schematic overview of DNAsel footprinting results on the wild type rODC intron. Bars indicate protection from cleavage by DNAsel of the three differer
dimers. Asterisks show DNAsel hypersensitive sites induced by c-Myc/Max binding, # hypersensitive sites induced by binding of USF. Positions relative to
transcription start site are indicated. E-boxes are depicted in bold. In mutant box 1m the T of the proximal E-box was mutated intbkeo ftiweinnderlined
basepairs were deleted.

wild type probe. This indicates that the C1 complex representswer affinity for E-box 2 whereas binding to E-box 1m can no
binding of a single dimer. The point mutation in E-box 1 hardlyonger be detected. These results are in agreement with the
affects formation of the C1 complex with Max (B, compare gelshift assays shown in FiguteBinding of the three dimers to
lanes 2 and 8). This shows that the affinity of Max for a singlthe wild type fragment results in similar DNAsel protection
E-box, in this case box 2, remains unchanged. Adding highpatterns (FighA, B and C lanes 1-7). However, binding of either
amounts of protein results in the formation of the second complexMyc/Max, Max or USF results in differences in DNAsel
C2 (Fig.4B, lanes 7-12) although at a lower efficiency. Thiscleavage outside the E-box sequences BAgB and C, lanes
indicates that Max has a low affinity for the mutated E-box (sek-7 and see below). The differences in DNAsel hypersensitive
also below). Formation of C1 with USF is somewhat less efficieisites between c-Myc/Max, Max and USF (Fsgand6) suggest
with the box 1m probe (FigiC compare lanes 5 and 14) andthat binding of these proteins induces different structural changes
binding of USF to the mutated E-box was no longer observed. imthe DNA. Figuré shows a scheme of the DNAsel footprinting
Figure 4A two protein-DNA complexes are observed withresults, also of the top strand (data not shown).
c-Myc/Max on the wild type rODC probe, one of which hardly To ensure that c-Myc/Max binds with a very low affinity to a
enters the gel. The complex that enters the gel consists of taingle, mutant E-box (CACGE), binding to this site was
c-Myc/Max dimers bound, because deletion of box 1 results in tikempared with binding to a wild type CM1 E-box. Figus@ows
formation of a DNA—protein complex which migrates fastera gelshift experiment in which the three different dimers were
compared to the wild type DNA—protein complexes (Bfy.  used. As expected, the affinity of the three dimers for the mutant
lanes 13-18). The affinity of c-Myc/Max for this probe iSE-box is at least 20-fold lower. For the rODC box1m probe, the
[(110-fold lower than for the wild type probe and comparable to thefinity is only 5-fold lower, this shows that CACGCG is a very
affinity of c-Myc/Max to pCM1. Therefore, it is most likely that weak E-box for c-Myc/Max and that binding of this E-box by
these complexes represent binding of c-Myc/Max to the singteMyc/Max is enhanced when a consensus E-box is adjacent.
consensus E-box. Changing one base in E-box 1 results in a
[b-fold reduction in affinity of the c-Myc/Max heterodimer. The
complexes formed run at the same position as for the wild ty@B@SCUSSION
probe (Fig4A, lanes 7-12). This suggests that two dimers are
bound and therefore that c-Myc/Max can bind with relativelyn addition to c-Myc and its dimerization partner Max, several
high affinity to the mutant E-box 1 (CAC&Jwhen awild type other transcription factors bind to identical E-box sequences
E-box is adjacent (see also below). To verify that both E-boxes gfgviewed in ref.3). Since it has been established that the
simultaneously bound, DNAsel footprinting experiments usingncoprotein c-Myc functions as a transcription factor by binding
the rODC wild type and mutant probes were performed. to the E-box CACGTG, the question how it discriminates its
target genes from other E-box binding factors, like USF, TFEB
Mutation of one E-box in the rODC intron results in lower ~ @nd TFES3, is important. It has been difficult to examine the
binding affinity of c-Myc/Max for both sites DNA-binding characteristics of intact c-Myw vitro since the
protein is very labile and extremely insoluble in various systems
For a protein that binds cooperatively to two sites one expects thasted. We have constructed vaccinia viruses expressing histidine-
mutation of one binding site affects binding to the unaltered wilthgged, full-length c-Myc and native Max proteins and infection
type site. In order to test this, DNAsel footprinting experimentsf mammalian cells with these viruses allowed us to purify the
were performed. In Figurg binding of c-Myc/Max, Max and intact, soluble c-Myc/Max heterodimer. We show that the purified
USF to the rODC fragments was analyzed. For c-Myc/Madheterodimer binds to different E-boxes with different affinities
mutation of one base in E-box 1 resultslibdold lower affinity  (Fig. 3) and show that it is capable of cooperative binding to the
not only for this E-box, but also for E-box 2 (Fi#\, compare two E-boxes located in the first intron of the rat ODC gene 4Figs
lanes 5-7 with lanes 12-14). This shows that c-Myc/Max bindand5), abona fidetarget of c-Myc $2,33). This cooperativity
in a cooperative fashion to both rODC E-boxes and agrees witisults in a 10-fold higher affinity of c-Myc/Max for the rODC
the results obtained by gelshift analysis (FRjsand 4). gene compared to the adenovirus major late promoter which is
Furthermore, it confirms that c-Myc/Max binding to a weakactivated by USF (Fig8). USF dimers do not discriminate in
E-box can occur when one intact E-box is adjacent. As expectéihding to the different E-boxes (F&). USF has a lower affinity
for Max homodimers a point mutation in E-box 1 decreases tlier the rODC enhancer and probably does not bind in a
affinity of the protein for this site, but the affinity for the wild type cooperative manner to this element. This provides an explanation
E-box 2 remains unchanged (P, lanes 9-14). In the case of for the difference in target gene specificity between c-Myc/Max
USF a point mutation of E-box 1 reproducibly results in a 2-folénd other E-box binding transcription factors.
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c-Myc/Max is also displaced by AP-2. Our results indicate that
CM1 muti c-Myc/Max might bind both the consensus and the cryptic E-box

whereas USF does not and therefore in this case c-Myc/Max

- — binding might preclude binding of AP-2.
.._..ﬁ < wetat | c-Myc/Max Previously, it has been shown that c-Myc/Max has some
W affinity for less well defined E-boxes CANNTG(Q). It is likely

that for a second cryptic E-box some sequence specificity is
essential. Furthermore, it will be interesting to test whether the
spacing between the two elements is of importance for cooperativity.

[ In addition to both the rat and the mouse ODC gene, the human
M M ODC gene also contains the two conserved E-boxes in its first
" intron. However, the spacing between these elements differs
approximately half a helical turn (34 versus 28 bp). We are
e s presently investigating whether the hODC is also bound by
e Max c-Myc/Max in a cooperative manner. The recently identified c-Myc
|-;!4H target human cdc25A also contains multiple E-boxes one of
it which is the consensus CACGTES). Similarly, the elF4AE gene
contains two consensus E-boxes separated by more than 100 bp.
|M Two possible mechanisms by which c-Myc/Max binds cooper-
Wittt i ! atively can be envisaged. First, the c-Myc/Max heterodimer could
. S transiently interact with itself and this interaction could stabilize
ettt "'=| USF binding to two, or more, E-boxes. Indeed, it has been reported that
. bacterially produced Myc proteins can form oligomers in solution
(55). Secondly, another protein or protein complex may be
responsible for the cooperativity. This protein could then act as a
positive cofactor for transactivation by c-Myc. In addition, this
putative protein may have transcription activating properties by
m m itself when bound directly, or indirectly to DNA. We observe
U 3 5 7 83 1 o1 o w19 several proteins copurifying with the heterodimer the most
2 4 6 8 10 12 W % B N prominent with a molecular mass of 36 kDa (FiB, p36).
Microsequence analysis of p36 showed that this protein is
Figure 7. The mutant E-box CACGCG is a weak binding site for c-Myc/Max, encoded by vaccinia virus. Preliminary experiments indicate that

Max and USF. c-Myc/Max, Max and USF were titrated using oligonucleotide P .
probes containing a wild type E-box (CM1) or a mutant E-box CACGCG (mut 1).p36 does not affect Myc blndlng to DNA nor transactivation by

Proteins were titrated in 2-fold dilutions. Lanes 10 and 20 contain either 750 nd1yC in tranSi?nt assays (m_anuscript in preparation).
c-Myc/Max, 300 ng Max or 20 ng USF. In lanes 1 and 11 no protein was added. Since Max is still able to bind the CACGCG E-box in the rODC

box 1m probe and USF is not, this suggests that binding of Max
to the rODC E-boxes shows a low degree of cooperativity.

Recently, it has been shown that not only the sequence of theerefore, it is likely that the potency of cooperative binding by
E-box, and sequences surrounding the E-box determine whietMyc/Max resides in the N-terminal part of the c-Myc protein.
factor activates via this site, but also the distance of the eleméfie are currently testing which part of c-Myc is responsible for the
to the transcription start site is of importance. Analysis of theooperativity in DNA binding and it would be interesting to see
prothymosina gene, another c-Myc target, showed that c-Mydf c-Myc mutants that cannot bind cooperatively also lose the
activates transcription from a distal E-box whereas USF does rigeference for activation of the ODC gene. In addition it will be
(36). In addition to the distance effect we propose that the synergistigeresting to examine if Mad/Max heterodimers, which repress
effect in DNA binding by c-Myc/Max further discriminates ODC transcription thereby antagonizing c-Myc functi66),(
c-Myc from USF function in regulation of transcription activation.also bind the ODC E-boxes in a cooperative manner.

Mutation of one of the two E-boxes of the rODC intron still Using transient transfection experiments it has been shown that
allows c-Myc/Max to bind cooperatively to both sites, althougimnutation of one of the two E-boxes of the murine ODC gene
with somewhat lower affinity. This has an intriguing implication.results in a moderate decrease in transcriptional activation by
Since binding of c-Myc/Max to a cryptic E-box still occurs wherc-Myc, whereas mutation of both E-boxes completely abolishes
a wild type element is adjacent (FigA and 5A) and since activation by c-Myc §2,33). Thesen vivoresults show that the
c-Myc/Max does not have a high affinity for such a site by itselfivo E-boxes functionally cooperate which is in agreement with
(Fig. 7), additional targets for c-Myc may have been overlookedur in vitro binding studies. Since both sequence and spacing of
The prothymosim gene studied by Desbaratsal (36) indeed the element are highly conserved between the rat and mouse ODC
contains a second E-box, CAAGTG, in close proximity to thgene, high affinity binding of c-Myc/Max heterodimers to these
wild type E-box. It will be interesting to see if c-Myc/Max E-boxes is most likely the result of cooperative binding.
heterodimers also bind the prothymasielements cooperatively,  In addition to the difference in cooperativity in DNA binding by
adding to its ability to act from a distance. It has been reported tigther c-Myc/Max, Max or USF dimers, we observe a difference in
binding of the transcription factor AP-2 to the prothymasin optimal conditions for binding to a single E-box. Both ionic
gene impairs binding of truncated c-Myc/Max to the consensistrength and magnesium ion requirements differ between the
E-box 64). However, it has not been tested whether full lengtdimers. Together with the difference observed in DNAsel

i L
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hypersensitive sites induced by binding of the different dimers i@
the rODC E-boxes, this could reflect a difference in DNA

structure induced by binding of these dimers. ;g

Both USF and c-Myc have been proposed to bind to the initiatef
element located around the transcription start site of the
adenovirus major late promotel(41). We have not been able
to detect binding of c-Myc/Max nor USF to the adenovirus majot?
late initiator sequence by gelshift and DNAsel footprintingz
analysis, even at high protein concentrations (data not showg,
This suggests that both c-Myc and USF may require anothgsy
protein, possibly TFII-l1 40,41), which is not present in our
protein fractions (data not shown).

Taken together, our data show that c-Myc/Max heterodimer&®
contrary to USF, are capable of cooperative binding to DNA whesy
two E-boxes are present. This property is likely to contribute to
the difference in target gene selection by different E-box bindirig

transcription factors. -
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