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ABSTRACT:. The Myc—Max—Mad network of proteins activates or represses gene transcription depending
on whether the dimerization partner of Max is c-Myc or Mad. To elucidate the physical properties of
these proteirprotein interactions, fluorescence anisotropy of TRITC-labeled Max was used. The binding
affinities and thermodynamics of dimerization of the MaWax homodimer and c-MyeMax and Mad-

Max heterodimers were determined. Our results indicate that c-Myc and Max form the most stable
heterodimer. Previous work [Kohler, J. J., Metallo, S. J., Schneider, T. L., and Schepartz, A.R1889)

Natl. Acad. Sci. U.S.A. 9611735-9] has shown that instead of dimerizing first and then binding to
DNA, these proteins use a monomer pathway in which a monomer binds to DNA followed by dimerization
on the surface of the DNA. The DNA E-box affects the dimerization, but nonspecific effects may also
play a role. The influence of polyions, palytysine and poly:-glutamic acid, were investigated to determine

the effects of charged polymers other than DNA on homodimerization and heterodimerization. While the
positively charged poly-lysine, PLL, did not show any significant effect, negatively charged pely-
glutamic acid, PLG, stabilized both heterodimers and homodimersH8/KJ/mol. These data suggest

that in the cell nucleus the presence of negatively charged DNA or RNA could nonspecifically aid in
association of these proteins. Calculationdbl° andAS’ from the temperature dependence&gindicated

that although the thermodynamic parameters for the dimer are different, the reactions for all three dimers
are driven by negative (favorable) enthalpic and negative (unfavorable) entropic contributions. In the
presence of PLG, entropy became more negative with the effect being largest for-dvidydeterodimers.

This suggests that van der Waals and H-bonding interactions are predominant in dimerization of these
proteins.

Initiation of transcription requires the ordered assembly of this family, including the cellular homologue c-Myc, is
of transcription factors, architectural proteins, and template correlated with cell proliferation2). The presence of an
DNA. Many of the transcription factors bind DNA as dimers, N-terminal transactivation domain (TAD)3Y and a C-
and it appears that dimerization through switching between terminal b/HLH/z domain4) in c-Myc led to the assumption
homo- and heterodimeric structures provides a means forthat this protein would bind DNA as a dimer. However, its
diverse target site recognition and function with the smallest poor homodimerization and DNA binding ability at physi-
investment of the genomé&)( Myc, Max, and Mad are three  ological concentrations initiated a search for a heterodimer-
such transcription modulators that bind DNA as dimers. ization partner, eventually leading to the discovery of Max
These proteins belong to a subset of proteins having a(5). Max is a b/HLH/z protein similar to Myc, however
C-terminal basic helixloop—helix/leucine zipper (b/HLH/  lacking the transactivation domain. Max was found to bind
z)! motif. Interest in the Max network grew out of studies specifically with Myc family proteins, forming heterodimers
on the Myc oncogene family. Overexpression of all members that recognize the promoter hexameric palindromic sequence

CACGTG (E-box) B). Subsequently, it was found that
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1 Abbreviations: b/HLH/z, basic helixioop—helix/leucine zipper; proteins which led to the discovery of a Mad family of
LZ, leucine zipper; DNA E-box, 6 bp double-stranded DNA sequence Proteins consisting of Madl, Mxil, Mad3, and Mad(
CACGTG known as the enhancer box; TRITC, tetramethylrhodamine 10). All of these proteins are similar to Myc in the sense

isothiocyanate; HEPES, 4-(2-hydroxyethyl)piperazineethanesulfonic ; ; ; .
acid; EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol; PBS, that they homodimerize and bind DNA poorly; however,

phosphate-buffered saline; PLG, pahglutamic acid; DMSO, dimethyl ~ DNA E-box promoter binding is greatly enhanced when they
sulfoxide. heterodimerize with Max. From a functional point of view,
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the Mad proteins are strikingly different from Myc. Expres-
sion of Mad proteins is related to terminal differentiation
where the mechanism of the Matlax heterodimer is to

Banerjee et al.

Mad) was cloned in pET30a from Madl cDNA purchased
from Open Biosystems (Huntsville, AL). All three proteins
were expressed in BL21-pLyBscherichia colicells and

repress gene transcription by associating with the mSin3 purified according to the protocol described elsewhé&#. (

corepressor complex via histone deacetylati®nl(—13).
Previous work in our laboratoryl) and elsewherelj

Briefly, Max was purified by HiTrap SP ion exchange
chromatography 15). c-Myc was purified using a GST

supports assembly of b/HLH/z proteins through a monomer affinity column purchased from Amersham Biosciences

binding pathway where one monomer binds DNA followed
by dimerization with a second monomer on the DNA.

according to the manufacturer's protocol using 50 mM
reduced glutathione and 200 mM Tris-HCI (pH 8.5) as the

However, even in the absence of DNA, Max and Max, |\/|yC elution buffer. Mad was pUI’ifiEd by NiHis affinity column

and Max, and Mad and Max form dimers. Both the

chromatography (Novagen) according to the manufacturer’s

homodimer and the heterodimers form an asymmetric parallelprotocol using 1 mM imidazole and 20 mM Tris-HCI (pH

left-handed four-helix bundle consisting of two pairs of right-

7.9) as the elution buffer. All three purified proteins were

handedu-helices H1 and H2 and a C-terminal extension of analyzed by 1215% SDS-PAGE and dialyzed extensively

the a-helices, the left-handed coiled coil leucine zippEr)(
Crystal structures of the Max homodimer5f and Myc-
Max and Mad-Max heterodimers1(6) along with solution
NMR data of Myc-Max synthetic leucine zipper dimetT)
confirmed the putative role of LZ in dimerization specificity.
LZ is thought to be specifically responsible for molecular
recognition (7, 18).

Crystallographic and NMR16—17) studies have revealed
important data about specific amino acids involved in Max
Max, Myc—Max, and Mad-Max dimerization. Our previous
studies {4) showed the importance of protetprotein

in HEPES buffer (pH 7.6). Protein concentrations were
determined by the Bradford assay.

Fluorescent Labeling of the Max Proteifhe N-terminus
of the Max protein was labeled with tetramethylrhodamine
5-isothiocyanate (5-TRITC). To-15 mg/mL Max protein
in 50 mM HEPES buffer (pH 7.6) was addee 1.5 mg/mL
TRITC dissolved in anhydrous DMSO. The solution was
incubated overnight in the dark at € with continuous
gentle stirring. Labeled protein was separated from free dye
by Sephadex G-15 gel filtration with HEPES buffer. The
collected fractions were concentrated with Centricon YM

interactions in the assembly of the transcription initiation filters (Amicon Corp.). The final protein concentration and

complex. Moreover, the HLH/z domain of the My&ax
heterodimer is a potential target for inhibitork9( 20). To

labeling ratio were calculated using the form#igowein =
(A2go — Asag)CF, where CF= (Azsofreedyd! (Asaofreedys = 0.30

further understand these interactions, binding constants andor TRITC and [protein]= Apoteif1.4 mg/mL, and thé=/P
thermodynamic data have been obtained. In this study, MaxWas calculated using anof 9300 for TRITC. Labeled Max

was labeled with TRITC and titrated with unlabeled Max,

Myc, and Mad at various temperatures to determine the

equilibrium dissociation constants andH®, AS’, andAG°
values of Mayx, Myc—Max, and Mad-Max dimers. Our

is termed Max-TRITC.

Fluorescence TitrationsProtein—protein interactions of
Max—Max homodimers and Maxc-Myc and Max-Mad
heterodimers were assessed by observing the change in

results indicate that the Myc and Max form the most stable anisotropy () of 50 nM Max-TRITC by titrating with

heterodimer followed by Mad and Max and Max and Max

by factors of 2.2 and 3.7, respectively, in termskaf
Studies in our laboratory by Hu et atl4) showed that

binding of the Max monomer to E-box DNA significantly

increasing concentrations of unlabeled Max, c-Myc, or Mad.
The excitation wavelength was 540 nm, and emission was
monitored at 570 nm. All fluorescence measurements were
performed in a Spex Fluorola@ spectrofluorimeter equipped

reduced the level of binding of the second monomer, whetherWith excitation and emission polarizers. The excitation and

the monomer was Max, Myc, or Mad. Other studi@g)(

emission slits were set at 3 and 5 nm, respectively. Anisot-

have shown that dimerization rates of bz and b/HLH/z ropy was measured using an L format detection configura-
proteins increase in the presence of negatively ChargedtiOﬂ. All titration measurements were performed in 20 mM
polymers, including specific and nonspecific DNA, presum- HEPES-KOH, 50 mM KCI, 0.5 mM MgGJ and 1 mM DTT
ably through charge neutralization. To further understand the buffer (pH 7.6) (titration buffer). For studying the temper-

effects of DNA on the dimerization and the proteiprotein

ature dependence of the proteiorotein interaction, the

interactions, the effect of polyions on dimer formation was samples were thermostated at different temperatures as
examined. There were no significant changes in protein described in Results. The temperature was measured using
dimerization in the presence of the positively charged a thermocouple inside the cuvette.

polyion, poly+-lysine. However, the negatively charged
polyion, poly+-glutamic acid, stabilized all three dimers by

For studying the effect of polyions on the dimerization
equilibrium of Max, Max—c-Myc, and Max-Mad dimers,

2—3 kJ/mol. This would indicate that the presence of a titration experiments were performed under similar conditions

negatively charged environment of DNA and RNA in vivo
could nonspecifically enhance the protejrotein interac-
tions of these dimers.

MATERIALS AND METHODS

Protein Purification. Max (amino acids 22113) and
c-Myc (amino acids 347439) in vectors pET2a and

pGex2T, respectively, were obtained from S. K. Burley

(Rockefeller University, New York, NY). Mad1 (henceforth

as described above in the presence of A8Dpoly-L-lysine
or 150uM poly-L-glutamic acid, both purchased from Sigma.

Data AnalysisData were fitted to the following equation
(21, 22

Fape= T+ 20— fo? — 4[AIB]) (1)

2[A]

whereb = Kp + [A] + [B] and Kp is the dissociation
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Ficure 1: Titration of 50 nM Max-TRITC with unlabeled Max at  Ficure 2: Titration of 50 nM Max-TRITC with unlabeled c-Myc
13 @), 23 (@), 28 (»), and 33°C (x) in pH 7.6 titration buffer. at 13 ©), 23 (©), 28 (x), and 33°C (@) in pH 7.6 titration buffer.

constant of [A][B], where [A]= [Max-TRITC] and [B] = 018 ' ' ' ‘
[Max], [Myc], or [Mad].

Thermodynamic parameters for binding of Max-TRITC
to unlabeled Max, Myc, or Mad were analyzed according to
the van’'t Hoff isobaric equation assuming tidd® andAS
remain unchanged over the temperature range that wass,
studied:

AG® = —In Kgg= AH° — TAS’ )

Anisotrop

Data were fit using Kaleidagraph (version 2.1.3, Synergy
Software).

RESULTS AND DISCUSSION

Myc, Max, and Mad are relatively unstructured as 006 1 ! ! ! !
monomers. Thein-helices are properly folded only when 0 2 4 6 8 10
their dimerization interfaces are properly aligned whether [Mad] (M)
they are bound to DNA. Schepartz et d) h.ave shown by Ficure 3: Titration of 50 nM Max-TRITC with unlabeled Mad at
CD measurements that at low concentrations~280 uM 13 (0), 23 @), 28 (), and 33°C (x) in pH 7.6 titration buffer.
range) Max is largely unstructured and therefore presumed
to be in a monomeric state. Similar experiments (data not physiological temperature, the binding of Myc to Max
shown) in our laboratory confirm this observation. Thus, to exhibits an affinity that is~2.5 and~1.4 times greater than
determine monomerdimer dissociation constants, TRITC- the binding affinity of Max to Max and of Mad to Max,
labeled Max at 50 nM was titrated with unlabeled Max, Myc, respectively. The association of all three dimers becomes
or Mad. Thermodynamic parameters were obtained from the even stronger at lower temperatures. However, the difference
temperature dependence. in association between Maand Mad-Max dimers becomes

Figure 1 shows the binding of unlabeled Max to Max- smaller. These trends are reflected in the thermodynamic
TRITC as a function of temperature. The observed anisotropy parameters. All three dimerizations are enthalpically favored
changerq,s Of Max-TRITC was plotted versus the concentra- and entropically unfavorable. Table 2 shows the calculated
tion of unlabeled Max. The data were fitted to eq 1, &ad AG° values. Interestingly, thAG®° values at 37C are the
values were determined. The lines indicate the fitted curves. same within experimental error for Myc and Mad associating
The fitted anisotropy when extrapolated to 100% binding with Max and only slightly less favorable for Max ho-
was the same within experimental error for all temperatures. modimer formation. The unfavorable entropy is compensated
Similar sets of data were obtained for Myc (Figure 2) and by the favorable enthalpy. Mad has a significantly lower
Mad (Figure 3) titrations with labeled Max-TRITC. The entropic contribution than Myc or Max.
temperature dependences of the reactions were plotted Formation of more stable heterodimers could be explained
(Figure 4) and used to determin®G°, AH°, and AS’ in terms of specific amino acid association as observed in
according to eq 2. Table 1 shows tKg values and the  the Myc—Max, Mad—Max, and Max-Max crystal structures
enthalpy and entropy of MaxMyc—Max, and Mad-Max (16). The three-dimensional structures of the Max homodimer
dimerization. Comparison of the individual dissociation and Max-Myc and Max-Mad heterodimers reveal hydro-
constants indicates that at 3&, which is close to the phobic interactions along the extensive protgimotein
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Table 1: Thermodynamic Parameters for Association of Max, c-Myc, and Mad with Max-TRITC

K (uM)
13°C 23°C 28°C 33°C AH® (k3/mol) AS (I/mol)
Max 0.392+ 0.02 0.622+ 0.06 0.85H0.16 1.47+0.14 —45.7+ 7.6 —36.8+15.5
c-Myc 0.095+ 0.02 0.1674 0.03 0.382+ 0.05 0.573+ 0.09 —66.8+1.1 —98.6+17.4
Mad 0.259+ 0.04 0.3714+0.03 0.460+ 0.07 0.786+ 0.09 —37.6+8.3 —4.94+ 10
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Ficure 4: vant Hoff's plot for titration of 50 nM Max-TRITC with
c-Myc (@), Max (O), and Mad ©) in pH 7.6 titration buffer.

3 4
[Max] (uM)

Ficure 5: Titration of 50 nM Max-TRITC with unlabeled Max in
the presence of 150M poly-L-glutamic acid at 13H), 23 @), 28
(»), and 33°C (x) in pH 7.6 titration buffer.

Table 2: AG® Values Calculated from Table 1

AG® (kJ/mol) structure of Myc can influence significantly the association
10°C 20°C 37°C with other proteins. Further, the data reveal that among the
Mo —3528 —34.00 —34.29 three protein dlmers, the_l\/!a_td\/lax .d|mer probably has th_e
c-Myc ~38.89 ~37.90 _36.23 most conformational flexibility which could account for its
Mad -36.2 —36.16 —36.08 relatively less negative<4.9 kJ/mol) entropy of dimeriza-

tion. It will be interesting to see if NMR or other solution
studies can confirm this prediction.

Our earlier studiesl@) showed the importance of E-box
DNA in protein—protein binding affinity. Looked at from

interface (buried solvent accessible area) in addition to
hydrogen bonding in the periphery of the leucine zipper that
islgesi%)onsmle for the stability and specificity of dimerization the perspective of the Max protein, DNA binding reduced
’ ’ . . the binding affinity of the second monomer regardless of
In the Max homodimer, ate'irad association occurs be,t‘,’"ee”whether the monomer was Myc, Mad, or Max. To further
GIn91-Asn92-GIn91-Asn92 with GIn91 of one LZ at position i estigate whether DNA itself was responsible for the
g and Asn92 of the other LZ at position a. This creates a \yeaker binding of the second monomer or if charge
packing defect in the homodimer interface. However, in the o irajization was sufficient, the effects of polyions were
Myc—Max heterodimer, GIn91 and Asn92 in Max can form i estigated. Schepartz et a20j have shown that proteins
stronger H bonds with positively charged Arg423 and y5; yse the monomeric pathway for DNA binding and
Arg424 in Myc, resulting in closer protetprotein interac-  gimerization are able to form dimers at a greater rate in the
tions. A S|m|[ar situation arises in the case of the Maq presence of negatively charged polymers. These polymers
Max heterodimer in which Glul25 hydrogen bonds with gggentially substitute for DNA2(). Negatively charged
Asn92. polymers can neutralize the charge on the basic contact
In a NMR study with vMyc, Bister et al23) demonstrated  regions of the proteins and bring the dimers together more
that the b/HLH/z domain of vMyc was prestructured in easily. Rentzeperis et aR4) have shown that in the case of
solution with two a-helical subdomains. The presence of the Arc repressor, refolding of the protein into a functional
such a well-ordered structure may also occur in c-Myc and dimer is accelerated in the presence of poiyanions_
might serve as the nucleus for specific association with Max. The effects of both positive and negative po|yi0ns on the
Negative entropy changes are generally associated withequilibrium binding of Max, Myc, and Mad to TRITC-
the loss of rotational and translational degrees of freedom labeled Max were investigated. Positively charged poly-
(25). Bister et al. 23) have argued that in the case of vMyc, lysine showed little effect on thkKy of c-Max, Mad-Max,
the presence of preformed secondary structure might restrictand Max dimers (data not shown). However, paly-
the conformational mobility of the protein. In our study, the glutamic acid, PLG, significantly reduced tkg values for
highest negative unfavorable entropy was found for the all three protein dimers. There were marked differences in
Myc—Max dimer (Table 1). This suggests that the preformed the thermodynamic parameters for all three protein com-
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Table 3: Thermodynamic Parameters for Association of Max, c-Myc,

and Mad with Max-TRITC in the Presenceud Bslly-L-glutamic

Acid
Kg (uM)
13°C 23°C 28°C 33°C AH? (kd/mol) AS’ (J/mol)
Max 0.085+ 0.01 0.2414+ 0.05 0.312+-0.06 0.455+ 0.15 —64.94+ 4.8 —91.84+16.4
c-Myc 0.024+ 0.09 0.081+ 0.05 0.141+ 0.02 0.1914 0.05 —83.0+1.4 —144.7+£5.0
Mad 0.078+ 0.01 0.131+ 0.02 0.206+ 0.02 0.245+ 0.01 —46.1+ 4.3 —24.84+14.5
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FiGure 6: Titration of 50 nM Max-TRITC with unlabeled cMyc
in the presence of 150M poly-L-glutamic acid at 13®), 23 @),
28 (), and 33°C (x) in pH 7.6 titration buffer.

Anisotropy

0.04 | 1 |

0 0.5 1
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FIGURe 7: Titration of 50 nM Max-TRITC with unlabeled Mad in

the presence of 150M poly-L-glutamic acid at 13@), 23 @), 28
(©), and 33°C (x) in pH 7.6 titration buffer.

plexes. Figures 57 show the effects of PLG on Max
homodimer and MyeMax and Mad-Max heterodimer
formation, respectively. Table 3 lists tKg values calculated

Ficure 8: van't Hoff plot for titration of 50 nM Max-TRITC in
the presence of 150M poly-L-glutamic acid with c-Myc ), Max
(©), and Mad ©) in pH 7.6 titration buffer.

Table 4: AG® Values Calculated from Table 3
AG° (kJ/mol)

10°C 20°C 37°C
Max —38.90 —37.98 —36.42
c-Myc —42.10 —40.65 —38.19
Mad —39.05 —38.81 —38.38

3 shows that the enthalpy and entropy for each dimer are
more negative in the presence of PLG. PLG enhances the
stability of all three dimers by 23 kJ/mol (Table 4). A
similar enhancement of binding was found when calf thymus
DNA was used (data not shown). However, low-temperature
data and hence thermodynamic parameters were not reliably
attained, probably because of aggregation of the DNA at
lower temperatures.

CONCLUSIONS

The low stability of the Max homodimer permits reas-
sortment with monomers of its interacting partners, and this
destabilization of the homodimer can serve as a prominent
driving force for efficient heterodimerizatiod 7). Negative
enthalpy and entropy are characteristic of the involvement
of van der Waals forces and hydrogen bonding in pretein

from the plots and the thermodynamic parameters calculatedprotein interactions2b). Crystal structures and NMR studies
from the temperature dependence (Figure 8). One importanthave revealed the importance of hydrogen bonding between

observation is that although the proteiprotein interactions

in the presence of PLG become tighter for all three dimers,

the difference in binding affinity among the MydMax,
Mad—Max, and Max-Max dimers remains in the same order
as in the absence of PLG (the MyMax Kq is 2.4 times
the Max-Max K4 and 1.28 times the MaxMad Kg). Table

charged and uncharged polar residues in these protein dimers.
Ross et al. also hypothesize@5| that hydrogen bond
formation in a low-dielectric environment is an important
source of negative enthalpy and entropy. Mobile polyanions
such as PLG can create a low-dielectric environment by
shielding positive charges on the proteprotein interacting
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interfaces which is a possible reason for the more negative 11
AH° and AS® for Myc—Max, Mad—Max, and Max-Max
association in the presence of PLG. As monomers, the
individual protein subunits exist in a fullly or partially
unfolded form. Such unstructured or partially structured
monomers can nonspecifically collide on the surface of the
polyanions more rapidly through electrostatic interactions.
These collisions appear to be more productive for proper
folding and stronger association of the monomers. Dimer-
ization on the DNA surface occurs through a similar
mechanism. From our results, it can be concluded that the
presence of negatively charged DNA and RNA in the cell
nucleus at a high concentration or changes in the environment
such as histone deactylation, protein phosphorylation, or other
events can nonspecifically help in dimerization of Myc
Max, Mad—Max, and Max dimers. Further, the significant
differences in entropy for formation of MyeMax and Mad-

Max heterodimers suggest that small molecules that restrict
the conformational flexibility could selectively affect het-
erodimer formation and possibly biological function.

12

13

17.
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