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ABSTRACT. The b-HLH-LZ family of transcription factors contains numerous proteins including the Myc
and Mad families of proteins. Max heterodimerizes with other members to bind the E-Box DNA sequence
in target gene promoters. Max is the only protein in this network that recognizes and binds E-Box DNA
sequences as a homodimer in vitro and represses transcription of Myc target genes in vivo. Key information
such as the structure of p21 Max, the complete gene product, aig itsthe absence of DNA are still
unknown. Here, we report the characterization of the secondary and quaternary structures, the dimerization
and DNA binding of p21 Max and a thermodynamically stable mutant. The helical content of p21 Max
indicates that its N-terminal and C-terminal regions are unstructured in the absence of DNA. NMR
experiments further support the location of folded and unfolded domains. We also show that p21 Max
has an apparerp (37 °C) of 7 x 1076, a value 16-100 times smaller than the b-HLH-LZ itself. We
demonstrate that electrostatic repulsions are responsible for the glugrthe b-HLH-LZ. Finally, we

show that a p21 Max double mutant forms a very stable dimer wKi &7 °C) of 3 x 1071° and that

the protein/DNA complex depicts a higher temperature of denaturation than p21 Max/DNA complex.
Our results indicate that Max could homodimerize, bind DNA, and repress transcription in vivo and that
its mutant could be more efficient at repressing the expression of c-Myc target genes.

The protein Max has been first discovered as a Myc transactivating domain. The c-Myc/Max heterodimer can also
interacting proteinX). It is the obligate partner of Myc (c-  repress transcription through the interaction with Miz-1. This
Myc, N-Myc, L-Myc) and Mad (Mad 1, Mxi 1, Mad 3, Mad interaction is mediated by the HLH and the MBI and MBII
4) proteins. These proteins are all members of the b-HLH- domains of c-Myc and is independent of E-Box DNA binding
LZ* family of transcription factors. The b-HLH-LZ domain  (4—7). As a heterodimer with proteins of Mad family, Max
mediates molecular recognition and DNA binding. As a can also bind E-Box sequences and recruit co-repressor
heterodimer with the proteins of Myc family, Max can bind  complexes containing histone deacetylase (HDAC) activities.
E-Box sequences (CACGTG) in promoters of Myc target The mSin3 interacting domain (SID) on Mad proteins is
genes, recruit protein complexes with histone acetyl trans- responsible for the recruitment of these large compleges (
ferase (HAT) activities or PTEFb complexes and activate 8—9). While Max can bind E-Box sequences as a ho-
transcription 2—3). The recruitment of co-activator proteins  modimer, it apparently lacks domains that actively recruit
is mediated by the Myc Box I and Il (MBI and MBIl) inthe  co-activators or co-repressors and is therefore thought to
possess no transcriptional regulatory role as a homodimer.
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understanding of the molecular determinants dictating the concentrations of the stock samples were determined with
homodimerization of Max. We determine by circular dichro- Bio-Rad Protein Assay (Bio-Rad) and spectrophotometrically
ism that the apparer€p (37 °C) of p21 Max is 7x 107 at 280 nm.

Interestingly, thep of p21 Max is 16-100 times lower than Circular Dichroism and Simulation of the Temperature
the Kp (1074, 10°°) for b-HLH-LZ domains. This indicates = Denaturation Cuves.Circular dichroism measurements were
that the N- and € terminal portions of p21 are involved in  performed on a Jasco J-810 spectropolarimeter equipped with
the stabilization of the homodimer. We provide evidence, a Jasco Peltier-type thermostat. The instrument was calibrated
both experimental and theoretical, suggesting that the with an aqueous solution of d-10+}-camphor-sulfonic acid
stabilization of p21 Max homodimer by the N- and C- at 290.5 nm. Samples were loaded into quartz cells with a
terminal regions is from electrostatic origin. We also show path length of 0.1 cm. Far-UV CD spectra were recorded at
that the N69V/H72L double mutation in the LZ domain the desired temperature from 200 to 250 nm by averaging
decreases the apparéfy (37 °C) to 4 x 10 1° of p21 Max three scans at 0.1 nm intervals. The raw data were trans-
VL. Finally, we show that this increase in stability of p21 formed in mean residue molar ellipticity&jurw, degcm?:

Max VL homodimer stimulates DNA complex formation. dmol™) using the following equation:

Altogether our results indicate that, at physiologically

relevant concentrations, p21 Max can dimerize and bind [0]prw = [6]1*MRW/c:1-10 (1)
DNA and that DNA binding can be improved by the

stabilization of its LZ. Our results support a functional role where p] is in degree, MRW is the molecular weight divided
for Max in the reversible repression of transcription of Myc by the number of residues, is in g/mL, andl is in cm.

target genes. Samples of proteins from the stock solutions were diluted
to the desired concentration in 50 mM sodium phosphate
EXPERIMENTAL PROCEDURES (pH 6.8) and 100 mM KClI for p21 Max and p21 Max VL.

) _ . _ Temperature-dependent denaturations were performed from

Construction of pET3a Exprgssmn Plasmid Encoding p21 5 5 95°C with a heating rate of $C/min. The unfolding
Max and p21 Max VLTo obtain p21 Max, a polymerase \yas recorded at 222 nm. For DNA studies, the dsDNA was
chain reaction was performed using pVZ1 max (kindly created as describel3) and used at the desired concentra-
provided by R. N. Eisenman, Fred Hutchinson Cancer tion in 50 mMm potassium phosphate (pH 6.8) and 100 mM
Research Centre, Seattle, WA) as template. Thangl 3 KCI. For experiments made at different salt concentrations,
primers contained Ndel and BamHI restriction sites, respec- tne p-HLH-LZ of Max (Max*) was purified as described
tively. The plasmid pET3a (Novagen) and PCR products pefore (L3). All proteins were diluted to a final concentration
were digested with the corresponding restriction enzymes of 32 ,M (in monomer unit), and thermal denaturations were
and purified on an agarose gel using the QUIAquick gel yecorded as before in 50 mM potassium phosphate (pH 6.8)
extraction kit (Qiagen) before the ligation. The construct \uith salt concentrations ranging from 0 to 500 mM KClI for
encoding p21 Max VL was obtained by site directed \jax* and 0-250 mM for p21 Max. The determination of
mutagenesis as described befat8)( the apparenKp was performed by the simulation of the

Protein Expression and PurificatiomAll proteins were temperature denaturation curves with equations describing
prepared by induction of pET3a constructsBacherichia the equilibrium between a dimer and two monomers for p21
coli with IPTG. The bacteria were grown either in LB or Max or between a dimer and two monomers with an
M9 media for the preparation of uniforml{#N-labeled intermediate state or p21 Max VL as described by Naud et
protein. In the later cas&C-glucose andNH,Cl were used al. (13). The calculatedd] ... for a 151 amino acida-helical
as the sole source of carbon and nitrogen, respectively. Theprotein was determined using the equation from Chen et al.
total protein extract was purified by cation-exchange chro- (14).
matography. Briefly, after induction, cells were centrifuged  NMR Spectroscopyniformly *N-labeled proteins (p21
at 4000 rpm in a Sorvall SLA-1500 rotor. The supernatant Max and p21 Max VL) were dissolve in 50 mM phosphate
was discarded, and the pellet was resuspended in lysis buffeand 100 mM KCI containing 10% @, DSS, and 50 mM
(50 mM Tris-HCI (pH 7.4), 0.1 M NaCl, 10 mM MgGl| NaN3 at pH 6.8 and approximately 1 mM concentration. All
and 0.1% NP-40). DNAse | was added, and the solution was experiments were run on a Varian INOVA spectrometer
incubated at 37C for 1 h. To precipitate DNA and acidic  operating at &H frequency of 600 MHz and equipped with
proteins, PEIl was added and the solution was centrifuged atan indirect detection triple-resonanéel{*3C/*>N) probe with
20 000 rpm in a Sorvall SS34 for 30 min. The supernatant Z-axis pulsed-field gradients capability. The ZBI-*°N-
was kept, diluted in 5 vol of buffer A (50 mM sodium acetate HSQC-TROSY 15, 16) experiments for Max*VL and p21
(pH 5.0)), and loaded onto a HiTrap SP sepharose HP Max VL were run at 45C. Spectra were collected with 152
(Amersham Biotech) column preconditioned with buffer A. transients of 768 data points and 2@0ncrement. The first
The column was washed with 5 vol of buffer B (50 mM increment of the'H-1*N-HSQC-TROSY of p21 Max was
sodium phosphate monobasic (pH 2.8)l &M urea). Elution run at 35°C with 10 000 transients of 768 data points, and
of p21 Max and Max VL was achieved with a gradient of those of Max*VL and p21 Max VL were run at 4% with
buffer C (50 mM sodium phosphate monobasic (pH 2.8), 2 1000 and 10 000 transient of 768 data points, respectively.
M urea, anl 3 M NaCl) from 0% to 100%. Fractions The 1D experiments were run at 3& with presaturation
containing p21 Max WT and p21 Max VL were then desalted of the *H water resonance. All experiments were processed
on HiTrap size-exclusion columns and lyophilized. The with NMRPipe (L7) and analyzed with NMRView1@®).
proteins were resuspended in phosphate buffer (50 mM Analytical UltracentrifugationSamples used in analytical
sodium phosphate (pH 6.8) and 100 mM NacCl), and the ultracentrifugation (AUC) were dialyzed extensively against
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a)

Basic Region Helix 1 Loop Helix 2
p21 Max 1 MSDNDDIEVE S )KRAHHN ALERKRRDHI KDSFHSLRDS VHSLOGEKAS ILDKATE 60
p21MaxVL 1  MSDNDDIEVE S KRAHHN ALERKRRDHI KDSFHSLRDS VHSLQGEKAS ILDKATE 60

Leucine Zipper

P21 Max 61 YIQ KNH THQQODIDDLK RONALLEQQV SA QLQTNYPSSD NSLYTNAKGS 120
p21 Max VL 61 YIQ KVH TLQQDIDDLK RQNALLEQQV SA QLQTNYPSSD NSLYTNAKGS 120

p21 Max 121 TISAFDGGSD SSSESEPEEP QSRKKLRMEA S 151
p21 Max VL 121 TISAFDGGSD SSSESEPEEP QSRKKLRMEA S 151

b)

Basic Region

HLH

Leucine Zipper

Ficure 1: p21 Max and p21 Max VL recombinant proteirfa) Amino acid sequences alignment of p21 Max and p21 Max VL. Amino
acid sequences enclosed in box indicate the b-HLH-LZ domain of p21 Max and p21 Max VL and sequences outside the enclosed box, its
N- and C-terminal ends. (b) Ribbons diagram of the NMR structure of the b-HLH-LZ of Max VL (1R05.pdb) in absence ofIONA (

50 mM phosphate buffer (pH 6.8) and 100 mM KCI, which was constructed in the extended state with the Biopolymer
was saved and used in the reference sector for all runs. Allmodule. Residues corresponding to the folded domains of
AUC experiments were preformed at 20. Sedimentation  the b-HLH-LZ were template forced onto the structure of
equilibrium analysis was preformed with a Beckman XL-I Max VL (1R05.pdb) 20) using the Discover module. We
analytical ultracentrifuge with a four-hole An-60Ti rotor have subsequently run series of molecular dynamics simula-
using 6-sector Epon charcoal centerpieces. Data were coltions on the N- and C-terminal regions, while fixing the
lected at 280 nm at 3 rotor speeds (15 000, 18 000, andcoordinates of the b-HLH-LZ, to randomize the dihedral
21 000 rpm) and at three protein concentrations (0.2, 0.4, angles of the extended form using the Discover module and
and 0.6 mg/mL) for p21 Max p21 Max VL. Absorbance the CVFF force field. The electrostatic potential maps were
measurements were taken at 0.002 cm radial steps andtalculated with the PoisserBoltzmann equation solver
averaged over 10 observations. Data sets were collected afteincluded in the program Grasp21) using the default
equilibrium was obtained, as judged by the successive parameters and interpolated at the molecular surface at the
overlay of scans at 2-hour intervals. The partial specific same intensity to allow for relative comparison. All rendering
volume and solution density were calculated using SEDN- were done with the program Ribboria}.
TERP (version 1.05, John Philo, 2000). The molecular weight
for both a single ideal species and a monofgimer RESULTS
interaction were obtained using the XL-A/XL-I data analysis =~ The p21 Max Homodimer Is More Stable Than the b-HLH-
software (version 6.03, Beckman/Microcal). LZ Homodimerand Its LZ Domain Is Less Stable That Its
The sedimentation velocity analyses were carried out at HLH Domain. To characterize the secondary structure of p21
20 °C in cells containing double-sector Epon charcoal Max (Figure 1a), a far-UV circular dichroism (CD) spectrum
centerpieces. Velocity runs for p21 Max and p21 Max VL was recorded at a concentration of @2 (monomer units),
were conducted at 50 000 rpm using Rayleigh interference pH 6.8, and 20C (Figure 2a). p21 Max has the typical CD
optics. Interference scans were taken at intervals of 1 min spectrum expected for a mixture of random coil andelix.
for 400 scans. Best-fit profiles according to the continuous This is further supported by the isodichroic point observed
distribution c¢(S) Lamm equation model from SEDFIT9| at 203 nm indicating that p21 Max has ontyhelical
were overlaid on the experimental data using every secondstructure and random coil without significant contribution
scan. of #-sheet (data not shown). The isodichroic point is obtained
Molecular ModelingMolecular modeling was performed by superimposition of the CD spectra at different tempera-
on a SGI Octane 2 workstation using the Insight Il suite tures. According to the equation of Chen et d4)( the
(Accelerys). To generate the model for the folded p21 Max, theoretical mean residue molar ellipticity at 222 niéi £},)
the polypeptide chain corresponding to its primary structure expected for a protein of 151 amino acids 10@%helical
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a two-state reaction of dimer dissociation coupled to the
Cl) 0 ) o o
. unfolding of monomers, as described in details in Naud et
al. (13) (Figure 2b). We initially tried, without success, to
simulate the denaturation using a baseline for the folded state
/ having [P]22. values around-16 000 degcn?-dmol™ cor-
/ responding to an optimally folded b-HLH-LZ. This suggests
A / that p21 Max is a partially folded dimer having 86% of the
-10000 % / optimal ellipticity of the b-HLH-LZ at room temperature.
\/\/ Indeed, we could fit the denaturation with values for the
, native state of—14 700 deecn?dmol?, and from this
-15000- simulation we could determine an appar&mt (20 °C) of
' 6.5 x 107°, which corresponds to a population of 99% of
' the dimeric state at 32M. The apparenKp (37 °C) is 7.2
20009 o o m o o x 1078, and the correspondilyGp° (37 °C), AHp° (37 °C),
andT°AS° (37 °C) were 7.3 kcamol™?, 83.15 kcadmol™,
Wavelength and 78.85 kcamol ™, respectively (Table 1). ThAG® (T),
AH° (T), T-AS (T), and the population plots can be found
b) 0 in Supporting Information. The analysis of the crystal-
I lographic structure in the presence of DNA reveals that LZ
of p21 Max is not well-ordered, supporting our CD data and
indicating that the dimeric b-HLH-LZ of p21 Max is only
partially folded with the LZ domain undergoing a micro-
scopic reversible foldingunfolding transition within mac-
roscopic-folded dimeric stat®). This is supported by the
fact that the LZ in the crystal structure of the b-HLH-LZ
domain of Max also frays toward its C-terminal erizil),
Furthermore, proteolysis of Max b-HLH-LZ has shown that
the LZ domain was more susceptible to cleavage by many
endoproteases than the HLRY4J, indicating that LZ is less
thermodynamically stablelB). Taken together, our data
20 40 e 8 strongly suggest that the N- and C-terminal flanking regions
of the b-HLH-LZ of p21 Max are unfolded and that p21
Max is a b-HLH-LZ dimer with an unstable LZ domain.

FicURe 2: Far-UV CD spectra (a) and temperature-induced Eing|ly, theKp, observed for p21 Max (7.2 1079) is lower

denaturation (b) of p21 Max. Spectra are presented in units of mean _ ) 5
residue ellipticity (P]). The unfolding reaction was monitored by than theKp reported for the b-HLH-LZ (10< 107) (13,

recording P] at 222 nm as function of temperature. Denaturation 26)- Intergstingly, loweiKps were reported for the b-HLH-
was found to be fully reversible. Proteins samples were at a LZ domain by Krylov et al. with &p (37 °C) of 6 x 1076

concentration of 32M (monomer units) in 50 mM phosphate (pbH  (27). On the other hand, it is important to notice that their
6.8) and 100 mM KCI. The continuous line shows the best-fit of omperature denaturations were done at higher KCI concen-
the data with eq 1 (see Experimental Procedures). The best-fit, =~ . . : .
parameters are listed in Table 1. tration and pH than in our experiments. As described below,
salt concentration has a profound effect on the stability of
Max b-HLH-LZ. In addition, the Max b-HLH-LZ stability
is very sensitive to pH around 7 with His72 located directly
at the interface. Considering a generi&,pof 6.5, the
protonation state of His72 will change drastically from 6.8
to 7.4 and will become mostly neutral at the latter pH.
Protonation of His72 has been shown to be very destabilizing
and enough to unfold the LZ domain at low pH3|.
Accordingly, others Z6) and we (data not shown) have
observed that increasing the pH from 6 to 8 significantly
stabilizes the Max b-HLH-LZ homodimer explaining why

-5000|

[8](deg-cm?-dmol™)

-5000/

-10000

-15000

[6]222 (dv:-:g-cm2 .dmol™)

-20000

Temperature (°C)

is —38 400 degcn?-dmolt. The [0]2,, observed for p21
Max is —13 200 deegcn-dmol?, indicating that the equiva-
lent of 34% or 52 residues are-helical in the absence of
DNA. As reported elsewhere, the basic region of b-HLH-
LZ of Max is mostly unfolded in the absence of DNAY

20), with only the last four residues being helic&0j. It
can be calculated that if the LZ, H1, and H2 domains were
fully helical, plus the four residues of the basic region, this
would amount to 60 residues or @]}, of approximately
—16 000 degcm?-dmol. Hence, it appears that, under these S . :
conditions, the N- and C-termini of p21 Max are random our reported value is slightly higher than the one prew_ously
coil, and that p21 Max exists as either a 86% population of '€Ported by Krylov et al. However, th of p21 Max is

a dimer with a b-HLH-LZ optimally folded or a 100% S|m|lag to that obtained by Horiuchi et aI: (_8 _
population of a dimer with 14% of the b-HLH-LZ unfolded.  * 10°) for atruncated Max (p110) containing the first 110
To further explore this aspect and to determine the apparent2Mino acids and determined at pH 62B)

Kp of the p21 Max, we recorded its thermal denaturation by ~ So far, our structural and thermodynamical characterization
monitoring the molar ellipticity at 222 nm as a function of indicates that the LZ of p21 Max is most likely fraying and
temperature. On the basis of the sedimentation equilibrium that the N-terminal and possibly the C-terminal portions
analysis result (see below and Figure 3a), denaturation curvecould influence the dissociation constant of the protein even
was simulated with a thermodynamical model consisting of though they are not structured. As described below, evidence
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58 ' 5.9 ' 6.0 C 61 63 6.4 65 66
Radius Radius

Ficure 3: Analysis of the oligomeric solution state of p21 Max and p21 Max VL by sedimentation equilibrium analysis. Panels (a) and

(b) show the residual and absorbance plots from the sedimentation equilibrium run of p21 Max and p21 Max VL. Open circles show the

UV absorbance gradient in the centrifuge cell. The data were fitted to a monalineer equilibrium, and the solid line denotes the fitted

curve calculated from three rotor speeds and multiple protein concentrations. As judged from the goodness of the fits, both p21 Max and

p21 Max VL are dimeric. Residuals show the difference in the fitted and experimental values as a function of radial position.

Table 1: Thermodynamic Parameters Obtained from the Fitting of ~dynamical stability and increase the helical content to that
the Temperature-Induced Denaturation as Described in Experimental expected for a fully folded LZ domain. To verify the effect

Procedures of these mutations on the secondary and quaternary structures
p21 Max p21 Max VL of the complete gene product, we have made p21 Max VL
(Figure 1a) and characterized it by CD as described in the
To° 41.6°C T° 58.2°C previous section for p21 Max. The CD spectrum obtained
AGo (37°C) 7.3 kealimol ZDG 37°C) ?17dgolgca|/mol at pH 6.8 and 20C is typical of a mixture between random
° ' AGo (37°C) 13.50 kcal/mol coil and a-helical structures (Figure 4a). Thé]},, of p21
AHp (37°C) 83.15kcal/mol  AH,(37°C) 59.75 kcal/mol Max is — 16600 degcn-dmol, indicating that the
AS(B7°C) 0,244 keall(mok) igo( é37’7c<)3) 881-33 tgg:;?;?clm) o-helical content of the double mutant is nearly 43% or
G OIINN]  makntto0s eues foded natelcs conormaten
Kp(37°C)  7.16x 10°6 K (37°C)  1.32x 1073 =1HYs '
Kp(37°C)  3.09x 10710 bearing the same double mutation has been sol2€)l (

aFor p21 Max and p21 Max VL, thermodynamic parameters of Residues from R27_in the b-regio_n to V4]j in the H1 and
unfolding are indicated by the letter. Thermodynamic parameters  residues from R51 in H2 to E94 in LZ (Figure la) were
for the intermedigte state present during the unfolding of p21 Max VL found to be in ac-helical conformation. These amount to
are also shown (identified by the letter ). 60 residues, a figure close to the 65 residues estimated from
the CD spectrum. This strongly suggests that part of the b
leads to suggest that this effect might be from electrostatic region, H1, H2, and LZ of p21 Max VL are-helical and
origins. that the missingx-helical content of p21 Max is located in

The N69V/H72L Mutations Promote the Folding of the the LZ domains. To estimate th& (37 °C) of p21 Max
LZ Domain and Impree the Stability of the p21 Max Dimer. VL, we have performed thermal denaturation (Figure 4b).
To verify the hypothesis that the LZ domain of p21 Max is The denaturation curve could not be simulated by a simple
undergoing unfoldingfolding reaction in its dimeric state, ~fwo-state denaturation reaction like p21 Max. This indicates
we have proceeded to a double mutation (N69V and H72L) that an intermediate state is populated and confirms previous
targeted at stabilizing the LZ domain. Residues N69a and results obtained with the b-HLH-LZ1@). The intermediate
H72d in the LZ domain of p21 Max have been proposed to state corresponds to a dimeric state where the LZ is folded
be key determinants in the molecular recognition of Max While the HLH is unfolded. The dimeric state of p21 Max
with the Myc and Mad proteins by promoting the dissociation Was verified by sedimentation equilibrium analysis to ensure
of homodimers and encouraging specific interactions at the that the double mutation did not promote oligomerization
interface of heterodimers (e.g., c-Myc/Max and Mad1/Max) as described below (Figure 3b). In Figure 4b, we show the
(29—31). Mutation of these two residues in the b-HLH-LZ simulation of the denaturation curve according to this model
domain of Max dramatically increases thermodynamic stabil- by a solid line. The thermodynamical parameters obtained
ity of the LZ and the b-HLH-LZ homodimersl@). This from the simulation are summarized in Table 1. Th@,°
increase in stability was accompanied by an increase in (37 °C), AH,° (37 °C), andAS°® (37 °C) for the transition
o-helical content that matches the expected one for a fully between the native and the intermediate dimeric state were
folded HLH-LZ. Therefore, if the LZ domain of p21 Maxis found to be equal to 4.1 kcahol™%, 59.8 kcailmol™, and
fraying, this double mutation should increase the thermo- 55.7 kcalmol™?, respectively. ThAGp° (37 °C), AHp° (37
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O] 0

Table 2: Molecular Masses and Hydrodynamics Properties of p21
Max and p21 Max Vi

SE

M,
(kDa)

SV

-5000{ M

(kDa)

30.5
34.1

construct
(kDa)

WT (34.4) 39.5
VL (34.3) 34.9

aSee text for details.

S

2.33
2.24

fifo

15
1.69

-10000| :

[6](deg- cm? -dmol'1)

as000] . . . .
» p21 Max. Sedimentation velocity experiments were also

performed to examine the hydrodynamic properties of p21
Max and p21 Max VL. Sedimentation profiles were evaluated
by a continuous distributior(S) Lamm equation model.
When the sedimentation coefficient distribution was deter-
mined, major peaks of 2.33 and 2.&icorresponding to
molecular masses of approximately 30.5 and 34.1 kDa, for
p21 Max and p21 Max VL, respectively, were revealed.
Furthermore, in both cases, no higher order oligomers were
observed. The velocity data was also exploited to crudely
model the shape of p21 Max and p21 Max VL constructs.
Frictional ratiosf/f,, of 1.5 and 1.69 were calculated for the
two constructs. This implies that both p21 Max and p21 Max
VL adopt asymmetric/elongated shapes in solution. This is
in agreement with the solution structure of Max*VL. Indeed,
we have shown that Max*VL undergoes severe rotational
diffusion anisotropy and behaves as an axially symmetrical
prolate ellipsoid with an anisotropy ratio of approximately
2 (20). Interestingly, thé/f, of p21 Max VL is 10% larger
than that of p21 Max, indicating that, hydrodynamically, p21
Temperature (°C) Max VL appears more asymmetric/elongated than p21 Max.
Ficure 4: Far-UV CD spectra (a) and temperature-induced This is expected for p21 Max if its LZ domain undergoes a
denaturation (b) of p21 Max VL. Spectra are presented in units of mjicroscopic folding-unfolding transition. Because the LZ

-20000

200 210 220 230 240

Wavelength

S

-5000

-10000

-15000

2 1
[8]222 (deg-cm”-dmol ™)

-20000 I I I I
20 40 60 80

mean residue ellipticity g]). The unfolding reaction was monitored
by recording p] at 222 nm as a function of temperature.

Denaturation was found to be fully reversible. Proteins samples

were at a concentration of 32M (monomer units) in 50 mM

domain of p21 Max VL is stabilized, the shape adopted by
p21 Max VL in solution will be, on a time average, more
elongated. Thus, the sedimentation equilibrium and velocity

phosphate (pH 6.8) and 100 mM KCI. The continuous line shows experiments show that p21 Max and p21 Max VL proteins
the best-fi@ of the data (see _detail_s in Experimental Procedures). gre both dimers, that p21 Max is less asymmetrical at the
The best-fit parameters are listed in Table 2. concentrations analyzed, and that p21 Max constructs have
the same shape in solution.
°C), andASy° (37 °C) for the transition between the native Localization of the Secondary Structure on p21 Max and
dimeric state and the unfolded monomeric state were foundp21 Max VL by NMRAIthough the helical content angp
to be equal to 13.5 kcahol™?, 68.3 kcaimol™, and 54.9 suggest that both p21 Max and p21 Max VL have the HLH
kcalkmol™?, respectively. The correspondidgs® (T), AH® and LZ domains folded and that the other regions of the
(T), and T-AS’ (T) plots can be found in the Supporting proteins are unfolded, it is important to confirm the exact
Information. TheAGp° (37 °C) indicates &p (37 °C) of location of thea-helical secondary structure. Therefore,
p21 Max VL that is 10 000-fold lower than the value of p21 specific and spectroscopic markers proving that LZ and HLH

Max (3 x 10719). These results support that the LZ domain
of p21 Max is fraying in its dimeric state and that residues

domains are folded need to be provided. In that regard, during
the assignment of th&H, 13C, and!®N resonances (BioM-

N69a and H72d are key determinants for the destabilization agResBank accession number BMRB-5926) of Max*VL, we

of p21 Max and its reversible dimerization.

have noticed that thé&methyl*H of L55 were upfield-shifted

Assertion of the Dimeric State of p21 Max and p21 Max by a ring current effect from F340). Indeed, the structure
VL by Sedimentation Equilibrium and Velocity Analytical shows that the side chain of L55 packs against the phenyl
Ultracentrifugation. To assess the impact of the mutation ring of F34 in the middle of the folded HLH hydrophobic
on the oligomeric state of p21 Max, we used sedimentation core. In Figure 5a, the upfield region of the Max*\*H-
equilibrium and velocity analytical ultracentrifugation (AUC). 1D spectra is displayed and the shieldedmethyl of L55
When the sedimentation equilibrium AUC data were fitted are depicted. Other upfield-shiftedH-methyl resonances
to a single species model, the apparent weight-averagebelonging to the HLH are also labeled3{7, V41, L44. If
molecular masses of p21 Max and p21 Max VL were the HLH domains of p21 Max and p21 MaxVL are similarly
approximately 39 kDa and 34 kDa (Table 2, Figure 3, parts folded, the same resonances should be observed orittheir
a,b), respectively, and this suggests that the N69V/H72L 1D spectra. This is the case for both p21 Max (Figure 5b)
double mutation has not impact on the oligomeric state of and p21 Max VL (Figure 5c). As expected from the increased
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Ficure 5: NMR evidence that the HLH of the complete gene product is folded and that the LZ of p21 Max in undergoing a dynamical
process. The upfield regions of tAE-1D spectra of Max*VL (a), p21 Max (b), and p21 Max VL (c) are displayed, and'thenethyl
resonances located in the folded HLH are labeled. The first increments Bfit#l-HSQC-TROSY spectra of Max*VL (d), p21 Max (e),
and p21 Max VL (f) are depicted, and the resonance of the backbtiNeof K80, which serves as a probe for the folded LZ domain, is
labeled.

molecular weight of the complete gene product constructs, in T,, which naturally leads to the line-broadening observed.
the resonances of p21 Max and p21 Max VL are markedly Nevertheless, the same spectroscopic and domain-specific
broader in respect to Max*VL. This is due by an increase in markers are present and confirm the fact that the HLH
overall rotational correlation time and consequent decreasedomains of p21 Max and p21 Max VL are stably folded.
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FiGure 6: Localization of then-helical secondary structure in the LZ and HLH domains for the complete gene product. Superimposition
of the H-15N-HSQC-TROSY spectra of Max*VL (red) and p21 MaxVL (blue) suggests that the LZ and HLH of p21 Max VL are stably
folded anda-helical. Regions depicting many of the resonances belonging to the HLH (b) and the LZ (c) are enlarged, and residues located
in the different folded and:-helical domains of Max*VL are labeled.

To further confirm the folded nature of HLH-LZ in the
p21 constructs and the dynamical folded nature of the LZ
domain in the case of p21 Max, we have recorded thir
15N-HSQC-TROSY spectra3@) and compared them to the
spectrum of Max*VL (Figure 6a)!H-1°N-HSQC spectra
informs on the folded nature of proteins and the local
magnetic environment of backbone (and side chéih)
15N spin pairs. Therefore, if the folded regions of the different

(20). These are rather short and gave rise to broad line widths
for a protein the size of Max*VL (20 kDa). They represent
I5N-T, values a globular protein almost twice that size would
have. This was rationalized by the severe rotational diffusion
anisotropy of Max*VL as discussed above. Considering that
the MW of p21 Max is almost twice the MW of Max*VL,

it is to be expected th€N-T, of p21 Max will be markedly
decreased and that the half-width at half-height (HWHH) of

constructs are similar, the magnetic environment of the folded the resonances will be increas&8); Interestingly, théH-

backbone'H—N pairs should also be similar. Thus, the
resonance frequencies 8fl—1°N cross-peaks assigned to
the LZ and HLH of Max*VL should appear in the spectra
of the complete gene product. In Figure 6, tHe'>N-HSQC-
TROSY spectrum of Max*VL (red) is superimposed onto
the spectrum of p21 Max VL (blue). As expected, many
assigned cross-peaks from the HLH domain of Max*VL have
corresponding cross-peak in the p21 Max VL spectrum (V41,
G46, and Q53; Figure 6b) indicating that the HLH is
similarly folded as inferred above from the presence of the
two upfield-shifted methyl resonances. Similarly, one can
also note that manyHN downfield cross-peaks, which
correspond to the LZ domain, are found in p21 Max VL. In
o-helical proteins containing LZ domains, downfield back-
bone!HN are usually involved in strong main-chain H-bonds

and are located at the buried interface (e.g., K80 and N72).

Although the environment of thBH—5N pair may not be

IN-HSQC-TROSY of p21 Max only showed well-resolved
resonances belonging to the HLH (data not shown). We
remind that the LZ domain of this construct is expected to
undergo a microscopic foldirgunfolding transition. This
exchange phenomenon usually occurs on the millisecond
time scale, which can broaden the line width of resonances
beyond detection 34). To illustrate the existence of a
dynamical phenomenon in the LZ domain of p21 Max, we
show, in Figure 5, the first increment of thld->N-HSQC-
TROSY spectra of Max*VL (Figure 5d), p21 Max (Figure
5e), and p21 Max VL (Figure 5f). One can see that the
resonance of K80, which is located in the middle of the LZ
domain and buried at the interface, is sharp in the spectrum
of Max*VL (Figure 5d). In accordance with the above
discussion, the resonance of K80 is significantly broader
(larger HWHH) in the spectrum of p21 Max VL (Figure 5f)
and is broadened almost beyond detection in the p21 Max

exactly identical, we believe that it is reasonable to propose spectrum (Figure 5e). Taken as a whole, the NMR and CD

that the HLH-LZ of both p21 Max VL and Max*VL are
similarly and stably folded.

results presented so far support the fact that the helical
content of both p21 Max VL and p21 Max, in its dynamically

From Figure 6, one can also notice the obvious increasepopulated and fully folded state, is located in the HLH-LZ

in line widths of the cross-peaks of p21 MaxVL compared
to those of Max*VL. It is noteworthy to report that the
averagée®N-T, values of Max*VL are of the order of 30 ms

and that the N- and C-termini are essentially unfolded.
The N- and C-terminal portions of p21 Max relieve
electrostatic repulsions present in the b-HLH-LZ.
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Ficure 8: Temperature-induced denaturations of (empty symbols)
b-HLH-LZ of Max and (fill symbols) p21 Max in 50 mM phosphate
buffer (pH6.8) with concentration of KCI from 0 mM (circle), 50
mM (square), 100 mM (triangle), and 250 mM (diamond). For the
b-HLH-LZ of Max, an additional denaturation in 50 mM phosphate
buffer (pH6.8) with concentration of 500 mM KCI (reverse triangle)
was done. All denaturations were done at protein concentration of
32 uM.

The electrostatic potential maps were calculated using the Peisson mM KCI and below 20°C, the molar ellipticites and

Boltzmann equation solver included in the program Gragpysing

the default parameters and interpolated at the molecular surface a
the same level. Note the darker blue color (positive electrostatic

potential) at the interface of the HLH of Max*VL.

a-helical content of the b-HLH-LZ and p21 Max are
tcomparable, confirming that the dimers are folded similarly.
However, the stability of p21 Max is insensitive to ionic
strength, while that of the b-HLH-LZ is largely increased

As alluded to above, evidence suggests that the lowerby the ionic strength. This strongly supports our suggestion

thermodynamical stability of the b-HLH-LZ compared to the

that electrostatic repulsions are present in the b-HLH-LZ and

complete is of electrostatic origin. Indeed, we have shown that the N- and C-terminal portions are lowering tKg
the existence of a cluster of positively charged side chains (increasing stability) of p21 Max by decreasing the desta-

at the interface of the HLH in the solution structure of the
dimeric b-HLH-LZ of Max 0). This cluster generates high

local electrostatic potential that induces significant molecular

motions in the helix 1 of the HLH on the nanosecond time
scale. We show in Figure 7a, the b-HLH of Max* with the

bilizing effect repulsions at the interface of the HLH in the
complete gene product.

p21 Max VL Forms a More Stable Protein/DNA Complex
Than p21 MaxAs discussed in the Introduction, in light of
a possible function of Max in the repression of the transcrip-

electrostatic potential interpolated at its molecular surface tion of Myc target genes in cancer cells, an increase of the

and displaying a net positive (blue) electrostatic potential.

stability of its complex with E-Box sequences would be

It is straightforward to propose that repulsions may desta- advantageous. It can be envisaged that an increase in the

bilize the HLH and promote unfolding. On the other hand,

stability of the dimeric form of p21 Max by the double

what are the roles of the N- and/or C-terminal regions in mutation could result in an increased stability of its specific
stabilizing the dimeric form of the complete gene product? DNA complex. To address the impact of the stabilization of

Interestingly, the [ of Max b-HLH-LZ, p110, and p21 Max

p21 Max VL on the stability of the respective E-Box/DNA

are 9.69, 6.29, and 6.07, respectively. In fact, one can see incomplexes, we recorded the temperature-induced denatur-

Figure 1, that the N-terminal region of Max is rich in acidic
residues, explaining the decrease ihgf p110 and the

ations monitored by CD of p21 Max and p21 Max VL in
the presence of an E-box dsDNA at a protein/DNA ratio of

complete gene product. When the electrostatic potential is1:1 and 32«M (Figure 9). At 20°C, theKp of both p21
calculated and interpolated at the molecular surface of theMax and p21 Max VL were below 16, indicating that the

b-HLH-LZ of p21 Max with an unfolded N-terminal region,

population of dimeric species at 2G and 32«M was 100%

it is apparent that the latter reduces significantly the net in both cases (Supporting Information). As can be seen in
positive electrostatic potential at the interface of the b-HLH Figure 9, the two curves suggest a two-state process in accord
(Figure 7b). It is therefore possible that the N-terminus, even with temperature-induced DNA dissociation followed by the
unstructured, could reduce the unfavorable electrostaticcoupled dissociation/unfolding of p21 Max. The melting

repulsions at the interface of the HLH in p21 Max, leading
to a smallerKp or an increased thermodynamical stability.

curve for the E-Box dsDNA has been reported elsewhere
and has been subtracted from the raw denaturation curves.

To further test this hypothesis, temperature-induced de- The T° of E-Box dsDNA is 75°C, a value above both

naturations were recorded with the b-HLH-LZ of Max and
p21 Max at 32«4M in 50 mM phosphate buffer (pH 6.8) at
different ionic strengths (6500 mM KCI) to screen for the
contribution of electrostatic repulsions (Figure 8). At 100

apparent denaturatioff for the p21 Max (42°C) and p21
Max VL (67 °C). As reported previously by several groups,
the a-helical content of the dimeric b-HLH-LZ of Max is
increased in the presence of E-Box dsDNA. This improve-
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FiGURE9: Temperature-induced denaturations on p21 Max and p21 FIGUrRe 10: Far-UV CD spectra of (a) p21 Max and (b) p21 Max
Max VL with (empty circles) and without (fill symbols) E-Box VL with (empty circles) and without (fill circles) E-Box dsDNA.
dsDNA. The protein and E-Box dsDNA are at concentration of 32 The proteins and E-Box dsDNA are at concentration ofuB2

#M (monomer units) and dissolved in 50 mM phosphate buffer (monomer units) and dissolved in 50 mM phosphate buffer (pH
(pH 6.8) and 100 mM KCI. 6.8) and 100 mM KCI.

. . o . stabilized by the double mutation, the cooperative stabiliza-
Lnyegﬁ',vfs(fg”gg)te%%t%ﬁ f\?;?:jr;gslsé?bz'"zzzaté%' %Ectg(e)t?{rsg'lon tion coming from DNA is expected to be less important than
Max and p21 Max VL are increased in the presence of E-Box n the case of p21 Max. -
dsDNA by 3003 and 3698 degr?-dmol, respectively, as Finally, as can be observgd in Figure 9, all of thg p21
it can be seen in far-UV CD spectra at 3®1, pH 6.8, and Max/E-Box dsDNA complex is denatured at 36, while
20 °C (Figure 10). The gain inf] at 222 nm of 3003 and the p21 Max VL/_E-BOX dsDNA c_o_mplex remains pppulated.
3698 degcm?-dmol corresponds to the folding of 12 to The apparent increased stability of the protein/dsDNA
14 residues, respectively, intehelical structure, a value in Interactions can therefo_re be Imked to the higher probability
accord with the folding/stabilization of the b-region induced ?nfdpzt M?EBYCL ﬁf fgirr':"?? aZ?TAerXatX??hetr tempﬁr]ﬁture.
by DNA binding. As judged from the relative increase in m e;e ,fath ’210 M f \(;f : 2" edins18r? 3?' rt?n
the apparenT®, it can also be observed that DNA binding In?tfrmgtion)e 'IE)hus thae in vivosp?)pulatior(1a 0(1:‘ tf(weugzploMag/
results in a larger gain in stability for p21 MaA "= 12 E-Box dsDNA complex could be controlled either by its

°C) than for p21 Max VL AT°= 7 °C). This can be : . X .
rat?onalized b)[/) a cooperativg effect of I)DNA that is more nuclear concentration or by the stability of its LZ domain.

prominent in the case of p21 Max. Indeed, we have shown

elsewhere that the double mutation in the LZ had stabilized DISCUSSION

the HLH domain of Max*VL by a cooperative effect3). On the basis of CD, NMR, sedimentation equilibrium, and
In other words, if the probability of having the LZ domain velocity analytical ultracentrifugation, we show that, in
folded was increased, this would in turn increase the absence of DNA, the HLH domain of p21 Max is stably
probability of finding the HLH domain folded, hence, the folded but that its LZ domain is most likely undergoing a
cooperative stabilization. A similar effect can be expected microscopic folding-unfolding transition in its dimeric state
on the HLH domain from the stabilization of the b-region. (Figure 11, vertical equilibrium on the left). The existence
However, since the HLH domain of p21 Max VL is already of the folding—unfolding transition of the LZ domain is
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I | of the Kp for the complete p21 gene product of Max. This
f{ p21 Max 3 value is markedly lower than the {110) x 107° values
2 obtained for the isolated b-HLH-LZ domain at similar pH
G values (3, 26). Interestingly, we demonstrate here that the
b-HLH-LZ is destabilized by electrostatic repulsions. These
repulsions are absent in p21 Max. Indeed, the thermody-
namical stability of p21 Max is insensitive to ionic strength,
while that of the b-HLH-LZ is highly sensitive. Interestingly,
the N-terminus is very acidic, and its presence is known to
reduce the positive and destabilizing electrostatic potential
o shown to exist at the interface of the HLH in absence of
| DNA (20). Therefore, the N-terminus could have an indirect
¥ or structurally passive role that could consist of reducing or
masking these electrostatic repulsions present in the b-HLH-
LZ in p21 Max and decrease itsp to a physiologically
functional range. It is still unclear whether Max homodimer
play a role in transcription in vivo other than being the
obligate partner of the Myc and Mad proteins. However,
evidence suggests that, when overexpressed in cells, the Max
homodimer can compete with c-Myc/Max heterodimer and
M= reversibly repress transcriptiohl). However, the p21 Max
) homodimer can only play a role if it dimerizes in vivo. This
g has not been established before and will depend both on its
: - Kp and its free concentration in the nucleus. While the
FIGURE 11 MinOSCOpiC folding—unfolding transition in the dimeric nuclear concentration of Max has not been reported under

p21 Max and DNA binding. p21 Max is shown with its HLH o . . ]
domain folded and its LZ domain partially folded with both the N- 2NV Cellular state, itis estimated that 29 000 copies of c-Myc

and C-termini unstructured as suggested from CD, NMR, and AUC. aré pre;ent in the nucleus of proliferating fibroblagt§) (
Transient folding of the LZ domain of p21 Max (first vertical Assuming a volume of 5 107%° cm? for the nucleus41),

equilibrium) is shown to be quenched by the stabilizing N69V, the concentration of c-Myc in these cells is in the order of

H72L double mutation. As described in the text, this is supported 7 i i
by CD, NMR, and AUC. The stabilization of the LZ improves the ﬁi ;( d:lLr(r)1_ ; xi.thsw-llf/le p2it1 MF;X ?\i?ffirin?r?”{ {Ifl)irrzns ﬁd
stability of the p21 Max/E-Box complex (lower equilibrium). eteroaime C-Myc, Its concentratio growing a

proliferating cells must be, at the least, of the same order of

further warranted by (1) a dramatic increase in stability, (2) magnitude. Given the observé@ reported here (% 107°),
a raise ino-helical content attaining that expected for a folded it could be estimated that when c-Myc is down-regulated,
HLH-LZ, and (3) a concomitant elevation of the frictional the population of dimeric p21 Max, ready to bind DNA,
ratio (increase in asymmetry) of the dimeric p21 Max VL should be in the order of 10%. The rest of the monomeric
construct (Figure 11). p21 Max VL was obtained by the population would be poised to heterodimerize. It is note-
N69V and H72L double mutation in the LZ domain of p21 worthy to remind that, when proliferating fibroblasts are
Max. This demonstrates that the LZ domain of the p21 Max treated with TGF3, the level of c-Myc bound to Max
dimer is only transiently folded and further confirms that decreases and the levels of Max and Mad proteins concomi-
Asn69 and His72 are key residues in the destabilization of tantly increaseX2). Moreover, after treatment with TG#;-
p21 Max, an integral part of the mechanism of specific the amount of free Max significantly increases, possibly by
heterodimerization29—31). a factor of 10 12). Coupled to a down-regulation of c-Myc,

Furthermore, our results demonstrate that neither thethis could lead to a transient increase in the population of
N-terminal nor the C-terminal domains are stably folded in dimeric Max, from 10 to 40%, assuming an increase in
the absence or in the presence of DNZ8)( This clearly concentration from 1.5 1077 to 1.5x 10°® M. Given that
reveals that these regions do not structurally or directly DNA binding will give rise to a mass action, one can safely
contribute to homodimer formation or DNA binding. While assume that E-box sites originally occupied by the c-Myc-
it is known that a NLS is located in the C-terminal domain Max heterodimer could be transiently bound by the p21 Max
(35 and that phosphorylation sites are present in the dimer. While Max has not been demonstrated to interact with
N-terminal domain36), our results raise the question about any co-activators or co-repressors, our results suggest that
the existence of any structural function for the N- and it could nevertheless transiently and reversibly represses the
C-terminal regions, which accounts for almost half of the transcription of c-Myc target genes during the response to
protein. However, it has been shown that Max interacts with TGF-. If the presence of TGB-is maintained, the level of
other proteins such as SMARY), Mnt (38), and Mga 89). Mad will increase and most likely lead to heterodimerization
It is possible that these regions of Max could undergo between Mad and Max and the replacement of the p21 Max
transient folding that may perhaps be stabilized by these dimer on the E-box sites permanent repression of transcrip-
proteins and play a role in the specific proteprotein tion by closure of the chromatin in the vicinity of the
interactions. This remains to be clarified. promoters. These estimates also depend on the nuclear

We have determined an apparédfy (37 °C) of 7.2 x concentrations of proteins of the Mad family and the relative
10 ®¢for p21 Max. To our knowledge, this is the first estimate affinities of these proteins for Max compared to the
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thermodynamical stability of Max homodimers. This still has
to be characterized.

Finally, the improved thermodynamical stability of the p21
Max VL construct over p21 Max that promotes the formation
of significantly more E-Box complexes (Figure 11) at
physiological concentrations could efficiently reduce the
growth and proliferation of cancer cells that overexpress
c-Myc. In this regard, p21 Max could have interesting
applications in the study of cancer biology.

NOTE ADDED IN PROOF

Very recently, a gene expression profiling study of the
crypt (proliferating cells)-villus (differentiated cells) axis of
intestinal epithelial cells was published?j. This study
reveals that Max is modestly expressed in the crypt cells
but that it is expressed at a level exceeding those of Myc
and Mad by at least 10-fold in the villus cells. Therefore,
the Max homodimer should saturate the E-box sites in the
villus cells (prevent binding of the c-Myc/Max heterodimers
as discussed in our paper). This brings further support for a
role of Max at repressing c-Myc functions.
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