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ABSTRACT

We constructed plasmids encoding the sequences for
the bZip modules of c- Jun and c- Fos which could then
be expressed as soluble proteins in  Escherichia coli.
The purified bZip modules were tested for their binding
capacities of synthetic oligonucleotides containing
either TRE or CRE recognition sites in electrophoretic
mobility shift assays and circular dichroism (CD).
Electrophoretic mobility shift assays showed that bZip
Jun homodimers and bZip Jun/Fos heterodimers bind
a collagenase-like TRE (CTGACTCAT) with dissociation
constants of respectively 1.4 x10~"Mand 5 x 10-8 M.
As reported earlier [Patel et al. (1990) Nature 347,
572-575], DNA binding induces a marked change of
the protein structure. However, we found that the DNA
also undergoes a conformational change. This is most
clearly seen with small oligonucleotides of 13 or 14 bp
harboring respectively a TRE (TGACTCA) or a CRE
(TGACGTCA) sequence. In this case, the positive DNA
CD signal at 280 nm increases almost two-fold with a
concomitant blue-shift of 3—4 nm. Within experimental
error the same spectral changes are observed for TRE
and CRE containing DNA fragments. The spectral
changes observed with a non-specific DNA fragment
are weaker and the signal of free DNA is recovered
upon addition of much smaller salt concentrations
than required for a specific DNA fragment. Surprisingly
the spectral changes induced by  Jun/Jun homodimers
are not identical to those induced by  Jun/Fos hetero-
dimers. However, in both cases the increase of the
positive CD band and the concomitant blue shift would

be compatible with a B to A-transition of part of the
binding site or a DNA conformation intermediate
between the canonical A and B structures.

INTRODUCTION

The AP-1 protein complex is a eukaryotic transcription factor that
binds DNA in a sequence specific manner. AP-1 was first
identified by its role in the regulation of the human metallo-
thionein lly gene, and soon after it was shown thatrand
c-Fosare constituents of AP-1. Several related gendgrodnd
Fosexist, giving rise to the families of either thetranscription
factors or the~os transcription factors. These members of the
AP-1 family associate with each other to form a variety of homo-
or heterodimeric complexes. A hallmark of AP-1 became its
ability to mediate gene induction by the phorbol ester tumor
promoter 129-tetradecanoylphorbol-13-acetate (TPA) and led
to the name TRE (TPA response element) for its 7 bp recognition
site (TGA(C/G)TCA), which is present in numerous promoters.
The same sequence is recognized by the transcriptional activator
GCN4, which is involved in the regulation of amino acid
biosynthesis in yeast. Binding of AP-1 to the TRE sequence can
modulate transcription both positively and negatively (for a
review sedl). The 8 bp recognition site CRE (CAMP responsive
element) (TGACGTCA) is also a target fam'Jun or Jun'Fos
complexesi,3).

JunandFosbelong to the bZip group of transcription factors,
containing a DNA binding domain with clustered basic amino
acids (b) and an adjacent leucine zipper motif (Zip) responsible
for the dimerization of the transcription factors (for a review on
bZip proteins see 4). The leucine zipper mediated dimerization of
AP-1 proteins is concentration dependent and leads to increased
a-helical secondary structurg,§). Even as dimers, the basic
domain of each monomer remains essentially unstructured in
solution. In the presence of DNA, the basic region adopts an
a-helical conformation as a consequence of recognition and
binding to the consensus sequeigelhe crystal structure of the
c-Jun'c-FosbZip domain bound to a TRE sequendeshowed
that both subunits form continuous parakehelices. The
C-terminal leucine zipper forms a coiled-coil structure. Both
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subunits make base-specific contacts with DNA in the majoffable 1.Linkers used for cloning into plasmids
groove via their basic N-terminal regions. These contacts ar~ -
essentially the same as those observed for the GCN4 bZip dOMigsakes = Ma. TTC TR [l Eeih ek BIC AT AT @
bound to a TRES) or a CRE sequenc®,(0). In the latter case R IR ek IR, A i
at least, the DNA undergoes a marked conformational chang
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including features reminiscent of A-DNA (&&ndo conforma G IS CRA CTG TG CTE TR
tion for certain deoxyriboses and an average base-pair displac L ¢ L N L

ment of —1.4 A). In the crystal structures of the GCN4-TRE ani )
theJun'Fos TRE complexes, the DNA stays apparently CIOSEr tCuumues tsx 5o i s B Gin Aok (I QAT JIG (50 AR

the B-conformation 4,8), although the average base pair s e R e B
displacement for the GCN4-TRE complex is far from neglectabl

(0.9 A) (L1). In addition the unit vector normal to the base pairs S Brasker

also deviates substantially from canonical B-DNA (Veisset Limjsr TV  @ATC OCT GAT TA
al. (12) have shown that the circular dichroism spectrum of bot o
a TRE or a CRE containing DNA is markedly increased upon T
addition of the GCN4 bZip domain. A similar change has not
been reported for the bZip domainslohandFos(5). Here we  culture was diluted 10-fold and incubated ungg« 0.8. Gene
show that the bZip domains&inandFosalso induce a marked expression was induced with 1 mM ITPG, the cells grown for
increase in the CD spectra of a series of double-strandadother 3 h, and harvested by centrifugation. About 12 g of wet
oligonucleotides containing TRE and CRE sites. Within experbacterial paste was resuspended in 48 ml CED-0.3 buffer
mental error the spectra of a bound TRE and a bound CRE 880 mM NacCl, 20 mM citric acid, 10 mM EDTA, 5 mM DTT,
identical. On the contrary, dunJun complex induces a pH 5). The lysis buffer was supplemented with 1 mM PMSF,
somewhat more pronounced spectral change thdunkos 1 mM benzamidine, M pepstatin, 5u1M aprotinin; all further
complex for both TRE and CRE binding sites. These results weparification steps using CED buffer were done in presence of
obtained with recombinant bZip domains ofurt and cFos 1 mM PMSF only. Cells were disrupted with a French press at
which are expressed as soluble proteinEscherichia coliand 500 kg/cnd pressure. The cleared supernatant was batch-incubated
which do not contain any of the foreign helper sequences generallyernight with 15 ml of CED-0.3 equilibrated Heparin Ultrogel

used for affinity purification. (IBF, Villeneuve-la-Garonne, France) &tC} The suspension
was transferred to a column and washed with CED-0.3. A linear

MATERIALS AND METHODS gradient using CED-0.3 and CED-2 (2 M NacCl, 20 mM citric
acid, 10 mM EDTA, 5 mM DTT, pH 5; 1 mM PMSF) was applied

Plasmids to elute the proteins at a flow rate of 1 ml/min. The collected

fractions were analyzed using SDS—PAGE. Ammonium sulfate
as gradually added to the pooled bZip fractions under stirring
p to 80% saturation. The precipitated proteins were dissolved in
HPLC buffer A (0.05% TFA/KO) and injected on a semiprepara-
Aive C-4 reversed phase coloumn (Macherey Nagel, Diren,
Germany). A linear gradient between 32% and 40% HPLC buffer
B (0.05% TFA in acetonitrile) was applied at a flow rate of
2 ml/min. The collected proteins were lyophilized and redis-
olved in deionized water. Protein concentration was determined
ccording to Scoped4) and the proteins were stored at 220
in the presence of 5 mM DTT to avoid cysteine oxidation.

The mouse-dungene was first digested wiima andPst. The
resulting 0.94 kb DNA fragment was purified and redigested wit
Hinfl and Banl. The Hinfl/Ban fragment codes for the bZip
domain of mouse dun spanning amino acids 250 to 327,
sequence that is identical to humadua-247 to 324. This
Hinfl/Banl fragment was cloned into tiiecdRI/Hindlll site of
plasmid pKK223-3 (AmP, Pharmacia, Uppsala, Sweden)
giving rise to plasmid pKKlun The synthetic oligonucleotide
linkers (Tablel) | (front end) and Il (back end) were used to inser
theJunfragment into the vector. A 1.2 Ryul fragment of the
human eFos gene was recut witidinfl and SaBA. This
fragment codes for the humarfFes bZip domain, spanning . .
amino acids 137 to 208. Thenfl/ SatBA DNA was cloned into  Cllgonucleotides

the samé&cdRI/Hindlll sites using linkers llI (fI’Oﬂt end) and IV O|igonuc|eotide3 were Synthesized on an App|ied Biosystems

(back end), to give plasmid pKKes synthesizer and the resulting single-stranded DNA purified by
C-18 reversed phase HPLC. Equimolar amounts of complemen-
Protein expression and purification tary strands were annealed in TE (10 mM Tris, 1 mM EDTA, pH

) i _ 7.9). Samples were injected on an analytical size exclusion HPLC
Plasmids pKKFos and pKKJunwere transformed int&.coli  cojymn (SEC-2000, Beckman, Fullerton, CA, USA) equilibrated
strain RB79113). The bacteria harboring the pKosplasmid  ith phosphate buffered saline (PBS; 150 mM NaCl, 10 mM
were grown in LB medium (10 g/l Bacto-tryptone, 5 g/l yeasja-phosphate, pH 7.0). Those samples containing more than 5%
extract, 10 g/l NaCl, 100 mg/l ampicillin) at 7. Bacteria  of single stranded DNA contaminants were purified on a
transformed with the corresponding pKInplasmid expressed sgc-2000 column, the collected fractions of dsDNA were

higher amounts 08urp47-324 protein in minimal medium as ethanol precipitated, dried and redissolved in TE buffer.
compared with LB medium. These transformants were grown at

37°C in M9 medium (8.5 g/l N&dPOy2H,0, 3 g/l KHoPOy,
0.5g/l NaCl, 1 g/l NHCI pH 7.4, 50 mg/l ampicillin) sup-
plemented with 0.4% (w/v) glucose, 1 mM MgHSB0 uM  Proteins at varying concentrations were incubated with about
CaCb, and 2uM thiamin. In both cases, an overnight starte2500 c.p.m. o#2P-labeled oligonucleotides in fiDtotal sample

Electrophoretic mobility shift assay
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Figure 1. Sequence of the recombinaniurp47-324and cF0s137_208bZip proteins. The first amino acid ofFos;37_20gWas changed from Glu to Mek). The
oligonucleotides used in this study differ in length and contained either the TRE or CRE consensus sequence (boxed). Two oligonucleotides were synthesized as c
TRE-21 mut. contains one purine pair inversion and one pyrimidine pair inversion in the consensus site and retained some residual protein binding activity. In col
to TRE-21 mut., no specific binding affinity of the bZip proteins for oligonucleotide GEM-21 neg. could be detected in EMSA. The control sequence of GEM-21 ne
is completely randomized as compared with TREE)1

volume. Equimolar amounts of separately puriledandFos  beneath 3%. The DNA CD spectra (F&y.show the absolute
peptides were associated by an incubation of 30 mif&t@%or  signal change without correction for dilution.

to the formation of the protein-DNA complex. Under these

conditions heterodimer formation and subunit exchangerof RESULTS

andFosbZip domains occurs with a half-life of less than 105 (
The DNA interaction buffer contained 50 mM Tris—HCI, pH 8-0’Expression and purification of solubleJun and Fos bZip

5 mM MgCh, 5 mM DTT, 1 mM EDTA, 10% glycerol, 0.1% yomains

Nonidet P-40, 2ug of bovine serum albumin, and Qutj of

poly(dl-dC). The reaction mixtures were incubated for 30 min athe sequences of the overexpressed bZip modules§r_324
room temperature and subsequently run on a 5% polyacrylamigied cFos; 37_oggare shown in Figurk Using the pKK plasmids,

gel (with 1:19 bisacrylamide) at@. The running buffer was we were able to obtain entirely soluble recombinant proteins
0.5x TBE (45 mM Tris, 45 mM Borate, 1 mM EDTA, pH 8.3). which could be isolated without the need to use denaturing
The data were analyzed using either a Fuji 600 phosphoimagerconditions. These two proteins differ only slightly in sequence

a BioRad video scanning system. length from those used in previous studigskut they lack the
six histidine tag. It is possible that this ¢fiag is responsible for
Circular dichroism studies the aggregation and precipitation of the recombihamandFos

proteins inE.coli studied earlier §,16). After cell lysis, the
CD spectra were recorded on a Jobin Yvon dichrograph undamteins were purified in a first step by ion exchange chromato-
constant nitrogen flush at room temperature. The spectra wemaphy using a heparin ultrogel column. The chosen buffer
recorded between 200 and 320 nm using 1 mm or 10 msystem suppressed the strong proteolytic degradation which was
path-length quartz cells (Hellma, Millheim, Germany). Thebserved at neutral to alkaline pH values. As the final purification
proteins were dissolved in PBS-200 (200 mM NaCl, 10 mMtep, we used a C-4 reversed phase HPLC column. The purity of
Na-phosphate pH 7.5, 1 mM DTT) buffer. The spectra presentedlurps7_324and cFos;37_o0g was monitored on 12% SDS-
here represent the baseline corrected mean of at least three spahgcrylamide gels, and by HPLC on a C-18 analytical reversed
of the same sample. A starting concentration of 0.04 mg/ml ghase column. Both methods indicated falugy47_324and
oligonucleotide was used for the protein titration experiments-Fos;37_opgga protein purity greater than 95% (FR). Mass
Equal volumes of protein stock solutions were added until gpectral analysis showed that both proteins had the correct
maximum of DNA signal change was obtained. The relativenolecular weights (durp47-324 found: 9136.1, calculated:
signal changes were corrected for dilution, which was ke®138.8; cFos;37-20 found 8520, calculated: 8521).



4490 Nucleic Acids Research, 1996, Vol. 24, No. 22

A) =
2ukDa  — 20 kD — '

25 kOl - 26 kDa —

wins — weos — @

14 WD - b — Fea, .40 1 kOa = - L — i d 0
B) D)
A [Z20 rm) A 230 nm)

D250 0,080
B g P, 10 g Jun
0125 0,045
18 min 48 min 15 min a0 mmin
Eluticn Tirme Ehustion Time

Figure 2. Purity of cJdumga7_324and cFos 37_20gproteins after ion exchange chromatography and reversed phase HPLC purifisatemd (C) show the
Coomassie-stained 12% acrylamide gels charged withot purified protein.§) and D) show the elution profile of Ees;37_ppgand cdurpg7_324 respectively,

on a C18 analytical HPLC column. The complementary runs wifkgl®Fos; 37_20sand 60pg cJurps7_324are not shown here, but did not reveal detectable
contaminants either.

DNA binding of c-Juny47_324and c+0s137_208 than 50%. Higher durp47_324Cc0Ncentrations are thus required
to reach full DNA binding. We are not aware of any other
The DNA binding capacity of the bZip modules were tested iublished determination & values for DNA binding oflun
electrophoretic mobility shift assays (EMSA). For this purposfomodimers and/alun'Fosheterodimers. However, Abaeal
we used synthetic oligonucleotides of different length @g.  (17) determined an 8-fold smaller relative DNA binding affinity
One series of oligonucleotides contained a binding site derivéfia cJunbZip homodimer as compared with aw¥c-FosbZip
from the collagenase TRE, whereas the other series harboredhgterodimer using a human metallothioneig-like TRE as
corresponding CRE site. As a control, we used two oligonucle®NA target. The reason we find a somewhat smaller difference
tides. TRE-21 mut. contained a mutated TRE site for which tw@bout 3-fold) using a collagenase-like TRE may be the
base pairs in each TRE half-site were simply swapped. Thed#erence in the bases flanking the TRE core sequence. Ryseck
changes in the recognition site were not sufficient to abolisknd Bravo §) have shown indeed that the bases flanking the
protein binding activity completely, since some retarded DN/&entral TGACTCA sequence may strongly influence the DNA
could be detected in EMSA. The other control oligonucleotidinding affinity especially of gunhomodimers. In particular a
GEM-21 contained a scrambled, non-palindromic sequence wighllagenase-like TRE (oligo 10 in their study) showed a high
the same number of G/C and A/T base pairs as the TRE consergffigity for c-Junhomodimers, such thatletnhomodimers and
site. For this oligonucleotide no bound DNA was detectable igrJun'c-Fos heterodimers obtained a comparable DNA binding
EMSA. All specific oligonucleotides formed well-defined com-score (10-50% DNA binding) in their stud3).(
plexes with both thdun/'JunandJun'FosbZip domains. C
The TRE-21 collagenase-like oligonucleotide was used to
determine the equilibrium dissociation constenbf either the The bZip modules were further tested by circular dichroism
c-Jurpg7_324homodimer or the durpa7_324C-F0S137_20ghet-  spectroscopy. Circular dichroism is a useful structural tool for the
erodimer DNA complex (Fig3). The Kq value corresponds characterization of both protein and nucleic acid conformation
approximately to the protein concentration necessary to bind 50%6r a recent review see réB). Conformational changes induced
of the DNA if the protein is in large excess over the DNAupon formation of a protein~-DNA complex may be generally
concentration. For the Jurpg7_324C-F0s137_20gcomplex 50%  attributed to one or the other species, since the composite
of bound DNA is reached upon addition of about®8 M of  spectrum is dominated by the DNA between 260-290 nm, and by
total protein concentration. the protein between 210-230 nm. In the following, protein CD
The cdurpg7_324nomodimer reaches 50% DNA-binding for spectra will be expressed as usual by the molar elliptity
an[B-fold higher protein concentration (1.4 x @), suggesting whereas the DNA CD spectra are expressetEass, — R,
an [B-fold smaller DNA binding affinity as compared with the whereg andeg represent the molar extinction coefficients of,
c-Jurpg7_324c-Fos 37-_20dheterodimer. Additionally, the slope of respectively, left and right circularly polarized light. The numerical
the cJdurps7_32shomodimer DNA binding isotherm (not shown) conversion between the two measures of CD is straightforward
is flatter than that of the heterodimer for DNA saturation greatéf©] = 3298A¢ ).

ircular dichroism experiments
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Figure 3. Electrophoretic mobility shift assay of TRE-21 with thRig47_324 T
c-Fos 37_ppgheterodimer 4) and the cdumpa7_324C-Jurps7_324homodimer Sanomn |

(B). The binding reactions were analyzed by native gel electrophoresis (5% =
and subsequent autoradiography. The indicated concentrations correspoi E15HH

respectively to the concentration ofJ@47-324+C-F0s137-204 monomers '...""".a_ -

and cdurps7_3p4monomers. The TRE-21 concentration at half-saturation was "1 Foa

at least 30-fold smaller than the protein concentration. ’ ———Foa + TREEN
ZHICA] TREIS
-0

At a concentration of 2QM in PBS200, the durps7_324
homodimer and the &urp47_324c-F0s137_pggheterodimer have  Figure 4. CD spectra of the three different protein and protein—-DNA
© values at 222 nm of —20.000 degrees¥ x dmol (Fig.4). complexes. The protein concentration was(®0 the double stranded DNA
Assuming & value of —33.000 for 100%-helical secondary concentration was 12V in PBS200 pH 7.5, containing 1 mM DTT.
structure {9,20), this indicates aa-helix content of about 60%
for both the homo- and the heterodimer, corresponding quite
closely to the fraction of amino acids being part of the leucingart of the basic domain being in direct contact with the DNA
zipper (Fig.1). The incomplete structure of the protein is thugFig. 1). Using His-taggedlun and Fos subdomains, being
most likely due to the disordered N-terminal basic region angéspectively 33 and 24 amino acids longer than those used in this
possibly also a disordered C-terminal tail of the bZip modulestudy, Patett al (5) have observed an increase of helicity of only
c-Fos;37-2pgalone @ value of —11.000) appears to be dBP%  10%. Given the greater length of their bZip domains, this
helical under these conditions. Furthermore, no DNA bindingorresponds to a transition of 10-12 amino acids from an
activity could be detected forfms, 37_opgneither in EMSA, nor  essentially denatured to arhelical state upon DNA binding in
in circular dichroism experiments (Fi). reasonable agreement with the value reported h&ws, §7_20s

Figure 4 shows further that upon addition of DNA, thealone does not exhibit an increaseoihnelicity upon DNA
c-Jurps7-324homodimer and the ddrpa7_324C-F0s137_208het-  binding (Fig.4C)
erodimer show a significant increase in the magnitude of the
helix-associated bands at 208 and 222 nm. The increase fr : e
© =-20.000 to about —26.000 corresponds to a gakhalicity %gﬁfi?giggnba%fhg?\g: ins induce & DNA
of [118% corresponding tbll4 additional amino acids folding
into ana-helical structure upon formation of the protein—-DNAFormation of the protein~DNA complex not only induces a
complex. This value is compatible with a coil-helix transition of theonformational change of the bZip modules, but also changes the
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DNA CD spectra, indicating changes in the conformation of the
DNA. Addition of either the dumps7_324homodimer or the
c-Jurpa7_324Cc-F0s137_208 heterodimer leads to a shift of the
oligonucleotide spectra towards lower wavelength and a marked
increase in signal intensity of the positive CD band at 280 nm.

Figure5A and B show the CD spectra of TRE-21 in the absence
and presence of the bZip domains. THeg47_324c-F0s137_208
heterodimer (B) leads to a slightly less pronounced signal
increase than theXitpa7_324nomodimer (A), i.e. an increase of
1.48-fold at 280 nm instead of 1.65-fold, respectively.

Figure5C and D show the corresponding spectra of CRE-22.
Again, the heterodimer induces a somewhat smaller change in the
DNA spectrum than the &dmpg7-324 homodimer (1.45-fold
instead of 1.58-fold). The spectral changes for both complexes
are even more pronounced for CRE-TMInJun 1.75-fold;
JunFos 1.6-fold) and TRE-13Jurn/Jun 1.75-fold; JunFos
1.6-fold). This may principally reflect the difference in length of
the two pairs of double-stranded oligonucleotides.

Assuming that the spectral changes are mostly due to specific
protein binding to the TRE and CRE elements within the
oligonucleotides of length= 13, 14, 21, 22 and 29 base pairs (Fig.
1), one would indeed expect that only a segment of n base pairs
would be pertubed upon protein binding, whereas the remaining
(I — n) base pairs would stay in a canonical, most likely
B-conformation, i.e.:

Agmax=nl - Ag, + (1 — n)/l -Agg 1

with Agmax being the observed signal upon complex formation
under saturating condition8g, the signal of the perturbed base
pairs, and\eq the signal of the unperturbed base pairs. This equation
predicts a linear relationship betwes,o,/Agg and 1Y, i.e:

Agmax€o = (n -Agp/Agg—n) - (W) + 1 2

Figure6A shows that a plot dfea/Acg versus 1/does indeed
exhibit a linear relationship for both thamn47_324homodimer
and theluny47_324F0s137_20dheterodimer complex, and that the
homodimer induces consistently larger signal changes than the
heterodimer.

Figure6B shows the relative increase of the CD sighalXeg)
at 280 nm as a function of the protein/DNA ratio. The addition of
Jun and JunFos bZip domains leads to an essentially linear
change of the DNA CD signal, suggesting that binding is
stoichiometric under these conditions. The titration curve of
TRE-13 shows that the intensity increase reaches a maximum at
a molar ratio of about two protein monomers per DNA duplex for
both protein complexes, which is in good agreement with the
expected stoichiometry. This indicates further that the proteins
are fully active in DNA binding.

These CD signal changes are completely reversible. The
addition of NaCl to the reaction mixture leads to a complete
suppression of the effect (Fig. suggesting that both complexes
are sensitive to salt as expected from the numerous salt bridges
formed between the basic region and the DNA phosphates (see ref.
5). The dissociation curve for tden'Fos complex is somewhat
steeper than that of tdan'Juncomplex. Half-dissociation occurs
at[450 mM NacCl in the case of the heterodimer arfdés0 mM
for the homodimer. Parallel to the signal decrease of the DNA at
¥80 nm, we also observed a signal decrease of the bZip proteins a
222 nm. This indicates a lossoehelical conformation in the basic

to duplex DNA are indicated in the boxes. The initial DNA concentration was'€gion of the proteins upon dissociation of the proteins from the
0.04pug/ul (2.9 uM).

TRE or CRE sequences. The non-specific control-duplex GEM-21
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E] homodimers changed the DNA signal of all four specific
oligonucleotides to a somewhat stronger extent fhariFos
14 heterodimers suggesting that the homodimer might induce a more
it - "8 A pronounced conformational change than the heterodimer. So far
_ . 3 only the X-ray structure of dun'Fos bZip-TRE complex has
A i o been described).
_g;-'-" 1A W o The influence of dun and cFos bZip domains on oligo-
o " . nucleotide conformation has not been reported in an earlier CD
= izt & 0 ’ study 6). Itis likely that a longer oligonucleotide was used in that
i n O N Jen/ien + TRE-13 study, which may ha_ve maske(_j the DNA S|gpal changes. In our
u C i JandFos + TRE-13 study,'the TRE—ZQ ol!go_nucleotlde spectrum is considerably less
ur o sensitive to protein binding than those of the shorter TRE-13 and
L ‘ CRE-14 oligonucleotides (FigA).
o ol J 1.8 ¥ za Kerppola and Currar2(—23) reported thafun homodimers

sl ke prsbain per A shiple andJun'Fosheterodimers bend DNA in opposite directions. The

difference in the CD spectra induced by these two species is
Figure 6. (A) Plot of the maximal CD signal chandi,a/Aeg ) versus the h'owever'unllk'ely to be linked t'O (;I|fferer!t!al bending, S'”Pe
reciprocal oligonucleotide length (L{B) CD signal changhe/Aeg of TRE-13 circular dichroism seems to be fairly insensitive to DNA bending
as a function of protein concentration. DNA dilution effects upon addition of (24). Using a DNA cyclization assay and EMSA experiments
e ans hes SNA i v S reste esnes s vy ogiin et DNAconstrucs, Siani and Crotherss)(
DNA signal increase is moré pronounced for tieip,7_324homodimer as %OnCIUd_ed rec.ently that nelth_éun homodlm_ers nodun’Fos
compared with the dum47_324/C_F03137_208heter0dimer. hetel’OdImeI‘S |nduce SUbStantIa| DNA bend'ng

The observed changes in the DNA CD spectra upon complex

formation with theJun Fos and GCN4 bZip domains would
shows a smaller increase in signal intensity (1.38-fold in the caBewever be compatible with the induction of a DNA structure
of c-Jurps7_324 homodimer) and half-dissociation occurs at delated to the A_-f_orm. Upon addition of ethanol, DNA ur)dergoes
much smaller salt concentration (275 mM). We observe a slight GDB to A transition. Ivanov and Krylo2§) show a series of
signal decrease of less than 10% for free TRE-21 at higher s3ectra with partial A-like character. The spectral changes
concentrations. For this reason, the NaCl titration leads to fin@pserved for a transition from B-DNA to a situation where about

signal intensities at 280 nm slightly below 1. 30% of the DNA adopts an A-structure would nicely match the
changes which we observe upon complex formation withute
DISCUSSION andFosbZip domains, i.e. B2-fold increase of the CD intensity

at 280 nm and a blue-shift of about 4nm.
In this study we report the construction, overexpression andFor TRE-13 and CRE-14 this would corresporiditbp in a pure
purification of the soluble bZip moduledurps7-324 and A conformation, or more likely to an intermediate conformation
c-Fos;37_20g Their secondary structure and their ability to bindbetween A and B over a longer stretch of the binding site. This
oligonucleotides containing TRE or CRE sites were tested lynd of ‘intermediate’ structure has been described by Nekludova
using CD and EMSA, respectively. The CD measurements ahd Pabol(1) and applies also to the GCN4-CRE compiek()
protein dimers in the presence of stoichiometric amounts @fhich reveals structural features reminiscent of A-DNA as
double stranded oligonucleotides revealed different impacts ofitined above. Throughout the entire fragment, the average
JunJun and JunFos bZip dimers on the DNA spectrdun  displacement of the base-pair centerline from the helical axis is
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—1.4 A ©) as compared with —4 to —5 A for pure A DNA and no 3
displacement for B-DNAI(1). These features would be compat- 4
ible with a partial B> A-like transition suggested by the CD
spectral changes observed upon addition afthandFosbZip
domains (this work) and GCN4 bZip domaifg)( 7
Surprisingly, we observe the same structural changes ia
solution for both the CRE and the TRE complex, since the TRE
structure in both the GCN4-TRB)(and theJun'FosTRE
complex () has been described as being in the B-form. Howevey,
a reexamination of the GCN4-TRE structure by Nekludova arﬁ
Pabo (1) revealed an overall displacement of —0.9 A suggesting
a significant deviation from canonical B-DNA. Nevertheless th&2
CRE crystal structure within the GCN4 complex seems more
A-like than the corresponding TRE structiie [t might be that 1
in solution the TRE structure within the complex is somewha

6

different than in the crystal and that TRE and CRE adopg
essentially the same conformation in solution at least as far as

base stacking is concerned. ig
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