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Covalent and Noncovalent Dimerization Domdins

Yasunori Aizawa, Yukio Sugiura, and Takashi Mofrii*
Institute for Chemical Research, Kyoto Wersity, Uji, Kyoto 611-0011, Japan
Receied July 20, 1998; Résed Manuscript Receéd October 28, 1998

ABSTRACT. Sequence-specific DNA binding proteins generally consist of more than two DNA-contacting
regions to ensure the selectivity of recognition. The multiple DNA binding modules are connected either
through the covalent linker or through the noncovalent dimerization domain. We have compared the DNA
binding of peptide dimers with covalent and noncovalent dimerization domains to explore the potential
advantage of each linkage on the sequence-specific DNA binding. Three sets of head-to-tail peptide dimers
were synthesized by using the same basic region peptide to target the same DNA sequence; one dimer
was assembled with a bridged biphenyl derivative as a covalent dimerization domain, and two other dimers
were assembled with the cyclodextrin guest noncovalent dimerization domains. One of the noncovalent
dimers was a heterodimer that consisted of cyclodextrin and guest peptides, while the other was a
homodimer that consisted of peptides bearing both cyclodextrin and the guest molecule within the same
chain. Both noncovalent dimers formed the specific DNA complexes within narrower ranges of peptide
concentrations and showed higher sequence selectivity than the covalent dimer did. Among the three
dimers, the noncovalent homodimer that can form an intramolecular inclusion complex showed the highest
sequence selectivity. Because the noncovalent homodimer with the higher stability of the circular
intramolecular inclusion complex exhibited the higher sequence selectivity, it was concluded that an
equilibrium involving a conformational transition of a monomeric peptide effectively reduced the stability

of its nonspecific binding complex, hence increasing the efficacy of cooperative dimer formation at the
specific DNA sequence.

Sequence-specific DNA binding of proteins, such as controlling the dimerization are thought to play significant
transcription factors, is essential to regulation of key roles in enhancing the selectivity of specific DNA binding
processes of gene expression. As seen in the structural studieand increasing the sensitivity of equilibrium binding to the
of the sequence-specific DNAprotein complexes, proteins  change in protein concentrations+9). Among these dimeric
make networks of stereospecific interactions with bases andproteins, the basic leucine zipper (bZIP) class of eukaryotic
phosphate backbone at the surface of the specific DNA transcription factors has been known to employ a small but
sequence ][ 2). These DNA binding proteins generally efficient structural motif for the sequence-selective recogni-
consist of more than two DNA-contacting regions to ensure tion of DNA (10). The dimerization is mediated through a
the selectivity of recognition3( 4). A class of proteins binds  coiled-coil structure of the leucine zipper domain, while the
DNA with multiple DNA binding modules connected region rich in basic amino acid residues (the basic region)
through covalent linkages, and the other with the noncovalent|ocated N-terminal to the leucine zipper domain directly
formation of homo- and heterodimers. In the former class contacts the DNA major groovd {—14). Despite the current
of proteins, the greatest progress to date has been achievephterests in exploring the advantages of these covalent and
in studying the sequence-specific DNA binding of théig noncovalent linkages on the sequence-specific DNA binding,
zinc finger proteins. Phage display techniques have beenit s difficult to compare the DNA binding of covalently
successfully used to design novel three-finger proteins with |inked multimodular proteins and those of noncovalent
desired specificitiess). In addition, connecting two three-  dimeric proteins directly because the DNA-contacting regions
finger peptides with an appropriately designed linker has of these native proteins are different from each other. For
provided six-finger proteins with stability and sequence thjs purpose, the designed proteins with naturally occurring
selectivity higher than those of the three-finger prot& ( pNA binding regions and artificial dimerization domains
In the latter class of proteins, the protejprotein interactions  would provide useful systems. Kim and co-workers dem-
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DNA sequencesl(7—19). Transition metal complexes were

successfully used to generate basic region peptide dimers

that distinguished between the DNA sequences that differed
by the presence or absence of a singl€ Gase pairZ0—
22).

We have utilized dyad symmetric bridged biphenyl deriva-
tives as the covalent dimerization domain for basic region
peptide dimers43—25). The basic region peptide dimers
that differed only in the chirality of the dimerization domains
showed remarkably different affinities for nonspecific DNA
sequences. To study the DNA binding of noncovalent peptide
dimers, we have functionalized short peptides with an
artificial dimerization domain consisting @gcyclodextrin
(Cd) and its guest molecule. The heterodimeric system
consisting of the basic region peptide with the adamantyl
group (Ad) and that with Cd displayed cooperative and
specific binding to palindromic or nonpalindromic DNA
sequences, depending on the sorts of basic region peptide
(26, 27). The homo-oligomer consisted of identical basic
region peptides modified with the adamantyl group at the N
terminus and Cd at the C terminus (GAdCd) specifically
bound to the direct repeat of two 5 bp DNA sequences with
little affinity for a single copy of the 5 bp2@8). CD spectral

measurements suggested that the free GAdCd formed a

circular intramolecular hostguest inclusion complex, which
added an equilibrium to that between the monomer and the
oligomer—-DNA complex to affect the sequence selectivity
of the peptide with both Ad and Cd. As mentioned previ-
ously, our systems for assembling the covalent and nonco-
valent dimers will complement each other in determining

whether the cooperative binding enhances the sequence

selectivity of peptide dimers. In this report, we have
compared DNA binding of peptide dimers with covalent and
noncovalent dimerization domains sharing the same DNA-
contacting regions (Figure 1). We find that noncovalent
dimers form the specific DNA complexes within narrower
ranges of peptide concentrations and bind with higher

Biochemistry, Vol. 38, No. 5, 1999627

A G2AdCd: Ac-DXAALKRARNTEAARRSRARKLQZ-NH,
X =Lys(Ad), Z=Cys(Cd)
G3AdCd: Ac-XDPAALKRARNTEAARRSRARKLQZ-NH,
X =Lys(Ad), Z=_Cys(Cd)
G2Ad: Ac-DXAALKRARNTEAARRSRARKLQZ-NH,
X =Lys(Ad), Z=Cys(acetamide)

GCd: Ac-DXAALKRARNTEAARRSRARKLQZ-NH,

X =Pro, Z = Cys(Cd)
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T2: 5'-CGGATGACATGACTTTTTTTC-3"
G3A: 5'-CGGATGACATAACTTTTTTTC-3"
HS: 5'-CGGATGACACTGCTTTTTTTC-3"
T2S: 5'-CGGATGACCATGACTTTTTTTC-3"

Ficure 1: (A) Structures and amino acid sequences for the basic

sequence selectivity than the covalent dimer. We also showregion peptide dimers with covalent f&8DHP) and noncovalent

that the equilibrium involving a conformational transition
of a monomeric peptide effectively reduced the stability of
its nonspecific binding complex, hence increasing the ef-
ficacy of cooperative dimer formation at the specific DNA
sequence.

EXPERIMENTAL PROCEDURES

Synthesis of Peptide DimeiG2AdCd, G2Ad, GCd, and
G3AdCd were synthesized as described previoudy. G,-
RDHP was synthesized according to the synthesis of the
covalent dimers of the GCN4 basic region peptidé4, @5)
with slight modifications by using the bridged biphenyl
derivatives and two peptides shown in Figure 1B. Data from

(G2Ad/GCd, G2AdCd, and G3AdCd) dimerization domains. Ab-
breviations for the amino acid are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; K, Lys; L, Leu; N, Asn; P, Pro; Q, GIn; R, Arg; S,
Ser; and T, Thr. (B) Schematic representations showing the binding
orientation of G2AdCd (top), G2Ad/GCd (middle), andRDHP
(bottom) dimers to a direct repeat of two GCN4 binding half-sites
(T2). The helices denote the basic region peptides, and N and C
indicate the N and C termini of the peptide, respectively. Half-
circles, filled spheres, and a filled oval represent the artificial
dimerization domains;3-cyclodextrin, the adamantyl group, and
the 9,10-dihydrophenanthrene derivative, respectively. (C) A
specific DNA sequence for peptide dimers consisting of a direct
repeat of two GCN4 binding half-sites (T2) and its mutated DNA
sequences (G3A, HS, and T2S). G3A and HS contain mutations
within the half-site of 1 and 3 bp, respectively. T2S possesses an
additional base-pair between two half-sites.

electrospray mass spectrometry were recorded in the positivestandard phosphoramidite method as described previously

ion mode on a Perkin-Elmer Sciex API lll. MS (electrospray;
50% acetonitrile and 0.05% formic acid): calcd for M

(28). Following lyophilization, the purified DNA was dis-
solved in TE buffer [10 mM Tris-HCI and 1 mM EDTA

5937.84, found 5937.47. Peptide concentrations were deter{pH 8.0)]. An oligonucleotide (5 pmol) was-gnd labeled
mined by quantitative amino acid analyses performed with ysing f-32P]JATP and T4 polynucleotide kinase and subse-

an AccQ Tag Chemistry Package (Waters) according to the
manufacturer’s protocol.

Synthesis and'&nd Labeling of Oligonucleotides HS,
G3A, T2, and T2SOligonucleotides were synthesized on
an Applied Biosystems model 391 synthesizer with the

qguently purified on a Sep-Pak cartridge (Millipore Waters).
Following vacuum-drying, the'8abeled oligonucleotide was
annealed to a 4-fold molar excess of the unlabeled comple-
mentary strand in 25 mM Tris-HCI, 100 mM NaCl, and 1
mM EDTA (pH 8.0).
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Electrophoretic Mobility Shift Assayall reactions were eq 5:
executed in a total volume of 20 with peptide concentra-
tions as indicated in a binding mixture containing0 pM Kg = KaiKaz (5)
32P-labeled double-stranded DNA, 20 mM Tris-HCI (pH 7.6), _
4 mM KCI, 2 mM MgCh, 1 mM EDTA, and 6% sucrose. AGwas _calculated from the equatiddG = —RT In(1/Ky),
DNA binding buffer for GRDHP contained additional 0.1% WhereT is 277 K andR is 0.001987 kcal mof K™*.
NP40 and 10 mg/mL BSA. After the binding mixture was ~ Measurements of CD Spectr@D spectra were obtained
incubated for 30 min at £C, an aliquot (8-9 uL) was with a Jasco J-720 CD spectrometer equipped with a PTC-
electrophoresed on a 10% polyacrylamide gel in TBE buffer 343 temperature controller at®€ in a 1 mmcell. Samples
(20 mM Tris, 20 mM boric acid, and 0.1 mM EDTA) at 4 contained 20 mM Tris-HCI (pH 7.5), 4 mM KCI, 2 mM
°C. The gels were dried on a Bio-Rad model 583 gel dryer MJClz, 1 mM EDTA, and 4uM peptide. Spectra were the
and exposed to X-ray films (Fuji Medical X-ray Films RX) average of 32 scans and were corrected with a spectrum of
in the dark at—=70 °C for 13—15 h. buffer alone but not smoothed.

Determinations of the Stabilities of DimeDNA Com- RESULTS
plexes.ScanJet Il and the Deskscan Il software were used
to obtain data from the X-ray films. The quantification of Design of DNA-Binding Peptide Dimers with @dent or
each band was performed with the NIH-image (version 1.55) Noncasalent Dimerization DomainsThree sets of peptide
software to integrate the intensity of dots of which each band dimers that could target the same DNA sequence, but differed
is composed. The fraction ofP-labeled DNA bound to  in the dimerization domains, were designed to determine

peptide dimers was obtained by using eq 1: whether the sequence selectivity of the covalent dimer could
) be different from that of the noncovalent dimer. A 23-amino
© = [dimer-bound DNA]/([free DNA]+ acid peptide derived from the basic region of yeast bZIP

[dimer-bound DNA]) (1) protein GCN4 was used as a DNA binding domain for all

) ) . of the peptide dimers. The noncovalent homodimer G2AdCd
where [free DNA] and [dlmer—bound DNA] are the intensities possessed both the adamantyl group (Ad)/egclodextrin
of the bands of the pgptlde-unbound DNA and peptide dimer- (Cd) within the same peptide chai@g) (Figure 1A). Because
bound DNA, respectively. In the 1:1 dimeDNA complex the noncovalent homodimerization was regulated by the
formation for GRDHP, the experimentally obtained DNA  n_terminal Ad and the C-terminal Cd, G2AdCd bound to
binding data ©) were fitted to a theoretical isotherm (€9 2)  the target DNA sequence with a head-to-tail dimer config-
(25) using the equilibrium dissociation constant of the yration (Figure 1B). The same head-to-tail configuration of

dimer—DNA complex Kq) as an adjustable parameter. a noncovalent heterodimer was achieved by using two basic
. region peptides: one with the N-terminal adamantyl group
O = [Pepl/(Kq + [peph) @) (G2Ad) and another with the C-terminal Cd (GCd). A

covalent dimer GRDHP had a bridged biphenyl derivative
(25) as a dimerization domain that connected the C terminus
of a basic region peptide to the N terminus of another peptide
to orient two peptides in the head-to-tail configuration (Figure
1).

where [pep]represents a total concentration of thd:=BHP
peptide. In the 2:1 peptideDNA complex formation, two
kinds of equations were used to fit DNA binding data to
theoretical isotherms (eq 3 in the case of heterodimer G2Ad/
GCd and eq 4 in the case of homodimers G2AdCd and DNA Binding of Peptide Dimers with Galent and

G3AdCd). Noncaalent Dimerization DomaingOn the basis of the facts
o _ that a disulfide bonded head-to-tail peptide dimEr, (18)
O = 1AL + 2Ky[Ky + 2[Pep] / and G2AdCd 28) specifically bound to a DNA sequence
(Kai” + 4K ylpeph "} (3) consisting of a direct repeat of two GCN4 binding half-sites
. (T2, 5-ATGAC-ATGAC-3), G2Ad/GCd and GRDHP were
O = 141 + 8Ky/[Ky; + 4lpep] — also expected to target the T2 sequence. Two kinds of
(Kd12 + 8Kdl[pep1)1/2]} (4) mutated T2 sequences, HS-GTGACACTGC-3), which
contained three base mutations, and G3AABGACAT-
whereKqy; andKgy; are the equilibrium dissociation constants AAC-3') with only one base mutation in one of the half-
of the peptide dimer and the DNA complex of the peptide sites, were used to evaluate the sequence selectivity of these
dimer, respectively. When data sets were fitted using eachhead-to-tail dimers (Figure 1C). In addition, reactions with
equation, a value dfy; was fixed to be 1.34 106 M, an these dimers binding to T2S'(BTGACCATGAC-3') were
equilibrium dissociation constant of a 1:1 complex with Ad- carried out to analyze an effect of an additional base pair
and Cd-modified basic region peptides (unpublished experi- between the two direct repeat sequences. DNA binding of
ments), andKq, was treated as an adjustable parameter. In the dimers to the specific (T2) and nonspecific sequences
eq 3, [pep]represents a concentration of G2Ad or GCd and was tested by electrophoretic mobility shift titratior29,
in eq 4 that of G2AdCd or G3AdCd. In this study, 30).
concentrations of the G2Ad and GCd peptides were equal. Titration of G2AdCd with T2 revealed cooperative forma-
The Igor Pro software (version 2.02; WaveMetrics Inc., Lake tion of a 2:1 peptide DNA complex (Figure 2A, top).
Oswego, OR) was used to minimize the difference between G2AdCd did not bind HS DNA Z8) or G3A at all even
experimentally obtained dimer fraction a@4; for all data. when the peptide concentrations were increased to 200 nM
The apparent equilibrium dissociation constakig 6f DNA (Figure 2A, bottom). Peptide concentrations that ranged from
binding by noncovalent dimer peptides were calculated using 4 to 30 nM were required for achieving +@0% saturations
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Ficure 2: Autoradiograms showing the electrophoretic mobility
shift titrations of G2AdCd (A), G2Ad/GCd (B), and,&DHP (C)

to T2 (top) and G3A (bottom). Binding reactions were carried out
as described in Experimental Procedures. (A) No G2AdCd was
added to the reaction mixture in lane 1. G2AdCd concentrations in
lanes 2-9 at the top were 1, 2, 4, 6, 10, 20, 30, and 50 nM for T2
and in lanes 29 at the bottom were 5, 10, 20, 30, 50, 75, 100,
and 150 nM for G3A, respectively. (B) No peptide was added to
the reaction mixture in lane 1. Concentrations of G2Ad/GCd in
lanes 2-9 at the top were 0.5, 1, 1.5, 3, 5, 7.5, 10, and 20 nM for
T2 and in lanes 29 at the bottom were 5, 10, 20, 30, 50, 75, 100,
and 150 nM for G3A, respectively. (C) No,DHP was added to
the reaction mixture in lane 1. Concentrations gRGHP in lanes
2—9 at the top were 0.025, 0.1, 0.25, 0.5, 1, 2.5, 5, and 10 nM for
T2 and in lanes 29 at the bottom were 0.1, 0.25, 0.5, 1, 1.5, 2.5,
7.5, and 10 nM for G3A, respectively.
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Ficure 3: Semilogarithmic plots showing the fractions 8P-
labeled T2 ©), G3A (@), HS (1), and T2S [0) bound to the
G2AdCd (A), G2Ad/GCd (B), and §RDHP (C) dimers as a
function of peptide concentration. The solid curves represent the

best fit for the titration data obtained as described in Experimental
Procedures.

of the T2 site (Figure 3A). G2AdCd formed a dimddNA
complex with T2S with moderate affinity, but did not achieve
full saturation even at 200 nM (Figure 3A). G2Ad/GCd
avidly bound to T2 (Figure 2B, top), but also formed dimer
DNA complexes with HS, G3A (Figure 2B, bottom), and
T2S with the affinities in the following decreasing order:
T2 > T2S > HS > G3A (Figure 3B). Levels of saturation
of the T2 site from 10 to 90% were obtained with peptide
concentrations that ranged from 2 to 20 nM. G2Ad/GCd
bound to HS, G3A, and T2S sites to a saturation level of
10% at~5 nM, but did not bind to a saturation level of
90% even at 200 nM. §RDHP also formed a 1:1 dimer
DNA complex with T2 (Figure 2C, top), G3A (Figure 2C,
bottom), HS, and T2S with stabilities in the following
decreasing order: T2 T2S~ HS ~ G3A (Figure 3C).
Concentrations of the peptide required for achieving-10
90% saturations ranged from 0.1 to 7 nM and from 80

nM for T2 and other sequences, respectively (Figure 3C).

Comparison of Sequence Seleityi of Peptide Dimers
with Cavalent or Noncealent Dimerization Domaing=ree
energy changes for the complex formation of the dimers with
specific AGr;) and nonspecific DNA sequenceAGys,
AGgsa, and AGrg) were calculated at 277 K from the
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Table 1: Free Energy Changes Associated with Head-to-Tail Dimer Complex Formation for G2AdCd, G3AdCd, G2Ad/GCADHiAdMRh
T2, HS, and G3A

AG (kcal mol1)2 selectivity (kcal mot?)®
peptide T2 HS G3A T2S AAGys AAGgza AAGrs
G2AdCd —20.0 ¢0.2) >-17.2 >-17.2 -17.9 ¢0.1) >2.8 >2.8 2.1
G3AdCd —20.6 (-0.2) —17.6 (£0.4) —17.7 0.3) —17.5 &0.2) 3.0 2.9 3.1
G2Ad/GCd —20.8 0.1) —18.5 (£0.4) —18.9 £-0.3) —19.3 &0.2) 2.3 1.9 15
R:DHP —11.5 0.1) —10.4 0.1) —10.3 @0.1) —10.4 @0.1) 1.1 1.2 1.1

aDetermined as described in Experimental Proced#rAaGys, AAGgza, andAAGr,s were calculated from the relationshipd\Gus = AGps
- AGTz, AAG(;gA = AGG3A — AGTz, and AAGTzs = AGTzs — AGTz, respectively.

equilibrium dissociation constants determined by electro- A B
phoretic mobility shift assays (Table 1). By using these
values, the sequence selectivity of each dimer was estimated
as differences betweehGr, and AGus (AAGys), between
AGr and AGgaa (AAG(;gA), and betweemGTz and AGros
(AAGr2s). The G2AdCd dimer showed significantly higher
selectivities for T2 than for HS and G3A compared to the
other two dimers, RDHP and G2Ad/GCd, even though
the AAG values for G2AdCd were the lowest estimate owing
to its lack of binding to HS or G3A below 200 nM. Although
the cooperative binding of G2AdCd was very sensitive to
the single base pair substitution within the half-ste\Ggza N I e e B T T i ez
> 2.8 kcal mot?), it was relatively tolerant of the spacing

mutant AAGr.s = 2.1 kcal mot?). G2Ad/GCd discrimi- (e (o)

nated among these sequences with a selectivity higher tharf'SURE 4:_Circular dichroism spectra of (A) G2Ad and G2AdCd
that of GRDHP. Comparison of the stabilities of G2AdCd and (B) G3Ad and G3AdCd indicate that the helical content of
: p G3AdCd is higher than that of G2AdCd. Spectra of the basic region

dimer—DNA complexes and those of G2Ad/GCd indicated peptides possessing only the adamantyl group (G2Ad and G3Ad,
a mechanism that was employed for the high selectivity of solid lines) and boths-cyclodextrin and the adamantyl group
G2AdCd. G2AdCd and G2Ad/GCd formed specific T2 (G2AdCd and G3AdCd, dashed lines).
complexes with comparable stabilities. On the other hand, - ) )
the stabilities of the nonspecific DNA complexes of these Position of the adamantyl group did not affect the helix
two dimers differed by more than 1.7 and 1.3 kcal Tol propensity but qld alter the.hellcal content of G3AdCd.
for G3A and HS, respectively. It appeared that the high Because formation of the .|ntramolecular complexes of
sequence selectivity of G2AdCd did not result from the G2AdCd and G3AdCd peptides necessarily decreased the
increasing stability of the specific T2 complex, but from helical contents of the peptldes, j[he reduction 'of helical
decreasing stabilities of the nonspecific complexes. Becausecontents paralleled the increase in the population of the
both G2AdCd and G2Ad/GCd employed noncovalent dimer- mtramqlecular comple>_<. Th|s_ in turn implied that the stability
ization, the highly sequence-selective DNA binding of of the intramolecular inclusion complex for (_32AdCd was
G2AdCd was not simply explained by the cooperative greater than thgt of G3AdCd. The GsAdCd dimer bound to
binding of two monomers to the target DNA sequence. TZ. with approximately the same affinity as that for G2AdCd
Stability of the Intramolecular Inclusion Complex Affects (Figure 5), but bound as dimers to both HS and G3A. Thus,
the Sequence Seledty of GAdCd G2AdCd and G2Ad/ the decreasing sf[ablhty of thg |ntrzi_molecular inclusion
GCd share the same DNA binding regions and the Samecgmplex resulted in an increasing affinity of the G3AdCd
noncovalent dimerization mechanisms. However, free G2AdCd dimer for the nonspecific sequences HS and G3A without
forms the circular intramolecular hesguest inclusion  affecting its affinity for T2.
complex that is not formed with GZAd/QCd&): We next DISCUSSION
analyzed the role of intramolecular inclusion complex
formation in the sequence-selective binding of G2AdCd. The  Cooperativity in DNA binding is considered to play
stability of the intramolecular inclusion complex of G2AdCd  significant roles in (i) increasing the sensitivity of equilibrium
could be controlled either by substituting Ad with a different binding to the change in protein concentrations and (ii)
guest molecule or by changing its location. G3AdCd pos- enhancing the selectivity of specific DNA binding, (8).
sessed the Lys residue with the Ad group at positidnof The noncovalent peptide dimers G2AdCd and G2Ad/GCd
the basic region peptide (the aspartic acid is referred to asclearly exhibited the former characteristic. As obviously
position 1) instead of at position 2 for G2AdCd (Figure 1A). shown by the titration curves in Figure 3AC, the nonco-
The CD spectral analyses of these two peptides in the absencealent dimers G2AdCd and G2Ad/GCd formed specific
of DNA revealed that thed] value at 222 nm, a measure of dimer—DNA complexes within much narrower concentration
a-helicity, for G3AdCd was lower than that for G2AdCd, ranges as compared to the covalent dimeRGHP. This
indicating that the helical content of G2AdCd was lower than characteristic also played a part in increasing the selectivity
that of G3AdCd (Figure 4A,B). The helical contents of the of the noncovalent dimers at the peptide concentrations
G2AdCd and G3AdCd variants lacking-cyclodextrin, required for saturating the specific DNA sequence. At the
G2Ad and G3Ad, respectively, were similar. Changing the peptide concentration for 90% saturation of the specific T2
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A 12 3 45 6 7 8 9 the GCN4 binding half-site under the same condititG(
= —9.2 kcal mof?) (28). It is possible that the bridged
biphenyl group in GRDHP is not optimized enough to
- - 2:1 ensure the effective binding of two monomers. Further
studies for evaluating the steric effect of the dimerization
domain are necessary to clarify these points.
‘-- - <« Free Does the cooperative interaction energy modulate the
sequence-selective DNA binding of the noncovalent dimer?
If it is assumed that the stability of a specific complex
between a GCdhonomeiand the half-site A Gecahaitsite) IS
equal to that of the specific complex between the G2Ad
monomerand the half-site AGgaadmai-sie = —9.2 kcal
--—2:1 mol™1), the free energy responsible for the cooperative inter-
action of G2Ad and GCd at the T2 sequent€;oopcoadicedT?)
ﬂ ﬂ R = AGezadgicear2— AGeaadnalr-sie — AGecanatt-site iS_dedUCG.d
_. - < Free to be—2.4 kcal mot. The value of cooperative interaction
energy is similar to that obtained for the cooperative binding
of oligonucleotides to DNA by triple-helix formatior82—

12 3 45 6 7 8 9

B 1.0 37) and the cooperative dimer binding of the phage
2 0.8 repressorg, 38). G2AdCd did not form a 1:1 complex with
'§ 06 HS, indicating that the affinity of the G2AdCd monomer
< | for the 3-ATGAC-3' half-site was smaller than that of the
8 0.4 G2Ad monomer. This implies that the cooperative interaction
S 02 energies are gained for the dimer binding of G2AdCd and
'g 0.0 G3AdCd to T2 more than 1.6 and 2.2 kcal mglrespec-
W T T T T tively. The lower stability of the complex between the

T
10" 10" 10° ,}g;ide (,?,8'7 G2AdCd monomer and the half-site as compared to that of
the G2Ad monomer is likely compensated by the cooperative

Ficure 5: (A) Autoradiograms showing the electrophoretic mobility  ; ; indi i
shift titrations of G3AdCd to T2 (top) and G3A (bottom). Binding It?]tae[?;tlszn egségylé?ré??hggdtlhnagt gi‘ tg(;AC(SﬁédC(éd dimer to
reactions were carried out as described in Experimental Procedures. qu 9 :

No G3AdCd was added to the reaction mixture in lane 1. G3AdCd ~ G2Ad/GCd cooperatively formed dimer complexes with
concentrations in lanes-® at the top were 2, 4, 6, 10, 20, 30, 50, HS and G3A, which G2AdCd did not. Such a cooperative
and 100 nM in the case of binding to T2 and in lanes92at the enhancement in the affinity of the nonspecifically bound
bottom were 5, 10, 20, 30, 50, 75, 100, and 150 nM in the case of 4iyer was also observed for the binding of G3AdCd to G3A
binding to G3A, respectively. (B) Semilogarithmic plots showing . .
the fractions of2P-labeled T2 ©), G3A (@), HS (»), and T2S and HS In these cases, the bound dimer consists of one
(@) bound to the G3AdCd dimer as a function of peptide Specifically bound monomer and one nonspecifically bound
concentration. The solid curves represent the best fit for the titration monomer, with Ce-Ad complexation apparently stabilizing
data obtained as described in Experimental Procedures. the complex. Taken together with the results that G2AdCd
formed the dime+rT2 complex with the stability similar to

sequence, $RDHP bound the mutated sequence HS or G3A that of G2Ad/GCd and G3AdCd, the cooperative interaction
with a saturation level of 50%. The noncovalent heterodimer energy and the affinity of the monomer for nonspecific DNA

G2Ad/GCd bound with a saturation level 6#0%, and the  rather than the affinity of the monomer for the specific half-
homodimer G2AdCd virtually did not bind to the mutated sjte control the stabilities of these half-specific dimer

DNA sequences when the specific sequence was occupiettomplexes. In fact, G2AdCd formed a dimeédNA complex

at a saturation level of 90%. Such comparisons andA\th& with T2S, which only differs from T2 in the spacing between
values listed in Table 1 clearly indicated that the noncovalent two direct repeats, with a much higher stability than that

dimers G2Ad/GCd and G2AdCd were more sequence- with HS or G3A. The energetic difference between the
selective than the covalent dimerRDHP. However, the  G2AdCd dimerT2 and G2AdCd dimerT2S complexes
conclusion that the cooperative binding dimers are more (2.1 kcal mot?) would result from the cooperative interaction
sequence-selective than the covalent dimer is relevant onlyenergy between two monomers, in case both monomers form
when the steric factors resulting from tlfiecyclodextrin/ specific monomerDNA complexes with two half-sites of
adamantane and:8DHP dimerization domains are equiva- T2S. If this is the case, the selectivity of G2AdCd for T2
lent. Previous studies have suggested that structures of thever T2S is mainly controlled by the cooperative interaction
linker region or the covalent dimerization domain connecting energy that varies with the DNA sequence.

each DNA-contacting region are critical for the overall Then what decreases the affinities of the G2AdCd
stabilities of DNA binding for complexes of proteins with monomer for the half-site and nonspecific DNA sequences?

multiple DNA binding modules®), peptide dimers20, 21, Even if they shared the same noncovalent dimerization
22, 25), and synthetic polyamides3Y). The free energy = mechanism, formation of the intramolecular hegtiest
change for GRDHP and T2 complex formation wasl1.5 inclusion complex is the key feature for differentiating the

kcal mol?, which was only 2.3 kcal mot more favorable DNA binding of G2AdCd from that of G2Ad/GCd. Because
than the free energy change for formation of the complex of the basic region peptide derived from GCN4 binds its target
the G2Ad monomer with HS containing a single copy of DNA sequence in thex-helical structure 1—13, 15, 16,
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28), the G2AdCd peptide necessarily dissociates its intramo- 7. Tijan, R., and Maniatis, T. (1994ell 77, 5.
lecular inclusion complex to bind the target DNA sequence 8. Adhya, S. (1989Annu. Re. Genet 23, 227.
in the helical structure. If the fact that G3AdCd, the G2AdCd 1%- :3;2;503 g &9gz?$roﬂ@):§ﬁrgriﬁ%71li23
derivative Wlth the less stable lntramol_ecular Incll,!s!on 11. EIIenBerger, T. E., Brandl, C. J., Struhl, K., and Harrison, S.
complex, binds to T2, HS, and G3A with a selectivity C. (1992)Cell 71, 1223.
between those for G2AdCd and G2Ad/GCd is considered, 12. Knig, P., and Richmond, T. J. (1993)Mol. Biol. 233 139.
it seems reasonable to conclude that the equilibrium favoring 13. Keller, W., Kmig, P., and Richmond, T. J. (1993) Mol.
intramolecular inclusion complex formation reduces the Biol. 254, 657.
affinities of monomeric G2AdCd for the specific and, 14 Glover, J. N., and Harrison, S. C. (1998jture 373 257.
possibly to a greater extent, for the nonspecific DNA 15';35‘&&6”'24’%7&’ McKnight, C. J., and Kim, P. S. (1990)
sequences. The observed high selectivity of G2AdCd for T2 14 Talanian, R. V., .McKnight, C. J., Rutkowski, R., and Kim, P.
over other sequences is due to (i) decreasing the affinities S. (1992)Biochemistry 316871.
of monomeric G2AdCd for the specific half-site and for  17. Park, C., Campbell, J. L., and Goddard, W. A., Il (198®)c.
nonspecific DNA sequences and (i) increasing the coopera-  Natl. Acad. Sci. U.S.A. 89094.
tive interaction energy of dimefT2 complex formation. 18. Parlk, C., dCampbeIl, J. L., and Goddard, W. A., IIT (1988)c.

It has b_een sugge_ste_d that modest dimerizatio_n might cause 1o sztﬂ'(’Aéé" C':fni'b:e'”s,'ﬁ‘_' B ?fgg'e oddard, W. A., 11l (1995)
cooperative DNA binding only upon the specific DNA site Am. Chem. Soc. 115287.
(39). In fact, Dervan and co-workers have demonstrated that 20. Cuenoud, B., and Shepartz, A. (19%jence 259510.
the cooperative system is more sequence-specific than the 21. Cuenoud, B., and Shepartz, A. (1993pc. Natl. Acad. Sci.
noncooperative one for triple helix formatioB86). Such a - L;-SI-A- 90C11R54-S| L s Adiian 3. C. O @ 4B

i i . Paimer, C. R., oan, L. S5, ran, J. C., Jr., Cuenouaq, b.,
ENA b_mdmg mode was observed for the_ _noncovalent Paolella, . N., and Schepartz, A. (LO9EyAm. Chem. Soc.
omodimer G2AdCd. However, the half-specific complexes 117 8899.

are stable enough to be observed in the cases of other 23 \orii, T., Shimomura, M., Morimoto, S., and Saito, I. (1993)
noncovalent dimers G2Ad/GCd and G3AdCd as reported for J. Am. Chem. Soc. 113150.
some native and non-native proteins with the noncovalent 24. Okagami, M., Ueno, M., Makino, K., Shimomura, M., Saito,
dimerization mechanism2f, 39-41). The cooperative |7.,79/|orii, T., and Sugiura, Y. (1995Bioorg. Med. Chem. 3
formathn of the dimer DNA complex through n_oncovalent 25. Morii, T., Saimei, Y., Okagami, M., Makino, K., and Sugiura,
interactions of monomers does not necessarily warrant the "y (1997)J. Am. Chem. Soc. 118649.
high sequence selectivity. The affinity of the monomer for  26. Ueno, M., Murakami, A., Makino, K., and Morii, T. (1993)
nonspecific sites and the structure of the dimerization J. Am. Chem. Soc. 1152575.
domain, which could modulate the cooperative interaction 27-X;n%h'\gﬁqsggvgdﬁem-i%akino, K., and Morii, T. (199%)
energies, are important factors for increasing the selectivity s : ) .
in the cooperative DNA binding systems. The mechanism 28.(I\{lggg)g.,ignnjt:\r:énfuzsa(\)/\éa,l\;(ﬁ%ilgno, K., and Sugiura, .
involving an equilibrium that leads to formation of less active 59 Gamer, M. M., and Revzin, A. (198Nucleic Acids Res.,9
DNA binding species, such as a conformationally altered 3047.
monomer, would be quite important for increasing the 30. Freid, M., and Crothers, O. M. (198Mucleic Acids Res.,9

selectivity and for exerting the cooperative nature of DNA a1 ?/??(51 h ML Parks. M.E.. and D P. B. (19947

; : . Mrksich, M., Parks, M. E., and Dervan, P. B. AAm.
protein complex formation. Chem. Soc. 1167983,
SUPPORTING INFORMATION AVAILABLE 32. Distefano, M. D., Shin, J. A., and Dervan, P. B. (1991)

Am. Ch_em. So_c. 113901.
Equilibrium dissociation constants for G2AdCd, G3AdCd, 33 C°|°C‘;]', N., Distefano, M. D., and Dervan, P. B. (1993)
G2Ad/GCd, and EDHP with specific and nonspecific DNA Am. Chem. Soc. 118468.

sequences (Table S1) and the derivations of eqs 3 and 4 (5 34. géis.t%f.ag‘?&.l\gbtl)i,%?d Dervan, P. B. (19%pc. Natl. Acad.
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