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ABSTRACT. Metallointercalatotpeptide conjugates that provide small molecular mimics to explore peptide
nucleic acid recognition have been prepared. Specifically, a family of peptide conjugates of [Rh(phi)
(pheri)]3* [where phi = 9,10-phenanthrenequinone diimine and phen 5-(amidoglutaryl)-1,10-
phenanthroline] has been synthesized and their DNA-binding characteristics examined. Single amino acid
modifications were made from the parent metallointercatap@ptide conjugate [Rh(ph{pher)]3*-
AANVAIAAWERAA-CONH ,, which targets 5BCCA-3 site-specifically. Moving the glutamate at position

10 in the sequence of the appended peptide to positipiRB(phix(pheri)]3T-AANVAEAAWARAA-

CONH,} changed the sequence preference of the metallointercalagptide conjugate to'5ACA-3'.
Subsequent mutation of the glutamate at position 6 to arg{iiRie(phix(pher))]3"-AANVARAAWARAA-

CONH,} caused more complex changes in DNA recognition. Thermodynamic dissociation constants were
determined for these metallointercalat@eptide conjugates by photoactivated DNA cleavage assays with
the rhodium intercalators. At 5% in the presence of 5 mM MngI[Rh(phik(pher)]3T-AANVAIAAW-
ERAA-CONH; binds to a 5CCA-3 site with Kq = 5.7 x 1078 M, whereas [Rh(phiphen)]3*-
AANVAEAAWARAA-CONH ; binds to its target'SACA-3' site withKq = 9.9 x 108 M. The dissociation
constant for [Rh(php(phen)]3" with random-sequence DNA is 70 10-7 M. Structural models have

been developed and refined to account for the observed sequence specificities. As with much larger DNA-
binding proteins, with these metabeptide conjugate mimics, single amino acid changes can lead to
single or multiple base changes in the DNA site targeted.

DNA binding proteins play important regulatory roles in plexes as models for sequence-selective DNA binding
replication, transcription, and repair of the genome. Conse- proteins @—11). The intercalating phi complexes of rhodium
quently, there has been significant interest in the molecular bind double helical DNA from the major groove with high
basis of their sequence selectivity. No simple set of rules affinity (Kq = 107 M) (12). Thus, the rhodium complex
correlates the amino acid sequences of DNA binding proteinsserves to deliver the peptide to the DNA recognition site.
with the nucleotide sequences of their targeis 2). This approach offers the opportunity to explore site-specific
Crystallographic studies of protefDNA complexes have  recognition of DNA by small peptides (#Il5 aa) where
revealed that multiple amino acids may be used to recognizeresidues may be varied in a systematic and well-defined
a given base, and multiple bases may be recognized by thefashion. Moreover, the phi complexes of rhodium cleave
same amino acid. Mutagenesis experiments with zinc finger DNA upon photoactivation, permitting site selectivity to be
transcription factors have demonstrated that the sequenceassayed with high resolution.
selectivity of these proteins may be altered by introducing  Previously, we reported that tethering oligopeptides de-
mutations at critical positions. In many cases concerted aminorived from the recognitior-helix of the 434 repressor to
acid changes are required to obtain new sequence selectivitythe relatively sequence-neutral metallointercalator [Rhgphi)
and single amino acid changes can alter the DNA sequencgphen)]3* [where pheh = (5-amidoglutaryl)-1,10-phen-
selectivity at multiple positions of the DNA targe$7). anthroline} partially conferred the sequence selectivity of
Thus, combinatorial approaches provide effective methOdSthe parent protein on the meta||ointerca|atmﬂ_)( O||go-
for obtaining oligopeptides that target specific nucleotide peptides derived from the recognitianhelix of the P,
sequences8]. An improved understanding of proteibNA repressor, when tethered to [Rh(plihen)]3t, afforded
interaction would find application in the design of repressors, sequence-selective recognition 6fGCA-3 sequencesdj.
transc_ription factors, and nucleases with altered sequencerThe highest DNA site specificity (ratio of photocleavage at
selectivity. target sequences to total photocleavage) was obtained with

One of the focuses of our laboratory has been in the [Rh(phi)(pheri)]>"-AANVAIAAWERAA-CONH ; ([Rh]—
development of peptide conjugates of rhodium(lll) com- E10). [Rh}-E10 is shown schematically in Figure 1. Previous
work has indicated that Glfiis an essential determinant of
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HN)K/\)LH,AANVNAAWERAA»CONHZ

Materials. Sonicated calf thymus DNA was purchased
from Pharmacia. Plasmid pUC18 was purchased from
Boehringer-Mannheim. All enzymes utilized were from New
England Biolabs or Boehringer-Mannheim-{?P]JdATP and
[y-32P]ATP were obtained from NENDupont. Oligonucle-
otides were synthesized by the phosphoramidite methgd (
with 1.0 umol columns on an Applied Biosystems ABI392
DNA/RNA synthesizer.

InstrumentationNucleic acids and metallointercalator
peptide conjugates were purified on a Waters 600 multisol-

Conjugate Peptide Sequence vent delivery system equipped with a 996 PDA detector,
Vydac 218TP510 (metallointercalatopeptide conjugates)
(Rh]-E6 AANVAEAAWARAA-CONH, or Rainin Dynamax 300-A (DNA) semipreparative;sC
[Rh]-E7 AANVAIEAWARAA-CONH, columns, and Millennium chromatography manager software.
CD spectra were recorded on a Jasco J-500 or J-600
(Rh]-E8 AANVAIAEWARAA-CONH, spectrometer with 1 cm path length cells. YMisible spectra
[Rh]-E10 AANVAIAAWERAA-CONH, were recorded on an HP-8452A diode array spectrometer.
Photocleavage experiments were performed with an Oriel
[RhJ-E12 AANVAIAAWAREAA-CONH, model 6140 1000 W Hg/Xe lamp fitted with a monochro-
[Rh]-E13 AANVAIAAWARAEAA-CONH, mator and a 300 nm cutoff filter. Gel electrophoresis

experiments were quantified by use of a Molecular Dynamics
Phosphorimager and ImageQuant software.
[Rh]-R6A10  AANVARAAWARAA-CONH, Synthesis and Characterization of Metallointercalator
Peptide ConjugatesPeptide conjugates of [Rh(phki)
(phen)]®* were synthesized as described by Sardesai et al.
[Rh]-I6A 10 AANVAIAAWARAA-CONH, (9, 10). Peptide conjugates of [Rh(pkipher)]** were
Ficure 1: Metallointercalatorpeptide conjugates. The parent characterized by MALDl'T.OF mass Spectroscopy. Observed
metallointercalator peptide conjugate, [RRIEL0, is shown sche- ~ and calculated molecular ion peaks (in parentheses) were as
matically with GIU#®, which makes base-specific contacts with the follows: [Rh]—E6, 2074.5 (2074.1); [RRIE7, 2117.4
DNA target of [Rh}-E10, indicated in boldface type. Amino acid (2117.2); [Rh}-E8, 2119.9 (2116.2); [RR]JE12, 2189.3
sequences for the family of conjugates prepared in this study are(2187.3); [Rh}-E13, 2259.3 (2260.3); [RRIE6E10, 2132.9

[Rh]-E6E10 AANVAEAAWERAA-CONH,

[Rh]-R6E10 AANVARAAWERAA-CONH,

shown below. (2132.1); [Rh}FR6A10, 2102.1 (2101.2); [RRIR6E10,
the B-CCA-3 sequence selectivity of [RRIE10 and related ~ 2160.7 (2159.2). o .
metallointercalator peptide conjugates. Mutation of Gfu Photocleaage of DNA Restriction FragmentBlasmid

to alanine or aspartate abolished specificity. Systematic PUC18 was digested witEcaRlI restriction endonuclease,
mutation of amino acid residues other than ldid not treated with calf intestinal alkaline phosphatase, dnehsl-
significantly alter the sequence selectivity of the parent labeled with T4 polynucleotide kinase ang-{P]ATP.
metallointercalatorpeptide conjugate. Instead, diminished Alternatively, following digestion withEcaRI restriction
specificity was observed with mutations that reduce the endonuclease, the plasmid waseBd-labeled by treatment
helical content of the peptide. Moreover, the helical content with the Klenow fragment of DNA polymerase | ana-f2P]-

of P, repressor-derived peptides is highly dependent on the ATP, dCTP, dGTP, and dTTP. Following-3or 5-end-
residue at position 10. From these results, Sardesai et allabeling, the DNA was digested witlPoull restriction
proposed a “glutamate switch” model fdrGCA-3 recogni- endonuclease, yielding labeled fragments of 180 and 140 base
tion by P, repressor-derived metallointercalatgreptide ~ pairs. The 180 base pair fragment was isolated by 6%
conjugates 11). Only glutamate both confers high helical nondenaturing polyacrylamide gel electrophoresis followed
content on the peptide and makes specific interactions with by electroelution 14, 15).

the DNA target. Consequently, specific recognition is only ~ Photocleavage reactions were performed inu20total
observed with peptides that contain glutamate at position 10.volume contained in 1.7 mL presiliconized Eppendorf tubes.
It is interesting to note that [RRJE10 does not recognize  The reaction mixtures contained100 000 cpm labeled
the same nucleotide sequences asRherepressor, from restriction fragment, 15M base pairs sonicated calf thymus
which it was derived; instead the corresponding glutamate DNA, 1 uM metallointercalator, 5 mM MnGJ) and 50 mM

in P,z is involved in hydrogen-bonding contacts within the pH 7.0 sodium cacodylate buffer. The reaction mixtures were
protein interior. We sought to examine the thermodynamic incubated at 55C for 5 min and irradiated with 313 nm
basis for the sequence selectivity of [RI§10 in more detail light at 55 °C for 10 min. Control reactions lacking
and to develop a family of metallointercalatgueptide metallointercalator were irradiated under identical conditions.
conjugates based on [RRE10 that exhibited a variety of  Following irradiation, 5Q:L of 7.5 M aqueous N&DAc and
sequence preferences. We examined peptides in which the200 uL of EtOH were added. The DNA was isolated by
position of the essential glutamate was varied relative to the precipitation and washed with cold 80% aqueous EtOH. The
other amino acid residues. Here we describe novel recogni-precipitated DNA was dried and resuspended . ®f 80%

tion elements obtained by such modification. formamide sequencing loading buffer. Approximately 20 000
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cpm of each sample, and Maxai@ilbert A + T and C+ identical conditions, and control reactions containing met-
G sequencing reactiondl4, 15), were loaded on a 6% allointercalator were incubated at 23 or 3& without
denaturing polyacrylamide gel and electrophoresed at 1200irradiation. Following irradiation, the reaction mixtures were
V for 2.5 h. The gel was transferred to paper and dried prior concentrated in vacuo and resuspended inL50f 80%
to autoradiography. formamide sequencing loading buffer. Approximately 50 000
Quantitation of Photoclezage of DNA Restriction Frag-  cpm of each sample and MaxaiGilbert A+ T and C+
ments Following autoradiography with a Molecular Dynam- G sequencing reactiond 4, 15) were loaded on a 20%
ics Phosphorimager, the photocleavage intensities at eachdenaturing polyacrylamide gel and electrophoresed at 1200
base were measured by volume integration by use of theV for 2.5 h. The experimental dissociation constants and
program ImageQuant. All quantitation was normalized to photocleavage efficiencieg)were determined by fitting the
reflect the same total counts per lane. To correct for variations observed fraction cleaved{) at the site of interest as a
in photocleavage intensity arising from sequence preferencedunction of DNA [DNA]; and metallointercalaterpeptide
of the metallointercalator, sequence-dependent variations inconjugate [L] concentration to eq 116—18) by nonlinear
photocleavage intensity by the metallointercalator, and light regression using SigmaPlot (Jandel Scientific):
damage to the DNA, the photocleavage intensities at each_
base in the presence of the metallointercalator were aIsoFC = (7(IDNA] + [L] + Ky = (((DNA] + [L] +
measured by volume integration. At each base step, the Ky? — 4[DNAJ,[L] )*)/(2[DNA],) (1)
guantitation was performed with identically sized boxes. The ] ) .
percentage change in the photocleavage intensity at each base Molecular Modeling.Molecular mechanics calculations
(Al) as a result of the presence of the peptide was thenWere performed with the CVFF force field9). Minimiza-
determined to bel{ep — Imed/lmes Wherelyep is the photo- tion involved 1000 iterations o_f steepest descents minimiza-
cleavage intensity in the presence of the metallointercafator tion followed by 1000 iterations (1 ps) dynamics with
peptide conjugate ankhe is the photocleavage intensity in te_mperatqre of 300 K and 5000 |ter§t|ons of steepest dgscents
Photocleaage of Oligonucleotide©ligonucleotides were throughout.the .calcula_ltlon. An ensemble of structures was
5'-end-labeled with T4 polynucleotide kinase apeffP]JATP generated in this fashion.
and hybridized by annealing with a 10-fold excess of the RESULTS
complementary strand. The labeled duplex was purified by
20% nondenaturing polyacrylamide gel electrophoresis and Cleavage of Restriction Fragments by Metallointercala-
isolated from the gel by the crush and soak method. tor—Peptide ConjugatesA family of metallointercalator
Photocleavage reactions were performed inu2Ototal peptide conjugates derived from [RHE10 was prepared and
volume contained in 1.7 mL presiliconized Eppendorf tubes. characterized. Here, all amino acid substitutions are indicated
Reaction samples containedl00 000 cpm labeled oligo-  relative to the sequence of [RRE10 (H.N-AANVAIAAW-
nucleotide, unlabeled oligonucleotide and metallointercalator ERAA-CONH,). Derivatives include [RR}EG6 (I6E, EL0A),
at the indicated concentrations, 5 mM MpCand 50 mM [Rh]—E7 (A7E, E10A), [Rh}-E8 (A8E, E10A), [Rh}E12
pH 7.0 sodium cacodylate buffer. The reaction mixtures were (A12E, A14), and [Rh}-E13 (A13E, Al4, A15). This family
incubated at 55C for 5 min and irradiated with 313 nm  was screened for sequence-selective DNA photocleavage by
light at 55 °C for 10 min. Control reactions lacking use of the’?P-end-labeledEcaoRI/Pyull 180-mer restriction
metallointercalator were irradiated under identical conditions. fragment of pUC18 (Figure 2). Photocleavage reactions were
Following irradiation, 5QuL of 7.5 M aqueous NEDAc and conducted at 58C in the presence of 5 mM Mng&lThese
200 uL of EtOH were added. The DNA was isolated by conditions result in optimal affinity and specificity of [RR]
precipitation and washed with cold 80% aqueous EtOH. The E10 for its target site. As can be seen in Figure 2, new
precipitated DNA was dried and resuspended i ®f 80% sequence selectivity was observed with [REB. Con-
formamide sequencing loading buffer. Approximately 20 000 versely, [Rh}-E7, [Rh}-E8, [Rh}-E12, and [Rh}-E13 did
cpm of each sample and MaxatGilbert A+ T and C+ not afford cleavage patterns that were discernibly different
G sequencing reactiond4, 15) were loaded on a 20% from that of [Rh(phi}(pher))]®*. On the 5-end-labeled
denaturing polyacrylamide gel and electrophoresed at 1200strand, enhanced cleavage by [RE is observed at &,
V for 2.5 h. A% and A7 of the sequence’ &8CACACAACATAC-
Dissociation Constant Determinations by Photociege 3 (numbering refers to positions of the complementary base
Titration. Hairpin oligonucleotides were®nd-labeled with on the 3-strand). Similarly, cleavage by [RRE6 on the
T4 polynucleotide kinase ang'£?P]JATP (16—18). Photo- 3'-end-labeled strand is more pronounced at the three
cleavage reactions were performed ini20of total volume adenosine bases of the sequentd38TTCACACA-3,
contained in 1.7 mL presiliconized Eppendorf tubes. The whereas cleavage by [Rh(pi{pheri)]*" is more pronounced
reaction mixtures contained200 000 cpm labeled hairpin  at the cytosines. As with [RR]JE10, enhanced cleavage is
oligonucleotide, metallointercalatopeptide conjugate and not observed on the complementary strand under the
unlabeled hairpin oligonucleotide in a 1:3 ratio, 5 mM MyCI  experimental conditions. Significantly, enhanced cleavage by
and 50 mM pH 7.0 sodium cacodylate buffer. Metallo- [Rh]—E6 is not observed at other'-pur-pyr-pur-3 se-
intercalator-peptide conjugate concentrations ranged from quences. Thus, the consensus sequence for DNA recognition
7.2 x 10810 7.2 x 101 M. The reaction mixtures were by [Rh]-E6 that emerges from analysis of the cleavage
incubated at 23 or 58C for 5 min and irradiated with 313  patterns observed with tHecdR1/Pyull 180-mer restriction
nm light at 23 or 55°C, respectively, for 10 min. Control  fragment of pUC18 is'SACA-3' (cleavage at the highlighted
reactions lacking metallointercalator were irradiated under adenine).
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FiGURE 2: (Left) Autoradiogram of a 6% denaturing gel showing photocleavage reactions of the 180 basg38Rjrehd-labeledEcarl/

Puull fragment of plasmid pUC18. The reaction samples were incubated for 10 min & 88d irradiated for 10 min at 5%C in the
presence of 5 mM MnGl! lane 1, DNA control; lane 2, fragment irradiated in the absence of rhodium complex; laf®esragment
irradiated in the presence ofuM [Rh(phi)(pheri)]3t, [Rh]—E8, [Rh}-E12, [Rh}-E6, [Rh-E7, [Rh}-E13, and [Rh}-E10, respectively;
lanes 10 and 11, MaxanGilbert C+ T and A+ G sequencing reactions, respectively. (Right) Histograms summarizing cleavage of 3
and 3-[32P]-end-labeled restriction fragments by [RIi6 (A, S-labeled; B, 3labeled). Histograms represent cleavage by peptide conjugates
relative to cleavage by [Rh(ph{phen)]*" at each base (see Materials and Methods).

Several features are noteworthy: (i) the observation of DNA. A second family of metallointercalatopeptide
sequence-selective DNA cleavage only when a glutamateconjugates was therefore synthesized; this family included
residue is located at position 6 or position 10 is consistent [Rh]—E6E10 (I6E), [Rh}I6A10 (E10A), [Rh}-R6E10
with our previous observation that the DNA sequence (I6R), and [Rh}-R6A10 (I6R, E10A).
specificity of [Rh}-E10-derived metallointercalatepeptide This family of metallointercalaterpeptide conjugates was
conjugates correlates with their helical content as measuredscreened for sequence-selective DNA photocleavage as
by circular dichroism spectroscop){ (i) the photocleavage  before (Figure 3). Photocleavage by [RiR6A10 was more
efficiency of all of the metallointercalateppeptide conjugates  pronounced than photocleavage by [Rh(gpher)]3t at
studied is comparable, suggesting that, as shown for{Rh] several positions along both strands of the pUC18 180-mer.
E10 @, 5), the peptide exists in an extended conformation However, none of the other metallointercalatpeptide
and does not interact with the metal center; and (iii) cleavage conjugates afforded cleavage patterns that were discernibly
on only one of the two strands suggests that the metaldifferent from that of [Rh(phipher)]3*. Analysis of the
complex is canted to one side of the intercalation sif®;( sequences flanking the sites of enhanced cleavage by-[Rh]
a similar strand asymmetry was apparent with [RB]LO R6A10 does not reveal a clear three-base-pair consensus
(9). sequence, yet new selectivity, distinct from that observed

Photocleavage results with metallointercalatpeptide with [Rh]—E6 and [Rh}-E10, is apparent. Specifically,
conjugates derived from [RRJE10 by systematically varying  enhanced cleavage is found on tHeeBd-labeled strand at
the position of GI&® suggested that the amino acids at sites >TCA%%-3' and 3-GCA®-3' and to a smaller extent at
positions 6 and 10 of these conjugates make base-specifica’-TAA?-3'. At the two-base level, the consensus sequence
contacts with the DNA. Therefore, the effects of further appears still to be 'SCA-3', but in contrast to the other
amino acid changes at these positions were investigated inconjugates examined, enhanced photocleavage is observed
a second generation of metallointercalatpeptide conju- with [Rh]—R6A10 at 5-GCA-3 and 3-TCA-3'. In addition,
gates. In addition to exploring the sequence selectivity that while [Rh]—E6 and [Rh}-E10 cleave exclusively with's
could be achieved with various combinations of alanine, asymmetry, photocleavage by [RHR6A10 occurs with
glutamate, and isoleucine at positions 6 and 10, the effectsvariable asymmetry.
of arginine substitution at position 6 were investigated. Base- Cleavage of Oligonucleotides by Metallointercalator
specific contacts between the arginine side chain and thyminePeptide Conjugateslo confirm that the preferred binding
and guanine nucleotides are common in crystal structuressite of [Rh}-E6 is 3-ACA-3', photocleavage of a 31-mer
of transcription factor DNA complexes 1, 2). Moreover, oligonucleotide containing all four possible’-NCA-3'
we envisioned that the positive charge associated with thesequences separated by&5AG-3 spacers was investi-
guanidinium group of arginine would increase the overall gated. Photocleavage reactions were conducted at a range
affinity of the metallointercalaterpeptide conjugates for  of concentrations in metallointercalatepeptide conjugate
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FiGURE 3: (Left) Autoradiogram of a 6% denaturing gel showing photocleavage reactions of the 180 basq38ajrénd-labeledEcarl/

Puull fragment of plasmid pUC18. The reaction samples were incubated for 10 min & 88d irradiated for 10 min at 5%C in the
presence of 5 mM MnGl lane 1, DNA control; lane 2, fragment irradiated in the absence of rhodium complex; lanes 3 and 4,-Maxam
Gilbert C+ T and A+ G sequencing reactions, respectively; lane®5fragment irradiated in the presence qill [Rh(phi)(pheri)]3*,
[Rh]—16A10, [Rh]-E6E10, [Rh}-R6A10, and [Rh}-R6E10, respectively. (Right) Histograms summarizing cleavage-a il 3-[32P]-
end-labeled restriction fragments by [RHR6A10 (A, 3-labeled; B, 5labeled). Histograms represent cleavage by peptide conjugates
relative to cleavage by [Rh(ph{phen)]*" at each base (see Materials and Methods).

and unlabeled oligonucleotide. At concentrations below the observed. Interestingly, in the absence of?Vrcleavage
intercalative dissociation constant of [Rh(ppheri)]®* for by both [Rh}-E10 and [Rh}-E6E10 was seen at the adenine
random-sequence DNA, photocleavage by [RBE is most of the B-GCA-3' site.

intense at the 5ACA3 site. Weak photocleavage is  circylar Dichroism of MetallointercalatorPeptide Con-
observed at the’sTCA-3 site. Quantitation of the photo-  j,g5tes To explore any correlation between sequence-
cleavage at the'derminal adenlng of the foqr BCA-3 selective DNA recognition and-helicity, circular dichroism
sequences suggests that [R,EJG binds approxw,nately 1,'5' spectra of the metallointercalatopeptide conjugates were
fc.’ld more tightly o SACA-3' than to the other 5NCA'3 recorded at 23C at pH 7.0 in the absence and presence of
sites, corresponding to the small energy difference of 5 mM MnCl, and in 25% TFE (Table 1). Under these
approximately 0.3 kcaihol . This analysis assumes that the conditions, éD spectra consistent with, a.t most, modest

photocleavage efficiency is equivalent at all fotNE-A- o-helical content are observed for some of the metallointer-

3 sites. For comparison, little difference in the photocleavage calator-peptide conjugates. Calculated helical contents range
intensity at the four BNCA-3' sequences is observed with Lo .
y d up to 33%. Nonetheless, addition of Kror TFE results in

Rh(phi)(pher)]®*. th iti RRE1 . : .
[Rh(phi}(pheri)] Under these conditions, [RRE10 increases in the apparent helical content. Importantly, as we

cleaves strongly at the''&2CA-3' site. Photocleavage b ) . )
gy ge oy have already described, these additives also increase the

[Rh]—EZ10 is slightly stronger than photocleavage by [Rh- - o
(phi).(pher)]*+ at the 5-GCA-3' site. There is no discernible specificity of DNA recognition by [Rh}E10 @). The same
increases in specificity were observed for [RE6. Interest-

difference in photocleavage intensity by [Ri§10 and [Rh-

(phi)(pheri)]3* at the 5-ACA-3' and 3-TCA-3' sites. ingly, [Rh]—EG6E10 has a relatively low helical content, and
Photocleavage of th&caRI/Puull 180-mer restriction  little change is observed upon addition of Mnor TFE.

fragment of pUC18 by [RR}E6E10 is not discernibly ~Among the family, the strongest apparent DNA photocleav-

different from photocleavage by [Rh(pkidheri)]3*. How- age pattern (although not highest binding constant, vide infra)

ever, the sequence selectivities of [Rif}6 and [Rh}-E10 is obtained for [Rhi-E10, which displays the highest level
suggest that each of the glutamate residues of fEIGE 10 of apparenta-helicity. Despite low overall measures of
is capable of making specific contacts with the cytosine basesa-helicity, then, some correlation between helical content
in a putative 5CCA-3 recognition site. Accordingly, and site specificity occurs for this family of metallointerca-
photocleavage of the 31-mer oligonucleotide by [REPE10 lator—peptide conjugates. Possibly, binding to DNA helps
under varying conditions was investigated. In the absenceto drive greater helicity in these small peptides; the absorption
of Mn?*, [Rh]-E6E10 cleaved at the' &£ CA-3' site with characteristics of the metallointercalators, however, make the
an intensity similar to that of [RR]E10, while sequence- characterization of any DNA-promoted stabilization of the
selective cleavage by [RRE6 and [Rh}R6A10 was not o-helix problematic.
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Table 1: Helical Conteatof Peptide Conjugates of E B

[Rh(phi)(pheri)]3* a é Cancardadion of ONA
conjugate  helical conterit helical conterft helical contertt L™ SN

(5uM) (%) (%) (%) E g‘ Y ——

[Rh]-E6 <1 5

[Rh]-E7 4 8 7 il *4 8 |

[Rh]-E8 3 6 8 T 3 : !

[Rh]—E10 17 21 24 =

[Rh]-E12 <1 1 2

[Rh]—E13 5 6 8 '

[Rh]—E6E10 3 5 5

[Rh]—R6A10 2 8 10

[Rh]—R6E10 4 6 10

[Rh]-I6A10 18 25 33 &
2The helical content is calculated by assuming that a fully helical

peptide has a mean residue ellipticit§¢]) of —31 500 degcn?-dmol™; &

see ref33. The mean residue ellipticity is defined &4 = 1000224/ S e w =

cnl, where 60,2, is the ellipticity (millidegrees) measured by CD

spectroscopys is the peptide concentration (millimolan)js the number ﬁ

of amino acids in the peptide, ahds the path length (centimeters) of =Y

the CD cell; see re84. ®pH 7.0, 23°C, 10 mM TrisHCI. ©pH 7.0, Ficure 4: Autoradiogram of dissociation constant determination
anSMCEIlr?sm'\(/‘EIMan, 10 mM TrigHCI. “pH 7.0, 23°C, 25% TFE, 7.5 of [Rh]-E10 for 5-(%CA-3’ by photocleavage titration. Condi-
tions: 3:1 ratio of hairpin oligonucleotidemetallointercalator or
metallointercalator peptide conjugate, 5 mM Mngl 50 mM
Thermodynamics of Sequence-SelecBNA Binding by ~ sodium c_acodylate_buffer,,pH 7.0, 5. The sequence of the
Metallointercalator-Peptide Conjugated.o probe the ther- gﬁ%’g :Xgrg_r_]g’cleonde Was BAATT CCACACAATTTTTTTGT-
modynamics of sequence-selective DNA binding, dissocia- ' . .
tion constants of [Rh}E6 and [RhFE10 for their target ~ Seduences than does [Rh(p{pher)]*", corresponding to
sequences were determined by photocleavage titration.2 free-energy difference of 1.3 keatol™. Under the same
Hairpin oligonucleotides containing the three-base-pair sites conditions, [Rh}-E10 binds 13-fold more tightly to its target
of interest flanked by four base pairs to tHesfile and five ~ Sequences than [Rh(pkher)]**, corresponding to a free-
base pairs to the'aide were employed to minimize the €nergy difference of 1.7 keahol™. [Rh]—E6E10 does not
number of potential intercalation sites for the rhodium &fford sequence-selective DNA cleavage in the presence of
complex, while maintaining hybridization under the nano- MnCl,. Consequently, its dissociation constant was measured

molar concentrations of the experiment. The concentration N the absence of divalent cations. Under these conditions,
of the metallointercalaterpeptide conjugates ranged from [Rh]—E6E10 binds 23-fold more tightly to its target se-
7.2x 10°to 7.2x 101 M, with a constant metallointer- ~ guences than [Rh(ph(pheri)]*', corresponding to a free-
calator:unlabeled oligonucleotide ratio of 1:3. An auto- €nergy difference of 2.1 kcahol™*. o
radiogram of a representative photocleavage titration experi- 1he€ origin of the enhanced DNA sequence selectivity of
ment is shown in Figure 4. Cleavage isotherms were obtainegMetallointercalatorpeptide conjugates at elevated temper-
by plotting the fraction of the total counts in each lane that ature was investigated by comparing the dissociation con-
were present in the band representing cleavage at the targettants of [Rh}-E10 at 23 and 55C with a second hairpin
base. The isotherms (Figure 5, normalized after fitting to eq ligonucleotide that contained the target sequendeCh-

1 by multiplying by the quantity [DNAJ/([Rh}), which 3. Cleavage isotherms generated from autoradiograms of
represents the amount of cleavage that would be expecteoohotoclea\(age titration _g_el electrophoresis experiments re-
under the experimental conditions if the metallointercalator Ve@led an increased affinity at elevated temperature (Figure

were completely bound to the DNA) were fit to eq 1, yielding 6). Determination of the dissociation constants derived from
the thermodynamic dissociation constants shown in Table the cleavage |soth:erms indicated that7[RE]10 binds 5'f°°|d
2. Comparison of the resulting values with the intercalative More tightly at %5 C (Ke = 2.3 x 10°" M) than at 23°C
dissociation constant of [Rh(phfpher)]** for random-  (Ka = 1.2x 107° M) to the 8-CCA-3 site.

; . S
sequence DNA' (7.Q< 1077 M) permlltted estimation of the  DISCUSSION
energetic contributions of the peptides to sequence-specific
complex formation. At 55°C in the presence of 5 mM DNA Recognition by MetallointercalatePeptide Con-
MnCl,, [Rh]—E6 binds 7-fold more tightly to its target jugates.We have synthesized and characterized a family of

Table 2: Summary of DNA Recognition by Peptide Conjugates of [Rhffpiigr)]*

conjugate peptide sequefice DNA site (s} K (x10° M)
[Rh]—E6 [Rh(phix(phen)]3* —AANVA EAAWARAA-CONH 5-ACA—3, weak 3-TCA—3 9.9+1.2
[Rh]—-E10 [Rh(phi}(pheri)]**—AANVAIAAW ERAA-CONH;, 5-CCA-3 5.7+ 0.12
[Rh]—E6E10 [Rh(phi)(pheri)]**—AANVA EAAW ERAA-CONH, weak 3-CCA—3' 3.0+05
[Rh]—R6A10 [Rh(phi}(pher)]3*—AANVA RAAWARAA-CONH consistent with 5(G/T)CA-3'

aThe primary photocleavage site is indicated in boldface tyjissociation constants were measured atG%n the presence of 5 mM Mngl
except for [Rh}-E6E10, which was measured in the absence of MnCle dissociation constant of [Rh(pi{pheri)]** for random-sequence DNA
is (7.0+ 0.5) x 1077 M.
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FIGURE 6: Temperature dependence of the dissociation constant
of [Rh]-E10 for B-CCA-3. Shown is the plot of relative
photocleavage intensity as a function of [DNA]. Conditions: 3:1
ratio of hairpin oligonucleotide[Rh]—E10, 5 mM MnC}, 50 mM
sodium cacodylate buffer pH 7.0, 2& (gray,Kq = 1.2 x 1076

M) or 55 °C (black,Kq = 2.3 x 107 M). The hairpin oligonucle-
otide employed was 'SAATTCCACACAATTTTTTTGTGTG-
GAATT-3'.

107° 10°

32p-end-labeledEcoR1/Pyull 180-mer restriction fragment
of pUC18 identified the new sequence-selective metallo-
intercalator-peptide conjugates [RRE6 (5-ACA-3'), [Rh]—
E6E10 (weak 5CCA-3), and [Rh}-R6A10 (B-(T/G)CA-

3'). Changing the location of Glfito position 6 results in a
change in selectivity from'8CCA-3 to 5-ACA-3'. Substitu-
tion of arginine for glutamate at position 6 causes additional
changes in sequence preference.

Energetics of DNA Binding by [RRJE10. The affinity of
metallointercalator peptide conjugates for specific sites is
a function of the metal complex and the appended peptide.
Previously, we estimated the contribution of the peptide to
specific binding as>=1 kcatmol™* on the basis of the
cleavage intensities of [RRIE10 and [Rh(phi(pher)]®" at
a 5-CCA-3 site, and we observed that a 100-fold excess of
free peptide was incapable of competing with [REJ10 for
the DNA target 9). Comparison of the dissociation constant
of [Rh]—E10 for a 5CCA-3 sequence and the dissociation
constant of [Rh(phi(phen)]®** for random-sequence DNA
at 55°C in the presence of 5 mM Mnghffords a similar
value of 1.7 kcalmol™? for the energetic advantage of

FIGURES: Isotherms indicating photocleavage intensity as a fraction gpecific complex formation.

of the maximum photocleavage intensity at the target site as a

function of [DNA] for [Rh]—E10 (blackKyq= 5.7 x 10-8 M) and
[Rh(phix(phen)]3* (gray, Kg = 7.0 x 1077 M) (top), [Rh]-E6
(Kg= 9.9 x 108 M) (center), and [Rh}E6E10 Ky = 3.0 x 1078

M) (bottom). Conditions were as follows: (Top) 3:1 ratio of hairpin
oligonucleotide-metallointercalator or metallointercalatepeptide
conjugate, 5 mM MnGl 50 mM sodium cacodylate buffer, pH
7.0, 55 °C. The hairpin oligonucleotide "AGAGCCAC-
GAGATTTTTTCTCGTGGCTCT-3was employed for [RR}E10
and [Rh(phi}(pheri)]3*. An additional hairpin oligonucleotide5
AATTCCACACAATTTTTTTGTGTGGAATT-3, was employed
for [Rh(phi)y(phenr)]3*. (Center) 3:1 ratio of hairpin oligonucle-
otide—metallointercalator peptide conjugate, 5 mM MngI50 mM
sodium cacodylate buffer, pH 7.0, B&. The hairpin oligonucle-
otide employed was 'BAGAGACACGAGATTTTTTCTCGT-
GTCTCT-3. (Bottom) 3:1 ratio of hairpin oligonucleotice
metallointercalator peptide conjugate, 50 mM sodium cacodylate
buffer pH 7.0, 55°C. The hairpin oligonucleotide employed was
5'-AGAGCCACGAGATTTTTTCTCGTGGCTCT-3

metallointercalator peptide conjugates. Screening of this

Comparable values have been reported for the energetic
stabilization of specific complex formation by dimeric
peptides derived from GCN4. Talanian et &0,(21) found
that the disulfide-linked dimer of a 31-mer peptide bound
to the GCN4 recognition element withkg of 5 x 1078 M.
Similarly, Cuenoud and Schepart22f reported that an
iron(Il) bis(terpyridyl) dimer of a 29-mer peptide bound to
the GCN4 recognition element withky of 1.3 x 1077 M.
These values correspond to free energies of complex forma-
tion of —10.2 kcaimol™! (0.17 kcaimol~* per amino acid
residue) and-9.6 kcatmol™* (0.17 kcaimol™ per amino
acid residue), respectively. Remarkably, the energetic ad-
vantage of specific complex formation for [RhE10 cor-
responds to a value of 0.13 kemlol™* per amino acid
residue, despite the small size and minimal secondary
structure of the peptide.

DNA binding proteins derive most of their binding affinity

family for sequence-selective DNA cleavage by use of the from a combination of nonspecific electrostatic and hydrogen-
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bonding interactions. Sequence discrimination is achieved
through contacts made primarily by side chains of amino
acid residues contained in a modular recognition domain.
Our results indicate that, like DNA binding proteins, [Rh]
E10 derives the majority of its free energy of binding from
a fairly sequence-neutral interaction (intercalation), while
base-specific interactions between the E10 peptide and the
target DNA sequence provide sequence discrimination.
The specificity of metallointercalateipeptide conjugates
is a function of the ratio between the dissociation constant
for the target site and the dissociation constants for nontarget
sites. Photocleavage results of metallointercalator conjugates
containing peptides derived from tife, repressor demon-
strated that optimal selectivity in DNA binding is observed
at elevated temperatur®)( In principle, either an increase
in the affinity of the conjugate for the target sequence or a
decrease in the affinity of the conjugate for nontarget
sequences could afford the observed increase in specificity
with increasing temperature. To distinguish between these
possibilities, the effect of an increase in the temperature on
the dissociation constant of [RRE10 for its target site was
determined. We find here that the metallointercatator
peptide conjugate binds 5-foldoretightly at 55°C than at
23°C. A similar increase in affinity at elevated temperatures - )
was reported in calorimetric studies of glucocorticoid receptor ':éiggﬁi;; d“g‘;‘%g'hf}"é%\‘a’?eriﬁggﬂﬁ'ﬁ “gtﬁ{ (E,Fr{;j I?:t?'tr?eaf:sgggt?ve
binding to target DNA sites. The athqu postulated that metallointercalatorpeptide conjugates, all of the structures were
release of ordered water at the transcription factesponse  gssentially identical.
element interface was responsible for the observed thermo-

dynamic data?3, 24). . constrained to adopt canonical B-form torsion angles, except
Models for DNA Recogpnitiorierevious work demonstrated  at the intercalation site; (i) the DNA structural parameters
that GIu“ is critical to recognition of 5SCCA-3 by [Rh]— (helical twist and helix rise) at the intercalation site, and the

E10 ). Hydrogen-bonding contacts between the glutamate position of the intercalated phi ligand, were derived from
side-chain carboxylate and N4 of cytosine are a common the solution structure ofA-a-[Rh[(R,R)-Mestrien]phi**
recognition motif in crystal structures of proteiDNA bound to 5TGCA-3 (28, 29); (iii) the relative position of
complexesZ5, 26). Moreover, there is a correlation between ¢ glutamate side-chain carboxylate and theyosine of
specificity ar_1d helicz_;ll content for a family of metallointer- 16 5.cca-3 recognition site was constrained to match the
calator-peptide conjugates that targetGCA-3. Conse-  g|ative position of GI#° and its target cytosine in the
quently, we previously proposed)(a model for DNA — gqcherichia coliCAP protein-DNA complex 30); and (iv)
recognition by [Rh}-E10 and related metallointercalator — he injitial conformation of the peptide was a canonical
peptide conjugates in which the peptide adopts a helical ; pejix. A similar analysis was performed for [RRES, with
confc_;r_matlon upon DNA bl'ndmg,_ and Glimakes base- the relative position of the glutamate side-chain carboxylate
spemfu;_cont_act W.'th the ‘ecytosine of the SQCA-S’ . _and the cytosine of the-A\CA-3' recognition site constrained
recpgnmon site. With the data reported here, this model is to match the relative position of Gffand its target cytosine
refined. . . . . . . in the E. coli CAP protein-DNA complex. For simplicity,
Many amino acids with functional side chains are capable the A configuration of the rhodium center was employed

of making base-specific contacts with more than one type . : )
o . . throughout these modeling experiments; however, we have
of base {, 2). However, DNA binding proteins can specify previously demonstrated that both diastereomers of peptide

their target sites with single-base accuracy. Although the . . X

factors that determine which of several possible bases will conjugates th [Rh(_lpmypf?e_h)]” br']nd tg targer: D'\:]A

be specified by a given amino acid in a given recognition sequences with simi ara Inity, perhaps due to the inherent

domain are not clear, it has been suggested that the positioﬂ(Iexlblllty of the glutary! linker @).

and orientation of the peptide backbone with respect to the From this model, we may draw inferences about the nature

DNA determines the types of contacts that individual amino Of contacts other than those made by glutamate side chains

acids are capable of making. For recognition of a given that contribute to sequence specificity. In our model of the

nucleotide by a given amino acid, then, certain positions and [Rh]—~E10-DNA complex, we observe that only the side

orientations of the peptide backbone with respect to the DNA chain of Il€ is capable of making a contact with the major-

are preferred27). Thus, we may estimate the position of groove surface of the G base pair in the center of thé&-5

the glutamate side chains of the [RHE6 and [Rh}-E10 CCA-3 recognition site. Because this side chain possesses

relative to their DNA target sites on the basis of the observed no functionality, sequence selectivity from such a contact

sequence selectivity. would necessarily arise from shape complementarity. In our
Our refined model (Figure 7) was constructed by energy model of the [Rh}E6—DNA complex, we observe that only

minimization with the following restraints: (i) the DNAwas alanine side chains lie on the face of the putativbelix
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positioned in the major groove, which is consistent with the peptides lack the structural constraints and control that may
observed preference for a thymine base on one of the strand¥e needed for predictive design.
at the 3terminus of the 5ACA-3' recognition site. Nonetheless an array of metallointercalatpeptide con-
Effect of the E6R Mutation on DNA Sequence Seliggti jugates may be prepared that differ somewhat in sequence
Glu® of [Rh]—E6 is predicted to contact the central base pair selectivity. Previously, we have reported that conjugates of
of the B-ACA-3' recognition site. However, replacing Glu  [Rh(phi)(bpy)]3* with zinc-binding peptides can hydrolyze
with Arg results in a change in the apparent consensusthe phosphodiester backbone of DN2R). Appending oligo-
sequence from'5SACA-3' to 5-(T/G)CA-3. Thus, the EGR  peptides that confer site-specific DNA recognition to these
modification causes a change in sequence preference at @omplexes affords the possibility of carrying out these
base pailadjacentto the one considered to be contacted by reactions in a sequence-selective fashion.
GIub. Moreover, unlike [Rh}E6 and [Rh}E10, [Rh}-
R6A10 does not afford a consistent asymmetry of strand ACKNOWLEDGMENT
cleavage and [RR}R6A10 appears to recognize some
sequences that differ from its consensus sequence at one of
the three base pairs. How can a single amino acid change
cause such a complex change in the photocleavage charac®
teristics of a metallointercalateipeptide conjugate? Some
insight may be obtained by analysis of contacts between REFERENCES
C-G base pairs and arginine and glutamate side chains in
cocrystal structures of protetDNA complexes 81). For 1. Pabo, C. O., and Sauer, R. T. (199®)nu. Re. Biochem.
example, G of Glut® of the E. coli CAP protein lies on the 61, 1053. ,
cytosine side of the guanireytosine interface along the 2. Rhodes, D., Schwabe, J. W. R., Chapman, L., and Fairall, L

. - . (1996) Philos. Trans. R. Soc. London B 3501.
base pair axis and to thé-Side of the contacted base. In 3. Desjarlais, J. R., and Berg, J. M. (199joc. Natl. Acad.

We thank the Biopolymer Synthesis and Analysis Center
at Caltech for their technical assistance.

contrast, G of Arg*%® of the glucocorticoid receptetDNA Sci. U.S.A. 897345,

complex lies to the guanine side of the guantogtosine 4. Choo, Y., and Klug, A. (1994Proc. Natl. Acad. Sci. U.S.A.
interface. After superimposition of the cytosine bases of the 91, 11168.

C-G base pairs contacted, the distance betw%mf@rg466 5. Nardelli, J., Gibson, T., and Charnay, P. (198RFleic Acids

; i Res. 204137.
in the glucocorticoid receptefDNA complex and G of 6. Desjarlais, J. R., and Berg, J. M. (199Rjoteins: Struct.,

Glu®in the E. coli CAP protein-DNA complex is 6.4 A. Funct.. Genet. 12101.
Such a difference between the preferred position of the C . ThukréL S. K., Morrison, M. L., and Young, E. T. (199@pl.

of Glu® of [Rh]—E6 and Ar§ of [Rh]-R6A10 relative to Cell Biol. 12 2784.
the GG base pairs they contact would produce a significant 8. Choo, Y., Sechez-Gar@, ., and Klug, A. (1994Nature 372
shift in the position of thex-helix relative to the DNA. This 642.

shift would affect both the amino acid side chain(s) that are 9-?%“2?}2%'\‘5& Zlirln(%%rzman, K., and Barton, J. K. (1994)
presented to the base pair at thepbsition of the recognlt!on 10. Sardesai, N. Y., Lin, S. C., Zimmermann, K., and Barton, J.
sequence and the position of the metal complex in the K. (1995) Bioconjugate Chem.,&02.

intercalation site. Consequently, both the sequence prefer- 11. sardesai, N. Y., and Barton, J. K. (1997iol. Inorg. Chem.
ences at the'5position of the recognition sequence and the 2, 762.

photocleavage characteristics of the metallointercatator ~ 12. Sitlani, A., Long, E. C., Pyle, A. M., and Barton, J. K. (1992)
peptide conjugate could be perturbed. This result is consistent __ J- Am. Chem. Soc. 112303.

. . . . P 13. Caruthers, M. H., Barone, A. D., Beaucage, S. L., Dodds, D.
with the observation that multiple amino acids may be used R.. Fisher, E. F.. McBride, L. J., Matteucci, M., Stabinsky,

to recognize a given base, and multiple bases may be 7 and Tang, J.-Y. (198Mylethods Enzymol. 15287.

recognized by the same amino acid. 14. Maniatis, T., Fritsch, E. F., and Sambrook, J. (1988)ecular
Implications for Metallointercalator-Peptide Design. Cloning Cold Spring Harbor Laboratory, Cold Spring Harbor,
These metallointercalatepeptide conjugates permit the NY.

DNA recognition characteristics of individual amino acids 15'L')"gxzm7'£'5%’ and Gilbert, W. (197Hroc. Natl. Acad. Sci.

to be Stgdled in the ConteXt. of a small, readily synthe_3|zed, 16. Lohmann, T. M., and Mascotti, D. P. (1992¢thods Enzymol.
well-defined system. By this approach, the recognition of 212 400-424.

DNA target half-sites by monomeric peptides may be 17.winzor, D. J., and Sayer, W. H. (199Quantitatie Char-
investigated. In this study, we have examined the ability of acterization of Ligand BindingWiley-Liss, New York.

a glutamate residue to effect sequence-selective DNA 18-\;3-£-I~3]actk80n, C. ﬁl" FAaZtIHQS,lF- P. Hudson, T. Johann, and
recognition, and we have compared the recognition charac- - . barton, unpublished results.

Lot - : . L 19. Dauber-Osguthorpe, P., Roberts, V. A., Osguthorpe, D. J.,
teristics of gluta}mate, arginine, gnd |soleup|ne at position 6 Wolff, J., Genest, M., and Hagler, A. T. (1988oteins:
and the recognition characteristics of alanine and glutamate  strct., Funct., Genet., 81.
at position 10 in oligopeptides derived from g repressor 20. Talanian, R. V., McKnight, C. J., and Kim, P. S. (1990)
recognition a-helix. What we observe are interactions Science 249769. . ‘ .
perhaps as complex as those seen in pretBiNA recogni- 21-;al(ﬁllglé’vlg).BR- \a Mplfnlggl?ltég? iJ Rutkowski, R., and Kim, P.
tion. Here, too, single changes in amino acid residues can ' lochemistry ' .
produce multiple changes in the base sequence targeted.22 Cuenoud. B., and Schepartz, A. (198gjence 259510.

23. Lindback, T., Zilliacus, J., Gustaffson, J.-A., Carlstedt-Duke,
While the application of small peptides to effect specific J., and Hed, T. (1994)Biochemistry 335955.

recognition should simplify many of the issues that govern 24, |indback, T., and Ha, T. (1996)Proc. Natl. Acad. Sci. U.S.A.
protein—DNA interactions, at the same time, these smaller 93, 4754.



DNA Sequence Selectivity of Peptide Conjugates

25. Schultz, S. C., Shields, G. C., and Steitz, T. A. (1%dignce
253 1001.

26. Raskin, C. A,, Diaz, G., Joho, K., and McAllister, W. T. (1992)
J. Mol. Biol. 228 506.

27. Pomerantz, J. L., Pabo, C. O., and Sharp, P. A. (1P8&9.
Natl. Acad. Sci. U.S.A. 9B752.

28. Hudson, B. P., Dupureur, C. M., and Barton, J. K. (1985)
Am. Chem. Soc. 11B379.

29. Hudson, B. P., and Barton, J. K. (192B)Am. Chem. Soc.
120 68776888.

30. Parkinson, G., Wilson, C., Gunasekera, A., Ebright, Y. W.,
Ebright, R. E., and Berman, H. M. (1996) Mol. Biol. 26Q
395.

Biochemistry, Vol. 38, No. 31, 19990051

31. Luisi, B. F., Xu, W. X, Otwinowski, Z., Freedman, L. P.,
Yamamoto, K. R., and Sigler, P. B. (199ature 352 497.

32. Fitzsimons, M. P., and Barton, J. K. (1997)Am. Chem. Soc.
119, 3379.

33.Chen, Y. H,, Yang, J. T., and Martinez, H. M. (1972)
Biochemistry 114120.

34. Lehrman, S. R., Tuls, J. L., and Lund, M. (1980)chemistry
29, 5590.

BI982039A



