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Abstract

The DNA-binding interactions of 5,10,15,20-tetkathethylpyridinium-4-yl)porphyrin, herein denoted, 4, and related cationic por-
phyrins have long been of interest because of the potential for therapeutic applications and the novel binding interactions observed with
DNA. A brief review of available physical studies reveals that the monomeric porphyrin can bind either externally, or by intercalation, de-
pending on the nature of the DNA substrate. Coulombic interactions, van der Waals’ forces, and hydrophobic effects provide for stability of
the adduct, while the pyridiniumyl substituents and axial ligands on metalated forms pose important steric constraints. Competitive binding
studies involving DNA hairpin substrates reveal that the base composition, not the sequence, dictates the mode of binding. An overarching
principle is that relatively rigid stretches of DNA, i.e., runs containing 50% or maes€®ase pairs, do not support high-affinity external
binding. Instead, kT4 binds by intercalation despite unfavorable steric contacts that arise within the minor groove. The same pattern holds
true for Cu(T4) and other metalated forms lacking axial ligands. New results presented include structures of a pair of less bulky, disubstituted
porphyrins, HD3n (5,15-di(3-pyridyl)porphyrin) and kD4 (5,15-difN-methylpyridinium-4-yl)porphyrin), both of which intercalate into
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B-form DNA regardless of the base composition. Even the zinc(ll) derivatives prove to be good intercalators. A stepwise energy breakdown
provides a simple, but effective way to illustrate competing effects that influence the binding.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction gregation/stacking along the surface of the DNA substrate
[14]. At lower loading, especially in a region that is rich
One of the driving forces for the exploration of porphyrins in adenine—thymine (AT) base pairs, an individual por-
is applicability to photodynamic therapy, a promising non- phyrin molecule may bind externally to DNM5]. Inter-
invasive modality for targeting diseased cells or viruses. The calation, the third binding motif, is more common ir=G
selectivity derives, in part, from the fact that the cytotoxic (guanine—cytosine) rich sequen¢&p Subsequent work has
response extends only to the irradiated cell mass. An addedconfirmed these ideg46-18] Introduction of a metal ion
benefit in the case of tumor cells is that they tend to take up like Ru(ll), Co(ll), or Mn(lll) can change the mode of bind-
the photosensitizer more avidly than normal clis3]. Por- ing because derivatives with axial ligands are incapable of
phyrins are attractive sensitizers because they absorb well intdntercalating between base pdit$,19] Early NMR studies
the red end of the visible spectrum, i.e., at wavelengths thatof Marzilli and co-workers suggested that these sequence
penetrate tissue relatively efficienflij. Fiel and co-workers s another important factor determining binding. In particu-

initiated studies of cationic porphyrins, such agTd, and lar, the suggestion was thap T only intercalates in one-step
demonstrated that these amphiphilic, water-soluble systemstype, namely 5CpG-3 [20], but see below.
have a natural affinity for a potentially important intracellu- Various physical methods are useful for investigating

lar target, namely the DNM,5]. That early work motivated  adduct formation, but UV-Vis techniques provide unique
studies by many other investigators as recounted in severainsights into the effect that uptake has on theystem of
reviews available in the literatuf€-9]. Subsequent obser- the porphyrin. In the case of A4, external binding has
vations of physiological interest include the fact that cationic a modest effect onr—r" absorption in the Soret region
porphyrins tend to accumulate in mitochondidd]. These  such that the absorption maximum exhibits a bathochromic
same porphyrins also act as inhibitors of telomerase, an en-shift of AA < 8 nm and weak hypochromisril (< 10%). Ex-

zyme that has animportantinfluence on tumor longetity, ternal binding also induces a circular dichroism (CD) sig-
and there are reports of antiviral activity as wél,13] nal with a positive amplitudg8,18]. Due to more intimate
contact with thewr system, intercalative binding results in
‘ _| 4+ larger spectroscopic perturbations. The Soret band not only

shows alarger bathochromic shift{ > 15 nm), but stronger
hypochromism Il > 35%) as well. Another important dis-
tinctionisthatthe induced CD signal has a negative amplitude
[8,18]. Binding interactions induce smaller, less distinctive
shifts in the emission spectra, but the effects on the emission
Ne— intensities are quite interestif@1]. In studies with HT4,
Kelly and co-workers noted that external binding teA

rich sequences induced sharpening of the vibronic structure
and an increase in emission intensity by comparison with
the unbound fornj22]. In contrast, they found that interca-
lation into a G=C rich sequence produced weaker emission
possibly due to electron-transfer involving guanine, the most
reducing of the four bases. With the paramagnetic Cu(T4)
system, the results are quite different in that only the inter-
calated form is emissiv23]. In the presence of copper, the
emission stems from a lower-energy, less oxidizimgm"

2. Outline of DNA binding studies excited state, and quenching occurs because of a novel type
of exciplex quenching that is normally extremely efficient
2.1. Modes of binding in coordinating solvents such as wal®r23,24] The inter-

calated form of Cu(T4) is emissive because the DNA frame-

Invitro studies of Fiel and co-workers showed that cationic work shields the axial coordination sites from attack by Lewis

porphyrins like BT4 bind to DNA in multiple ways. For  bases. Exciplex quenching remains efficient for externally
example, high loading of the porphyrin can lead to ag- bound porphyrin, and time-resolved resonance Raman and
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excited-state absorption studies have provided valuable in-vide a means of determininglative binding constants for
sight into the structure of the exciplex(es) formed as well as different sequencd21]. Working with large excesses of the
the reaction dynamicR4-27] As this brief overview sug-  competing hairpins avoids complications associated with co-
gests, spectral investigations generally provide a reliable ba-operative binding effects. The only requirement is that the
sis for assessing the mode of binding. However, viscometry individual adducts have distinguishable absorption, CD, or
studies provide corroborative evidence for intercalative bind- emission spectra.
ing [28,29]
2.4. Base dependence of binding within hairpin stems
2.2. Steric considerations
Results obtained with a series of hairpin-forming,

Over the years multiple steric issues have come to light 16-mer DNA oligonucleotides have been quite infor-
in the quest to understand the DNA-binding interactions of mative. In the hairpin depicted, the sequence is 5
H2T4 and related porphyrins. Periplanar interactions that GAXYACTTTTGTY’X'TC-3, where G, A, T, and C respec-
keep the pyridiniumyl substituents out of the plane of the tively designate fixed
porphryin core drew attention firg#]. However, it is now
clear that transient structural fluctuations allow B-form DNA S G A XY A C TT
to take up various types of so-called threading intercalators

3'—CTX’Y'TGT)
that have bulky end group30,31] The uptake may be slow, T

but the binding constant need not suffer. Later, Neidle and co- {XY(T,)}
workers carried out molecular dynamics calculations which
suggested that steric interactions keefI #from intercalat- guanine, adenine, thymine, and cytosine residues, where X

ing into a 3-TpA-3' step[32]. In particular, they predicted  and Y, and their complements %nd Y) represent vari-

that the problem arises in the major groove where methyl aple bases, and where the loop residues appear in bold. The
groups on the thymines clash with pyridiniumyl groups of the  short-hand naméXY(T 4)} identifies the bases that reside
porphyrin. Later, Williams and co-workers identified what in positions 3 and 4, as well as the loop sequenc& 5 T-

may be the critical steric issue for an intercalated form of 3'in the case at hand. ThugCG(T4)} has X=C, Y =G and

the porphyrin. Their structural studies of a Cu(T4) adduct x’=G, Y’ =Cinthe structure shown, whilgsC(T4) }has the
indicated that clashes occur in the minor groove where pyri- same 5TTTT-3 loop with X=G, Y=C and X=C,Y' =G

diniumyl groups have to wedge between the relatively closely in the stem. Previous work demonstrated that the copper por-

spaced sugar-phosphate cheBg). phyrin Cu(T4) intercalates intiCG(T4)}, {GC(T4)}, as well
o o as{AG(T4)} [39,40] and the same is true for the free por-
2.3. DNA-binding affinities phyrin HoT4[21]. In general, tetra-cationic porphyrins of this

ilk intercalate into the B-form part of the hairpin as long as

Binding constants for cationic porphyrins interacting with - the stem contains 50% or more=® base pairs, irrespective
DNA are difficult to measure. The major problem is that the of the sequence. For each hairpin listedTable 1, Ky is

binding constants are largé~ 10° to 10/ M~1 if the DNA
concentration is in units of base pairs (ppJ,34] Measure- Table 1
ments involving near stoichiometric levels of porphyrin are Binding data for HT4 with DNA hairpinsin 0.1 M pH 6.8 phosphate buffer

therefore critically important, but this is precisely the con- Hajrpir? Stem Krel (M~1)
centration regime where cooperative binding effects confuse Externally bound KT4
the issug18,35] Studies with short oligonucleotides could, {TA(T4)} 5-GATAAC 1.1¢
in principle, provide insight into the effect the local sequence 3-CTATTG
has on binding; however, the equilibrium concentration of ~ {TT(T4)} 5-GATTAC 0.8
single-stranded forms would be relatively high, and they also 3-CTAATG
bind the porphyrir36]. Intercalated HT4

McMillin and co-workers have shown, DNA hairpins, or ~ {CG(T8)} 5-GACGAC 1.0

. : ) : 3-CTGCTG

s'Fem—Ioop st'ructures, provide useful comparisons. With hair- (GC(Ta)} = -GAGCAC 10
pins, formation of a double-stranded stem is extremely fa- 3.CTCGTG
vorable, even for stems as short as six base pairs, and the {AG(T,)} 5-GAAGAC 0.5
sequence is easy to vary. Base-replacement studies are also 3-CTTCTG
straightforward and permit hypothesis testjag,37] Bind- 12-U{AG(Ta)} 5-GAAGAC 0.5
ing in'thg loop regio'n is a.p'otential complication, but this 14-U{AG(T4)} gg;;gf: 05
domain is comparatively rigidi38], and base-replacement 3-CTUCTG
studies are consistent with the assumption that cationic por-— Ref.[21]
phyrins bind almost exclusively in the stem regi@9]. Of b Each hairpin with a 5TTTT-3 loop sequence.

special note is the observation that hairpin substrates pro- ¢ Constants all relative to that f§ICG(Ts)}.
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the binding constant of $T4 relative to that for binding to logues discussed to this point. For simple diaryl derivatives,
{CG(T4)}. The first thing to note is that, within experimental
error, HbT4 intercalates intd CG(T4)} and{GC(T4)} with
the sameaffinity. Intercalation does not even require con-
tiguous G=C base pairs becauseH intercalates into the
{AG(T4)} hairpin, albeit with a reduced binding constant. So R
far, there are no definitive data establishing the exact locus
of binding within the stem. However, absorbance, CD, and
emission data are all consistent with interaction involving the
center of the stem, i.e., in the vicinity of positions 3, 4, 13,
and 14 in the hairpins utilize@1]. H,D3n: R = 3-pyridyl

H,D3: R = N-methylpyridinium-3-yl

H,D4: R = N-methylpyridinium-4-yl
2.5. Base replacement studies

such as 5,15-diphenylporphyrin, acid-catalyzed conden-
Uridine-for-thymine replacement studies allow for a test sation of dipyrromethane with benzaldehyde in dry

of the prediction that steric clashes involving the methyl dichloromethane yields the porphyrinogen, which converts
groups on the thymine residues disfavor intercalation be- to porphyrin upon oxidation by a quinof#l]. However, this
tween A=T base pairs. In fact, competition studies show that procedure has not proved to be practical for syntheses involv-

H,T4 binds ing pyridine carboxaldehydes, even with pyrro[ég,43]
o o Under Adler-like condition$44], the synthesis goes better,
H\N Me H‘N but by ordinary standards the yield is still very poor, typi-
)\ | )\ | cally less than 49%#5]. Nevertheless, the yields are workable,
O "\l O l‘\l and treatments with standard alkylating agents produce the

derivatives of interest: }D3 = 5,15-diN-methylpyridinium-
3-yl)porphyrin and HD4 =5,15-diN-methylpyridinium-4-
externally to the{TA(T4)} hairpinas well as the analogue  Y)porphyrin. Structures described below establish the au-
with U in place of T in each position of the st¢2i]. Clearly, thenticity of the new porphyrins. Finally, incubation in a Tris
the predicted steric interactions with the thymine methyls are buffer containing a slight excess of a soluble zinc(ll) salt gives
not solely responsible for the mode of binding, becausb4H  the corresponding zinc derivatives Zn(D3) and Zn(D4).
binds externally even with uridine residues in the stem. Nev-
ertheless, the steric interactions could still be destabilizing 3.2 Structural studies
for the intercalated form. On the assumption thaT#inter-
calates next to the guanine base in position 4 of the hairpin  The diffractometer was a Nonius KappaCCD, and the
{AG(T4)}, further tests of the steric effects are possible. The X.ray source was arotating anode that yields Morédiation
experiment involves the base-replacement derivatives 12-U-(; =0.710733). Direct methods implemented with the SIR
{AG(T4)} and 14-U{AG(T4)} which contain a uridine in 97 program[46] located most atoms, and others appeared
place of the thymine in positions 12 and 14, respectively, on jn succeeding difference Fourier maps. The refinement, by
either side of the central8C base pair. Competition studies  the SHELX-97 packag@7], included hydrogen atoms but
show that there is, in fact, no measurable difference in the with the constraint that they remain bonded to pre-assigned
binding constant for intercalation of fi4 into {AG(T4)}, neighbor atoms.
12-U{AG(T4)}, or 14-U{AG(T4)}, so there is just no indi- Blue needles of the neutral porphyrin »Bn
cation of a significant steric interaction involving the thymine  (C59H,oNg = 5,15-di(3-pyridyl)porphyrin) deposited from a
methyl groud21]. As reported by Williams and co-workers,  15:85 (v/v) mixture of dichloromethane and cyclohexane on
the steric problems associated with intercalation most likely cooling. The crystal chosen for structure determination had
arise in the minor groov{33]. The studies described next approximate dimensions 0.35 myD.17 mmx 0.17 mm.
address this problem by utilizing porphyrins bearing fewer For the other X-ray study, slow evaporation of a 15:10
bulky aryl substituents. (v/iv mixture of methanol ana-propanol produced purple
plates of G7H44N07S ([H2D4](PTSE~CH3OH, where
PTS denotes thep-tolyl-sulfonate anion). The crystal

Thymine Uridine

3. 5,15-Dipyridiniumylporphyrins selected for X-ray studies had approximate dimensions
0.35 mmx 0.30 mmx 0.05 mm.
3.1. Synthesis All unit cell parameters appear ifables 2 and 3eports
mean bond distances.
The synthesis of di-substituted porphyrins is difficult by In the lattice, the neutral #D3n molecule sits on a cen-

comparison with the more symmetric tetra-substituted ana-ter of inversion. Sed-ig. 1 for an ORTEP drawing of the
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H»D3n [H2D4](PTSY-CH3OH
Formula QonoNe C47H44NGO732
fw 464.53 869.04
Crystal system Triclinic Monoclinic
Space group P1 P2/c
a(A) 6.719(1) 27.9104(13)
b (A) 9.082(1) 8.8451(4)
c(A) 9.393(1) 17.3176(6)
o (°) 84.61(1)
B() 77.88(1) 105.3291(112)
y () 78.67(0)
v (A)3 548.6 4123.1(3)
Z 1 4
T(K) 150(1) 150(1)
Mo Ke (A) 0.71073 0.71073
Pealed (g €M) 141 1.40
w (mm~1) (average) 0.940 0.932
Reflns colld 4609 21798
Unique refins 2376 3806
R1[l > 20(1)]2 0.054 0.100
wWR2 [I > 25(1)]° 0.129 0.188

AR1=)|Fo—Fel/ Y Fo.

2
b wR2 = (z w(Fd - F3)/ Y w(FS)Z) !

Table 3

Average bond distanc@$+0.01A) in selected porphyrins

Bond H,D3n [H2D4](PTS)-CHzOH [HoT41(PTS)P
Cg—Cp 1.35 1.34 1.35

N—C, 1.37 1.37 1.37

Co—Cm 1.40 1.39 1.39

C.—Cp 1.44 1.44 1.44

& C, connects to N and £within a pyrrole ring and a & atom without.
b Ref.[32].

H2>D3n molecule, the porphyrin core of which is approxi-
mately planar. The four nitrogen atoms deviate most as they
alternate above and below the mean plane of the ligand. More
specifically, the imine nitrogen atoms faD.060A out of the
plane, while the corresponding displacements-e0e089A
for the NH nitrogen atoms. The mean plane of each pyridine
substituent meets the mean plane the porphyrin at a dihedral
angle of 60.8.

In the [H,D4](PTS)-CH3OH crystal, the porphyrin sits
on a general position, and the ORTEP representation of the
porphyrin part of the asymmetric unit appearkig. 2 Again
the porphyrin is essentially planar, but there is a hint of a
ruffling distortion in that alternating pyrrole rings cant in op-
posite directions relative to the mean plane of the porphyrin.
Thus, C5 and C24 rise above the mean plane while C6 and

Fig. 2. ORTEP drawing of dicationic #D4 with 50% probability ellipsoids and the crystallographic atom-numbering scheme.
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o

results are completely analogous for thgl}3 porphyrin as

= . well [48]. More surprisingly, data compiled in thiable 4

(@) show zinc(ll) derivatives Zn(D3) and Zn(D4) also interca-
late into [poly(dG-dC)j or [poly(dA-dT)]; [45,48] These
results are striking because external binding is the norm for
the analogous Zn(T4) system, partly because intercalative
binding requires the loss of an axial ligaf#P]. Although
there are structures in which the Zn(ll) center is four coordi-
nate and in the plane of a porphyfi0], the free energy is
350 400 450 500 lower with an axial ligand in place in a coordinating solvent
Wavelength (nm) like water. A multi-stage analysis of the interaction energy

presented below suggests a possible basis for intercalative

Fig. 3. (a) Absorption spectrum of4B4 in buffer, bound to [poly(dA-dT} binding of the Zn(D3) and Zn(D4) systems.
(thick), or bound to [poly(dG-dC)] (b) CD spectrum of KD4 bound to

[poly(dA-dT)]2 (thick) or [poly(dG-dC)}.

Ae, M~ Tem-1
3

Absorbance

C23 fall below it. The N34 and N154 pyridine rings intersect 4- Stepwise energy analysis

the porphyrin at dihedral angles of 53.8nd 50.3, respec- .
tively. 4.1. Model requirements

Any model that purports to explain the fundamental bind-
ing interactions must account for key observations, including
those that follow:

3.3. DNA-binding studies with di-substituted porphyrins

Fig. 3 shows absorption and CD data obtained upon ex-

posing HD4 to excess [poly(dG-dQG]or [poly(dA-dT)l, (1) The base dependence observed for the bindingp@#H

[45]. In each case, binding induces a substantial shiftin the  as well as metalated forms that do not incorporate axial

Soret absorption toward longer wavelength, and the induced  |igands[16-18,40]

CD signal is negative. Thus, the spectroscopic data strongly(2) The fact that Zn(T4) almost always adopts an external

suggest that the dipyridiniumyl porphyrinpB4 intercalates binding motif and has a comparatively weak affinity for

into both DNA hosts. Viscometry studies have confirmed this binding to [poly(dG-dC)} host[16].

interpretation[45]. As shown inTable 4 the experimental  (3) The contrasting behavior of the dipyridiumy! derivative
Zn(D4) which strictly intercalates into [poly(dG-dG)]

Table 4 or [poly(dA-dT)]> [45,48]

Spectral data for cationic porphyrins binding with DNArF0.1 M pH 6.8

phosphate buffer (Ref45]) In concrete terms, Eq1) provides perhaps the simplest

framework capable of rationalizing all of the observations

DNA Porphyrin  Soret co? noted. In the equationyG denotes the net interaction energy
Ak H(%) 2 Ae between the porphyrin and the DNA host,
(nm) (nm)y  (M~tcmd
[poly(dG-dC)p  HpT4 23 34 443 —12 AG = AGR+ AGg 1)
Zn(T4) 0 4 445 4
H,D4 27 42 428 -3 AGR is the combined reorganization energy required for the
H2D3 20 36 420br -3 host and the ligand, antiGg the free energy for the binding
Zn(d4) 15 39 436 -3 of preorganized componer&l,45]
Zn(D3) 12 26 416 -3
oly(dA-dT HaT4 9 -4 430 26 P
[poly(dA-dT)l, S S e o . 4.2. Reorganization energyGg
H,D4 22 28 427  -20
H,D3 16 24 417 —25 For intercalative binding the energy costs include the fact
Zn(D4) 12 26 431 -16 that the DNA molecule has to unwind to some degree in order
Zn(D3) 4 26 415 -15 to create a binding cavit§p1]. In addition, the pyridiniumyl
{CG(T4)} HoD4 23 37 422  -10 substituents undergo some reorientation, and there is the des-
H2D3 19 44 417  -10 olvation of the porphyrin. With Zn(T4), the reorganizational
{TT(T4)} H,D4 21 27 423 —17 energy is still higher because intercalation requires dissocia-
H,D3 17 29 417 18 tion of an inner-sphere ligand, namely an axially coordinated
(TA(T2)} H,D4 21 23 426  —17 water molecule. Inthe absence of information about structure,
a A is the shift to longer wavelength of the absorption by the adduct, and the reorganizational _energy requwements forexternal bmdmg
H (%) the percent decrease in intensity at the absorption maximum. are much less certain. There is a crystal structure available

b Circular dichroism induced by adduct formation. in the literaturg52], but the relevance to solution is doubtful
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because the porphyrin acts as a bridge between two duplexegr P2 (DNA! or DNAE) symbols designate porphyrin (DNA)

in the crystal lattice. The fact that Zn(T4) has a low affinity preorganized for formation of either the intercalated adduct
for external binding to [poly(dG-dCj]is probably the most  P/DNA! or the externally bound form®DNAE. The reorga-
telling observatioff16], and the implication is that [poly(dG-  nijzation energy is much greater for external binding due to the
dC)]2 actuallyresistsexternal bindind45]. This hypothesis  need for partial melting of the DNA double helix. However,
is consistent with suggestions that external binding of por- the deformation provides a very favorable binding pocket so
phyrins like HT4 entails partial melting and/or contortion of  that theAG§ term is exoergic enough for external binding
the canonical DNA double helical structy@b,39]. Signifi- with [poly(dA-dT)], to end up being the preferred motif.
cant deformation of the double helix is much more difficult With [po|y(dG-dC)}2, on the other hand, the reorganization
when large numbers of££C base pairs are present because energy required for producing a comparable binding pocket

of the more extensive hydrogen bonding. is much higher, and the energy balance favors intercalative
binding in spite of strain generated in the minor groove. For
4.3. Binding energy\ Gg the interaction of Zn(T4) with [poly(dG-dG)] the situation

is more complicated. Intercalation is a less attractive option

Favorable interactions between the porphyrin and the because the need to dissociate the axial water ligand raises
DNA host ultimately drive the uptake of the ligand, in spite theAGiRterm. Inthis case, the reorganizational energy poses
of the reorganizational energy requirements and repulsive ef-a major penalty for either mode of uptake, and the affinity for
fects that moderate the overall free energy chgd@des5] [poly(dG-dC)p is low. Under most conditions Zn(T4) binds
Optimization of the coulombic contacts with the DNA sugar- externally, but there is evidence that intercalative binding can
phosphate backbone presumably provides a major part ofoccur at relatively low ionic strengtfs3].
the driving force for external binding. For intercalation of
an amphiphilic porphyrin like KT4, the hydrophobic effect,
van der Waals’ interactions with the DNA bases, and coulom-
bicinteractions involving the positively charged pyridiniumyl ) )
substituents are all factors promoting uptake. However, there 1€ same framework is useful for assessing why the
are indications that steric strain associated with introducing diPyridiniumyl porphyrin D4 binds into B-form DNA as

two bulky substituents into the minor groove detracts from &7 intercalator, regardless of the base content. The most ob-
AGg for intercalative binding33]. vious explanation is the absence of steric interactions that

adversely influence thAGg term for intercalative binding.
The more striking effect is that intercalation also becomes
the favored binding motif for the zinc(ll) derivative, Zn(D4),
despite the need for dissociation of an axially bound water.
External binding may suffer from the fact that the dipyridini-
umyl systems have only half the charge of thel¥ system,
since coulombic interactions with the sugar-phosphate back-
bone probably drive external binding. In the case of thB#

4.5. Contrasting cases ofiB4 and Zn(D4)

4.4. Comparison of blT'4 and Zn(T4)

Fig. 4 provides a pictorial representation of the key fac-
tors that influence the binding offi4 to [poly(dA-dT)b. In
the figure, P + DNA designates the unbound state, and'the P

sl system, hydrophobic forces probably play a more prominent
role in the binding, and they favor intercalation. Therefore,
il FRAT a 5,15—di§ubs'gitu§ion pattern may'predispose a porphyrin to
- ;| MG intercalative binding for both steric and electronic reasons.
1 Would Zn(D4) bind externally to a sufficiently flexible host?
AGR'I %, PaEDNA AGg® Recent experiments with low-melting hairpin substrates sug-
AGg' gest that is the cagb4].
P/DNAI
5. Vista
P/DNA®
Eq. (1) describes a simple model capable of qualitatively
rationalizing all results obtained to date. In the model the
- total binding energy represents a balance between multiple
Intercalation External Binding attractive and repulsive factors. The latter includes the resis-
tance to structural reorganization of the DNA double helix, as
Fig. 4. Qualitative energy diagram for the competitive binding eT#ito well as any steric strain associated with the uptake of bulky

[poly(dA-dT)]2. AGR(AGY) denotes the reorganization energy for external LT . . .
(intercalative) binding, whilA G§ (A Gy) represents the binding energy for porphyrln Ilgands. However, the Impact of the steric strain

preorganized species. P+ DNA designates the free components, and a slaskemains somewhat of an open question. In a pioneering X-
symbol denotes adduct formation. ray crystallographic study, Williams and co-workers found
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