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Abstract

The DNA-binding interactions of 5,10,15,20-tetra(N-methylpyridinium-4-yl)porphyrin, herein denoted H2T4, and related cationic por-
phyrins have long been of interest because of the potential for therapeutic applications and the novel binding interactions observ
DNA. A brief review of available physical studies reveals that the monomeric porphyrin can bind either externally, or by intercalatio
pending on the nature of the DNA substrate. Coulombic interactions, van der Waals’ forces, and hydrophobic effects provide for stab
the adduct, while the pyridiniumyl substituents and axial ligands on metalated forms pose important steric constraints. Competitive
studies involving DNA hairpin substrates reveal that the base composition, not the sequence, dictates the mode of binding. An ove
principle is that relatively rigid stretches of DNA, i.e., runs containing 50% or more G≡C base pairs, do not support high-affinity externa
binding. Instead, H2T4 binds by intercalation despite unfavorable steric contacts that arise within the minor groove. The same pattern
true for Cu(T4) and other metalated forms lacking axial ligands. New results presented include structures of a pair of less bulky, disub
porphyrins, H2D3n (5,15-di(3-pyridyl)porphyrin) and H2D4 (5,15-di(N-methylpyridinium-4-yl)porphyrin), both of which intercalate into
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B-form DNA regardless of the base composition. Even the zinc(II) 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.

Keywords:DNA-binding; Cationic porphyrin; Intercalation; External binding; Structure; Emission

1. Introduction

One of the driving forces for the exploration of porphyrins
is applicability to photodynamic therapy, a promising non-
invasive modality for targeting diseased cells or viruses. The
selectivity derives, in part, from the fact that the cytotoxic
response extends only to the irradiated cell mass. An added
benefit in the case of tumor cells is that they tend to take up
the photosensitizer more avidly than normal cells[1–3]. Por-
phyrins are attractive sensitizers because they absorb well into
the red end of the visible spectrum, i.e., at wavelengths that
p
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l
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gregation/stacking along the surface of the DNA substrate
[14]. At lower loading, especially in a region that is rich
in adenine–thymine (AT) base pairs, an individual por-
phyrin molecule may bind externally to DNA[15]. Inter-
calation, the third binding motif, is more common in G≡C
(guanine–cytosine) rich sequences[5]. Subsequent work has
confirmed these ideas[16–18]. Introduction of a metal ion
like Ru(II), Co(II), or Mn(III) can change the mode of bind-
ing because derivatives with axial ligands are incapable of
intercalating between base pairs[18,19]. Early NMR studies
of Marzilli and co-workers suggested that thebase sequence

icu-
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ting
que
enetrate tissue relatively efficiently[1]. Fiel and co-workers
nitiated studies of cationic porphyrins, such as H2T4, and
emonstrated that these amphiphilic, water-soluble systems
ave a natural affinity for a potentially important intracellu-

ar target, namely the DNA[4,5]. That early work motivated

is another important factor determining binding. In part
lar, the suggestion was that H2T4 only intercalates in one-st
type, namely 5′-CpG-3′ [20], but see below.

Various physical methods are useful for investiga
adduct formation, but UV–Vis techniques provide uni
tudies by many other investigators as recounted in several
eviews available in the literature[6–9]. Subsequent obser-
ations of physiological interest include the fact that cationic
orphyrins tend to accumulate in mitochondria[10]. These
ame porphyrins also act as inhibitors of telomerase, an en-
yme that has an important influence on tumor longevity[11],

nic
r
ag-

insights into the effect that uptake has on the� system of
the porphyrin. In the case of H2T4, external binding has
a modest effect on�–�* absorption in the Soret region
such that the absorption maximum exhibits a bathochromic
shift of�λ ≤ 8 nm and weak hypochromism (H≤ 10%). Ex-
ternal binding also induces a circular dichroism (CD) sig-
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nd there are reports of antiviral activity as well[12,13].

. Outline of DNA binding studies

.1. Modes of binding

In vitro studies of Fiel and co-workers showed that catio
orphyrins like H2T4 bind to DNA in multiple ways. Fo
xample, high loading of the porphyrin can lead to
al with a positive amplitude[8,18]. Due to more intimat
ontact with the� system, intercalative binding results
arger spectroscopic perturbations. The Soret band not
hows a larger bathochromic shift (�λ ≥ 15 nm), but stronge
ypochromism (H≥ 35%) as well. Another important di

inction is that the induced CD signal has a negative ampl
8,18]. Binding interactions induce smaller, less distinc
hifts in the emission spectra, but the effects on the emi
ntensities are quite interesting[21]. In studies with H2T4,
elly and co-workers noted that external binding to AT

ich sequences induced sharpening of the vibronic stru
nd an increase in emission intensity by comparison

he unbound form[22]. In contrast, they found that interc
ation into a G≡C rich sequence produced weaker emis
ossibly due to electron-transfer involving guanine, the m
educing of the four bases. With the paramagnetic Cu
ystem, the results are quite different in that only the in
alated form is emissive[23]. In the presence of copper, t
mission stems from a lower-energy, less oxidizing3�–�*

xcited state, and quenching occurs because of a nove
f exciplex quenching that is normally extremely effici

n coordinating solvents such as water[9,23,24]. The inter-
alated form of Cu(T4) is emissive because the DNA fra
ork shields the axial coordination sites from attack by Le
ases. Exciplex quenching remains efficient for extern
ound porphyrin, and time-resolved resonance Raman
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excited-state absorption studies have provided valuable in-
sight into the structure of the exciplex(es) formed as well as
the reaction dynamics[24–27]. As this brief overview sug-
gests, spectral investigations generally provide a reliable ba-
sis for assessing the mode of binding. However, viscometry
studies provide corroborative evidence for intercalative bind-
ing [28,29].

2.2. Steric considerations

Over the years multiple steric issues have come to light
in the quest to understand the DNA-binding interactions of
H2T4 and related porphyrins. Periplanar interactions that
keep the pyridiniumyl substituents out of the plane of the
porphryin core drew attention first[4]. However, it is now
clear that transient structural fluctuations allow B-form DNA
to take up various types of so-called threading intercalators
that have bulky end groups[30,31]. The uptake may be slow,
but the binding constant need not suffer. Later, Neidle and co-
workers carried out molecular dynamics calculations which
suggested that steric interactions keep H2T4 from intercalat-
ing into a 5′-TpA-3′ step[32]. In particular, they predicted
that the problem arises in the major groove where methyl
groups on the thymines clash with pyridiniumyl groups of the
porphyrin. Later, Williams and co-workers identified what
may be the critical steric issue for an intercalated form of
t uct
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vide a means of determiningrelativebinding constants for
different sequences[21]. Working with large excesses of the
competing hairpins avoids complications associated with co-
operative binding effects. The only requirement is that the
individual adducts have distinguishable absorption, CD, or
emission spectra.

2.4. Base dependence of binding within hairpin stems

Results obtained with a series of hairpin-forming,
16-mer DNA oligonucleotides have been quite infor-
mative. In the hairpin depicted, the sequence is 5′-
GAXYACTTTTGTY ′X′TC-3′, where G, A, T, and C respec-
tively designate fixed

guanine, adenine, thymine, and cytosine residues, where X
and Y, and their complements (X′ and Y′) represent vari-
able bases, and where the loop residues appear in bold. The
short-hand name{XY(T4)} identifies the bases that reside
in positions 3 and 4, as well as the loop sequence, 5′-TTTT-
3′
X
s
i r por-
p l
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p his
i as
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he porphyrin. Their structural studies of a Cu(T4) add
ndicated that clashes occur in the minor groove where
iniumyl groups have to wedge between the relatively clo
paced sugar-phosphate chains[33].

.3. DNA-binding affinities

Binding constants for cationic porphyrins interacting w
NA are difficult to measure. The major problem is that
inding constants are large,K≈ 106 to 107 M−1 if the DNA
oncentration is in units of base pairs (bp)[17,34]. Measure
ents involving near stoichiometric levels of porphyrin

herefore critically important, but this is precisely the c
entration regime where cooperative binding effects con
he issue[18,35]. Studies with short oligonucleotides cou
n principle, provide insight into the effect the local seque
as on binding; however, the equilibrium concentratio
ingle-stranded forms would be relatively high, and they
ind the porphyrin[36].

McMillin and co-workers have shown, DNA hairpins,
tem-loop structures, provide useful comparisons. With
ins, formation of a double-stranded stem is extremel
orable, even for stems as short as six base pairs, an
equence is easy to vary. Base-replacement studies ar
traightforward and permit hypothesis testing[21,37]. Bind-
ng in the loop region is a potential complication, but
omain is comparatively rigid[38], and base-replaceme
tudies are consistent with the assumption that cationic
hyrins bind almost exclusively in the stem region[39]. Of
pecial note is the observation that hairpin substrates
o

in the case at hand. Thus,{CG(T4)} has X = C, Y = G and
′ = G, Y′ = C in the structure shown, while{GC(T4)}has the
ame 5′-TTTT-3′ loop with X = G, Y = C and X′ = C, Y′ = G
n the stem. Previous work demonstrated that the coppe
hyrin Cu(T4) intercalates into{CG(T4)},{GC(T4)}, as wel
s{AG(T4)} [39,40], and the same is true for the free p
hyrin H2T4[21]. In general, tetra-cationic porphyrins of t

lk intercalate into the B-form part of the hairpin as long
he stem contains 50% or more G≡C base pairs, irrespecti
f the sequence. For each hairpin listed inTable 1, Krel is

able 1
inding data for H2T4 with DNA hairpins in 0.1 M pH 6.8 phosphate buffea

airpinb Stem Krel (M−1)

xternally bound H2T4
{TA(T4)} 5′-GATAAC 1.1c

3′-CTATTG
{TT(T4)} 5′-GATTAC 0.8

3′-CTAATG

ntercalated H2T4
{CG(T4)} 5′-GACGAC 1.0

3′-CTGCTG
{GC(T4)} 5′-GAGCAC 1.0

3′-CTCGTG
{AG(T4)} 5′-GAAGAC 0.5

3′-CTTCTG
12-U-{AG(T4)} 5′-GAAGAC 0.5

3′-CTTCUG
14-U-{AG(T4)} 5′-GAAGAC 0.5

3′-CTUCTG
a Ref. [21].
b Each hairpin with a 5′-TTTT-3′ loop sequence.
c Constants all relative to that for{CG(T4)}.
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the binding constant of H2T4 relative to that for binding to
{CG(T4)}. The first thing to note is that, within experimental
error, H2T4 intercalates into{CG(T4)} and{GC(T4)} with
the sameaffinity. Intercalation does not even require con-
tiguous G≡C base pairs because H2T4 intercalates into the
{AG(T4)} hairpin, albeit with a reduced binding constant. So
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 utilized[21].

2.5. Base replacement studies

Uridine-for-thymine replacement studies allow for a test
of the prediction that steric clashes involving the methyl
groups on the thymine residues disfavor intercalation be-
tween A T base pairs. In fact, competition studies show that
H2T4 binds
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logues discussed to this point. For simple diaryl derivatives,

such as 5,15-diphenylporphyrin, acid-catalyzed conden-
sation of dipyrromethane with benzaldehyde in dry
dichloromethane yields the porphyrinogen, which converts
to porphyrin upon oxidation by a quinone[41]. However, this
procedure has not proved to be practical for syntheses involv-
ing pyridine carboxaldehydes, even with pyrroles[42,43].
Under Adler-like conditions[44], the synthesis goes better,
but by ordinary standards the yield is still very poor, typi-
cally less than 4%[45]. Nevertheless, the yields are workable,
and treatments with standard alkylating agents produce the
derivatives of interest: H2D3 = 5,15-di(N-methylpyridinium-
3-yl)porphyrin and H2D4 = 5,15-di(N-methylpyridinium-4-
y au-
t ris
b ives
t
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9 ared
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t e
xternally to the{TA(T4)} hairpinas well as the analogu
ith U in place of T in each position of the stem[21]. Clearly,

he predicted steric interactions with the thymine methyls
ot solely responsible for the mode of binding, because H2T4
inds externally even with uridine residues in the stem. N
rtheless, the steric interactions could still be destabil

or the intercalated form. On the assumption that H2T4 inter-
alates next to the guanine base in position 4 of the ha
AG(T4)}, further tests of the steric effects are possible.
xperiment involves the base-replacement derivatives 1
AG(T4)} and 14-U-{AG(T4)} which contain a uridine i
lace of the thymine in positions 12 and 14, respectively
ither side of the central G≡C base pair. Competition stud
how that there is, in fact, no measurable difference in
inding constant for intercalation of H2T4 into {AG(T4)},
2-U-{AG(T4)}, or 14-U-{AG(T4)}, so there is just no ind
ation of a significant steric interaction involving the thym
ethyl group[21]. As reported by Williams and co-worke

he steric problems associated with intercalation most l
rise in the minor groove[33]. The studies described ne
ddress this problem by utilizing porphyrins bearing fe
ulky aryl substituents.

. 5,15-Dipyridiniumylporphyrins

.1. Synthesis

The synthesis of di-substituted porphyrins is difficult
omparison with the more symmetric tetra-substituted
l)porphyrin. Structures described below establish the
henticity of the new porphyrins. Finally, incubation in a T
uffer containing a slight excess of a soluble zinc(II) salt g
he corresponding zinc derivatives Zn(D3) and Zn(D4).

.2. Structural studies

The diffractometer was a Nonius KappaCCD, and
-ray source was a rotating anode that yields Mo K� radiation

λ = 0.71073Å). Direct methods implemented with the S
7 program[46] located most atoms, and others appe

n succeeding difference Fourier maps. The refinemen
he SHELX-97 package[47], included hydrogen atoms b
ith the constraint that they remain bonded to pre-assi
eighbor atoms.

Blue needles of the neutral porphyrin H2D3n
C30H20N6 = 5,15-di(3-pyridyl)porphyrin) deposited from
5:85 (v/v) mixture of dichloromethane and cyclohexan
ooling. The crystal chosen for structure determination
pproximate dimensions 0.35 mm× 0.17 mm× 0.17 mm
or the other X-ray study, slow evaporation of a 15
v/v mixture of methanol andn-propanol produced purp
lates of C47H44N6O7S2 ([H2D4](PTS)2·CH3OH, where
TS denotes thep-tolyl-sulfonate anion). The cryst
elected for X-ray studies had approximate dimens
.35 mm× 0.30 mm× 0.05 mm.

All unit cell parameters appear inTables 2 and 3reports
ean bond distances.
In the lattice, the neutral H2D3n molecule sits on a ce

er of inversion. SeeFig. 1 for an ORTEP drawing of th
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Table 2
Crystallographic data

H2D3n [H2D4](PTS)2·CH3OH

Formula C30H20N6 C47H44N6O7S2

fw 464.53 869.04
Crystal system Triclinic Monoclinic
Space group P1̄ P21/c
a (Å) 6.719(1) 27.9104(13)
b (Å) 9.082(1) 8.8451(4)
c (Å) 9.393(1) 17.3176(6)
α (◦) 84.61(1)
β (◦) 77.88(1) 105.3291(112)
γ (◦) 78.67(0)
V (Å)3 548.6 4123.1(3)
Z 1 4
T (K) 150(1) 150(1)
λMo K� (Å) 0.71073 0.71073
ρcalcd (g cm−3) 1.41 1.40
µ (mm−1) (average) 0.940 0.932
Reflns colld 4609 21798
Unique reflns 2376 3806
R1 [I > 2σ(I)]a 0.054 0.100
wR2 [I > 2σ(I)]b 0.129 0.188

a R1 =
∑

|Fo − Fc|/
∑

Fo.

b wR2 =
(∑

w(F2
o − F2

c )
2
/
∑

w(F2
o )

2
)1/2

.

Table 3
Average bond distancesa (±0.01Å) in selected porphyrins

Bond H2D3n [H2D4](PTS)2·CH3OH [H2T4](PTS)2b

C� C� 1.35 1.34 1.35
N C� 1.37 1.37 1.37
C� Cm 1.40 1.39 1.39
C� C� 1.44 1.44 1.44

a C� connects to N and C� within a pyrrole ring and a Cm atom without.
b Ref. [32].

H2D3n 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 fall±0.060Å out of the
plane, while the corresponding displacements are±0.089Å
for the NH nitrogen atoms. The mean plane of each pyridine
substituent meets the mean plane the porphyrin at a dihedral
angle of 60.5◦.

In the [H2D4](PTS)2·CH3OH crystal, the porphyrin sits
on a general position, and the ORTEP representation of the
porphyrin part of the asymmetric unit appears inFig. 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. 1. ORTEP drawing of the neutral porphyrin H2D3nwith 50% pro

Fig. 2. ORTEP drawing of dicationic H2D4 with 50% probability
bability ellipsoids and the crystallographic numbering scheme.
ellipsoids and the crystallographic atom-numbering scheme.
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Fig. 3. (a) Absorption spectrum of H2D4 in buffer, bound to [poly(dA-dT)]2
(thick), or bound to [poly(dG-dC)]2. (b) CD spectrum of H2D4 bound to
[poly(dA-dT)]2 (thick) or [poly(dG-dC)]2.

C23 fall below it. The N34 and N154 pyridine rings intersect
the porphyrin at dihedral angles of 53.6◦ and 50.3◦, respec-
tively.

3.3. DNA-binding studies with di-substituted porphyrins

Fig. 3 shows absorption and CD data obtained upon ex-
posing H2D4 to excess [poly(dG-dC)]2 or [poly(dA-dT)]2
[45]. In each case, binding induces a substantial shift in the
Soret absorption toward longer wavelength, and the induced
CD signal is negative. Thus, the spectroscopic data strongly
suggest that the dipyridiniumyl porphyrin H2D4 intercalates
into both DNA hosts. Viscometry studies have confirmed this
interpretation[45]. As shown inTable 4, the experimental

Table 4
Spectral data for cationic porphyrins binding with DNA inµ = 0.1 M pH 6.8
phosphate buffer (Ref.[45])

DNA Porphyrin Soreta CDb

�λ

(nm)
H (%) λ

(nm)
�∈
(M−1 cm−1)

[poly(dG-dC)]2 H2T4 23 34 443 −12
Zn(T4) 0 4 445 4
H2D4 27 42 428 −3
H2D3 20 36 420br −3

[

{

{

{

, and
H

results are completely analogous for the H2D3 porphyrin as
well [48]. More surprisingly, data compiled in theTable 4
show zinc(II) derivatives Zn(D3) and Zn(D4) also interca-
late into [poly(dG-dC)]2 or [poly(dA-dT)]2 [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 ligand[49]. Although
there are structures in which the Zn(II) center is four coordi-
nate and in the plane of a porphyrin[50], the free energy is
lower with an axial ligand in place in a coordinating solvent
like water. A multi-stage analysis of the interaction energy
presented below suggests a possible basis for intercalative
binding of the Zn(D3) and Zn(D4) systems.

4. Stepwise energy analysis

4.1. Model requirements

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

(1) The base dependence observed for the binding of H2T4
as well as metalated forms that do not incorporate axial
ligands[16–18,40].

( rnal
for

( ive
)]

st
f ons
n rgy
b

�

� r the
h g
o

4

fact
t rder
t l
s e des-
o nal
e ocia-
t ated
w ture,
t ding
a ilable
Zn(D4) 15 39 436 −3
Zn(D3) 12 26 416 −3

poly(dA-dT)]2 H2T4 9 −4 430 26
Zn(T4) 2 −6 424 5
H2D4 22 28 427 −20
H2D3 16 24 417 −25
Zn(D4) 12 26 431 −16
Zn(D3) 4 26 415 −15

CG(T4)} H2D4 23 37 422 −10
H2D3 19 44 417 −10

TT(T4)} H2D4 21 27 423 −17
H2D3 17 29 417 −18

TA(T4)} H2D4 21 23 426 −17
a �λ is the shift to longer wavelength of the absorption by the adduct
(%) the percent decrease in intensity at the absorption maximum.

b
 Circular dichroism induced by adduct formation. i ful
2) The fact that Zn(T4) almost always adopts an exte
binding motif and has a comparatively weak affinity
binding to [poly(dG-dC)]2 host[16].

3) The contrasting behavior of the dipyridiumyl derivat
Zn(D4) which strictly intercalates into [poly(dG-dC2
or [poly(dA-dT)]2 [45,48].

In concrete terms, Eq.(1) provides perhaps the simple
ramework capable of rationalizing all of the observati
oted. In the equation,�Gdenotes the net interaction ene
etween the porphyrin and the DNA host,

G = �GR + �GB (1)

GR is the combined reorganization energy required fo
ost and the ligand, and�GB the free energy for the bindin
f preorganized components[21,45].

.2. Reorganization energy�GR

For intercalative binding the energy costs include the
hat the DNA molecule has to unwind to some degree in o
o create a binding cavity[51]. In addition, the pyridiniumy
ubstituents undergo some reorientation, and there is th
lvation of the porphyrin. With Zn(T4), the reorganizatio
nergy is still higher because intercalation requires diss

ion of an inner-sphere ligand, namely an axially coordin
ater molecule. In the absence of information about struc

he reorganizational energy requirements for external bin
re much less certain. There is a crystal structure ava

n the literature[52], but the relevance to solution is doubt
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because the porphyrin acts as a bridge between two duplexes
in the crystal lattice. The fact that Zn(T4) has a low affinity
for external binding to [poly(dG-dC)]2 is probably the most
telling observation[16], and the implication is that [poly(dG-
dC)]2 actuallyresistsexternal binding[45]. This hypothesis
is consistent with suggestions that external binding of por-
phyrins like H2T4 entails partial melting and/or contortion of
the canonical DNA double helical structure[35,39]. Signifi-
cant deformation of the double helix is much more difficult
when large numbers of G≡C base pairs are present because
of the more extensive hydrogen bonding.

4.3. Binding energy�GB

Favorable interactions between the porphyrin and the
DNA host ultimately drive the uptake of the ligand, in spite
of the reorganizational energy requirements and repulsive ef-
fects that moderate the overall free energy change[21,45].
Optimization of the coulombic contacts with the DNA sugar-
phosphate backbone presumably provides a major part of
the driving force for external binding. For intercalation of
an amphiphilic porphyrin like H2T4, the hydrophobic effect,
van der Waals’ interactions with the DNA bases, and coulom-
bic interactions involving the positively charged pyridiniumyl
substituents are all factors promoting uptake. However, there
a cing
t rom
�

4

ac-
t
t he P

F
[ rnal
( for
p a slash
s

or Pe (DNAi or DNAe) symbols designate porphyrin (DNA)
preorganized for formation of either the intercalated adduct
Pi/DNAi or the externally bound form Pe/DNAe. The reorga-
nization energy is much greater for external binding due to the
need for partial melting of the DNA double helix. However,
the deformation provides a very favorable binding pocket so
that the�Ge

B term is exoergic enough for external binding
with [poly(dA-dT)]2 to end up being the preferred motif.
With [poly(dG-dC)]2, on the other hand, the reorganization
energy required for producing a comparable binding pocket
is much higher, and the energy balance favors intercalative
binding in spite of strain generated in the minor groove. For
the interaction of Zn(T4) with [poly(dG-dC)]2, the situation
is more complicated. Intercalation is a less attractive option
because the need to dissociate the axial water ligand raises
the�Gi

R term. In this case, the reorganizational energy poses
a major penalty for either mode of uptake, and the affinity for
[poly(dG-dC)]2 is low. Under most conditions Zn(T4) binds
externally, but there is evidence that intercalative binding can
occur at relatively low ionic strengths[53].

4.5. Contrasting cases of H2D4 and Zn(D4)

The same framework is useful for assessing why the
dipyridiniumyl porphyrin H2D4 binds into B-form DNA as
a st ob-
v that
a .
T mes
t 4),
d ater.
E ini-
u ,
s ack-
b
s nent
r ore,
a in to
i ons.
W st?
R sug-
g

5

vely
r the
t ltiple
a esis-
t , as
w ulky
p rain
r g X-
r und
re indications that steric strain associated with introdu
wo bulky substituents into the minor groove detracts f
GB for intercalative binding[33].

.4. Comparison of H2T4 and Zn(T4)

Fig. 4 provides a pictorial representation of the key f
ors that influence the binding of H2T4 to [poly(dA-dT)]2. In
he figure, P + DNA designates the unbound state, and ti

ig. 4. Qualitative energy diagram for the competitive binding of H2T4 to
poly(dA-dT)]2. �Ge

R(�Gi
R) denotes the reorganization energy for exte

intercalative) binding, while�Ge
B(�Gi

B) represents the binding energy
reorganized species. P + DNA designates the free components, and
ymbol denotes adduct formation.
n intercalator, regardless of the base content. The mo
ious explanation is the absence of steric interactions
dversely influence the�GB term for intercalative binding
he more striking effect is that intercalation also beco

he favored binding motif for the zinc(II) derivative, Zn(D
espite the need for dissociation of an axially bound w
xternal binding may suffer from the fact that the dipyrid
myl systems have only half the charge of the H2T4 system
ince coulombic interactions with the sugar-phosphate b
one probably drive external binding. In the case of the H2D4
ystem, hydrophobic forces probably play a more promi
ole in the binding, and they favor intercalation. Theref
5,15-disubstitution pattern may predispose a porphyr

ntercalative binding for both steric and electronic reas
ould Zn(D4) bind externally to a sufficiently flexible ho
ecent experiments with low-melting hairpin substrates
est that is the case[54].

. Vista

Eq. (1) describes a simple model capable of qualitati
ationalizing all results obtained to date. In the model
otal binding energy represents a balance between mu
ttractive and repulsive factors. The latter includes the r

ance to structural reorganization of the DNA double helix
ell as any steric strain associated with the uptake of b
orphyrin ligands. However, the impact of the steric st
emains somewhat of an open question. In a pioneerin
ay crystallographic study, Williams and co-workers fo
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that intercalation of Cu(T4) entails the insertion of twoN-
methylpyridinium-4-yl substituents into the minor groove of
the double helix and that the substituents experience signif-
icant steric interactions with the sugar-phosphate backbone
[33]. They proposed that intercalation of the bulky porphyrin
only occurs with the extrusion of a base. However, subse-
quent DNA-binding studies with different hairpin substrates
cast doubt on that hypothesis[37]. Later, Galiev and Leontis
determined another structure in fluid solution via NMR meth-
ods and concluded that the intercalation of H2T4 had no sig-
nificant influence on the hydrogen bonding within the bind-
ing site[55]. Clearly, questions remain regarding the forces
acting between cationic porphyrins and B-form DNA.

As described in this report, one way to approach the prob-
lem is to broaden the ligand set and to investigate new types
of binding interactions. With the aim of eliminating strain,
we developed a series of new 5,15-disubstituted porphyrins.
In fact, the H2D3 and H2D4 porphyrins turn out to be uni-
versal intercalators; even the zinc(II) derivatives intercalate.
The results are consistent with the idea that steric strain in-
hibits the intercalation of bulkier systems like H2T4. Other di-
substituted systems with different steric requirements include
H2D2, the di-(N-methylpyridinium-2-yl) analogue[45], as
well as ligands involving cationic substituents based on five-
membered ring systems[56,57]. More experiments with new
porphyrins will help complete the picture, though the balance
o de-
p ther
v have
t -
p ing
o e
D

rgy
t ch
w n of
t on-
s oc-
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l en
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