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ABSTRACT: Cationic porphyrins have an affinity for DNA and potential for applications in the fields of
photodynamic therapy and cellular imaging. This report describes a new dicationic porphyrin, 5,15-dimethyl-
10,20-di(N-methylpyridinium-4-yl)porphyrin, abbreviated H2tMe2D4. Although tetrasubstituted, H2tMe2-
D4 presents modest steric requirements and forms in reasonable yield by a “2+2” synthetic method.
Accordingly, studies of the zinc(II)- and copper(II)-containing derivatives, Zn(tMe2D4) and Cu(tMe2D4),
have also been possible. Methods used to characterize DNA-binding motifs include absorption, emission,
linear, and circular dichroism spectroscopies, as well as viscometry. An unusually detailed picture of
porphyrin uptake emerges. As the ratio of DNA to porphyrin increases during a typical titration, H2tMe2-
D4 or Cu(tMe2D4) initially aggregates on the host and then shifts to intercalative binding at close quarters
before finally dispersing into non-interacting intercalation sites of the host. Emission studies of the copper-
(II) porphyrin have been very valuable. The existence of a measurable signal is diagnostic of intercalative
binding, and the saturation behavior establishes that internalization typically monopolizes approximately
three base pairs. In the moderate loading regime, emission data are most telling because dipole-dipole
interactions between near-neighbor porphyrins tend to confuse other spectroscopic assays. The third ligand,
Zn(tMe2D4), behaves differently in that the uptake is a strictly cooperative process. The mode of binding
also varies with the base content of the DNA host. When the DNA is rich in A)T base pairs, the porphyrin
remains five-coordinate and binds externally; however, Zn(tMe2D4) loses its axial ligand and binds by
intercalation if the host contains only G≡C base pairs.

Water-soluble, cationic porphyrins are useful as chemical
and spectroscopic probes of DNA structure (1-4). They also
offer promise for various therapeutic applications, e.g., as
sensitizers for photodynamic therapy (5, 6), antibacterial
agents (7), or inhibitors of teleomerase (8), an enzyme that
plays a key role in extending the lifetime of tumor cells (9).
Early work by Fiel and co-workers on 5,10,15,20-tetra(N-
methylpyridinium-4-yl)porphyrin (H2T41 in Scheme 1) stimu-
lated many subsequent studies (10, 11). As discussed in the

reviews already cited (1-4), the consensus view is that H2-
T4 or one of its derivatives interacts with a particular B-form
DNA duplex by one of three limiting binding motifs:
intercalation between base pairs, external (groove) binding,
or aggregation on the surface of the DNA macromolecule.
Cooperative binding interactions can also occur. Many factors
influence adduct formation, and one of the most important
considerations is the composition of the DNA host. The
empirical findings are that the presence of adenine‚thymine
(A)T) base pairs promotes external binding of H2T4, while
intercalation is more likely to occur within sequences that
are rich in guanine‚cytosine (G≡C) base pairs (12-16). The
likely explanation is that the structural reorganization
required for formation of a high-affinity external binding
pocket is simply more feasible in a low-melting region of
DNA, i.e., one that is rich in A)T base pairs (17-19). On
the other hand, more rigid runs of DNA, which are rich in
G≡C base pairs, tend todisfaVor external binding and
promote intercalative binding (18, 20, 21). The ionic strength
of the solution is another important factor that influences
binding. At lower ionic strengths, intercalative binding tends
to be more favored (22, 23), while external binding or even
assembly of the porphyrin on the surface of the DNA surface
becomes more favorable at higher ionic strengths (24).

Steric considerations are also important. The most obvious
steric problems arise outside the plane of the porphyrin. Thus,
axially ligated metalloporphyrins cannot intercalate between
base pairs (25). Intercalation is apparently also impossible
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for porphyrins carrying too manyN-methylpyridinium-2-yl
groups (23). Other steric interactions are also possible, and
the sheer size of a substituent like theN-methylpyridinium
ion, whether the linkage is via its C2, C3, or C4 position,
has long been recognized as a likely influence on DNA
binding interactions (11). Williams and co-workers provided
some insight when they determined the crystal structure of
a DNA duplex combined with Cu(T4), the copper(II)-
containing derivative of H2T4 (26). The structure showed
that fraying occurred at the end of the helices, and the
conclusion was that fraying occurs because significant steric
clashes occur within the minor groove whereN-methylpy-

ridinium-4-yl groups of the intercalator impinge on the
sugar-phosphate backbone of DNA. In a subsequent study,
Guliaev and Leontis used1H NMR methods to determine
the structure of an intercalated form of H2T4 in solution;
however, they did not report any particular steric problems
(27). The latter study raises the possibility that the end fraying
effect is a packing-induced artifact that occurs in the solid
state. To address the issue experimentally, the McMillin
group synthesized the sterically less demanding porphyrins
5,15-di(N-methylpyridinium-4-yl)porphyrin and 5,15-di(N-
methylpyridinium-3-yl)porphyrin, denoted H2D4 and H2D3,
respectively, in Scheme 1 (18, 28). Note that the latter
porphyrins need to insert only oneN-methylpyridiniumyl
substituent into the minor groove to intercalate into B-form
DNA. Consistent with the idea that the steric bulk of H2T4
inhibits intercalation in certain domains, H2D4 and H2D3
both act as universal intercalators (18, 28). In other words,
both porphyrins bind as intercalators, regardless of the base
composition of the DNA host.

Unfortunately, progress in the area of sterically less
demanding porphyrins has been slow. One reason is a
materials limitation in that the synthetic yields reported for
the H2D4 and H2D3 derivatives are very low. Studies are
also time intensive because characterization of an adduct
usually depends upon the application of an array of physical
methods, most often absorption spectroscopy, circular dichro-
ism (CD), and viscometry (3, 4). Furthermore, the nature of
the adduct may change with conditions, e.g., the extent of
loading. The investigation reported below addresses these
problems and describes a promising new porphyrin, 5,15-
dimethyl-10,20-di(N-methylpyridinium-4-yl)porphryin, de-
noted herein as H2tMe2D4 (Scheme 1). The relative ease of
preparation has made possible the extension of studies to
include the copper(II) and zinc(II) derivatives, Cu(tMe2D4)
and Zn(tMe2D4), respectively. The H2tMe2D4 system also
makes an interesting contrast with 5,15-diphenyl-10,20-di-
(N-methylpyridinium-4-yl)porphyrin, or H2Tagg in Scheme
1, a formally related porphyrin that is exceptionally prone
to assembling on the DNA surface (25, 29). The less
hydrophobic H2tMe2D4 porphyrin is generally less prone to
aggregation; however, Cu(tMe2D4) has a tendency to ag-
gregate in solution, and near-neighbor interactions occur for
other H2tMe2D4 species under conditions of high drug
loading. The luminescence properties of Cu(tMe2D4) provide
unique insight into adducts present in the high-loading regime
where ligand-ligand interactions are inevitable. While H2-
tMe2D4 and Cu(tMe2D4) behave as universal intercalators,
the uptake of Zn(tMe2D4) proves to be a base-dependent,
strictly cooperative process.

EXPERIMENTAL PROCEDURES

Materials

Sigma-Aldrich sold 2-acetylpyrrole, 4-pyridinecarboxal-
dehyde, acetaldehyde, boron trifluoride diethyl etherate,
copper acetate, dichlorodimethylsilane, florisil, methyl-p-
toluenesulfonate, potassium hexafluorophosphate, sodium
borohydride, tetrabutylammonium nitrate, Trizma base,
Trizma HCl, and aluminum-backed silica gel thin layer
chromatography plates with a fluorescent indicator. Pyrrole
came from either Lancaster Synthesis or Acros Organics.
Acetic anhydride, acetone, acetonitrile, ammonium hydrox-

Scheme 1
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ide, chloroform, dichloromethane (DCM), ether, ethyl ac-
etate, glacial acetic acid, hexane, hydrochloric acid, methanol,
N,N-dimethylformamide (DMF), potassium carbonate, potas-
sium nitrate, silica gel, sodium carbonate, sodium hydroxide,
sodium sulfate, and zinc acetate were products from Fisher
or Mallinckrodt. Deuterated chloroform (CDCl3) was from
Sigma-Aldrich or Cambridge Isotope Labs. GE Healthcare
(formally Amersham Biosciences) supplied sonicated salmon
testes DNA (ST DNA) and poly(deoxyguanylic-deoxycyti-
dylic) acid sodium salt{[poly(dG-dC)]2}, while the poly-
(deoxyadenylic-deoxythymidylic) acid sodium salt{[poly-
(dA-dT)]2} was from Midland Certified Reagent Company,
Inc. The micron filters (0.22, 0.45, and 0.6µm) were from
Millipore Corp. or Pall Corp. Except as noted, commercial
chemicals saw no purification. However, the deionized water
did pass through a Barnstead Bantam water purification
system with a mixed-bed cartridge.

Synthetic Procedures

Various literature reports helped shape the approaches
taken for the synthesis of 2-(1-hydroxyethyl)pyrrole (30),
5-methyldipyrromethane (30), and 5,15-dimethyl-10,20-di-
(pyrid-4-yl)porphyrin (18, 23, 31, 32).

2-(1-Hydroxyethyl)pyrrole.Rapidstirringinduced2-acetylpyr-
role (25 g, 0.229 mol) to dissolve in a mixture of diethyl
ether (229 mL) and water (678 mL). After the addition of
sodium borohydride (34.652 g, 0.916 mol) in water
(229 mL), the mixture was stirred for 48 h while reduction
occurred. Subsequent steps involved extraction into ether and
drying with sodium sulfate. After the drying agent had been
filtered off, evaporation of the ether yielded the desired
alcohol as an oil (84%):1H NMR (CDCl3) δ 1.48 (d, 3H),
2.56 (s, 1H), 4.79 (m, 1H), 6.02 (s, 1H), 6.11 (q, 1H), 6.67
(d, 1H), 8.77 (s, 1H).

5-Methyldipyrromethane (5-Me-DPM). The reaction pro-
ceeded during dropwise (over the period of 1 h) addition of
9 g (0.081 mol) of 2-(1-hydroxyethyl)pyrrole to a flask
containing 1.0 mL (8.1 mmol) of boron trifluoride diethyl
etherate and 112.4 mL (1.62 mol) of pyrrole. The reaction
time was 12 h with stirring under a nitrogen atmosphere.
Subsequent workup involved the addition of 200 mL of
dichloromethane and three washes with aqueous solutions
containing 0.05 M sodium hydroxide and 10% (by mass)
sodium carbonate. After drying over sodium sulfate, the
organic layer yielded a dark viscous oil. After two extractions
from florisil in conjunction with hexane and a Soxhlet
extractor, a pale yellow solid slowly formed as the hexane
evaporated (56% yield):1H NMR (CDCl3) δ 1.70 (d, 3H),
4.30 (q, 1H), 6.17 (s, 2H), 6.25 (q, 2H), 6.76 (q, 2H), 7.96
(broad s, 1H).

5,15-Dimethyl-10,20-di(pyrid-4-yl)porphyrin (H2tMe2D4n).
The reaction flask usually contained glacial acetic acid
(300 mL), acetic anhydride (30 mL), and 4-pyridinecarbox-
aldehyde (0.42 mL, 4.2 mmol). The addition of the other
component, 5-Me-DPM, occurred in portions and involved
addition of aliquots of a 5 mL solution in glacial acetic acid
prior to each of a series of heating steps. The heating times
increased from 45 s to 2 min for reaction in a microwave
oven under air. The cooling time was 30 min after each
heating step. The workup steps include evaporation of the
acid medium, dissolution in dichloromethane, filtration, and

extraction with an aqueous base. Successive elutions from
florisil with 2% methanol in DCM gave the desired porphy-
rin. The last purification step involved crystallization from
an 8% dichloromethane/methanol solvent system. The final
product deposited as a shiny purple amorphous solid (ca.
4% yield): calcd for C32H24N6‚1.5H2O 73.98% C, 5.23%
H, 16.17% N, found 74.19% C, 5.05% H, 16.00% N;1H
NMR (CDCl3) δ -2.64 (s, 2H), 4.64 (s, 6H), 8.14 (d, 4H),
8.82 (d, 4H), 9.05 (d, 4H), 9.51 (d, 4H); CI-MS (C32H24N6)
492; ε416.5 (DCM) ) 312 000 M-1 cm-1.

[5,15-Dimethyl-10,20-di(N-methylpyridinium-4-yl)porphy-
rin](p-toluenylsulfonate)2‚H2O. A modified literature method
was used to methylate the neutral dipyridyl porphyrin (18).
In addition to DMF as a solvent and methylp-toluene-
sulfonate as the methylating agent, the reaction solution
contained potassium carbonate. The reaction temperature was
60 °C under an atmosphere of nitrogen. It was convenient
to follow the course of the reaction by a TLC method (33).
After filtration, addition of a soluble nitrate salt induced
precipitation of the product. Purification involved dissolution
in water and treatment with dilute hydrochloric acid. Drop-
wise addition of aqueous potassium hexafluorophosphate
induced precipitation of the red/brown hexafluorophosphate
salt. Conversion to the nitrate salt was possible by a
metathesis procedure: calcd for C48H44N6O6S2‚H2O 65.30%
C, 5.25% H, 9.52% N, found 65.28% C, 5.42% H, 9.58%
N; MALDI-MS (C32H24N6) 522.2; 1H NMR (DMSO-d6)
δ -3.62 (s, 2H), 3.88 (s, 6H), 3.92 (s, 6H), 8.17 (d, 4H),
8.20 (d, 4H), 8.65 (d, 4H), 9.11 (d, 4H).

{[5,15-Dimethyl-10,20-(N-methylpyridinium-4-yl)-
porphyrinato]Zn(II)}(NO3)2‚0.5H2O. The preparation in-
volved the combination of H2tMe2D4 (59.9 mg, 92.7µmol)
with zinc acetate (148.0 mg, 927.0µmol) in water and
heating to 60°C under nitrogen. After the reaction was over
and the solution cooled to room temperature, the product
deposited on addition of an aqueous solution of potassium
hexafluorophosphate. A subsequent metathesis procedure
then yielded the nitrate salt: calcd for C34H28N8O6Zn‚0.5H2O
56.80% C, 4.06% H, 15.58% N, found 57.24% C, 4.13% H,
15.32% N.

{[5,15-Dimethyl-10,20-(N-methylpyridinium-4-yl)-
porphyrinato]Cu(II)}(PF6)2‚0.5H2O. The reaction was similar
to that for the incorporation of zinc except that the solvent
was DMF. Addition of tetrabutylammonium nitrate induced
precipitation of the complex from DMF, and a metatheis
procedure yielded the hexafluorophosphate salt: calcd for
C34H28N6P2F12Cu‚0.5H2O 46.24% C, 3.31% H, 9.52% N,
found 45.93% C, 3.38% H, 9.24% N.

Methods

Silanization of the cuvettes and other selected glassware
helped minimize adsorption of the cationic porphyrins during
spectral studies (34). The extinction coefficients used for
concentration determinations were as follows:ε260 )
13 600 M-1 cm-1 for [poly(dA-dT)]2 (35), ε254 ) 16 800 M-1

cm-1 for [poly(dG-dC)]2 (36), andε260 ) 13 200 M-1 cm-1

for ST DNA (37), all in units of base pairs. Beer’s law plots
yielded the following in Tris buffer (pH 7.50,µ ) 0.05 M):
ε416.5 ) 190 000 M-1 cm-1 for H2tMe2D4, ε418.5 ) 170 000
M-1 cm-1 for Cu(tMe2D4), andε428 ) 150 000 M-1 cm-1

for Zn(tMe2D4). The solvent used for determination of the
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extinction coefficient for the copper analogue was 1:1
methanol/Tris buffer (pH 7.50,µ ) 0.05 M).

The buffer for the DNA binding studies was aµ )
0.05 M, pH 7.50 Tris buffer. The porphyrin concentration
was typically 1.7µM for spectrophotometric investigations.
The calculated %H, or hypochromic response, represents the
percent drop in absorbance at the Soret maximum due to
formation of an adduct with DNA. For quantifying all
spectral changesassociated with adduct formation, the
reference was usually free porphyrin in Tris buffer. The
exception was the hypochromism associated with the binding
of Cu(tMe2D4), in which case the reference solution was
50% MeOH, to ensure comparison with a monomeric form,
vida infra. During luminescence measurements, the bandpass
was 5 nm for both the excitation and emission slits in the
experiments, except for studies involving the copper por-
phyrin when the slit was 20 nm on the excitation side.
Equation 1 afforded corrections for the influence of absor-
bance

where I is the experimental emission intensity,Ic is the
corrected emission intensity, andA is the absorbance at the
excitation wavelength.

For viscometry studies, solutions contained ST DNA at a
concentration of 70µM in base pairs. The mean length of
the DNA molecules was∼3000 bp as established by gel
electrophoresis by the supplier (GE Healthcare). Equation 2
gave the calculated standard reduced viscosity (SRV) ratio:

wheret0 is the flow time of the buffer,tD is the flow time of
DNA in buffer, andtc is the flow time of the DNA solution
containing porphyrin (38). For each measurement at
28.0°C, the experimental flow time was the average of the
first three consecutive runs that agreed with each other to
within (1 s. The buffer was aµ ) 0.05 M, pH 7.50 Tris
solution, and immersion in a standard water bath provided a
constant-temperature environment. The Purdue University
Campus-Wide Mass Spectrometry Center took all mass
spectrometry measurements, and D. Lee performed all
microanalyses.

Linear dichroism experiments involved measuring the
difference in the absorption of light polarized parallel and
perpendicular to the flow direction as expressed in eq 3:

where LD denotes the linear dichroism at wavelengthλ (39,
40). Equation 3 also defines the reduced linear dichroism
signal (LDr) which is the LD response divided by the
isotropic absorbanceA, at each wavelength.

Instrumentation

A Varian Cary 100 Bio UV-visible spectrophotometer,
a Jasco V-550, or a Varian Cary 100 Scan UV-visible
spectrophotometer provided absorbance data. The fluores-
cence spectrophotometer was a Varian Cary Elipse model,

complete with an R3896 phototube, and the circular dichro-
ism (CD) spectropolarimeter was a JASCO model J810. The
NMR spectrometer was an Inova 300 MHz unit. A modified
Cannon-Fenske model 25 viscometer was used. Other routine
equipment used included a Corning model 430 pH meter
and a Kenmore microwave oven. The LD instrument was a
modified Jasco J-715 spectropolarimeter used in conjunction
with a quartz Couette flow cell. One experiment involved
the use of a microvolume Couette flow cell (41).

RESULTS

Porphyrin Synthesis. Combining 5-Me-DPM with 4-py-
ridinecarboxaldehyde to produce H2tMe2D4n is a variation
of the 2+2 method for porphyrin synthesis (30, 42, 43) and
is analogous to the route used previously for the synthesis
of H2D4n (18). The motivation behind the introduction of
methyl substituents into positions 5 and 15 drew in part from
a paper by Longo and co-workers (44), who proposed that
tetrasubstituted derivatives like H2tMe2D4n naturally form
in higher yield than a less substituted porphyrin such as H2-
D4. The argument is that, as condensation occurs, substituent
groups induce coiling of the oligomer and thereby enhance
the probability of ring closure. Although a subsequent paper
cast doubt on the proposed substituent effect (45), the isolated
yield of H2tMe2D4n is ∼4% and consistently greater than
(ca. 4 times) the yield obtained for H2D4n. Methylation of
H2tMe2D4n with methyl-p-toluenesulfonate gives the dication
H2tMe2D4 which exhibits a Soret absorption maximum at
416 nm in aqueous solution. The overall yield is modest but
practicable for the synthesis and characterization of new
metalated forms. As an aside, it is worth noting that
Gonçalves et al. reported a higher-yield synthesis of H2D4
after the current study was complete (46).

Heating a DMF solution containing H2tMe2D4 and excess
zinc(II) or copper(II) acetate leads to insertion of zinc(II) or
copper(II) into the porphyrin (47). Treating the free porphyrin
with aqueous acid (48) before inserting copper minimizes
the chances of contamination with the much stronger
lumaphor Zn(tMe2D4). The zinc derivative Zn(tMe2D4) has
its Soret maximum at 428 nm. The Soret band of the Cu-
(tMe2D4) system is different in that it is comparatively broad
and has a low apparent molar absorptivity in aqueous
solution. The molar absorptivity of Cu(tMe2D4) also in-
creases in methanol (Figure 1), whereas the absorbance of
H2tMe2D4 or Zn(tMe2D4) decreases by∼3%. As Figure 1
shows, the absorption intensity of Cu(tMe2D4) is actually

Ic ) I

1 - 10-A
(1)

η
η0

)
tc - t0
tD - t0

(2)

LD ) A|| - A⊥ ) A × LDr (3)

FIGURE 1: Absorption spectrum of a 4.0× 10-6 M solution of
Cu(tMe2D4) as a function of volume percent of MeOH in 0.05 M
Tris buffer (pH 7.5). The thick trace is 100% MeOH.
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highest in a solution that is∼40% methanol by volume. The
absorbance increase at low methanol percentages is attribut-
able to the dissociation of aggregated forms of Cu(tMe2D4);
see below for more evidence of aggregation phenomena. At
higher methanol percentages, the absorbance decreases
because the absorptivity of the monomer is inherently smaller
in alcohol. In the absence of DNA, a 50% methanol/Tris
buffer solution is a convenient solvent for absorbance
comparisons with DNA-containing samples because Cu-
(tMe2D4) exists as a monomer. The Soret maximum then
occurs at 419 nm.

DNA Binding of H2tMe2D4. The data in Figure 2 reveal
that the addition of ST DNA gives rise to three distinct modes
of interaction with H2tMe2D4. The first occurs when the
porphyrin is in excess and the base pairs-to-porphyrin
quotient (q) is less than or equal to 1. Under these conditions,
interaction with the host produces a hypochromic response
in the Soret region but little or no spectral shift. There is
also effectively no induced CD signal in the Soret region.
The second type of adduct develops under conditions of
intermediate loading (2e q e 10), as evidenced both by a
shift of the Soret band to a longer wavelength and the
enhanced hypochromic response. Finally, the third mode of
binding becomes evident whenq g 10, when excess DNA
is present in solution. In this regime, the wavelength of the
Soret maximum shifts to a slightly longer wavelength, while
the absorption intensity trends upward and asymptotically
approaches a limiting hypochromicity (H) value of 32%. At
the same time, the negative induced CD signal achieves a
limiting amplitude (∆ε) of -17 M-1 cm-1 at 440 nm
(Table 1). Farther into the UV region, the induced CD
spectrum includes a positive band at 370 nm. Binding also
affects the emission of the porphyrin. The corrected emission
spectrum of the free porphyrin is broad and weakly structured
with a 0-0 band at 670 nm and a shoulder, with an intensity
approximately half as great, at∼720 nm. In the presence of
excess ST DNA, the emission intensity approximately
doubles, and the resolution improves. The 0-0 band of the
adduct occurs at 681 nm, while the adjoining 1-0 band
appears at 746 nm and seems to weaken in intensity.

A similar sequence of events occurs with [poly(dG-dC)]2

or [poly(dA-dT)]2 as the host. The spectral changes are larger
with the [poly(dG-dC)]2 host, and by the timeq ) 10, the
bathochromic shift of the Soret band is greater than 20 nm.
With the addition of more [poly(dG-dC)]2, the absorption
maximum shifts further toward the red, while the absorption

intensity increases and levels off whenH ) 40% by q )
75. Here, too, the limiting adduct shows two induced CD
bands in the near UV, a negative band at 444 nm (∆ε )
-20 M-1 cm-1) and a positive band at 370 nm (∆ε )
12 M-1 cm-1). Formation of an adduct with [poly(dA-dT)]2

follows a similar pattern. Atq ) 10, the induced CD signal
is multisignate, but the structure disappears when higher
levels of [poly(dA-dT)]2 are present. The limiting induced
CD spectrum parallels that obtained with ST DNA or [poly-
(dG-dC)]2 in exhibiting a negative band in the Soret region
at 438 nm (∆ε ) -13 M-1 cm-1) as well as a second band
at a higher energy.

DNA Binding of Cu(tMe2D4). Like H2tMe2D4, Cu(tMe2-
D4) experiences three distinct binding environments during
a DNA titration. At low levels of [poly(dA-dT)]2, whenq <
2, the induced CD signal is weak and trisignate, but it
becomes much more intense during the intermediate phase
of binding [2 e q e 10 (Figure 3)]. In the final phase of
binding, byq ) 25, the signal devolves into a negative band
with the extreme at∼434 nm. In contrast, the emission signal
exhibits a relatively simple progression. Prior to the addition
of [poly(dA-dT)]2, there is no detectable emission from Cu-
(tMe2D4), as one would expect because of solvent-induced
quenching (4, 49, 50). However, the signal begins to grow
with the addition of [poly(dA-dT)]2; see Figure 4. Byq )

FIGURE 2: Absorbance of H2tMe2D4 in 0.05 M Tris buffer (pH
7.5) containing ST DNA at base pair-to-porphyrin ratios of 0 (thin
trace), 1 (thick trace), 10 (O), 25 (4), 50 (0), and 100 (b).

Table 1: Spectral Data Obtained in 0.05 M Tris Buffer (pH 7.5)a

∆λ (nm) (%H)b
λCD (nm)

[∆ε (M-1 cm-1)] λem (nm)c

H2tMe2D4 670, 720sh
[poly(dA-dT)]2 18 (14) 438 (-13) 679, 744
[poly(dG-dC)]2 27 (40) 444 (-20) 690, 757
ST DNA 21 (32) 440 (-17) 681, 746

Cu(tMe2D4)
[poly(dA-dT)]2 16 (32) 434 (-18) 821 broad
[poly(dG-dC)]2 23 (52) 442 (-20) 822 broad
ST DNA 18 (50) 434 (-17) 820 broad

Zn(tMe2D4) 670, 710sh
[poly(dA-dT)]2 5 (15) 425 (+31) 650, 705sh

449 (-25)
[poly(dG-dC)]2 18 (48) ∼426 (+4) 675, 719sh

454 (-5)
ST DNA 9 (32) 424 (+6) 657, 713sh

450 (-12)
a When DNA is present, the data are for the limiting adducts formed

at high base pair-to-porphyrin ratios.b Hypochromism (%H) is the
percent change in absorbance at the absorption maximum.c From
corrected spectra, except for the Cu(tMe2D4) system which emits at
longer wavelengths where the instrumental correction factors are less
reliable.

FIGURE 3: Induced CD spectra of Cu(tMe2D4) in 0.05 M Tris buffer
(pH 7.5) containing [poly(dA-dT)]2 at q values of 1 (thin trace), 3
(O), 25 (0), and 100 (thick trace).
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4, the signal essentially reaches a limiting emission intensity,
albeit orders of magnitude weaker than the signal from H2-
tMe2D4. The results differ only in detail when [poly(dG-
dC)]2 acts as the host. Most importantly, there is never an
indication of a trisignate-induced CD signal. Instead, under
conditions of intermediate loading (2e q e 10), interaction
with [poly(dG-dC)]2 induces a bisignate but largely negative
CD signal in the Soret region. The bisignate character is
evident from the fact that the minimum occurs at around
450 nm, whereas the absorption is maximized at a signifi-
cantly shorter wavelength (Figure 5). However, upon addition
of excess DNA, the CD signal intensifies and shifts toward
a higher energy until the band positions agree in the CD
and absorption spectra. With this host, the emission signal
from Cu(tMe2D4) is maximized byq = 2 and is∼3 times
as intense as that obtained with [poly(dA-dT)]2.

Qualitatively similar results are obtained with sonicated
ST DNA as the host. Thus, the largest hypochromic response
(H ≈ 67%) occurs in the absorption spectrum of Cu(tMe2-
D4) under high loading conditions (q e 3), when there is
almost no shift in the wavelength of the Soret maximum.
Even though the emission signal from Cu(tMe2D4) stops
changing byq ) 3, the largest shift of the Soret absorption
occurs in the intermediate-loading regime (3e q e 10). In
the intermediate-loading regime, the system also maintains
an isosbestic point at 410 nm; however, a new isosbestic
point develops at 419 nm when the base pair-to-copper ratio

increases beyond 25. During formation of the final adduct,
the hypochromism approaches a limiting value of ca. 50%.
The CD results track those obtained with [poly(dG-dC)]2 as
the host.

Effect of Ionic Strength. Increasing the ionic strength has
a modest effect on the spectral properties of Cu(tMe2D4)
interacting with ST DNA. As the ionic strength ranges from
0.05 to 0.45 M atq ) 14, the Soret maximum shifts from
431 to 427 nm and the absorbance drops by 22%. Figure 6
portrays CD data obtained at either end of the ionic strength
range. Bisignate character is apparent atµ ) 0.45 M where
the spectrum shows a negative band at 442 nm as well as a
weaker positive peak that is maximal around 420 nm.
However, there is no shift of either the emission maximum
or the emission intensity, after correcting for the absorbance
change.

DNA Binding of Zn(tMe2D4). Zn(tMe2D4) is different in
that it apparently exhibits only two phases of binding. When
the porphyrin binds to [poly(dG-dC)]2, there is no significant
change in the emission spectrum, but there are changes in
the electronic absorption. Thus, byq ≈ 10, the Soret band
experiences a bathochromic shift, and the hypochromic
response sets in at even lower ratios. Compared with that of
Cu(tMe2D4), relatively high levels of [poly(dG-dC)]2 are
necessary to force formation of the limiting spectrum (q g
100). Nevertheless, binding induces sizable shifts in the
absorbance maximum and intensity (Table 1). At saturation,
the induced CD spectrum exhibits a minimum at ca.
454 nm and crosses zero at around 443 nm, essentially at
the wavelength of the absorption maximum. Thus, the
absorbance and CD data obtained for the final adduct mimic
those of the adduct that Cu(tMe2D4) forms with the same
[poly(dG-dC)]2 host during the intermediate phase of binding.
Zn(tMe2D4) also experiences only two binding environments
in a titration with [poly(dA-dT)]2. However, the absorption
spectrum exhibits a relatively small bathochromic shift and
practically no hypochromism when the porphyrin binds to
[poly(dA-dT)]2. Binding to [poly(dA-dT)]2 is also distinctive
in that the emission signal shifts toward a shorter wavelength.
Furthermore, all spectral changes are complete byq ≈ 50.
See Figure 7 for representative CD spectra. At saturation,
the signal exhibits a positive shoulder at∼400 nm beside a
moderately intense bisignate signal that crosses over the
baseline at 437 nm,∼5 nm beyond the absorption maximum.

Combined Uptake. Simultaneously exposing DNA to Cu-
(tMe2D4) and Zn(tMe2D4) provides a means of exploring

FIGURE 4: Absorbance-corrected emission spectra of Cu(tMe2D4)
in the presence of [poly(dA-dT)]2 and 0.05 M Tris buffer (pH 7.5)
at q values of 0.5 (thin trace), 1 (O), 2 (4), 10 (0), and 75 (thick
trace). Theq ) 10 and 75 spectra virtually coincide.

FIGURE 5: Induced CD spectra (thin traces) and absorbance spectra
(thick traces) of Cu(tMe2D4) in 0.05 M Tris buffer (pH 7.5)
containing [poly(dG-dC)]2 at q values of 2 (thick trace) and 75
(O). A dashed line relates corresponding spectra at the wavelength
of the absorption maximum.

FIGURE 6: Induced CD spectrum of Cu(tMe2D4) in 0.05 M Tris
buffer (pH 7.5) containing ST DNA at aq value of 14 at ionic
strengths of 0.05 M (thick trace) and 0.45 M (thin trace).
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cooperative effects. No unusual effects are evident when
[poly(dA-dT)]2 acts as the host, but the shift in the
fluorescence maximum suggests that the uptake of Zn(tMe2-
D4) is virtually complete when the base pairs-to-porphyrin
ratio is 10 for each porphyrin. There is definitely a specific
interaction with Zn(tMe2D4) because the DNA absorption
at 260 nm appears in the fluorescence excitation spectrum
of the porphyrin. Cooperative binding is easier to recognize
when Zn(tMe2D4) interacts with [poly(dG-dC)]2, because the
affinity is comparatively low. Here, CD data clearly reveal
that uptake of the copper porphyrin promotes binding of Zn-
(tMe2D4). Results in Figure 8 show, for example, that Zn-
(tMe2D4) contributes to the CD signal when [poly(dG-dC)]2

is the host and each porphyrin is present at a DNA base
pair-to-porphyrin ratio of 10. However, there is no significant
signal from Zn(tMe2D4) at the same loading level in the
absence of Cu(tMe2D4).

Viscometry. Viscometry measurements are useful because
intercalation of a ligand into the DNA macromolecule has a
measurable effect on the flow properties (51, 52). In this
study, the solutions contain a fixed concentration of sonicated
ST DNA, while the porphyrin-to-base pair ratio,R, varies.
The results in Figure 9 show that the specific viscosity
increases by a factor of∼2 with the addition of H2tMe2D4,
or Cu(tMe2D4), before leveling of at ca.R ) 0.8. At higher
loadings (R ) 1.0), the viscosity drops sharply in the case

of Cu(tMe2D4), presumably because the porphyrin aggregates
on the surface of the DNA. On the other hand, uptake of
Zn(tMe2D4) produces quite different results. Thus, there is
only a hint of an increase in the specific viscosity at lowR
values, before a noticeable decrease begins to occur atR >
0.4.

Linear Dichroism. Figure 10 shows LD and LDr spectra
of Zn(tMe2D4) interacting with [poly(dG-dC)]2 at q ) 60.
Results obtained with Zn(T4) and H2T4 are very similar.
Due to the flow-induced ordering of the polymer, slightly
more DNA molecules on average have a parallel orientation
in solution. As theπ-π* transitions of the bases are in-
plane polarized and the base pairs are all more or less
perpendicular to the long axis of B-form DNA, the LD and
LDr signals in Figure 10 are negative in the vicinity of
260 nm, in line with eq 3 (A⊥ > A||). The corresponding
LDr signal at 440 nm is due only to the porphyrin and is
almost equally negative. It follows that the porphyin ligand
is roughly perpendicular to the long axis of DNA, too,
because the Soret band is alsoπ-π* absorption of a planar,
aromatic ring system. Note that the LDr signal in Figure 10
actually underestimates the dichroic response in the Soret
region because there is still free Zn(tMe2D4) in solution at
q ) 60. (Other data obtained with a microvolume Couette
cell revealed that the magnitude of the LD response in the
Soret region signal increased by ca. 40% relative to that
observed in the 260 nm region atq ) 75. However, the latter
experiment required a higher porphyrin concentration, and

FIGURE 7: Induced CD spectra of Zn(tMe2D4) in 0.05 M Tris buffer
(pH 7.5) containing [poly(dA-dT)]2 at q values of 1 (thin trace), 7
(O), and 50 (thick trace).

FIGURE 8: Induced CD spectra of porphyrins in 0.05 M Tris buffer
(pH 7.5) with [poly(dG-dC)]2 as the host. Samples contained Zn-
(tMe2D4) atq ) 10 (A, thin trace), Cu(tMe2D4) atq ) 10 (B, 0),
or Zn(tMe2D4) and Cu(tMe2D4), in which case the base pair-to-
porphyrin ratio is 10 for each porphyrin (C,O). The calculated
difference spectrum (D, thick trace) represents spectrum C minus
spectrum B.

FIGURE 9: Standard reduced viscosity ratios as a function of the
porphyrin-to-DNA base pair ratioR. The medium is 0.05 M Tris
buffer (pH 7.5), and H2tMe2D4 (O), Cu(tMe2D4) (2), and Zn(tMe2-
D4) (0) were employed as ligands.

FIGURE 10: Linear dichroism of Zn(tMe2D4) interacting with [poly-
(dG-dC)]2 in 0.05 M Tris buffer (pH 7.8): (bottom) LD spectrum
at a base pair-to-porphyrin ratio of 60 and (top) LDr data for the
same sample.

DNA Binding of a Dicationic Porphyrin Biochemistry, Vol. 46, No. 31, 20079149



a precipitate formed before it was possible to gather the
absorbance data needed for calculation of an accurate LDr

spectrum.) The conclusion is that the LD data obtained atµ
) 0.05 M for Zn(tMe2D4), Zn(T4), and H2T4 are all
consistent with intercalative binding to [poly(dG-dC)]2.

DISCUSSION

The following questions remain: What modes of binding
unfold as DNA takes up H2tMe2D4 or Cu(tMe2D4)? Why is
the uptake of Zn(tMe2D4) a qualitatively different process?
Do the steric demands of the methyl substituents at positions
5 and 15 of H2tMe2D4 impact the binding to DNA? And, is
there any evidence of cooperative uptake? As a prelude to
the resolution of these issues, a brief summary of some
important background is useful.

Aggregation Effects

Aggregation is an important effect to consider in aqueous
media because porphyrins have such a hydrophobic core,
although the charged periphery provides a countervailing
force. Sterically active substituents may also affect the
process as indicated by the work of Tjahjono and co-workers
(53), who found that the dication 5,15-bis(1,3-dimethylimi-
dazolium-2-yl)porphyrin exists as a monomer in water
whereas the more planar 5,15-bis(1,2-dimethylpyrazolium-
4-yl)porphyrin undergoes extensive aggregation. In the case
of the tetracationic porphyrin H2T4, the repulsive effects
completely dominate, because H2T4 exists as a monomer
under normal conditions (54, 55). However, the dicationic
analogue H2Tagg behaves differently. It shows a strong
tendency to aggregate as evidenced by a broadened Soret
band, diminished absorbance intensity, and increased dy-
namic light scattering (29). Furthermore, codissolved DNA
macromolecules enhance the effect by serving as templates
for aggregation (24, 56). Since H2tMe2D4 and its various
derivatives are dicationic porphyrins, aggregation is some-
thing to consider.

Luminescence and Copper(II) Porphyrins

Luminescence studies of copper(II) porphyrins provide
unique insight into DNA binding interactions. One reason
is that the emission signal is extremely sensitive to the local
environment about the copper center. Another plus, which
will be important in the discussion below, is that through-
space coupling with other chromophores does not affect the
signal. The steric demands of the copper(II) form are also
similar to those of the free porphyrin. Thus, in the electronic
ground state, copper(II) porphyrins tend not to bind axial
ligands because the “hole” in the d9 shell of the copper center
resides in the plane of the porphyrin, i.e., in the dx2-y2 orbital.
Thermal population of a five-coordinate structure is normally
not feasible except in the presence of a very strong base such
as pyridine (57). However, it is important to recognize that
axial ligands have a profound influence on the excited state
dynamics. The luminescence spectra of a free porphyrin and
its copper(II) derivative are always very different. While the
free porphyrin exhibits fluorescence from a1π-π* excited
state, the four-coordinate copper(II) derivative emits from a
lower-energy state (with a multiplet structure) derived from
the corresponding triplet intraligand excited state (58).
Multiplicity changes are rapid in the copper(II) derivative

due to the presence of the unpaired electron on the central
metal ion. In addition, efficient quenching by Lewis bases,
including water, is unique to the copper(II) form. Formation
of a five-coordinate adduct is feasible in the excited state
because the hole can migrate to the dz2 orbital (16, 49, 50,
59-62). The five-coordinate form is nonemissive because
radiationless decay is facile and because d-d states have
intrinsically low dipole strengths. Observation of the five-
coordinate d-d excited state has been possible with a time-
resolved X-ray absorption technique (63), as well as by time-
resolved resonance Raman spectroscopy (64). Indeed, Raman
studies have shown that formation of a photoexcited, five-
coordinate form is virtually obligatory whenever a copper-
(II) porphyrin binds externally to single- or double-stranded
DNA (50, 65, 66). The only way the emission survives is if
the DNA host shields the axial positions of the copper(II)
center from attack by solvent, buffer, and/or Lewis bases
embedded in the DNA host. Observation of emission from
bound Cu(T4) therefore proves to be the signature of
intercalative binding (16, 49, 62). Szalai and co-workers (67)
have used a similar strategy to establish that Cu(T4) is also
capable of internalizing into quadruplex-forming host struc-
tures.

Interactions of DNA with H2tMe2D4 and Cu(tMe2D4)

With all three porphyrins and H2tMe2D4 and Cu(tMe2-
D4) in particular, the nature of the adduct that forms and
the consequent spectral changes depend very much on the
DNA base pair-to-porphyrin ratio (q) in solution. The
interpretation is most straightforward when DNA is present
in large excess.

Excess DNA Regime (qg 25). When excess DNA is
present, both H2tMe2D4 and Cu(tMe2D4) bind as intercala-
tors. Primary indicators are the hyperchromic responses and
negative CD signals, both diagnostic of intercalative binding
(3, 4). Another sign of intercalation is the increase in the
specific viscosity of ST DNA that occurs with the uptake of
H2tMe2D4 or Cu(tMe2D4) (52). The viscosity enhancement
occurs because intercalation of a ligand results in an increase
in the average length and rigidity of the DNA molecule. In
turn, the length increase enhances the resistance to flow as
long as the average chain length is compatible with rodlike
diffusion (68). Last but not least, the adducts formed by Cu-
(tMe2D4) and DNA are luminescent. Studies have shown
that emission quenching is virtually complete when the
analogous Cu(T4) complex binds externally to [poly(dA-
dT)]2 (49). Intercalation is the only mode of binding that
completely blocks access to the axial coordination positions
about the copper center. It is interesting in this regard that
both the intensity and the wavelength maximum of the
emission from the bound form of Cu(tMe2D4) vary with the
DNA host. In particular, the intensity is∼3 times higher for
adduct formation with [poly(dG-dC)]2 than with [poly(dA-
dT)]2. A similar emission increase occurs when Cu(T4)
migrates to a DNA host with higher melting temperatures
(16, 62). A possible explanation is that, during the lifetime
of the excited state, structural fluctuations of the host
periodically expose the copper center to quenching centers.
In that case, the emission intensity varies with the rigidity
of the host. When an A)T base pair is part of the
intercalation site, free thymine CdO groups are also available
to act as nucleophiles.
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Intermediate Loading (2e q e 20). In the intermediate-
loading regime when 2e q e 20, the picture is a bit more
complicated, but intercalation is still the favored binding
motif for H2tMe2D4 and Cu(tMe2D4). The analysis focuses
on the results with the copper derivative. To start, the
hypochromism induced by the addition of ST DNA, [poly-
(dG-dC)]2, or [poly(dA-dT)]2 as well as the viscometry data
obtained with ST DNA is consistent with intercalation of
Cu(tMe2D4). However, the emission results definitively
establish that the binding is by intercalation. The onset of
the emission signal coincides with the appearance of [poly-
(dG-dC)]2 or [poly(dA-dT)]2 in solution, and in both cases,
the emission intensity saturates by aroundq ) 3. Intercalated
Cu(tMe2D4) is undoubtedly the only contributing species,
because neither the emission maximum nor the intensity
changes with the addition of excess DNA. If a second
emitting species were present, some change in the signal
would occur because the emission from Cu(tMe2D4) is very
sensitive to the nature and rigidity of the host, vide supra.

With foreknowledge of the mode of binding, interpretation
of the relatively complicated CD becomes feasible. For
example, it is easy to understand why the adduct of Cu-
(tMe2D4) with [poly(dA-dT)]2 exhibits a multisignate CD
spectrum atq ) 3 (Figure 3), even though the porphyrin
binds by intercalation. The problem is that excitonic coupling
between neighboring transition moments is unavoidable at
such a high loading (69). In the literature, there are many
reports of bisignate, or bimodal, induced CD signals at-
tributed to self-stacking of cationic porphyrins on the exterior
of a polyanionic DNA host (24, 29). However, exciton
coupling depends upon proximity, not self-stacking. Elegant
studies by Lewis and co-workers (70) have demonstrated
that stilbene chromophores couple through as many as 10
bp in doubly capped hairpins. Nakanishi and co-workers (71)
have reported similar effects in solutions containing por-
phyrin chromophores tethered to opposite ends of DNA
duplexes. For a noncovalently bound chromophore, such as
Cu(tMe2D4), the spacing between chromophores may vary,
but neighbor-neighbor interactions are inevitable at lowq
values (high loading) because of the limited pool of available
binding sites.

HeaVy Loading Regime. Finally, a very different mode of
binding occurs at the highest loadings, whenq < 2. In many
respects, this regime is notable for the lack of spectroscopic
consequences. Witness, for example, the lack of intensity in
the induced CD spectrum and the absence of a significant
bathochromic shift in the Soret region. The bound form of
Cu(tMe2D4) is practically nonemissive as well. Indeed, when
the DNA base pair-to-porphyrin ratio is small, hypochromism
is the major spectral perturbation, as is the case when
porphyrins aggregate in aqueous solution (29). When there
is too little DNA in solution to take up the ligand, it seems
clear that the host simply serves to provide nucleation sites
for aggregation of the porphyrin.

Interactions of DNA with Zn(tMe2D4)

In contrast to Cu(tMe2D4) and H2tMe2D4, Zn(tMe2D4)
apparently exhibits only two phases of binding. Moreover,
as the discussion will show, near-neighbor porphyrin-
porphyrin interactions persist even in the presence of a large
excess of DNA due to cooperative uptake of Zn(tMe2D4).

Zn(tMe2D4) and [Poly(dG-dC)]2. Titrating in small amounts
of [poly(dG-dC)]2 clearly promotes the aggregation of the
Zn(tMe2D4) porphyrin. Thus, the hypochromism in the Soret
band reaches 40% byq ) 10, despite almost no change in
band position and the absence of a significant induced CD
signal. By q ) 20, however, the second, apparently final
phase of binding starts to appear. In this loading regime, the
hypochromism continues to increase marginally; the new
effect is a bathochromic shift of the Soret absorption. When
excess [poly(dG-dC)]2 is present, the decrease in hypo-
chromism is very slight, so it seems evident that Zn(tMe2-
D4) binds as an intercalator. The LDr results in Figure 10
support this interpretation. The intercalation of Zn(tMe2D4)
is not so surprising when one recognizes that same experi-
ments reveal that Zn(T4) also intercalates into [poly(dG-
dC)]2. The latter observation should draw attention because
previous LD studies have found that Zn(T4) binds externally
to calf thymus DNA, in a canted orientation relative to the
DNA bases (72, 73). One difference is that A)T base pairs
outnumber G≡C base pairs in calf thymus DNA, but there
is another important qualification to bear in mind as well.
Namely, this study used aµ ) 0.05 M buffer, and Chirvony
et al. (74) have already shown that the interaction between
Zn(T4) and [poly(dG-dC)]2 is very sensitive to ionic strength.
Their analysis of hypochromism and triplet quenching data
shows that intercalation is an important binding motif for
Zn(T4) at lower ionic strengths (µ ≈ 0.03-0.05 M) but that
external binding to [poly(dG-dC)]2 becomes dominant at
higher ionic strengths.

Two compensating effects account for the fact that uptake
by [poly(dG-dC)]2 has little effect on the emission maximum.
One is that the zinc porphyrin has to dissociate an axial ligand
to bind as an intercalator. If that were the only consideration,
the emission would shift to a higher energy (75). However,
intercalating between bases naturally induces a bathochromic
shift of the emission. As demonstrated in previous binding
studies involving Zn(D4) (18), the net result is little or no
shift in the emission maximum. A self-stacked version of
four-coordinate, externally bound Zn(tMe2D4) arguably could
give rise to similar absorbance and emission spectra.
However, results obtained with the Cu(tMe2D4) system have
established that intercalation is the preferred binding motif
for a porphyrin with an in-plane metal center and no axial
ligands.

Self-stacking on the [poly(dG-dC)]2 host would also give
rise to a CD signal much stronger than the one observed
here (24). Asymmetric and mainly negative, the induced CD
signal of the Zn(tMe2D4) adduct is clearly bisignate because
the CD signal crosses the baseline at essentially the
wavelength of the absorption maximum. The CD signal is
still compatible with intercalative binding, because the adduct
formed by Cu(tMe2D4) and [poly(dG-dC)]2 exhibits virtually
the same band shape, under conditions of intermediate
loading. The chromophores have to bind only close enough
to each other to experience excitonic coupling. What makes
the Zn(tMe2D4) system unusual is that proximate spacing
persists even at very highq values due to a cooperative effect,
vide infra.

Zn(tMe2D4) and [Poly(dA-dT)]2. The zinc porphyrin also
exhibits only two phases of binding with [poly(dA-dT)]2.
Here, too, the first phase of binding clearly involves
aggregation of the porphyrin because the introduction of low
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levels of the DNA generates an absorbance decrease but no
appreciable shift in the Soret maximum. The approach toward
a limiting spectrum begins byq ≈ 10 base pairs per
porphyrin, but Zn(tMe2D4) clearly remains bound externally
to [poly(dA-dT)]2. The most telling effect is that the
absorption spectrum of the limiting adduct exhibits almost
no hypochromism. A four-coordinate form would intercalate
into [poly(dA-dT)]2 just as Cu(tMe2D4) does, so Zn(tMe2-
D4) must retain a fifth ligand. Nevertheless, some type of
structural reorganization occurs, because the emission signal
undergoes a distinct hypsochromic shift. The shift in the
emission may be an indication of weaker axial ligation (75),
perhaps because a donor group from the DNA displaces the
original water ligand. Kruglik et al. have invoked analogous
adduct formation with [poly(dA-dT)]2 to explain Raman
results obtained for a photoexcited state of Cu(T4) (76). At
this juncture, postulating coordinate-covalent bond forma-
tion to a DNA base is highly speculative, but that could also
explain why irradiation at 260 nm into a short-lived state of
[poly(dA-dT)]2 produces emission from Zn(tMe2D4). Previ-
ous workers have argued that DNA absorption becomes
involved only in the porphyrin excitation spectrum when
there is intercalative binding (77). In principle, covalent
bonding to a DNA base could also give rise to a splitting of
the Soret transition and account for the bisignate CD signal
(78). However, the symmetry of the observed CD spectrum
and the fact that the crossover wavelength agrees with the
wavelength maximum of the Soret absorption are much more
in keeping with a conservative spectrum. As with [poly(dG-
dC)]2, the Zn(tMe2D4) ligands must bind close enough to
each other on the [poly(dA-dT)]2 host to experience exciton
coupling (78).

CooperatiVe Effects. Evidence that points to cooperative
binding of Zn(tMe2D4) includes the difference spectrum in
Figure 8 as well as with the bisignate CD spectra exhibited
by the adducts formed with [poly(dG-dC)]2 and [poly(dA-
dT)]2. In the context of cationic porphyrins, the most
commonly recognized form of cooperative binding to DNA
is self-stacking on the surface of the host (25, 29, 79).
However, more traditional modes of ligand binding can also
exhibit cooperativity when binding involves reorganization
of the DNA structure (80). Whenever extending the reorga-
nization to a neighboring position is easier than initiating a
structure change somewhere else in the host, cooperative
uptake is a possibility. Relative to Cu(tMe2D4), the reorga-
nization necessary for intercalation of the zinc(II) porphyrin
entails an added energy requirement, namely, dissociation
of an axial ligand (18, 21). The affinity for Zn(tMe2D4) is
therefore weaker, and that may explain why cooperative
effects become important. Creation of a cavity requires local
unwinding of the host (81), and simply extending the
structural change to a neighboring site may well facilitate
the uptake of another Zn(tMe2D4) ligand. Coulombic repul-
sion between ligands serves as a countervailing force, but
the +2 charge of the ligand should not present much of a
problem in the field of the DNA phosphates. Although not
much structural information is available, a similar analysis
can probably be applied to formation of adducts with [poly-
(dA-dT)]2 because high-affinity external binding appears to
involve substantial structural reorganization (18, 19, 21). As
others have suggested (82, 83), electrostatic effects and/or
local hydration may well predispose a sequence that is rich

in A)T base pairs to bind bulky porphyrins externally. It
is, however, also true that porphyrins are rigid molecules
that do not have the crescent shape normally found in ligands
tailored for high-affinity groove binding to the canonical
DNA structure. Structural reorganization of a flexible host
therefore provides an opportunity to maximize interactions
with the DNA surface.

CONCLUSIONS AND PERSPECTIVE

Tetrasubstituted H2tMe2D4 behaves more like the disub-
stituted porphyrin H2D4 than H2T4, because H2tMe2D4 and
Cu(tMe2D4) both intercalate into B-form DNA irrespective
of its base composition. However, the steric consequences
associated with the 5,15-methyl substituents become apparent
with the weaker ligand Zn(tMe2D4), which adopts an external
binding motif in low-melting, A)T base pair-rich runs of
DNA. Compared with H2T4, the dicationic H2tMe2D4 system
is more prone to aggregate on the DNA host; however, the
problem is minimal by comparison with a really hydrophobic
porphyrin like H2Tagg (29). In order of increasing base pair-
to-porphyrin ratios, the three environments that H2tMe2D4
or Cu(tMe2D4) experiences in a typical DNA titration are
surface aggregation, followed by densely spaced intercala-
tion, and then dispersion into independent, well-separated
intercalation sites. Uptake of Zn(tMe2D4) is very different
because binding is a strictly cooperative process and the motif
depends on the base content of the DNA host. Heretofore,
external stacking has been widely recognized as a binding
motif compatible with cooperative uptake of a cationic
porphyrin (22, 56, 79), but cooperative binding may occur
whenever substantial structural reorganization is necessary.
Recognizing when cooperative binding occurs is important
because it impacts everything from competitive binding
assays (84) to comparative kinetics studies (85, 86).

In the case of porphyrins, through-space or through-bond
interactions involving near neighbors complicate spectral
analyses when the chromophores do not resonate indepen-
dently. For example, one cannot assume that an intercalated
porphyrin will give a negative induced CD signal in the Soret
region, when other chromophores bind nearby. The reason
is that coupling between chromophores produces a multi-
signate response that depends on the distance(s) of separation
and therefore the loading. While dipole-dipole coupling is
an excited state interaction, alteration of the spectral proper-
ties can complicate the process of extracting ground state
information, such as the binding constant. Fortunately,
dipole-dipole interactions do not affect the luminescence
studies of copper(II) porphyrins due to the forbidden
character of the transition. In DNA binding studies with Cu-
(tMe2D4), data from emission and CD studies yield unusually
detailed information about the intermediate loading regime.
The emission results are notable because they establish that
Cu(tMe2D4) binds by intercalation and that the porphyrin
has a footprint of∼3 bp. Juxtapositional metal-centered and
π-π* excited states render the emission of a copper(II)
porphyrin uniquely sensitive to the presence of Lewis bases
(4, 21, 49, 62). To cite examples, Lewis bases do not quench
the emission of a palladium(II) porphyrin because the metal-
centered states are inaccessible, while nickel(II) porphyrins
are nonemissive because metal-centered excited states occur
at relatively low energies (87, 88).
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