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ABSTRACT: A cationic, copper(II)-containing ligand, derived from bulky
5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin, Cu(T4), and two
sterically friendlier forms, [trans-5,15-di(N-methylpyridinium-4-yl)-
porphyrinato]copper(II), Cu(tD4), and [cis-5,10-di(N-methylpyridinium-
4-yl)porphyrinato]copper(II), Cu(cD4), bind to DNA and RNA hosts. Six
hairpin-forming RNA 18-mer sequences and two previously studied DNA
analogues serve as convenient binding platforms of programmable base
composition. A crystal structure shows that the copper center of Cu(tD4) is
four-coordinate, establishing compatibility with intercalative binding as well
as susceptibility to solvent-induced emission quenching. From the
hypochromic responses and the induced emission intensities obtained
with all three porphyrins, it is clear that internalization into the RNA host
occurs, irrespective of the base pair composition. Further analysis reveals
that the porphyrins intercalate into the double-stranded stem domains. Subtle geometric and/or electronic aspects of the binding
account for the signs of induced circular dichroic signals and splitting of the Soret band of Cu(tD4).

The aims of this work have been to explore binding
interactions of cationic porphyrins with double-stranded

(ds) RNA, as a function of the base composition of the host as
well as the steric demands of the porphyrin ligand. Many
previous studies have focused on binding studies with B-form
DNA, especially with commercially available 5,10,15,20-
tetrakis(N-methylpyridinium-4-yl)porphyrin (H2T4 in Chart
1) as the ligand. The interest stems from a long list of
envisioned practical applications in numerous contexts,
including photodynamic therapy,1,2 treatment of bacterial
infections,3 intracellular imaging,4 and cancer therapy through
the inhibition of telomerase.5 The DNA binding properties of

H2T4 are also of fundamental interest because the base
dependence is quite marked. Even the earliest reports revealed
that H2T4 intercalates into GC rich DNA sequences6 and
binds externally to AT rich sequences.7 In some instances,
cationic porphyrins are also capable of self-stacking along the
surface of the DNA host.8 Subsequent studies have confirmed
the existence of all three modes of binding.9−12 By comparison,
there is limited information available about the mode by which
cationic porphyrins interact with RNA. One reason is that RNA
is a complicated target that adopts a globular structure
complete with a secondary structure that includes, for example,
helical segments stabilized by base stacking interactions. The
chain can also fold back on itself and gives rise to base pairing
interactions, the formation of double strands, and the
appearance of stem−loop, or hairpin, structures.13 Double-
stranded RNA structures have many uses as recognition
elements,14,15 in the realm of RNAi and natural antiviral
response mechanisms,16,17 and in the design of new therapies
for targeting RNA viruses like HIV.18,19 A possible limitation is
that the literature suggests that intercalators bind less strongly
to double-stranded RNA by comparison with its DNA cousin.20

However, data are sparse because only a few strictly double-
stranded sequences of RNA are routinely available, including
the often used poly(rA)·poly(rU) and poly(rG)·poly(rC)
systems.21−24
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Hairpin structures serve as an alternative source of double-
stranded RNA hosts. The long-recognized stability of the
hairpin platform has led to its use in many DNA-based studies,
including investigations of long-range electron-transfer pro-
cesses,25 sensing applications involving molecular beacons,26

and DNA binding studies.27−31 Of course, RNA hairpins have
also been useful in binding studies.32,33 Hairpin structures are
convenient because they form readily and are thermally stable
because of the intramolecular character of base pairing. Closing
CG base pairs at the stem ends further bolster stability.
When the loop end is relatively large and involves many bases,
it can also act as a binding domain.15,34 However, naturally
occurring RNA hairpins often feature a tight CuucgG loop turn,
where lowercase letters denote non-Watson−Crick hydrogen-
bonded residues.14,35 At the same time, the comparatively
extended stem domain, which defines a classical A-form double
helix, complete with identifiable broad minor and comparatively
deep major grooves,36 is an ideal compartment for ligand
binding. Key to the utility of the design, the residues within the
stem are easy to vary, determine the rigidity of the framework,
and largely define the electrical field that emanates from the
host.
Variations in the ligand or the host are important because

they affect steric considerations and the charge distribution.
Compared with a B-form double helix, the major groove of an
A-form duplex is comparatively narrow, deep, and suffused with
phosphate groups, while the minor groove is broad, shallow,
and sprinkled with hydroxyl groups.37,38 When the porphyrin
binds to B-form DNA, its steric demands can come into play
because intercalation of H2T4 entails inserting two bulky
substituent groups into the minor groove, where clashes with
the sugar phosphate backbone occur.39 Intercalation is less
problematic with sterically friendly analogues of H2T4,
especially 5,15-di(N-methylpyridinium-3-yl)porphyrin,40,41

5,15-di(N-methylpyridinium-4-yl)porphyrin (H2tD4),
41 and

5,15-dimethyl-10,20-di(N-methylpyridinium-4-yl)porphyrin
(H2tMe2D4).

42 See Chart 1 for a view of the copper(II) forms
and abbreviations. Intercalation of H2tD4 or H2tMe2D4 is
comparatively easy as it involves inserting only one bulky
substituent into the minor groove; hence, the latter porphyrins
intercalate into DNA regardless of what base pairs are
present.41,42 Other workers have also explored similar
systems.34,43,44 The new derivative 5,10-di(N-methylpyridi-
nium-4-yl)porphyrin (H2cD4) studied here is no less intriguing
because intercalation can occur with the two substituents in the
same or opposite grooves, whichever option is more favorable.
Employing the copper(II) forms Cu(tD4) and Cu(cD4) (Chart
1) is advantageous because the emission signal is diagnostic of
the binding motif.12,42,45 On the other hand, interpreting the
induced circular dichroism (CD) spectrum, which is tradition-
ally quite useful for DNA binding studies,10,11 proves to be less
straightforward.

■ EXPERIMENTAL PROCEDURES
Materials. Used as received chemicals typically were

products of one of two suppliers. In particular, the supplier
of dichlorodimethylsilane, acetonitrile (MeCN), iodomethane,
tetrabutylammonium nitrate, methanol, copper acetate [Cu-
(OAc)2], KPF6, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ), acridine orange, Trizma HCl, Trizma base, silica and
alumina TLC plates, and H2T4(PTS)4, where PTS denotes p-
tolylsulfonate, was Sigma Aldrich. The supplier of the solvents
dimethylformamide (DMF), acetone, dichloromethane

(DCM), and hexane, as well as HCl(aq), diisopropylamine,
KNO3, and nitric acid (HNO3), was Mallinckrodt. The RNA
hairpins and TEMED-acetate buffer were from Dharmacon Inc.
TEMED is N,N,N′,N′-tetramethylethylene diamine.

Methods. Silanization of the cuvettes and selected other
glassware was necessary to minimize absorption of the cationic
porphyrins.46 Preparation of the 0.05 M Tris buffer (pH 7.5)
entailed adding enough Trizma HCl to deionized water so that
the final concentration was 0.05 M after the pH had been
adjusted with a concentrated solution of Trizma base in
deionized water and dilution to the final volume with water.
Another step for buffers prior to their use in solutions
containing RNA involved autoclaving for 2 h.

Dicationic Porphyrins. The preparations of 5,10-cis-
di(pyrid-4-yl)porphyrin and 5,15-trans-di(pyrid-4-yl)porphyrin
followed literature procedures.41,47 Preparations of 5,10-cis-
di(pyrid-4-yl)porphyrin frequently exhibited an anomaly in the
excitation of the porphyrin at 645 nm where the chlorin
derivative absorbs. Serial additions of small aliquots of a
solution containing DDQ help avoid overoxidation and serve to
reduce the absorption intensity 645 nm in favor of the desired
band at 635. Treatment of 100 mg (0.22 mmol) of the cis
porphyrin with DDQ (0.05 g, 0.22 mmol) gave the final
product after batch elution from florisil with 1% MeOH in
DCM. The total recovery was only 25 mg of clean material,
however. DDQ and byproducts stayed with the resin.

Methylation of Porphyrin and Copper Insertion. The
procedure used for methylation of 5,10-cis-di(pyrid-4-yl)-
porphyrin is representative of those used for the trans analogue,
as well as commercially obtained H2T4[PTS]4, and is similar to
one reported previously.42 See the Supporting Information.
Methylation of the commercial material was necessary because
thin layer chromatography (TLC) revealed the presence of
multiple charge states.48 The procedure used for inserting
copper(II) into H2cD4 was similar to those used for the
preparations of Cu(T4) and Cu(tD4). See the Supporting
Information for details. For all copper porphyrins used in this
study, the most difficult-to-remove impurity is a trace of the
zinc(II) analogue that forms as a result of adventitious zinc salts
that can come from more than one source. Pure preparations of
copper-containing porphyrins always elute as one band on TLC
plates and exhibit negligible emission in aqueous solution.

X-ray Structure. A fiber served to mount a red needle of
C32H24CuN6·2(C7H7O3S)·CH3OH having approximate dimen-
sions of 0.20 mm × 0.10 mm × 0.02 mm in a random
orientation. Least-squares refinement, using the setting angles
of 50251 reflections in the 3° < q < 66° range, yielded cell
constants for data collection. The Patterson heavy-atom
method allowed determination of the structure and initially
revealed the position of the Cu atom. Succeeding difference
Fourier syntheses located the positions of the remaining atoms.
The refinement included hydrogen atoms constrained to ride
on preselected atoms. For full-matrix least-squares refinement,
the function minimized was ∑w(|Fo|

2 − |Fc|
2)2, with the weight

w defined as 1/[σ2(Fo
2) + (0.0753P)2 + 0.0000P], where P =

(Fo
2 + 2Fc

2)/3. The refinement utilized 6533 reflections;
however, the calculation of R1 involved only the 4328
reflections for which Fo

2 > 2σ(Fo
2). The final cycle of

refinement included 575 variable parameters. The goodness
of fit was 1.18. The highest peak in the final difference Fourier
had a height of 0.74 e/Å3. The minimal negative peak had a
height of −0.88 e/Å3.
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The copper compound is isostructural with the metal-free
[H2D4](PTS)2·CH3OH analogue reported previously.45 Unit
cell parameters for the copper structure are listed in Table 1.

Figure 1 shows a representation of the Cu(tD4) cation found in
the asymmetric unit. The porphyrin core is approximately
planar but exhibits a hint of a ruffling distortion. Thus,
alternating pyrrole rings tend to cant in opposite directions
relative to the mean plane of the porphyrin. Also, the meso
carbons deviate from the mean plane farther than the β carbons
of the pyrrole groups on average. The N214 and N414 pyridine
rings twist out of the plane, forming dihedral angles of 57.0°
and 53.0°, respectively.
RNA and DNA Hosts. Synthetic RNA from Dharmacon

comes with protecting groups on to prevent degradation of the
material. The method for deprotection requires treating the
RNA pellet with 400 μL of a 100 mM TEMED-acetate buffer
(pH 3.8) for 30 min at 60 °C. Subsequent steps involved
evaporation of the buffer, ethylene glycol, and formic acid with
a SpeedVac and then storage of the resulting RNA pellet in a
freezer at −10 °C. Introduction into autoclaved μ = 0.05 M
Tris buffer (pH 7.5) produced the RNA stock solution used in
spectral titrations. By invoking the nearest-neighbor approx-
imation,49 Dharmacon supplied calculated molar absorptivities
that were useful for quantifying RNA concentrations in units of
base pairs. See Table 2 for the hairpin sequences employed,
abbreviations used, and physical data. The DNA hairpins
CG[t4] and TT[t4] were available from previous studies.
Chart 1 also presents a schematic view of representative RNA

hosts. Every host has a 5′-uucg-3′ loop preceded by a closing
CG base pair preceded in turn by an AU base pair. The
closing base pair at the opposite end of the stem is usually a
CG base pair. The variable sequence between the ends
suggests the abbreviated name. For example, ACGC in the
chart has that run of bases between C1 and A6 in the hairpin
sequence. Two of the hairpins have a closing AU base pair

with A at the 5′ end and U at the 3′ end of the sequence. The
abbreviated name is then A-ACGC (see Chart 1).

Titrations. To ensure disaggregation of the porphyrin, the
medium used for measuring spectra of Cu(cD4) or Cu(tD4) in
the absence of RNA contained 50% Tris buffer and 50%
MeOH (see the Supporting Information for studies of the
influence of MeOH). However, when RNA was present in the
sample, the only source of MeOH was a negligible amount
introduced with the porphyrin stock solution that was 50% by
volume MeOH. Via introduction of more porphyrin along with
each aliquot of RNA stock solution, it was possible to maintain
the porphyrin concentration constant as q, the RNA base
pair:porphyrin concentration ratio, increased.
The molar absorptivity of acridine orange (51000 M−1 cm−1)

is relatively low.50 Therefore, to conserve RNA in titration
experiments, the small-volume cuvette used for absorbance and
CD studies of the dye had a path length of 5.0 cm. Cuvettes
used for emission measurements always had a path length of 1.0
cm; however, the absorbance at the excitation wavelength often
changed during titrations. Dividing the emission intensity at
each wavelength λ by the fraction of light absorbed (1 − 10−A′),
where A′ denotes the absorbance at the excitation wavelength,
effectively compensates for absorbance differences and
facilitates comparisons between runs.51 In the case of circular
dichroism (CD) measurements, multiplying the as-recorded
signal in millidegrees by (Qcl)−1, where Q equals 32980, c is the
molar concentration of the chromophore, and l is the path
length in centimeters, converted the scale to Δε units. A Beer’s
law plot obtained from predetermined masses of crystalline
[Cu(tD4)](TPS)2·CH3OH in conjunction with standard
volumetric methods yielded a molar absorbance value of
137000 M−1 cm−1 for Cu(tD4) in a 50:50 (v/v) MeOH
mixture at 410 nm, and the same value has been used for
calculating stock concentrations of Cu(cD4) that has an
absorption maximum at 407 nm. The corresponding value for
Cu(T4) in buffer at 424 nm is 231000 M−1 cm−1.52

Instrumentation. The absorbance spectrophotometer was
a Varian Cary 300 Bio instrument, while the fluorimeter used to
monitor emission and excitation spectra was a Varian Cary
Eclipse instrument with an R3896 phototube detector. A
JASCO-J810 spectropolarimeter provided CD data. The pH
meter was a Corning model 430 instrument, and the autoclave
was an AMSCO 2321 Gravity Eagle Series instrument. The

Table 1. Crystallographic Data for
C32H24CuN6·2(C7H7O3S)·CH3OH

C47H42CuN6O7S2 930.56
a = 27.7209(19) Å space group P21/c
b = 8.8460(2) Å T = 150(1)
c = 17.4420(3) Å λCuKα = 1.54184
β = 105.179(7)° ρcalcd = 1.497 g cm−3

V = 4127.9(3) Å3 μave = 2.212 mm−1

R1 = 0.060 [I > 2σ(I)]a wR2 = 0.135 [I > 2σ(I)]b

transmission coefficient = 0.609−0.957
aR1 = ∑||Fo| − |Fc||/∑|Fo| for Fo

2 > 2σ(Fo
2). bwR2 = [∑w(|Fo

2| − |
Fc

2|)2/∑w|Fo
2|2]1/2.

Figure 1. Representation of the cation in [Cu(tD4)](TPS)2·CH3OH
with thermal ellipsoids set at 50% probability. Hydrogen atoms have
been omitted for the sake of clarity.

Table 2. RNA Hosts

abbreviation stem loop ε (mM−1 cm−1)

ACGC 5′-CACGCAC 5′-uu 18.4
3′-GUGCGUG 3′-cg

GACG 5′-CGACGAC 5′-uu 18.8
3′-GCUGCUG 3′-cg

AUGU 5′-CAUGUAC 5′-uu 19.9
3′-GUACAUG 3′-cg

AUAU 5′-CAUAUAC 5′-uu 20.7
3′-GUAUAUG 3′-cg

A-ACGC 5′-AACGCAC 5′-uu 19.0
3′-UUGCGUG 3′-cg

A-GUAU 5′-AGUAUAC 5′-uu 20.8
3′-UCAUAUG 3′-cg

CG[t4] (DNA) 5′-d(GACGAC) 5′-d(tt) 13.6
3′-d(CTGCTG) 3′-d(tt)

TT[t4] (DNA) 5′-d(GATTAC) 5′-d(tt) 17.8
5′-d(CTAATG) 3′-d(tt)
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diffractometer was a Rigaku Rapid II instrument equipped with
confocal optics. The machine used for determining the crystal
structure was a LINUX personal computer using SHELX-97.53

■ RESULTS
Cu(tD4) and Cu(cD4). The two dipyridiniumyl porphyrins

behave similarly, and neither exhibits a measurable emission
signal in the absence of a host. Investigations involving B-form
DNA hosts provide a useful context for understanding binding-
induced spectral changes. The first results involve the CG[t4]
host that is rich in cytosine-guanine base pairs and supports the
intercalation of even bulky porphyrins like H2T4 and
Cu(T4).10,12,45 Consistent with that same mode of binding,
uptake of Cu(tD4) induces a hypochromic response (H > 0)
along with a negative CD signal in the Soret region.
Importantly, a photoluminescence signal also appears at longer
wavelengths (Figure 2). Table 3 reveals that Cu(cD4) gives

similar results. The AT rich TT[t4] host represents another
key comparison because the duplex structure is much less rigid,
and bulky ligands like Cu(T4) preferentially bind to it
externally.27,28 Here again, however, data presented in Figure
2 and Table 3 clearly show that sterically friendly Cu(tD4) and
Cu(cD4) strictly intercalate into TT[t4]. The Cu(tD4) system
is unusual in that the Soret band becomes broader and nearly
splits into two transitions upon binding. Figure 3 shows
absorption spectra obtained in the presence and absence of an
excess of the TT[t4] host. When the porphyrin binds to TT[t4],
the lower-energy component absorbs more strongly, and the
same effect occurs with binding to CG[t4]. On the other hand,
the higher-energy component is dominant in the induced CD
spectrum, which Figure 3 also illustrates.
Except for the sign of the induced CD signal, vide infra,

exposing the dipyridiniumyl porphyrins to RNA hairpins
induces very similar responses, including the splitting of the
Soret absorption of Cu(tD4). Here the band shape varies to
some extent, depending on the base composition. For example,
when the host is ACGC, the Soret absorption skews slightly
toward shorter wavelengths, but Figure 4 reveals greater
intensity on the longer wavelength side when the host is
AUAU. The band shape actually changes during a titration with
AUAU in that the absorbance is more intense on the short-

wavelength side of the band at low q values. On the other hand,
in the presence of an excess of the AUAU host, the CD
spectrum is broad and shows no detectable asymmetry, within
the limit imposed by the signal-to-noise ratio (see Figure 4).
As a whole, the results for dipyridiniumyl porphyrins do not

vary greatly with the base content of the RNA host, though
they cluster into two sets. In particular, the GC rich hosts
ACGC and A-ACGC induce slightly weaker bathochromic
responses (Δλ), but more hypochromism and stronger
emission signals (I′). Figure S2 of the Supporting Information

Figure 2. Emission spectra of 2.3 μM Cu(tD4) in a 50% (v/v)
methanol buffer solution (thin solid line) as well as in a buffer solution
in the presence of the DNA hairpins CG[t4] (thick solid line) and
TT[t4] (dashed line), at q = 27 in each case. The inset shows the
CG[t4] DNA hairpin with naming residues underlined.

Table 3. Physical Data

CD

RNA/DNA % GC Δλ (nm) % H I′ λ (nm) Δε (M−1 cm−1)

Cu(cD4)
ACGC 72 13 46 5.0 421 +12
A-ACGC 57 13 44 6.0 420 +14
AUGU 42 16 30 2.5 415 +6
AUAU 28 15 32 2.5 416 +8
A-GUAU 28 16 35 2.5 416 +7
CG[t4]

a 50 15 33 2.0 428 −11
TT[t4]

a 25 16 36 4.0 426 −15
Cu(tD4)
ACGC 72 15 48 5.0 420 +17
AUGU 42 14 42 3.3 420 +16
AUAU 28 16 20 2.3 420 +9
CG[t4]

a 50 16 28 4.8 414 −10
TT[t4]

a 25 16 24 3.7 415 −20
Cu(T4)
ACGC 72 9 32 3.8 424 +6

445 −10
GACG 72 10 30 3.5 424 +7

445 −8
AUGU 42 9 24 2.8 438 −6
AUAU 28 10 23 1.6 436 −9
A-GUAU 28 10 16 2.8 438 −9
CG[t4]

a 50 10 34 2.3 436 −29
TT[t4]

a 25 5 2 <0.5 420 +15
aDNA host.

Figure 3. Absorption spectra of 2.3 μM Cu(tD4) at q = 0 (dashed
line) and in the presence of the DNA hairpin TT[t4] at q = 27 (thick
solid line). The thin solid line is the corresponding induced CD
spectrum. Both signals represent limiting spectra.
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presents a comparison of two emission signals from bound
forms of Cu(cD4). See Figure 5 for a comparison of CD spectra

of Cu(cD4) bound to different RNA hosts. It is clear that G
C rich sequences induce a stronger response in the Soret
region. On the other hand, interaction with AU rich hosts
induces more CD intensity in the vicinity of 380 nm, which
may relate to a shoulder found in the absorption spectrum. The
one striking difference vis-a-̀vis DNA binding is that RNA hosts
induce a positive CD signal in the Soret region.
It is important to note that the results in Table 3 describe

limiting spectra obtained at high base pair:ligand ratios. At
earlier stages in a titration, significantly different spectral
perturbations are sometimes evident. For example, Figures 6
and 7 illustrate results obtained in the course of adding A-

GUAU at a constant concentration of Cu(cD4). Note that the
hypochromic response is comparatively large at higher loading
(q = 3 bp/ligand), when a shoulder at ∼360 nm is also quite
prominent. The same conditions also yield a stronger emission
signal (Figure 7). The spectral changes then become more
moderate upon addition of more RNA to the solution and
achieve the tabulated, limiting values by a ratio of q ≈ 31.
Similar effects occur in DNA titrations as well. See, for example,
the CD results in Figure S3 of the Supporting Information
relating to the interaction of Cu(tD4) with TT[t4]. The
spectral changes become nonmonotonic whenever important
interactions between ligands occur at high loading (vide infra).
At very high loadings, external aggregation is also possible. Such
complications commonly occur with dicationic porphyrins and
preclude the application of simple equilibrium models.45

Figure 4. Limiting absorption spectra obtained in buffer at q = 46
during titrations of 2.3 μM Cu(tD4) with the RNA hosts AUAU (thick
solid line) and ACGC (dashed line). Corresponding CD spectra
appear as the top traces. The inset shows the ACGC RNA hairpin with
naming residues underlined.

Figure 5. Induced CD spectrum of Cu(cD4) bound to the RNA
hairpin: ACGC (dashed line), A-ACGC (thick solid line), and A-
GUAU (thin solid line), all limiting spectra obtained at q = 39. The
spectrum obtained with AUAU virtually overlays that of A-GUAU.

Figure 6. Absorbance-monitored titration of the RNA host A-GUAU
into a buffer solution containing 2.3 μM Cu(cD4). The spectra relate
to solutions containing RNA at q = 0 (thin solid line, in 50%
methanol), q = 3 (medium solid line), q = 15 (dashed line), q = 31
(dashed−dotted line), and q = 39 (thick solid line). The inset is a
representation of the A-GUAU RNA hairpin with naming residues
underlined.

Figure 7. Emission monitored in a titration of the RNA host A-GUAU
into a buffer solution containing 2.3 μM Cu(cD4). The spectra are for
solutions containing RNA at q = 0 (thin solid line, in 50% methanol),
q = 3 (dashed line), q = 5 (dotted line), q = 31 (dashed−dotted line),
and q = 39 (thick solid line). The latter represents the limiting
spectrum.
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It is nevertheless clear that arriving at the limiting spectrum
requires about the same q value for a dipyridiniumyl porphyrin
or Cu(T4), whether the host is RNA or DNA. Thus, the
equilibrium constant for dissociation of the porphyrin is on the
order of 10−6 to 10−7 M, gauged in terms of the concentration
of base pairs of the host.54,55

Cu(T4). In comparison to those of dipyridiniumyl
porphyrins, the spectra of Cu(T4) show many parallels, but
more variation from one host to the next. One parallel is that
the interaction of Cu(T4) with an RNA host always produces a
hypochromic response and bathochromism in the Soret region.
The bound porphyrin also invariably exhibits photolumines-
cence, and the emission intensity increases with the percentage
of GC base pairs present in the host. Indeed, interaction with
a GC rich RNA hairpin induces a stronger emission signal
than interaction with the DNA hairpin CG[t4]. On the other
hand, a survey of Table 3 reveals that the spectral changes
induced when Cu(T4) binds to an RNA host are generally less
pronounced than those observed with Cu(tD4) or Cu(cD4).
Another difference is that, in contrast to the behavior observed
in Figure 7, the emission intensity from Cu(T4) strictly
increases with the concentration of RNA host added, until the
approach to the limiting spectrum. Curiously, in at least one
case, the amount of RNA necessary for attaining the limiting
emission signal of Cu(T4) exceeds that required for achieving
the limiting absorption spectrum; see results with AUGU in
Figure S4 of the Supporting Information. The most dramatic
variations with base composition probably occur in the induced
CD spectra. A CG rich host like ACGC, for example, induces
a bisignate response that crosses the baseline at the wavelength
where the Soret absorption maximum of Cu(T4) occurs
(Figure 8). In contrast, an AU rich hairpin like AUGU
induces a strictly negative CD signal. For the most part, there is
little induced CD intensity in the vicinity of 375 nm; however, a
few RNA hosts, including GACG, induce a weak positive signal
(Figure 8).
Acridine Orange. Studies with acridine orange interacting

with DNA and RNA hairpins serve as controls and comport

with literature studies involving conventional double-stranded
hosts. In particular, uptake by the DNA hairpin CG[t4] induces
a hypochromic response and a limiting bathochromic shift from
494 to 502 nm in the visible absorption spectrum.
The induced CD signal is also negative (Figure 9), all results

being in accordance with those of Iwamura and co-workers who

studied intercalation into calf thymus DNA.56 On the other
hand, the Iwamura group also established that intercalation into
double-stranded RNA induces the opposite response, i.e., a
positive CD signal from the bound form of acridine orange.50

Figure 9 shows that interaction with the RNA hairpin GACG
yields a similar result.

■ DISCUSSION
Previous Work, Methodology, and Choice of Ligands.

Few reports of RNA binding studies with cationic porphyrins
are available, and all focus on tetra-substituted systems like
H2T4. As usual, physical methods provide insight into binding
interactions; however, the rules for interpreting spectral
changes need not be exactly the same for DNA and RNA
structures. That said, one of the more transparent methods is
electronic absorbance. Internalization of the porphyrin
generally entails stacking among aromatic bases, which results
in a significant bathochromic shift of the Soret band as well as a
strong hypochromic response.10,12 With external binding, the
bases are farther removed, bathochromic shifts are small, and
there is little or no hypochromism.10,27,57 By comparison with
absorption, changes in the fluorescence of H2T4 are minimal
whether the porphyrin binds externally or by intercala-
tion.29,58,59 The likely reason is that the emission originates
from a low-energy excited state far removed from the electronic
transitions of the base residues. The interpretation of induced
CD signals is more problematic because double-stranded (ds)
RNA forms an A-form double helix, as opposed to the B-form
structure adopted by DNA. Indeed, as emphasized earlier,
intercalation of acridine orange into ds RNA induces a positive
CD signal, whereas the same mode of binding to DNA induces
a negative signal.50 Fortunately, emission studies of copper(II)
porphyrins are capable of providing unique information about

Figure 8. Induced CD spectra measured in the Soret region of
Cu(T4) in the presence of GC rich RNA hosts GACG (thick solid
line) and ACGC (thin solid line), both at q = 23, as well as AU rich
host AUGU (dashed line), at q = 31. Each is a limiting spectrum.

Figure 9. Induced CD spectra of acridine orange exposed to excess
RNA host GACG (dashed line, at q = 46) vs DNA host CG[t4] (solid
line, at q = 39).
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the binding motif. While the π−π* photoluminescence signal
obtained is orders of magnitude weaker than the fluorescence
of the native porphyrin, the emission from the copper(II) form
is extremely sensitive to the local environment.12,45,57

Observation of an emission signal is good evidence of
intercalation into a double-stranded host, while fully quenched
emission signals external binding. The basis of the effect is that
contact between the copper(II) center and a coordinating
agent, such as the solvent, during the lifetime of the excited
state results in emission quenching.57

A brief literature survey illustrates the difficulty in
ascertaining binding motifs with RNA hosts. Uno et al.
investigated the binding of Cu(T4) and H2T4 to the double-
stranded RNA hosts poly(rA)·poly(rU) and poly(rI)·poly-
(rC).21 They observed hypochromic responses of 40% H and
bathochromic Δλ shifts of ∼10 nm. Largely because they
obtained conservative induced CD signals, they concluded that
the porphyrins bind externally by self-stacking along the RNA.
More recently, Ghazaryan et al. conducted additional binding
studies with the same hosts.24 Their studies included a modified
form of H2T4, termed H2TE4 here, which differs from H2T4 in
that the R group employed in quaternizing the pyridine
nitrogens is -CH2CH2OH rather than -CH3. On the basis of the
observed hypochromic responses (40−50%), Δλ shifts, and
negative induced CD signals, they concluded that H2TE4
intercalates into both RNA hosts. However, they also
determined that a bulkier porphyrin bearing isopropyl R
groups adopts an external binding motif.24 The goals of our
work include (1) exploring the RNA binding interactions of less
sterically demanding porphyrins, (2) bringing luminescence
results to bear on the problem, and (3) expanding the library of
viable RNA hosts. The analysis to follow focuses on limiting
spectra, i.e., those obtained under conditions of relatively high
host concentrations. Aside from simplifying the discussion,
these are conditions of choice, because a relatively low ligand
concentration is apt to mimic physiological conditions. In
addition, the host−guest interaction itself shapes the binding in
this loading regime.
Cu(tD4) and Cu(cD4) are less bulky than Cu(T4) because

they bear only half as many substituents. Steric requirements
may be such that intercalation of a bulky ligand is incompatible
with the normal double helix. On the other hand, base stacking
and the hydrogen bonding framework favor retention of the
duplex structure. The competition is such that the binding
motif can be base-dependent. Thus, relatively rigid DNA hosts
rich in GC base pairs support the intercalation of H2T4 or
Cu(T4).10,11 On the other hand, within AT rich sequences,
structural reorganization takes place more easily, and the bulky
porphyrins shift to external binding. In the case of sterically
friendly H2tD4, however, previous work has shown that the
porphyrin intercalates into DNA regardless of the base
composition.41 Absorbance and emission data in Table 3
pertaining to DNA hairpins CG[t4] and TT[t4] suggest that
Cu(tD4) is also a universal intercalator. Intercalation presents a
lesser steric problem for H2tD4 or Cu(tD4) because only one
pyridiniumyl substituent has to reside in the minor groove.
Additional results in Table 3 suggest that Cu(cD4) also binds
to DNA strictly by intercalation. In this case, however, the
orientation with respect to the DNA host is uncertain because
of the cis relationship of the substituents. Thus, Cu(cD4) can
intercalate with one substituent in each groove or with both
substituents in the same groove.

Interpretation of RNA Binding Interactions. The
evidence is unmistakable that the RNA hosts strictly internalize
each of the copper(II) porphyrins, almost certainly within the
stem domains. End capping at the 5′ end of the hairpin cannot,
for example, explain the lack of solvent exposure. Loop binding
is equally improbable because the 5′-CuucgG-3′ hairpin fold is
so compact and self-integrated, showing limited reactivity with
single-strand-specific nucleases.60 Encapsulation of a porphyrin
in the loop domain would require an induced fit predicated on
significant reorganization of the structure; however, introducing
more duplex-stabilizing GC base pairs enhances the fit, as
reflected by the emission intensity. In light of the GC
dependence of the emission intensity and the extent of
hypochromism, there is little doubt but that the host
sandwiches the ligand within the stem domain instead and
thus shields the copper(II) center from solvent attack. It is
quite remarkable that the binding motif does not depend on the
base composition, even for the bulky Cu(T4) system. Indeed,
the hypochromic responses and emission intensities obtained
with Cu(T4) and AU rich hosts compare favorably with the
responses found for the CG[t4] DNA. The compactness of the
porphyrin nevertheless remains a factor because sterically
friendly porphyrins always exhibit stronger emission signals,
doubtlessly because they pack into the binding cavity more
efficiently. Solvent accessible channels or transient breathing
motions of the host inevitably leave the copper center at least
partially exposed.
The anomalously high emission intensity sometimes evident

at higher loadings (low q values) has another basis. Figure 7
reveals an outstanding example as it shows unusually strong
emission from Cu(cD4) bound to RNA hairpin A-GUAU at q =
3. Note that under the same conditions the system also exhibits
a strong hypochromic effect (Figure 6). Both effects track with
each other and diminish in amplitude with the addition of more
RNA until the limiting spectra develop. An early phase of
outside stacking could potentially explain the transient
hypochromism but is inconsistent with the strong emission
signal present when q = 3. A more likely explanation is that the
strong hypochromism is due to exciton coupling of near
neighbor porphyrins bound to the same hairpin.42 The
anomalously strong emission can then be traced to the loss
of fluidity that occurs when the stem takes up more than one
ligand.
In view of the unchanging binding motif, the induced CD

signals are remarkably variable. As with acridine orange,50 the
sign of the signal differs depending on whether the
dipyridiniumyl porphyrin binds to an RNA or a DNA host.
More specifically, intercalation of Cu(cD4) or Cu(tD4) into ds
RNA induces a positive CD signal. In contrast, the signal is
negative when Cu(T4) binds to an AU rich RNA host and
bisignate if the host is rich in GC base pairs. External self-
stacking of the porphyrin could give rise to a conservative,
bisignate CD signal but would not account for the observed
emission signal. A more plausible possibility is that the induced
CD signal from Cu(T4) is intrinsically bisignate because the
two components of the doubly degenerate excited state
respond differently within the asymmetric environment.61

This explanation is appealing because the same low-symmetry
effect also accounts for the splitting that occurs in the Soret
absorption when Cu(tD4) binds by intercalation. Symmetry
lowering by peripheral substitution alone does not lead to a
splitting of the Soret transition;62 however, exciton coupling to
base-centered excitations could be highly directional within an
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intercalation site. For any given porphyrin, other variations in
the induced CD spectrum could arise from local departures
from canonical structure. Intercalation always requires cavity
formation and helix unwinding,45,63 but effects like extrusion of
the base from the duplex may also be necessary to
accommodate a sterically demanding ligand.39

In summary, a crystal structure shows that the copper center
of Cu(tD4) is four-coordinate. The absence of axial ligands
facilitates intercalation and sets the stage for solvent-assisted
quenching of the emission. Double-stranded domains of
hairpin-forming RNA sequences allow for base pair variations
and are useful for binding studies of Cu(tD4) and other
cationic porphyrins. In conjunction with strong hypochromism,
the unique emissive properties of copper-containing forms
establish that intercalation is the preferred binding motif not
only for sterically friendly dicationic porphyrins but also for the
bulky Cu(T4) system. Regardless of base content, A-form RNA
actually proves to be more adept at internalizing cationic
porphyins than B-form DNA. Bound forms of compact
porphyrins like dipyridiniumyl Cu(tD4) are less prone to
axial attack, on the time scale of the excited-state lifetime, and
intercalation of Cu(tD4) in particular induces an unusual
splitting of the Soret band. Minor differences in the binding
interactions are responsible for significant differences in the
induced CD spectra. Indeed, Δε is opposite in sign for the
Soret bands of Cu(T4) and Cu(tD4), even though both
porphyrins intercalate into ds RNA. The exquisite sensitivity
may be due to the fact that the CD response depends on the
base arrangement within the host as well as ligand placement
relative to the base pairs. More work will be necessary to
elucidate all the details.
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H2T4, 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin;
Cu(T4), [5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-
porphyrinato]copper(II); H2cD4, 5,10-di(N-methylpyridi-
nium-4-yl)porphyrin; Cu(tD4), [trans-5,15-di(N-methylpyridi-
nium-4-yl)porphyrinato]copper(II); Cu(cD4), [cis-5,10-di(N-

methylpyridinium-4-yl)porphyrinato]copper(II); CD, circular
dichroism; MeCN, acetonitrile; DDQ, 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone; DMF, N,N-dimethylformamide; DCM,
dichloromethane; HNO3, nitric acid; TEMED, N,N,N′,N′-
tetramethylethylene diamine; Cu(OAc)2, copper(II) acetate;
CH3I, methyl iodide; TBAN, tetrabutylammonium nitrate;
KPF6, potassium hexafluorophosphate; ds, double-stranded;
MeOH, methanol; q, ratio of base pair concentration with
respect to porphyrin concentration.
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