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Abstract: The spectral properties of meso-tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP) bound to
poly(dA)-poly(dT) and poly[d(A—T),] in the presence and in the absence of 4’,6-diamidino-2-phenyl-
indole (DAPI) have been studied. DAPI fits deeply into the minor groove of both poly(dA)-poly(dT) and
poly[d(A—T),], and TMPyP is also situated at the minor groove. The nature of the absorption, cir-
cular dichroism (CD), and flow linear dichroism (LD) spectra of the TMPyP—poly(dA)-poly(dT) and
—poly[d(A—T),] complexes in the Soret band is essentially unaffected whether the minor groove is blocked
by DAPI or not, although small variations been noticed in the presence of DAPI. Furthermore, a close
analysis of the reduced LD spectrum in the Soret band results in angles of ~80° and 55° between transition
moments of the TMPyP and DNA helix axes in the absence of DAPI. All these observations indicate that
the side of TMPyP whose structure resembles that of classical minor groove binding drugs does not fit
deeply into the minor groove. This suggests that TMPyP binds across the minor groove: two positively
charged pyridiniumyl rings interact electrostatically with negatively charged phosphate groups of DNA. When
DAPI and TMPyP are simultaneously bound to poly(dA)-poly(dT) or poly[d(A—T)], the fluorescence intensity
of DAPI decreases as TMPyP concentration increases, indicating that the excited energy of DAPI is

transferred to TMPyP.

Introduction

The interaction between DNA and porphyrin derivatives has
been studied intensively for its potential application in photo-
dynamic therapy, for example, and for its unique physicochem-
ical properties in the interaction with nucleic acidShe
importance of this study was highlighted by the finding of the
porphyrin derivatives’ action as antivitand anticancer drugs.

Water-soluble cationic porphyrin has been known to exhibit
various modes of binding to DNAs. The structures of these
porphyrir—-DNA complexes have been extensively characterized
using a variety of physical techniques, including NMR, equi-
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librium dialysis, circular and linear dichroism (CD and LD),
and viscometry measurementBor instancemesetetrakis(\-
methylpyridinium-4-yl)porphyrin (referred to as TMPyP, Figure
1), a representative of this family, intercalates between the GC
base paird:> When associated with natural or AT-rich synthetic
DNA, it exhibits various binding modes: TMPyP prefers to
stack or to form an assembly along the AT-rich DNA at a high
[porphyrin]/[DNA] ratio,f while it binds at the groove of AT
sequences at a low [porphyrin]/[DNA] ratfo.Stacked or
assembled TMPyP, which exhibits a bisignate induced CD spec-
trum in the Soret absorption band, occurs in the major gré8ve.
In contrast, porphyrins that bind at the groove produce a positive
CD band in the same region.

It has been well-known that unfused hydrocarbons bind
preferentially in the minor groove of the AT-rich regiét¥',6-

(4) (a) Marzilli, L. G.; Banville, L. D.; Wilson, W. DJ. Am. Chem. Sod986
108 4188-4192. (b) Guliaev, A. B.; Leontis, N. BBiochemistry1999
38, 15425-15437.

(5) Lee, Y.-A,; Lee, S;; Cho, T.-S.; Kim, C.; Han, S. W.; Kim, S. XK.Phys.
Chem. B2002 106, 11351-11355.

(6) (a) Marzilli, L. G.New J. Chem199Q 14, 409-420. (b) Lipscomb, L. A.;
Zhou, F. X.; Presnell, S. R.; Woo, R. J.; Peek, M. E.; Plaskon, R. R.;
Williams, L. D. Biochemistry1996 35, 2818-2823. (c) Ismail, M. A.;
Rodger, P. M.; Rodger, Al. Biomol. Struct. Dyn200Q Corversation 11
335-348. (d) Pasternack, R. Ehirality 2003 15, 329-332.
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By TMPyP if porphyrin fits deep into the minor groove. In addition,
A detailed analysis of the LD spectrum of the TMPyoly(dA)-
poly(dT) and—poly[d(A—T),] complex is performed to deter-
mine the angle between the transition moments of the porphyrin
molecule and the DNA helix axis.

HyC

Materials and Methods

Materials. All chemicals were purchased from Sigma and used
without further purification. Poly(dApoly(dT) and poly[d(A-T)] were
purchased from Amersham Biosciences Co. (Piscataway, NJ). The
polynucleotides were dissolved & 5 mMcacodylate buffer containing
1 mM EDTA and 100 mM NacCl at pH 7.0 and dialyzed several rounds
against 50 mM NaCl, 5 mM cacodylate buffer, pH 7.0. The latter buffer
was used throughout this work. The concentrations of the chemicals
were determined spectrophotometrically using the following extinction

(a) (b) coefficients: €424 nm= 22 6000 cm* M™%, €342 nm= 27 000 cm* M1
for TMPyP and DAPI, respectively, argsonm= 6000 cnT M2, €262 nm
Figure 1. Molecular structures of (a) 4',6-diamidino-2-phenylindole and ~ — 6600 cn* M for poly(dA)-poly(dT) and poly[d(A-T)] in nucleic

(b) mesetetrakisN-methylpyridium-4-yl)porphyrin. acid base, respectively. Samples were prepared by adding aliquots of
concentrated porphyrin solution to appropriate DNA and DNDWAPI

Diamidino-2-phenylindole (referred to as DAPI, Figure 1) is solutions (typically up to 10@L to 2 mL) before measurements, and
one of the well-known exampléé:}?The minor groove binding the signals were corrected for volume changes. All measurements were
drugs possess common structural metifsey adopt crescent ~ Performed at ambient temperature.

shapes that match the turn of the helical motif in DNA. They  Polarized Light Spectroscopy.Drugs induce a CD spectrum upon
also possess positive charges and a certain degree of rotationdl"ding t© DNA, even though it does not possess a chiral center. The
freedom for drugs to fit into the narrow minor groove. That origin of this induced CD has been thought to be the interaction of the

.. . drug’s electric transition moments with those of chirally arranged DNA
TMPyP has a structural motif similar to those of conventional bases. In the porphyrirDNA complex case, various shapes of CD

minor Qroove bi”ding drugs makes TMP}’P a possible candidate bands in the Soret absorption region have been known to represent
for a minor groove binding d'rug. Indeed, it was r.ecently. reported porphyrin’s characteristic binding modes. Stacked or extensively arrayed
that the CD spectral properties of TMPyP associated with duplex porphyrins on the DNA stem exhibit a characteristic bisignate CD due
(dA)n+(dT), and triplex (dA)-[(dT),]2 at low binding ratios are to the coupling of the oscillating dipoles between the DNA and
similar, suggesting that the location of TMPyP is the minor porphyrin and/or of the porphyrirporphyrin®® A negative CD band
groove®® Despite this possibility, it is not clear whether was observed for the porphyrins that intercalated between the GC base
porphyrin fits deeply into the narrow minor groove or simply phairsé_wgile apositivehCD was produ{;:;d for the monomeric porphyrins
binds near or across the minor groove. that bind at or near the minor groove.

To clarify the binding mode 0? porphyrin at the groove of LD is defined as the difference in absorbance by an oriented sample

i i i 14

DNA, the spectral properties of TMPyP complexed with poly- 2eWWeen the light polarized parallef and perpendicularAf).
dA)-polv(dT d polvid(A-T)1 in th din th Measured LD is divided by isotropic absorption to give the reduced
(dA)-poly(dT) and poly[d( )2l |.n t ? presence and in _t € b (LD"), which is related to the angle, that specifies the orientation
absence of DAPI are compared in this study. The blocking of 4t the transition moment of drug relative to the local DNA helix:
the minor groove by DAPI may alter the spectral properties of

HyC

(7) (a) Kuroda, R.; Tanaka, H. Chem. Soc., Chem. Comma&f894 1575~ LD = Q - A”_AD — §5(3 C0§ oa— 1)
1576. (b) Sehlstedt, U.; Kim, S. K.; Carter, P.; Goodisman, J.; Vollano, J. A A 2
K.; Norden, B.; Dabrowiak, J. CBiochemistry1994 33, 417—-426. (c)
Schneider, H. J.; Wang, M. Org. Chem1994 59, 7473-7478. (d) Yun, i . . . .
B. H.; Jeon, S. H.; Cho, T.-S.; Yi, Y.; Sehlstedt, U.; Kim, S.Biophys. whereSis the orientation factor such th&t= 1 for perfect orientation

Chem 1998 70, 1-10. (e) Lee, S.; Jeon, S. H.; Kim, B. J.; Han, S. W.; — i ; ;
Jang, H. G.: Kim, S. KBiophys, Chen2001 92 35-45. (f) Lee. S.- Lee, andS= 0 for random orientation. It can be calculated by assuming an

Y. A Lee, H. M_; Lee, J. Y; Kim, D. H.; Kim, S. KBiophys. J2002 angle of 88 between ther — r* transition of the DNA base and the
83, 371-381. _ _ o DNA helix axis®* Both CD and LD spectra were recorded on a Jasco
®) Eﬁﬁ’z&é\"lgémél%é)él%??’ T.-S.; Song, R Kim, S. K. Am. Chem. J 715 polarimeter. For LD measurements, a flow-orienting Couette cell

(9) Kim, J.-O.; Lee, Y.-A.; Yun, B. H.; Han, S. W.; Kwag, S. T.; Kim, S. K. device with an inner rotating cylinder was used, as described by Norde
Biophys. J2004 86, 1012-1017. 6 i H

(10) (2) Wilson, W. D. IrNucleic Acids in Chemistry and BiologBlackburn, and Seth® Polarized light spectra were averaged over several scans
M., Gait, M., Eds.; Oxford Press: Oxford, U.K., 1990; pp 3&0. (b) when necessary.
Zimmer, C.; Wahnert, UProg. Biophys. Mol. Biol1986 47, 37-112. (c) Absorption and Fluorescence MeasurementsThe fluorescence

Bt e s O o B Ao 2 ys.; intensity of polynucleotide-bound DAPI decreases with increasing

Wiley: New York, 1981; pp 287292. TMPyP concentration (see below). Quenching of the fluorescence may

(11) (a) Norde, B.; Erkisson, S.; Kim, S. K.; Kubista, M.; Lyng, RD.;kArman, i i i ;i i
B. In Molecular Basis of Specificity in Nucleic Acid-Drug Interactions appear as a straight line in a Stetviolmer plot if the quenching
Pullman, B., Jortner, J., Eds.; Kluwer Academic Publishers: Amsterdam,

The Netherlands, 1990; pp 2&1. (b) Erkisson, S.; Kim, S. K.; Kubista, (13) (a) Pasternack, R. F.; Giannetto, A.; Pagano, P.; Gibbs JEAIn. Chem.

M.; Norden, B. Biochemistryl993 32, 2987-2998. (c) Kim, H.-K.; Kim, Soc 1991, 113 7799-7800. (b) Pasternack, R. F.; Gibbs, EJJInorg.

J.-M.; Kim, S. K.; Rodger, A.; Nordg B. Biochemistryl996 35, 1187 Organomet. Polym1993 3, 77—88.

1194. (14) (a) Norde, B.; Kubista, M.; Kurucsev, TQ. Re. Biophys. Chem1992
(12) (a) Larsen, T. A.; Goodsell, D. S.; Cascio, D.; Grzeskowiak, K.; Dickerson, 25,51-170. (b) Norde, B.; Kurucsev, TJ. Mol. Recognit1994 7, 141~

R. E.J. Biomol. Struct. Dyn1989 7, 477—491. (b) Mohan, S.; Yathindra, 156. (c) Rodger, A.; Norde B. Circular Dichroism & Linear Dichroism

N. J. Biomol. Struct. Dyn1991, 9, 695-704. (c) Trotta, E.; D’Ambrosio, Oxford University Press: New York, 1997.

E.; Del Grosso, N.; Ravagnan, G.; Cirilli, M.; Paci, M.Biol. Chem1993 (15) (a) Matsuoka, Y.; Norde B. Biopolymer 1981, 21, 2433-2452. (b)

268 3944-3951. (d) Vlieghe, D.; Sponer, J.; Van MeerveltBiochemistry Matsuoka, Y.; Norde, B. Biopolymer1982 22, 1713-1734.

1999 38, 16443-16451. (16) Norden, B.; Seth, SAppl. Spectroscl985 39, 647—655.
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mechanism follows either a simple static or a dynamic mechahism. @
a

Fo/F =1+ Ke\[Q]

whereKsy is either the dynamic or static quenching constant and [Q]
denotes the concentration of the quencher. However, an upward bending
curve is often observed in the SterXolmer plot when the extent of
guenching is large. Such positive deviations may be interpreted in terms
of a “sphere of action”, within which the probability of quenching is
unity.

(b)

Absorbance

F
£ = (1+ Ko[Q)) exp([QIV'1000)

whereKp = ky7o represents the dynamic quenching constant, wjth
and, being the bimolecular quenching constant and the fluorescence
decay time in the absence of quencher, respectikéig.the volume
of the sphere. The dynamic quenching efficiend¢p, may be
determined independently by measuring the fluorescence decay time
in the absence and in the presence of the quencher. The fluorescence
intensity of the DAP+polynucleotides complex in the presence and 095 350 200 %50 500
in the absence of TMPyP was monitored at 370 and 460 nm,
respectively, for excitation and emission. The slit widths were 8 and
12 nm, respectively. The steady-state fluorescence intensity of the Figure 2. (a) Absorption spectrum of the DAPpolyd(A)-poly(dT) (dashed
DAPI—polynucleotide complex was measured at 360 and 456 nm for ?K/Ir\lg?ypglgx%|4—)’p;%':(’;/\;?&ggj%)igggég?ur(\?:"gu(r:\%\i’ie)’cg%\{)’leefg’s a‘lr']r(]jat
exc!tat!on and em|§3|pn, respectively. The slit width was 5 nm for both of polynucleotide-free TMPyP is also shown f’or comparison (thick solid
excitation and emission. curve, curve 1). [TMPyP¥E 5 uM, [DAPI] = 8 uM, and [polyd(A)poly-
Absorption spectra were recorded on a Cary 500 instrument and (dT)] = 100uM in base. (b) Absorption spectrum of the TMPyBAPI—
fluorescence on a Perkin-Elmer LS50B. Fluorescence decay times werepoly[d(A—T)2] system. Concentrations and curve assignment are the same
measured using an IBH 5000U fluorescence lifetime system. The LED as in ().
source of a nanoLED-03, which produces an excitation radiation at
370 nm with fwhm of~1.3 ns, was used to excite polynucleotide- oObserved, suggesting that TMPyP also remains bound. A small
bound DAPI. decrease in absorbance may be explained by the change in the
environment of TMPyP induced by the presence of DAPI.
Changes in the absorption spectrum for the TMPRAPI—
Absorption, CD, and LD Spectra. Binding of TMPYP to  poly[d(A—T),] system are similar to those of the TMPyP
native and synthetic polynucleotides induces changes in thepoly(dA)-poly(dT) complex (Figure 2b), except that the TMPyP
absorption spectrum in the Soret band. The extent of the red-poly[d(A—T),] complex exhibis a 9 nmred-shift and 4%
shift and hypochromism or hyperchromism depends on the hypochromism compared to that in the aqueous solution, leading
nature of polynucleotide, porphyrin, and the binding mode. to the same conclusion, i.e., TMPyP and DAPI can bind
Generally, the change is large for the intercalation and small simultaneously to both AT-rich polynucleotides.
for the groove binding or the stacking mode. The absorption  the cp spectrum in the Soret absorption region seems to be
spectra of the TMPyPpoly(dA)-poly(dT) and—poly[d(A—T);] a good indicator of the binding mode of the porphy+NA
complexes are_depicted in Figure 2a and b, respectiyely, in thecomplex. As depicted in Figure 3a and b, the induced CD
presence and in the absence of DAPI. The absorption spectragpecirum of TMPyP appeared to be positive in the Soret region
of the polynucleotide-bound DAPI and polynucleotide-free \yhen TMPyP was associated with poly(dpdly(dT) as well
TMPyP are {also presented for cqmparison. TMPyP exhibits 4% 5¢ \with poly[d(A-T),], suggesting that the binding mode to
hyperchromism aa 6 nmred-shift upon binding to poly(dA)  hese duplexes is similar, although the intensity is about 1.6
pon(dT) compared to polynucleotide-free TMPyP, with |t§ times higher for the complex with poly(dAoly(dT). The
maximum being at 427 nm. In the presence of DAPI, no shift ssitive CD signal in the Soret absorption region for the
but a~10% decrease in absorbance at the absorption maximumyvipyp—polynucleotides complex may be explained by TMPyP
is observed. Polynucleotide-free DAPI in aqueous solution being associated at the groove of DN When DAPI is
exhibits an absorption maximum &840 nm (data not shown),  gsgociated with both polynucleotides, an induced positive CD
which shifts to longer wavelength by about 20 nm upon binding gjgna with its maximum at about 366 nm is apparent. A similar
to the minor groove of DNA or AT-rich polynucleotidésAn induced CD signal has been reported for the DAPI that bound
absorption maximum aroun¢t360-370 nm is visible for the {4 the minor groove of AT-rich DNA at a high binding densiy.
TMPyP—DAPI—pon(dA)-pon(dT) complex, suggesting that  The cD spectrum of the TMPYFDAPI—poly(dA)-poly(dT)
DAPI remains bound even in the presence of TMPyP. The complex shows positive signals at about 368 and 424 nm,
absorption maximum of the TMPy#poly(dA)-poly(dT) com-  regpectively, corresponding to polynucleotide-bound DAPI and
plex remains at 427 nm even when the minor groove is saturatedTMpyp, suggesting that both TMPyP and DAPI are simulta-
by DAPI, although a small decrease in the absorbance WaSnheously bound to poly(dApoly(dT). However, the CD spectrum

(17) Lakowiz, J. RPrinciples of Fluorescence Spectroscoppd ed.; Plenum c_’f the TMPyP—DAPI—poly(dA)-pon(dT) complex is not iden-
Press: New York, 2001; pp 23247. tical to the sum of the spectra of the DARJoly(dA)-poly(dT)

Wavelength (nm)

Results
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(b)

CD (mdeg)

15+

400 450

Wavelength (nm)
Figure 3. (a) CD spectrum of the TMPyPpoly(dA)-poly(dT) (solid curve),
DAPI—poly(dA)-poly(dT) (dashed curve), and TMPy®API-poly(dA)-
poly(dT) (dotted curve) complexes. (b) CD spectrum of the TMPp#&ly-
[d(A—T)z (solid curve), DAPpoly[d(A—T);] (dashed curve), and
TMPyP—-DAPI—poly[d(A—T),] (dotted curve) complexes. The concentra-
tions are the same as in Figure 2a.

350 500

0.000

-0.002

-0.004 |/
a X (a)

L

0.0000
-0.0005

.0.00101 F

i v (b)
300
Wavelength (nm)

400 500

Figure 4. LD spectra of (a) the TMPyPDAPI—polyd(A)-poly(dT) system
and (b) the TMPyPDAPI—polyd[d(A—T),] system. The curve assignments
and the concentrations are the same as in Figure 2.

and TMPyP-poly(dA)-poly(dT) complexes, indicating that the
local environment is changed for both drugs. A similar result
is observed for the TMPyPDAPI—poly[d(A—T),] system
(Figure 3b). It is noteworthy that a decrease in the DAPI CD
signal is apparent for the TMPyDAPI—poly(dA)-poly(dT)

0.05| @

0.00

-0.05

LD’

(b)
0.01+

0.00

001

-0.02+

200 300 400 500

Wavelength(nm)

Figure 5. LD" spectra of (a) the TMPyPDAPI—polyd(A)-poly(dT) system
and (b) the TMPyP-DAPI—polyd[d(A—T),] system. The curve assignments
and the concentrations are the same as in Figure 2.

poly[d(A—T),] systems, respectively. Both drug-free poly(dA)
poly(dT) and poly[d(A-T)] exhibit negative LD signals in the
DNA absorption region (curves 1), as expected from our LD
systemt#~16 The difference in the magnitude of the measured
LD value in the DNA absorption regiom~260 nm) can be
attributed to the difference in the length and the flexibility of
two polynucleotides. When TMPyP is bound, a significant
decrease in the LD magnitude in the DNA absorption region is
apparent for both polynucleotides (curves 2), suggesting that
the binding of TMPYP results in a decrease in the orientability
of the polynucleotide. Negative LD signals in the Soret region
are also apparent for both complexes, excluding the possibility
that the angle of both thBx and By transitions relative to the
DNA helix is 45, which has been observed for the classical
minor groove binding drugs. When DAPI is bound, an increase
in the LD magnitude in the DNA absorption region and the
positive LD in the DAPI absorption region are apparent for both
the DAPpoly(dA)-poly(dT) and the DAP+poly[d(A—T),]
complexes, as has been reported (curve¥ 4).decrease in
LD magnitude in the DAPI absorption region for both TMPyP
DAPI—poly(dA)-poly(dT) and TMPyP-DAPI—poly[d(A—T),]
complexes and an increase in the Soret band for the latter
complex are apparent.

The appearance of the LBpectrum is directly related to
the angle of the transition moment of the DNA-bound drug, in
particular theB, andBy transitions in the porphyrin case, relative
to the DNA helix axis. The LDspectra of the TMPyPDAPI—
poly(dA)-poly(dT) and TMPyP-DAPI—poly[d(A—T),] systems
are shown in Figure 5a and b, respectively. In both the DAPI
poly(dA)-poly(dT) and the DAPt+poly[d(A—T);] complex
cases (curves 4), a negative 'Lib the DNA absorption region
with a small positive sign and a positive, relatively wavelength-

complex, while a decrease in the Soret region is observed forindependent LD signal is apparent. Angles of 4@4° are

the TMPyP-DAPI—poly[d(A—T),] complex.

obtained for the two DAPI transitions, which coincide with

Figure 4a and b depicts the measured LD spectra for the known values! in accordance with deep binding of DAPI in

TMPyP—DAPI—poly(dA)-poly(dT) and the TMPyPDAPI—
2420 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005
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plexes cases, the magnitude of 'Lib the DAPI absorption
region decreases. The angle between the DAPI transition
moment and the DNA helix axis is 4&2° for both poly(dA)
poly(dT) and poly[d(A-T),]. A decrease in LD magnitude

in the DNA absorption region upon binding of TMPyP to
both poly(dA)poly(dT) and poly[d(A-T),] (compare curves 1
and 2) and to DAP+poly(dA)-poly(dT) and the DAP+poly-
[d(A—T)2] complex (curves 4 and 3) indicates that binding of ) ) i }
TMPyP results in a decrease in polynucleotide and DAPI (b)
polynucleotide complex. In the Soret region, LB strongly 10l
wavelength-dependent. The shape of"LB similar in the
presence (curves 3) and in the absence (curves 2) of DAPI,
suggesting that the geometry of TMPyP may be similar. The
negative LD value in the Soret region excludes the possibility
that both theB, and By transitions of the porphyrin molecule 0.0f
orient near 45 relative to the DNA helix axid® 16 the
orientation angle of 45is typical for the minor groove binding

0.5}

Absorbance

(c)

drugs such as DAPL The LD signal in the Soret region 1o

strongly depends on the wavelength for both complexes in the

presence and in the absence of DAPI, suggesting that the 0.5}

degeneracy of th&, and By transitions is removed, i.e., the

interaction of the transition moments with DNA is different or 0.0

the binding mode of porphyrin to DNA is heterogeneous. It is 380 400 420 440 460 480
noteworthy that the magnitude of LLh the DNA absorption Wavelength (nm)

region decreases for both TMPyPBoly(dA)-poly(dT) and Figure 6. (a) The difference spectra(l) — xLD(A), of TMPyP bound to
TMPyP—poly[d(A—T)z] complexes upon porphyrin binding po:ygg%)]'pohllg%'r)’\iﬂnghe S9rf9t fe%ilobn- [TMPYRE 5 uM agd [PO!Y(dA)d o
: : : poly = u ase. lop an ottom curves are absorption an
compz?lred t9 _that in the absence of porphyrin, suggesting that(multiplied by a factor of 100), respectively. Thevalue varied between
the orientability of DNA decreased. —0.3 and—1.4 with an increment of-0.1. The dotted curve witk =
Analysis of LD" Spectra of the TMPyP Complexed with —0.4 is considered the most representative profile of the short-wavelength
Poly(dA)-Poly(dT) and Poly[d(A—T)]. The appearance of transition. (b) Absorption spectrum of the TMPyRoly(dA)-poly(dT)
| th-d dent I'On the drud’ b ti . complex resolved into the contributions from two transitions. (c) Absorption
YVaYe ength-dependen n e . rugs absorp 'O'? region . spectrum of the TMPyPpoly[d(A—T)2] complex resolved into the
indicates that two or more transition moments are involved in contributions from two transitions by the same method as for the TMPyP-
a given absorption band. Particularly, wavelength-dependeit LD poly(dA)-poly(dT) complex.
in the Soret region of the porphyrrDNA complex implies _ _
that the degeneracy of the transition moments of porphyrin in —1.4 (from top to bottom) with an increment of0.1. The
the Soret bandB and B, bands) is removed upon binding to measured absorption and LD spectra (multlphed by a factpr of
DNA, by having different angles with respect to the DNA helix 100) are shown at the top and bottom of the figure, respectively.
axis? If this is the case, the LDspectrum may be analyzed by ~ The absorption profile witk = —0.5 (shown as a dashed curve

noticing that the absorption and LD spectra are the sums of in Figure 6a) was chosen as the best representative curve for

contributions from the two transitiorig19 the long-wavelength transitiofip(1). Subtraction off»(1) from
the measured absorption spectrum results in the absorption
AL) = 4, T,(4) + t,T,(4) profile of the short-wavelength transitiof,(1) (Figure 6b). Two
absorption profiles obtained for the TMPyBoly[d(A—T)2]
LD(A) = t5T5(4) + t,T,4(A) complex are shown in Figure 6c. The LDalues for each
transition moment can be calculated from the following expres-
whereTy(4) and To(1) are absorption profiles of the, and By sionsi819

transitions that contribute to the absorption spectrum, and
T3(1) and T4(1) are those that contribute to the LD spectrum.
Thet’s are the coefficients. The contribution of purgl) can

be obtained by subtraction of the properly tuned LD spectrum,
multiplied by a weighing factorx), from the measured absorp-
tion spectrum because the contributions of the two transition
moments to absorption and LD spectra are different.

& d LO, =
E an [&—t—

t
D! = 4
2
Once LD values are obtained, the angle between each transition
moment and the DNA helix axis can be calculated by assuming
an angle of 86 between the plane of the DNA base and the
DNA helix axis. A similar approach was reported for the
TMPyP—poly[d(I—C),] complex® Angles of 74 and 55 were
obtained for the short- and long-wavelength transitions of both
the TMPyP-poly(dA)-poly(dT) and TMPyP-poly[d(A—T)]
complexes. Choosing the value, thereby, the representative

T,(A) = A(A) — kLD(A)

Figure 6a shows tha(1) — xLD(4) spectrum of the TMPyP
poly(dA)-poly(dT) complex, with thec ranges from—0.3 to

(18) (a) Kubista, M.;aA(erman, B.; Norde, B. Biochemistryl987, 26, 4545-
4553. (b) Kim, S. K.; Eriksson, S.; Kubista, M.; NorieB. J. Am. Chem. (19) Michl, J.; Thulstrup, E. W.Spectroscopy with Polarized LighvCH
Soc 1993 115 3441-3447. Publidhing Inc.: Weinheim, Germany, 1986; p 423.
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Figure 7. (a) Stern-Volmer plot for the fluorescence quenching of the
DAPI—poly(dA)-poly(dT) (open circles) and DAPipoly[d(A—T)] com-
plexes (closed circles) by TMPyP. The solid curves are the best-fit curve
for the equatiorFo/F = (1 + Kp[Q]) exp([Q]VN/1000) (see the text for the
appropriate values dfp andV). That in the absence of polynucleotide is
shown as closed triangles. [Polynucleotigde]LO uM, [DAPI] = 0.8 uM.
Fluorescence intensities were read with the excitation at 360 nm and
emission at 456 nm. Slit width was 5 nm for both excitation and emission.
(b) Fluorescence emission spectrum of the DABYly[d(A—T).] complex
(excitation at 360 nm) and rescaled absorption spectrum of the TMPyP
poly[d(A—T)z] complex.

absorption profiles for the transitions somewhat affect the
resulting angle. For instance, when we choose —0.4 (Figure
6a, dotted curve) instead of= —0.5, the resulting angles were
82° and 55, and fork = —0.6 (Figure 6a, dotted curve), the
resulting angles were 7Gand 55. However, variation in the
angles by these amounts did not affect our qualitative discussion;
i.e., neither the intercalation mode nor classical minor groove
binding mode of TMPyP can produce these angles.
Decrease in Fluorescence Intensity of the DAPtPoly(dA)-
Poly(dT) and —Poly[d(A—T),] Complexes upon TMPyP
Binding. The fluorescence intensity of the DAPpoly(dA)-
poly(dT) and—poly[d(A—T),] complexes decreases with in-
creasing TMPyP concentration. When the ratio of the fluores-

cence in the absence of TMPyP to that in the presence is plotted

with respect to the TMPyP concentratidfy/f versus [TMPyP],

a normal SteraVolmer plot)}” upward-bending curves are
observed for both the DAPipoly[d(A—T),] and —poly(dA)-
poly(dT) complexes (Figure 7a).The quenching efficiency of
TMPyP for the DAP+poly[d(A—T),] complex is slightly higher
than that of the DAP+poly(dA)-poly(dT) complex. It should

be noted that in the absence of polynucleotide, no quenching
activity is observed, ensuring that the fluorescence quenching
of DAPI by TMPyP occurs only when they bind simultaneously
to the polynucleotide. It should also be noted that the fluores-
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Figure 8. (a) Decay profile of the DAP+poly[d(A—T)z] complex in the
absence (curve 1) and in the presence of TMPyP (curve4).2The
concentrations of TMPyP were 0.1, 0.2, and @Nd. The complex was
excited at 370 nm by an LED source. The emission was detected at 460
nm. Slit widths were 8 and 12 nm for excitation and emission, respectively.
[DAPI] = 0.8uM, [polynucleotide]= 10 M in base. (b) Ratio of average
decay time (as defined in the text) of the DARIoly[d(A—T),] (closed
circles) and DAP+poly(dA)-poly(dT) (open circles) complexes in the
absence of TMPyP to that in their presence.

cence of TMPyP at appropriate excitation and emission wave-
lengths for DAPI fluorescence (360 and 456 nm, respectively)
is negligible. Therefore, the decrease in fluorescence intensity
is certainly caused by the DAPI molecule. A large overlap
between the emission band of the DAMolynucleotide
complex and the absorption spectrum of the TMPyP is observ-
able (Figure 7b), suggesting that the mechanism behind the
decrease in DAPI fluorescence involves, at least in part, the
resonance energy transfer type. If the fluorescence quenching
is described by a “sphere of action” model, in which both static
and dynamic mechanisms are involved, the Stéfalmer plot

can be modified to involve both mechanisms (see Materials and
Methods). In the equation, the dynamic quenching constant may
be obtained by independent measurement of the fluorescence
decay time in the presence and in the absence of TMPyP (see
below). Utilizing theKp values of 1.21x 10° M~1 for the
TMPyP—DAPI-poly[d(A—T)2] complex and 0.88< 1(f M1

for the TMPyP-DAPI—poly(dA)-poly(dT) complex, sphere
radii near 125 and 122 A are obtained, respectively. These values
are unrealistically large. Usually the sphere radius is in a range
comparable to the sum of the radii of the fluorophore and
guencher The dramatic effect on the extent of quenching may
be attributed to the electronic charge on TMPyP. Considering
the highly negatively charged DNA, quenching efficiency is
expected to be sensitive to the charge of TMPyP and the rate
of quencher diffusion near the DNA hefk.

(20) Casali, E.; Oetra, P. H.; Ross, J. B. Biochemistry199Q 29, 9334-
9343.

(21) Pasternack, R. F.; Caccam, M.; Keogh, B.; Stephenson, T. A.; Williams,
A. P.; Gibbs, E. JJ. Am. Chem. S0d 991 113 6835-6840.
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Figure 9. lllustration for the binding of TMPyP (blue) across the minor groove of DNA in the presence of DAPI (red).

The fluorescence decay times of both the DAPobly(dA)- region at a low [TMPyP]/[DNA base], which has been attributed
poly(dT) and the DAP+poly[d(A—T),] complexes are short-  to a monomeric TMPyP, locating at or near the groove of the
ened by the presence of TMPYP. In the absence of TMPyP, thedouble helix. It has been recently reported that the positive CD
DAPI—poly[d(A—T),] complex exhibits two decay components, signals of TMPyP when associated with duplex dg&(T):2
71 = 0.44 ns and, = 3.85 ns, with their relative amplitudes and d[(A—T)g]2 and with triplex d(A)2+[d(T)12]2 are similar®
= 8.28% anda, = 91.72%, respectively (Figure 8a, curve 1). These observations indicate that TMPyP binds at the minor
The decay components of the DARjoly(dA)-poly(dT) com- groove of the AT-rich oligonucleotides, since thymines have
plex arer; = 0.49 ns & = 7.53%) andr, = 3.95 ns & = been known to be at the major groove in triplex DNA, thereby
92.47%). The fluorescence decay times of polynucleotide-free blocking or alternating the binding properties of the major
DAPI at various pH valuég and of the DAP+poly[d(A—T),] groove binding drugd! Given this result, the question that
complexes have been reporédilthough the results from the  remains is whether the crescent-shaped side of the TMPyP that
three-component analysis agree with reported results, neithermatches the turn of the helical motif in DNA fits deep into the
residuals nor thes? value improved by the three-component minor groove. The spectral properties, including the normal
analysis compared to the two-component analysis in our absorption spectrum and CD, of the DARioly(dA)-poly(dT)
conditions. One decay time, approximately 4 ns, for DAPI bound complex and the DAPtpoly[d(A—T),] complex essentially do
to AT polynucleotide was also reported, obtained using the phasenot change even when TMPyP is bound simultaneously at high
modulation techniqué'c However, in our case, one-component binding densities, indicating that the replacement of DAPI by
analysis resulted in g2 = 2.42, which was improved tg? = TMPyP did not occur. The spectral properties of TMPyP in the
1.12 for two-component analysis. Therefore, the results from presence and in the absence of DAPI are also similar. This
two-component analysis will be used for further discussion. In observation indicates that DAPI and TMPyP simultaneously
the presence of TMPyP, both the long decay time and its bind at the minor groove of AT-rich double-helical DNA. The
amplitude tend to decrease. For instance, the long decay timeratio of the concentrations [DAPI]/[DNA base] is 0.08, corre-
of the DAPKpoly[d(A—T);] complex is 3.07 ns, with its sponding to six base pairs per DAPI molecule, at which DAPI
relative amplitude at 63.91% (Figure 8a, curve 4). A Stern  has been known to nearly saturate the minor grdédéie ratio
Volmer type plot of the ratio of the average decay time in the [TMPyP]/[DNA base] is 0.05, corresponding to 10 base pairs
absence of TMPyP to that in its presence is depicted in Figure per TMPyP. The angle between the two transitions of DAPI
8b. For two-component analysisthe average decay time is and the DNA helix axis has been determined as-4% by
defined byr = (a1712 + axr?)/(a1r1 + apro). The slope of the  analyzing the LD spectrumi! The angles of DAPI transi-
ratio [Zo[IZ[versus [TMPyP] is about 0.88 10° M~ for the tion relative to the DNA helix axis are 4041° for the DAPI-
DAPI—poly(dA)-poly(dT) complex and 1.2k 10° M~ for poly(dA)-poly(dT) complex and 4644° for the DAPHpoly-
the DAPFpoly[d(A—T),] complex (Figure 8b). The bimolecu-  [d(A—T),] complex, which are in agreement. In the presence
lar quenching ratek,, reflecting the efficiency of dynamic  of TMPyP, the magnitude of LDn the DAPI absorption region
quenching or the accessibility of the fluorephores to the decreases, resulting in angles of-48° for the DAPHpoly-
quencher, 2.24& 10" and 3.14x 10*M~1s™1, is obtained by (dA)-poly(dT) complex and 5651° for the DAPpoly-
dividing the measuretp by the average fluorescence decay [d(A—T),] complex. The change in angle may be the result of
time 7o of the polynucleotide-bound DAPI in the absence of the negative contribution of TMPyP in the DAPI absorption
TMPyP. region and of DNA bending: DNA bending upon TMPyP bind-
ing can be noticed by the decrease in'lubthe DNA absorption
region, i.e., by comparison of L'df the drug-free polynucleo-

Binding Mode of TMPyP to Poly(dA)-Poly(dT) and Poly- tide and the TMPyPpolynucleotide complex (Figure 5).

[d(A_T)Z]' When associated with AT-rich p0|y' and O“go' (23) (a) Cavatorta, P.; Masotti, L.; Szabo, A.Bophys. Cheml985 22, 11—
nucleotides, TMPyP produces a positive CD signal in the Soret 16. (b) Barcellona, M. L.; Gratton, Biochim. Biophys. Actd989 993
174-178. (c) Barcellona, M. L.; Cardiel, G.; Gratton, BEiochem. Biophys.
Res. Commurl99Q 170, 270-280.
(22) Szabo, A. G.; Krajcarski, D. T.; Cavatorta, P.; Masotti, L.; Barcellona, M. (24) (a) Kim, S. K.; Norda, B. FEBS Lett 1993 315 61—-64. (b) Tuite, E.;
L. Photochem. Photobioll985 44, 143-150. Norden, B. J. Chem. Soc., Chem. Commad®895 53—54.

Discussion
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TMPYP possesses two degenerate in-plane electric transitionglex indicates that the mechanism behind the decrease in DAPI
which are perpendicular to each other (Figure 1). Upon binding fluorescence involves, at least in part, the resonance energy
of TMPyP to DNA, the degeneracy of the transition moments transfer type. However, the sphere radii near 125 and 122 A,
of porphyrin in the Soret bandB¢ andBy bands) is removed as  which are calculated from our results, suggest that the efficiency
a result of having different angles with respect to the DNA helix of the fluorescence quenching is far higher than that for the
axis® From this assumption, angles of*sand 76-80° between simple complex formation. The electronic charges of the
the transition moment of TMPyP and the DNA helix axis are quenchers can increase the quenching efficiency dramatically.
obtained for both the TMPyPpoly(dA)-poly(dT) and TMPyP- The quenching may be more efficient for the positively charged
poly[d(A—T),] complexes. These angles give additional evi- quenchers in the high negative charge density of DNA. For
dence against the binding mode in which the side of the TMPyP instance, the fluorescence of ethidium ion is effectively quenched
fits into the minor groove: the angle is 4between the TMPyP by cationic porphyrins in the presence of DNAThis result
transitions and the DNA helix axis; therefore, a positive, has been assigned to a long-range energy transfer.

wavelength-independent LBignal would be expected in the The diffusion-controlled quenching typically results in values
Soret absorption region for this binding mode. of the bimolecular quenching constakg, near 1x 1010 M1

Rejection of the possibilities of the major groove binding and s-1, Smaller values ok, can result from steric shielding of the
the classical minor groove binding, and the fact that the presencefiuorophore from quencher, while larger apparent valuek,of
of DAPI did not significantly alter the spectral properties of ysually indicate some type of binding interactiéThek, values
TMPyP, leaves us one possible binding mode for TMPYP, in of 2.24 x 10* and 3.14x 10 M~1 s, respectively, in the
which TMPyYP binds across the minor groove of DNA (Figure presence of poly(dApoly(dT) and poly[d(A-T),] are far higher
9). The distance between the positive charges on the porphyrinthan the usual bimolecular quenching constants. This result
that are next to each other was estimated as 11 A, and that acrosfray be understood on the basis of the fact that both DAPI
the porphine ring was 15 A. The distance between phosphatesand TMPyP nearly bind at the minor groove of polynucleo-
on the opposite strands was estimated as 18 A. However, thetide; therefore, the chances of collision between them are far
distance to the phosphate group three bases away on the oppositgigher compared to those of diffusion-controlled collision. A
strand was 12 A, leading us to conclude that the positive chargessimilar behavior with a 510 times lowerky was reported for
of the porphyrin conceivably interact with the phosphate group the DAPHRu(Il) complex-AT-rich polynucleotide system, in
that is three bases away. As shown in the scheme, thewhich the Ru(ll) complex is intercalated from the major
coexistence of DAPI and TMPyP on AT-rich polynucleotide groove?s
does not alter the essential binding properties of the each.

Energy Transfer from DAPI to TMPyP. A decrease in the Acknowledgment. This work was supported by the Korea
fluorescence intensity of the DAPpolynucleotide complex by ~ Research Foundation (Grant No. KRF 2002-070-C00053).
TMPyP indicates the occurrence of the energy transfer from JA044555W
the excited state of DAPI to TMPyP. A large overlap between
the emission band of the DAPI complexed with polynucleotide

. ; (25) Lee, B. W.; Moon, S. J.; Youn, M. R.; Kim, J. H.; Jang, H. G.; Kim, S. K.
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