Biochemistry2002,41, 64776482 6477

Phosphorescence and Optically Detected Magnetic Resonance of
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ABSTRACT. Phosphorescence and optical detection of magnetic resonance (ODMR) is used to study the
excited triplet state of'46-diamidino-2-phenyl indole (DAPI) and its complexes with the oligonucleotides
[d(CGACGTCG)} and [d(GGCCAATTGG)], where binding occurs by intercalation between GC base
pairs and by minor groove insertion, respectively. Weaker binding of DAPI to phosphate is also detected,
and the triplet state of this complex is characterized. Intercalation with [d(CGACGT@&)luces a
phosphorescence redshift, while groove binding with [d(GGCCAATTG@&Ads to a blueshift. Both
binding modes give rise to a small decrease in the zero-field splitting (zfs) of the DAPI triplet state. The
largest redshift and zfs decrease are found for the phosphate complex. The phosphorescence lifetimes are
shorter by an order of magnitude than that of indole or tryptophan as expected for the lower triplet state
energy Eoqo, of DAPI. The lifetimes agree well with a correlation wilgo introduced by Siebrand [Siebrand,

W. (1966)J. Chem. Phys. 444055-4057] except for the [d(GGCCAATTGG)minor groove complex

with a lifetime that is about 20% too long. The longer lifetime is attributed to distortion of the amidino
groups in this complex, resulting in less efficient intersystem crossing.

A great deal of interest has been focused on drugs that
exert their biological effects by forming complexes with
nucleic acids 1, 2). Two primary drug-binding modes have
been recognized, intercalation and minor groove interactions.
The former is represented by planar fused aromatic cations,
such as quinacrine and ethidiuB) 4). Minor groove-binding
drugs, on the other hand, are represented by nonfused cationg,gure 1: Structure of the dication of DAPI.
such as netropsin and distamyci).(These are selective ) ) _
for AT sequences, to avoid contact with the bulky Njjoup ~ However, intercalation of DAPI occurs in CG sequends; (
of CG base pairs at the foot of the minor groove or because 17), @nd stacking with terminal CG base pairs also has been
of favorable electrostatic interactions with the negatively récognized 18). Additionally, intercalation at AU sites of

charged minor groove in A sequencess}. 4 6-Diamidino- dyp[ex RNA is 'found, in contrast with the minor groove
2-phenylindole (DAPI, Figure 1)is an aromatic diamidine ~ Pinding at AT sites of DNA 19).
having antitrypanosomal’), antibiotic, antiviral, and anti- In this paper, we employ low-temperature phosphorescence

tumor activity. By inhibiting the binding of essential enzymes and optically detected magnetic resonance (ODMR) spec-
to duplex DNA, it alters biomolecular processes such as roscopy to study DAPI and two of its DNA complexes that
replication, repair, and transcriptiog10). DAPI finds wide have been 'characterlzed previously by other methods, the
use as a DNA probe in cytological applications, owing to complex with [d(CGACGTCG) and the complex with
the large increase in its fluorescence quantum yield on [d(GGCCAATTGG)}. The binding of DAPI to the octa-
binding to duplex DNA {1—13). DAPI has the properties ~ nucleotide duplex [d(CGACGTCG)has been studied by
of a minor groove-binding drug, and this binding mode has NMR (17) and reveals the presence of two nonequivalent
been characterized in AT sequences of DNAL(L, 14, 15). binding sites formed by intercalation of the drug into the
central adjacent CG base pairs and into the terminal adjacent
* This publication was made possible by Grant No. ES-02662 from CG base pairs. Crystals of the complex of DAPI with
the National Institute of Environmental Health Sciences. Its contents [d(GGCCAATTGG)} have been studied by X-ray diffraction
?hrg 3%3\% tgfel\zslaéﬂosnsll\ﬁlﬂty of the authors and do not necessarily reflect (20) showing that the drug binds into the minor groove
* To whom correspondence should be addressed. Phone: (530) 752formed by the central AT base pairs. In this work, we utilize
6471; Fax: (530) 752-8995; E-mail: maki@indigo.ucdavis.edu. the influence of the local environment on the triplet state
1 Abbreviations: D andE, zero-field splitting parameters; DAPI’,8- properties of DAPI as revealed by phosphorescence and

diamidino-2-phenyl indole; EEDOR, electroelectron double reso- ot ; ;
nance; EG, ethylene glycol: MIDP, microwave-induced delayed ODMR spectroscopy to distinguish between and characterize

phosphorescence; ODMR, optically detected magnetic resonance; SLR,the two prim_ary bi”di!"g mOd?? of this drug, minor groove
spin—lattice relaxation; zfs, zero-field splitting. binding and intercalation. Additionally, the binding of DAPI
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to phosphate is detected, and the adduct is characterized by
its phosphorescence and ODMR spectra. These methods have
been used previously to study the triplet state of tryptophan
in various proteins sites and in proteinucleic acid com-
plexes R1—23).

MATERIALS AND METHODS

DAPI dihydrochloride dihydrate was purchased from
Sigma and used without further purification. The oligonucleo-
tides were synthesized by the Molecular Structure Labora-
tory, University of California, Davis. DAPI (0.2 mM) and
the oligonucleotides (0.4 mM) are dissolved in 10 mM
phosphate buffer, pH 7. Complexes are prepared by mixing
equal volumes of DAPI and DNA monomer solutions to form 450 500 550
a 1:1 DAPI dsDNA complex. After 1 h, 40 vol % of ethylene Wavelength (nm)
glycol (EG) is added as cryosolvent and aliquots ofid0 Ficure 2: Phosphorescence spectra of DAPI in-B@ater glass
are introduced into 2 mm inside diameter Spectrasil tubesand EG-pH 7 phosphate buffer glass at various phosphate
for low-temperature spectroscopic measurements. To asses%’:‘ﬁ:tg?tgﬁblzhg g?zsghlftﬁ_ﬁgf;%rei?r?ﬁ]'? aDrKPE}ti?wl;{eV:rilge
the effects of pH and_b_uffer concentration on the spectra of unchanged at 77 K. Excitation is at 365 nm.

DAPI, 40% EG-containing samples are made up with water,

1072 M HCI, 1072 M NaOH, and pH 7 phosphate buffer at |, some samples, both the — E and the E bands are

2 mM and 100 mM concentration. observed as a poorly resolved doublet by delayed slow-
Phosphorescence measurements are made at 77 and 4€assage ODMR during saturation of tiz + E band

K with the sample excited by the 365 nm band of a 100 W (electron-electron double resonance (EEDOR)).

high-pressure Hg arc lamp that is selected by a 0.1 m " g pjevel decay constants, relative radiative rate con-

monochromator with 16 nm bandwidth. Only DAPI IS gianigy, — Kk, the SLR rate constanté;, and the relative
excited at this wavelength in DNA complexes. The phos- ;i1 sublevel populationsp,® = nit = 0)/nt = 0), are

phorescence is observed througl mmonochromator using  gpiained from global analysi€%) of microwave-induced
8.2 nm bandwujth. . . delayed phosphorescence (MIDP) data s&9).(Rapid
_ ODMR experiments are carried out at 1.2 K in pumped 54546 through th2 + E band produces a simple transient
liquid He in order to minimize Spinlattice rela>§|0n (SLR). that is analyzed as a single transition, as described previously
The spectrom_eter, employing photon counting, has been(25). Rapid passage through tBe— E, 2E frequency region
described preylousl)Qel, 25). .ODMR center bgnd frgquen_cy produces a complex response that is analyzed as sequential
vo and bandW|dtW1,2 (half height at hal-maximum intensity .passages through these bands. The temporal separation of
(hwhm)) are obtained using the delayed slow-passage experiyhe fast passage responses (assumed instantaneous) is
ment, as de_scrlbed pre_v|OUSI26( 27). . . calculated from the microwave sweep rate employed in the
The energies of the triplet state sublevels are given in ZEro\MIDP measurement and the frequency separation of the
magnetic field by the eigenvalues of the spin Hamiltonian p, s that is obtained from analysis of the delayed slow-
(28) passage ODMR data.

Phosphorescence Intensity

M~ 2 2 2 2
Jdh=D(JS;" =Ty + E(S" — %) EXPERIMENTAL RESULTS

whereD andE are the triplet state zero-field spitting (zfs) Phosphorescence SpectiBhe phosphorescence spectra
parameters,fi, i = X, y, z are the spin operators, aindis of DAPI in EG glass from water and from various concen-
Planck’s constant. The energies of the sublevilsT, and trations of pH 7 phosphate buffer are shown in Figure 2.
Tx are —2/3Dh, (/3D + E)h, and &/3D — E)h, respectively. The spectra of DAPI in agueous EG glass made from 10

Taking z as the out-of plane principal axiB, > 0 for 3(z, mM NaOH and from 10 mM HCI (not shown) resemble
7r*) states of aromatic molecules, such as indole and DAPI. closely that of the sample made up in pure water, showing
Furthermore, we arbitrarily adopt the conventign> 0 that there is no noticeable effect of acidity on the phospho-
without specifying the directions of the in-plane and rescence of DAPI in this pH range and that the effect of
y-principal axes. With this convention, the energie$ ¢f buffer concentration is not a general effect of ionic strength
the sublevels increase in the order< ¢, < ¢,. For indole, but rather is the result of binding of DAPI with phosphate.
the principalx axis is approximately normal to the ethylenic The narrow band of the free DAPI phosphorescence spectrum
bond of the five-membered rin@9). that is found at 521 nm diminishes in intensity with
For DAPI, and its complexes with DNA, we find thBt increasing phosphate buffer concentration, while a broader
~ 3E (see the following discussion). Thus, the— E(Tx < peak at 547 nm grows in. The phosphorescence decay

T,) and the E(T, <> Ty) ODMR bands overlap. Because the kinetics of DAPI in 10 mM phosphateEG glass differ when

Tx andT, sublevel populations decay rapidly relative to that monitored at 521 and at 547 nm. At 4.2 K, the decay constant
of T, (see the following discussion), the&eband vanishes  at 521 nm is 1.26°3$, while at 547 nm, the decay is more
shortly after the excitation is terminated. Thus, when rapid but cannot be fitted to a single exponential. The band
employing delayed ODMR, only th@ — E andD + E bands at 547 nm is assigned to the triplet state of a phosphate
are found, and these are used to obtain the zfs parameterscomplex of DAPI. It has widely different properties as
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Table 1: Triplet State Spectroscopic Properties of DAPI and Its Complexes with [d(CGACGT&@E)[d(GGCCAATTGG)P

D-E D+E

samplé Ama (nm) vo(GHZz) v12 (MHZz) 1o (GHZ) v12 (MHZ) D (GHz) E (GHz)
DAPI 5215 1.488(1) 59(4) 3.082(2) 58(4) 2.285 0.797
DAPI 547 1.413(9) 68(2) 2.86(1) 101(23) 2.13 0.72
DAPI + [d(CGACGTCG)} 527 1.463(1) 56(4) 3.019(5) 56(7) 2.241 0.778
DAPI + [d(GGCCAATTGG)L 516.6 1.464(2) 50(1) 3.059(5) 47(8) 2.261 0.799
DAPI in 10 mM NaOH-EG glass 521 1.492(2) 56(3) 3.083(1) 47(9) 2.287 0.796
DAPI in 10 mM HCI-EG glass 522 1.485(3) 55(1) 3.069(5) 57(2) 2.277 0.792
DAPI in 10 mM HCIEG glas$ 564 1.477(9) 65(6) 3.064(9) 65(20) 2.271 0.793

a Standard deviations in the last digit are given in bracke&amples are in 40% EGLO mM pH 7 phosphate glass except as notédonitored
wavelength; maximum of the high energy band except as nétddnitored at maximum of the low energy band.
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Ficure 3: Phosphorescence spectra of complexes of DAPI with
[d(GGCCAATTGG)} and [d(CGACGTCG) compared with free
DAPI in EG—water. The oligonucleotide samples are dissolved in
EG—10 mM pH 7 phosphate buffer. The oligonucleotide samples
are measured at 77 K; the free DAPI is at 4.2 K. Excitation is at
365 nm.

revealed by ODMR (see the following discussion). In order
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Ficure 4: Delayed slow-passage ODMR spectra of the DAPI
[d(GGCCAATTGG)} complex in theD — E and E transition
region (a) without and (b) with simultaneous saturation ofhé

E band. The free decay is subtracted. The sample is at 1.2 K with
the phosphorescence monitored at 517.4 nm with 3.2 nm bandwidth.
The sample is excited for 5 s. Microwaves are swept between 1.2
and 2.3 GHz in 2.5 s following a free decay interval of 1 s.

D + E band at 3.06 GHz (EEDOR). The emergence of the
2E band as a result of EEDOR s clearly visible, displaced
to a higher frequency than tHe@ — E band by 140 MHz.

to isolate the decay of the phosphate complex, the spectrumSimilar results are obtained with the other samples, but the
of DAPI in EG—water (Figure 2) is subtracted by computer splitting is less and the doublet structure is not sufficiently
from the spectrum in 10 mM phosphate to produce a distinct to allow analysis in terms of two distinct transitions.
spectrum that lacks the peak at 521 nm. The single- Thus, the EEDOR spectra are not used, and our analysis is
exponential decay that is measured at 521 nm is weightedmade using only th® — E andD + E bands. The delayed

by the contribution of the subtracted spectrum to the total slow-passage ODMR data are given in Table 1, which also
spectrum at 547 nm, and this is subtracted from the observedists theD and E parameters for DAPI and its complexes

decay. The remainder is taken as the decay of the phosphatavith phosphate and [d(CGACGTCG)[The ODMR spectra
complex and can be fitted to a single-exponential having a of DAPI in 10 mM NaOH-EG glass and in 10 mM HCI

decay constant of 1.85%

EG glass (Table 1) are unchanged from those of DAPI in

The phosphorescence of buffer-free DAPI is compared 10 mM phosphate buffer monitored on the blueshifted

with that of the complexes with [d(GGCCAATTGG)and
[d(CGACGTCG)} in Figure 3. The spectra have similar
contours but differ in the location of the origin band, which
is shifted to the blue in the [d(GGCCAATTGG)tomplex
and to the red in the [d(CGACGTCG)jomplex. The DNA

maximum (521.5 nm). This shows that the triplet state is
unaffected by pH in the range represented by these samples.
The ODMR of DAPI in phosphate buffer monitored at the
redshifted maximum (547 nm) differs considerably from
these and is assigned to a phosphate complex.

complexes are made up in 10 mM phosphate buffer yet show Triplet State Kinetics from MIDPThe MIDP data sets
no trace of the characteristic 547 nm band of the phosphatefor the DAPI complex of [d(GGCCAATTGG)]in 10 mM

complex of DAPI (Figure 2), indicating that the phosphate
complex is considerably weaker than either DNA complex.
The peak wavelengths of the origin band of DAPI and its
complexes are given in Table 1.

Delayed Slow-Passage ODMR Speciaypical delayed
slow-passage ODMR spectrum showing he- E band of
the [d(GGCCAATTGG)} complex of DAPI is shown in

phosphate buffer are shown in Figure 5. The data folthe

+ E transition (lower data set) are normal, because only a
single band is saturated, but the complex form of the other
data set is obvious, because two transitionsOhe E and
then the E band, are traversed sequentially. The nature of
the response is readily understood if we assume, for the
moment, the following scheme (verified by global analysis

Figure 4. Also shown is the delayed ODMR response in this of the MIDP data; see the following discussion). The
same frequency range with simultaneous saturation of thepopulations of thd, andT, sublevels decay rapidly (relative



6480 Biochemistry, Vol. 41, No. 20, 2002 Misra et al.

Table 2: Kinetic and Radiative Parameters of DAPI and Its Complexes with [d(CGACGT@®)][d(GGCCAATTGG)

samplé ka® k(5™ k(shH k(s I2x Fyx Wy (S Wiz (s W (s e nd nd
DAPI (521.5 nm) 1.27 1.93(2) 1.70(2) 0.15(2) 0.052(8) 0.329(7) 0.00(1) 0.12(2) 0.151) 1 1.18 1.00
DAPI (547 nm) 1.88 1

DAPI + [d(CGACGTCG)} 1.33 1.99(1) 1.68(1) 0.30(1) 0.100(6) 0.325(5) 0.000(9) 0.03(1) 0.0006) 1 1.22 0.90
(527 nm)
DAPI + [d(GGCCAATTGG), 0.88 1.47(1) 1.12(1) 0.036(8) 0.010(4) 0.167(4) 0.094(6) 0.218(9) 0.140(6) 1 0.93 0.89
(516.6 nm)

a2 Standard deviations in the last digit are given in bracketdonitored wavelength is given in brackets. Sample is in 40%-EGmM pH 7
phosphate buffer glaséDecay constant,™$, measured at 4.2 K.Obtained by deconvolution of nonexponential decay. See text.

]

T AARARARAM T T membered ring in the triplet stat83). The E/D ratio of
i tryptophan is sensitive to the nature and position of substit-
uents on the indole ring. Substitution of F or €¢toups in
position 6 of indole leads to an increase®/D, while in
position 5, these groups as well as OH produce a decrease
of this ratio @6, 33). These substitutions lead to only minor
changes iD, indicating that they do not produce significant
delocalization but rather that they cause changes in the spin
density in the 23 double bond of indole. The smaller value
of E/D in DAPI relative to indole, on the other hand, may
be a consequence of electron delocalization caused by the
6-amidinium and 2-phenyl*amidinium substituents. Bind-
ing of DAPI with phosphate induces a broadening and a
redshift of the phosphorescence that peaks at 547 nm (Figure
0 1 2 Time (5)3 4 5 2). When monitored on this redshifted peak, the ODMR has
significantly reduced zfs parameters relative to free DAPI,
Ficure 5: MIDP signals of the DAPHA(GGCCAATTGG)L monitored at 521.5 nm (Table 1). Both the redshift and

complex observed in thB — E and Z transition region (above), ; P
and in theD + E transition (below). Sample conditions are as given decreased zfs parameters of the triplet state indicate that a

in the Figure 4 caption. The microwave sweep rate through the COMPplex is formed with phosphate and suggest that there is
bands is 20 GHz/s. The sample is excited for 5 s, and each responséncreased delocalization of the spin density onto the side

is averaged 20 times. The solid lines are least-squares fittings ofgroups of indole. Phosphate appears to interact specifically
the data set by global analysigg] that produced the kinetic and  hecause other anions such as @nd OH at 10 mM
radiative parameters listed in Table 2. concentration have no effect on DAPI phosphorescence. It
should be noted that, in the absence of phosphate binding,
we find the same zfs parameters whether the phosphores-
cence is monitored on the origin peak at 522 nm or on the
redshifted peak at 564 nm (Table 1). Thus, the redshifted

' ; ey L . peak in free DAPI,Aw = 1750 cn1?, results from the
This results in the mmal positive phosphorescence trans'em'vibronic structure of a single triplet state.
When the E band is encountered subsequently, the excess™ | i .
T, population is transferred 6, which is less radiative than Binding of DAPI with [d(GGCCAATTGG)} into the
T,, resulting in a negative transient followed by normal decay Minor groove 0) leads to a blueshift of the phosphorescence
of the phosphorescence. The resulting “spike” has a width and a small reduc.tlon of the zfs relative to fre(_e I_:)API. The
of 7 ms or only about two channels in the multichannel Pinding of DAPI with [d(CGACGTCG), where it interca-
analyzer. Yet, it is easily seen and accurately fitted (Figure 'ates between GC base paifs7), leads to a redshift of the
5) using a slight modification of the global analysis program phosphorescence and a somewhat larger reduction of the zfs.
(25) to account for the two rapid passage events in one of Analogous effects have been noted for tryptophan and are
the data sets. The kinetic parameters obtained for DAPI angattributed to aromatic stacking interactions in nucleic acid

its oligonucleotide complexes are presented in Table 2. complexesZ3, 34). In the case of tryptophan, charge-transfer
character in the triplet state of a stacked complex is thought

DISCUSSION to contribute to an unusually large reduction of the 2fs
parameter. Charge-transfer involvement in the triplet state
Phosphorescence and zZihe phosphorescence spectrum of stacked or intercalated DAPI complexes with nucleic acids
of DAPI is found at a much lower energy than that of indole probably is of lesser importance because of its lower energy
(0,0 band at 403.5 nm in EQwater glass31)), suggesting relative to tryptophan. Intercalation of DAPI places it in a
significant expansion of the electron density onto the more polarizable environment than the aqueous solvent, and
6-amidinium and 2-phenyl~4amidinium groups. Significant  a redshift results mainly from London dispersion forces.
delocalization of spin density is suggested also by the large Reduction of the zfs also is expected due to expansion of
reduction in the zfs parameters of DAR);= 3.03 GHz,E the electron orbitals in a polarizable environment. Binding
= 1.28 GHz for indole 81). The unusually large value & of DAPI in the minor groove, on the other hand, produces a
for indole is the result of the concentration of significant blueshift in the phosphorescence and a smaller reduction of
electronic density in the ethylenic double bond of the five- the zfs. The reduction of the zfs is ascribed to increased
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to the T, population) after shuttering the excitation light.
During the sweep (upward) of the microwave frequency, the
D — E band is encountered first, transferring excess
population fromT, to Ty, which is more radiative tha,.
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polarizability of the groove environment. The accompanying
blueshift of the phosphorescence probably results from
specifically directed electric fields that lower the ground-

state energy more than that of the triplet state.

Triplet State KineticsThe sublevel decay rate constants
of DAPI (Table 2) are considerably higher than those of the
parent molecule, indole or tryptophan. In tryptophan, for
instance, k, k, and k, are 0.31, 0.10, and 0.00%
respectively 25). The greatly increased decay rate constants
of DAPI relative to tryptophan are the result of enhanced

radiationless decay rates due to its lower triplet state energy
as well as to a larger density of vibrational states contributed

by the conjugated side chair3X-37). As with tryptophan,

k; < ks, ky, which is expected fof(sr, z*) states of planar
aromatic molecules, based on selective sfirbit coupling
patterns 88, 39). While k; ~ 3k, in tryptophan, these
guantities are more nearly comparable in DAPI and its DNA
complexes (Table 2). As in tryptophafis the most highly
radiative sublevel of free DAPI and its DNA complexes,
based on the values of the and theri. The similarities
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Ficure 6: Siebrand plot36) of the logarithm of the nonradiative
decay constankg,"" versus Ey—4000)# for the four DAPI samples
investigated in this pape®), naphthalene«), and tryptophani).

The DAPI sample with the largeBtyg is the [d(GGCCAATTGG)
complex. The least-squares regression has a slopg gfx 107

cm and is calculated from tryptophan and the DAPI samples
excluding the [d(GGCCAATTGG)]complex.

between DAPI and indole triplet states suggest that the Equation 5 requires th&, < 0.08. At 77 K,Q,, represents

electron distributions are similar, aside from the added
delocalization afforded by the 6-amidinium and 2-phenyl-
4'-amidinium groups of DAPI.

It has been noted36—37) that, in the absence of heavy
atom effects, the radiative decay rate constdais= /33 ki,
of all aromatic hydrocarbon triplet states fall within the range
0.033-0.1 st and that the large variation in phosphorescence
lifetimes may be attributed to differences in intersystem
crossing rate constants,™ = %35 k™. For a given C/H ratio,
it is found empirically thata " of aromatic hydrocarbons

mainly internal conversion, which is expected to be in-
efficient owing to the large S-S energy gap of tryptophan.
Thus, we will for the moment assume th&l, ~ O,
whereupon from eq Bx ~ 0.71. It follows from eq 3 using

the MIDP data for tryptophan2p) that Q: ~ 0.60, ka/ ~
0.082 s?, andk,™ ~ 0.054 s?. (If Q. ~ 0.08 is assumed,

we find thatQ, ~ 0.85,ks/ ~ 0.116 s, andk,™ ~ 0.020

s L. This radiative rate constant is beyond the range normally
encountered for aromatic hydrocarbons, and the correspond-
ing value ofky,™ (near that of benzene) is smaller than is

decreases exponentially with increasing triplet state energyfound for nondeuterated triplet states of comparable energy

(36, 37). The determination ok, requires knowledge of
the phosphorescence decay constegt= /35X k, and its

radiative quantum vyieldQ, = ka//ka. The experimentally
accessible phosphorescence quantum yi€lg, may be

expressed as

Qp = Qichr (1)

whereQi. is the quantum yield for intersystem crossing to
the triplet from the excited singlet state, $troducing the
fluorescence quantum yiel@), we can write

Qisc =1- Qf - Qnr (2)

whereQ is the quantum yield of all radiationless processes
from S, excluding intersystem crossing. Using data available
from MIDP measurements), can be expressed as

Q= Y5Ok (L + 1y, + )0k, ©)

wheregx = k¢/k, and it is assumed that the temperature is
sufficiently high that the triplet sublevels are equally
populated. Substituting eq 2 and eq 3 into eq 1, we get

Q= Yy k(L + 1, F 1)1 — Q= Q)K,,  (4)

Using Q, = 0.17 andQ; = 0.72 obtained for tryptophan at
77 K (40) and the sublevel kinetic and relative radiative
parameters from the MIDP measuremeg8),(eq 4 becomes

(0.28— Q,)q, = 0.20 5)

(35—37). The parameters obtained fra@a, ~ 0 are in good
agreement with other molecules, and we will proceed using
this assumption.)

In contrast with tryptophark,, for DAPI is an order of
magnitude larger and must be dominated Kgy". If we
assume thalt,/ is the same as for tryptophan, the values of

J" of DAPI, the DAPH[d(CGACGTCG)} complex, the
DAPI—-[d(GGCCAATTGG)}L complex, and the DAP+
phosphate complex (monitored at 547 nm) are 1.18, 1.25,
0.80, and 1.7778, respectively. These rate constants increase
with increasing phosphorescence redshift, as expedted (
37). Siebrand has shown (Figure 1, &8) that, for a large
number of aromatic hydrocarbon triplet states, lag"
decreases linearly wittEgs—4000)k, whereEqo is in cnt
andn = Nu/(N4 + Nc), Ny andNc being the number of H
atoms and C atoms in the molecule, respectively. Our data
for tryptophan and DAPI fit well with the hydrocarbon data,
if we assume the equivalence of N and C atoms in evaluating
7. This assumption appears to be justified within Siebrand’s
theory provided that the N atoms do not carry lone pair
electrons that are associated with low lying frf) states.
The N atom of indole and those of DAPI do not carry lone
pair electrons. When the data for tryptophan are included,
each point, except that of the DAP[d(GGCCAATTGG)}
complex, falls accurately on a line of slope7.7 x 10
cm on a Siebrand plot. Our data are presented in Figure 6,
which also includes the naphthalene data po&W.(The
value ofk,™ of the DAPH[d(GGCCAATTGG)}L complex
is 20% lower than that predicted from the correlation of the
other data in Figure 6, suggesting that intersystem crossing
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is inhibited in this complex relative to the other DAPI 5. Zimmer, C., and Whnert, U. (1986Prog. Biophys. Mol. Biol.
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Lett. 317 157-162.
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