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Abstract: The synthesis, steady-state spectroscopy, and transient absorption spectroscopy of DNA
conjugates possessing both stilbene electron donor and electron acceptor chromophores are described.
These conjugates are proposed to form nicked DNA dumbbell structures in which a stilbenedicarboxamide
acceptor and stilbenediether donor are separated by variable numbers of A—T or G—C base pairs. The
nick is located either adjacent to one of the chromophores or between two of the bases. Thermal dissociation
profiles indicate that stable structures are formed possessing as few as two A—T base pairs. Circular
dichroism (CD) spectra in the base pair region are characteristic of B-DNA duplex structures, whereas CD
spectra at longer wavelengths display two bands attributed to exciton coupling between the two stilbenes.
The sign and intensity of these bands are dependent upon both the distance between the chromophores
and the dihedral angle between their transition dipoles [Ae ~ Rqa~2 sin(20)]. Pulsed laser excitation of the
stilbenediamide results in creation of the acceptor—donor radical ion pair, which decays via charge
recombination. The dynamics of charge separation and charge recombination display an exponential
distance dependence, similar to that observed previously for systems in which guanine serves as the electron
donor. Unlike exciton coupling between the stilbenes, there is no apparent dependence of the charge-
transfer rates upon the dihedral angle between donor and acceptor stilbenes. The introduction of a single
G—C base pair between the donor and acceptor results in a change in the mechanism for charge separation
from single step superexchange to hole hopping.

Introduction has made it possible to investigate the dynamics of reversible
The distance-dependent dynamics of photoinduced electronole transport between primary and secondary donors separated

transfer in DNA has been investigated in several systems PY ONne or two A-T base pairs.

emp|oying a probe molecule as the electron acceptor and the Both in our studies and other investigations of phOtOindUCEd
nucleobase guanine as the electron déi@uanine has a lower Charge transfer in DNA, the acceptor excited state and its anion
oxidation potential than adenine and the pyrimidine nucleobases,radical are observed by transient absorption spectroscopy. How-
making possible the selective oxidation of guanine by excited ever, the formation of the guanine cation radical can only be
acceptors which do not also oxidize adenine. We have employedinferred, since its transient absorption is much weaker than that
hairpin-forming bis(oligonucleotide) conjugates possessing a Of the stilbene singlet and anion radi€alhus we sought a
stilbene-4,4dicarboxamideSa linker (Chart 1) and a single ~ System in which donor and acceptor probes are positioned at
G—C base pair separated from the linker by a variable number 0pposite ends of a duplex region of variable length and base
of A—T base pairs to study the dynamics of DNA-mediated Pair composition. Barton and co-workers have employed teth-
charge separation and charge recombinatiModification of ered intercalator donefracceptor systems to investigate electron

the hairpin structure by addition of secondary electron donors transfer across intervening base pairs by means of fluorescence
guenching However, they have not reported the distance
lNorthWESte"} University. dependence of charge separation and recombination dynamics
Argonne National Laboratory.
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or the formation of both oxidized donor and reduced acceptor lived charge-separated states in systems possessing a single
in such systems. G—C base pair located between tBaacceptor andd donor

We report here an investigation of the circular dichroism (CD) a@s a consequence of hole transport via theGGbase pair.
spectra and photoinduced electron-transfer dynamics in modified Comparison of the effect dba—Sd distance and orientation
hairpin conjugates possessing &a electron acceptor and  upon exciton coupling and charge separation reveals, for the
stilbenedietheiSd donor positioned at opposite ends of short first time, inherent differences between these two processes.
duplex sequences (Chart3;-12).78 The CD spectra of these
conjugates display characteristic B-DNA bands at wavelengths
shorter than 300 nm and longer wavelength bands attributed to  Preparation of Conjugates.The preparation ofrans-NN'-
exciton coupling between the two stilbenes, the amplitude and bis(3-hydroxylpropyl)stilbene-4'4licarboxamide%g) andtrans
sign of which are dependent upon the number of base pairsbis(2-hydroxylethyl)stilbene-4:diether §d) and conversion to
separating the stilbenes. Analysis of the CD data supports thetheir monoprotected, mono-activated diols by sequential reaction

Results

assignment of end-capped hairpin structures for conjugat&é with 4,4-dimethoxytrityl chloride and with 2-cyanoethyl diiso-
(rather than the triplex structures previously propose@ere) propylchlorophosphoramidite have been descrit¥dThe
and side-nicked dumbbell structures for conjugdtsnd 12 conjugates shown in Chart 1 were prepared by conventional

(Chart 1). Selective excitation of tfga acceptor followed by ~ phosphoramidite chemistry using a DNA synthesizer, as previ-
charge separation yields tiS&*—Sd* radical ion pair, which ~ ously described for conjugateésand 2. The 3—3' linkages

is directly observed by transient absorption spectroscopy. Thebetween the WatserCrick T:A hairpin sequence and the polyT
dependence of the rate constants for charge separation angtrand attached to th&d linker in conjugates3—7 were
charge recombination upon the number of intervening base pairsaccomplished by '5 solid-phase oligonucleotide synthesis.
is similar to that observed for systems with @8aacceptor and ~ Following synthesis, the conjugates were first isolated as trityl-
guanine donof.In addition, we observed the formation of long-  on derivatives by RP-HPLC, then detritylated in 80% acetic
acid for 30 min, and repurified by RP-HPLC as needed. The

(7) For a preliminary report of a portion of this research, see ref 8.
(8) Lewis, F. D.; Wu, Y.; Hayes, R. T.; Wasielewski, M. Rngew. Chem., (9) Letsinger, R. L.; Wu, TJ. Am. Chem. S0d.995 117, 7323-7328.
Int. Ed. 2002 41, 3485-3487. (10) Lewis, F. D.; Wu, Y.; Liu, XJ. Am. Chem. So@002 124, 12165-12173.
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Figure 1. UV absorption spectra of th8a and Sd-linked conjugated,
2, and5 in 10 mM sodium phosphate, pH 7.2, containing 0.1 M NacCl.
Irradiation of5 at 360 nm is absorbed primarily t§a

0.60 1

purified conjugates appeared as a single peak by both RP- and 0551

IE-HPLC and were characterized by UV, fluorescence, and CD
spectroscopy. Molecular weights of representative purified
conjugates were determined by £EBIS.
The 600 MHz 2D NMR spectrum of conjugaievas studied
in an effort to obtain evidence for the formation of a triplex
structure between the Watse@rick duplex and the g§sequence
attached to thésd linker. The imino protons of the'S se- 20 20 60 80
guence attached to ti8alinker were readily assigned; however, Temperature(°C)
the imino protons of th&d—Te S_eque_n(?e could not be obse_rved. Figure 2. Thermal dissociation profiles for (a) conjugaesé and (b)10
UV Spectra and Thermal Dissociation.The UV absorption and12in 10 mM sodium phosphate, pH 7.2, containing 0.1 M NaCl.
spectra of conjugatek 2, and5 are shown in Figure 1. Conju-
gatesl—12 display an absorption band near 260 nm, attribute
to the overlapping absorption of the nucleobases and stilbene  conjugate T, °C conjugate T °C

0.50

Normalized UV Absorbance

0.45

d Table 1. Melting Temperatures for Conjugates 1—122

linkers, and a second band near 330 nm, attributed to the stilbene 1 59 7 69
linkers. As previously reported, th8alinked conjugatel 2 64 8 74

. . 3 ~60 9 76
absorbs at slightly longer wavelength than tBeklinked 2 64 10 82
conjugate2.319 The long-wavelength band 6&fis broader than 5 69 11 57
those ofl and 2, as expected for a molecule possessing both 6 71 12 74

SaandSd linkers. All of the donoracceptor conjugates have
absorption spectra similar to that &f

The thermal dissociation profile for conjugatds6 deter-
mined at 260 nm in aqueous buffer containing 0.1 M NaCl is
shown in Figure 2a. Cooling curves display only slight
hysteresis. In each profile, there is a single melting transition

at temperatures above 8C. At temperatures between 10 and increased. Fluorescence quantum yields 3ei7 and 11—12

° here i ntin incr in rbance which - . .
50 °C, there is a continuous increase in absorbance N are summarized in Table 2. The values for all of these conjugates
becomes more pronounced as the total number of bases

. Th | di i files ®r10 displ are smaller than those fdr, indicative of the occurrence of
Is,nr?rT:f;Sris't'oirg:atlemIssfeﬁliéznaggoéamh litle !igriés?a variable degrees of fluorescence quenching. The fluorescence
r'] e?bsorbanlcle belo 5%: P;Jof'les foXLl—lZld'sl Ia Ia single decay times fob and6 are 1.2 ns and 1.4 ns, respectively. All
'm lting transiti nwvr\:i h i. nl iderably br (ijrtr)]/ ntlhg for of the other conjugates have fluorescence decay times shorter
€ling transitio ch IS consideraply broader than those 10T, , he time-resolution of our instrumentation (ca. 0.5 ns).
8—10. The melting profiles ofLl0 and12 are shown in Figure . . )
. . Circular Dichroism Spectra. The CD spectra of poly(F)
2b, and values of §f for 1—12 are summarized in Table 1. olv(A) and coniugated and 2 are shown in Figure 4a. At
Fluorescence SpectraAs previously reported, conjugate \E’va\)//t(ele)n ths shcf?tgr than 300 nm, the t\kllvre; S é?;ra are'similar
is strongly fluorescentlts fluorescence quantum yield is 0.38 Y ’ P ’

and decay time is 2.0 ns. In contrast, conjugaievery weakly ?_?)Icie Lrlog)thgOrtnhoiea[r)]zjo;c;llj;ocz?s2|(;5 gmwrenaixw:tlrjl:r;ttjorre lgc;g/-
fluorescent ® < 1074), preventing determination of its singlet POYIA). piay '

lifetime from fluorescence decay measureméhtSonjugates band at wavelengths longer than 300 nm which is absent in the
3—12 are all fluorescent with band maxima and band shapes spectrum of poly(Typoly(A). The CD spectra 08-6 and

_Slmllar t_O that ofl. The fluqrespence intensity of these Con_' (11) Lewis, F. D.; Liu, X.; Miller, S. E.; Hayes, R. T.; Wasielewski, M. R.
jugates is highest when excited in the red-edge of the absorption’ ~ Am. Chem. So®002 124, 11280-11281.

a Data for solutions containing 0.1 M NaCl and 10 mM phosphate buffer.

spectrum, wher&aabsorbs more strongly th&d. The fluor-
escence spectra 86 obtained using 340 nm excitation are
shown in Figure 3. The fluorescence intensity is seen to increase
as the number of base pairs between $zeand Se linkers is

8208 J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004
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Figure 3. Fluorescence spectra of conjugades in 0.1 M NaCl, 10 mM —_ —_—2
phosphate, pH 7.2 buffer, containing 0.1 M Na@dx(= 340 nm). % 0 U/\ h\_

. . &) 1
Table 2. Fluorescence Quantum Yields (®5) and Transient Decay 5 w v ]
Times (zs) for the Sa Singlet State, Transient Decay Times for the T T T T

1 T 1
lon Pair State (7)), and Rate Constants for Charge Separation (ks) 200 250 300 350 400

and Charge Recombination (kcr)? Figure 4. Circular dichroism spectra of conjugatés-12 (ca. 10°¢ M)
. 109k 0 i 107k 9 and poly(A)-poly(T).
conjugate Dy ps st ns st

1 0.38 2.000 <05 time identical to the fluorescence decay tinng [Table 2). This
2 <10% <1 0.032 transient is assigned to the singlet state of $ladinker which
3 0.06 75 (30) 13 8.4 (70) 12 is not quenched by T:A base pairs. The transient spectruzn of
4 018 280 (49) 3l 130 (51) 0.77 consists of a narrower band with a maximum at 530 nm. This
5 0.32 540 (55) 1.3 5800 (45)  0.017 o ; ) . . .
6 0.31 1800 (100)  0.05 h transient is assigned to the cation radical of $itdinker which
7 0.08 140 (37) 6.6 800 (25) 0.12 is formed during the exciting laser pulse.5 ps) via electron
8 300 (54) 28 61728((3‘?)) 06?715’ transfer to the _neighboring T:A t_)ase_ pair: The radical_ ion pair
9 680 (64) 1.0 6,200 (36)  0.016 state decays via charge recombination with a decay time of 32
1(1) 0.12 2105%0(45) %2 h5600 (55)  0.017 s & Table 2).
o 014 130 (33) 25 5.9 (67) 17 Normalized time-resolved transient absorption spectra of

conjugate3 are shown in Figure 5a. The spectrum observed 5

aData for ca. 108 M solutions in standard buffer (0.1 M NaCl, 100 mM  ps after 360 nm excitation (absorbed predominantlySky is
SOdium_DhO?Dhatey_ pH 7if2‘)tFlul?reice?Ce qu?ntumltyi?'dg C:et%fb%r;?d by assigned tdSd (575 nm maximum and 625 nm shoulder). At
camparison o quinie sulete, Limis o rr for muliple detectlOb%. ™ longer delay times, the 625 nm shouder disappears and maxima
parentheses. Rate constant for charge separatig= s * — 7171 ¢ Decay are observed at 525 and 575 nm, assigne8dt and Sa,
component assigned to charge recombinatiorsaf determined at 575 respectively. Similar spectra are observed for conjugéégure
nm, amplitude in parenthesdDecay components determined at 525 nm . . .
and assigned to charge recombinatiorSdf* are 8.2 ns fos, 145 ns for 5b); however the rise of the 525 component is less pronounced
4, 8200 ns for5, and 5900 ns fol1 9 Rate constant for charge recom- after 500 ps than is the case frThe time-resolved spectra of
hbination,kc_r =7 L A_verage of 575 and 525 nm values where available. 7 and11 are similar to those 3. The 525 maximum is poorly

No long-lived transient resolved.
resolved 4 and 8) or absent %, 6, 10, and12) for the other

8—10 are shown in Figures 4b and 4c, respectively. At conjugates.
wavelengths below 300 nm, the spectré&@nd10 are similar Single wavelength picosecond and nanosecond transient decay
to those ofl or 2. The intensity of the 265 nm band decreases profiles for conjugat@& monitored at 575 and 525 nm are shown
for the shorter sequences, resulting in an apparent red-shift inin Figure 6. The 575 nm decay is best fit as triexponential, the
the negative band position from 250 nm for the longer sequencesshort-lived component (510 ps) being assigned to relaxation
to 260 nm for3. Above 300 nm3—6 display bissignate CD  of 1Sa*, the medium component, to charge separation, and the
spectra with maxima near 340 nm and minima near 300 nm or long-lived component, to charge recombination. The 525 nm
visa versa. The CD spectra of conjugaisll, and 12 are decay of3 displays both rising and falling components with
shown in Figure 4d. The presence of a singleGbase pair is time constants similar to those for the two 575 nm components
seen to result in pronounced changes in the-228 nm region and assigned to the formation and decay, respectivelygotl!
of the CD spectrum. Botfi and11 have strong negative bands Decay times and amplitudes for the 575 and 525 nm decays
near 340 nm and weak positive bands near 300 nm, similar to assigned to decay éBa* and Sa*, for conjugatess—12, are
those of5 and9. However,12 shows only a single weak band, reported in Table 2.
similar to that of2, above 300 nm.

Transient Absorption Spectra. The picosecond time-
resolved absorption spectra dfand 2 have previously been Conjugate Structure. The design of th&a—Sd conjugates
reportecd®!! The spectrum ofl consists of a relatively broad 3—12 is based on our finding thaa and Sd-linked bis-
band with a band maximum at 570 nm and a transient decay (oligonucleotide) conjugates suchland2 form exceptionally

Discussion

J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004 8209
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Figure 5. Normalized transient absorption spectra3fa) and4 (b)
obtained at the indicated delay times following 360 nm excitation with a
0.13 ps laser pulse.

stable synthetic DNA hairpins!® The crystal structure of an

SdHinked hairpin possessing six base pairs displays a classic

B-DNA base-paired stem with a compact loop in which Stk
linker is z-stacked with the adjacent base pg&iwe have
recently reported that addition of a secoddto the 3 end of
an Salinked hairpin (e.g.,13, Chart 2) results in further
stabilization of the hairpin conjugate by ca. 2.3 kcal/AfdlVe

have referred to such molecules as “end-capped” hairpins, base

on their similarity to the end-capped duplexes studied by Kool
and co-workerd# Investigation of the distance-dependent EC/
CD spectra of the end-capped hairpins revealed the stepwis
evolution of the helical B-DNA structure of the A-tracts
separating the tw&a chromophore$3

The Sa—Sd conjugates3—12 were prepared with the intent
of positioning of electron acceptor and electron donor chro-
mophores at opposite ends ofrestacked array of DNA base
pairs. We previously proposed that conjugé@e$ adopt mini-
triplex structures in which th&dlinker forms a second hairpin
connecting Hoogsteen-bound canonical IR triplets® The

e

Chart 2
S S
Tummuuulu/l\ Tlunumnmuﬁ
Tummuumu? Tllllullulmmé
Tmumuuum? ?muunmuucl.;
Tummuuulu? Tmnummnu?
TIIIIIIIIIIIIIIIII? Tuuuunmuué
T A . T A
5 3 | |
__Sa i T A
5 3
13 14

be attributed either to the melting of the triplex Hoogsteen strand
or simply to melting of a poly(T) single strand. Intramolecular
triplex formation has been achieved using both natural and
synthetic hexakis(ethylene glycol) and 1,8-octanediol linkers.
However these triplex structures possess both—TAand
CG—C™ triplets. To our knowledge, no intramolecular triplex
possessing only TAT triplets has been reported. The shortest
reported intermolecular poly(TAT) triplex possesses 19
triplets16
Conjugates8—10 cannot form triplex structures due to the

inability of the single 5C to form a stable Hoogsteen triplet.
The addition of the 5C incorporates th&d linker into a bis-
(oligonucleotide) sequence, as is the cas&fer. The structures
of conjugate88—10 are readily assigned as end-capped hairpins
on the basis of comparison of their melting profiles (Figure 2b)
and 200-300 nm CD spectra (Figure 4c) with thoseS#-Sa
systems such &k3 (Chart 2)13 The 206-300 nm region of the
CD spectrum is dominated by base-pair exciton coupliinkhe
melting profile for10is very sharp, with little hyperchromism
below the melting transition. The CD spectra #+10 show
the development of spectra characteristic of poly{pdly(T)
duplexes with increasing numbers of-A base pairs, similar
to that forSa—Sasystems with three, four, and six base péairs.
Poly(A)—poly(T) duplex segments are known to form relatively
rigid and linear structures known as A-traétsAn interesting
eature in the CD spectra 8~10is the evolution the 265 nm
houlder, which becomes a distinct maximum in the spectrum
of poly(A)—poly(T) (Figure 4a). The other maxima and minima
are well-defined with as few as two or three-A base pairs.
The similarity of the CD spectra o6 and 10 (Figure 4)
suggests tha exists predominantly as an end-capped hairpin
with an unbound poly(T) single strand region. Particularly telling
is the presence of a strong positive 220 nm bandfarhich
is present in the CD spectrum of duplex poly(oly(T) but
not the corresponding triplé®. Additional evidence for an end-
capped hairpin structures f8-7 is provided by the absence
of nonexchangeable imino N\H protons for the 3poly(T)
sequence in the 600 Hz spectrum ®&fand by the long-

tentative assignment of triplex structures was based on thewavelength CD spectra and electron-transfer dynami@s-of

melting profiles 0of3—6 which display hyperchromism below

the melting transition which becomes more pronounced as the

(vide infra).

length of the base sequences is increased (Figure 2a). This might15) (a) Tarky, M.; Phillips, A. K.; Schultze, P.; Feigon, Biochemistryl998§

(12) (a) Lewis, F. D.; Liu, X.; Wu, Y.; Miller, S. E.; Wasielewski, M. R.;
Letsinger, R. L.; Sanishvili, R.; Joachimiak, A.; Tereshko, V.; Egli, M.
Am. Chem. Socl1999 121, 9905-9906. (b) Egli, M.; Tereshko, V.;
Mushudov, G. N.; Sanishvili, R.; Liu, X.; Lewis, F. 3. Am. Chem. Soc.
2003 125 10842-10849.

(13) Lewis, F. D.; Liu, X.; Wu, Y.; Zuo, X.J. Am. Chem. SoQ003 125,
12729-12731.

(14) Kool, E. T.; Morales, J. C.; Guckian, K. Mingew. Chem., Int. E@00Q
39, 990-1009.
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37, 5810-5819. (b) Bartley, J. P.; Brown, T.; Lane, A. Biochemistry
1997 36, 14502-14511.

(16) Roberts, R. W.; Crothers, D. NProc. Natl. Acad. Sci. U.S.A.996 93,
4320-4325.

(17) Johnson, W. C. Iircular Dichroism, Principles and ApplicationBerova,
N., Nakanishi, K., Woody, R. W., Eds.; Wiley-VCH: New York, 2000;
pp 741-768.

(18) Dickerson, R. E.; Goodsell, D. S.; Niedel,F3oc. Natl. Acad. Sci. U.S.A.
1994 91, 3579-3583.

(19) Howard, F. B.; Miles, H. T.; Ross, P. Biochemistryl995 34, 7135~
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Figure 6. Transient decays for conjugaBeon picosecond time scale at (a) 570 nm and (c) 525 nm and on nanosecond time scale at (b) 575 nm and (d)
530 nm.

Conjugated 1andl12are rendered in Chart 1 as nicked mini-  with either a plus-minus (conjugates with 2 or 6 base pairs) or
dumbbell structures. Nicked dumbbells with natural nucleobase a minus-plus pattern (conjugates with 3 or 4 base pairs). These
linkers have been prepared for the investigation of chemical bands are attributed to exciton coupling (EC) betweenSae
and enzymatic ligatioA? Conjugatesll and 12 have much andSd chromophored? The appearance of the EC/CD spectra
shorter base-pair regions than do previously investigated nickedof 3—6 and8—10 is similar to that of the corresponding end-
dumbbells. The melting transitions dfl and 12 are broader  capped hairpins having tw8achromophores separated by the
than those oB and 10, respectively (Figure 2b), which have  same number of AT base pairs (e.g13, Chart 2)13 The greater
the same number of base pairs. The valuekpére dependent  rotational strength of the longer wavelength bands in Figure 4
upon the number od-linked base pairs and are similar to the s a consequence of the nonsymmetrical nature of the stilbene

values expected fdsd-linked hairpins, respectively, with two  apsorption bands (Figure 1) which have greater intensity at
and four base pairs, including one-G base pait® Thus the longer wavelength.

hyperchromicity observed below the melting transition may arise

The weak exciton coupling (Davydov splittindsa, between
from premelting of the AA-Sa—TT mini-hairpin. The CD pling (Davy plttinGJae

. . . two stilbenes separated by two or more base pairs can be
spectra of conjugateg 11, and12 (Figure 4d) differ from those described by eq 1a, wheRy, is the distance vector between

of the other conjugat_es n _the region between 225 and 275 "M:the two stilbenes andqy andu, are their electronic transition
presumably due to disruption of the A-tract geometry and base- . . . - .
dipole moments. Since the distance vector is approximately

pair exciton coupling by the presence of a G base pair. The . . .
N . perpendicular to the stilbene dipole moment vectors, eq 1a can
similarity in the stilbene EC/CD spectra and electron-transfer S
be simplified as eq 1b.

dynamics forll and7 (vide infra) provides the best evidence
for a nicked dumbbell structure fdrl.

~ 77 . 77 _3 _ 77 . 77 77 . 77 _5
Exciton Coupled Circular Dichroism. The CD spectra of Via™ (g Ha)Rua — 3y * g (lga 4Ry (12)
conjugatesl and 2 display a single weak band at long wave- (.= \D-3
lengths &300 nm), assigned to the induced circular dichroism Vea™ (g * fia)Rea (1b)

of the stilbene chromophof€.The appearance of these bands

i simi i i i i ic (20) Ashley, G. W.; Kushlan, D. MBiochemistryl1991, 30, 2927-2933.

IS Slmll,ar to those ,aChIraI mt,ercalators Ip'WhICh the Iong axis (21) Ardhammar, M.; Norde B.; Kurucsev InCircular Dichroism, Principles

of the intercalator is approximately positioned parallel to the and ApplicationsBerova, N., Nakanishi, K., Woody, R. W., Eds.; Wiley-
; ; _ VCH: New York, 2000; pp 741768.

Iong axis of the adjac_em ba_‘se paﬁ%s'l?he CD spectra 08-11 (22) Berova, N.; Nakanishi, K. I€ircular Dichroisn Berova, N., Nakanishi,

are more complex, displaying two bands at long wavelengths K., Woody, R. W., Eds.; Wiley-VCH: New York, 2000.
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Figure 7. Intensity of the 340 nm CD band W, 2 sin(29) for conjugates

3—6 (®) and 8-10 (a). The line is the least-squares fit to the data (omitting
the indicated data point).

The sign and amplitudeie, of the EC/CD spectrum can be
described by eq 2a,

T & — —
Ae~ iﬁRda' Py X tg* Vga (2a)

Ae ~ EuugRilsin (29) (2b)

which can be simplified (because the distance vector is __

perpendicular to the stilbene transition dipole vectors) to provide
eq 2b, wherd is the angle between the two stilbene transition

40

20 4 7

Ae

-204 \, ; J

-404

T T
350 400

Wavelength, nm

T
250 300
Figure 8. Simulated CD spectra for conjugaieobtained using a duplex

geometry with four base pairs (solid line) or a triplex geometry with four
TA-T triplets (broken line).

Scheme 1
(a)
1Sa*-AA-D

(b)
1Sa-AAG-ASd kg
- T—_Sa-AAGH-ASd
Knt
X Sa-AAG-AS"

Kt

Sa~-AA*-D

T

Sa™-AA-G*

Sa~-AA-Sd*

Ker

Sa-AA-D D=GorSd Sa-AA-G-A-Sd

base pairs is assumétiThe simulated EC/CD spectra fér

dipoles?® Increasing the number of base pairs separating the using the TA-T triplex geometry reported by Liu et &.is
chromophores changes the sign and intensity of the CD spectrumshown in Figure 8 along with the simulated CD spectrum for
as a consequence of the changes in both the distance an@n end-capped hairpin with four-A base pairs. The simulated

dihedral angle between the chromophores. According to eq 2b,

the rotational strength should display B2 dependence and

end-capped hairpin spectrum is similar to the experimental
spectra ob and7, whereas the simulated triplex spectrum is of

have maximum intensity when the dihedral angle between the opposite sign.

chromophores is approximately 4But zero intensity when they
are parallel or perpendicular.

A plot of Ae vs Rya 2sin(29) obtained using the experimental
data for conjugate8—6 and 8—10, assuming an average
m-stacking distance of 3.4 A, a B-DNA geometry, and a dihedral

The EC/CD spectra of conjugatbs?, 9, and11 all display
a relative strong negative band near 340 nm and a weak positive
band near 300 nm. The uniform appearance of the EC/CD
spectra for these conjugates requires that the distance and
dihedral angles between the stilbenes be similar for end-capped

angle of 17 between both stilbenes and the adjacent base pairhairpins and the nicked dumbbélll. This is consistent with
is shown in Figure 7. This geometry is the same as that obtainedthe reported crystal structure of a nicked ternary DNA system

from our analysis of the EC/CD spectra®é—Saend-capped
hairpins!® A good linear fit to the data from Figure 4 is obtained
with R = 0.98, omitting the data for conjugaté To our
knowledge, Figure 7 provides the first example of a quantitative
correlation of rotational strength with the distance and dihedral
angle separating two chromophores.

The observation of similar EC/CD spectra for conjug&tes,
8—10, and theSa—Sa end-capped hairpins (Chart 2) requires
that they have similar structures. This provides additional
evidence for the formation of end-capped hairpin structures
rather than intramolecular triplex structures ®y6. We have
reported that the calculated CD spectra for See-Sa end-

in which the two T bases on either side of the nick have normal
base stacking geometriés.The similarity of the long-
wavelength CD spectra & 7, 9, and11 further suggests that

the appearance of the EC/CD spectrum is dependent upon the
duplex structure but not the specific base sequence. The absence
of apparent coupling between the stilbenes and bases no doubt
reflects the large energy gap between their transitions, which
should result in very weak coupling.

Dynamics of Charge Separation and Charge Recombina-
tion. We have previously investigated the distance-dependent
dynamics of charge separation and charge recombinatiSe-in
linked hairpins containing a single-&C base pair (e.g.14,

capped hairpins agree with the experimental spectra only if an Chart 2)12 As shown in Scheme 1a, electronic excitation of
end-capped geometry with similar vector angles between the the Sachromophore followed by selective oxidation of guanine
stilbenes at both ends of the base-paired duplex and the adjacenyields the stilbene anion radic&a and the guanine cation

(23) (@) Cantor, C. R.; Schimmel, P. RBiophysical Chemistry W. H.
Freeman: New York, 1980; Vol. 2. (b) Harada, N.; NakanishiCicular
dichroic spectroscopy: exciton coupling in organic stereochemistry
University Science Books: Mill Valley, CA, 1983.
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(24) Liu, K.; Sasisekharan, V.; Miles, H. T.; RaghunathanB®polymersl996
39, 573-589.

(25) Aymami, J.; Coll, M.; van der Marel, G. A.; van Boom, J. H.; Wang, A.
H.; Rich, A. Proc. Natl. Acad. Sci. U.S.A.99Q 87, 2526-2530.
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Figure 9. Distance dependence of the rate constants obtained from transient

a band with a maximum at 575 nm and a shoulder at 625 nm,
assigned td'Sa‘. Any 1Sd* formed upon 360 nm excitation
would be quenched by the adjacent& base pair in<1 psi!

The initial fast decay of the 575 nm absorption is accompanied
by the rise of the 525 nm band attributed to formatiorSdf.

The residual 575 nm band is assigned to a combinati@eof

and unquenchedSd. In the case oB, the decay of'Sa* is
largely complete within 1000 ps, whereas, in the casg dfis
approximately half-quenched after 500 ps. The transient spectra
for 8 are similar in appearance to those 4fThe transient
spectra of conjugatesand9 display 525 nm shoulders 500 ps
after the exciting laser pulse, indicative of slower formation of
Sd**. Conjugatess and 10 display no change in band shape
500 ps after laser excitation.

The 575 and 525 nm single-wavelength decay components
assigned to decay of the singlet state) (@and of the radical

absorption data for charge separation (filled symbols) and charge recom-10NS (1) are reported in Table 2. The rate constant for charge

bination (open symbols) from conjugat®s6 (square)8—9 (circle), and
Sa—G hairpin conjugates (trianglen is the number of AT base pairs

separating the donor and acceptor, disithe distance calculated assuming

a 3.4 A base stacking distance.

separation can be calculated from the decrease in the singlet
lifetime for the Sa—Sd conjugates compared to ti8=linked
hairpinl (kes= 751 — 5 x 1(¥ s7%), whereas the rate constant
for charge recombination is obtained directly from the decay

radical G™). The free energy for a photoinduced charge time of the radical ionski, = 7,71s71). Values ofkssandkg are
separation proceskcf) can be estimated using Weller's equation summarized in Table 2. The valueslgf are considered to be

(eq 3),
AGcs: - (ES + Erdn) + on (3

whereEs is the singlet energy of the excited chromophore and
EranandEq are the redox potentials of the acceptor and déhor.

A value of AG ~ —0.22 eV is calculated from th8a singlet
energy (3.35 eV) and reduction potentiall.91 V vs SCE in
DMF solution) and the&s oxidation potential (1.22 V vs SCE

in acetonitrile)®2” The radical ion pair returns to the ground

state via charge recombinatiok.§. The rate constants for

charge separation and charge recombination are distance

dependent, decreasing as the number ofTAbase pairs

separating theSa linker and G-C base pair increases, as
expected for a superexchange electron-transfer process. Th

distance dependence can be described by eq 4,

ket = ko €XP(—fRya) (4)

e

more reliable, since there is a single long-lived nanosecond
decay component f@—5. The value ok for 6 is based on a
small difference in two singlet decay times which are too short
for nanosecond measurement but rather long for picosecond
measurement with our instrumentation. Plots of kag(and
log(ke9) Vs the donoracceptor distancdR(,) for conjugate8—6
and8—9 are shown in Figure 9 along with data for tBe—G
hairpins. The value of obtained for charge separation in the
Sa—Sd conjugates is smaller than that a—G hairpin charge
separationffes= 0.40+ 0.1 A-1vs 0.65+ 0.15 A1), whereas

the values of for charge recombination are similar for the

Sa—SdandSa—G systemsf§., = 1.0+ 0.1 A-1vs 0.94+ 0.1

A-1). Whether the difference in values for charge separation
reflects differences in donetbridge—acceptor geometry or
energetics or is simply a consequence of limited data remains
uncertain.

Conjugatesr and 11 differ from 5 and 9, respectively, by
the substitution of a GC base pair for the FA base pair

where Ry, is the distance between the donor and acceptor located at the third base-pair position relative toSa@acceptor.
stilbenes and3 is a constant which is dependent upon the Our earlier studies 08a—G hairpin systems provided values
donor-bridge—acceptor energetics of the system. Plots of the of 7s = 120 ps and; = 3.8 ns for the hairpii4 (Chart 2) in

previously reported distance dependence ofd@hand logke)
for the Sa—G hairpins are shown in Figure 9.

In conjugates3—6 and 8—10, Sa serves as the electron
acceptor, andsd, as the electron donor. The value AG =
—0.52 V, estimated from th8d oxidation potential (0.92 V3!
is more exergonic than that for the oxidation ®f (Scheme

which the G-C base pair located at the third base galihe
values ofrs for 7 and11 are similar to that for th&a—G hairpin
and significantly shorter than the values ®and9 (Table 2).
Thus we conclude th&, rather thar8d, is the primary electron
donor in the charge separation process for conjugasesi11.
Comparison of thes values forl2 vs 10 indicates that also

la). However, the energy gap between the initial state andserves as the primary donor ir2.
poly(A) bridging states are identical. Thus the tunneling energy  The values of; for 7 and11are, however, much longer than

gap and hence the magnitude ®fwould be expected to be
similar for systemsG or Sd as the dono#8

those for theSa—G hairpin 14 and are similar to those for the
Sa—Sd end-capped hairpin§ and 9. This is consistent with

The nprmalized trgnsient absorption spectra of conjughtes the occurrence of hole transport fro@ to Sd in 7 and 11,
and4 (Figure 5) obtained 5 ps after excitation at 360 nm display creating a long-lived charge-separated state (Scheme 1b). The

(26) Weller, A.Z. Phys. Chem., Neue Fold®82 133 93-98.

(27) Seidel, C. A. M.; Schulz, A.; Sauer, M. H. M. Phys. Chem1996 100,
5541-5553.

(28) Lewis, F. D.; Liu, J.; Weigel, W.; Rettig, W.; Kurnikov, I. V.; Beratan, D.
N. Proc. Natl. Acad. Sci. U.S.£2002 99, 12536-12541.

values ofr; for 7 and11 are also similar to those f@alinked
hairpins with anSa—AAGAZA (Z = deazaguanine) hole
transport sequence;(= 6000 nsf° The oxidation potentials
of Sd and Z are similar, and thus the energetics of charge

J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004 8213



ARTICLES Lewis et al.

recombination should be the same for both systems. In the case Concluding Remarks. The structure and properties of
of 7, a shorter-lived decay component is also observed (Table oligonucleotide conjugates containing both electron acceptor and
2). This might arise from competitive hole transport and charge electron donor stilbene linkers have been investigated. Conju-
recombination in the primarga——G™* charge separated stdte.  gates3—10, which possess a Watserick hairpin-forming
In the case ofl2, no long-lived charge separated state is sequence and an addition&®ly(T) or 5-C, form end-capped
observed, indicative of the failure of hole transport across an hairpin structures similar to those we have reported recently
(A—T)4 sequence to compete with charge recombination in the for Sa—Sa conjugates such &s3 (Chart 2). Thus the'3oly-
primary charge separated state. This is consistent with the(T) sequence 08—7 evidently does not form a mini-triplex by
distance dependence for hole transport observed in our earlierHoogsteen binding in the major groove of the Wats@rick
studiest hairpin. Conjugated1 and12 form nicked dumbbell structures
Comparison of Exciton Coupling and Electron Transfer. with geometries similar to those of the end-capped hairpins
According to eq 2a, the rotational strength of the EC/CD bands 3—10. Circular dichroism spectroscopy provides evidence for
should display arR~2 sin(29) dependence on the distance and both the B-form structure of the A-tracts in conjugaes6
vector angle between th8a and Sd transition dipoles. The  and 8—10 and for the relative positions of the stilbene
decrease in intensity (Figure 7) and sign changes for the EC/chromophores at the opposite ends of the end-capped hairpin
CD spectra oB—6 and8—10 (Figure 4b,c) are consistent with  and nicked dumbbell structures. The helical nature of the short
this expectation. The similar spectra #rand 7 indicate that duplex regions ir8—12is clearly evidenced by the dependence
the EC/CD spectra are not sensitive to the specific base pairsof both the sign and the intensity of the stilbene EC/CD spectra
separating the chromophores. The base pairs, in essence, senan the number of base pairs separating the two stilbenes.
as a helical scaffold upon which the stilbene chromophores are  Transient absorption spectroscopy of conjug&esd4 on
positioned but do not mediate the exciton coupling proéess. the picosecond and nanosecond time scales provides the first
According to eg. 4, the rate constants for charge separationdirect evidence for the oxidation of an electron donor separated
and charge recombination (Scheme 1a) should display anfrom an excited electron acceptor by a variable number of base
exponential dependence &g, in agreement with the experi-  pairs. For larger donefracceptor separations, the occurrence
mental data (Figure 9). According to tunneling theory, the rate of charge separation is inferred from the dynamics of the
constant can be described as the produ¢ig, the electronic nanosecond decay &a, as previously reported foBa—G
coupling between the donor and acceptor, and FC, the Frank hairpin systems. In the case of conjugafsnd 11, which

Condon factor (eq 5 possesSa—AAGA —Sd hole transport sequences, the acceler-
ated formation of long-lived transients is consistent with the

Ko = 2ﬂ|HDA|2|:C (5) occurrence of hole transport from the guanine primary donor

h to the Sd secondary donor. The extraordinary thermodynamic

stability of theSa—Sd end-capped hairpins and the occurrence
For electron transfer through a vacuuidps would be 4 hhotoinduced electron transfer in these systems suggests that
expected to be dependent upon the angle between the donop,q capped hairpins may be suitable for studies of the efficiency
and acceptor chromophores as well the distance between them, 4 gy namics of multistep electron transfer across substantially
However, for bridge-mediated superexchange, electron transfeqonger base-pair sequences.

is promoted by ther-stacking interaction of the intervening base The observation of both EC/CD and PET for these conjugates
pairs. The absence of angle dependence in the experimental datﬁermits, for the first time, a comparison of the distance
can be explained in terms of the McConnell model, according dependence of these processes. The two processes display
to which the distance dependenge(eq 4), can be described 54 expR;.) dependence, respectively. In addition, the EC/CD
by eq 6, process displays a marked dependence upon the vector angle
relating the donor and acceptor transition dipoles, whereas the
B= (2IR)In|AE/y,| (6) PET process displays no perceptible angular dependence. This
) notable difference is attributed to the involvement of the base-
whereAE is the energy gap between the donor (or acceptor) pair virtual states in the PET process but not in the EC/CD
and base-pair bridge orbitals afighis the interaction element  ,ocess. The absence of coupling between the stilbene and base-
between nearest neighbor bridging st&feSince the angle  nair chromophores in the ground state is a consequence of the

between base pairs is approximately constant, the involvement|, e energy gap between the stilbene and nucleobase electronic
of the base-pair eigenstates may serve to eliminate the angulag,ansitions.

dependence dfe, which would be expected if the base pairs

served solely as a helical scaffold positioning the donor and Experimental Section

acceptor at a fixed geometry. The base-pair sequence is also of General Methods. Methods for obtaining UV absorption, fluores-
crucial importance for the electron-transfer process, as evidencedcence, and circular dichroism spectra and for the measurement of
by the marked decrease 13 observed for conjugaté vs 5 fluorescence quantum yields have been previously desctiBéab-
(Table 2). Introduction of a GC base pair changes the rescence spectra were obtained for solutions of ca 206 M
mechanism for charge separation from a single step tunnelingconjugate in aqueous phosphate buffer (10 mM, pH 7.2) containing

process fos (Scheme 1a) to a multistep hole transport process 0-1 M NaCl and were deoxygenated by purging with dry nitrogen.
for 7 (Scheme 1b). Transient absorption spectra were recorded using either a femtosecond

or nanosecond pulsed laser-based system.

(29) Lewis, F. D.; Liu, J.; Liu, X.; Zuo, X.; Hayes, R. T.; Wasielewski, M. R.
Angew. Chem., Int. EQ002 41, 1026-1028. (31) Lewis, F. D.; Liu, X.; Miller, S. E.; Hayes, R. T.; Wasielewski, M. R.
(30) McConnell, H. M.J. Chem. Phys1961, 35, 508-515. Am. Chem. So002 124, 14020-14026.
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Materials. The bis(3-hydroxypropyl)amide of stilbene-4dicar- Nensorb 20 Nucleic Acid Purification Cartridge prior to direct loop
boxylic acid® and the bis(2-hydroxyethyl)stilbene #4diethet® were injection.
prepared and converted to their mono-DMT derivatives by reaction
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