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We studied the interaction of 4'.6-diamidino-2-phenvlindole (DAPI) with single stranded polv(dA) using opt-
1cal spectroscopic methads. including absorption. cireular dichroism (C), and uorescence spectroscopy. The
temperature-dependent conformation of polv(dA) was also investigated. The conformation of poly(dA) varied
with temperature, which is explained by the stacking-restacking process ol the adenine bases, resulting rom
the sugar conformation. The h\'pmhromi(,il\' and red-shitt in the absorption spectroscopy. the lack off CD
change in the drug abserption region. and the fluorescence behavior, especially a great accessibility of the [,
quencher (o the poly(dA)-bound DAPL, suggest that DAPT binds to the outside of poly(dA). The Job plot lor
the DAPL-poly(dA) mixture demonstrated that a stoichiometry of one DAPL molecule binds to the one phos-

phate of poly(dA).

Introduction

The mteraction of 4'.6-diamidine-2-phenvlindole(DAPI)
(F'igure 1) and DNA has been intensively studied sinee 1t
was synthesized. The drug was initially synthesized as an
analogue ol berenil, o be used as a trypanocide agent.
Llowever, the special spectroscopic properties (DAPI forms
a fluorescent complex with DNA) made it useful as a DNA
probe in clectrophoresis,™ in - eviofluorometry, ™" and lor
staining  chromosomes,”™™'

Tividence that DAPT binds to DNA preferentially at the
mimor groove ot AT-rich regions has been conlinmed by
lincar dichroism (LD)."" fluorescence,’™ NMR, and
viscomelry. ™™ Foolprinting experiments have demonstrated
that DAD] prevents cleavage of DNA at 3-4 continuous AT
base pairs. which suggests that DAPI is bound to the Al se-
quences of 3-4 contiguous base pairs.” An X-rav crvstal
structure of DAPT bound (o the synthetic T3-DNA - oli-
gonucleolide C-G-C-G-A-A-T-T-C-G-C-G shows that DAPI
locates m the minor groove of the four AT base pamrs at the
center of the duplex by forming a hydrogen bond between
the indole N H and the thymine O, atoms ol the two central
basc pairs.” DAPI can also bind (o a GC sequenee. In 1ha,
GC-rich region of DNA, it binds either in the major groove”
or through intcrealation.” %

In this work, we studied the interaction of DAPL with
pol¥(dA), a single stranded DNA. Single stranded DNA
plavs a sigmificant role n biological functions such as the re-

Figure 1. Molecular structure of 4'.6-diamidino-2-phenvlindole
(DAPD)

plication and transcription processes. The confonmation ol a
single stranded poly(dA) was identified from CD and NMR
results, ™ llowever, relatively few swdies have been re-
ported on the interaction of small molecules and single
stranded DNA.” Such studics may provide a rapid and sim-
ple clarification of the role of this interaction in biological
functions by uncovering a reagent that gives a unique spec-
roscopic signal in the presence ol single stranded DNA. Tn
this study, we used optical spectroscopic techniques to ex-
amine the temperature-dependent conlinmational changes off
polv(dA). we then investigated the interaction between
DAPI and single stranded polv(dA).

Experiment

Materials. DAP] was obtained from Sigma and used
without further purilication. Poly(dA). purchased trom Phar-
macia, was dissolved in | mM Na [[PO | buffer containing
100 mM Ng,HPO, and 1 mM EDTA at pH 7.0, then di-
alvzed against | mM NaJIPO, with 10 mM NaClQ, butter
at pll 7.0 and 4 “C. All measurements were performed in
this butter. The chemical concentrations were determined
spectrophotometrically using the molar absorption coef—
ficients: (£, =8.600 M'em™ lor po\(dA) and e,
27.000 M'em® for DAPI in water.” The mixing ratio. R._
was delined as the total number of added DAPT molecules
per nucleotide base. All measurements were performed at
room lemperature excepl lor the temperature-dependent con-
formatienal changes of polv(dA).

Absorption and CD spectrascapy. The absorption
speetra were recorded cither on a Cary 2300 or a Hewlett
Packard 84352A diede arrav spectrophotometer. The CD
speetra were measured on a Jasco I-720 or J-5300C spee-
tropelarimeter and the signal was averaged over an ap-
propriate number ot scans. The CI speetra ot the higand-
pelynuclectide adducts provide information on twe levels.
The conformation of the polvnucleotide itself’ can be ex-
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amined through the CD of the intrinsic polynucleotide ab-
sorption near 260 nm. Also, although the drugs are all
achiral molecules, thev acquire an induced CD signal when
thev fonn complexes with a polvnucleotide. The CD is in-
duced by the interaction between the bound ligand and the
chirally arranged base transitions and 1s dependent upon the
position and orientation with respeet to the polvnueleotide
bases.

Fluorescence measurement. The {Tuorescence spec-
tra were measured on a Perkin-Elmer LSBS0B spec-
trofluorometer. The emission spectrum of the tree DAPI
was measured using o 342 nim excitation and the DAPI-
poly(dA) complex 360 nm. Shit widths were 6/6 nm for
both excitation and emission. If the fluorescence intensitv of
the quenched Muorophore is negligible compared to when it
1s unquenched, the fluorescence intensitv in the presence (£)
and absence (77} ol quencher 1s expressed by the Stemn-
Volmer equation:™

FF=1+K[0]

where A is the Stern-Volmer quenching constant and | Q']
15 the quencher concentration. This reflects how accessible
the quencher is to the Tuorophore and thus, in our system,
this method can be used o mvestigate how DAPI 15 ex-
posed to or hidden from solvent. We measured the quench-
g of DAPI tluerescence by the iodine molecule (I,) by ad-
ding aliquots ol concentrated 1, solution o a sample con-
taining DAPL or polv(dA)-DAP] complex (up to 70 UL to
2900 p I, of the sample solutions). The measured intensity
was corrected for the volume changes. Fresh I, soluuon was
prepared prior to cach quenching experiment.

Job's method. Job's method was applied to determine
the binding stoichiometrv ™" The concentrations of the two
reactants vaned. although the sum ol therr concentrations
was Kept constant. We detected an absorption against the
mole fraction of the DAPL Such plots mayv reveal discon-
tinuilies at eertain mole lractions of DAPT which reflect the
stoichiometry of the DAPL-polv(dA) complex. A tvpical
Job's method was used for the binding of DAPI to polv(dA).
The sum of the DAPT and poly(dA) concentrations was 30
UM and the absorbance was measured at 342 nm.

Results

Absorption and CD spectra of poly(dA) at vari-
ous temperatures. Figure 2 shows the absorption and
CD spectra of polv(dA) at various temperatures, [n the ab-
sorption spectra of poly(dA) (Figure 2a), the intensity at 258
nm increased and decreased at 285 nm when the tem-
perature was incrcased. An 1sosbestic point at 280 nm was
clearly observed, suggesting that the transition between the
Mo state oceurs where the stacking of the adenine bases of
polv(dA) difters. The spectral transitions in the CL) spectra
are depicted in Figure 2b. The overall shape of the CD spec-
trum of polv{dA) agrees with those in previous studies.
Small bul stcady changes were found in the long
wavelength region (260-290 nm) following temperature
changes: a positive band around 280 nm was observed at a
low temperature (2 "C). As the temperature was increased, a
new positive band began to develop around 265 nm. At the
highest temperature (75 "C), this 265 nm band was dom-
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Figure 2. (a) Absorption. (b) CD spectra of polv(dA) at various
temperatures (2. 15, 30045, 60 and 75 C {rom bottom (o top at
238 nm for absorption and 265 um for C1) spectra). lin-
largements of the absorption spectra in the 260-300 nm range
and CID speetra at 270-300 nm are inserled. [sosbestic points al
280 nm 1n absorption spectra and at 273 nm for the CD spectra
are clearly observed in the inserled {igures.

mant and the band around 280 nm became smaller. The ne-
gative peak al 249 nm retained considerable intensity: the in-
tensity at 230 nm decreased with temperature. The four
isoshestic pomnt at 197, 209, 258, and 273 nm in the CD
spectra strongly suggest that this transition occurs between
the two diflerent conformations of poly(dA).

Spectral properties of DAPI hound to poly(dA).
Figure 3a shows a comparison between the absorption spec-
trum ol free DAPT and of DAPT bound to poly(dA) at a
mixing ratio (R) of 0.05 (which corresponds (o one DAPI
molecule per 20 adenine bases). The absorption spectrum of
the corresponding polvnucleotide was subtracted to facilitate
the comparison. The DAPI bound to polv(dA) shows a 14%
hvpochromism in the long svavelength band and a 15 nm
red-shift. These spectral changes indicate the nleraction
betwveen DAPL and polv(dA). The CD spectra of DAPL com-
plexed with poly (dA) are shown in Figure 3b. In contrast o
the DAPl-double stranded polvnucleotide complexes,*™
we observed no induced CD band in the DAPIL absorption
region: however. in the DNA absorption region, we ob-
served a decrease in the CD mtensity of the positive band
around 220 nm and 280 nm and an merease n the negative
band around 250 nm (Figure 3b). These changes in the CD
spectrum 1 the DNA absorption region following DAPI
binding arc similar o the change in the CI) speetrum in the
presence of high concentrations of Na' ions (data not
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Figure 3. (a) Absorption. (b) CD. and (¢) tluorcscence emission speetra of DAPT in the presence (dotted curve) and absence (solid curve)
of poly(dA). The corresponding polvnucleotide spectrum was subltracted to facilitate comparison. The DAPL concentration was 5 mM and
the pel(dA) coneentration was 100 mM. Excitation wavelength was 360 nm for the emission spectrum. Slit width was 6 6 nm.

shown). Thus. these CD changes mayv retlect a change in
the polv(dA) conformation upon DAPL binding.

Fluorescence measurement. Both the shape and in-
tensity of the fluorescence emission spectrum of DAPI
changed n the presence of poly(dA), mdicating that DAPI
interacts with polv(dA) (Figure 3¢). The tlucrescence in-
tensity of the enmission spectrum ol DAPT inercased by a
factor of six in the presence of poly(dA). It also red-shitted
by 18 nm compared (o that of ree DAPL The spectral hall-
width ol Iree DAPT was 120 nm, whereas that ol DAPI
bound (o pol¥(dA) was 85 nm. The narrowing in the eni-
ission spectrum was similar o that observed in DAPT com-
plexed with various double helical polvnucleotides.™
However, the red-shilt in the enuission speetrum was ob-
served only in the DAPI-poly (dA) mixture: the DAPL-dou-
ble helical polvnucleotide complexes usually exhibit blue-
shif.”

In Figure 4. the ratio of the fluorescence intensity without
quencher to that with 1t 1s shown as a function of the T, con-
centration. Free DAL was effectivelv quenched: 2 pM
DAPT was almost {ully quenched in the presence of 3 uM T,
The DAP] bound to poly(dA) demonstrated an accessibility
similar to free DAPL indicating 1ts accessibility to the
quencher even when bound to poly(dA). In contrast, DAPI
bound to polv]d(A-T1),]. where DADPI 1 knovwn to bind in
the narrow minor groove of the duplex and become well-
shiclded from the solvent,”™ exhibited no quenching at all.
Both free DAP] and the DADPI-poly(dA) complex exhibited
upward-bending quenching curves, which suggests that both
the static and dvnamic quenching mechanisms were active.™
A detatled analysis of the quenching mechanism was om-
itted from this studv becanse we are concerned onlv with
the relative accessibility of the large quencher o DAPL

Job plot. Changes in the absorbance at 342 nm with
respeel to the mole fraction of DAPT in the DAPT-polv(dA)
mixture (the Job plot) are shown in Figure 3. The break in
this plot appears at the 0.5 mole Iraction of DAPIL There-
fore, a discontinmity at the 0.5 mole fraction of DADPI pro-
duces a stoichiometrie ratio of DAPphosphate (or base)=1 :
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Figure 4. Fluorescence quenching of free DAPI ( @ ). DAPI-
polyv(dA) complex { J ). and DAPI-pol¥[d(A-T).] complex (n) by
I. The DAPT concentration was 2 mM. polynucleotide 20 mM.
The fMuorescence intensity al 470 nm was measured with an ex-
citation at 342 nm in the absenee of polynucleotide and at 360
nm with polynucleotide. Slit width was 6 6 nm.

1. which indicates that the DAPI molecule binds to one
base or phosphate of pelv(dA). The straight line above and
below the 0.5 mole fraction of DAPI implies that the com-
plex 1s homogencous, consisting of two kinds of DAPT-lree
and bound.

Discussion

Temperature-dependent conformation of poly
(dA). Contormational studies of polynucleotides using
optical techniques (ultra-violet absorption, ORD, CN) have
been conducted. " #** The vertical helical stack of the
base commonly induces appreciable changes in the optical
properties, The temperature dependence of these, optical pro-
pertics can be used o extract the stack-destack equilibrium
from nucleotides.

The experimental spectra of polv(dA) al various teni-
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Figure 3. Job plot tor DAPI bound to poly(dA). Absorbance

was measured at 342 nm. The sum of the DAPL and polv(dA)
coneentrations was 30 mM.

peratures are shown in TFigure 20 Isoshestic points were
found in both the absorption and CD spectra, which sug-
gests temperature-induced  conformation changes in poly
(dA). These confirmational changes mav occur through the
restacking of the adenine bases in the homo polynucleotide
as the temperature increases. One kev to understanding the
mechanism ol these temperature-duced changes s the [ind-
mg that the two dilferent stacking modes have intnnsically
different CD} spectra.”™ The deoxvribose ring of a nu-
cleotide can have two different conformations, C2'-ecndo
(referred to as S conformation) and C3'-endo(referred to as
N conlormation). The deoxyribose ring ol a nucleotide resi-
due, which 1s sandwiched between two stacked units, as
well as the stacked 5'-terminal residue, appears (o adopt an
S contformation. whereas the deoxvribose ring in 3'-terminal
residue of a stacked sequence retains conformational free-
dom (S = N). I we extend this to the restacking process in
a stacked sequence (- (S(1) - S(2) - S(3) - S(d) ) with a tem-
perature inerease, then upon disruption of the 8-5 stacking
mleraction, 8(2) and S(3) regain S/N conlormational lree-
dom 1 the deoxyribose ring, because this fragment is no
longer sandwiched in a stacked sequence. Conscquently,
redistribution of the 8-S and 8-N stacking mteractions oc-

curs n the stacked scquence. Thus, random restacking of

the S-S stacked units occurs when the temperature 1s in-
creased. This model explains the €T signal incrcase at 263
nm. An S-N stack interaction hetween adenines 18 evi-
denced in the CD spectrum by a large positive band at 270-
265 nm.

Conformation of DAPI bound to poly(dA). The
binding of DAPT to poly(dA), single stranded DNA, is man-
ifested by hypochromism, red-shift, and an enhancement in
the fluorescence quantum vield. These spectroscopic pro-
pertics suggesl an interaction between the n-systems of
neighboring DADPL and those of the adenme bases. [Towever,
the DAPT-poly (dA) mixture did not exhibit lincar dichroism
activity, cven though the polv(dA) was well-aligned in the
flow orientation svstem (data not shown). This observation
mdicates that DADPL may be oriented in a random manner
on the swrface of a single stranded poly(dA) stem. If DAPI
15 inlerealated between the stacked adenine bases or bound
along the phosphate groups, 1t produces a strong hinear di-
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chroism signal in the DAPI absorplion region. ™™ The
CD spectrum of the DAP[-polv(dA) complex (Figure 3b)
also indicates that DAP[ mayv behave like a Na’ fon and not
dircetly mteract with the adenime bases for two reasons. The
CD speetrum of polv(dA) in the presenee ol DAPT was sim-
ilar to that in the presence of high concentrations of Na'.
Also, induced CD 1n the DAPI absorption region, possibly
mduced by the interaction between the achiral DAPT molee-
ule and the chirally amranged transiion moments of” the po-
Ivnucleotide bases, was not observed. Therefore, the spec-
tral changes we observed in the DAPl molecule in the
DAPI-poly(dA) conmplex may represent an cleetrostatic m-
teraction between the phosphate group ol polv(dA) and the
amidino groups of DAPL Trom the change i the ab-
sorption spectrum in the DAPT absorption region,  the
equilibrium constant for the DAPL-poly(dA) complex for-
mation was measured at 1.0 £0.5 x 10" M" using Benesi-
Llildebrand method. This value of equilibriun constant is
much lower than those observed lor duplex polynucleotides
fe.g.. the equilibrium constant for the DAPL-poly|d(A-T1)],
complex formation is 5.8 X 10”7 M* and that or poly [d(G-
)], is about 4.0 x 10" M" in similar condition).”" The re-
gion tor higher equilibrium constant for the duplex po-
hmucleotide may be assigned o the hydrophobic cn-
vironment ot the DAPI binding site as well as to the form-
mg ol hvdrogen bond between the DAPT molecule and the
nucleo-bases.

The enhancenient and reduction m fluoreseence mtensity
and the narrowing of the emission spectra of DAPL upon
binding to polyvnucleotides are ditferent oulcomes of two
[orms of protenation in the DAPT moleeule.™ The strong in-
crease m the lNuoreseence mtensity and considerable nar-
rowing ol the enission spectra when DAPT binds o poly
(dA) (Figure 3¢) can be explained as a reduction of the in-
tramolecular proton transfer process by shiclding the am-
idino group of the DAPI molecule. Together with the linear
dichroisnt results. the Huoreseenee enhancement suggests
that one of the DAPT anidino groups may interact with a
phosphate group of polv(dA). The fluorescence quenching
technmique was utilized to study the solvent's aceessibility to
a tluorophore. A tluorescent probe which 1s protected from
the solvent will not be quenched by an external quencher.
Therefore, the fluorescence quenching results indicates that
the quenchers are aceessible o fluorophore. When the dye
DAPI was tree, it was effectively quenched by [, (Figure 4).
In contrast. DAPI bound in the minor groove ot poly[d(A-T)
.| exhibited no quenching at all. Surprisingly. the quenching
of DAPI bound to polv(dA) was as effective as that of free
DAPIL, mdicatng that DAPI is situated on the surface of the
polvnucleotide.

Poly(dA) is highlv-charged polvelectrolyle whose antonie
phosphate groups strongly atfect their interactions. DAPI
has two cations in one molecule. When the drugs are charg-
ed, they repel cach other clectrostatically. T, however, the
cations stack along the aniomic DNA sugar-phosphate chain,
the charge repulsion is deercased: this type ol binding leads
to a nonspecitic outside stacking of planar cations along the
helix. DAPT 15 bound to the phosphate group of polv(dA)
by electrostatic attraction. There are two modes of outside
binding-DAPT may be hound parallel o the phosphate
group, with two positively charged amidine groups held by
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the negatively charged phosphate group, or one cation of
DAPI may bind to one phosphate of poly(dA). In Figure 5,
the Job plot shows a discontinuity at the 0.5 mwole fraction
of DAPL, suggesting the latter mode. Two other binding
modes Tor DAPI to polynucleotide are known. In the A-T
rich sequence, DAL binds in the minor groove, covering 4-
5 continuous base pairs.™™ Tn this binding mode, the first
breaking point at the mole fraction of 0.1-0.125 in Job plot
should be observed because DAPT would be saturated when
its mole fraction reaches 0.2-0.25 (|DALL)/[nucleotide base
pairs]). However, when DAPT 1s assoctated m the G-C rich
polvnucleotide, it exhibits partial intercalation from the ma-
jor groove”™ A brecaking point at .25 mole (raction
would be expected in this case because of the nearest neigh-
bor exclusion model for a drug-DNA intercalation.

It 15 note worthy that the spectroscopic propertics of the
poly(dA)-bound DAPI, which are presented m the [igures 3
and 5, were mvariant m the temperature range used in this
work (data not shown). This observation indicates that the
sugar puckering (and, therefore, base stacking) does not al-
fect the binding mode of DAPI that is associated with the
phosphate group of poly(dA).
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