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ABSTRACT: The triplet repeat sequence (CAGNd related triplet repeats are associated with dynamic
DNA mutations implicated in a number of debilitating human diseases. To gain insight into the dynamics
of the (CAG), repeat, we have substituted a single 2-aminopurine (2AP) fluorescent base for adenine at
select positions within the 18 base looped domain of a (&AG)s(GC); hairpin oligonucleotide. Using
temperature-dependent steady-state fluorescence measurements in combination with time correlated photon
counting spectroscopy, we show the conformation and dynamics of2ZA@@ domains to be strongly
dependent on the position of the probe in the looped region. In other words, rather than being a uniform,
single stranded loop, the (CAgyiplet repeat looped domain exhibits order and dynamics that are position
dependent. The 2AP fluorescence dynamics within tRARES repeat are well described b 4 component
exponential decay model, with lifetimes ranging from 5 ps to 4 ns. Differences in global DNA conformation
(duplex, hairpin, single strand), as well as the local position of the probe within the loop of a given
hairpin, predominantly are reflected in the relative amplitude rather than the lifetime of the probe. The
time dependent 2AP anisotropy in the hairpin (CA®pps is sensitive to the position of the fluorescent
base, with the fluorescence depolarization of a centrally located 2AP probe within the loop proceeding
significantly more slowly than 2AP positioned at the &r 3-end of the repeat sequence near the toop

stem junction. These results are consistent with segmental motions of the CAG repeat, while also suggesting
that the 2AP probe is significantly stacked, possibly even hydrogen bonded, within the partially structured
CAG looped domain. Our results characterize the position-dependent and conformation-dependent dynamics
and order within (CAG) triplet repeat DNAs, properties of relevance to the biological mechanisms by
which such domains can lead to disease states.

A number of debilitating human diseases with non- and subsequent development of disease appears to be
Mendelian inheritance patterns have been traced to thepreordained once a critical threshold number of triplet repeats
uncontrolled expansion of CNG triplet repeat DNA se- (commonly about 30 repeats) has been surpassed. Although
guences beyond a critical threshold value, where N representghe processes that lead to DNA expansion are as yet not fully
either A, T, G, or C. Huntington’s disease, spinobulbar understood, most experimental evidence points to a malfunc-
muscular dystrophy (Kennedy disease), Machattuseph tion of normal processes of DNA metabolism in repeat
disease, Haw River syndrome, and a variety of other ataxiassequence domains that lead to DNA expansion during either
and related diseases result from the expansion of (GAG) replication, transcription, or repair-{10). A growing body
triplet repeats, which is one of the more common triplet of experimental evidence also suggests that the intrinsic
repeat sequences associated with DNA expansion diseasestructure and dynamics of the repeat sequences themselves
(1-6). Common to these diseases is the uncontrolled is at least partially responsible for the malfunction of these
expansion of specific repeat sequences from one generatiorDNA processes. For this reason, understanding the structural
to the next, although the different diseases manifest them-preferences of CNG repeat DNAs, their conformational
selves by different phenotypes and show different clinical dynamics, and their thermodynamic properties is of consider-
symptoms, and the actual disease can be traced to differentble interest.

molecular events following DNA expansion. DNA expansion  y/q recently have described an oligonucleotide based

model system in which a triplet repeat ((CN§5¥equence
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Scheme 1: Substitution of 2-Aminopurine (2AP) at Selective Positions in the Parent Hairpin Sequence(GRGEIGC)],
Along with the Abbreviated Nomenclature for Each Hairpin

\ \ \

d[CAG]; 5'2AP-d[CAG]s  mid-2AP-d[CAG]s 3'-2Ap-d[CAG]s

experimental results suggest that single stranded (GAG) form the (GC){ 3'-2AP-d[CAGE} (GC); hairpin [abbreviated
(CTG) triplet repeat sequences within the hairpin molecule as 3-2AP-d[CAGJ] (Scheme 1). Henceforth, we will refer
adopt an ordered state or family of closely related microstatesto the three AP-substituted 30-mer hairpins as either the 5
that contribute significantly to the overall thermodynamics 2AP-[CAG]s, the mid-2AP-d[CAG{, or the 3-2AP-d[CAGk

of the hairpin molecules. Such order may well contribute to hairpin sequence, with the terminal GC stem duplex domains
the processes that lead to DNA expansion, and ultimately toimplied but not shown for each designation.

the diseased stat@@). Thermodynamic studies alone are  \ye show below that incorporation of a single 2AP in place
unable to explore the conformational and dynamlc_features of adenine only minimally perturbs the global properties of
of the repeat sequences that cause the measured increase jfe repeat sequence as measured by UV spectroscopy and
_thermodynamic order. In an _effort to gain additional insight calorimetry. However, CD spectroscopy and steady-state
into the structural and dynamic features of the (CA®peat fiygrescence measurements reveal differences in the spectral
sequence, we report here on the properties of the (€AG) properties of the three model hairpin molecules that suggest
triplet repeat hairpin in which we have selectively replaced position dependent differences in local structure and dynam-
a single adenine by its fluorescent analogue 2-aminopurinejcs. |sotropic and anisotropic fluorescent lifetime measure-
(2AP). ) o ) ments allow insight into the origins of the position depen-
2-Aminopurine is a fluorescent analogue of adenine that gence of the 2AP fluorescence and reveal dynamic processes
has been shown to only minimally perturb DNA structure gpecific to the (CAG) loop. Our results suggest not only
and stability @7, 28). Like adenine, 2AP base pairs with  that 2AP in the (CAG)repeat loop differs significantly from
thymine in a WatsorCrick geometry, but it can also base  2Ap in single strands and 2AP in 2APbase pair within a
pair with cytosine, and is highly mutagenic when incorpo-  quplex but also that 2AP properties depend on the position
rated in DNA @7—31). 2AP can be selectively excited at  of the fluorophore within the triplet repeat domain. These
wavelengths between 300 and 330 nm, where conventionaliesyits highlight the unusual properties of (CAGpeats
DNA bases do not absorb. The peak of the 2AP fluorescenceihat may contribute to the processes that lead to the
in aqueous solutions is at 371 nm, and it displays a single jevelopment of DNA expansion and ultimately to triplet
decay time constant of about 10.4 ns for the free base. Whengypansion diseases.
incorporated into DNA, 2AP fluorescence is extensively
guenched in a sequence and conformation dependent manngATERIALS AND METHODS
(32—38). 2AP in DNA exhibits multiexponential transients
that generally have substantially shorter lifetimes than that Materials. Oligonucleotides d[CAG] 5-2AP-d[CAG],
of the free base. Because of its spectroscopic and fluorescenimid-2AP-d[CAG};, 3-2AP-d[CAG}, and the complementary
properties, 2AP has been used frequently to probe structural d[CTG]s were synthesized using an Expedite 8900 DNA
dynamic, solvation, hydration, and electron transfer/hole synthesizer by conventional phosphoramidite chemistry and
transfer aspects of DNA and RNA structures and their purified by repeated DMT-on and DMT-off reverse phase
interactions with ligands and protein89%-54). These HPLC on a PRP reverse phase HPLC column (Hamilton)
properties also make 2AP a convenient probe for investigat- as previously described.{). 2-Aminopurine phosphoramid-
ing triplet repeat sequences. ite was purchased from Glen Research and used according
Our goal here is to make use of 2AP to gain insight into to manufacturer recommendations. Purified oligonucleotides
the local structure and dynamics of CAG repeats using were dialyzed against at least 2 exchanges of a pH 6.8 buffer
steady-state fluorescence, fluorescence lifetime, and fluo-containing 10 mM sodium cacodylate and 1 mM EDTA with
rescence anisotropy measurements. To this end, we synthesufficient NaCl added to give a total concentration of
sized three (GGJCAG)s(GC); hairpin molecules in which 100 mM in Na ions. Stock concentrations were determined
we selectively replaced a single adenine with 2AP at three spectrophotometrically using molar extinction coefficients
positions: namely, the adenine in the first CAG repeat to determined by phosphate analysis5,(56). The molar
form the (GCY{ 5'-2AP-d[CAG} (GC); hairpin [abbreviated  extinction coefficients for the single stranded state (at 90
as 3-2AP-d[CAG)]; an adenine at the third CAG repeat °C) were as follows: d[CTG](260 nm, 90°C) = 280,000
near the middle of the sequence to form the (&@)d- M~tcmt; d[CAG]s (260 nm, 9C°C) = 308,000 Mt cm™%;
2AP-d[CAGJ} (GC); hairpin [abbreviated as mid-2AP- 2AP-d[CAG}k (260 nm, 90°C) = 298,500 M cmt. As
d[CAG]¢], and the adenine in the sixth (last) CAG repeat to expected, the molar extinction coefficient for all three
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2-aminopurine containing oligonucleotides were within corded by heating the sample at a rate of @2per minute
experimental error of each other so only a single extinction with continuous stirring while exciting at 310 nm and
coefficient is listed. The reduction in extinction coefficient monitoring emissions at 370 nm. Sample concentrations
relative to the parent d[CAG]sequence is in line with  ranged from 2 to 4M giving an absorbance value of less
expectations based on the known extinction coefficients of than 0.1 at the excitation wavelength.
adenine vs 2-aminopurine. Time-Correlated Single-Photon Countiridme-correlated

UV SpectroscopyJV spectra as a function of temperature single-photon counting (TCSPC) experiments were per-
were recorded using an Aviv DS 14 UV/vis spectrophoto- formed using a custom built instrument previously described
meter equipped wit a 5 cell thermoelectric cell holder. in detail 1, 62). UV excitation light was obtained by
Samples C; = 2uM) in semi-micro quartz cuvettes of frequency tripling the 900 nm fundamental output from the
10 mm path length were heated in steps of @Srom 0 to Spectra-Physics Tsunami femtosecond Ti:sapphire laser using
100°C, and the absorbance was recorded at 260, 270, 282a Uniwave Technology TP-1B frequency tripler. A Becker
and 290 nm. After each temperature was reached, theand Hickl model SPC-630 TCSPC data acquisition instru-
instrument was allowed to equilibrate for 1 min before ment was used for data collection. To remove polarization
recording the absorbance values with an averaging time ofbias from the spectrometer grating, an Optics for Research

5 s, giving rise to a nominal heating rate of 0C/min. After quartz depolarizer was placed in front of the entrance slit of
subtraction of appropriate buffer blanks the UV melting the spectrometer, and vertical polarization was defined by a
curves were analyzed as previously descrildgt-69). Glan-Laser polarizer. A matched Glan-Laser polarizer was

CD SpectroscopyCD spectra as a function of temperature used as analyzer to detect fluorescence emission at vertical,
were recorded using an Aviv DS 62 spectropolarimeter magic angle (547 from the vertical), and horizontal
equipped with thermoelectric cell holde€; = 15 uM polarization. A 10 mm sample path length was used for each
samples in 0.1 cm or 1 cm path length quartz cuvettes weresample.
equilibrated for 1 min at each temperature before measuring 2AP fluorescence emission decays were obtained from 300
the CD spectra between 360 and 200 nm (220 nm) in 1 nm nm excitation and 371 nm emission. Emission decays were
increments with an integration time of 5 s. Spectra were read to 10 fluorescence counts in a time window of 12.5 ns
recorded in increments of & between 0 and 9%C. Longer over 4096 time channels giving a resolution of 3.05 ps/
cells with 10 mm path were required to resolve the 2AP CD channel. Oligonucleotide concentrations were eithehi
bands between 300 and 340 nm. Appropriate buffer spectrafor fluorescence lifetime measurements or AR for
were recorded separately and subtracted from the sampldluorescence anisotropy experiments. These concentrations
spectra before normalization with respect to concentration give rise to an absorbance value of less than 0.1 at 300 nm.
as previously describe®0Q). Instrument response functions were obtained using 300 nm

Differential Scanning Calorimetry (DSADSC traces were  light using nondairy creamer scattering solutions matching
recorded using a Nano Il DSC differential scanning calo- the absorption of each of our samples. Typical response
rimeter (Calorimetry Science Corporation, Provo, UT). functions had a full width half-maximum value between 27
Dialyzed oligonucleotides at nominal concentrations of 50 and 30 ps.
uM were repeatedly scanned from 0 to 1@at a constant TCSPC Data AnalysiSthe TCSPC transients were fit to
heating rate of 1°C per minute, and the excess power multiexponential decay models using a convolute-and-
required to maintain identical temperature in sample and compare nonlinear least-squares fit algorithm using macros
reference cells was recorded. After correction for heating written in IGOR Pro 4.09A. The instrument response function
rate and subtraction of the appropriate buffer vs buffer curves, was convoluted with a fit function of 4 exponential terms to
the apparent heat capacity curves were normalized withfit the isotropic emission decay data by a forward fast
respect to oligonucleotide concentrations and analyzed asFourier-transform (FFT) method using the IGOR Pro Fit All
described %9). AH., values were derived by integration of At Once procedure. The specific model functions used for
the area enclosed by the excess heat capacity curve and ththe vertically polarized excitation, magic-angle polarized
extrapolated baselineAS., values were derived by integra-  emission fluorescence transient data were
tion of the Cy/T curves, andAC, was estimated from the
difference in the linearly extrapolated pre- and post-transition
baselines al,. The Ty, 3c/orrespE)onds topthe max?mum of the K(t) = Zai exp(-kit) (1)
excess heat capacity curve. =

Steady-State Fluorescence SpectroscSady-state fluo-  where
rescence emission and excitation spectra were recorded using
a Varian Eclipse fluorimeter equipped with 4 cell thermo- 1
electric cell holder or a Spex Fluoromax-3 photon counting ok
fluorimeter with a thermoelectric temperature-controlled cell
holder and quartz polarizers for emission anisotropy experi- Fluorescence polarization anisotropy decays were analyzed
ments. Excitation spectra between 250 and 330 nm andby simultaneously fitting the emission transients measured
emission spectra between 320 and 520 nm were recorded irat vertical, magic angle, and horizontal polarizations, gen-
steps of 1 nm with a constant bandwidth of 5 nm, averaging eralizing the procedure described by Cross and Fleming in
time of 1 s, and the most sensitive photomultiplier setting 1984 63). Specifically, the vertical and horizontal emission
on the Varian instrument, and with 1.5 nm bandwidth, 1 nm/ decays were fit using the functiong, = K(t)[1 + 2r(t)],
step 1 s integration time settings on the Spex instrument. Ivy = K()[1 — r(t)], and lvw = K(t), whereK(t) is the
Temperature dependent changes in fluorescence were reisotropic emission decay model described in eq 1rt)ds

4
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Table 1: Comparison of Thermodynamic Data

sample Tm[°C] AHca [kcal mol] ASa[cal molrtK =1 AC, [cal molrt K]

A: For Hairpin= Coil Transitions

d[CTGJs 81.5+ 0.2 109.7+ 5.4 309.3t 15.5 850+ 127

d[CAG]s 80.9+ 0.2 86.6+ 4.3 2447+ 12.2 1019+ 152

5'-2AP-d[CAGk 82.94+ 0.2 87.8+£4.4 246.7+ 12.3 889+ 133

mid-2AP-d[CAG} 84.2+0.2 88.1+ 4.4 246.8+12.3 1027+ 154

3'-2AP-d[CAGk 82.84+ 0.2 87.2£4.3 246.0+ 12.3 114+ 172
B: For Duplex= Coil Transitions

d[CAG]s-d[CTG]s 89.3+ 0.2 281.7+14.1 777.14+38.8 1162+ 174

5'-2AP-d[CAGL-d[CTGJs 88.9+ 0.2 2741+ 13.7 757.2+ 37.9 1622+ 243

mid-2AP-d[CAG}-d[CTG]s 88.6+ 0.2 266.4+ 13.3 736.3+ 36.8 1022+ 153

3-2AP-d[CAGL-d[CTGJs 88.9+0.2 277.8+13.9 767.3+38.3 1816+ 272

the fluorescence depolarization law. All three polarization
decays were fit simultaneously using a global fit function
that fits to a universal set of parameters,

—t —t
r)=r exp(—])Jrr ex;{ z)
! erot, 2 erot,

where thef, are the time constants for 2AP reorientation,
and the sum of; andr; is less than 0.4.

()

RESULTS AND DISCUSSION

The Adenine to 2-Aminopurine Substitution Is Nearly
Conformationally and Energetically NeutraProper use of
the fluorescent 2-aminopurine (2AP) adenine analogue as
probe of local dynamics within CAG repeat sequences
requires that the modified base does not significantly alter

the sequence-directed intrinsic global and local properties

of the CAG repeat. To assess the impact of selectively
replacing specific adenines by 2AP in the d[CA&&quence,
we thermodynamically characterized the three 2AP-contain-
ing hairpin oligonucleotides and their complexes relative to
the unmodified parent d[(GECAG)s(GC)] sequence. Table

1 lists the results of our UV and DSC melting studies for
the three 2AP substituted oligomers. Each of the three
d[(GC){ 2AP-d(CAG)} (GC)] sequences undergoes a single
concentration independent melting transition at high tem-
perature, characteristic of a hairpin to coil transition, and
each combines with the complementary d[(&CIG)-
(GC)4] hairpin only at elevated temperature to yield the 30-

the margin of error (further evidence of the relatively
unperturbing nature of the AP substitution). Significantly,
however, other studies consistently report a decrea3g in
when 2AP replaces adenines in DNA and RNA hairpin loops
(46, 50, 64—67). Consequently, our observed small increase
in Ty, for this replacement likely reflects properties specific
to the CAG loop domain. By contrast to this A to 2AP
induced melting temperature behavior for the hairpin struc-
tures, UV and DSC melting curves of all three corresponding
2AP-d[CAGL-d[CTG]Js duplexes show smatlecreasesn

Tm (0.4 to 0.7°C). Thermodynamically, thi$,, decrease is
due to a decrease in enthalpy (averageH., = —8.9 kcal/
mol) which is partially compensated by an entropy decrease
(averageAAS= —23.5 cal/mol/K) relative to the d[CAG]

ad[CTG]G parent duplex. These latter results are consistent

with previously published data for adenine to 2AP substitu-
tions in DNA duplexes, which contrast with the impact of
this substitution on the looped triplet repeat domains on the
hairpin structures studies hef28]. These differences in the
thermodynamic consequences of the A to 2AP substitution
on the stability of the hairpin and duplex highlight the
importance of determining complete thermodynamic profiles
for understanding the impact of even conservative base
modifications on DNA stability.

In the aggregate, our results suggest that replacing a single
adenine by 2AP does not significantly alter the global
thermodynamic properties of the CAG triplet repeat hairpin
sequences, making 2AP a reasonable probe for the dynamics
of CAG, repeats.

mer duplex. Once formed, the 30-mer duplex persists, and CD Spectroscopy Reals Subtle Position Dependent
the hairpin cannot re-form. These results are consistent withDifferences in 2AP Esironment in the Hairpin StateThe

those we previously have reported for the unmodified
d[(GC)(CAG)s(GC)] parent oligonucleotide, revealing that

CD spectra for the 2AP-substituted d[CAGRirpins shown
in Figure 1 are largely similar to the corresponding spectra

the 2AP substitution does not alter these global propertiespreviously described for the unsubstituted d[(&@CAG)s-

(1.

We previously have shown the CAGoop to make a
significant contribution in terms oAT., AH, andASto the
overall thermodynamic stability of the d[(GETAG)s(GC)]
hairpin and CAGR-DNA (11, 26). Inspection of the data
listed in Table 1 reveals that replacing adenine by 2AP in
the CAG hairpin loop results in modestly high&p, values
than was measured for the unmodified d[(GCAG)s(GC)]
parent sequence. This modest increaseTjn is most
pronounced for the hairpin sequence with the 2AP substitu-
tion toward the middle of the d[CAG]Jooped domain. The
thermodynamic origins of these small differencesTip

(GC)] hairpin, with subtle differences due to differences in
spectral properties of 2AP relative to adenine. Most notable
in these spectra is the small CD signal in the 3G@0 nm
range, which is observed only in the 2AP-containing
sequences. This signal recently has been shown by von
Hippel and co-workers to be sensitive to the conformational
state of 2AP in DNA 68). In this work, we also find this
2AP CD band to be sensitive to DNA conformation, with a
more pronounced signal for the hairpin than for the duplex
state. This CD band is largely absent at elevated temperature
when the oligonucleotides are fully denatured. A similar CD
band is not seen when 2AP is placed in the center of a control

cannot be defined because the entropy and the enthalpyl8 base adenine hairpin loop (data not shown). More

values are identical to those of the unmodified parent within

importantly, the 306-340 nm CD band is significantly more
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3-2Ap-d[CAG]s (red) at 0°C (solid lines) and 95C (dashed lines). FiIGURE 3: Temperature dependence of fluorescence at 370 nm with
excitation at 310 nm for the modified hairpinsZAP-d[CAG}

=
1

Fluorescence Intensity (a.u.)
1

T
0

B -

‘5120- " (green), mid-2AP-d[CAG] (blue), and 32AP-d[CAG} (red).
e '.-" L of the mid-2AP-d[CAG{ hairpin is significantly less quenched
2 1004 than either the 52AP-d[CAG}; or 3-2AP-d[CAG] hairpin.
§ 80 - ) This position dependent behavior suggests differences in
e | H L} local environment, conformation, and dynamics of the
o 60 i i fluorophore. These changes in fluorescence properties cor-
b i S relate with similar position dependent differences in the 2AP
s "1 s K CD-band, and inl,,, as described above. By comparison,
E 20 - o . the fluorescence intensity in the duplex state is quenched
S N -.-I‘.‘.:-_,-:-:,'::.‘.-mm even more rapidly than in the hairpin state, but the degree
i = T T — T of quenching does not depend on the position of the probe
250 300 500 (data not shown).

350 400

. o Excitat \;\'aw.aleﬁgth [nltn] F tHeZBP-dICAG] Fluorescence Detected Melting Ges Reeal an Unusual
IGURE 2. EXCItation ana emission spectra o - i iti i id- - irpi
(ocr) S AP ACAC] (i, a0 SOAP ACAC) (1) el Transion s e M AP clCAGHarpi That
alrpins at ' the temperature dependent changes in steady-state fluores-
pronounced for the mid-2AP-d[CAGhairpin than for either ~ cence intensity at 370 nm (fluorescence detected melting
the B-2AP-d[CAG}) or 3-2AP-d[CAG] hairpins, despite  curves) for the three hairpins. The close agreement.in
virtually identical UV spectra for all three sequences. By determined by UV absorption, calorimetry (DSC), and
contrast, differences in the measured CD signal with position fluorescence detection suggests that local melting in the
of the 2AP base within thduplexstate fall within experi- vicinity of the probe and global denaturation of the entire
mental error (results not shown). The overall similarities of molecule occur as a concerted, cooperative process. The
the CD spectra with that of the d[CA&parent hairpin position dependent subtle variations in properties for the
suggest that the three 2AP-containing oligonucleotides adoptadenine to 2AP substitution detected by our spectroscopic
the same overall native hairpin conformation, whereas the and thermodynamic measurements do not alter the overall
subtle differences in the CD spectra between the three 2AP-cooperative denaturation of the hairpin molecules. Neverthe-
containing hairpins mirror the differences in tfig, we less, differences in the shape of the fluorescence detected
described above. These small differences suggest positiormelting curves highlight position dependent local differences
dependent differences in the environment or conformation in the 2AP probe that are not detected by other means. In
of the 2AP base within identical sequence environments andparticular, the unusual gradual increase in fluorescence
the same global conformation. As elaborated on below, we intensity prior to the onset of melting in the mid-2AP-
use steady-state and time-resolved fluorescence experimentd[CAG]s sequence is not detected by any other experimental
to characterize these position dependent effects. observable, and results in an inverted shape of the melting

The Degree of Steady-State Fluorescence Quenching ofcurve for the mid-2AP-d[CAG] hairpin. This observation
2AP Depends on the Position of the Probe in the Repeat suggests temperature dependent changes in local dynamics
Domain. Figure 2 shows the steady-state emission and of the mid-2AP base that are absent in the BP-[CAG]s
excitation spectra recorded for the three 2AP substituted and 3-2AP-d[CAG} hairpins and that are not correlated with
hairpins at 20°C. The emission and excitation maxima for global structural changes. By contrast, the fluorescent
all three hairpins are similar to one another and to that of detected melting curves for th&BAP-[CAG]s and 3-2AP-
free 2AP, with the major difference between the three d[CAG]s hairpins more closely resemble those of the
hairpins being the degree of quenching. The absence of acorresponding 30-mer 2AP-d[CAGH[CTG]s duplexes (not
defined shoulder at 266270 nm in the excitation spectrum  shown), and are similar to those previously reported for other
of all three hairpins suggests that excitation energy transfer2AP-containing duplexe®8, 37, 69). While an increase in
from neighboring adenines to 2AP does not contribute to the dynamics of a fluorescent probe near the center of a
the overall spectral dynamics of these molecules§ 37, hairpin loop, as in the mid-2AP-d[CAGkequence, is not
43, 69, 70). Although the 2AP base resides in the same unexpected, the increase in fluorescence intensity to values
sequence environment in all three hairpins, the fluorescencesignificantly larger than those of the high-temperature
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Ficure 4: Magic angle decay (black) and instrument response
function (green) for 32AP-d[CAG} at 25°C fit to four exponential

decay functions, along with the corresponding residuals for short

times (inset): 3-exponential (purple), 4-exponential (blue), and
5-exponential (gray) fits. The experimental curve and precision of

the fit shown are typical for the decay curves measured for 2AP

fluorescence in all 3 hairpins.
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commonly employed models for fluorescence decay such as
stretched exponentials were not successful. Nevertheless,
some caution must be exercised in attributing the observed
lifetimes to discrete conformations. Our convolute-and-
compare nonlinear least-squares fitting routines are unable
to resolve more than 4- or 5-exponential components from
simulated data created with a broad distribution of up to 12
relaxation components ranging from 1 ps to 5 ns. Thus, our
data quality and analysis methods, while competitive with
the best available TCSPC data, cannot preclude the pos-
sibility of a distribution containing more than four exponen-
tial components. Nevertheless, the 4-exponential fit model
provides the simplest representation of the conformational
dynamics of 2AP in our hairpin models, and is consistent
with previously published work.

Position Dependent Variation in 2AP Fluorescence In-
tensity Is a Consequence of Variations in Amplitude Rather
Than Decay Time Constantispection of Table 2 reveals
that exponential decay time constants for the 2AP emission
from the three hairpins fall into 4 distinct, well-resolved time

denatured state suggests that the states sampled by the midiomains of about 15 ps, 70 ps, 500 ps, and 4 ns. The

2AP base differ significantly from those populated in the

corresponding decay constant for the three 2AP-d[GAG]

denatured state. Control experiments (results not shown) withd[CTG]Js duplexes of 5 ps, 70 ps, 500 ps, and 4 ns differ
2AP placed in the center of an all-adenine 18 base hairpinonly in the fastest lifetime (5 ps vs 15 ps) compared with

loop show only a gradual decay of fluorescence with

those for the hairpins. These values are similar to those

temperature, characteristic of temperature induced quenchingeported by Van Amerongen et aflg) for an isolated base

of solvent accessible fluorophores. Although likely to be

paired QAPG-CTG sequence within a complex DNA

partially stacked at low temperature, the adenines in the all hairpin stem/bulge loop structure, and differ somewhat from
adenine hairpin loop are not base paired and melting of thereported 2AP lifetimes in a different sequence conté# (
all adenine hairpin cannot be detected by observing the 2AP48, 49). Aside from the fastest time constant all other
fluorescence as a function of temperature. This control time constants primarily reflect the influence of the bases
highlights the unusual temperature dependence of 2APflanking the fluorophore, independent of the global confor-

fluorescence within the hairpin loop CAG repeats. Below,
we use isotropic and anisotropic fluorescence lifetime

mation and/or position of the 2AP base. Even the longest
lifetime we observe of about 4 ns is significantly shorter

measurements to garner further insight into the position than the time constant for free 2AP (10.4 ns). There is no
dependent dynamics of the 2AP bases in the context of theevidence for a longer time constant that would suggest

steady state measurements just described.
The Isotropic Fluorescence Transients for 2AP in the DNA
Structures Are Best Fit to 4-Exponential Moddtgure 4

contributions to the emission profile either from free 2AP
or from incorporated 2AP that is fully exposed to solvent.
By contrast, the oligonucleotide conformation and position

shows a typical isotropic fluorescence decay transient of the 2AP base within the sequence are reflected in the
measured for the mid-2AP-d[CAGhairpin. The solid curve  normalized amplitudes giving rise to the significant differ-
shows the best fit 4-exponential model. Similar transients ences in integrated (or steady-state) fluorescence. For the
to the one shown were measured for each of the 2AP-duplex, an excess of 90% of the fluorescence transients
substituted hairpins and duplexes, over a temperature rangeorrespond to the shortest relaxation time constant(

from 5 to 94°C. The 4-exponential fit parameters for the 5 ps), whereas in the hairpins the shortest time constant
three 2AP-d[CAG{ hairpins and the duplexes at°& are (r1 = 15 ps) contributes only about 70% of the fluorescent
listed Table 2. Fit parameters for the other temperatures aretransients. The increase in steady-state fluorescence of the

given in the Supporting Information. The 4-exponential
lifetime model is consistent with previously published reports
(32, 44, 46, 49, 52), although there is some evidence in our
data for a sub-picosecond fifth lifetime component that is
well below our time resolution4(l, 42). Like these prior

authors we find that attempts to fit our data with other

mid-2AP-d[CAG} hairpin relative to the '52AP-d[CAGk

and 3-2AP-d[CAG} hairpins is a consequence of the
increased contribution of the long lifetime decay)( with

a corresponding reduction in normalized amplitude of the
shortest lifetime£,). In the aggregate, these data reveal that
the position-dependent variation in 2AP fluorescence inten-

Table 2: 2AP Time Constants for Hairpin and Duplex Structures & 5

sequence a 71 [ns] a 72 [ns] as 73[Ns] N 74 [NS]
5'-2AP-d[CAGk 0.713 0.015 0.256 0.063 0.021 0.362 0.010 4.128
mid-2AP-d[CAG} 0.600 0.017 0.166 0.086 0.163 0.562 0.071 3.995
3'-2AP-d[CAGk 0.748 0.017 0.224 0.072 0.020 0.393 0.008 3.680
5'-2AP-d[CAGL-d[CTG]s 0.988 0.001 0.011 0.083 0.004 0.557 0.004 4.282
mid-2AP-d[CAG}-d[CTG]s 0.947 0.004 0.027 0.062 0.015 0.516 0.010 3.967
3-2AP-d[CAGL-d[CTG]s 0.935 0.006 0.044 0.060 0.012 0.524 0.009 3.803
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Ficure 5: Normalized amplitudes and decay lifetimes for theBP-d[CAGk (green), mid-2AP-d[CAG] (blue), and 32AP-d[CAGk
(red) hairpins from 5 to 94C.

sity is reflected in variations in the amplitude rather than in ized amplitude reflects the conformational state of the
the decay time constant. oligonucleotide whereas the time constant predominantly

The Normalized Amplitude Reflects the Conformational reflects the impact of neighboring bases. Moreover, apparent
State While the Time Constant Predominantly Reflects thethermal midpoints (orT,, values) determined from the
Impact of Neighboring BaseBor each of the three hairpins, normalized amplitudes vs temperature curves are similar to
Figure 5 shows the temperature dependence of the normalthose detected by conventional melting techniques, at least
ized amplitudes and corresponding time constants obtainedwithin the (limited) temperature resolution of these experi-
for the 4-exponential fits to the 2AP emission transients. The ments. This observation suggests that concerted global
amplitude averaged lifetime plotted against temperature (notchanges in DNA secondary structure also are reflected in
shown) for these data shows the same shapes as the steadyhe local processes that give rise to the 4 time constants.
state fluorescence melting curves described above, suggestin@onsequently, those instances where the normalized ampli-
that all salient features of the emission processes are capturedude does not conform to the classical sigmoidal melting
Characteristically, almost all the normalized amplitudes curve are of particular interest, and are discussed in more
associated with these lifetimes tend to exhibit the sigmoidal detail below. In general, melting of the DNA secondary
temperature dependence typical of oligonucleotide melting structure appears to result predominantly in a redistribution
transitions, whereas the time constants, in general, do notof populations (amplitude) associated with a particular
show such sigmoidal temperature dependencies. This bedifetime rather than significant changes in the nature of a
havior is consistent with our interpretation that the normal- particular emitting state (time constant).
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Within our DNA construct, only the fastest time constant 10
directly reflects temperature induced disruption of base ’
pairing/stacking. Results by Zewail and co-workets, @2,

71) suggest that this very fast lifetime is at least partially
due to rapid hole transfer to neighboring guanines, which &
should be favored in the more rigidly stacked and base pairedg ‘
duplex state over the more flexible hairpin state, possibly 2
explaining the 3-fold difference i between these confor-
mations. Disruption of the conformation allowing hole =

transfer could explain the increase in lifetime upon dena- pE

turation to the coil-like denatured state. In this view, o ) H . )

differences in the fastest lifetime predominantly reflect Time [ns]

dynamics (gating) of the 2AP conformation. FIGURE 6: Sample polarization anisotropy decay of tHe2BP-
The Premelting Transition Obsezd in the Fluorescent  d[CAG]e hairpin. The vertical (blue), magic (black), and horizontal

Detected Melting Cures of the Mid-2AP-d[CAG]Hairpin (green) emission transients were fit simultaneously with a universal

. : : set of parameters fdgy = lym[1 + 2r(t)] andlyy[1 — r(t)] where
Is a Consequence of Changes in the Normalized Amp“tUder(t) is the anisotropy decay(t) is best fit to a double exponential

of 71 and 74 In general, the observed increase in total model for all three hairpins.
fluorescent intensity upon denaturation of 2AP-containing

oligonucleotides (decreased quenching rate) is due to artable 3: Polarization Anisotropy Results for Hairpin and Duplex
decrease in normalized amplitudes fei(inverted shape of  Structures at 20C

melting curve). This observation correlates with an increase temp Oon brow

in the normalized amplitudes far, and z3 (conventional sequence (°C) o r rz (ns) (ns)

melting curve shape), with only insignificant changes in the 5-2apP-d[CAGE 20 0.326 0.171 0.155 0.328 2.946
amplitude ofzs. The exception is the mid-2AP-d[CA&] mid-2AP-d[CAGE 20 0.255 0.175 0.079 0.711 3.396
naitin,here pror o the onset of meling  gradualdecrease 222 IACH 1+ 20 0318 0170 0146 037 s0ag
in the normalized amplitude af with temperature is coupled  5-2ap-djcAGk 94 0291 0.172 0.118 0047 0.191
with a corresponding increase in normalized amplitude of mid-2AP-d[CAGE 94 0300 0.189 0.111 0.048 0.188
4. The onset of melting of the mid-2AP-d[CA&hairpin 3-2AP-d[CAGk 94 0.289 0.200 0.089 0.050 0.228

. ; . 3-2AP-d[CAGK-d[CTG]s 94 0.307 0.263 0.044 0.078 1.490
causes a decrease of the normalized amplitudefolt is [CACE-dICTCL,

74 that is predominantly responsible for the unusual shape
of the fluorescence detected melting curve of the mid-2AP- 46, 76, 77). Experimental anisotropy data for 2AP (and other
d[CAG]s hairpin. Interestingly, the amplituda, increases  fluorophores) in oligonucleotides frequently can only be fit
in the 3-2AP and 5-2AP hairpins, as well as for the three to a 2-exponential anisotropy model, although the molecular
duplexes, only in the temperature range where melting motions giving rise to the observed anisotropy are likely to
occurs, and is noticeably smaller in either the native state atbe more complex and may involve more time domains.
lower temperatures or the denatured state at higher temperAlong those lines, we tested and rejected models involving
atures. These observations suggest thatjhiene constant more than 2-exponential time constants and models with 2-
responsible for the unusual fluorescent properties of the mid- €xponential anisotropy time constants plus a sned) term
2AP-d[CAG} hairpin requires increased flexibility and because of insignificant improvements in the fit upon
perhaps partial disruption of native structure, but has a smallinclusion of the additional parameters, coupled with signifi-
amplitude in the denatured state where base motions are leastant covariance uncertainties (up t100%). The fit
restricted. Judging by the observed changes in normalizedparameters for the polarization anisotropy transients at 20
amplitude forz, prior to melting, the increase in 2AP and 94°C are listed in Table 3. Fit parameters at other
dynamics occurs only when the probe is positioned near thetemperatures are listed in the Supporting Information.
center of the CAG repeat, but not when it is close to the  Components of the Anisotropy r(0) Valu&ker(0) values
hairpin duplex stem. recovered from our deconvolution approach by summing the
Fluorescence Anisotropy Cues Are Best Fit by a individualri(0) do not add up to the theoretical limiting value
2-Exponential Anisotropy Time Constant Modeigure 6 of 0.4. Instead they cluster around 0:27.34, and are
shows a typical fluorescence polarization anisotropy decay somewhat smaller than those reported for 2AP-containing
curve we have measured for the mid-2AP-d[CAGjirpin. oligonucleotides by othersdd, 46, 77). This discrepancy
Similar results have been obtained for the other hairpins, may, in part, reflect the non-collinear absorption and emission
and for the 32AP-d[CAG-d[CTG]s duplex (not shown). transition dipoles of 2AP79), as well as ultrafast quenching
Sample constraints and the low fluorescence quantum yieldby solvent and/or energy transfer to neighboring guanines.
for 2AP in the duplex state prevent measuring the anisotropy It is interesting that we find the(0) values for the native
decay for the other two duplexes. However, we do not expect mid-2AP-d[CAG} hairpin to be consistently lower (on
the anisotropy decay for thé-BAP-d[CAGL-d[CTG]s and averager(0) = 0.27) than those measured for the2&P
mid-2AP-d[CAGE-d[CTG]s duplex to differ significantly hairpin (average(0) = 0.32), the 32AP hairpin (average
from that of the 32AP duplex, given that the 2AP probe r(0) = 0.32), the 32AP duplex (average(0) = 0.34), or
resides in the same sequence environment within the 30-ther(0) values of all three molecules in the denatured state
mer Watson and Crick duplex. We find that the experimental at 94°C (r(0) = 0.30). These observations suggest that 2AP
data is best fit to a 2-exponential anisotropy mod&— in the mid-2AP molecules undergoes fast depolarizing
75), consistent with similar measurements by oth8& 44, motions that we cannot resolve experimentally and that are
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1.2 = an activation enthalpy barrier of 7.6 kcal/mol, likely reflecting
wd A friction due to interactions with solvent and/or counterions.
- .. The Fast Anisotropy Time Constant Reflects Segmental

2084 N Motion of the Triplet Repeat Loop Domai®f particular
<70.6 - .. interest is the fast anisotropy component we have recovered,
504— '::...,.. as this value reflects local motion of the 2AP base.
' ", Intriguingly, the fast rotational relaxation times for all three
0.2 - ""‘“aﬁ:::::‘,,:::‘ B hairpins are significantly slower than that of the2\P
0.0 = e L duplex. Moreover, the rotational correlation time is slowest
T L T T T 1 for the mid-2AP hairpin where the 2AP base is near a
0 20 40 60 80 100

putative hairpin turn and is least quenched. The fast

™ anisotropy time constant for the mid-2AP hairpin is about
6 - ‘;_ 2-fold slower than that of the’band 3-2AP hairpins at 5
5 = "-':;;_ °C, and is too slow to represent motions of a free, non-
- 4- hydrogen-bonded, unstacked 2AP base. We therefore propose
£ "«'t__. that the fast anisotropy time constant predominantly reflects
© s, segmental motions of the hairpin loop (twisting/bending),
S 29 "m and/or possibly dynamic changes in base pairing interactions
19 M:;;,‘._,,_ within the triplet repeat loop. Motions of the free unpaired
0 i 2AP base likely are responsible for the missing0)
0 2 © M M 100 component that cannot be resolved experimentally. The
Temperature['C] degeneracy of the repeat sequence in the CAG loop domain
FIGURE 7: Fast (top) and slow (bottom) rotational correlation allows dynamic changes in base pairing interactions with
lifetimes for the 52AP-d[CAG} (green), mid-2AP-d[CAG](blue), minimal energetic penalty. However such redistributions of
and 3-2AP-d[CAG} (red) modified hairpins from 5 to 92C. base pairing interactions encounter a significant activation

barrier and are likely to be slow compared to free base

missing in our summation of thg0) value, an observation  motions. From the temperature dependence of the fast
that is also supported by our data simulations. Such fastanisotropy, we estimate that the fast motion associated with
depolarization motions are also missing in the anisotropy depolarization of the 2AP base requires an activation energy
time constants discussed below. The degree of the fastof petween 5 kcal/mol (52AP-d[CAG)E and 3-2AP-
depolarization mode depends on the overall conformation 4[CAG]s) and 7 kcal/mol (mid-2AP-d[CAG), confirming
of the molecule (duplex hairpin < single strand), and the  that the motions leading to the fast depolarization of 2AP in
position of the probe within the hairpin loop. Itis of particular the CAG hairpin loop are significantly hindered. The
interest that the mid-2AP-hairpin, which shows the highest activation energy we have measured for the segmental motion
total fluorescent intensity, also has the lowg8) value. The  js roughly equivalent to the enthalpy required to disrupt one
r(0) value for the mid-2AP-hairpin state is even smaller than conyentional Watson and Crick base pair, or between 3 and
that measured for the denatured molecule af©@4vhere 5 pase/base interactions in the single strand CAG loop. By
base motions are least restricted. The contribution of thoseComparison' the fast rotational correlation time for the 3
motions to the overall anisotropy that are too fast to be 2AP-d[CAGL-d[CTG]s duplex is in line with similar values
resolved by the 2-exponential anisotropy model is most previously reported for 2AP base paired to thymine in
pronounced in the mid-2AP-hairpin. Watson and Crick duplexes, and represents restricted motions

The Slow Anisotropy Time Constant Reflects Motion of possibly between a base paired and an unpaired state of the
the Entire Molecule.Figure 7 shows the temperature 2AP base within the confines of the intact double helix. The
dependence of the two anisotropy time constants we havemeasured activation energy of between 3 and 4 kcal/mol for
recovered for all three hairpin molecules. Characteristically, the fast depolarization of the-2AP duplex is roughly in
the slower rotational anisotropy (which contributes between line with base pair opening enthalpies for 2Amase pairs.
50 and 60% of the amplitude of the total anisotropy) is
identical for all three hairpins, whereas the fast anisotropy CONCLUSIONS
components depend on the position of the probe within the We have shown that 2-aminopurine is a convenient
hairpin loop. Using a simplified model which represents the fluorescent probe for monitoring the dynamics of CAG
hairpins as stiff rods with B-DNA type parameters (23 A repeats implicated in triplet expansion diseases. Our results
diameter, 3.4 A pitch, 15 bp), we identify the slow anisotropy reveal significant differences in the fluorescent properties
components as reflecting rotation of the entire molecule and dynamics of the 2AP base depending on the type of
around its longitudinal (helicalj-axis, with rotation around  secondary structure (triplet repeat loop, duplex, or single
the X-and Y-axes being too slow to be detected given the strand) of the oligonucleotide, as well as the position of the
short 2AP lifetimes. This proposed interpretation is consistent probe within the (CAG)repeat. In particular, we find that
with the ethidium bromide fluorescence results of Lu et al. the steady-state fluorescence, the distribution of lifetimes,
(79) who report rotational relaxation time constants in the and the anisotropy of the 2AP probe near the center of the
range of 8-16 ns and 2690 ns for conventional Watson CAG repeat differ significantly from those of the 2AP probe
and Crick duplexes having comparable number of base pairs.close to the hairpin stem. Given that the 2AP base is always
For all three hairpins, the slow rotational time constant shows in the same sequence environment in the models studied here,
Arrhenius behavior over the entire temperature range, with the observed differences reflect position dependent variations



Dynamics of CAG Triplet Repeats

in conformation and dynamics within the repeat DNA
domain. For the hairpin structure, our data are consistent with
significant order within the triplet repeat, looped domain. It
can be expected that interactions with components of the
cellular DNA repair and replication machinery are sensitive
to conformational and dynamic processes in the triplet repeat
DNA. The in vitro conformational and dynamic effects
within triplet repeat looped domains defined in this study
may havein vivo implications for the biological processes
that lead to the genotype of DNA expansion and, ultimately,
to the phenotype of the diseased state. More generally, our
results contribute to the growing literature on the dynamic
and thermodynamic properties of unusual, noncanonical
DNA structures that may be involved in biological regulatory

mechanisms, as well as in the expression of genetic disorders.
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