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ABSTRACT. The structure and dynamics of DNA trimers are experimentally assessed using the fluorescent
purine analogue 2-aminopurine (2AP), incorporating 2AP between purine and pyrimidine bases to form
SdXp2APpY? molecules. Circular dichroism and fluorescence quenching of the 2AP show that the bases
are stacked; at the same time, fluorescence decay lifetimes are heterogeneous, indicative of conformational
sampling. 2AP does not exhibit the long fluorescence decay time characteristic of the free nucleoside,
suggesting that its motions in the trimers bring it into proximity of the neighboring bases, resulting in
efficient charge transfer and average fluorescence lifetimes on the order2ohd

The structure and dynamics of single-stranded nucleic at 25°C (1), but in the context of a strand (single strand or
acids will determine their ease of access by proteins and otherduplex) its fluorescence is quenched. It is now well accepted
nucleic acids. While single-stranded DNA sequences seldomthat the quenching of 2AP fluorescence is due to rapid charge
appear in most biological systems, RNA molecules typically transfer to neighboring basex5), the rate of which should
contain single-stranded regions. The termini of RNA mol- be highly dependent on the extentrorbital overlap. The
ecules are often sites of interactions with proteins [e.g., the dependence of the 2AP quenching rate on redox driving force
poly(A) tail and the 5UTR of metazoan mRNAs and the in complexes of 2AP with native bases suggests that
CCA 3 tail of tRNAs] or with RNAs (e.qg., the'conserved guenching occurs via hole transfer from 2AP to neighboring
sequence of U1l snRNA, the 8nd of 16S rRNA with its purines and by electron transfer to neighboring pyrimidines
Shine-Delgarno sequence, and the termini of group | (2). This view is supported, in large measure, by recent
introns). These termini will have unique physical properties, TDDFT studies of the electronic structure of stacked DNA
including more conformational flexibility with more rapid dimers and trimers containing a single 2AB, @). The
dynamic motions, than those of internal single-stranded theoretical studies, however, also indicate in the case of 2AP
sequences, for the latter will be constrained to some extentstacking with purines that extensive mixing of localized and
by their boundaries and flanking structures. charge transfer (CT) excitations occurs, such that the initially

To study the solution properties of nucleic acid termini, excited state already has some CT character.

DNA trimers were synthesized that contained an internal 2- Free 2AP in solution (pH 7) has a single isotropic
aminopurine (2AP) fluorescent nucleotide. These short oligo- fluorescence decay lifetime of 10.4 r&;(incorporation of
deoxynucleotides are predicted to represent the physical prop2AP into an oligonucleotide or oligodeoxynucleotide duplex
erties of both DNA and RNA, since their length will preclude leads to heterogeneous fluorescence decays with time
extensive and stable stacking into the canonical A- or B-form constants ranging fronx50 ps to~10 ns 6—10). This
structures. Single-stranded nucleic acids are not random coilheterogeneity is usually interpreted to report on a distribution
polymers, however; circular dichroism spectra show signals of partially-stacked structures with the shortest component
indicative of helical base stacking, and thermal melting reflecting decay from the stacked conformations and the
profiles show a gradual increase in absorbance with increas-8—10 ns components assigned to conformations where the
ing temperature, consistent with the hypochromicity associ- 2AP is extrahelical €, 7). In a simple two-state, static
ated with stacked nucleobases but without the cooperativity conformational model, the fractional amplitude of the long
of a duplex. The DNA trimers used for our experiments will component can be used to infer the relative populations of
also mimic the termini of RNA molecules and so provide a stacked and unstacked species.

description of how these ends might appear in solution. In contexts where 2AP conformational fluctuations occur

The fluorescent nucleotide 2-aminopurine (2ARgs been  on time scales approaching the fluorescence time scale, a
widely used as a probe of local structure of nucleic acids simple two-state model for relating decay amplitudes or
due to its ability to pair with thymine/uracil and the fractional intensities to the extent of stacking is not valid.
sensitivity of its fluorescence properties to stacking interac- In these cases, the measured fluorescence decays will reflect
tions with neighboring bases. Free 2AP in solution has a a competition between the stackingnstacking dynamics
fluorescence quantum yield of 0.68 at pH 7 in 100 mM NaCl and the conformationally-dependent quenching rate. O’'Neill
and co-workersX1) have recently shown that 2AP motion
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central 2AP is flanked by pyrimidines and/or purines. The obtained in the peak channel. Lifetimes were obtained by
central 2AP in these “sandwich” trimers should be consider- orienting the polarizer at the magic angle (54 i&lative to
ably more “floppy” than in duplex DNA or in duplexes with  the excitation polarization, and anisotropy decays were
mismatched base pairs or across from abasic sites. Thus thesacquired by making separate measurements with the emission
trimers provide prototypical systems for investigating the polarizer set to the vertical and horizontal positions. Buffer
influence of large conformational fluctuations on the dynam- fluorescence accounted ferl% of the total fluorescence
ics of charge transfer in single-stranded regions of nucleic counts and<2% of the counts in the peak channel and was
acids. The temperature dependence and viscosity dependenagot subtracted from the sample decays prior to analysis.
of the fluorescence properties of these trimers provide clearLifetime decay curves were analyzed by a standard nonlinear
evidence for “gated” charge transfer and provide new least-squares, iterative reconvolution algorithm (Picoquant)
information on the time scale of stackinrgnstacking assuming a sum of exponentials decay law:
dynamics in single-stranded regions of nucleic acids. y

=>Yoe " 1

(t) Z i 1)

MATERIALS AND METHODS

The dXp2APpY? (X, Y = A, T, or G) trimers were  wherer; and o; are the time constants and corresponding
synthesized using phosphoramidites from Glen Research andamplitudes, respectively. Anisotropies were constructed from
purified by HPLC. Samples were prepared at concentrationsthe parallel [;(t)] and perpendiculad {(t)] decays according
of 4—5 uM determined by absorbance measurements usingto
7200 Mt cm1 for the extinction coefficient of 2AP at 305
nm (12) in 10 mM sodium phosphate buffer (pH 7) 1) = Glg(Y)
containing 100 mM NaCl. Absorption spectra were measured r = 1,(t) + 2GI(t) (2)
on a Shimadzu UV160U spectrophotometer, and circular ! .

dichroism spectra were measured on a Jasco (J-715) specyhere theG-factor is a measure of the polarization bias of
tropolarimeter equipped with a thermoregulated quartz cell. the detection system. The value®fwas determined using
Steady-state fluorescence spectra were measured using il matching of the parallel and perpendicular decay curves
PTI fluorometer equipped with a temperature-regulated and was found to vary from 0.97 to 1.07. The time-dependent
sample compartment0.1°C). Fluorescence quantum yields anisotropy was constructed from the parallel and perpen-
of r2AP and the 2AP trimers were determined by referencing dicular intensity components and fit directly using an iterative
the integrated intensity at a given temperature to that of r2AP reconvolution procedure assuming a nonassociative model
at T = 25 °C measured under identical solution conditions with biexponential decay:
[¢roap = 0.68 (1)]. o _uo
Picosecond fluorescence decay measurements were carried rt)=pe " +pe 3)
out using the time-correlated single photon counting method. . o . ) )
The laser system was a 76 MHz mode-locked Ti:S oscillator Whereg is the limiting anisotropy of componentnd6 is
(Coherent Mira 900[:) pumped by a diode_pumped’ frequency_ the Corre'Spondlng rotaFlonal Qorrelatlon time. The sum of
doubled Nd:YVQ laser (Coherent Verdi-V10). When war- the 5i's gives the zero time anisotrop(0).
ranted (i.e., for solution conditions leading to long decay RESULTS
components), we used a divide by 10 pulse-picked beam
(NEOS) to ensure sufficient excited state relaxation between Tfimer Structure
pulses. The excitation wavelength (300 nm, vertically polar-  Circular Dichroism Measurement$hough single strands
ized) was obtained by frequency tripling the Ti:S funda- of nucleic acids can exhibit a high degree of stacking, they
mental. The excitation power, typicallyl mW, was focused  also have a large degree of flexibility. CD specti8, (14)
onto the sample using a 50 mm quartz lens. The emissionindicate that the ribotrinucleotide ApApA, for example, is
was collected by a 60 mm lens, passed through a polarizer,highly stacked at pH 7 and 2&. To examine the effects of
and focused onto a photon-counting photomultiplier tube temperature on the stacking of the 2AP-containing trimers,
(Hamamatsu 5773P-03) with a 75 mm lens. The anode pulseCD spectra were recorded at 10 and“&under identical
of the PMT provided the start pulse for the TAC. The stop solution conditions as used in the fluorescence studies (Figure
pulse was obtained by splitting of10% of the excitation  1). All spectra show a minimum at 260 nm, which for most
beam and focusing it onto a UV-sensitive Si:C photodiode trimers loses intensity with higher temperature (dTp2APpG
(JEC 0.1). A short-wave pass filter (Melles-Griot SWP-400) is the exception). This CD signal is usually interpreted as a
was used to reject stray light and/or buffer fluorescence at reflection of helical stacking of the bases, and so using the
wavelengths>400 nm, and a GG385 (Schott) filter was used amplitude of the signal in the 260 nm region as a reporter
to filter out the excitation and water Raman lines. The sample of changes in the relative population of stacked species, the
concentrations were identical to those used in the steady-results suggest that each of the trimers exhibits measurable
state experiments. The sample was contained in a 1«mm stacking over the entire temperature range. Notably, none
10 mm quartz cell in a thermoregulated chamber. The fwhm of the spectra exhibit the canonical A-form (a positive
of the instrument response function, determined using theellipticity maximum at~270 nm) or B-form (a null near
light scattered by a dilute suspension of nondairy coffee 260 nm, with a broad positive peak at 280 nm and a negative
creamer in water, was found to bel60 ps. For each sample, ellipticity maximum near 250 nm) characteristics, indicating
decay curves were collected using 2048 channels (6.1 psfhat their solution structures cannot be assigned to these
channel) and terminated when 65536(2counts were structures. It is interesting to note that Johnson et al. have
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Ficure 1: Circular dichroism spectra of 2AP sandwich compourtd<p2APpY?): T = 10 °C (solid circles);T = 50 °C (open circles).
Sample concentrations were 4 (pH 7, 10 mM sodium phosphate, 100 mM NacCl).

recently used the CD signal from a 2AP dimer incorporated measure of the extent of stacking and have used this
in a DNA duplex as a probe of the local conformatidib)( observable to probe the dynamics of duplex meltit§) (

Steady-State Fluorescence Spectroscopg.fluorescence  and conformations of single-stranded poly(dA) oligomers
absorption and fluorescence emission spectra of free r2AP,(12). Figure 4a shows the fluorescence excitation spectra for
SdAP2APPA?, SdTp2APpA, 5dTp2APpd, and®dTp2APpF dAp2APpA at 10, 30, and 50C. Following Davis et al.,
at 25°C are shown in Figure 2. The spectra have been scaledthe efficiency E) of energy transfer is given byl)
to the same absorbance at 305 nm and corrected for the
wavelength dependence of the detector response. The _ AzAp(/leXJPmme;(/lexc)( Poap _
incorporation of 2AP into a trimer leads to significant B Ax(Aexd lleP(j'exc) \¢trimer
guenching of its fluorescence as is evident from Figure 2b.

The fluorescence quantum yield as a function of temperaturewhereA;,p andA, are the absorbances of the acceptor (2AP)
for r2AP and each trimer is shown in Figure 3. The yields and donor (A) in the trimer andiimer and I ap are the

of the trimer are similar to one another in magnitude but measured fluorescence intensities of the trimer and directly
only ~3—9% of the yield of free r2AP at a given temper- excited 2AP.¢2ap and ¢yimer are the fluorescence quantum
ature. The purine-containing trimers show only weak tem- yields. The 2AP fluorescence intensity used in eq 4 is taken
perature dependence of their fluorescence yields while thefrom measurements of the free r2AP; thus the ratio of
yield of dT2APT shows a 50% reduction over the range- 10 fluorescence intensities appearing in the brackets is multiplied
70 °C. The decreasing yield of r2AP with increasing by the ratio of quantum yields to take into account the
temperature reflects the increased rate of nonradiative decayntrinsic difference in fluorescence yields between the trimer
of the m—x* state by internal conversion. The temperature and the free nucleoside at a given temperature.
dependence of the trimer yields, however, is context de- Figure 4b shows the calculated energy transfer efficiency
pendent. as a function of temperature for dAp2APpA and dTp2APpA.

In the special case of nucleic acids in which 2AP is flanked As is apparent from comparing Figure 4b with the CD
by an adenine, excitation into the adenines* band results amplitudes at 260 nm (Figure 1), the ET efficiency has a
in energy transfer to 2AP. Nordlund and co-workers have steeper temperature dependence than does the CD signal,
shown that the observed ET efficiency serves as a sensitivesuggesting a higher sensitivity to changes in the distribution

(4)
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Ficure 4: (a) Fluorescence excitation spectré® dAp2APpA® at
T = 10°C (@), 25 °C (a), and 50°C (O). (b) Energy transfer
efficiency as a function of temperature fadAp2APpA’ (M) and
S5dTp2APpA (®). Sample concentrations weret uM (pH 7, 10
mM sodium phosphate, 100 mM NacCl).

FiGure 2: Absorption spectra (a) and emission spectra (b) of 2AP
and 2AP sandwich compound2dAp2APpA (M), SdTp2APpA

(O), dTp2APPG (@), 5dTp2APPT (), and r2AP (dashed line).
For (b) the scale on the left-hand side corresponds to the r2AP
spectrum. That on the right-hand side corresponds to the trimer
spectra. Sample concentrations wereuM (pH 7, 10 mM sodium

phosphate, 100 mM NaCl). distribution of stacked structures (the steady-state properties).

They neither provide information on the extent of confor-

0.80 w Jo.os mational heterogeneity nor indicate whether conformational
o7l 007 exchange is static or dynamic on the fluqrescencg time scale.
: To address these issues, we have carried out time-resolved
3 % 0.06 fluorescence lifetime studies as a function of temperature
T % 0.05 for each of the trimers. In all cases, the decays were
2 04r 0.04 adequately fit to three exponentials. In a few cases, the
§ 0.3- 0.03 quality of the fit (as judged by thg? value) was found to
0.2- <0.02 be marginally improved by addition of a fourth exponential.
01- Jo.01 The value of the average lifetime, however, was not affected.
o The true nature of the ensemble is probably that of a (near)

0

10 20 30 40 50 60 70
Temperature (°C)

continuum of partially stacked structures. Attempts to model
this continuum by fitting to a Gaussian distribution of decay

FicURe 3: Fluorescence quantum yields as a function of temperature rates did not give satisfactory results. The reported decay
BOTr r22£~|5 (g,a?g')ad lindegZCiTA%iAﬁppﬁ( S)._I;?TDZAIPDN' (tﬁ), |5'-ft times from our discrete exponential fits thus serve only as
P<AFP » an p2AFp - he scale on the lel-  an approximate gauge of the range of time scales of the
hand si rr n he r2AP . Th n the right-han . —
s%edczr?gsg%ngzgg tﬂse t?ir;[]e? data. Igﬁl([)ar bar:ta(r)e etsteima?tet:i f?or(rj]dynamlc processes contributing -to the. Observed decay.
five determinations of the quantum yield of r2AP. The decay parameters and intensity-weighted average
lifetimes for all four trimers are shown in Table 1. Each
of stacked conformations. Since the CD amplitude and ET trimer exhibits a wide range of decay times, ranging from
efficiency arise from different electronic mechanisms with <200 ps to~3 ns, indicative of extensive conformational
undoubtedly different sensitivities to the relative orientation heterogeneity. The intensity-weighted lifetime provides a
of neighboring bases, this result is not surprising. Both sets measure of the average time 2AP resides in the excited state.
of results clearly demonstrate that measurable stacking existsThis average receives its dominant contribution from the
over the entire temperature range used in our fluorescenceongest component. The short components of the decay will
studies and that the distribution of stacked structures is be more heavily weighted in an amplitude-weighted average
temperature-dependent. (not shown here), but our experimental apparatus is limited
) ) in its ability to resolve these components, given that its fwhm
Trimer Dynamics of the response function is160 ps. To test the ability of
Fluorescence Decay KineticShe fluorescence quantum the decay model to accurately determine parameters on the
yield measurements, energy transfer efficiencies, and circularorder of the instrument response time, simulated decays
dichroism spectra report on an ensemble average over thecomposed of three exponentials with amplitudes and time
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Table 1: Temperature Dependence of Fluorescence Decay 710
Parameters

T T1 T2 73
timer  (°C) a® (nsf o (nsP oz® (nsp @GhY xP

dAp2APpA 10 027 0.21 0.55 0.89 0.18 3.53 2.25 1.46
20 033 0.17 052 0.79 0.15 3.23 1.97 1.48
30 0.34 0.18 0.51 0.87 0.15 3.49 2.12 1.69
40 0.35 0.14 0.49 0.81 0.16 2.94 1.74 1.64
50 0.33 0.20 0.55 0.92 0.12 3.19 1.76 1.80
60 0.33 0.17 0.57 0.91 0.10 3.03 1.58 1.83
dTp2APpA 10 0.36 0.15 0.46 0.69 0.18 3.99 2.85 1.42
20 0.31 021 051 0.67 0.17 3.58 2.40 1.38
30 0.32 0.12 050 0.59 0.18 2.96 2.03 1.45 4 6 8 10 122 14
40 0.44 0.33 0.36 0.71 0.20 2.46 1.62 1.38
50 0.54 0.34 0.31 0.84 0.16 2.13 1.29 1.49
60 0.56 0.35 0.34 0.89 0.10 1.96 1.05 1.29
dTp2APpG 10 0.62 0.08 0.17 0.68 0.21 4.02 3.44 1.78
20 054 0.09 0.23 0.67 0.23 3.41 2.81 1.70
30 0.68 0.04 0.16 0.57 0.16 2.68 2.18 1.61
40 0.65 0.05 0.19 0.52 0.16 2.05 1.61 1.44
50 0.39 0.09 0.33 0.48 0.28 1.58 1.23 1.28
60 0.32 0.09 0.35 041 0.33 1.17 0.92 1.48
dTp2APpT 10 0.70 0.05 0.13 0.73 0.17 3.52 2.98 1.87
20 0.64 006 0.17 0.72 0.19 2.89 2.36 1.54
30 0.68 <0.05 0.15 0.61 0.17 2.24 1.80 1.61
40 0.67 <0.05 0.16 0.54 0.17 1.76 1.41 1.41
50 0.80 <0.05 0.10 0.48 0.10 1.38 1.07 1.46
60 0.86 <0.05 0.06 0.42 0.08 1.08 0.85 1.31

1 12
a Amplitudes are normalized such thzt; = 1.0.° Typical errors Time (ns)
(obtained from support-plane analyses) ##% for amplitudes and
+15% for time constants.Typical errors are+30%.9 @LL =

Ziairizlziairi.

Ficure 5: Fluorescence decaysht= 10 °C (solid symbols) and
50 °C (open symbols) for (é§dAp2APpA® and (b)>dTp2APpT.
Sample concentrations were4 uM (pH 7, 100 mM NacCl).

constants representative of those in Table 1 and containing
Poisson random noise were generated and convoluted with

the measured response function. Analysis of these simulated 6l ! |
curves showed that components as short as 50 ps (with the |
amplitudes typically seen in our data) could be determined ?,4 :

Cal i

within 20—25% accuracy. It is probable that, in some cases,

we are missing much shorter components. Larsen et al., using : i

a streak camera with considerably better resolution than used
here, found 2AP fluorescence components as short-29 8 e —
ps in their studies of a DNA hairpin when 2AP was flanked 0 10 20 30 40 50 60
by a guanosine in either a stem or loop regi@f)( Temperature (°C)
The temperature dependence of the fluorescence decaygcure6: Temperature dependence of the shortest and longest time
is shown in Figure 5 for dAp2APpA and dTp2APpT. These constants for the fluorescence decay SafAp2APpAY in 0%
two trimers display significant differences in their fluores- glycerol @) and 60% (w/w) glycerolm).
cence quantum yields as a function of temperature and thus
represent the complete range of photophysical behaviorthe lifetime of r2AP at 10°C can be estimated from the
observed in our studies. The dAp2APpA fluorescence quantum yield at the same temperature. Assuming only
quantum vyield is temperature-independent, whereas that ofdynamic quenching is operable for the free r2AP, the ratio
dTp2APpPT drops by 50% over the 460 °C range. Both of the quantum yields at any two temperatures is equal to
trimers show<200 ps decay components with substantial the ratio of the lifetimes. This is true, of course, only if the
amplitudes that are nearly temperature-independent. Theexcited state decay is single exponential, which is the case
difference in the temperature dependence of the long timefor r2AP. Using the appropriate quantum yields and the
decay, however, is significant. The slow component of reported lifetime at 28C (measured under identical solution
dAp2APpA varies from~3.0 to 3.5 ns while that of conditions as here), the lifetime of r2AP at Wis calculated
dTp2APpT varies from1.2 to 3.5 ns over the same range. t0 be~12 ns. Thus, even at the highest viscosity examined,
In the case of dAp2APpA, increasing the viscosity of the the value of the long decay component is still measurably
environment has a pronounced effect on 2AP fluorescencel€ss than that expected from an unstacked 2AP at the same
time constants, as illustrated in Figure 6. These conditions temperature. The striking result is that the long decay
span a nearly 10-fold range of viscosity over the temperaturescomponent has developed a temperature dependence in the
of our experiments. In 60% glycerol at 2@, the shortest  high viscosity solution.
measured decay component is 0.46 ns compared to 0.20 ns Time-Resaled Anisotropies.Time-resolved anisotropy
in 0% glycerol, while the long component has increased from measurements provide a direct probe of the time scales of
3.5 ns (no glycerol) to 6.9 ns (60% glycerol). As a reference, 2AP motion in the trimers§, 17). We have determined the
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Table 2: Fluorescence Anisotropy Decay Paramgters Scheme 1
% 0, 0, k,mT)— -—k,MmT)
trimer  T(°C) glyceroP B1  (ns) B2 (ns) r(0) x? s s' U
dTp2APpG 10 0 0.13 0.11 0.16 0.49 0.29 1.10
50 0 025 012 003 067 0.28 1.33 1hy(T) Tha(M 1(T)
10 60 0.07 12 0.24 46 0.31 1.30
dTp2APpA 10 0 0.10<0.05 0.19 0.49 0.29 1.09
50 0 0.21 <0.05 0.10 0.25 0.31 1.40 (fast CT) (slow CT)

a Amplitudes are normalized such thgg; = r(0). ® By weight.

experiments of 2AP in duplexes show rapid decay compo-

anisotropy decays for dTp2APpA and dTp2APpG at 10 and nents (16-500 ps) that are assigned to various stacked
configurations. In contrast, time-resolved fluorescence studies

o H 0, . 0
50°C in 0% glycerol and for dTp2APPG at T in 60% of duplexes in which 2AP is paired with T or directly across

glycerol. The decays were adequately fit with a two- ; S o
component, nonassociated model, the parameters of WhiChfrom mismatched bases (8) or abasic sites (11) also exhibit

are shown in Table 2. The data indicate that, regardless of? long lifetime component (520% amplitude) comparable

the experimental conditions, the fluorescence is virtually ':aoxtg:;tivgfctcr;r?]‘ofrrr(reﬁo\tifcl)l}l]grlocii)izg:gérlrc])fetﬂ\élrg,zg]%rgievg?sﬁ
completely depolarized during the average fluorescence ’

lifetime of the trimer. The initial value of the anisotropy ﬁECTifaeroog reg|onsmof ﬁNr': (19) olr DNrA (8r)1’t frﬁg 2AP- nt
ranges from 0.28 to 0.32; the theoretical maximum value is € lilelime decay components are aiso present and accou

0.40. Deviations from thisr{0)] value observed for the for a significant portion of the_ s'geady-state yield. The
trimers are due to the presence of local 2AP motions too presence of these components indicates that 2AP spends a

fast to be resolved in our experiment portion of its time extruded from the duplex structure, with

The anisotropy decays provide a direct measure of the no stacking on either ne|ghbor|ng base.. .
rotational correlation times of 2AP in the trimer: however, ON the basis of previous observations, the extensive
they do not provide a direct measure of the time scale of conformational disorder of a trimer should lead to long
changes in the relative orientation of 2AP and its stacking C0MPonents in the decay and a relatively high quantum yield
partners. If the stackingunstacking motion were slow on Qf dXp2APpY mol_ecules. I.nstead, the absence of a free 2AP-
the isotropic lifetime time scale, we would expect an I|I_<e _gomponent n the t|me-resolveq data suggests that
anisotropy component that reflected the rigid tumbling of S|_gn|f|cant fluctuations of the_ 2AP environment occur on the _
the trimer. Such motion would not couple to the quenching Picoseécond to nanosecond time scale in these systems. Rapid
process since it does not alter the environment of the 2AP_;taqkmg—unstackmg motions Pfec'“de the 2AP from surviv-
We can estimate the rotational correlation time for a rigid "9 in @n unstacked conformation long eénough to exhibit its
trimer from the Debye Stokes-Einstein equation § = canonical lifetime of 16-12 ns. Thus, although at any given

7VIksT, wherey is the viscosity and is the hydrodynamic instant a substantial population of unstacked conformations
volume). For a hydrated sphere with an anhydrous volume may be present, rapid diffusion into a stacked structure

(815 A3) computed from a space-filling model for dTp2APpG fo”‘_’"_ved by efficient charge ransfer _Ieads to a lower than
and a typical hydration volume of 0.5 érg, the rotational anticipated fluorescence yield. The anisotropy data and effect

correlation time at 25C is ~400 ps in 0% glycerol {1 of .viscosity on th(_e quorescenpe decays also provide clear
cP) and 4 ns in 60% glyceroMLO cP). These values are evidence that rapid conformational fluctuations of the ZAP

comparable to those reported in Table 2. We note, however,0¢cur and that these are strongly coupled to the quenching
that even at 10C there is considerable local motion of the PIOc€ss Thus the nonexponential fluorescence decay of the

2AP relative to its neighbors as evidenced by the large trimgrs reﬂgctsl the dyna(;nic competitionhbe;(wien fm(;nlec_lljlzr
amplitude of the<100 ps component. motion and electronic decay. Given the lack of detaile

The above analysis and interpretation should be Viewedinformation on t_he nature of the temperature-dependent
as only qualitative. The use of a nonassociated model for Stacking-unstacking free energy surface and the dependence

the anisotropy decay is probably not realistic since it assumesOf the quenching rate on the relative orientation of the bases,

every isotropic component contributes to each anisotropy only a qualitative description of the dynamics can be gleaned
component. In addition, the inherent noise of anisotropy oM the data. ,

decay measurements and the rapid quenching place relatively A Kinetic Model of Structure and DynamicBhe compe-
large error bars on the measured amplitudes and decay timedition between conformational fluctuations  [stacking
Despite these caveats, the observation that even at low(S)—unstacking (U) process] and the conformation-dependent
temperature the fluorescence from 2AP is largely depolarizeddUenching rate is easily seen from the simple multistate
on a time scale considerably shorter than that expected fromkinetic model shown in Scheme 1. The S, &c. represent

a rigid, stacked structure indicates that substantial changedrimer conformations with distinct quenching (CT) rates. In
in the stacking of 2AP occurs on a time scale comparableth's model we have assumed that only the nonradiative (CT)

to, or shorter than, that of the isotropic decay. rate is conformationally dependent. The observed lifetime
may also be influenced by stacking-induced changes in the
DISCUSSION radiative rate. Evidence for this comes from TDDFT studies

The fluorescence properties of 2AP in nucleic acids are that show, in the case of 2AP stacking with purines, the
commonly interpreted in terms of structural parameters. The mixing of one or more CT transitions with the 2AP-s*
observation of strong fluorescence quenching is a signaturetransition leads to a slight reduction in the radiative rate of
of extensive stacking of the 2AP. Time-resolved fluorescence the transition. On the basis of the wide range of time scales
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observed for 2AP quenching in nucleic acids, we expect that defined by the distances between the glycosidic nitrogens
the sensitivity of the overall decay rate results almost (Ng) of neighboring bases. The global minimum corresponds
exclusively from stacking-induced changes in the CT rate. to a structure consistent with those seen in the experimental
Hereks andk, represent the overall stacking and unstacking studies but also showed that a large number of conforma-
rates, which depend on both temperature and viscosity, andtional states, ranging from highly stacked to unstacked, were
1/t denotes the conformation-dependent quenching rate.energetically accessible. The stackingstacking process
Under conditions where the overall stackingnstacking rate  in single-stranded oligomers is probably more complicated
is fast compared to the quenching rate of the optimally than suggested by the PMF calculations, since one can
stacked state, the dynamic equilibrium of partially stacked imagine relative motions of 2AP and one or both of its
structures in the kinetic scheme will be maintained during neighbors that substantially alter theoverlap but do not
the decay of the 2AP excited state, and we would expect tolead to significant changes in thesNNy distance (e.g.,
see single-exponential decay with a rate that corresponds taotations about the glycosidic bond). Inclusion of these types
the value of 1# averaged over the equilibrium populations of motions in the definition of “unstacking” would seem to
of the distinct conformations. In the opposite (static) limit, lead to a smaller effective barrier for unstacking. These in
we would expect nonexponential decay with time constants silico studies should be extended, using a metric for base
that correspond to the individual intrinsic CT rates and stacking that includes a measure of the electronic structure
amplitudes proportional to the equilibrium populations of of the dimer and trimer interactions.
these confo_rmathns. Experimentally, of_ course, the finite CONCLUSIONS
signal-to-noise ratio of the fluorescence signal yields a small _ ) ) ) _
number of discrete components that represent some “averag- A naive expectation of 2AP fluorescence in a simple trimer
ing” over the conformational continuum. was that 2AP vyould_ exhibit the I_ong time scale fluoresqenqe
Our results suggest that these trimers are in an intermediatél€cay and rapid anisotropy typical of the free nucleoside in
regime and that the time-resolved data reflect nonequilibrium Solution, as a result of the flexibility of bases. What is
ensemble dynamics. In such a case, the time scale ofobserved, _however, is that the dynamics of th_e structures
conformational exchange contributes to the measured decay!€2d to rapid fluorescence decay through transient stacking
Following excitation, those structures that are substantially Of the 2AP with its adjacent bases. We propose that charge
stacked result in a fast component in the decay, while the transfer between 2AP and its stacking partners occurs rapidly
longer components correspond at least in part to the timeand _eff|C|ent_Iy in one (o_r several) structure(s) in th_e trlme_r
scale of exchange between unstacked and stacked region& “SInK” region), which is repeatedly accessed during rapid
of the conformational free energy surface. That molecular €XCUrsions of 2AP within its allowed conformat_lonal space.
dynamics contributes substantially to the decays is evident € results presented here provide strong evidence for the
not only from the absence of a long component in the decay poupllng of conforma_tlonal quctue}t|ons and charge transfer
at any temperature but also in the viscosity dependence ofin the context of a highly dynamic local environment. On
the long component. Since the quenching rate from a giventhe basis of the c_>bser_ved quoresce_nce I|_fet|mes on t_hese
static conformation should be nearly independent of viscosity, Molecules, a physical picture of the trimers involves motions
the observation that increasing viscosity leads to substantial®f the bases on a picosecond to nanosecond time scale.
increase in the value of the time constant undoubtedly showSREFERENCES
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