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Abstract

The fluorescent adenine analogue 2-aminopurine (2AP) has been used extensively to monitor 

conformational changes and macromolecular binding events involving nucleic acids because its 

fluorescence properties are highly sensitive to changes in chemical environment. Furthermore, 

site-specific incorporation of 2AP permits local DNA and RNA conformational events to be 

discriminated from the global structural changes monitored by UV/Vis spectroscopy and circular 

dichroism. However, while the steady-state fluorescence properties of 2AP have been well defined 

in diverse settings, interpretation of 2AP fluorescence lifetime parameters has been hampered by 

the heterogeneous nature of multi-exponential 2AP intensity decays observed across populations 

of microenvironments. To resolve this problem, we have tested the utility of multi-exponential 

versus continuous Lorentzian lifetime distribution models to describe fluorescence intensity 

decays from 2AP in diverse chemical backgrounds and within the context of RNA. Heterogeneity 

was introduced into 2AP intensity decays by mixing solvents of differing polarities, or by adding 

quenchers under high viscosity to evaluate the transient effect. Heterogeneity of 2AP fluorescence 

within the context of a synthetic RNA hairpin was introduced by structural remodeling using a 

magnesium salt. In each case, except folded RNA which required a bimodal distribution, 2AP 

lifetime properties were well described by single Lorentzian distribution functions, abrogating the 

need to introduce additional discrete lifetime subpopulations. Rather, heterogeneity in 

fluorescence decay processes was accommodated by the breadth of each distribution. This 

approach also permitted solvent relaxation effects on 2AP emission to be assessed by comparing 

lifetime distributions at multiple wavelengths. Together, these studies provide a new perspective 

for the interpretation of 2AP fluorescence lifetime properties, which will further the utility of this 
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fluorophore in analyses of the complex and heterogeneous structural microenvironments 

associated with nucleic acids.
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1. INTRODUCTION

Interactions between proteins and nucleic acids are often accompanied by changes in local 

nucleic acid structures. There is a growing interest in characterizing both the nature and 

dynamics of these changes, which have important implications for the consequences and 

regulation of these binding events. This is particularly relevant for RNA-protein interactions, 

since RNA molecules can exhibit a diverse array of structural features under physiological 

conditions [1,2]. Fluorescence-based approaches offer a powerful approach to monitor 

macromolecular conformational changes in solution; however, the intrinsic fluorescence of 

nucleic acid bases is too weak to assess nucleic acid conformational events directly. 

Furthermore, the absorption/excitation of the bases are in the UV region where the emission 

is usually dominated by tryptophan and tyrosine fluorescence from the proteins. Although 

exciting progress has been made in the development of fluorescent dyes for spectroscopy 

and microscopy, these extrinsic probes are quite large and can significantly disturb the 

structure and stability of folded nucleic acids, particularly when positioned internally. As a 

result of these limitations, 2-aminopurine (2AP), a strongly fluorescent analog of adenine, 

has been used frequently to study local conformational changes in nucleic acids [3–5].

There are several advantages for using 2AP as a DNA/RNA fluorescent probe. First, longer 

wavelength absorption allows excitation above 300 nm (outside Trp/Tyr absorption). 

Second, the structures of DNA and RNA are minimally affected by replacing adenine with 

2AP [5,6]. Third, fluorescence emission from 2AP strongly depends on local environment 

[7, 8] and is quenched by neighboring bases in DNA/RNA. 2AP has been successfully used 

to study interaction of DNA and RNA with proteins [9– 13], repair enzymes [14–16], 

folding of ribozymes [17], DNA damage and mismatching [18,19].

For about three decades the spectroscopic properties of 2AP have been investigated by 

several laboratories. The ground and lowest electronic excited states have a π-π* character 

[20]. In aqueous solutions the quantum efficiency is about 0.7 [3], maxima of absorption and 

emission are about 305 nm and 370 nm respectively [4,21] and the fluorescence intensity 

decays are mono-exponential with the fluorescence lifetime of about 12 ns [8,22]. pH has 

not been found to have any effect on absorption and emission of 2AP, indicating its single 

protonation state in neutral solution [3,22].

Despite the use of 2AP in many biophysical and biochemical studies, the effects of many 

molecular interactions inherent to nucleic acid chemistry on the spectroscopic properties of 

2AP remain poorly defined. Some interactions, like aromatic stacking with guanine, quench 

the fluorescence of 2AP by electron transfer processes [23]. However, less is understood 

about the effects of many other common nucleic acid structural features on 2AP 
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fluorescence, including hydrogen bonding and perturbations of local solvent interactions. 

The latter parameter can be assessed using binary solvent mixtures (mixture of polar and 

non-polar solvent); this strategy has shown that the composition of the solvation shell 

significantly influences the spectral properties and decay of fluorophores [7]. Several groups 

have used fluorescence lifetime analyses and anisotropy decays to track changes in the local 

environment of 2AP [24,25]. However, the interpretation of these time-resolved 

measurements has proven difficult, since the variety of possible 2AP microenvironments 

within nucleic acid structures imparts often complex multi-exponential decay properties to 

2AP lifetimes. These microenvironments can be due to the degree of stacking with 

neighboring bases, the identity of those interacting bases, as well as varying nucleic acid 

structural subpopulations and degrees of solvent exposure. Together, this broad array of 

possible microenvironments would be expected to introduce significant heterogeneity into 

2AP lifetime properties, further complicating interpretation of these data.

In this report, we provide evidence that fluorescence lifetime distribution models provide a 

robust and useful alternative to multi-exponential analysis of 2AP lifetimes in heterogeneous 

chemical environments and in a relevant biological system. Lifetime distribution describes 

intensity decays where total decay is the sum of individual decays weighted by amplitude. 

Consequently, one can fit a complex decay with fewer exponential components. Here, we 

demonstrate the utility of lifetime distributions when various conformations of fluorophore 

or heterogeneous microenvironments are present, which is common in case of nucleic acid 

solutions. In order to mimic different chemical conditions present in nucleic acids, we used 

solvents of different polarity, solvent relaxation, and a collisional quencher to introduce 

heterogeneity into the 2AP microenvironment. To verify the effects of these chemical 

conditions in a biologically relevant system, we have also designed an RNA hairpin labeled 

with 2AP in the stem position. Finally, the effects of these different environmental 

conditions on the fluorescence of 2AP alone or in an RNA context are described by a 

lifetime distribution model and compared with classical exponential lifetime analysis.

2. MATERIALS AND METHODS

2AP was from Sigma and was used without further purification. Acrylamide (99.9% pure) 

was from BioRad. Dioxane and glycerol were from Fisher Biochemical and were of highest 

grade. The fluorescence background from the solvents used was less than 0.5% in all 

spectroscopic measurements. Percent mixtures of these solvents were prepared by weight. 

Neither the absorbance nor the intrinsic fluorescence of these solvents was altered during the 

experiments described. Titrations with acrylamide and dilutions were made directly in 

cuvettes and mixed either by stirring or inversion.

Synthetic RNA Oligonucleotides

RNA substrate (HP21) was synthesized, 2′-hydroxyl-deprotected, and purified by 

Dharmacon Research. The RNA oligonucleotide was resuspended in ultrapurified water and 

quantified by A260 in 10 mM potassium HEPES/acetic acid (pH 7.4) and 9 M urea, using 

extinction coefficient provided by Dharmacon. The extinction coefficient (ε260) used was 
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232 200 L mol −1 cm−1. The RNA hairpin substrate (denoted HP21) was of the sequence 5 ‘-

CAUACACGAAAGAAAUCGGU-2AP-UG-3’.

2.1 Steady-state fluorescence measurements

Absorption spectra were measured with a Varian Cary 50 spectrophotometer (Varian Inc.) in 

1 cm × 1 cm quartz cuvettes over the range of 200–370 nm using an averaging time of 0.1 

second. Fluorescence spectra were obtained using Varian Cary Eclipse spectrofluorometer 

(Varian Inc.) in 4 mm × 4 mm quartz cuvettes. Samples were excited at 303 nm and 

emission was measured over the range of 320–500 nm with 5 nm excitation and emission 

slits. At these wavelengths solvents and quencher used were found to have negligible 

fluorescence compared to 2AP.

2.2 Time-domain fluorescence measurements

Time-domain measurements were performed on a FluoTime 200 (Picoquant) equipped with 

a Hamamatsu microchannel plate (MCP) providing < 50 ps resolution. The emission 

monochromator was set to 370 nm, with the emission and excitation slits fully open, and 

polarizers set to magic angle conditions. The excitation source was a 295 nm LED driven at 

a 10 MHz repetition rate by a PDL800 driver (Picoquant) with a pulse width of ~500 ps. The 

excitation window was fitted with a 310 nm short pass filter; this prevented excitation 

wavelength leak to the detector since the LED produces a broad excitation spectrum. The 

emission side was equipped with a 350 nm long pass filter in front of the monochromator. 

Time-resolved fluorescence data were analyzed using the Fluofit software package v4.0 

(Picoquant). Lifetime data were analyzed either by the exponential reconvolution procedure 

using nonlinear regression (multi-exponential model) or by lifetime distribution (Lorentzian 

model). In case of multi-exponential analysis, fluorescence decays were fitted to a sum of n 

exponentials,

(Eq. 1)

where αi is the fractional contribution of each component lifetime (τi). When more than one 

lifetime component is indicated, the amplitude-weighted average lifetime is reported as

(Eq. 2)

For lifetime distributions, fluorescence intensity total decays were sum of individual decays 

weighted by the amplitudes are fitted by

(Eq. 3)

with distribution

(Eq. 4)
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Here, Ai is the amplitude of the ith component,τ̄i is the central value of the ith, distribution 

and Γi is its full width at half maximum (FWHM). The use of the continuous distribution 

α(τ) minimizes the number of floating parameters in the fitting algorithms.

3. RESULTS

3.1 Effect of microenvironment on 2AP lifetime distribution

Solvent polarity significantly influences the fluorescence spectra of polar dye molecules. 

Several theoretical models have been proposed to describe spectral shifts accompanying 

changes in solvent polarity [26–30]. These shifts are either due to general solvent effects like 

changes in dipole moment or refractive index, or to specific solvent effects like hydrogen 

bonding or formation of internal charge transfer (ICT)/twisted internal charge transfer 

(TICT) states [31,32]. Dipole moment and refractive index show opposite effects on spectral 

shift. For example, an increase in refractive index decreases energy loss and thus minimizes 

the spectral shift whereas an increase in dipole moment results in increased energy loss and 

spectral shift. Excitation forces charge separation in 2AP which causes an increase in dipole 

moment. Accordingly, dipole-dipole interactions between 2AP and polar solvents will divert 

energy from 2AP, resulting in red-shifted emission. Blue-shifted emission has also been 

reported for a 2AP-labeled DNA substrate upon addition of the DNA methyltransferase 

EcoKI [33].

Mixtures of polar and non-polar solvents are often used to characterize fluorophore spectral 

shifts. 2AP emission has been studied in mixtures of n-heptane:n-butanol, where the change 

in the dipole moment between ground and excited state was estimated as 2.5 Debye [34]. 

The shift of the emission maxima between non-polar and polar solvent was about 2000 

cm−1. Here, we have used dioxane and water as non-polar and polar contributors, 

respectively, to the local environment of 2AP. Dioxane:water mixtures induced both spectral 

shifts and changes in the fluorescence quantum yield of 2AP. Figure 1a shows normalized 

emission spectra of 2AP in dioxane, water and a mixture of 90% dioxane: 10% water. Only 

10% of the polar solvent was required to induce 50% of the maximal spectral shift. 

Similarly, 10% water in the dioxane:water mixture resulted in an almost four-fold increase 

in emission intensity (Figure 1b). Specific solvent effects are mainly due to increases in 

hydrogen bonding which occur with very small (as low as 2%) increases in solvent polarity. 

In our experiments (not shown) we found that addition of such a low percentage of polar 

solvent does not cause significant spectral shift, which means that the effect is general rather 

than specific. This general effect may be due to the increase in solvent dipole moment which 

enhances energy loss from 2AP. By contrast, specific solvent effects would reflect the role 

of interactions like hydrogen bonding, experienced by all 2AP residues in double-stranded 

RNA or DNA environments, on 2AP photophysics. Here, the lack of specific dioxane 

effects on 2AP spectral shift suggests that hydrogen bonding does not significantly influence 

2AP spectral shifts, consistent with findings reported elsewhere [8].

Next, we measured 2AP fluorescence intensity decays. Figure 2a shows the decays observed 

for 2AP in dioxane:water mixtures containing 0, 10 and 100% water. First, we fitted the 

intensity decay data to a multi-exponential model (Table 1). Whereas in neat solvents the 

decays can be well approximated with a single exponential model, in binary solvents two 
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components are required to fit the data. Heterogeneity in the 2AP intensity decay can be 

identified from the ratio of goodness-of-fit parameters (χR
2) for one- and two-exponent fits, 

with the greatest heterogeneity observed in mixtures containing 10% and 20% water. The 

heterogeneity of the intensity decay can be also visualized by the deviation of residuals from 

the single-exponential fit. Figure 2b shows minimal residual deviation from a single-

exponential model for the intensity decay of 2AP in water (top), but significant deviation 

from a single-exponential fit when dissolved in a 90:10 mixture of dioxane:water (bottom) 

and a 80:20 mixture of dioxane:water (middle).

Though steady state spectral shifts and multi-exponential models of intensity decays are 

informative, the former has limited sensitivity while the latter is difficult to interpret. As 

such, these approaches are less useful for detecting minute alterations in the 

microenvironments surrounding 2AP, or just as importantly, changes in the range of 

microenvironments among a sampled population of 2AP molecules. As an alternative 

approach, we considered 2AP intensity decays using a Lorentzian lifetime distribution 

model (Eq. 3 and 4), which takes into consideration the average number of molecules 

emitting in different microenvironments, the range of mobility and polarity in each 

environment and the rate of change of environment around molecules [35–37]. Also, 

analysis of data by lifetime distribution model weights the data and thus is less sensitive to 

systematic errors [35–37]. Unlike the single-exponential decay model, a Lorentzian 

unimodal well approximates all intensity decays with goodness-of-fit parameters 

comparable to two-exponential model (comparing χR
2 in Tables 1 and 2). However, the 

FWHM values of the distribution strongly depend on the mixture (Figure 3 and Table 2), 

with the broadest distributions describing those 2AP samples most divergent from single-

exponential intensity decay. Accordingly, the FWHM values of the lifetime distributions are 

clearly related to the microenvironmental heterogeneity of the 2AP sample.

3.2 Effect of fluorescence quenching on 2AP lifetime distribution

In many samples the intensity decays become non-exponential even when a single 

population of fluorophore is present; for example, in presence of quencher [38]. This effect 

where a single population of fluorophore shows non-exponential decay due to occasional 

quenching is known as the transient effect and it may be due to closely spaced fluorophore-

quencher pairs. In the transient effect the lifetime decay is given by

(Eq. 5)

In this expression b depends on quencher concentration and diffusion coefficient. Such 

decays can be resolved by multi-exponential models but that would be erroneous since the 

decays are non-exponential due to a distance-dependent occasional interaction with the 

quencher [39,40]. The best model to fit these non-exponential decays with a single exponent 

is a lifetime distribution model. We used acrylamide to quench 2AP fluorescence in a highly 

viscous solution (80:20 glycerol:water mixture) to detect the transient effect clearly [39,40]. 

One molar acrylamide quenches 2AP fluorescence by 50% with no detectable spectral shift 

(Figure 4). The fluorescence intensity decays of 2AP in the absence and presence of 

acrylamide are shown in Figure 5a and corresponding residual deviations are presented in 
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Figure 5b. The decay of 2AP fluorescence in presence of 1 M acrylamide shows a 

systematic deviation from the single-exponential model (Figure 5b, bottom panel) and 

clearly needs more than a single exponential fit. By contrast, these data were very well 

resolved using a single Lorentzian lifetime model, and show that the addition of acrylamide 

significantly broadens the lifetime distribution (Figure 6). Note that 80% glycerol broadened 

the FWHM from 0.7 ns in pure water (Table 2) to 2.6 ns (Figure 6), indicating the increase 

in heterogeneity upon addition of glycerol.

3.3 Effect of spectral relaxation on 2-AP lifetime distribution

Upon excitation a fluorophore either remains unrelaxed in a Frank-Condon state (F) or loses 

its energy and becomes relaxed (state R), the selection of which depends on its chemical 

structure and the nature of the local microenvironment. The two states F and R have their 

own characteristic lifetime decays; for example, a fluorophore in the F state exhibits a 

shorter lifetime than in the R state since the F state emits through both emission and 

relaxation. By contrast, an R state fluorophore emits only through emission, thus slowing the 

observed intensity decay [38,41,42]. Also, fluorophores in the F state emit at shorter 

wavelengths than in the R state where energy has been dissipated [41,42]. As such, a critical 

point to be considered in any measurement is whether the fluorophore is solvent relaxed or 

not. If so, emission should be measured at both shorter and longer wavelengths to avoid 

fluctuations in lifetimes due to interconversion between two states.

Here we have tried to see if 2AP undergoes solvent relaxation and after scanning over a 

range of wavelengths, we found that F state of 2AP emits at around 350 nm whereas R state 

emits at around 410 nm. Little heterogeneity was observed in 2AP fluorescence in the R 

state, since the intensity decay measured at 410 nm was well resolved by a single-

exponential fit (Figure 7, top). However, similar to the heterogeneous intensity decays 

observed for 2AP in dioxane:water mixtures and in the presence of quencher (above), we 

observed that the intensity decay measured from the F state (350 nm) was very poorly 

approximated by the single-exponential function (Figure 7, bottom). By contrast, 2AP 

intensity decays from both the F and R states were well resolved by the unimodal Lorentzian 

distribution, with the most dramatic differences in emission properties reflected in the 

FWHM parameters. Furthermore, the large FWHM value for 2AP measured at the shorter 

wavelength (Figure 8) is consistent with increased heterogeneity of 2AP emission from the F 

state versus the R state. In previous studies, differences in fluorescence lifetime properties 

from F versus R states of the single tryptophan residue in staphylococcal nuclease revealed 

that local intramolecular dynamics create a polar environment around tryptophan rather than 

exposure to aqueous solvent [33]. Similarly, 2AP intensity decays from F and R states may 

help to predict the microenvironment around 2AP in different states. These data also provide 

a further example showing how the lifetime distribution approach can be used to describe 

heterogeneous 2AP intensity decays without the inclusion of additional exponential terms.

3.4 Effects of microenvironment, quenching and solvent relaxation on 2AP in RNA

In previous sections, we have evaluated the effects of microenvironment, quenching and 

solvent relaxation on 2AP in solvents. To study these effects in a biological sample, we 

utilized a synthetic 23 nucleotide RNA molecule capable of folding into a structurally 
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unambiguous hairpin [6] (Figure 9a). This RNA substrate is labeled with 2AP, which serves 

as a base analog of adenine and base pairs with T or U with a minimum perturbation in RNA 

structure [43,44].

To determine the effect of microenvironment on 2AP in RNA, we have compared the 

“HP21” RNA hairpin under native conditions (0 M Urea, 50 mM NaOAc and 5 mM 

Mg(OAc)2) with its denatured form (7.5 M urea, 50 mM NaOAc and 0 mM Mg(OAc)2). In 

the folded state, HP21 has a secondary structure where 2AP is able to base pair with uracil 

and can stack with base paired nearest neighbors (see Figure 9a). Collisions and stacking 

interactions between 2AP and adjacent bases, which are more pronounced within the native 

RNA state relative to the denatured state, generally tend to reduce the 2AP fluorescence 

lifetime [6,45]. As expected, 2AP in folded HP21 has a shorter average (amplitude-

weighted, eq. 2) lifetime of 1.1 ns as compared to a 3.7 ns average lifetime of denatured 

RNA (Figure 9b, Table 3). Both native and denatured RNA have significantly shorter 

amplitude-weighted average lifetimes than free 2AP (τamp = 11.9 ns). In the samples tested 

here, 2AP is most strongly quenched in folded RNA, where the proximity of flanking and 

paired bases provides more opportunity for quenching interactions. Conversely, 2AP in a 

denatured RNA context experiences fewer quenching interactions, while free 2AP is least 

likely to be quenched. This change in lifetime supports our earlier results comparing free 

2AP in water versus a water – dioxane mixture (Figure 2a) showing that the lifetime of 2AP 

is shorter in the heterogeneous microenvironment of a water – dioxane mixture. Similarly, 

Section 3.2 demonstrated that the presence of quencher shortens the 2AP lifetime and 

broadens the lifetime distribution.

While a single Lorentzian distribution described 2AP within denatured RNA, it did not 

adequately fit the data when the RNA was folded (χR
2 > 2.3). Two distributions were 

required to describe the fluorescence decay, suggesting that heterogeneity is greatly 

enhanced relative to the denatured state. We found that an FWHM value in lifetime 

distribution analysis of denatured RNA (2.2 ns) is intermediate between the two 

distributions observed in native HP21 (0.10 ns and 5.5 ns). A broader FWHM for 2AP in the 

folded RNA indicates a more heterogeneous microenvironment around this fluorophore, 

possibly involving increased diversity of proximal stacking targets and RNA base-pair 

breathing dynamics. These two subpopulations for the native HP21 RNA may represent a 

fully stacked hybridized state of 2AP with a short lifetime and broad distribution in 

equilibrium with a partially open state where the terminal bases have a reduced likelihood of 

interactions with adjacent nucleotides, represented by a longer component lifetime and a 

narrower distribution. Evidence of this equilibrium was seen in our previous study [6]. The 

correlation of distribution breadth with environment complexity is consistent with our earlier 

finding that the lifetime distribution of 2AP in a homogeneous environment (water) is 

narrower than when in a heterogeneous environment (water – dioxane mixture) (Figure 3). 

Lorentzian analysis provides the distinct advantage of a more intuitive interpretation which 

describes the data with essentially equivalent χR
2 values, yet with a potentially significant 

decrease in model complexity: denatured HP21 requires 6 parameters with a 3-exponential 

fit as reported in Ballin et al [6], versus only 3 parameters for a Lorentzian distribution 

described here (Figure 9c).
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4. DISCUSSION

Solvent polarity and local environment have profound effects on the emission spectral 

properties of 2AP. This local environment surrounding 2AP is basically composed of 

solvent components, for example bound proteins, salt and other buffer ingredients. These 

ingredients change the polarity around 2AP and thus cause alterations in its fluorescence 

properties. In nucleic acids, additional interactions are provided by adjacent bases [22]. 

These adjacent bases can cause both static and dynamic quenching similar to that caused by 

solvent interactions. In addition to quenching, solvent interaction can also cause spectral 

shift to longer or shorter wavelengths depending upon its polarity.

In this study, we mimicked several microenvironmental features that may be presented to 

2AP in nucleic acid or nucleoprotein contexts and analyzed their effects on 2AP 

fluorescence lifetime properties using a lifetime distribution approach. Quenching 

interactions were modeled by addition of acrylamide, and 2AP spectral shifts which could 

result from protein interactions, etc. [22] were obtained by variation of solvent polarity. 

Measurement of 2AP intensity decays at multiple wavelengths further permitted the impact 

of spectral relaxation on lifetime properties to be assessed. To re-evaluate these effects on 

2AP fluorescence properties in biological samples, the fluorescence decay of HP21 RNA 

hairpin was measured under native and denaturing conditions.

For all solvent interaction models tested in this study, significant heterogeneity was 

introduced into 2AP intensity decays either by mixing solvents of different polarities or by 

promoting folding of the RNA hairpin molecules. The conventional approach to interpret 

such data would be through multi-exponential regression solutions. However, resolution of 

measured 2AP intensity decays as a weighted sum of multiple discrete lifetimes is difficult 

to interpret. For example, some reports have indicated 4 or 5 discrete lifetimes for 2AP in a 

single sample, and the component lifetime values themselves can vary widely between data 

sets [19,46]. Furthermore, multi-exponential decays may hide sources of heterogeneity such 

as by superimposition of heterogeneous decays comprising individual lifetimes close to one 

another. Given the multitude of interactions possible in biological systems and the well 

documented sensitivities of 2AP and tryptophan to their microenvironment, there is little 

reason to believe that a sum of exponential terms truly represents the fluorescence decay of 

such fluorophores [36]. In fact, frequency domain time-resolved fluorescence studies 

revealed a more subtle danger of discrete multi-exponential lifetime analysis [37]. 

Prendergast and coworkers demonstrated that component lifetime parameters for multi-

exponential decay fits exhibited extreme sensitivity to the number of data points collected 

and the frequencies over which the data was collected. By contrast, lifetime distribution 

analyses were found to be insensitive to the nature of data collection, and that the shape of 

asymmetric lifetime distributions were generally recoverable as the sum of symmetric 

distribution functions for the systems considered. In essence, lifetime distribution analysis is 

less sensitive to perturbing factors which serve to complicate multi-exponential analysis and 

the corresponding results are more likely to represent the underlying phenomena of interest 

in a way which is interpretable in terms of a structural model or mechanism.
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A unimodal lifetime distribution model includes two floating parameters: the central 

(median) lifetime and the FWHM which defines the breadth of the distribution (Eqs. 3 and 

4). The data presented in this study show that, for 2AP, both parameters can vary as a 

function of solution environment. For example, variations in solvent polarity altered both the 

central lifetime and FWHM parameters of 2AP lifetime distributions. Notably, these 

parameters were more sensitive to changes in solvent polarity than steady-state fluorescence 

measurements on comparable samples. The Lorentzian distributions describing 2AP lifetime 

properties in 50% dioxane: 50% water versus 100% water were clearly distinguishable 

(Figure 3), while the same samples exhibited virtually no difference in quantum yield 

(Figure 1b) or spectral position (data not shown).

Using the Lorentzian lifetime distribution model, heterogeneity in 2AP emission 

characteristics was directly reflected in resolved FWHM values. Increases in distribution 

breadth were observed in response to many different stimuli, indicating that this parameter 

may be a useful means of tracking changes in 2AP microenvironment. Application of 

Lorentzian distribution analysis to time-resolved fluorescence measurements detected 

evidence of conformational dynamics not readily apparent from either steady state 

fluorescence studies or via 3-component exponential analysis [6]. Extrapolating these 

findings to generalized studies of nucleic acids, we anticipate that lifetime distribution 

models will enhance the range and sensitivity of conformational events that may be 

visualized using 2AP-labeled nucleic acid substrates, including stimulus-dependent changes 

in DNA/RNA folding, conformational dynamics, or association with specific proteins.
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Figure 1. 
1a. 2AP emission spectra in neat and binary solvents of dioxane and water. Left to right are 

spectra of 2AP solutions in dioxane, dioxane:water (90:10) and water alone. 1b. Dependence 

of 2AP fluorescence intensity on the percentage of water in dioxane:water mixtures (n=3, 

Error = Mean ± SD). Fluorescence intensity increases with polarity resulting from addition 

of water in the mixture.

Bharill et al. Page 14

Anal Biochem. Author manuscript; available in PMC 2015 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bharill et al. Page 15

Anal Biochem. Author manuscript; available in PMC 2015 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
2a. Fluorescence intensity decays of 2AP in neat and binary mixtures of dioxane and water. 

2AP lifetime, as expected, is higher in water than in dioxane and dioxane:water mixtures. 

2b. Deviations from the best-fits to the mono-exponential model of 2AP fluorescence 

intensity decays in water (top) and a dioxane:water mixture (90:10%; bottom and 80:20%; 

middle). Deviations are more pronounced in binary mixtures than in neat solvents because 

of higher heterogeneity in binary mixtures.
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Figure 3. 
Lifetime distributions (Lorentzian model) of 2AP fluorescence intensity decays in 

dioxane:water mixtures. Lifetime distributions are broader in highly heterogeneous mixtures 

(90:10% and 80:20% dioxane:water) than either in homogenous (100% and 0% water) or in 

less heterogeneous mixtures (98:2% dioxane:water).
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Figure 4. 
Emission spectra of 2AP in absence and presence of 1 M acrylamide. Glycerol prevents the 

conformational changes in 2AP, if any, so that the effect of acrylamide can be exclusively 

detected.
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Figure 5. 
5a. Fluorescence intensity decays of 2AP in presence and absence of 1 M acrylamide. 

Observation was made at 370 nm. 5b. Deviations from the best fits to the mono-exponential 

model of 2AP fluorescence intensity decays in the absence and presence of 1 M acrylamide.
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Figure 6. 
Lifetime distributions (Lorentzian model) of 2AP intensity decays in presence and absence 

of 1M acrylamide. Addition of 1 M acrylamide broadens the lifetime distribution (FWHM) 

from 2.6 ns, χR
2=1.08 in 0 M acrylamide to 3.3 ns, χR

2=1.13 in 1 M acrylamide, owing to 

increased microenvironmental heterogeneity in 1 M acrylamide solution.
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Figure 7. 
Deviation from the best fits to the mono-exponential model of 2AP fluorescence intensity 

decays for various emission wavelengths. These measurements were done in glycerol at 

room temperature either at the long emission wavelength of 410 nm (top panel) or at short 

emission wavelength of 350 nm (bottom panel).
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Figure 8. 
Lifetime distribution (Lorentzian model) of 2AP fluorescence intensity decays for various 

emission wavelengths. These measurements were done in glycerol at room temperature 

either at the long emission wavelength of 410 nm (R state) or at short emission wavelength 

of 350 nm (F state). 2AP solution at 350 nm is more heterogeneous (FWHM = 3.2 ns, τ0 = 

7.89 ns, χR
2=1.53) than at 410 nm (FWHM = 1.1 ns, τ0 = 9.14 ns, χR

2 =1.01).
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Figure 9. 
9a. Synthetic RNA hairpin molecule “HP21” in folded state, labeled with 2AP at 21st 

position. 9b. Fluorescence intensity decays of folded versus denatured RNA. 9c. Top. 

Residuals from multi-exponential analysis (3 exponential fit, χR
2 = 0.99), Bottom. Residuals 

from Lorentzian lifetime distribution analysis (unimodal Lorentzian fit, χR
2= 1.03).
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Table 2

Lifetime distribution analysis of 2AP fluorescence intensity decays in Dioxane: water mixtures using the 

Lorentzian model

% of Water τ
(ns)

FWHM*
(ns)

χR
2

0 1.48±0.00383 0.30±0.0218 0.84

2 2.55±0.00628 0.59±0.0031 0.83

10 5.41±0.0137 1.50±0.0616 1.02

20 6.58±0.0174 1.79±0.0774 1.03

40 7.68±0.0207 2.16±0.0860 1.05

50 10.65±0.0452 1.21±0.0540 1.04

75 11.38±0.0345 0.83±0.0481 1.02

100 11.89±0.0548 0.70±0.0213 1.03

*
full width at half maximum of Lorentzian distribution
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