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Abstract
Incorporation of fluorescent nucleoside analogs into duplex DNA usually leads to a reduction in
quantum yield, which significantly limits their potential use and application. We have identified
two pentamer DNA sequences containing 6-methylisoxanthopterin (6-MI) (ATFAA and AAFTA;
where F=6-MI) that exhibit significant enhancement of fluorescence upon formation of duplex
DNA with quantum yields close to that of monomeric 6-MI. The enhanced fluorescence
dramatically increases the utility and sensitivity of the probe, and is used to study protein-DNA
interactions of nanomolar specificity in this work. The increased sensitivity of 6-MI enables
anisotropy binding measurements to be performed at concentrations of 1 nM DNA and
fluorescence intensity measurements at 50 pM DNA. The ATFAA sequence was incorporated into
DNA constructs to measure the binding affinity of four different protein-DNA interactions that
exhibit sequence-specific and non sequence-specific recognition. In all cases, the Kd values
obtained were consistent with previously reported values measured by other methods. Time-
resolved and steady-state fluorescence measurements demonstrate that 6-MI fluorescence is very
sensitive to local distortion and reports on different degrees of protein-induced perturbations with
single base resolution, where the largest changes occur at the site of protein binding.

Many cellular processes including the regulation of replication, transcriptional regulation,
recombination and DNA compaction require the action of DNA-binding proteins.1 A
commonly used and powerful method for studying these interactions is fluorescence
spectroscopy.2, 3 Typically, the fluorescent probes used for studying these interactions are
covalently attached to the DNA and can be divided into two categories: external or internal.4

External fluorescent probes are extremely useful for investigating binding interactions and
have the benefit of exhibiting high quantum yields, long lifetimes, and the ease of
incorporation onto an oligomer.4, 5 External fluorescent probes are widely used in imaging
and single molecule experiments where binding is measured. Disadvantages of using an
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external probe may arise from the molecular properties of the probe, such as the chemical
nature of the probe, size, charge, and method of attachment to DNA.4, 5 For example,
attachment to DNA through a 6-carbon linker limits the ability of the probe to report on
DNA local structure and dynamics and may cause the probe to be a poor reporter of protein-
induced structural perturbations upon binding.4

Internal probes, in many cases fluorescent nucleoside analogs, have greatly increased the
amount of information obtained regarding local DNA structure and dynamics.4, 6 These
probes can be viewed as providing complementary information to external probes, as they
are more sensitive to local interactions. Nucleoside analogs minimally distort DNA structure
and are able to base stack with adjacent bases.7, 8 This structural similarity of internal probes
to nucleic acid bases and the ability to hydrogen bond with their cognate base have made
these probes ideal for examining protein-DNA interactions.9–12 In addition, the fluorescent
properties of internal probes are highly sensitive to changes in DNA structure and can be
used to monitor local proteininduced perturbations.13–15 For example, when coupled with
time-resolved fluorescence measurements the internal probe can provide dynamic resolution
of DNA structure on the single base scale.6

A deterrent to using internal probes arises because base stacking interactions associated with
incorporation into single-stranded DNA often lead to a significant reduction in the quantum
yield, which is either maintained or further decreased upon formation of duplex DNA.2, 4

This reduction in quantum yield lowers sensitivity and introduces a concentration limit at
which internally labeled oligomers can be used. Many DNA-binding proteins exhibit
dissociation constants in the low nanomolar range, which is below the signal to noise
threshold for many fluorescent nucleoside analogs. Thus, the study of these interactions
using internal fluorescent probes has remained a challenging problem.

This study focuses on the nucleoside analog, 6-methylisoxanthopterin (6-MI), a guanosine
analog that forms hydrogen bonds with cytosine. Previous work probing DNA and RNA
dynamics has demonstrated that duplex DNA is minimally distorted upon introduction of 6-
MI and that the fluorescent properties of 6-MI are sensitive to local environment.16 6-MI has
been used in a number of studies of protein-nucleic acid interactions including investigations
of the cleavage activity of HIV-1 integrase,17 probing the binding and destabilization of G
tetrad structures by unwinding protein (UP1),18 formation of the RecA-DNA filament,11 and
probing RNA dynamics in the Tetrahymena group I ribozyme.19

We herein report on the identification of a specific DNA sequence that enhances 6-MI
fluorescence upon duplex formation and demonstrate its utility in examining protein-DNA
interactions. The enhanced 6-MI fluorescence was initially observed in the recognition
sequence of the E. coli protein Integration Host Factor (IHF) when studying IHF-DNA
interactions (Figure 1; Table 1). The local sequences (ATFAA and AAFTA) give rise to the
enhanced fluorescence, in which adenine and thymine are the nearest neighbors of the 6-MI
probe. A sequence-dependent enhancement of 6-MI fluorescence upon duplex formation
was previously observed by Knutson and co-workers, when the 6-MI was flanked by
thymine residues (i.e. TFT).20 The fluorescent pentamers identified in this study are
significantly brighter than the TFT sequence identified by Knutson and co-workers (Φrel =
0.27 vs. 0.75 for ATFAA) (Tables 1 and 2). Lifetime and quantum yield measurements point
to a decrease in dynamic, collisional quenching of the excited state by adjacent bases as a
plausible mechanism for the increased fluorescence. The significantly increased
fluorescence of the ATFAA sequence allows measurement of binding at DNA
concentrations as low as 50 pM and anisotropy measurements at a 1 nM concentration of
DNA. The increased sensitivity of the ATFAA sequence context is used to investigate
sequence-specific and non-sequence-specific protein-DNA interactions. We further
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demonstrate that the enhanced 6-MI fluorescence coupled with time-resolved lifetime and
anisotropy measurements provides unique insight into DNA structure in the context of
protein- DNA interactions.

Experimental Procedures
DNA Preparation

DNA strands containing the nucleoside analogue 6MI were obtained from Fidelity Inc.
(Gaithersburg MD.) in HPLC-purified form (Table 1). Crude complementary strands were
purchased from Integrated DNA Technologies (IDT, Coralville IA), and were purified using
a denaturing 7 M urea 20% polyacrylamide gel. DNA bands were identified and isolated
from the gel using UV shadowing. DNA was electroeluted from the gel (Schlechier and
Schuell, Dassel, Germany) and dialyzed against ddH2O prior to lyophilization and storage.
Samples were resuspended in ddH2O and sample concentrations were determined by UV
absorption spectroscopy at 260 nm using molar extinction coefficients calculated using
standard methods for modified or unmodified oligonucleotide.21, 22 Duplexes were prepared
by adding equal moles of the probe strand to a complementary strand in a 50 mM sodium
phophate buffer, pH 7.5. The samples were heated in a water bath at 90 °C for 5 min and
then allowed to cool slowly to room temperature in the bath. Annealed samples were stored
at −20 °C.

Steady State Fluorescence Measurements
The steady state quantum yields were determined relative to 6-MI monomer for each single-
and double-stranded oligomer containing 6-MI. The quantum yield was determined from an
average of at least three experiments and was calculated using the equation given below:1

where A is the absorbance of the sample at the excitation wavelength, I is the intensity of the
exciting light at the excitation wavelength, n is the index of refraction of the solution, and D
is the integrated fluorescence emission. In this case, x refers to the single- and double-
stranded oligomers containing 6MI, r is the reference or 6MI monomer. Absorbance
measurements were performed with a Beckman Coulter DU-650 at a concentration of 15 µM
6-MI monomer in the strands to ensure an absorbance of at least 0.1 at 340 nm. For
fluorescence measurements, oligomers were diluted either 1:25 or 1:50 and the 6-MI
monomer was diluted 1:200. Fluorescent emission measurements were made from 390 nm
to 550 nm at 1 nm/pt, with a 1 s integration time and with the excitation polarizer set to 0°
and emission polarizer set to 54.7°, using a Horiba SPEX Fluoromax-4 spectrofluorometer
(Edison, NJ). Samples were analyzed in 3 mm square quartz cuvettes, while being stirred
continuously. Spectral analyses were performed with Grams AI ver. 8 (Thermo Electron
Corp.).

Fluorescence Quenching
Collisional quenching measurements of fluorescence intensity were performed by titrating 0
to 200 mM KI into a 400 nM solution of DNA. The ionic strength of the solution was held
constant with 200 mM KCl. The concentration of 400 nM DNA was held constant during
the titration. Single point emission was measured at 430 nm with an excitation of 340 nm
using a Horiba Fluoromax-2 fluorimeter using slits of 2 and a 4 nm band-pass. The intensity
was corrected for background and buffer contributions. For 6-MI monomer, quenching was
measured by titrating potassium iodide from 0 to 200 mM into a solution of 400 nM 6-MI
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monomer. The 6-MI monomer quenching data were evaluated using the Stern-Volmer
equation:

where I0 and I are the steady-state intensities, KSV is the Stern-Volmer constant and τ0 and τ
are the amplitude-weighted fluorescence lifetimes in the absence and presence of quencher
Q, respectively. In ss DNA and ds DNA the solvent accessible fraction was determined from
a non-linear least squares fit of the data using the following equation:

where I represents the intensity, I0 is the initial intensity, Ifa is the intensity from
fluorophores that are accessible to quencher, and Ksv is the Stern-Volmer constant. The
fraction accessible to quencher (fa) was determined from a minimum of at least three
separate fluorescence-quenching experiments.

DNA binding experiments
The anisotropy binding experiments for Msh2-Msh6, IHF and HU were performed by
titrating protein into a constant 1 nM concentration of DNA. The TBP binding experiment
was performed by preparing individual samples containing 1nM DNA and varying
concentrations of TBP. A sample volume of 1 ml was used in quartz cuvettes measuring 4
mm × 10 mm. The Msh2-Msh6 binding buffer contained 5 mM MgCl2, 5 mM Tris-HCl pH
8.0, and 50 mM NaCl. The IHF and HU binding buffer contained 5 mM Tris-HCl pH 7.5,
0.1 mM EDTA, and 70 mM KCl. TBP binding buffer contained 10% ethylene glycol, 5 mM
Hepes, pH 8.0, 0.04% Triton X-100, 0.5 mM EDTA, and 60 mM KCl. Msh2-Msh6 was
incubated for 3 minutes at 298K for each titration point; for IHF and HU each titration point
was incubated for 10 minutes at 283K and for TBP the samples were incubated at 298K for
2 hours. Steady state fluorescence measurements were performed as described above. The
excitation wavelength was 340 nm and emission was monitored at 430 nm, with slits of 5
and 15 nm bandpass, respectively. Samples were monitored for a total time of 30 s. All
anisotropy measurements were corrected for background and buffer contributions and
reported values result from at least 3 independent measurements. Anisotropy was calculated
using the following equation:

where III is vertically polarized light, I┴ refers to horizontally polarized light and G refers to
the G-factor determined for each experiment.

The intensity binding experiments for Msh2-Msh6, HU and IHF were performed under the
same conditions used for anisotropy experiments, except that the polarizers were removed.
Proteins were titrated into a 500 pM concentration of DNA (or 50 pM for IHF titrations).

Anisotropy and intensity binding curves were analyzed assuming a 1:1 binding interaction
with the following equation:
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where r refers to either the anisotropy or the intensity at a certain protein concentration, ri
and rf refer to the initial and final anisotropy or intensity values respectively, [D ] is the
molar concentration of DNA, [P] is the protein concentration; and Kd is the dissociation
constant. Fits were generated and evaluated using Origin 6.0 (MicroCal).

Fluorescent Lifetime Measurements
The Photon Technology International (PTI) TimeMaster instrument was used for time-
correlated single photon counting (TCSPC). Samples containing 50 nM DNA were excited
with a Becker & Hickl (BDL-375-SMC) 375nm pulsed picosecond- laser diode (rep
rate=1MHz, <1mW average power). Emission was detected at 460 nm with emission slits of
15 nm using a 450 nm cut-off filter. Intensity decay data was collected to 65000 in the peak
channel with the emission polarizer set to 54.7°. The vertical/vertical (V/V) polarization data
used for anisotropy lifetime analyses were collected to 65000 in the peak channel and
vertical/horizontal (V/H) polarization data were collected for the same amount of time as the
V/V data. Stoichiometric amounts of DNA and protein (50 nM for IHF experiments, and
200 nM for Msh2-Msh6) were incubated for 10 min and data were collected using the same
conditions as described above.

Time-resolved fluorescence decays were analyzed using the following equation:

where I is the intensity at time t and αi represents the fractional subpopulation with a
lifetime of τi. The fluorescence decay curves were fit to a multi-exponential model using an
iterative reconvolution method. All fitting and analysis were performed with Globals
Unlimited.23. To reconvolve the instrument response function (IRF) with fluorescence
lifetime data, the response function of the system was acquired by measuring scattered light
from a colloidal suspension of non-dairy creamer to give a full width at half-maximum of 14
channels corresponding to ~200 psec. The multi-exponential decay model I'(t) was used to
describe the change in fluorescence intensity over time by fitting to the measured
fluorescence decay data:

where L(t) is the IRF and I(t) is the intensity at time, t. To determine the necessity for an
additional decay term we evaluated the goodness of fit through examination of the residuals
for systematic oscillations, reduction of the reduced chi-squared upon addition of the decay
term and if the addition of a new decay term lead to a unique lifetime. The mean lifetime τm
is defined as follows:
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The experimentally measured anisotropy decay, r(t) is modeled as the sum of one or more
exponential decay terms:

where r0 is the limiting anisotropy, βi are the weighting factors for each contributing
exponential and θi is the rotational correlation time for component i. The weighting factors

βi are normalized such that . Two correlation times are used to define the
experimentally observed time-dependent anisotropy decay. The molecular motions, which
result in anisotropy decay, can be defined as fast local motion of the chromophore with a
rotational correlation time defined as θL and a slower motion due to overall rotation due to
DNA tumbling with a rotational correlation time defined as θR . The time dependent
anisotropy decay is defined in terms of the molecular parameters as follows:

This can be rearranged as:

The relationship between the experimental expression and the molecular motion is defined
as:

This expression for the anisotropy decay can then be rearranged recognizing that:

so that the slow component of the observed decay can be equated directly to loss of
anisotropy from the overall tumbling motion. The fast component contains contribution
from both the local chromophore motion as well as the tumbling but the fast molecular
motion, θL, can be extracted from the fit of the experimental data as follows:
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The experimental anisotropy decay curves, r(t) , were fit to a multi-exponential model using
an iterative reconvolution method as described above. The lifetime values determined from
fitting the excited state decay experimental data were fixed during the analysis of time
dependent anisotropy decay. The typical value for χ2 ranged from 1.05 to 1.32. The
standard deviations for lifetime and anisotropy decay values were determined from a
minimum of three separate experiments.

Results and Discussion
Duplex formation leads to enhanced fluorescence of 6-MI in distinct sequences

We have examined the fluorescence behavior of the nucleoside analogue, 6-
methylisoxanthopterin (6-MI) in several different DNA molecules. The incorporation of this
analogue minimally perturbs DNA duplex stability as measured by thermal melting
(Supporting Information: Figure S1). In our studies, fluorescent enhancement of nucleoside
analog 6-MI in duplex DNA was observed in oligomers containing the consensus sequence
for the DNA-binding protein Integration Host Factor (IHF) (Figure 1). 6-MI was
incorporated at several unique positions flanking the IHF consensus sequence to study the
effect of IHF binding on local DNA dynamics (Table 1). In previous studies of 6-MI and
other fluorescent nucleoside analogs,6, 24, 25 fluorescence intensity remains quenched upon
duplex formation as observed with the AFT07 oligomer (Φrel,ds = 0.24 ± 0.05, Φrel,ss = 0.19
± 0.04) (Figure 2; Table 2). In contrast to the previously observed quenching, 6-MI
displayed an ~4-fold or greater increase in fluorescence intensity upon duplex formation
within the TFA15 oligomer (Φrel, ds =0.82 ± 0.03, Φrel, ss =0.20 ± 0.05) and cAFT10
oligomer (Φrel, ds =0.73 ± 0.03, Φrel, ss =0.15 ± 0.05) (Figure 2, Table 2). Examination of
local sequence demonstrates that the identity of the n ± 2 base differed between the highly
fluorescent duplex sequences and the quenched duplex sequence. For the fluorescent
duplexes, TFA15 (with the following sequence surrounding the 6-MI: ATFAA) and cAFT10
(AAFTA) the n ± 2 positions were adenine whereas for the quenched duplex, AFT07
(CAFTC) the n ± 2 positions were cytosine (Table 1). The highly fluorescent duplexes,
TFA15 and cAFT10, contained a single purine adjacent to the 6-MI with adenine located at
the n+1 (TFA15) and the n-1 position (cAFT10). As the base composition of the ATFAA
and the AAFTA sequences are the same, these findings suggest that subtle changes in base
sequence can lead to altered fluorescence properties as has been previously observed for the
fluorescent nucleoside analog, 6MAP.24 Finally, to determine whether duplex context
influences the fluorescence properties, we replaced the CAFTC sequence with the ATFAA
sequence (TFA07) in our original duplex sequence. As shown in Figure 2, formation of the
TFA07 duplex leads to enhanced 6-MI fluorescence similar to the TFA15 and cAFT10
duplexes and in distinct contrast to the AFT07 duplex (Table 2).

Previous studies, focused on sequence-dependent quenching of 6-MI in DNA, showed that
the presence of purines adjacent to 6-MI (or 3-methylisoxanthopterin (3-MI)) resulted in
greater fluorescence quenching than pyrimidines.16, 26, 27 In a recent study, Knutson and co-
workers reported on another sequence which exhibited enhanced 6-MI fluorescence upon
incorporation into duplex DNA. Specifically, they observed a 70% increase in quantum
yield from 0.12 to 0.19 when 6-MI was flanked by thymine residues at the n ± 1 position
(i.e. TFT).20 The enhanced fluorescence observed for 6-MI in the TFT sequence, was
attributed to restricted dynamic motion within the duplex.20 Unlike this study, the effect of
bases extending beyond the n ± 1 position was not considered; although we note the n ± 2
residues are G for this sequence. In this study, we address whether the mechanism of
enhanced fluorescence observed in the ATFAA (TFA15) and AAFTA (cAFT10) sequences
arises from a unique, constrained conformation of 6-MI, as observed in the TFT sequence of
Knutson and co-workers20 or from a largely extrahelical population of 6-MI as a
consequence of the surrounding sequence (Supporting Information: Figure S2).
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Sequence-dependent solvent exposure of 6-MI
To parse out these effects, the relative levels of solvent exposure of 6-MI in different
sequence contexts were measured by fluorescence quenching. Quenching of 6-MI
fluorescence intensity was measured through titration of KI, which quenches the
fluorescence through collisional or dynamic quenching of the excited state. Stern-Volmer
analysis of time-resolved and steady-state fluorescence quenching of 6-MI monomer,
reveals linear relationships between the fluorescence intensity and quencher demonstrating
that the process is predominately dynamic (Supporting Information: Figure S3). When 6-MI
was incorporated into DNA oligomers and duplexes, the Stern-Volmer plots deviate from
linearity indicative of a population not accessible to solvent (Supporting Information: Figure
S4). In ssDNA, solvent exposure of 6-MI was reduced by 40% or more for all sequences
tested as compared to the free monomer (Figure 3, Table 2). Interestingly, for the AFT07ds
duplex the solvent accessible fraction of 6-MI increases to 50 ± 6% from 30% in the single
strand. In contrast, the sequences that exhibit enhanced fluorescence experience a decrease
in solvent exposure upon duplex formation: 17 ± 2% for TFA15ds, 20 ± 7% for cAFT10ds,
and 14 ± 3% for TFA07ds (Figure 3, Table 2). Similar behavior has been observed for 2-
aminopurine (2AP), where steric constraints introduced by specific ds DNA sequences led to
a reduction in probe solvent exposure. For example, when 2AP was placed in the TATA
duplex sequence it exhibited a slower rotational correlation time and reduced solvent
exposure, consistent with a restrained motion of the probe.28 Likewise, 3-MI a close
structural analog of 6-MI, is minimally quenched by acrylamide, when incorporated into
duplex DNA. 26

Our findings are consistent with hydroxyl radical footprinting methods, which also point to
differences in base solvent exposure as a consequence of sequence context. This method
requires that the OH• accesses the DNA backbone for cleavage. The hydroxyl radical
cleavage intensity for the IHF consensus sequence used in this study were predicted using
the OH Radical Cleavage Intensity Database,29 which determines hydroxyl radical cleavage
propensities at a particular position using an algorithm based on experimentally observed
sequence dependent cleavage patterns.30, 31 The predicted cleavage intensity for the IHF
consensus sequence at the 7th position (AFT07) is 1.6 while for the 15th position (TFA15) it
is only 0.68 (Supporting Information: Figure S5). Similarly, predicted cleavage intensity for
the IHF complementary sequence at the 10th position (cAFT10) is only 0.78. Thus,
experimental fluorescence quenching results are in good agreement with predicted OH•
cleavage propensities and further suggest that 6-MI in the ATFAA and AAFTA sequence
contexts is relatively protected from solvent and unlikely to have a large population that is
extrahelical.

The excited state lifetime of 6-MI is sequence dependent
To further probe how local sequence influences 6-MI fluorescence properties, we have
examined the excited state lifetime of 6-MI in the different sequence contexts and compared
that to the monomer. In aqueous solution 6-MI monomer exhibits a mono-exponential
excited state lifetime of ~6.5 ns. Upon incorporation of 6-MI into ssDNA, much shorter
lifetimes are observed, characterized by a complex, multiexponential decay of the excited
state (Figure 4, Table 2).6, 16, 25 The decay rates are attributed either directly to the rate of
quenching for a particular conformation or to the rate of change to an efficiently quenched
conformation.

The excited state lifetimes of all the 6-MI-containing ssDNA molecules are similar to one
another and can be understood in terms of the observed decay components and fractional
subpopulations (Figure 5, Table 2). The largest fractional subpopulations (α1 = 0.5–0.8)
typically correspond to the shortest lifetime ranging from 0.45–0.66 ns. The next largest
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fractional subpopulations (α1 = 0.21–0.31) are associated with an intermediate lifetime of
2.7 ns on average. The smallest fractional subpopulation (α3 = 0.09–0.20) is associated with
the longest lifetime of ~7.0 ns (Figure 5, Table 2).

An examination of the excited state lifetimes of the dsDNA sequences that exhibit enhanced
fluorescence upon duplex formation reveal pronounced changes in excited state dynamics
relative to the single strand. A significant shift in the fractional subpopulations for dsDNA is
observed compared to ssDNA; where the largest subpopulation for the dsDNA sequences
(α3 = ~0.9) is associated with the longest-lived component (τ3 = ~7.0 ns), while the largest
population for ssDNA (α1 = ~0.55) is associated with the shortest lifetime component (τ1 =
~0.5 ns) (Figure 5, Table 2). Importantly, this shift in populations is not observed for the
quenched duplex, AFT07. In addition, the excited state lifetimes for TFA15ds, cAFT10ds,
and TFA07ds are predominately characterized by a single exponential decay with a lifetime
similar to that of 6-MI monomer (τ = ~6.5ns). The mean lifetime of dsDNA containing the
ATFAA sequences is ~3 ns longer than for ssDNA, which is attributed to decreased
quenching interactions with adjacent bases. This finding can be interpreted in terms of either
a homogenous population or a continuum of conformations; in both cases interbase
quenching interactions are minimized.

The multi-exponential decay observed for 6-MI in ssDNA is similar to that detected for 2AP
and suggests that the mechanism of dynamic quenching is probably comparable for both
probes.6, 16, 25, 32–34 Studies reporting on the composition of excited state subpopulations for
2AP are consistent with discrete populations existing in thermal equilibrium with an energy
barrier between states.35, 36 The multiexponential decay for 6-MI in ssDNA is interpreted
similarly and is suggestive of the presence of discrete subpopulations for each decay
component. Importantly, overlap between these populations is unlikely due to the large
differences between the decay times (Table 2).

We also determined relative quantum yields based on the time-resolved measurements.
Importantly, these quantum yields only reflect the radiative component of the fluorescence.
Similar to the steady-state data, a significant increase in quantum yield is observed upon
duplex formation for the TFA15, TFA07 and cAFT10 sequences. For these sequences, the
steady-state quantum yields are approximately 30% lower than those determined by time-
resolved measurements and are strongly suggestive of a static quenching mechanism.
Interestingly, this effect is more pronounced in the single strands, where steady-state
quantum yields are more than 50% lower than those determined by time-resolved methods
and thus suggest that static quenching mechanisms are even greater than in ds DNA (Table
2). It is also possible that the discrepancy between absolute values of the steady-state and
time-resolved quantum yields results from a fast decay rate that is not resolved with the
current instrumentation.

Local motion of 6-MI is decreased in ATFAA sequence
The mobility of 6-MI within the different sequence contexts was directly assessed by time-
resolved fluorescence anisotropy measurements. A two-component exponential decay was
found to correctly model the time-dependent anisotropy decay for DNA ss and ds molecules
containing 6-MI. All of the ssDNA molecules exhibit a fast rotational correlation time that
ranges from 0.13–0.42 ns, indicative of a considerable amount of local motion of 6-MI in
the ssDNA (Table 3, Supporting Information: Figure S6). Interestingly, the cAFT10
sequence exhibits the fastest anisotropic decay of the four single strands. The local motion
reflects the stability of the probe, which arises in part from base stacking interactions and
has been shown to be sequence dependent.28, 32 In the AFT07 duplex the rotational
correlation time associated with 6-MI internal motion (θL) is increased to 0.61 ns, consistent
with reduced rotational mobility of the 6-MI due to base stacking and base pairing
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interactions (Figure 6, Table 3). The ds DNA molecules that give rise to enhanced
fluorescence all exhibit a markedly different behavior in which the internal motion of the
probe is dramatically reduced and the fastest anisotropic decay observed is ~1.2 ns or greater
(Table 3). We consider this rotational time too long to be attributed solely to the local
motion of 6-MI and suggest this decay also reflects rotation of the duplex or segmental
motion.28, 32 The longer correlation times observed (θR) are attributed to the overall
tumbling or rotational motion of the DNA molecule.32 The average tumbling anisotropic
decay of the ss DNA is 4.1 ns and this relatively short correlation time suggests that the ss
DNA does not behave as a linear rod (Table 3). The θR rotational correlation time of the ds
DNA is approximately four times longer than that observed for ss DNA and reflects the
increased rigidity of the DNA molecule upon duplex formation (Figure 6, Table 3). The
decreased internal motion of 6-MI is consistent with a model in which duplex formation
leads to restrained motion of the probe that causes reduced solvent accessibility and
decreased collisional quenching of the excited state with adjacent bases.

Use of 6-MI-enhanced fluorescence to examine protein-DNA interactions
Given the high fluorescence quantum yields exhibited by these sequences (TFA15ds and
cAFT10ds) we investigated the utility of these sequences for studying protein-DNA
interactions in fluorescence binding experiments. We also specifically incorporated the
ATFAA sequence into four different DNA sequences (TFA07ds, JX, Msh_TFA09ds,
TBP_TFA23ds) (Table 1) Additionally, the JX sequence was used to form a four-stranded
DNA four way junction (4WJ) (Supporting Information: Figure S8), which allowed us to
assess the utility of the ATFAA sequence in unconventional DNA structures. Even within
the 4WJ construct 6-MI exhibited enhanced fluorescence similar to that observed in duplex
sequences (Φrel = 0.95). In general, the ATFAA sequence, when incorporated into different
DNA constructs, retained the enhanced fluorescence (Φrel ≥ 0.7) (Table 2, Supporting
Information: Figure S7), making it ideal for investigating structural and dynamic
perturbations of DNA in protein-DNA complexes and other structural contexts.

We specifically exploited the enhanced fluorescence to examine four different high affinity
protein-DNA binding interactions at DNA concentrations of 1 nM and less (Figures 7 and
8). DNA binding interactions were studied with two non sequence-specific DNA binding
proteins (HU and MutS Homolog (Msh) 2–6) and two sequence-specific DNA-binding
proteins (Integration Host Factor, IHF and TATA-box Binding Protein, TBP). These
proteins represent good model systems for our measurements as their binding interactions
have been well characterized by several methods.37–43 For all the protein-DNA interactions
examined, saturable binding curves are observed when measured by fluorescence anisotropy
(Figure 7). As the 6-MI is located within the DNA duplex, the starting anisotropy is in the
range of 0.16–0.18 reflecting the anisotropy of the free duplex. Addition of protein leads to
anisotropy increases of 0.06–0.10. These changes are well outside the error range of our
measurements and the increase in anisotropy observed is consistent with protein binding.
The magnitudes of the anisotropy changes are not uniform as the masses of the proteins are
different and in some cases a profound change in shape accompanies protein binding, such
as with the IHF protein.44

The incorporated 6-MI minimally perturbs DNA structure and protein-DNA interactions
even when a portion of the pentamer sequence is contained within the consensus region as in
the IHFDNA complex formed with TFA15ds (Table 1). The binding affinity measured was
comparable to previously reported values (Table 4).45 Similarly, minimal perturbations were
observed when the TFA15ds sequence was used to investigate the HU-DNA interaction, as
shown by the Kd value (Table 4). The HU_TFA15ds construct consisted of a single-stranded
and duplex portion where the pentamer sequence is located at the junction of the duplex and
single strand - the point at which HU putatively binds with nanomolar affinity.37 Even in
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this altered structural context, enhanced fluorescence is observed and protein binding is
measured with high sensitivity (Table 4).39

For all the protein-DNA interactions investigated, the presence of 6-MI minimally perturbed
the investigated binding interactions as shown by the measured Kd values (Table 4), which
are either in good agreement with or below previously reported values.37–43 Small
discrepancies with reported values are not surprising given that some of the reported values
were measured using DNA concentrations higher than the Kd value, which can lead to an
elevation of the measured Kd value through non-specific binding. For example, Msh2-Msh6
binds to both pentamer-containing DNA substrates with a slightly higher affinity (Figure 7,
Table 4) relative to the previously reported value (10 nM vs. 28 nM).43 This difference in Kd
values is attributed to the 25-fold lower concentration used in this study (1 nM vs. 25 nM).

The lowest concentrations used in this study are based on analysis of signal to noise ratios
(S/N) for 6-MI fluorescence in dsDNA. The point at which the signal does not track linearly
with concentration is estimated to be the limiting usable concentration for experiments
(Supporting Information: Figure S9). We compare these measurements with the AFT07ds
because of the similarity in overall sequence; although we note that for AFT07ds Φrel =
0.24, which is higher than 6-MI in other sequence contexts6, 16, 20 (Supporting Information:
Figure S7). From our S/N analysis, we find that in the presence of polarizers the
concentration after which the signal is not linear with concentration is approximately 1nM
for ATFAA-containing duplexes, TFA15ds and TFA07ds, and is 5nM for AFT07ds
(Supporting Information S9). A comparison of 1 nM TFA15ds with 1 nM AFT07ds in IHF
binding experiments demonstrates the benefit of the higher S/N, as binding is not detected
with the AFT07ds (Supporting Information S10). Thus, we estimate that a minimum
concentration of 1 nM is needed for fluorescence anisotropy measurements when using
duplexes containing the ATFAA sequence.

Greater sensitivity in binding experiments was obtained by monitoring fluorescence
intensity instead of anisotropy, which allows for the use of sub-nanomolar DNA
concentrations (Figure 8, Table 4). Intensity data obtained using 500 pM of DNA substrates
TFA15ds, HU_TFA15ds, and MSH_TFA09ds yielded Kd values that are consistent with the
anisotropy data (Table 4; Supporting Information: Figure S11). To fully explore the
sensitivity of the pentamer sequence, we further decreased the TFA15ds concentration to 50
pM. At this DNA concentration, we detected IHF binding and measured a Kd value of 1.2 ±
0.3 nM, consistent with measurements performed at 500 pM and 1.0 nM DNA (Figure 8,
Table 4). We employed the same S/N analysis as described above to estimate the lowest
usable concentration for the ATFAA-containing sequences (Supporting Information: Figure
S9). Of note, IHF binding to the quenched AFT07ds induced a 130% increase in
fluorescence intensity when a 1 nM concentration was used, which is larger than the 30–
40% change detected for the ATFAA- or AAFTA-containing sequences (Figure 9).
However, IHF binding experiments performed with 50 pM AFT07ds do not detect binding
because of the relatively low signal (Supporting Information S12). This finding illustrates
that even though the relative intensity change may be smaller for the pentamer-containing
sequences the overall sensitivity is better because of the higher signal of the initial point.
Thus, the advantages of the 6-MI enhanced fluorescence are notable as it affords the
opportunity to examine protein-DNA interactions using low nanomolar to sub-nanomolar
concentrations of DNA (Figures 7 and 8). Typically, 2-AP10, 46–50 and 6-MI in other
sequence contexts18 are used at nanomolar concentrations and so, the sensitivity afforded by
the enhanced 6-MI fluorescence potentially leads to more accurate determinations of high
affinity binding interactions at low DNA concentrations.
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Influence of ATFAA Sequence Location on Binding Measurements
The enhanced fluorescence is detected regardless of the location of the pentamer sequence in
the DNA duplex and thus can be used effectively to investigate protein-DNA interactions. In
the case of TATA-Box binding protein (TBP), the ATFAA sequence was located 3' to the
TATA recognition sequence (Table 1). The titration of TBP yielded an increase in
anisotropy with a Kd consistent with previous measurements demonstrating that the ATFAA
sequence reports on TBP binding without interfering with it (Figure 7, Table 4).41 The effect
of pentamer location was further investigated with the Msh2-Msh6 and IHF binding
interactions. As shown in figure 9, similar Kd values were obtained with different sequences,
illustrating that the location of the 6-MI does not influence the measurement. Specifically,
the ATFAA sequence was located either directly next to the protein-binding site
(Msh_TFA15ds) or 10 base pairs away from the +T insertion loop on the 5' side
(Msh_TFA09ds) (Figure 10). In the IHF duplex sequence the ATFAA sequence was placed
in two distinct positions: adjacent to the binding site on the 5’ side (TFA15ds), and 8 base
pairs away on the 5’ side (TFA07ds) (Figure 1). As noted above, the AAFTA sequence,
which is also highly fluorescent, is located on the complementary strand in the region of the
consensus sequence (Figure 1, Table 1). For all three duplexes, similar Kd values were
obtained despite the difference in position on the duplex (Table 4; Figure 9). These findings
demonstrate that the pentamer sequence does not need to be located at the proteinbinding
site to accurately measure Kd values confirming the utility and versatility of the pentamer
sequence for studying high-affinity protein-DNA interactions by intensity or anisotropy
(Supporting Information: Figure S13).

Detection of DNA Structural Perturbations with 6-MI in Protein-DNA interactions
A distinct advantage of the pentamer sequence relative to external probes is the ability to
examine more than just protein binding affinities; 6-MI fluorescence intensity also monitors
any perturbations or distortions to the DNA structure. Any protein-induced structural
changes in base stacking or base pairing results in an increase in 6-MI fluorescence
intensity.14 Specifically, we observe that 6-MI reports on structural perturbations according
to location within the duplex and the largest intensity changes are associated with the
regions of greatest perturbation. In this study all four of the proteins used distort the DNA to
varying extents upon binding as determined by x-ray crystallography and all four protein-
DNA complexes exhibit an increase in fluorescence intensity upon protein binding (Figure
9, Supporting Information: Figure S11).44, 51–53

This effect on 6-MI fluorescence is explored in detail with the Msh2-Msh6 and IHF
proteins. In the case of Msh2-Msh6 binding to the two DNA constructs, the smallest
intensity increase was observed for Msh2-Msh6 binding 10 bp away from the 6-MI
(Msh_TFA09ds) (25%), while an increase of 45% is observed if 6-MI is located at the +T
insertion loop (Msh_TFA15ds) (Figure 9). The crystal structure of the Msh2-Msh6-DNA
complex reveals that perturbation of DNA structure occurs largely at the mismatch binding
site, with a reported bend angle of 42° (Figure 10).54 Importantly, the smaller intensity
change observed for the Msh_TFA09ds complex suggests that the distortion induced by the
protein is substantively weakened 10 bp away from the binding site (Figure 9); however, a
shorter DNA construct was used in the crystal structure so a direct correlation with bend
angle cannot be made for this site.

Similarly, IHF, which has been shown to bend DNA by >160°, also induces an increase in
fluorescence intensity that is dependent on the location of 6-MI relative to the binding site
(Figure 9).44 The greatest intensity increase (cAFT10ds; 43%) occurs when 6-MI is located
within the consensus sequence on the complementary strand. The intensity increase is
reduced when 6-MI is located adjacent to the 5' side of the consensus sequence (TFA15ds;
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35%) and an even smaller intensity change is observed, when 6-MI is located 8 bases away
from the consensus sequence (TFA07ds; 26%) (Figure 9). As shown by the IHF-DNA
crystal structure, protein binding induces large changes to the DNA structure and the 6-MI
intensity changes reveal these are greatest in the consensus sequence (Figure 1). These
observations demonstrate that 6-MI is a sensitive reporter of local conformation and protein-
induced distortion of the DNA helix.

These effects are further explored using time-resolved fluorescence lifetime and anisotropy
measurements of 6-MI in the protein-DNA complexes, which provide greater detail of local
DNA structural changes that occur upon protein binding. For all of the complexes studied,
we observe that the mean lifetime decreases upon protein binding and the magnitude of the
change is dependent on location of 6-MI relative to protein binding site. Not surprisingly,
the largest changes are associated with those sequences where the probe is located directly
in the binding region. For the IHF and Msh2-Msh6 complexes protein binding leads to an
increase in dynamic quenching, as reflected by a redistribution of the subpopulations to
shorter decay components (Table 2). Dynamic quenching upon IHF binding is the greatest
for cAFT10ds, where a shortening of the mean lifetime by 700 ps is observed (Table 2;
Supporting Information: Figure S14). The larger subpopulation associated with the shorter
decay component is attributed to increased collisional quenching with adjacent bases as a
consequence of increased flexibility of 6-MI upon IHF binding. As the distance between 6-
MI and the protein binding site increases (Figure 1) the amount of dynamic quenching
decreases, where IHF binding to TFA15ds leads to a 200 ps decrease in mean lifetime, while
only a 90 ps decrease in mean lifetime is detected for the TFA07ds duplex (Table 2;
Supporting Information: Figure S14). The position specific dynamic quenching in the IHF-
DNA complex demonstrates the high sensitivity of 6-MI and the ATFAA sequence to local
structural perturbations.

In the case of the Msh2-Msh6-DNA complex, when 6-MI is located adjacent to the +T loop
- the putative site of protein binding, the greatest change in excited state dynamics is
detected. Specifically, the mean lifetime of Msh_TFA15ds decreases by ~500 ps upon
protein binding, which contrasts with the Msh_TFA09ds duplex where no appreciable
dynamic quenching is observed and the probe is 10 bp away from the protein binding site
(Table 2; Supporting Information: Figure S15).

For both protein-DNA complexes, the increase in dynamic quenching and corresponding
decrease in mean lifetime observed upon protein binding would suggest that the
fluorescence intensity decreases. As noted above, steady state fluorescence measurements
show an increase in intensity upon binding (Figure 9). These observations are strongly
suggestive that the increase in fluorescence intensity detected in the steady state
measurements results from a decrease in static quenching of the 6-MI, as previously
suggested by Knutson and co-workers.20 One source of the decrease could be a reduction in
the amount of hypochromicity as base stacking interactions are disrupted as a consequence
of the protein-induced distortions.

Time-resolved anisotropy measurements are used to further understand the effect of protein
binding on the local motion of 6-MI, as reflected in the rotational correlation time. As
expected protein binding (either IHF or Msh2-Msh6) increases the correlation time
associated with DNA tumbling (θR) by 7–10 ns reflecting the larger size and mass of the
protein-DNA complex (Supporting Information: Figures S16 and S17). This increase in
correlation time is readily detected in the time-dependent anisotropy decay curves as a
shallower slope and is a good indicator of protein binding.
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As described above, the shorter correlation time is attributed to local motion of 6-MI, and
similar to the lifetime measurements, the largest changes in local motion are detected when
the probe is located in the consensus sequence (Figure 1). Binding of IHF to the cAFT10ds
leads to increased flexibility of 6-MI as detected by a shorter rotational correlation time of
the probe (θL) of ~900ps, which is not seen for the other IHF duplexes (Table 3; Supporting
Information: Figure S16). Significantly, in the X-ray crystal structure, salt bridge and van
der Waals contacts are observed between Arg 42 and Arg 46 and the DNA backbone of the
residues adjacent to 6- MI in the cAFT10 sequence. Additionally, replacement of the
adenine next to 6-MI with either 2-AP or diaminopurine reduces binding affinity 10–20
fold,44, 55 indicating that these protein-backbone interactions in the IHF-DNA complex are
key to recognition and binding, and probably give rise to the increased mobility observed.

Interestingly, binding of Msh2-Msh6 to the +T-insertion loop results in a longer correlation
time for 6-MI local motion (θL) (2.11 ns bound vs. 0.73 ns free) suggesting that protein
binding stabilizes the probe when located adjacent to the +T (Table 3: Supporting
Information: Figure S17). This decrease in motion is attributed to the stacking of residues
Phe 432 and Met 452 with the +T insertion as shown in the x-ray co-crystal structure (Figure
10).56 The 6-MI result further suggests that stabilization of the +T loop, also leads to a
stabilization of the surrounding bases. Similar to the IHF duplexes, the effect is spatially
dependent as no change in local motion of 6- MI is detected for the Msh_TFA09 duplex,
where 6-MI is 10 bases away from the +T loop (Table 3, Supporting Information: Figure
S17). Thus, local motion of the probe as detected by time-resolved anisotropy is a sensitive
indicator of protein-DNA interactions and can provide unique insight into the nature of the
interaction.

Summary
We report on the discovery of two pentamer sequences, ATFAA and AAFTA, which lead to
enhanced fluorescence of nucleoside analog 6-MI upon formation of duplex DNA. The
ATFAA sequence was incorporated into a number of different DNA duplexes and retained
the enhanced fluorescence. This observation of enhanced fluorescence regardless of DNA
structure suggests that the ATFAA sequence construct is a good tool for any experiment
where high sensitivity and minimal substrate perturbation is desired and we demonstrate that
concentrations as low as 50 pM can be used effectively. These sequences were used to
measure binding interactions with four distinct DNA-binding proteins. We show that the
ATFAA sequence works equally well with sequence-specific and non sequence-specific
DNA-binding proteins. Furthermore, time-resolved and steady-state fluorescence
measurements demonstrate that 6-MI fluorescence is very sensitive to local distortion and
can report on different degrees of distortion at unique sites within one protein-DNA
complex. Given the high sensitivity, versatility and overall utility in measuring binding, we
anticipate that these sequence constructs, ATFAA and AAFTA, will be broadly used for
investigating protein-DNA interactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

6-MI 6-methylisoxanthopterin

2AP 2-aminopurine

3-MI 3-methylisoxanthopterin

ds double stranded

IRF instrument response function

IHF Integration Host Factor

Msh MutS homolog

ss single stranded

TBP TATA-Box Binding Protein

TCSPC time-correlated single photon counting
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Figure 1.
The IHF-DNA X-ray co-crystal structure depicted with the positions of 6-MI in the ATFAA
and AAFTA sequences highlighted (cAFT10 = magenta, TFA15 = green, TFA07 = navy
blue). The IHF consensus binding sequence is shown in yellow. Figure was generated with
Pymol using coordinates from pdbid, 1IHF.
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Figure 2.
Fluorescence spectra of ss DNA and ds DNA containing 6-MI are shown based on their
quantum yields measured relative to 6-MI monomer (black) using an excitation wavelength
of 340 nm. The Φrel of 6-MI in ssDNA (teal, pink, brown, dark green) is highly quenched
(Φrel < 0.2). The dsDNA molecules containing either the AFTAA or the AAFTA sequences
exhibit significantly higher quantum yields (Φrel ≥ 0.7) (blue, magenta, green). While
formation of the AFT07 duplex has only a slight effect on the quantum yield.
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Figure 3.
The solvent accessibility in ssDNA and dsDNA measured relative to 6-MI monomer by
fluorescence collisional quenching with KI. For duplexes containing either the ATFAA or
the AAFTA sequence, the formation of dsDNA leads to a reduction in 6-MI solvent
accessibility relative to ssDNA and 6-MI monomer, which suggests 6-MI is not extrahelical
in these sequences (TFA15ds, cAFT10ds, TFA07ds). Solvent exposure is increased in the
quenched duplex, AFT07ds.
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Figure 4.
Fluorescence lifetime decay curves (ex=375, em=460) of 6-MI containing ssDNA and
dsDNA molecules compared to monomer (black). Dynamic quenching of 6-MI occurs upon
incorporation into ssDNA oligomers, as revealed by significantly faster decays (brown, dark
green, pink, teal). The dsDNA molecules containing either the ATFAA or AAFTA
sequences (TFA15ds-green, TFA07ds-blue, and cAFT10ds-magenta) exhibit fluorescence
decays similar to 6-MI monomer (black), indicative of a lack of quenching. Notably, the
AFT07 duplex exhibits a fast decay (red). The instrument response function is shown in
gray.
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Figure 5.
Fractional populations determined from time-resolved fluorescence decay curves (shown in
Figure 4) of 6-MI-containing ssDNA and dsDNA molecules relative to monomer. Duplex
formation leads to a shift in the peak population to the longest lifetime component (α3) for
sequences containing either the ATFAA or AAFTA sequence (TFA15ds, cAFT10ds,
TFA07ds). For ssDNA oligomers, the largest fractional population is associated with the
shortest- lived component (α1). The AFT07 duplex exhibits a population distribution similar
to the single strands where the largest population is associated with the shortest-lived
component (α1).
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Figure 6.
Time-resolved fluorescence anisotropy decay curves of 6-MI-containing ssDNA and dsDNA
molecules. The local motion of 6-MI in the duplex containing the ATFAA sequence
(TFA15ds-green) is reduced compared to the AFT07 duplex (red). In general, duplex
formation (green, red) leads to slower overall motion of the DNA. The time-resolved
anisotropy of ssDNA (dark green, brown) exhibits a bi-exponential decay consisting of
significant local motion of 6-MI (~200ps) and overall tumbling of the DNA (~4 ns) (Table
3).
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Figure 7.
The equilibrium fluorescence anisotropy binding curves show the versatility and sensitivity
of the ATFAA sequence, where only 1 nM DNA is needed to accurately measure
equilibrium binding affinity of four different protein-DNA complexes. Proteins investigated
include sequence specific DNA binding proteins (IHF, TBP) and non-sequence specific
DNA binding proteins (Msh2-Msh6, HU). The 6-MI was excited at 340 nm and emission
was detected at 440 nm. Representative error bars are shown on the TBP-DNA binding
curve; the other curves have similar error.
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Figure 8.
Equilibrium binding curves measured by fluorescence intensity with decreasing
concentrations of 6-MI-containing DNA (exc = 340; em = 440 nm). DNA concentrations as
low as 50 pM can accurately measure protein binding affinity using fluorescence intensity.
Even at the lowest DNA concentration, binding is well determined as shown by the
consistent dissociation constants obtained, (Kd = 2 ± 0.5nM) (Table 4).
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Figure 9.
The increase in 6-MI fluorescence intensity upon protein binding is a sensitive indicator of
structural distortions near the protein-binding site. In the Msh2-Msh6-DNA binding
interaction (top), when the probe is located adjacent to the +T insertion loop (■) the
intensity change was larger (Msh_TFA15ds, 45%) than when located 10 bp away
(Msh_TFA09, 20%). In the IHF-DNA binding interaction (bottom), the intensity increase is
greatest when 6-MI is located within the IHF consensus sequence (cAFT10ds, 43%), and is
decreased when located adjacent to the consensus sequence (TFA15ds, 35%) or 8bp away
(TFA07ds, 26%). The location of 6-MI in the IHF or Msh2-Msh6 duplexes had little to no
effect on the Kd values (Table 4).
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Figure 10.
The X-ray co-crystal structure of Msh2-Msh6 bound to DNA containing a single +Tloop
(yellow) with the positions of 6-MI highlighted. The location of 6-MI in the Msh_TFA15
duplex is shown in blue and in the Msh_TFA09 duplex is shown in red. The Phe residue
(green) inserts at the +T loop, distorts the DNA backbone and is proximal to the 6-MI in the
Msh_TFA15 duplex. Figure was generated with pymol using the coordinates from pdbid,
2O8F.
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Table 3

Parameters1 derived from fitting of time-resolved anisotropy decay curves

DNA molecule β1
2

(±0.02)

θL (ns)
(±0.06)

β2
(±0.02)

θR (ns)
(±0.9)

6-MI - - - -

AFT07ss 0.25 0.3 0.75 3.68

AFT07ds 0.2 0.61 0.8 8.8

TFA15ss 0.22 0.32 0.78 4.42

TFA15ds 0.09 1.66 0.91 16.81

TFA15ds + IHF 0.04 1.68 0.96 26.25

TFA07ss 0.33 0.13 0.67 3.27

TFA07ds 0.16 1.16 0.84 15.6

TFA07ds + IHF 0.1 1.18 0.91 25.99

cAFT10ss 0.22 0.42 0.78 5.24

cAFT10ds 0.13 1.41 0.87 17

cAFT10ds + IHF 0.1 0.9 0.9 24.78

Msh_TFA15ds 0.14 0.73 0.86 14.64

Msh_TFA15ds
+Msh2-Msh6

0.16 2.11 0.84 20.73

Msh_TFA09ds 0.16 2.33 0.84 18.08

Msh_TFA09
+Msh2-Msh6

0.2 2.81 0.8 25.51

1
Fitting of anisotropy decay curves was done with the following expression: 

2
For all parameters errors are given in parentheses.
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