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Detection of three rotational correlation times
for a rigid asymmetric molecule using frequency-domain fluorometry
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We measured the frequency response of the polarized emission of Y,-base in propylene glycol at 10°C, Data were obtained for
excitation wavelengths of 290, 312 and 346 nm, for which the fundamental anisotropies are 0.05, 0.19 and 0.32, respectively.
Additionally, data were obtained using CCl,, to decrease the mean decay time from 9.1 to 4.2 ns. These nine sets of data were
analyzed globally to recover the anisotropy decay law. Three correlation times were needed to fit the data, 0.8, 3.0 and 5.6 ns, a range
of only 7-fold. We believe this is the first reported detection of three correlation times for a rigid molecule.

1. Introduction

Fluorescence anisotropy decays depend upon
the size, shape and optical properties of the rotat-
ing molecule [1-3]. Ellipsoids of revolution can
display two rotational correlation times, and three
correlation times are possible for asymmetric
molecules. To the best of our knowledge, three
correlation times have not yet been detected for
an asymmetric molecule, presumably because of
the difficulty in obtaining data with adequate
information content and signal-to-noise ratio.

We examined Y,-base (Y-4,9-dihydro-4,6-di-
methyl-9-ox0-1H-1-imidazo-1,2 a-purine) because
its structure is asymmetric (scheme 1) and the
absorption and emission moments are probably
not directed along the principle axes [4]. An-
isotropy data were measured in the frequency
domain, which provides good resolution of rapid
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or closely spaced correlation times [5-7). To ob-
tain enhanced information content we performed
doubly global measurements and analyses. First,
the data were obtained using different excitation
wavelengths, thereby varying the fundamental an-
isotropy from 0.05 to 0.32. In this way we altered
the orientation of the absorption moment within
the molecular axis, and thus altered the contribu-
tion of rotations about each axis to the anisotropy
data [8]. Secondly, we varied the mean decay time
using CCl, as a collisional quencher. As the life-
time is decreased the early time portion of the
anisotropy decay contributes increasingly to the
data [9]. These nine data sets (three wavelengths
and three quencher concentrations) were analyzed

& o
N N
CHy

Scheme 1. Chemical structure of the Y,-base.
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by a global least-squares algorithm to recover
three correlation times.

2. Theory and analysis

The anisotropy decay at each excitation wave-
length (A) can be described by

(1) =Trds exp(—1/8,) &)

where A indicates the excitation wavelength and 6,
are the correlation times. The values of r); repre-
sent the amplitude of the anisotropy which decays
via the i-th correlation time when using an excita-
tion wavelength A. It should be noted that the
correlation times are related to, but not equal to,
the rotational diffusion coefficients of the fluoro-
phore about the principle axes [1-3,10]. In our
analyses the individual ), values were all variable
parameters. If the data are adequate to recover the
entire anisotropy decay then one expects the ¥, r,,
to equal r, where 7 is the anisotropy measured
in the absence of rotational diffusion, i.e., under
frozen or vitrified conditions. The values of r}
depend upon the average angle between the ab-
sorption and emission transition moments at each
excitation wavelength. This dependence in turn
alters the relative contribution of each rotational
motion to the anisotropy decay [11].

In the frequency domain the measured quanti-
ties are the phase angle difference between the
parallel (|[) and perpendicular (1) components of
the emission (4% =¢, —¢,) and the ratio of the
polarized and modulated components of the emis-
sion (AM = m/m | ), each measured over a range
of modulation frequencies (w), wavelengths (A)
and quencher concentrations (g). For purposes of
nonlinear least-squares analysis the calculated val-
ues (¢) are obtained using

DMNM _NMpl
A = arctan| ——= [ 2
2 2\12
NM) — (DM
A’\c‘f.,= ( I ) ( ||) (3)

(N29) + (D)’

where
o0

NM =f IM(¢) sin w2 dt, (4)
0
o

D} = [ 1}4(t) cos wt dr (5)
0

and i represents the parallel or perpendicular
component of the emission. These components of
the emission are given by

Iv(e) = 339(0)[1 + 2,7 (1)], (6)
() =3R40 - 1), (7)

where 1)9(1) is the decay of the total emission.
The goodness-of-fit to the anisotropy decay law
(eq. 1) is estimated from the value of reduced
chi-squared,
G-y (LA
Yo )

+

A - NG\
) , (8)

P

where » is the number of degrees of freedom
(number of data points minus number of floating
parameters), and A and 8A denote the uncertain-
ties in the measured values. In the present paper
the data at all w, A and g are analyzed simulta-
neously to recover a single set of correlation times,
and three sets of amplitudes (ry;), one set for each
excitation wavelength. This analysis may be re-
garded as an extension of the global analyses
suggested by Brand and co-workers [12,13], which
includes an extension to anisotropy decays with
multiple excitation wavelengths [8] and quencher
concentrations [9].

The modulation data are presented as the mod-
ulated anisotropy

M= (A2-1)/(A2+2). (9)

The values of 7 are comparable to those of the
steady-state anisotropy (r*?) and the fundamental
anisotropy rj'. At low modulation frequencies r
is nearly equal to r*. At high modulation fre-
quencies M approaches 7} [14,15].

It should be noted that the intensity decays of
Y,-base become increasingly heterogeneous in the
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presence of quencher. This is due to transient
effects in translational diffusion [16,17]. The rota-
tion-free intensity decays were measured at each
excitation wavelength and quencher concentra-
tion. The data were fitted to the multiexponential
model [18,19],

L9(1) =Yae /™ (10)

!

The parameters from the double- or triple-ex-
ponential fit were used in eqs. 6 and 7. These
parameters (a) and 7) were, as expected,
strongly dependent on the quencher concentra-
tion. Nearly equivalent values were obtained for
each excitation wavelength for the same con-
centration of quencher.

3. Materials and methods

Frequency-domain measurements were per-
formed using the 2 GHz fluorometer described
previously [20]. This instrument was modified by
addition of a second dye laser for pyridin 2. After
frequency doubling, this dye provided excitation
at 346 nm. The frequency-doubled output of
rhodamine 6G was used for excitation at 312 and
290 nm.

All solutions were in propylene glycol at 10°C.
Y,-base was purified by HPLC. The laser beam
was expanded to about 5 mm diameter to decrease

"its local intensity. The emission was observed
through a Corning 3-74 filter. We did not notice
any significant loss of intensity or changing phase
or modulation values during the experiment, sug-
gesting that photodecomposition was not signifi-
cant.

4. Results

The absorption and emission spectra of Y-base
are shown in fig. 1, as is the excitation anisotropy
spectrum in vitrified solution (—60° C). We chose
three excitation wavelengths, 290, 312 and 346
nm. As indicated by the arrows these wavelengths
yield r, values of 0.05, 0.19 and 0.32, respectively.
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Fig. 1. Absorption, emission and anisotropy spectra of Y,-base.
The anisotropy values (r}) were measured at —60° C.

The emission was quenched by CCl,, resulting in
about 50 and 75% quenching at 0.5 and 1.0 M
CCl,, respectively.

Frequency-domain intensity data are shown in
fig. 2, in the absence (®) and presence (o) of 1 M
CCl,. In the absence of CCl, the intensity decay
is a weak double exponential, and is not badly
fitted by a single exponential (x% = 24). In the
presence of quenching the decay becomes strongly
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Fig. 2. Frequency response of the emission of Y,-base, with (O)
and without (@) 1 M CCl,. The dashed lines show the best
single-decay-time fit to the data.
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Table 1
Intensity decays of Y,-base
Exci- [CCly] o™  fM2 M 5msb x%
tation (M) (ns)
wave-
length
(nm)
290 0 1 1 8.61 328
0116 0.023 1.66
0884 0977 925 908 17
290 0.5 1 1 4.82 558.3
0412 0085 0.34
0588 0915 634 587 18
290 1.0 1 1 3.0 11312
0.531 0120 0.56
0469 0.880 4.68 4.19 24
312 0 1 1 8.66 28.1
0107 0020 1.59
0893 0980 923 9.08 11
312 0.5 1 1 4.84 5331
0404 0083 0.84
0596 0917 6.32 586 13
312 1.0 1 1 3.04 1122.6
0.528 0.118 0.56
0472 0.882 4.69 4.20 19
346 0 1 1 8.67 24.7
0100 0.019 165
0900 0981 921 9.07 1.8
346 0.5 1 1 487 516.1
0.398 0081 0.84
0602 0919 6.31 5.87 2.0
346 1.0 1 1 3.06 1091.6
0522 0116 0.56
0478 0.884 4.69 421 1.6

* The fractional intensities (f}?) are given by fM=

Aq,_A Ag A
aMrM/Eaor,

® The mean decay times were calculated using 7= fi1y + fo7;.

heterogeneous, and cannot even be approximately
fitted using the single-exponential model (x% =
1092). We parameterized each intensity decay
using a double-exponential model (table 1). The

intensity decays become increasingly heteroge-
neous with quenching, as can be judged by the
increases in x% for the single-decay-time fits. It
should be noted that the intensity decays are not
significantly dependent upon excitation wave-
length. For each quencher concentration essen-

tially the same intensity decay parameters are
found () and 1) for each excitation wave-
length.

Frequency-domain anisotropy data are shown
in fig. 3. The values are seen to depend upon both
the excitation wavelength and quencher con-
centration. The most dramatic change is caused by
variations in the excitation wavelength, with more
modest differences at gach quencher concentra-
tion, At low modulation frequencies (5-20 MHz)
the modulated anisotropies (r}9) increase with
[CCl,], reflecting an increase in the steady-state
anisotropy. At high modulation frequencies the
rM values tend toward the 7} value for each
excitation wavelength. The phase angles decrease
with increasing concentrations of CCl,.

The data in fig. 3 were analyzed globally to
recover one, two or three correlation times (table
2). The portion of the total anisotropy associated
with each correlation time was a variable parame-
ter. Hence, the analysis yields three rg; values for
each correlation time, one for each excitation
wavelength. Also, the analysis yielded three corre-
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Fig. 3. Frequency-domain anisotropy data for Y,-base. In the

upper panel, at each excitation wavelength, the decreasing

phase angles are for 0, 0.5 and 1.0 M CCl . In the lower panel,

at each excitation wavelength, the increasing modulated an-
isotropies are for 0, 0.5 and 1.0 M CCl,.
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Fig. 4. Deviations hetween the measured and calcelated 4, (Ieft) and A, (right) values. The x% values are those for either the 4, or
A, measurements, but the fits were obtained by simultanecus fitting to both 4, and 4.

jation times and three amplitudes for each excita-
tion wavelength. For the three-correlation-time
analysis 12 parameters are recovered (nine r,; and
three 8, values). The data could not be fitted using

Table 2
Global analysis of the anisotropy decay of Y-base
Mode] * 4, (ns) Y XA
29 nm 312 nm 346 nm
14 3.37 0037 0176 G286 3458
20 0.99 0040 0067 0096
491 0007 0125 0216 145
Lo 0047 0192 0312
38 0.80(0C0ND° 0042 0048 078
300 (008 0000 0068 035
563(008) 0005 0076 0152 099
el 451 0192 0318
Measured # 3.0 0.1% 932

2 18 is the fit to one correlation time, efc.
b Uncertainties in 8, from the diagonal elements of the covari-
ance matrix [22].

the single-correlation-time model, as is seen from
x% = 34.6 (table 2). The inadequacy of the single-
correlation-time {it is also evident from the large
and systematic deviations between the measured
and calculated values of 4, and A, (fig. 4). The
use of two correlation times results in a 24-fold
decrease in x% (table 2) and in more random
deviations (fig. 4). A further decrease of 1.45-fold
in x} was found using three correlation times and
the deviations appear to be somewhat smakler and
more random. With 128 data poinis and 12 vari-
able parameters there are 116 degrees of freedom.
For random deviations in the data, and » =116, a
1.45-fold increase in x% is expected less than 1%
of the time. Hence, the data almost certainly indi-
cate the need to accept the model with three
correlation times.

QOur confidence in the analysis is enhanced by
recovery of the expected values for the total an-
isotropy (Taray). At each excitation wavelength the
Yr was found to equal the value of 7} measured
in frozen solution. ¥t should also be noted that the
cortelation times are closely spaced, and span only



276 1 Gryczynski et al. / Detection of three rotational correlation times by frequency-domain fluorometry

[Y;~Base in Propylene Glycol,10°C

(&) ns)
Fig. 5. x4 surface for the three correlation times of Y,-base.

a range of 7-fold, i.e., 0.8, 3.0 and 5.6 ns. To the
best of our knowledge, this is the first measure-
ment of three correlation times for a rigid mole-
cule. Sasaki et al. [21] suggested that three diffu-
sion coefficients were detected for perylene, but
their analysis used fixed 7}, values, and only two
correlation times appear to have been recovered
from the data.

Finally, we questioned the uncertainties in the
correlation times. One estimate of the uncertainty
is provided from the least-squares analysis, and in
particular from the diagonal elements of the co-
variance matrix [22]. These values are correct only
if there is no correlation between the fitted param-
eters. These uncertainty estimates are near 0.05 ns
{table 2), so that the three correlation times, with
their associated uncertainties, do not overlap.
However, the parameters are correlated, so that 50
ps is a minimum value for the uncertainty.

We performed a more vigorous analysis of the
correlation time uncertainties. We examined the
values of x% as each correlation time was varied
about the value yielding the x% minimum (fig. 5).
Using this fixed value the least-squares analysis
was performed again, allowing the remaining cor-
relation times and all the amplitudes to vary,
yielding the minimum value of x% consistent with
the fixed correlation time. Since all the other
parameters vary during reanalysis, this procedure
should account for all correlations between the
parameter values. The dashed line in fig. 5 indi-
cates the value of x% expected 33% of the time
due to random errors. For lack of a vigorous
theory for uncertainties, we take this elevation in
x% as defining the uncertainty in the correlation

times. Using this approach the 6§, values have an
uncertainty of about +50%. However, the xi
surfaces do not overlap within the uncertainty
limits, which indicates the necessity of at least
three correlation times to account for the data. We
believe that this method overestimates the uncer-
tainties in the correlation times by about 2-fold.

5. Discussion

What are the origins of the three correlation
times for Ybase? Three correlation times are
possible for an asymmetric molecule, if the ab-
sorption and emission moments are not directed
along a principle axis of the molecule [1]. It should
also be noted that these expressions for rotational
diffusion [1-3] are only appropriate for the stick
boundary conditions, i.e., when the rotating mole-
cule feels the solvent viscosity for each rotational
motion. For small molecules in solution, especially
those with no sites for hydrogen bonding, the
molecule can slip (not feel the solvent viscosity)
about one or more of its axes [23,24]. Hence, for
Y,-base the three correlation times may originate
from either its asymmetric structure or partial
slipping about one or more axes.

It is also desirable to interpret the correlation
times and amplitudes in terms of the structure,
rotational rates about the molecular axes and the
orientation of the absorption and emission axes.
At present, this analysis is incomplete, and we do
not know if an unambiguous interpretation will be
possible.
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