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Acrylamide quenching of Y,-base fluorescence in aqueous solution 
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Acrylamide was found to be an effective quencher of Y,-base (Y-4,9-dibydro-4,6-dimethyl-9-oxcF1H-imidaxc+l,2a-purine) in water. 
In the absence of collisional quenching the decay of Y,-base in water is predominantly a single exponential, The intensity decays 
become increasingly heterogeneous when quenched by acrylarnide. The frequencydomain data were analyzed using the radiation 
model, which provides estimates of molecular parameters characteristic of the system. The mutual diffusion coefficient at 20 0 C WBS 
found to be 0.5 ~10’ c&/s, the Y,-base a&amide interaction radius was 8 A, and the rate constant for quenching was 100 cm/s. 
These values indicate that quenching is diffusion-limited, i.e., the encounter complex is deactivated at least 2-fold faster than the rate 
of diffusive encounters. 

1. Introduction 

The Y,-base,4,9-dihyro-4,6-dimethyl-Poxo-lH- 
imidazo-1,2a-purine, is the simplest of the mod- 
ified Y-like bases occurring in transfer ribonucleic 
acids specific to phenylalanine (tRNAphe). In re- 
cent years, several papers have been published 
[l-5] con cerning the physicochemical properties 
of this modified nucleotide. It has been of special 
interest because of its strong fluorescence which 
offers a unique tool for probing the conforma- 
tional properties of tRNAPhe [6,7] or more simple 
synthetic compounds such as Y,-(CH,) ,-adenine 
[8-RI]. Recently we reported enhanced resolution 
of fluorescence anisotropy decays [l&12] and 
spectral relaxation [I31 using progressively 
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quenched samples. We now describe studies of 
acrylamide quenching of Y,-base in aqueous solu- 
tion. These studies reveal reaction rates and en- 
counter radii, and also provide a test of the radia- 
tion model for collisional quenching [18,19]. Ad- 
ditionally, these measurements provide informa- 
tion needed for future studies of more complex 
Y,-base-containing species, such as the dynamic 
and hydrodynamic properties of tRNAPhe or con- 
formational distributions in the Yr(CH,),-adenine 
and Y,-(CH,),-Y, systems [14]. 

2. Materials and methods 

The frequency-domain data were measured 
using a 2 GHz harmonic content fluorometer. The 
excitation wavelength was 310 nm from the 
frequency-doubled output of a R6G dye laser [15]. 
Magic angle polarizer orientations were used to 
eliminate the effects of rotational diffusion. The 
emission was observed through a Corning O-52 
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band-pass filter, which absorbs all the emission 
and/or scattered light below 340 run. The Y,-base 
was prepared by reacting 3-methylguanine with 
bromoacetone [16,17], prior to these measure- 
ments being purified by HPLC. Acrylamide was 
from Biorad and had no absorption at 310 nm. All 
measurements were performed at 20 O C in 25 mM 
Tris buffer @H 7). 

3. Theory 

3.1. Transient effect in quenching 

The theory for transients in quenching is too 
complex to present in detail in this short report. 
Briefly, there are two practical models: the 
Smoluchowski (fi) model and radiation boundary 
condition (RBC) model [l&20]. A first model 
assumes that the fluorophore is quenched instan- 
taneously when the quencher reaches a distance R 
from the fluorophore, A WC@, more complete 
model assumes that the fluorophore is quenched 
with a rate constant K when at distance R from 
the quencher. The time-dependent rate constant 
for quenching is given by 

k(t) = 4*RDN’ [l+ %exp(G) erfc(x)] (1) 
1 + D/KR 

where 

@t 
X=R 1+% 

[ 1 
In this expression R denotes tbe interaction radius, 
D the sum of the diffusion coefficients of the 
fluorophore and quencher, N’ = 6.02 X 1020 and 
K is the specific rate constant for quenching in 
units of cm/s. The intensity decay is given by 

(3) 

where [Q] is the molar quencher concentration. 
‘, 

3.2. Frequency-domain fluorometry 

The intensity decays were examined in the 
frequency domain. The samples are excited with 

amplitude-modulated light, over the range of 
modulation frequencies from 10 to 1000 MHz. At 
each modulation frequency (o), we measure the 
phase delay (titi,,) and the extent of demodulation 
(m,), each relative to the incident light. The 

aI frequency responseofr the emission was analyzed 
using a sum of exponentials, and the more com- 
plex radiation model (eq. 3). For a sum of ex- 
ponentials the intensity decay is described by 

I( t ) = &ie-‘/q (4) 

The fractional contribution of each decay time to 
the steady-state intensity is 

h-2 

For any form of the decay law the phase and 
modulation values are given by 

(P&J = =ctd &d/R 1 (6) 

m, - (N,” + 0,“)“’ (7) 

where 

For multiexponential decays (eq. 4), we use ana- 
lytical expressions for the transforms [21,22]. For 
the other decay law (eq. 3) numerical integration 
was used. In particular, we used an adaptive New- 
ton-C&es 9-point integration [23]. The term f(x) 
= exp(x’) e&(x) was obtained during the itera- 
tions from a look-up table. Values of f(x) for x 
values between those in the look-up table were 
obtained by using sphne interpolation (for more 
details see ref. 24). The parameters describing the 
decay law are compared with the calculated (c) 
values ($_ and mo). The goodness-of-fit is char- 
acterized by 

where Y is the number of degrees of freedom, and 
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SI$ and Sm the experimental uncertainties in the 
phase and modulation values, respectively. We 
used values of 0.2” and 0.005, respectively, which 
were found to be appropriate for our instrument 
and measurement techniques. The parameters were 
determined by a nonlinear least-squares method 
[21,22,27]. 

4. Results and discussion 

4. I I Stern- Volmer plot for quenching 

Quenching data are most frequently presented 
as Stern-Volmer plots, which is shown for 
acrylamide quenching of Ycbase (fig. 1). Also 
shown are the emission spectra, which are 
decreased in amplitude but not altered in shape by 
quenching. The Stern-Vohner quenching constant 
was found to be 12 M-l. 

In addition, values are shown of rO/r where r 
is the best single-exponential fit to the frequency 
response. In this case, the Stem.Volmer plot shows 
substantial positive deviations, which are due to 
the increasing proportion of the decay occurring 
as a short-lived component. A more linear Stem- 
Volmer plot was found when the mean decay 
times were used ((r) = ft~r + &). The (T,,)/(T) 

Y+-Base in H,O, pH=7, 2O’C * 

400 500 

OL, WAVELENGTHlnml 
I I I I I 
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I: ACRY LAMIDE 1 

10 20 50 100 200 500 ID00 

FREQUENCY (MHz) 

Fig. 1. Quenching of Y,-base fluorescence by acrylamide at Fig. 2. Effect of acrylamide quenching on the intensity decay 
20°C. Stem-Volmer plots are shown for the yields (O), the of Yt-base. The solid lines represent the best single-decay-time 
mean decay time (A) and the best single decay time (A). (Inset) fits to the data. Acrylamide concentrations: 0.0 (0) and 0.5 M 
Emission spectra in the presence of 0, 0.2 and 0.5 M acryla- (0). The lower panels show the deviations from the beat 

mide. single-decay-time fit. 

ratios were then in good agreement with the inten- 
sity ratios. The positive deviations observed with 
the single-decay-time ratio illustrate the difficul- 
ties encountered when using single apparent decay 
times to describe complex intensity decays. In this 
case, the positive deviation in the Stem-Volmer 
plot is an artifact, resulting from the use of a 
single weighted parameter (T) to describe a com- 
plex phenomenon. 

4.2. Nonexponential decays in the presence of 
quenching 

The frequency-domain intensity decays of Y,- 
base emission were measured with acrylamide 
concentrations ranging from 0 to 0.5 M (fig. 2). In 
the absence of quenching the emission from Yt- 
base is dominately a single exponential, as can be 
seen from the agreement between the data (e), the 
best single-decay-time fit to the data (-, left), 
and the acceptable value of xi = 1.1. In the pres- 
ence of acrylarnide (0) the frequency response 
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shifts towards higher frequency, reflecting a de- 
crease in the mean decay time of Y,-base. Ad- 
ditionally, the intensity decay becomes extremely 
heterogeneous and can no longer be fitted by the 
single-decay-time model (- , right). This is 
also evident from the large and systematic devia- 
tions (lower panels) and the large value of xi. 

The results from the multiexponential analysis 
over a range of acrylamide concentrations are 
summarized in table 1. In the absence of acryl- 
amide there is no significant difference between 
the single- and double-exponential models. How- 
ever, a significant degree of heterogeneity is al- 
ready evident with merely 0.05 M acrylamide 
which resulted in a 35% decrease in the decay 
time. Even with this modest amount of quenching, 
the value of xi decreases 31-fold for the double- 
exponential model. The degree of heterogeneity 
increases progressively with increasing concentra- 
tions of acrylamide. At each acrylamide con- 

Table 1 

Acrylamide quenching of Y,-base in water at 20 o C, multiex- 
ponential analysis 

[Acrylamide] 7 W (T> W % fi Xi 

0 4.64 - 1 1 1.2 
4.58 - 0.484 0.478 
4.70 4.64 0.516 0.522 1.2 

0.05 2.92 - 1 1 25.1 
0.68 - 0.128 0.031 
3.12 3.04 0.872 0.969 0.8 

0.1 2.05 - 1 1 74.9 
0.62 - 0.252 0.081 
2.38 2.24 0.748 0.919 1.0 

0.15 1.65 - 1 1 102.5 
0.31 - 0.298 0.064 
1.91 1.81 0.702 0.936 2.2 

0.2 1.36 - 1 1 187.8 
a.22 - 0.335 0.067 
1.58 1.49 0.665 0.933 1.6 

0.3 0.99 - 1 1 291.7 
0.25 - 0.432 0.125 
1.32 1.18 0.568 0.875 2.1 

0.5 0.62 - 1 1 412.8 
0.16 - 0.556 0.182 
0.91 0.71 0.44 0.818 2.4 

centration the decay is characterized by a shorter 
and a longer decay time. Similar complex decays 
have been observed for the quenching of indole by 
acrylamide and iodide [24,27] and 1,2- 
benzanthracene by Ccl, [20]. In general, the 
three-exponential decay analysis resulted in only a 
minor improvement in xi (not shown) and two of 
the three decay times were usually of similar mag- 
nitude. 

The good fits provided by the double-exponen- 
tial model were noted previously for iodide and 
acrylamide quenching of indole [24]. However, it 
is important to bear in mind that the value of the 
decay times vary progressively with acrylamide 
concentration. ~This probably occurs because this 
model does not characterize the molecular features 
of the system, and the recovered values reflect 
some unspecified weighting of the data by the 
model. 

4.3. Radiation model ana&ms 

The radiation model is expected to provide a 
more realistic description because it contains ap- 
propriate molecular parameters, these being the 
interaction- radius (R), mutual diffusion coeffi- 
cient (D) and rate of deactivation of adjacent 
fluorophore-quenching pairs (K). The results of 
this analysis are summarized in table 2, and one 
particular analysis is shown in fig. 3. In this case, 
the frequency responses measured at four acryl- 
amide concentrations were analyzed simulta- 
neously. Because of correlation among the param- 
eters it is sometimes difficult to recover R, D and 
K during the same least-squares analysis. Hence, 
we searched for a reasonable value of R, the 
interaction radius, by examination of the xi 
surface as R was held at fixed values. The mini- 
mum value of xi was found for R = 8 A {fig. 4) 
and this value was used in all sub!equent analyses. 
The radiation model with R = 8 A yields good fits 
to the data (fig. 3), and essentially the same values 
of D and K for all acrylamide concentrations 
(table 2). 

The value of the diffusi,on coefficient, approx. 
5 X low6 cm’/s, is comparable to that determined 
previously for acrylamide quenching of indole. 
This value appears to be lower than expected, 
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Table 2 

Radiation boundary model analysis of Y,-base quenching in 
water at 20°C a 

[Acrylamide] D( x 106) @ma/s) * (mWs) xi 

0.05 4.87 114.7 0.8 
0.1 4.77 114.5 1.3 
0.15 4.33 105.2 3.2 
0.2 4.74 95.2 3.0 
cl.3 3.61 90.9 1.4 
0.5 3.13 84.4 2.1 
o-o.1 b 4.81 114.4 1.0 
o-o.15 4.79 107.0 6.9 
o-o.2 4.98 99.9 11.4 
O-O.3 5.13 91.9 26.5 
o-o.5 5.25 85.9 44.0 

a The interaction radius R was held constant at 8 A. This 
means there are two variable parameters, D and a. The 
value of ra (from the fluorophore without quencher) is held 
fix& at the measured vahre. 

b Global analysis of the data over the indicated range of 
acrylatnide concentrations. 

I 

0.20M 1 

57 +3l-- 

Fig. 3. Global RBC model analysis of the Y,-base intensity 
decays in the presence of 0.05, 0.1, 0.15 and 0.20 M acryl- 
amide. The data were analyzed using the radiation model with 

R = 8 A. The lower panels show the deviations. 

1.2 
Y+-Base in 25mM Tris 

GN pH=7, 20°C 

4 6 8 IO 12 I4 
R(i) 

Fig. 4. Dependence of xi on the interaction radius R of 
Y,-base and acrylamide for simultaneous analysis; O-O.2 M 

acrylamide. 

based on the diffusion coefficients of propanol or 
acetamide in water of approx. 1 X 10m5 cm2/s 
[29,30]. However,. the discrepancy is modest and 
probably within the uncertainties of our results 
and those resulting from the comparisons of non- 
identical molecules. 

The value of K is of interest because it indicates 
the rate of quenching of the Y,-base-acrylamide 
encounter complex. The units of cm/s can be 
converted to the more familiar units for a bio- 
molecular rate constant (M-’ s-‘) by calculating 
k, = f4rR2N’, where N’ = 6.02 x 102’. Using R 
= 8 A and K = 100 one obtains a quenching rate 
of 4.8 x IO9 M-’ s-l. This value is higher than 
that calculated from the slope of the Stern-Volmer 
plot. Using k, = KD/ro we calculate a biomolecu- 
lar quenching constant of 2.6 x 10’ M-’ s-l. The 
greater value of k, indicates that the quenching is 
indeed limited by diffusion. That is, the encounter 
complexes return to the ground state faster than 
they are formed by diffusion. At present, we be- 
lieve that our data only define the lower limit for 
K. It appears possible that the value of K is larger, 
but that the measurements are not sensitive to 
values of K which are much greater than the 
diffusion-limited quenching rate. From similar ex- 
periments on other fluorophore-quencher pairs we 
know that inefficient quenching results in lower 
values of K (J.R. Lalcowicz, I. Gryczynski, N. Joshi 
and M.L. Johnson, uripublished observations). Fi- 
nally, we also noted that the global analyses are 
less satisfactory when the acryhunide concentra- 
tions exceed 0.15 M (table 2). In contrast, the 
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individual fits are adequate up to 0.5 M acryl- 
amide. A similar effect was observed for iodide 
and acrylamide quenching of indole (241 and for a 
number of other fluorophore-quencher pairs (J.R. 
Lakowicz, I. Gryczynski, N. Joshi and M.L. John- 
son, unpublished observations). In all cases, this 
failure is observed dominately for the global 
analyses of data ranging to quencher concentra- 
tions of 0.2 M or above. These other systems 
included the use of more symmetric quenchers like 
Ccl, and CBr,, so that the failure is probab!y not 
due to the asymmetric structures of Yrbase or 
acrylamide. We suspect that the model fails at 
higher quencher concentrations because this con- 
centration is treated in an approximate manner 
[18], which is only correct in the low concentration 
limit. To test this hypothesis we require a more 
exact solution of the radiation model, one which is 
correct for all concentrations of quencher. To the 
best of our knowledge, this solution has not yet 
appeared in the literature. 
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