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We have examined the environments of the three phenol rotamers about the C"-C~ bond in tyro- 
sinamide by fluorescence quenching. Steady-state acrylamide quenching yields a nonlinear Stem- 
Volmer plot. With three distinct emitting species and no other information about the system, it is 
impossible to analyze the data due to the number of variables which have to be determined. We 
therefore reduced the number of variables by independently determining the fractional intensity 
and dynamic quenching constant for each rotamer through time-resolved fluorescence quenching 
studies. These parameters were then used to analyze the steady-state data for any contribution of 
static quenching. We conclude that the nonlinear Stern-Volmer plot for the quenching of tyrosi- 
namide by acrylamide is a consequence of each rotamer having a distinct dynamic quenching 
constant and the presence of static quenching. The static quenching can be represented by either 
the sphere-of-action model involving two of the three rotamers or the ground-state complex model 
involving all three rotamers. 
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INTRODUCTION 

The addition of a quenching agent is a common 
technique to characterize the environment of a fluores- 
cent chromophore in a biological system. If the chrom- 
ophore is in several different environments, resulting in 
ground-state and therefore excited-state heterogeneity, 
then several chromophore classes are present. Conse- 
quently, the fluorescence intensity decay kinetics of the 
system could be complex and described by a sum of 
exponentials [1,2] or a distribution of rates [3]. When 
this occurs, the Stern-Volmer expression [4] used to 
analyze steady-state fluorescence quenching data from a 
single chromophore must be modified to account for 
multiple species [5]. Other processes can also affect the 
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Stern-Volmer expression, including (i) excited-state re- 
actions resulting in complex intensity decay kinetics and 
(ii) static quenching resulting in inconsistencies between 
steady-state and time-resolved data. 

In previous studies, we examined the fluorescence 
intensity decay kinetics of tyrosine, tyrosine model com- 
pounds, and the tyrosine residue in the peptide hormone 
oxytocin [6,7]. We found that in each case the fluores- 
cence intensity decay kinetics were complex and re- 
quired a sum of exponentials to fit the lifetime data. We 
were able to correlate the preexponential amplitude terms, 
which can reflect the initial excited-state populations for 
each kinetic species, with the IH-NMR-determined 
ground-state rotamer populations for the tyrosine side 
chain about the C~-C ~ bond. This correlation between 
the fluorescence decay kinetics and the 1H-NMR results 
suggested that the complex decay kinetics were due to 
multiple ground-state tyrosine species (rotamers) that do 
not interconvert during the lifetimes of the excited states 
[6,7]. There was no evidence for an excited-state reac- 
tion. 
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The existence of excited-state rotamers having unique 
lifetimes implies that each rotamer has a distinct envi- 
ronment with different kinetic constants for nonradiative 
processes. Thus, heterogeneity due to different molec- 
ular orientations can occur even in a chemically pure 
system. To examine the differences in the environments 
of the three rotamers, we have performed fluorescence 
quenching studies on tyrosinamide. The initial analysis 
of the nonlinear, steady-state Stern-Volmer plot by a 
multiple ground-state species model did not provide a 
unique solution. Simulation studies mirrored this diffi- 
culty and demonstrated the need to reduce the number 
of variables. (The Stern-Volmer constant and fractional 
intensity must be determined for each rotamer.) If static 
quenching processes are also involved, then additional 
variables have to be evaluated. 

We have analyzed these data by taking a system- 
atic, three-step approach. First, the amplitude and life- 
time for each rotamer were determined as a function of 
the acrylamide concentration. This was facilitated by 
linking the amplitudes during the analysis of the time- 
resolved data to the rotamer populations that had been 
independently determined by 1H-NMR [6]. This reduced 
the number of intensity decay parameters that had to be 
determined from six (three lifetimes and three ampli- 
tudes) to four (three lifetimes and one amplitude) and 
allowed the lifetimes to be determined with greater pre- 
cision [6-8]. The amplitudes and lifetimes in the absence 
of acrylamide were then used to calculate the fractional 
intensities of each rotamer. Second, the lifetimes as a 
function of acrylamide concentration were used to obtain 
the rotamer-specific Stern-Volmer constants, which were 
in turn used to calculate the individual dynamic bimo- 
lecular quenching constants. In this way, all the dynamic 
quenching parameters for each rotamer were indepen- 
dently determined by time-resolved fluorescence 
quenching studies. Third, these dynamic quenching pa- 
rameters were used to evaluate the steady-state quench- 
ing data; we found that static quenching was also present. 
Because we reduced the number of quenching parame- 
ters, the steady-state data could be analzyed further for 
static quenching parameters. We compared two static, 
quenching mechanisms; both provided physically rele- 
vant parameters and acceptable fits and neither one could 
be eliminated. 

MATERIALS AND METHODS 

Chemicals. L-Tyrosinamide (TyrA) was obtained 
from Vega Biotechnologies, Inc., and was checked for 
purity by thin-layer chromatography and by comparison 

to the absorbance and fluorescence spectra of L-tyrosine. 
All other chemicals were reagent grade. All solutions 
were prepared in deionized HzO at pH 3.0 (HC1). 

Steady-State Fluorescence Quenching. Steady-state 
fluorescence quenching data and uncorrected spectra were 
obtained using an SLM 4800 fluorometer modified by 
us for single-photon counting and interfaced to a per- 
sonal computer. Steady-state fluorescence quenching data 
were collected at 5.0 _ 0.5~ in a 1.0 x 0.4-cm-path- 
length quartz cuvette by the cumulative addition of small 
volumes of a concentrated acrylamide solution. Samples 
were excited (1-cm pathlength) at 285 nm (4-nm band- 
pass) and the fluorescence emission was monitored at 
305 nm (8-nm bandpass) using excitation and emission 
polarizers oriented to obtain an emission intensity pro- 
portional to the total fluorescence intensity [9-12]. The 
optical density of the samples prior to quenching was 
between 0.10 and 0.20 at 285 nm. Each quenched flu- 
orescence intensity value, F, was referenced to the in- 
tensity of an unquenched sample, Fo, to account for any 
instrumental fluctuation or time-dependent sample de- 
terioration. 

Each F and Fo was an average of five 10-s integra- 
tions and was corrected for phototube dark counts and 
solvent blank. Each F was also corrected for dilution 
and inner filter effects to give a corrected quenched in- 
tensity, Fc: 

F~ = F ~oo antilog 2-1~ + 

gv - 

where Vo is the initial volume, Vt is the total volume 
after each addition of quencher, %, and e~m are the ex- 
tinction coefficients of the quencher at the excitation and 
emission wavelengths, respectively, and [Q~] is the con- 
centration of the stock quencher solution. In this expres- 
sion, the volume ratio is the dilution correction and the 
antilog term contains the primary and secondary inner 
filter corrections due to absorption of light by the quencher, 
taking into account the geometry of the optics [13]. 

Time-Resolved Fluorescence Quenching. Time-re- 
solved fluorescence quenching data were collected at 5.0 
_ 0.5~ Samples were excited at 285 nm and the flu- 
orescence was monitored at 305 nm (5-nm bandpass) in 
a time-correlated single-photon counting fluorometer [14]. 
Decay curves were collected into 4000 channels at 11 
ps/channel. The instrument response function was 225 
ps wide at full-width at half-maximum. The fluorescence 
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intensity decay curves, I(t), were analyzed by nonlinear 
least-squares regression [15] using a sum of exponentials 
[1,2]: 

I(t) = ~ or(i) e -'/'(i) 
i = I  

where ~x(i) is the amplitude and "r(i) is the lifetime for 
each of n components. Each I(t) was also analyzed by 
scaling the a(i) terms to the 1H-NMR-determined rota- 
mer populations using the linked-function method [6-8]. 

THEORY 

The fluorescence lifetime, "to, of a simple chrom- 
ophore in a noninteracting system is given by (knr + 
ke) -1, where k.r is the sum of alI the rate constants for 
nonradiative decay processes and kf is the rate constant 
for fluorescence. The addition of a collisional quenching 
agent decreases the observed lifetime, % due to the ad- 
dition of another term to this expression: (k,r + kf + 
kq[Q])-1, where kq is the bimolecular quenching constant 
and [Q] is the quencher concentration. In the absence of 
static quenching, the steady-state fluorescence intensi- 
ties, Fo and F, are directly comparable to the two re- 
spective lifetimes. Assuming that there is no effect on 
the extinction of the chromophore by the quenching agent, 
a ratio can be expressed: 

Fo/F = "ro/.r = 

(k,. + kf)-ll(kn, + kf + kq[Q]) -1 (1) 

By rearranging and defining Ks,, = kq/(k, + k,r), Eq. 
(2) is obtained, which is the classic, linear Stern-Volmer 
relationship [4]: 

Fo/V = 'ro/'r = 1 + Ksv[Q] (2) 

Static quenching and/or multiple species can cause 
nonlinear steady-state fluorescence Stern-Volmer plots 
[5,16]. Static quenching is implicated when the quantum 
yield measured by steady-state methods is less than that 
measured by time-resolved methods. Static quenching 
can be viewed as an extremely rapid process that effec- 
tively deactivates a fraction of the excited-state popula- 
tion before it can be dynamically quenched. 

Two static quenching mechanisms are commonly 
considered. In the sphere-of-action model, there is a fi- 
nite probability that a quencher molecule is already within 
a volume element V that is sufficiently close to the 
chromophore upon excitation that quenching occurs "in- 

stantaneously" without a diffusion-controlled collisional 
interaction [5]. Since the distribution of quencher mol- 
ecules is random, the probability of this static quenching 
process is described by a Poisson distribution as ex- 
pressed in Eq. (3): 

Fo/F = (1 + K~v[Q])e vEQJ (3) 

In the ground-state complex model, the quencher 
and chromophore may form a weak, 1:1 complex with 
an association constant K,. This complex reaches its in- 
itial Franck-Condon state but is efficiently quenched, 
again due to the fact that diffusion does not occur. The 
correction for this type of static quenching arises from 
the equilibrium expression for the complex, and Eq. (4) 
results [5]: 

Fo/F = (1 + Ksv[Q])(1 + Ka[Q]) (4) 

The presence of several chromophores with distinct 
lifetimes, and therefore with distinct K~., terms, can also 
cause deviations from the linearity of Eq. (2). These 
multiple species could arise from more than one type of 
chromophore, a chemically pure chromophore associ- 
ated at different sites of a biological molecule, or a 
chemically pure chromophore residing at a single site 
that has different structural conformations producing dif- 
ferent local environments. Assuming that the different 
species do not interact, their fluorescence intensities, f(i), 
are additive. In the case of collisional quenching alone, 
the modification of the Stern-Volmer expression for n 
species is Eq. (5): 

[ i(O ]1 
(1 + K~,,(i)[Q])J 

Fo/F (5) 
i = 1  

Depending on thef(i) and Ks,,(i) values, the Fo/F expres- 
sion may be linear or curved downward [5]. 

Each species could also be statically quenched [16]. 
Equation (6) represents the addition of the sphere-of- 
action concept to the multiple-species model: 

Fo/F = ,=1~ (1 + Ksv(i)[Q])e v(i>Eel (6) 

The possibility of each species being in a ground-state, 
1:1 complex with the quencher is expressed in Eq. (7): ]1 

,=1 (1 + Ksv(i)[Q])(1 + Ka(i)[Q]) (7) 

For both static quenching mechanisms given by Eqs. (6) 
and (7), the trend in the Fo/F data will be complex de- 
pending on the values of the parameters. If static quench- 
ing is occurring, it can mask the downward curvature 
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effect of different Ks,, terms and actually cause upward 
curvature. 

RESULTS 

Six steady-state fluorescence quenching titrations of 
TyrA by acrylamide are presented in Fig. 1. At low 
acrylamide concentrations (0.1 to 0.2 M range typically 
used in fluorescence quenching studies), the data could 
be viewed as linear. It is only at the higher concentra- 
tions that upward curvature of Fo/Fc is observed. Since 
the fluorescence intensity decay is a sum of three ex- 
ponentials that can be attributed to multiple species (ro- 
tamers) [6], we attempted to analyze the data by Eq. (5). 
Using the standard Marquardt nonlinear least-squares ap- 
proach [15], a unique solution could not be found. Sim- 
ulation studies demonstrated that even in ideal 
circumstances (noiseless data), it is difficult to recover 
any two of the fractional intensity or Stern-Volmer con- 
stant quenching parameters. Since five quenching pa- 
rameters would have to be determined to analyze these 
TyrA data by Eq. (5) (three Ks,, terms and two of the 
three fractional intensities), the number of unknowns has 
to be reduced. 

From our previous time-resolved fluorescence data 
[6], we can calculate the fractional intensities of the ro- 
tamers in TyrA by the following expression: 

f(i) = c~(i) 'ro(i ) ~x(i) "ro(i ) (8) 
i 
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Fig. 1. A Stern-Volmer plot for the steady-state fluorescence quench- 
ing of TyrA by acrylamide; see Eq. (2). Six titrations are represented 
by the different symbols. The line is the best fit, based on averaged 
parameters, to Eq. (3) (see Discussion). The inset gives the residuals 
(data--fit) based on the averages of the data points (see Figs. 4 and 
5). 

The f(i) were then made constants in Eq. (5), reducing 
the number of unknowns to the three Stern-Volmer con- 
stants. However, there were still problems in finding a 
unique solution. 

To allow a complete characterization of the steady- 
state quenching results in terms of a multiple-species 
model, we reasoned that the K~(i) terms as well as the 
f(i) terms must be known. Equation (9) demonstrates 
how Eq. (2) can be extended to multiple species: 

"to(i) / "r(i) = 1 + Ksv(i)[Q ] (9) 

If each species has a unique, resolvable lifetime and if 
the species do not interact, then the Ksv(i) terms can also 
be obtained by time-resolved fluorescence. 

As we have previously shown [6], the fluorescence 
intensity decay of TyrA in the absence of quencher can 
be fit by the sum of two exponentials. The decay can 
also be equally well analyzed for three exponentials using 
the linked-function method [8] to scale the a(i) to the 
rotamer populations [6]. 

In the experiments described here, three exponen- 
tials were always required to fit the intensity decay of 
tyrosinamide in the presence of acrylamide and the linked- 
function method did not have to be used. In the analyses 
for six intensity decay parameters (three ,r's and three 
cx's) with no restrictions on any parameters, there were 
10-20% variations in the values obtained from repeated 
titrations. Each lifetime decreased with increasing ac- 
rylamide concentration. In contrast, the three amplitude 
terms did not vary and their values were within 10% of 
the rotamer populations previously determined by 1H- 
NMR [6]. The intensity decay data were reanalyzed by 
linking the rotamer populations to the amplitudes during 
the regression, and equivalent fits were obtained. In this 
way, the random variability in the lifetimes was consid- 
erably reduced since only four intensity decay parame- 
ters (three 'r's and one ~x) instead of six were being iterated 
[8]. Although several possible associations between ro- 
tamer populations and specific lifetimes can be made, 
only one of these associations was found to work [6,7]. 

As can be seen in Fig. 2, each rotamer-specific 
lifetime ratio is linear with respect to acrylamide con- 
centration [Eq. (9)]. The slopes of these lines, which are 
the Ksv(i) terms, were evaluated by linear least squares 
and are presented in Table I. Since Ks,, is the product of 
the bimolecular quenching constant, kq, and the lifetime 
in the absence of quencher, 'to, a kq value was calculated 
for each rotamer (Table I). There is a factor of two 
between the kq value for rotamer I and that for rotamer 
III (see Fig. 3 for a description of the rotamers). 

We used the quenching parameters determined by 
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Fig. 2. The Stern-Volmer expressions for each rotamer-associated 
lifetime: a, rotamer I; A, rotamer If; e, rotamer III. The lines represent 
the linear least-squares regression for each lifetime ratio [Eq. (9)]. 

Table  I. Time-Resolved Fluorescence Quenching Parameters" 
i i i  

Rotamer .to K,,, (M-l) ~ % (ns) a kq x 10-' (M-' s-l) + 

I 0.71 5.59 1.91 2.9 
II 0.10 1.66 0.33 5.0 
III 0.19 8.36 1.36 6.1 

"5.0 - 0.5~ pH 3.0; 285-nm excitation; 305-nm emission (10-nm 
ban@ass). 

bThe fractional intensity of each kinetic component [Eq. (8)]. 
cValues are the slopes of the regressions shown in Fig. 2. 
'el'he lifetime of each rotamer in the absence of quencher. 
eCalculated from K~ = k~'ro. 

Fig. 4, application of the dynamic quenching parameters 
alone does not follow the steady-state data. To test for 
static quenching, we tried Eq. (6) with the V(i) terms 
equal to 10% of the individual Ksv(i) terms. These initial 
values were used because V terms which are about 10% 
of Ks,, have been seen for the acrylamide quenching of 
indole compounds [5] and a fluorescent steroid [17]. 
This fit is represented by the dotted-dashed line in Fig. 
4; while better, it is not sufficient. For the best fit, V(i) 
had to be near 21% of K~v(i) (not shown). However, the 
residuals still showed systematic deviations. If we used 
the KJi)  and f(i) values from Table I in Eq. (6) and 
then iterated to determine rotamer-specific V(i) values, 
the algorithm tended to force one of the V terms to zero. 
To simplify the analysis, we made that Vterm a constant 
of zero and reanalyzed. The parameters obtained were 
used to generate the solid line through the data in Fig. 
4; the inset demonstrates acceptable residuals. The V(i) 
values found for rotamers I, II, and III were 1.2, 0, and 
2.6 M -1, respectively. Note that these values are within 
the typical range of 1-3 M-1 [5]. 

Finally, we analyzed the steady-state data by Eq. 
(7). Our approach was to assume that each rotamer had 
equivalent Ka values [K,(1) = Ks(2) = Ka(3)]. As shown 
in Fig. 5, this model provides a fit equivalent to that 
obtained by the sphere-of-action model above (Fig. 4). 
The value determined for the common association con- 
stant was 1.3 M -~, typical of a weak association. 

H Bs R 
O H~ 0 D 0 O 0 
i / , i / II I / II 

H* H* H= 

X j = - 6 0 "  X I =*-180 ~ X I =+600 

I Tr 
Fig. 3. Newman projections about the C'~-C ~ bond for the possible 
positions of the phenol group in relation to the C" substituents. The 
rotamer assignments I, II, and III, and the corresponding values of the 
torsion angle, X ], are indicated for the L configuration of tyrosine. The 
atom D indicates the protonation state in DzO, the solvent for the 1H- 
NMR determination of ground-state rotamer populations. 

the time-resolved fluorescence experiments (Table I) to 
calculate a fit by Eq. (5) to the TyrA steady-state acry- 
lamide quenching data. As shown by the dashed line in 

10 

~176 " + ,  ! ,J 
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0 i I I + i 
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Fig.  4. An evaluation of the steady-state data for TyrA quenched by 
acrylamide; the data points (H) are the averages of the data in Fig. 1. 
With f(i) and K~(i) values determined by time-resolved fluorescence 
quenching measurements (Table I): - - - - - - ,  the fit generated by Eq. 
(5); - - . - - ,  the fit generated by Eq. (6) with V(i) = 0.1 K~(i); 

, the fit generated by Eq. (6) with each V(i) term determined by 
nonlinear least-squares regression (see Results). The inset gives the 
residuals (data--fit) for the latter fit. 
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Fig. 5. An evaluation of the steady-state data for TyrA quenched by 
acrylamide; the data points (m) are the averages of the data in Fig. 1. 
With f(i) and K~,,(i) values determined by time-resolved fluorescence 
quenching measurements (Table I): , the fit generated by Eq. 
(7) with equal Ko(i) terms determined by nonlinear least-squares regres- 
sion (see Results). The inset gives the residuals (data--fit) for this fit. 

DISCUSSION 

Dynamic collisional quenching of a single chrom- 
ophore yields a linear Stern-Volmer plot [Eq. (2)]. Other 
processes have been shown to cause deviations from lin- 
earity [5]. The nonlinear Stern-Volmer plot in Fig. 1 
therefore suggests that other processes must be evaluated 
for their contribution(s) to the quenching of TyrA by 
acrylamide. Possible processes include excited-state re- 
actions, static quenching interactions, and multiple spe- 
cies with static quenching. Tyrosine has the potential to 
undergo excited-state proton transfer [18,19], and the 
resulting decay kinetics could cause the nonlinear steady- 
state behavior seen in Fig. 1. Our previous studies on 
the fluorescence intensity decay of tyrosine, tyrosine an- 
alogues, and tyrosine in a small peptide hormone, how- 
ever, showed no evidence for the formation of excited- 
state tyrosinate through excited-state proton transfer [6,7]. 
This absence of the excited-state reaction agrees with the 
earlier findings of Szabo and co-workers [20]. Further- 
more, recent studies have demonstrated that the only 
way the emission from the excited state of tyrosinate can 
be observed is through the direct excitation of the ground- 
state ionic species [21]. Based on these facts, we are 
excluding an excited-state reaction as the cause of the 
curvature in Fig. 1. 

The presence of multiple species with different Ks,, 
terms can result in a steady-state Stern-Volmer plot with 
downward curvature or may even appear linear [5,16]. 
We know from our earlier studies that multiple emitting 
species are present for TyrA and that they are due to the 

ground-state rotamer populations of the phenol side chain 
about its C'~-C ~ bond [6,7]. Consequently, we first ana- 
lyzed the data in Fig. 1 by Eq. (5), trying to extract the 
different Ks,, terms and fractional intensities for the three 
rotamers. However, the algorithm usually failed to con- 
verge on any minimum in the fitting error surface. It was 
obvious that we were attempting to evaluate too many 
variables (three Ks,, and two of the three fractional in- 
tensities) for this type of function and data density. 

To confirm that there were too many variables, Eq. 
(5) was used to generate synthetic data for three species 
with various combinations of K~v(i) and f(i). The only 
way a solution could be obtained was to provide initial 
values (guesses) that were the same as the values used 
to generate the data. If the guesses were different from 
the known values, the algorithm failed to converge in a 
manner similar to that observed with real data. To see 
how many independent parameters could be correctly 
resolved from these synthetic data, we reduced the num- 
ber of parameters one at a time by making that variable 
a constant. By this procedure, we could obtain correct 
K~, values when all three fractional intensities were given. 
The ability to resolve the K~,~ terms, however, required 
that the fractional intensities be nearly equivalent. 

To analyze the data in Fig. I with Eq. (5), we first 
reduced the number of parameters that had to be deter- 
mined by making the fractional intensities of each ro- 
tamer a constant. The fitting algorithm still did not 
converge; this behavior was expected based on the re- 
sults of the simulation studies discussed above. Conse- 
quently, to reduce the number of unknowns further, the 
K,,, terms had to be determined independently. 

The K~,, terms can be obtained from time-resolved 
fluorescence quenching studies through Eq. (9) as dem- 
onstrated in Fig. 2. The TyrA fluorescence intensity de- 
cay curves were  resolved into the sum of three 
exponentials, with each 'ro/'r lifetime ratio a linear func- 
tion of acrylamide concentration. For these experiments, 
a sum of three exponentials was required in the presence 
of acrylamide; the amplitudes were invariant with quencher 
concentration and close to the NMR-determined ground- 
state rotamer populations. Linking the populations to the 
amplitudes during the analysis of a fluorescence intensity 
decay limited the number of parameters that had to be 
determined [8]. This procedure reduced the variation in 
the lifetime values. A triple-exponential analysis was 
sufficient. Since the amplitudes agree with the NMR- 
determined rotamer populations and the lifetime ratios 
are linear with respect to [Q], a model with three ground- 
state species is supported. If other processes are occur- 
ring, such as transient kinetic quenching effects [22-26], 
deviations in c~(i) and %(i)/,r(i) vs [Q] would have been 



Fluorescence Quenching of Tyrosinamide Rotamers 11 

observed. These effects have not been detected within 
the resolution of these experiments. 

In the absence of acrylamide, the intensity decay 
of TyrA can be adequately analyzed as the sum of two 
exponentials [6], in contrast to the triple-exponential de- 
cay that is always necessary in the presence of acrylam- 
ide. This can be explained by the difference between the 
value of the dynamic bimolecular quenching constant for 
rotamer I and that for rotamer III (Table I). Because the 
lifetimes of rotamers I and III in the absence of quencher 
are similar to each other but distinct from that of rotamer 
II, an analysis for two exponentials is adequate. Rota- 
mers I and III are quenched differently, however, thus 
separating their lifetimes enough so that they are easily 
resolved. This difference in kq values among the three 
rotamers demonstrates that the phenol side chain in each 
rotamer experiences a different environment. Since ro- 
tamers II and III have the shortest lifetimes and the larg- 
est kq terms, it could be argued that this indicates transient 
kinetic effects [22-26] rather than different environ- 
ments. However, if transient processes are occurring, 
the kq(i) should be an inverse function of %(0. This is 
not true for this system since the largest kq is associated 
with rotamer III and its intermediate lifetime. The ability 
to assign a kq to a specific species further supports the 
rotamer model for the fluorescence intensity decay of 
tyrosine compounds [6,7,27]. Resolution of species-spe- 
cific bimolecular quenching constants has the potential 
of resolving small differences in local structure as well 
as conformation-dependent binding interactions. Any at- 
tempt to infer the structure of TyrA based on the indi- 
vidual bimolecular quenching constants is premature; 
quenching parameters for other tyrosine compounds and 
quenchers are required for comparisons. 

With the determination of all the dynamic quench- 
ing parameters by time-resolved fluorescence quench- 
ing, we generated a fit by Eq. (5) to the steady-state 
quenching data. As shown in Fig. 4, the fit generated 
with these dynamic parameters appears to be linear and 
in no way resembles the trends in the data. This lack of 
upward curvature is a consequence of the model. Based 
on simulation studies, we could not find a set of phys- 
ically relevant Ksv(i) andf(i) values that results in upward 
curvature for Eq. (5). Usually, the expression is linear 
or slightly curved downward, and appreciable downward 
curvature occurs only if there is a large difference be- 
tween Ksv values. Consequently, one or more additional 
processes aside from multiple species are implicated to 
cause the curvature in the steady-state data. 

Static quenching mechanisms, due to their rapid 
depletion of the excited state before collisional processes 
can occur (see Theory), affect the steady-state intensity 

but not the lifetime. As a result, all static quenching 
mechanisms cause the Fo/F ratio [Eq. (1)] to increase at 
a rate greater than the "ro/'r ratio. Furthermore, since a 
static quenching mechanism is also a function of quencher 
concentration, the Fo/F ratio appears to curve upward. 
Therefore, the data in Fig. 1 could be indicating that 
each rotamer is statically as well as dynamically quenched. 

We were able to analyze the steady-state data in 
terms of two different static quenching mechanisms by 
using the dynamic quenching parameters as constants to 
reduce the number of unknowns. Thus, the largest num- 
ber of parameters that had to be independently deter- 
mined came from an analysis by Eq. (6) where a V(i) 
term for each rotamer was evaluated. There were no 
problems in obtaining a unique solution and the fit gen- 
erated by Eq. (6) was very good (Fig. 4). The V term 
obtained by this analysis for rotamer II was zero; an 
explanation of only one rotamer having kinetic but not 
static quenching is not immediately obvious. 

The analysis of the data by Eq. (7), which accounts 
for each rotamer forming a ground-state complex with 
acrylamide, provided an equivalent fit (Fig. 5). In this 
model we assumed that each rotamer has the same as- 
sociation constant, Ka, for acrylamide binding. If the 
environments are different enough for each rotamer to 
have its own fluorescence lifetime and diffusional 
quenching constant, then they also might differ enough 
for each rotamer to have a unique Ka value. However, 
the ground-state interactions resulting in static quenching 
are expected to be weak, and any differences in the weak 
ground-state association constants between the rotamers 
would be too small to quantitate accurately. The value 
for the K~ obtained by this analysis, 1 M -1, demonstrates 
the weak nature of this interaction. The ability of acry- 
lamide to bind to proteins and cause static quenching has 
been debated, but recent results indicate that if it does 
bind, the binding is weak and of the order of magnitude 
observed here [28]. 

There are numerous examples in the literature of 
nonlinear steady-state Stern-Volmer quenching results. 
Often, these data are analyzed only for a single species 
undergoing static quenching by the model given in Eq. 
(3); apparently, no consideration is given to the possi- 
bility of multiple species. In addition, since experiments 
are often not performed to sufficiently high quencher 
concentrations, it is difficult to determine whether or not 
the Stern-Volmer plot is actually linear. 

We know from the intensity decay parameters for 
TyrA that it is incorrect to analyze the steady-state 
quenching data by Eq. (3) or (4). Nevertheless, as can 
be seen by the residuals in Fig. 1, an acceptable fit can 
be obtained by Eq. (3). The evaluated parameters, re- 



12 Contino and Laws 

ported as averages of the six titrations, are Ks., = 6.45 
M -1 and V = 0.71M -1. 

As shown above, the K~,, variable can be divided 
by the lifetime of the chromophore in the absence of 
quencher, -to, to calculate the bimolecular quenching 
constant, kq. In the Stern-Volmer expression given in 
Eq. (2), however, it is assumed that the chromophore 
decays from the excited state through a kinetic mecha- 
nism yielding a single exponential. For TyrA, the fluo- 
rescence intensity decay is a sum of three exponentials. 
Therefore, an intensity-weighted average fluorescence 
lifetime in the absence of quencher, ('to), must be ob- 
tained: 

(%) = ~ ~x(i) %(02 a(i) 'ro(i ) (10) 
i=1 

Thus an average bimolecular quenching constant, (kq), 
is calculated to be 3.7 • 109 M -1 s -1 based on a (%> 
of 1.75 ns. 

If (kq> has any significance in demonstrating the 
accessibility of a quencher to a system with multiple 
species (rotamers), it must be the same as an average 
bimotecular quenching constant, kq, that can be calcu- 
lated from the rotamer-specific kq terms. This average is 

3 

kq = ~, w(i) kq(i) (11) 
i=1 

where w(i) are weighting terms which must account for 
the relative intensity [Eq. (8)] of each rotamer as well 
as for its lifetime, which reflects on the amount of time 
available for the diffusional quenching interaction. Thus 
the weighting terms are expressed by 

w(i) = cffi) %(02 o~(i) %(02 
i 

(12) 

When the decay parameters for the quenching of TyrA 
by acrylamide are used (Table I), k'n = 3.5 x 10 9 M-1 
s -1, which compares very well with the value of 3.7 x 
109 M -1 s -1 for (kq). 

In this instance, it appears that the K~v value ob- 
tained by fitting the data to the single-species model of 
Eq. (3) can be used to demonstrate an average overall 
solvent accessability by providing an average bimolec- 
ular quenching constant. This is in spite of the fact that 
the curvature in the data could be adequately fit by the 
e r4Ql term, which is inappropriate for the multiple-spe- 
cies model. [Note that the V term obtained from the 
analysis by Eq. (3)!is about 10% of Ks,,.] The calculation 
of (kq) required, however, that we know (%). One can 
obtain a more detailed understanding of the local envi- 

ronment of the chromophore, however, by also perform- 
ing the time-resolved quenching studies. 

The steady-state data could also be represented by 
the multiple-species model with static quenching through 
the formation of a weak ground-state complex [Eq. (7)]. 
We therefore tried to analyze the data according to the 
corresponding single-species model represented by Eq. 
(4). The fits obtained by Eq. (4) were generally worse, 
and never better, than those obtained by Eq. (3). The 
major problem with an analysis by Eq. (4) is that the 
iterated parameters, K~v and Ka, are indistinguishable 
from each other because of the symmetry of the qua- 
dratic expression [16]. 

In conclusion, we can resolve different kq values 
for the quenching of each of the three TyrA rotamers by 
acrylamide. These parameters, along with the fractional 
intensities, have been used in a systematic approach to 
analyze for the presence of static quenching. By com- 
bining these two fluorescence quenching methods, we 
have been able to resolve and characterize the solvent 
accessibility of the environments of the individual rota- 
mers of the phenol side chain about the C~C~ bond in 
TyrA. This behavior is not specific to TyrA; our prelim- 
inary results with other tyrosine-containing compounds 
and quenchers also indicate rotamer-specific behavior. 
In particular, the initial results for the quenching of TyrA 
by iodide ion at pH 3 indicate that the environments are 
influenced equally by the protonated amine since the kq 
for each rotamer increases by about a factor of two. 
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