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Triplet spectroscopic methods such as time-resolved phosphorescence anisotropy permit successful 
measurement of slow rotational diffusion of membrane proteins. However, these methods are po- 
tentially subject to saturation phenomena. We present theoretical and experimental studies of how 
high excitation energy densities can complicate measurements of phosphorescence intensity and 
anisotropy. Increases in excitation laser pulse energy initially increase phosphorescence intensity. 
Further increases then lead to phosphorescence saturation. As a consequence, the initial phospho- 
rescence anisotropy decreases and approaches zero at very high excitation energies. The relative 
standard deviation of anisotropies measured in any system reaches a minimum at some particular 
excitation energy density. These results allow us to define optimum experimental conditions for 
time-resolved phosphorescence anisotropy measurements. For example, for excitation oferythrosin 
chromophores at typical wavelengths by the center of a Gaussian laser beam, optimum pulse 
energies in microjoules are approximately 5.0 R 2, where R is the beam I/e: radius in mm. 
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INTRODUCTION 

Integral membrane proteins play important roles in 
cellular activation, adhesion, metabolism, transport, and 
hormonal regulation.O-3) Within the membrane, these 
proteins exhibit both translational and rotational Brown- 
ian diffusion. Rotational diffusion, typically occurring 
on the microsecond time scale, is of special interest be- 
cause it is particularly sensitive to the size and environ- 
ment of proteins. Various optical methods have been 
developed to measure protein rotational diffusion.(~) 
Most such methods involve the use of triplet-forming 
chromophores such as eosin or erythrosin, which exhibit 
triplet lifetimes at least as long as the rotational phenom- 
ena of interest. The best known of these methods, 
time-resolved phosphorescence anisotropy (TPA),(~ uses 
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phosphorescent dyes such as erythrosin isothiocyanate 
conjugated to an antibody, lectin, or hormone, which 
binds the membrane protein of interest. The linearly po- 
larized output from a pulsed laser is used to excite phos- 
phorescence from properly oriented label chromophores. 
Initially, phosphorescence is weakly polarized in the 
plane of polarization of the exciting light, but this po- 
larization decays as rotational motion randomizes chro- 
mophore orientation prior to phosphorescence emission. 
This decay, quantitated by the emission anisotropy func- 
tion, is analyzed to obtain the rotational parameters of 
interest. 

In our use of TPA, we have found that this method 
is subject to saturation phenomena. Excitation with un- 
necessarily low laser pulse energies yields weak phos- 
phorescence signals and high noise levels in anisotropy 
traces. On the other hand, excessive excitation energies 
will lead to saturation of ground state chromophores, 
artifactually low anisotropies and high relative errors in 
anisotropy measurements. Identification of correct exci- 
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tation energies can thus help to obtain optimum phos- 
phorescence anisotropy data. Although saturation of 
phosphorescence was noted by Jovin et a1.,<8.9~ theoretical 
and experimental investigations of  this phenomenon 
have not been reported. Burghardtm) has discussed the 
somewhat related topic of  saturation effects on polarized 
photobleaching measurements of  slow protein rotational 
motion. 

THEORY 

A sample containing triplet-forming chromophores 
is irradiated with a brief pulse of  vertically polarized 
light. Those molecules whose absorption transition di- 
poles are aligned parallel to the excitation polarization 
will be preferentially excited. This creates an anisotropic 
distribution of  singlet excited state chromophores which 
then undergo intersystem crossing to the triplet state. 
Relaxation from the triplet state to the singlet ground 
state results in phosphorescence. When an emission po- 
larizer is placed parallel or perpendicular to the excita- 
tion pulse, the detected emission intensities are/ll(t) and 
L( t ) ,  respectively. The total emission intensity s(t) and 
anisotropy r(t) can be calculated as 

s(t) =/11 + 2L  (1) 

r( t )  = [/ll (t) - I~ (t)]/s(t) (2) 

By measuring /tl(t) and L.(t) over time, time-re- 
solved anisotropy can be calculated and its decay eval- 
uated. During the lifetime of  the triplet excited state, 
molecules rotate and orientation of  the molecular emis- 
sion dipoles is randomized. Thus the measured anisot- 
ropy decays from the initial value r 0 to zero. This decay 
can often be satisfactorily represented as a single-expo- 
nential process, 

r(t)  = r** + (r o - r**)e-"* (3) 

where r o is the initial anisotropy, r| is the limiting ani- 
sotropy, and d? is the rotational correlation time. It is 
well-known that the initial anlsotropy ro can be as high 
as 2/5/1~ but measured values are typically much lower. 
An ultimate limit is set by the angle y between the chro- 
mophore's absorption and emission dipoles since ro < 
(2/5)/'2 (cosy), where the second-order Legendre poly- 
nomial P(eos0) is 1/2(3 cos20 - 1). However, the actual 
initial artisotropy measured in a typical TPA experiment 
is substantially reduced below this photophysical limit 
by chromophore motion relative to the protein and by 
protein segmental motions, both occurring on a nano- 
second time scale before observation can begin. We 

show below that optical saturation can also markedly 
reduce apparent anisotropies. 

When a photon of appropriate excitation wave- 
length impinges on a molecule where the angle between 
the light polarization and the molecular absorption tran- 
sition dipole is 0, the probability P of the photon being 
absorbed is 

P(O) = 1 - e . . . .  ~o (4) 

where the reduced excitation energy density a is calcu- 
lated as 

3000(~n10) eh ~Pw 
a = (5)  

h c N  

Among the constants in Eq. (5), h is Planck's con- 
stant, c is the speed of  light, N is Avogadro's number, 

is the molar absorptivity of  the chromophore, k is the 
excitation wavelength, �9 is the chromophore's overall 
quantum yield for triplet formation, and w is the energy 
density. If excitation occurs at the center of  a Gaussian 
laser beam, w is calculated as 2E/('rrR2), where E is the 
laser pulse energy and R is the 1/e 2 beam radius. In- 
spection of  Eq. (4) shows that molecules whose absorp- 
tion transition dipoles are parallel to the polarized 
excitation have the highest probability of  being excited. 
However, the probability of exciting molecules whose 
transition dipoles reside at large angles with respect to 
the plane of polarization increases as the pulse energy 
increases. 

For purposes of this paper we assume that the chro- 
mophore's absorption and phosphorescence emission di- 
poles are coincident, i.e., that y = 0. This is a reasonable 
approximation for xanthine dyes such as erythrosin; and 
in any case, we are interested only in how the real ani- 
sotropy, whatever it may be, is affected by saturation. 
At times immediately after excitation, the two measured 
initial phosphorescence intensities 10a and 1~ depend 
upon the excitation probability P(0) of  variously ori- 
ented molecules, upon the number n of  molecules ex- 
cited, upon the efficiency e of  detection and upon the 
rate constant/S for phosphorescence as 

Ion(a) = ~ n~kp P(O) cos20 sin0 dO 
0 

(6)  

Io~.(a) = ~ nEkp P(0) sin20 sin0 dO 
�9 0 

(7) 

Upon evaluation of  these integrals, the initial inten- 
sities are expressed as 
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1 e -~  1 , / '  
I~l(a ) = nek, {~ + 2"-'a-4"-a v-; e r f ( V a )  } (8)  

l e - "  2 a -  1 ~ / a  
Io~(a ) = nEk, {-~ -~a ~ erf(V~)} 

where 

(9) 

erf(X/a) = ~ f e -~ dx (10) 
o 

These equations allow calculation of the initial 
emission intensity So and the initial anisotropy r o as 

so(a) = ne.k. (1 - ~ erf(~a)) (1 I) 

ro(a) = 2a + 4----~ 

We now calculate the effect of the excitation energy 
density on the relative standard deviation in measured 
anisotropies. If, for any time after excitation, we denote 
/It - I~ by y and/11 + 2I~ by s, and let subscripted 
represent the standard deviations of the various varia- 
bles, the relative error o', of the anisotropy is seen to be 
given by 

! 
~r/r = (ff2/y -F o's2/s2) 2 (13) 

Since anisotropies are typically small, both/ ,  and 
L_ can be approximated by s/3. If  intensities are given 
as photon counts per channel, (r s equals s since Poisson 
statistics apply. Moreover, r ~ ,, 1. Thus 

2 l 
cr,/r = [(1 + ~ r2)/s] ~ 

2 ! 

= [ 3 - ~ ]  2 .~ S 

(14) 

The above results are also fully applicable to sat- 
uration effects in time-resolved fluorescence anisotropy 
measurements. However, the energy densities required 
for chromophore saturation are much less likely to be 
achieved in the picosecond excitation pulses typically 
employed in such experiments. 

EXPERIMENTAL 

Derivatization o f  Bovine Serum Albumin with Ery- 
throsin lsothiocyanate. Bovine serum albumin (BSA; 
Sigma Chemical Co., St. Louis, MO) was derivatized 

with erythrosin isothiocyanate (ErlTC; Molecular 
Probes, Eugene, OR) using the method described by 
Johnson and Holborow m~ to obtain a product with an 
ErlTC/BSA molar ratio of approximately 1.0. One hun- 
dred microliters of 10 -s M ErlTC-BSA in phosphate- 
buffered saline was added to 900 t~1 of 100% glycerol 
to obtain a 90% glycerol solution in which the concen- 
tration of ErlTC-BSA was approximately 10 -6 M. The 
actual percentage of glycerol in a sample was deter- 
mined by measuring the refractive index and using stan- 
dard tables/t2) 

TPA Measurements. A block diagram of the TPA 
apparatus is shown in Fig. 1. The ErITC-BSA sample 
contained in a 5 x 5-ram Suprasil quartz cuvette was 
mounted in a thermostated cuvette holder. A tempera- 
ture-controlled water bath was used to maintain the sam- 
ple temperature at 20.5~ during each experiment. The 
532-nm output of a Spectra-Physics DCR-11 Nd:YAG 
laser provided excitation pulses for the experiments. The 
laser was operated at l0 Hz with a vertically polarized 
TEM00 output. To obtain low laser energy densities, 
beam splitters were used in conjunction with mirrors to 
attenuate the beam. Laser pulse energy was measured by 
a Laser Probe Rm-3700 energy meter (Utica, NY) and 
the beam profile was determined by translating a slit or 
pinhole across the beam while recording transmitted en- 
ergy. The 1/e 2 radius of the beam was 3.9 mm, from 
which a 0.5-mm region was isolated by an iris for sam- 
ple illumination. Phosphorescence emission from the 
sample was collected at 90 ~ to the excitation axis. A 1 
M sodium dichromate solution, a KV-550 barrier filter, 
and a 715-nm longpass filter were placed in front of the 
rotatable emission polarizer to eliminate exciting light. 
The phosphorescence signal was collected by an EMt 
9816A photomultiplier tube (PMT). A fast gating circuit 
was used to gate.the PMT off during the excitation laser 
pulses. (m4) The output signal from the PMT was am- 
plified by a Tektronix 476 oscilloscope and then by a 
35-MHz bandwidth buffer amplifier. Two thousand 
forty-eight traces in each orientation were averaged by 
a Nicolet 12/70 signal averager and downloaded to a 
80386 microcomputer for storage and analysis. To min- 
imize the effects of any sample photobleaching and/or 
long-term fluctuations in laser intensity on measured 
anisotropies, these traces are collected as a sequence of 
64-trace blocks with the emission polarizer in the par- 
allel and perpendicular orientations in even- and odd- 
numbered blocks, respectively. In fact, almost no 
photobleaching of erythrosin is observed. For example, 
excitation of ErITC-BSA at a reduced excitation energy 
density of 1 causes only 0.64% phosphorescence loss 
after 2048 laser pulses (data not shown). If  data are col- 
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Fig. 1. Block diagram of apparatus for time-resolved phosphorescence anisotropy measurements. The functions of the various components are 
described in the text. 
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�9 Fig. 2. Initial phosphorescence intensity, normalized to the highest value 
observed, plotted versus reduced laser energy density a for 1 IJM ErlTC- 
BSA in 90% glycerol solution at 20.5"C. a is defined by Eq. (5). The 
solid line represents theoretically calculated values from Eq. (11) and 
the open circles am experimental data points from Table I. 

lected in blocks of  64 laser pulses as described above, 
such photobleaching increases measured anisotropies by 
less than 0.0007. 

Data Analysis. Phosphorescence intensities /~l(t) 
and L.ct) were used to calculate a total emission intensity 
function s(t), the decay of  which was analyzed according 
to a two exponential model. Results from the lifetime 

analysis were used to weight anisotropy points in a non- 
linear least-squares fit to Eq. (3) to obtain the initial 
anisotropy to, the limiting anisotropy r=, and the rota- 
tional correlation time d~, as well as the statistical un- 
certainties in these quantities, o5~ The standard deviation 
of anisotropies measured near the beginning of  the decay 
trace, i.e., where r(t) oc ro, was calculated manually. 

RESULTS AND DISCUSSION 

Inspection of Eq. (11) shows how increasing exci- 
tation energy density a ought to affect initial phospho- 
rescence intensity so. Phosphorescence should first 
increase, then approach saturation for large values of  the 
reduced energy density a, as shown by the smooth curve 
in Fig. 2. Data in Table I were obtained when identical 
samples of  ErlTC-BSA in 90% glycerol were excited 
by laser energies extending over several orders of  mag- 
nitude. In Fig. 2 these intensifies, normalized to the high- 
est value observed, are plotted vs a and compared with 
values calculated from Eq. (11). Good quantitative 
agreement is observed. For a = 1, the initial phospho- 
rescence intensity is 25% of  the maximum possible 
value and, at a = 3, it reaches 50%. So plateaus at an 
essentially constant value when a exceeds about 10. 
Clearly, for evaluating kinetics of  phosphorescence de- 
cay, there is little benefit in employing excitation energy 
densities above, say, a ~ 1. 

Equation (12) predicts how initial anisotropies ro 
should be affected by high excitation energy densities. 
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Table I. Dependence of  Phosphorescence Intensity and Anisotropy 
on Excitation Laser Energy Density* 

E w a S,o/ro g 

(pJ)~ (IM/cm2)" [ex Eq. (5)] ~ I ~ , '  r /  ( x  104) 

0.745 3.10 0.0096 0.0032 0.140 55.4 
7.12 29.6 0.092 0.0116 0.140 35.0 

79.9 332 1.03 0.091 0.123 14.8 
390 1620 5.02 0.383 0.092 18.4 

1140 4740 14.7 0.693 0.071 19.2 
5360 22300 69.1 1.01 0.030 25.8 

19900 82700 256 1.00 0.015 53.2 

* The sample was 1 IxM ErlTC-BSA, with a dye-to-protein molar ratio 
of 1.0, in 90% glycerol thermostated at 20.5"C. For each sample, 
2048 I a and I~ traces were averaged and used to calculate the total 
emission and anisotropy functions. 

b E is the total energy per excitation pulse in p.J. 
#w is the excitation energy density in pJ/cm 2 calculated as 2E/(crr2) ,  

where r is the 1/e 2 radius of the laser beam. 
#a is the reduced excitation energy density for excitation of  erythrosin 

phosphorescence by 532-nm light calculated by means of  Eq. (5) 
using values of 1.01 x 10 ~ L mol -t cm -t and 1.0 for 8 M and qb, 
respectively. 

' lp~, is the initial phosphorescence intensity normalized to the highest 
value observed. 

/to is the initial anisotropy obtained by fitting experimental anisotropy 
decay curves to Eq. (3). 

g s , o / r  o is the standard deviation of  measured anisotropies in the initial 
portion of the decay curve divided by the fitted initial anisotropy. 
Results given are the means of  three independent determinations. 

The effect is easy to rationalize qualitatively. With in- 
creasing excitation the difference between 1~ and/E de- 
creases while So plateaus. Thus the initial anisotropy falls 
and, in fact, approaches zero as the excitation energy 
density increases. Figure 3 presents initial anisotropies 
ro from Table I normalized to the maximum value ob- 
served and plotted vs the reduced energy density a. 
These are compared with values calculated from Eq. 
(12). Experimentally, r 0 decreases from 0.140 to 0,015 
as a increases from 0.0096 to 256. Again, the observed 
dependence of initial anisotropy on excitation energy 
density is quantitatively described by the equations we 
develop. Calculation shows that, for a = I, the initial 
anisotropy is 88% of the value observed at low excita- 
tion energy but that, by a = 3, it has decreased to only 
70%. One might feel that excitation energies correspond- 
ing to a o: 1 represent a reasonable upper limit for time- 
resolved phosphorescence anisotropy measurements 
since higher energies reduce anlsotropies substantially. 

The traces in Fig. 4 graphically underscore the se- 
verity of saturation effects on TPA measurements. For 
low reduced energy densities a, such as the value of 0.09 
shown, both/I and L. are proportional to a so that sat- 
uration effects on the initial anisotropy are negligible. 
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Fig. 3. Initial phosphorescence anisotropy, normalized to the highest 
value observed, plotted versus reduced laser energy density a for 1 
)aM ErlTC-BSA in 90% glycerol at 20.5"C. a is defined by Eq. (5). 
The solid line represents theoretically calculated values from Eq. (12) 
and the open circles are experimental data points from Table I. 
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F ig .  4. Comparison of  experimental time-resolved phosphorescence 
anisotropy traces obtained at low (a = 0.096) and high (a = 69) 
excitation energy densities on samples of  ErlTC-BSA in 90% glycerol 
a t  20.5"C. The reduction of  phosphorescence anisotropy by saturation 
is apparent in the high-energy U'ace. 

As a increases beyond unity, such as to the value of 69 
indicated, saturation of both/I and/~ causes these two 
quantities to approach each other, reducing apparent an- 
isotropies. For example, the trace recorded at a = 69 
exhibits anisotropies reduced almost fivefold by satura- 
tion. 
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Fig. 5. Dependence of relative standard deviation of measured phos- 
phorescence anisotropies on reduced laser energy density a defined by 
Eq. (5). Open circles are experimental points from Table I. The smooth 
curve is calculated by Eq. (14) and scaled to set the predicted mini- 
mum relative standard deviation equal to the minimum observed value. 
Such sealing is necessary since Eq. (14) assumes that intensities are 
determined by photon counting while we employ analog detection in 
practice. Thus a measured photocurrent reflects an indeterminate rate 
of photon counts and Eq. (14) needs to be multiplied by an appropriate 
constant to give relative standard deviations directly applicable to our 
experimental situation. We have simply chosen this constant so that 
the minimum relative standard deviation predicted by Eq. (14) agrees 
with the minimum value observed experimentally. 

Equation (14) predicts the dependence of the rela- 
tive standard deviation cr/r in measured anisotropies on 
a, assuming photon-limited noise. At very low excitation 
energy densities where s approaches 0 and 1/s ap- 
proaches ~, cr,/r approaches ,o. At very high excitation 
levels where I B approaches L. and r approaches 0, r 
approaches oo once again. Between these two extremes 
a minimum relative error or J r  should be obtained at some 
value ofa .  Figure 5 compares measured relative standard 
deviations of  measured phosphorescence anisotropies 
with those predicted by Eq. (14). This equation predicts 
that the noise-to-signal ratio in anisotropy measurements 
should attain a minimum at a = 2.6 and it is clear that 
the experimental noise-to-signal ratio reaches a mini- 
mum very close to this point. Moreover, the general 
shape of the experimental curve agrees satisfactorily 
with theory, though the minimum is somewhat shallower 
than might be expected. The likely explanation for this 
is that noise in our amplifiers is not solely photon-lim- 
ited as Eq. (14) assumes but, rather, contains a constant 
component of  electrical origin. In such a case an addi- 
tional noise term would have to be added to Eq. (14), 

giving a higher minimum noise level and a broader min- 
imum. If such a curve were lowered to superimpose its 
minimum upon the minimum of  the experimental data, 
we would have the sort of  curve shape observed. 

We have thus investigated saturation effects on ini- 
tial phosphorescence intensity and anisotropy at high la- 
ser excitation energy densities. At reduced excitation 
laser energy densities above - 1 ,  phosphorescence inten- 
sities plateau and measured anisotropies begin to de- 
crease rapidly. The minimum relative standard deviation 
of measured phosphorescence anisotropies occurs at a = 
2.6, but at this excitation energy, anisotropies are re- 
duced 30% by saturation. The tradeoff is thus between 
definition of the anisotropy decay curve, something op- 
timized at a = 2.6, and agreement of  measured anisot- 
ropies with their theoretically significant, low-excitation 
limiting values, something approached only with mini- 
mal excitation. We suggest that a reasonable compro- 
mise may be to operate near a = 1, where anisotropy 
values differ by at most 12% from those obtained in the 
low-excitation limit, while the decay curve signal-to- 
noise ratio is only marginally lower than the maximum 
obtainable at a = 2.6. Optimum experimental conditions 
for anisotropy measurements can thus be found from Eq. 
(5) and depend both upon the laser beam profile and on 
what part of the beam illuminates the sample. For ex- 
citation of  erythrosin chromophores near 532 nm by the 
center o f a  TEM00 beam having a 1/e a radius of R nun, 
the energy E~= I in mierojoules corresponding to a value 
of a = 1 is 5.0 R 2. For a 1/e a radius of 3.9 mm, a figure 
typical of many Nd:YAG lasers used in TPA experiments, 
this corresponds to a laser energy of 80 p.J per pulse. 
Phosphorescence can also be excited by an entire Gaus- 
sian beam of  1/e 2 radius of  R mm or by a circular beam 
of uniform profile having overall radius of R ram. In ei- 
ther case, the corresponding formula for Eo. 1 is 10.0 R ~. 

Measurements in the literature have been performed 
at reduced excitation energy densities both substantially 
above and below the value of 1 which we suggest. While 
published information on beam size and mode employed 
in specific studies is often incomplete, we have inferred 
a values ranging from 0.1 to over 600. (7.9,1~-2~ Clearly, 
the lower figure fails to define an anisotropy curve 
nearly as well as could be achieved with higher powers. 
The highest excitation energy, if actually employed, 
would have yielded phosphorescence anisotropies only 
5% of the correct values, and so, in fact, lower energy 
densities were probably used. In general, published TPA 
results indicating unexpectedly low anisotropies for a 
particular phosphorescent probe ought to be carefully 
scrutinized for evidence of  excitation saturation. 
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This discussion thus underscores  the need  to control 
carefully the excitat ion energy in TPA experiments .  The 

extremely low phosphorescence  signals avai lable from 

cellular  samples need  to be max imized  through adequate 

excitation, but  depolar izat ion due to saturat ion at exces- 

sive excitation energies mus t  be  carefully avoided. The 

data and calculat ions presented demonstra te  that the 

range o f  excitation energies  y ie ld ing truly op t imum TP A 

data is surprisingly narrow. 
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