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fluorescence Polarization of the Complexes of 
1 -Anilin43-naphthalenesulfonate with Bovine Serum Albumin. 
Evidence for Preferential Orientation of the Ligand’ 

Sonia R. Andersont and Gregorio Weber 

ABSIRA~: The rotatiooal rehation time (p) of the 
complexes of l-aniIine8-naphthalenesulfonate with 
bovine serum albumin has been calculated from 
independent measurements of fluorescence polarization 
and lifetime for different values of ii, the average num- 
ber of 1 aniline8-naphthahsulfonate molecules bound 
per molecule of bovine serum albumin. It increases from 
105 f 3 m a t  ii = 1 to 128 f 3nsecatii = 5when the 
wavelength of excitation is 366 nm, but remains wn- 
stant at 105 nsec for all values of d when excitation is at 
436 tun. Depolarization by energy transfer in both tbe 

nate has a very low fluorescence yield WfKn free in aque- 
ous solutions, but becorns highly fluoresrmt upon 
binding to bovine serum albumin (Weber and Laweace, 
1954). ‘zbe favorable overlap integral bet- the a b  
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bovine serum albumin-laniline8-naphthalenesulfe 
nate adsorbates and concentrated solutions of 1-aniline 
8-naphthahulfonate in propylene glycol is wavelength 
dependent, transfer failing in both cases upon excitatioa 
at 436 nm. Energy transfer is therefore the origin of the 
apparent increase in (p) with 1. Analysis of the results 
according to the preceding paper shows that a model of 
preferential orientation of the l-anilindl-naphthalene- 
sulfonate molecules in planes parallel to the equator of 
a prolate ellipsoid of axial ratio 4 accounts for the o b  
servations. 

sorption and emission spectra of l-anilinel-naphtha- 
lenesulfonate results in electronic energy transfer among 
l-anilino-8-naphthalenesulfonate residues bound to the 
samebovineserumalbumin molecule(Weber and Young, 
1964). In order to visualize a model depicting the aver- 
age distance between binding sites and the mutual or- 
ientations of the bound 1-aniline-&naphthakulfe 
~ t e  molecules, Weber and Daniel (1966) examined 
the fluorescence polarizations at difkent values of ii.’ 
The resulting modd is a system of “equivalent oscil- 
Mors” in which the average distance between binding 

371 
1 Abbreviations used in this work: n, the average number of 

moles ofligand bound per mole of protein. 
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FIGURE 1: Plots of reciprocal of polarization, l/p, against 
T/T (degrees Kelvin per centipoise) for l-anilino-%naph- 
thalenesulfonak-bovine serum albumin complexes. The 
wavelength of the exciting light was 366 nm. Experimental 
conditions: 0.10 M potassium phosphate, pH 7.0, 25.0". 
The l-anilino-&naphthalenesulfonate and bovine serum 
albumin concentrations used are desaibed in Table I. 
ii = 1,O;R = 2,O;ii = 3,m; iz = 4,A;andii = 4.74,O. 

sites is 21 A and the average angIe between emission os- 
cillators is 33". Insight into the distribution of ligand 
among protein molecules was also gained from the ex- 
periments: the polarizatons observed at pH 7 approach 
the trend predicted for the random distribution of 1- 

0 LO 20 31) 4.0 5.c 

ii 

mum 2: The variation of (p)/r with ii observed upon 
excitation at 366 and 436 nm (0, 0, SUQW was added 
to solutions at 2 5 0 ;  0, the temperature was varied). 372 

anilino-&naphthahesdfonate among albumin mole 
cules bearing five identical, noninteradag bin* sites. 

In the previous paper (Weber and Anderson, 1%9), 
we have shown that additional information can be ob- 
tained from fluorescence polarization data. The d e p -  
dence of the observed rotational relaxation time upon 
the probability of transfer may reflect the degree of elon- 
gation of the protein molecule and the orientation of 
the ligands with respect to its axial and equatorial planes. 
We shallexpand the model proposed by Weber and 
Daniel (1966) with new observations which are inter- 
nally consistent and in excellent agreement with the 
known hydrodynamic properties of the bovine serum 
albumin molecules. 

Experimental Procedures 

Crystallized bovine serum albumin was purchased 
from Armour Pharmaceutical Company and the mag- 
nesium salt of 1-anilino-8-naphthalenesulfonate was 
prepared by Weber and Young (1964). All other reagents 
were analytical grade. Bovine serum albumin concen- 
trations were determined spectrophotometrically, using 
an extinction Coefficient of 4.35 x lo4 M-I cm-I at 280 
nm. l-Anilino-8-naphthalenedfonate concentrations 
were calculated using the value of 4.95 X 10' M-* Cm-' 
for the absorption coefficient at 350 nm. 

Fluorescence polarizations were measured with a 
photoelectric polarization photometer using the isolated 
lines of a high-pressure mercury arc for excitation 
(Weber, 1956). The 313-nm line was isolated by means 
of a combination of a 313-nm interference filter and 
Coming glass CS 7-54 filter; the 365-nm group of lines, 
by Corning glass filters CS 7-37 and CS 4-71; the 404- 
nm line, by a W n m  interference filter; and the 436-nm 
line, by a 436-nm interference filter and Corning glass 
7-59 filter. In all cases, the fluorescence was observed 
through a 2-mm layer of 2 M NaNOr solution and either 
Coming glass filter CS 3-72 (with excitation at 313, 
365, or 404 nm) or Coming filter CS 3-70 (with excita- 
tion at 436 nm). The instrument designed by Weber and 
Bablouzian (1966) was used in the determination of fluo- 
rescence polarization spectra. To avoid depolarization 
by radiative transfer, quartz cuvets of light paths rang- 
ing from 1 mm to 1 cm were used. Varying amounts of 
sucrose were added to the solutions in order to adjust 
the viscosities to values obtained by interpolation from 
the tables of Bingham and Jackson (1918). 

Direct measurements of fluorescence decay time were 
made with the crosscorrelation phase fluorometer de- 
signed by Spencer and Weber (1968). Direct resolution 
of 0.1 nsec is possible with this instrument. 

Sedimentation constants were determined using the 
Spinco Model E ultracentrifuge. 

ReSUlts 

Dependence of the Rekaxatwn Time upon the Nwnber 
of I -Ani l ino-8-nopht~l~s~fonote  Molecules Baud. 
The dependence of the fluorescence p o b t i o n ,  p, upon 
the rotational relaxation time, p, and the lifetime of the 
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TABLB I: Summary of Physical &mtmts of Bovine Serum Albumin-l-Aniline&naphthalenesulenesulfonate Complexes.. 

3 6 n m  Excitation 

ii s20.r 6) ((p)/rhlo 7 (-1 ( p ) Z 6 O b  

0 4.13 
1 .o 4.16 6 . 6  15.9 105 
2 . 0  4.13 7 . 2  15.8 114 
3 .O 4.16 7 .7  15.5 119 
3.98 4.15 8 .2  15.4 126 
4.74 4.13 8.5 15.0 128 

436-nm Excitation 

((p)/rhro 7 (-) (P)Zso* (=I 

7 . 9  13.0 103 
8 .2  13.4 108 
8 .O 13.4 107 
8 .0  13.1 105 
8 . 2  12.6 103 

-Experimental conditions: 0.10 M phosphate (pH 7.0) and 1.5 X lo-' M bovine serum albumin. bCoefficient of 
variation is 3 %. 

excited state, r, is given by the Perrin equation, where 
PO is the limiting polarization observed in rigid media. 

- ;) = (a - ;)(l + ;) 
Since p is directly proportional to v/T (the ratio of the 

viscosity of the solvent to the temperature in degrees 
Kelvin), a plot of I /p  against T/q gives a straight line 
with intercept at l/po when T/q -c 0. The relaxation time 
at a specified temperature and viscosity is easily calcu- 
lated 

The values of (p) presented here were calculated from 
the fluorescence polarization data and the lifetimes of the 
excited state determined directly by use of a phase fluo- 
rometer (Spencer and Weber, 1%8). 

Weber and Young (1964) and Weber and Daniel 
(1966) found that the fluorescence polarization of 
the 1-anilino-8-naphthalenesulfonate-bovine serum 
albumin complexes observed upon excitation at 
366 nm decreases monotonically with increasing ii. 
Any of three factors could contribute to this phe- 
nomenon: changes in the rotational relaxation time of 
the bovine serum albumin molecule, variation in the 
lifetime of the excited state, and energy transfer among 
bound 1-aniline8-naphthalenesulfonate residues. The 
values of (p) / r  determined by Weber and Daniel (1966) 
varied from 6.6 f 02 when ii 5 1 to 7.7 when ii = 2. 
However, they did not consider the significance of the 
variation and concluded that energy transfer alone was 
responsible for the change in polarization. Absolute 
values were not assigned to (p )  since direct measurements 
of 7 were not available. However, the constancy of the 
fluorescence yield was invoked to rule out variation in 
7. 

We have extended the measurements of (p)/r and p 
to cover the range of ii from 1 to 5. The results indicate 
that not ody  is the change in (p) /r  at ii = 2 significant, 
but that the increase continues beyond ii = 2 (Figures 
1 and 2). Direct measurements of r carried out with the 
crosscorrelation phase fluorometer give values decreas- 
ing from 16 to 15 ~lsecs when ii varies from 1 to 5. Thus 
(p)increasesfrornlOS f 3nsecatii = 1 to128 f 3nsec 
at ii = 5 (Table I). 

increase in (p) reflects a gross change in the 
hydrodynamic properties of the bovine serum albumin 
molecule, there must be related changes in the frictional 
c d c i e n t  for translation. Careful determinations of 

If the 23 
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FIGURE 3: Fluorescence polarization spectra of dilute 
(lo-' M) and concentrated (0.125 M) solutions of 1-aniline 
8-naphthalenesulfonate in propylene glycol at -55" .  The 
absorption spectrum at 25' is superimposed to demon- 
strate the correlation of the electronic transitions with the 
different polarization values. (This figure has been repre 
duced from Weber, 1968.) 373 
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FIGURE 4; A plot of N. the average numbu of effkctiw 
transfen per &ion in the comentrated solution of 1- 
miho-8-naphthdenesulfonste, against the wavelength of 
the exciting light (x-x). The atsorption spectrum (-) and 
the positions of the two overlapping absorption bands 
estimated from the polarization spectra of dilute solutions 
(---) are superimposed The experimental conditions are 
givmunderFigure3. 

sqg.., however, reveal constancy within 1% (Table I). 
Apparently a true hydrodynamic change is not involved. 

Is the increase in (p) related t o  the increasing prob- 
ability of transfer? The calculations in the preceding 
paper (Weber and Anderson, 1%9) show that if the bo- 
vine serum albumin molecule preserves its size and shape 
at  all degrees of binding, it would be reasonable to at- 

P 
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FIGURE 5: Eluorescence polarization spectra of l-anilino-8- 
naphthalenesulfonate-bovine serum albumin complexes 
when ti = 0.1 and when ji = 5. Conditions: 0.10 M potas- 

374 sium phosphate, pH 7.0,5". 

TABLE n: Fluorescence Spectra of 0.16 M l-Anilinc& 
naphthahesulfonate Dissolved in Propylene Glycol.0 

Wavelength of 
Exciting Light 

(nm) X - 11. (nm) X, (nm) X + (nm) 

270 446 480 525 
290 447 480 525 
320 446 480 523 
340 446 480 523 
360 447 480 523 
400 446 480 523 
420 447 482 525 
440 450 484 528 

.Thin layers 1 mm in depth were examined. Band 
widths of excitation and emission: 3 mn. Note: the 
spectra are not corrected for grating transmission and 
photomultiplier response. 

tribute the variation in ( p )  with f i  to preferential orien- 
tation of the ligand. However, it is possible to go be- 
yond this and to directly correlate the increase in ( p )  
with transfer. 

Dependence of Energy Transfir upon the Wavelength 
of the Exciting Light. fluorescence polarization spectra 
of thin layers of indole solutions in propylene glycol 
have shown that the concentration depolarization dis- 
appears upon excitation at the long-wavelength edge of 
the absorption band (Weber, 1960). In our search for 
a way to correlate the apparent increase in relaxation 
time with transfer among preferentially bound l-ani- 
lino-8-naphthalenesulfonate molecules, we have ob- 
tained fluorescence polarization excitation spectra of 
1 -anilino-8-naphthalenesulfonate dissolved in propylene 
glycol at -55" (Figure 3). Propylene glycol forms a 
rigid glass at this temperature. Ligh! of varying wave- 
length, with a band width of 1&20 A over most of the 
spectrum, was used for excitation. The over-all polar- 
ization of the emission at wavelengths greater than 500 
mp was recorded. 

The polarization spectrum of a dilute (lo-' M) so- 
lution of l-anilino-8-naphthalenesulfonate reflects the 
relative contributions of the electronic transitions in ab- 
sorption (Figure 3). In fact we can outline the individual 
positions of the two overlapping absorption bands which 
compose the long-wavelength absorption peak (Figure 
4). Transfer among 1-anilino-8-naphthalenesulfonate 
molecules in a concentrated (0.125 M) solution results 
in a proportional decrease in polarization throughout 
the region 260-380 nm. However, the extent of transfer 
declines steadily upon excitation at wavelengths greater 
than 380 nm. The average number of eflectice transfers 
per emission in the concentrated solution of l-anilino- 
8-naphthalenesulfonate can be calculated from its polar- 
ization, p ,  and the corresponding polarization, pm, of 
a dilute solution in which no transfer occurs (Weber, 
1966). 

A N D E R S O N  A N D  W E B E R  
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FIGURE 6: plot of relative emission anisotropy (&)/&I -B 0)) as a function of f i  at different wavelengths of excitation: 436 MI, 
0: 4orl nm, A; 366 nm, 0; and 313 nm, 0. The absolute values of A(ii -c 0) are as follows: 436 nm, 0.408; 404 nm, 0.407; 366 
nm, 0.343; and 313 nm, 0.248. Conditions: 0.10 M potassium phosphate, pH 7.0,25"; 10 m g / d  of bovine serum albumin. 
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N=- P P.. 
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A plot of N DS. wavelength shows that the degree of 
transfer varies from 0.8 at 340 nm to approximately 0 
at 440 am (Figure 4). There appears to be no correlation 
between the change in Nand  the positions of the two 
overlapping absorption bands estimated from the polar- 
ization spectra of dilute solutions. The identity of the 
emission spectra found upon excitation in the range 270- 
440 nm rules out interference from a fluorescent impu- 
rity (Table E). 

Clearly this represents a second example of energy 
transfer dependent upon the wavelength of excitation. 
This phenomenon, which seems to be general, is pres- 
ently under study. For our present purpose it is suffi- 
cient to know that transfer fails to occur upon excitation 
at 436 nm. 

The dependence of transfer upon exciting wavelength 
was found in 1 -anilinc-8-naphthalenesuLfonate=-bovine 
serum albumin adsorbates just as in concentrated solu- 
tions of 1-anilinc-8-naphthalenesulfonate in propylene 
glycol (Figures 5 and 6). The polarization on excitation 
at 436 nm varies only 3 z  throughout the range of ii; 
concurrently (p)/. becomes independent of the number 
bound (Table I and Figure 2). Therefore, the intrinsic 
correlation between increase in relaxation time and 
transfer is confirmed. 

The value of @)/T found upon excitation by the 436- 
nm where transfer does not take place is virtually in- 

dependent of ii and conspicuously higher than the value 
for ii + 0 found on excitation by the 366-nm wavelength 
of Hg (Figure 2). This suggested that the lifetime of the 
excited state found upon excitation at 436 nm is appre- 
ciably shortened; the directly measured value is in fact 
13.3 llsec (Table I). Therefore, the corresponding value 
of (p) is 105 nsec, in good agreement with the value at 
366 nm when ii -P 0. The differences in T may r e k t  the 
heterogeneity of the adsorbed population as regards its 
absorption spectrum and Lifetime, or a property of the 
1-aniline8-naphthalenesdfonate molecule. Experi- 
ments to determine this point are being presently carried 
out. 

The Decrease in Limiting Polarization with ii. To en- 
sure that migration of the excited state is the only vari- 
able source of depolarization, energy-transfer calcula- 
tions should be based on measurements of the limiting 
polarization, po. In their analysis, Weber and Daniel 
(1966) assumed that the decrease in polarization with ii 
found upon excitation at 366 nm was accounted for 
entirely by variation in PO. Since our observations on 
the variation (p )  with ii show that the polarization 
actually involves two parameters, we have repeated the 
analysis using the extrapolated values of A&) instead 
of A(ii) (Figure 7). The reader is referred to the paper 
of Weber and Daniel (1966) for the details of the calcu- 
lations. 

We shall only restate here that the analysis permits 
determination of two values: AT, the anisotropy of the 
fluorescence. emitted after one transfer, and 6 = u/X, the 
average ratio of the rates of transfer, u, and emission, A. 
These values are used to construct an equivalent system 
in which actual distance, re, and orientation, e., are as- 375 
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FIGURE 7: Plot of Adfi)/Ao(ii + 0), the ratio of the limiting anisotropies, for various values of r?. Wavelength of exiting light: 
366 nm. The absolute value of A& -+ 0) is 0.478. The other experimental conditions are given under Figure 6.0, Sucrose was 
added (25'); 0, the temperature was varied. 

signed to an average pair of oscillators occupying two 
binding sites. In this equivalent system, the depolari& 
effects would be the same as those observed in the ex- 
periments. While Weber and Daniel (1966) estimated 
E 'v 0.58 from the set of values of A@), calculations 
made from the limiting polarizations lead to E 'V 0.75 
(Figure 8) and AT = 0.264. Nevertheless, the new values 
of 0. and re, 33 O and 20 A, do not difFer appreciably from 
the old ones of 33' and 21 A. Hence, the conclusions 
of Weber and Daniel are vindicated. 

The average angle, A, between the oscillators of a b  
sorption and emission can be calculated from the lim- 
iting polarizations (Jablonski, 1935) since e - ;) =: 32/3(cos'A - 111 

The average angle between oscillators of absorption and 
emission calculated from the limiting anisotropy o b  
served in the absence of transfer is 21 ' 30' for excitation 
by the 366-nm wavelength of Hg. Similarly, the average 
angle between donor and acceptor oscillators in transfer 
estimated from AT is 37' 40'. 

The plots of (P)/T and of the limiting anisotropy 
us. ii reveal a distinct inflection near ii = 1 (Figures 2 
and 7). The position of this infiection coincides with that 
found in the titration curves of bovine serum albumin 
and l-anilino-8-naphth~enes~o~te (Daniel and 
Weber, 1966). However, the changes in p o  and PO 
compensate each other so that the polarization meas- 
ured at 20-25" in 0.1 M phosphate buffer simply de- 
creases continuously with increasing ii (Figure 6). Thus 

0 ~ l l l " l l " " n " " n l '  
0 .5 1.0 15 LO 

E 

FEURE 8: Plot of u, the average standard deviation between 
the anisotropies due to specified systems of equivalent 
oscillators and the experimental data given in Figure 7 
(see Weber and Daniel, 1966). B is the average ratio of the 
rates of transfer and emission. 376 
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FIGURE 9: The experimental data of Figure 2 replotted to 
show the dependence of @)/r upon the average degree of 
transfer calculated from the experimental values of ii and a 
value for e of 0.75. Random distribution of the ligand 
among binding sites was assumed; 366-nm excitation. 
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Weber and Daniel (1966) could not observe this detail 
in their measurements. 

Discussion 

Measurements of ( p )  and T of l-anilino-l-naphtha- 
lenesulfonate-bovine serum albumin absorbates show 
that as ii+ 0, ( p )  approaches 105-110 nsec. This value 
is significantly lower than the value of 130 nsec ob- 
tained from measurements of ( p )  in l-dimethylamino- 
naphthalene-5-sulfonate conjugates, for which the ob- 
served relaxation time is close to the harmonic mean of 
the principal relaxation times of rotation (Weber, 
1952; Moser et al., 1966). This value is obtained 
either by variation of temperature or isothermal in- 
crease in viscosity and is therefore free of effects 
arising from thermally activated ligand rotations 
(Wahl and Weber, 1967). The simplest explanation of 
the low relaxation time is found in the preferential 
equatorial orientation of the bound ligand. In fact, the 
value of pa reported by Moser et uf. (1966) is 110 nsec. 

The increase in rotational relaxation time from 103 
nsec at ii = 1 to 128 nsec at ii = 5, where 75x of the 
fluorescence is emitted after transfer, agrees well with 
the increase expected for ligands equatorially placed on 
a prolate ellipsoid of axial ratio 4 if the ligands are co- 
planar but otherwise not preferentially oriented (com- 
pare Figure 9 with Figure 10 of Weber and Anderson, 
1969). A monotonic increase in (p )  with ii could also be 
expected for axial orientation if the oscillators of ab- 
sorption and emission are astride the axis of revolution 
(Figure 5b of Weber and Anderson, 1969). From Figure 
5b of Weber and Anderson (1969) it is easy to calculate 
that such a model would give ( p )  = 180 nsec at A = 
0 and ( p )  = 220 nsec at ii = 5. Clearly the absolute 
values of the rotational relaxation times are sufficient 
to exclude this model. 

We are therefore led to the conclusions that: (1) the 
increase in ( p )  with ii reflects the preferential orienta- 
tion of the bound ligands with respect to the axis of 
revolution of the hydrodynamic ellipsoid. (2) Appar- 
ently the only model which can account for the increase 
in ( p )  with ii and for the absolute values observed is 
one in which the ligands are located in planes closely if 
not rigorously parallel to the equator (Figure 10). It 
is not necessary to postulate any further orientation of 
the ligands with respect to each other to obtain quali- 
tatively and quantitatively the results observed. 
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BRIGHTLY 
FLUORESCENT 
ANS MOLECULES IN 
FIVE INNER BINDING 

2SlTES APPROXIMATELY 
NORMAL TO LONG 
AXIS OF MOLECULE. 

FIGURE 10: Hypothetical model demonstrating the pref- 
erential equatorial orientations of the molecules of 1- 
anilino-8-naphthalenesulfonate bound to bovine serum 
albumin. 

Added in Proof 

Recent observations of fluorescence lifetime of the 
anihonaphthalenesdfonate-bovine serum albumin 
complexes (T. Pasby and G. Weber, unpublished data) 
have shown a small but significant decrease of about 
8% in the interval ii = 1 to f i  = 0.1. Thus, ( p )  is con- 
stant at approximately 105 nsec over this interval. 
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