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Determination of Time-resolved  Fluorescence Emission Spectra 
and Anisotropies of a Fluorophore-Protein Complex Using 
Frequency-Domain  Phase-modulation  Fluorometry* 

(Received  for publication,  March 12,  1984) 

Joseph R. LakowiczSf, Enrico Grattonnll, Henryk Cherek$**, Badri P. MaliwalS, and 
Gabor LaczkoSS 
From the $University of Maryland School of Medicine,  Department of Biological Chemistry, Baltimore, Maryland 21201 and the 
llUniuersity of Illinois at  Urbana-Champaign,  Department of Physics,  Urbana, Illinois 61801 

We report  the  first time-resolved fluorescence emis- 
sion spectra  and time-resolved fluorescence anisotro- 
pies obtained using frequency-domain fluorescence 
spectroscopy. We examined the fluorophore p-2-tolui- 
dinyl-6-naphthalenesulfonic acid (TNS)  in viscous sol- 
vents  and bound to the heme site of apomyoglobin using 
multifrequency  phase  fluorometers.  Fluorescence 
phase shift  and modulation data  were obtained at mod- 
ulation frequencies ranging from 1 to 200 MHz. For 
time-resolved emission spectra,  the impulse response 
for the decay of intensity at each emission wavelength 
was obtained from the frequency response of the sam- 
ple at  the same emission wavelength. The decays have 
negative pre-exponential  factors, consistent with  a 
time-dependent spectral  shift to longer wavelengths. 
These multiexponential decays were used to construct 
the time-resolved emission spectra, which were found 
to  be in good agreement  with earlier spectra obtained 
from time-domain measurements. Additionally, time- 
resolved anisotropies were obtained from the  fre- 
quency-dependent phase angle differences between the 
parallel  and perpendicularly polarized components of 
the emission. The  rotational  correlation times of TNS 
bound to apomyoglobin are consistent with those ex- 
pected for  this probe rigidly bound to  the protein. TNS 
in propylene glycol also displayed a single exponential 
decay of anisotropy. These results,  in conjunction with 
the previous successful resolution of multiexponential 
decays of fluorescence intensity (Lakowicz, J. R., 
Gratton, E., Laczko, G., Cherek, H., and Limkeman, 
M. (1984) Biophys. J., in press; Gratton, E., Lakowicz, 
J. R., Maliwal, B. P., Cherek, H., Laczko, G., and 
Limkeman, M. (1984) Biophys. J., in press) demon- 
strate  that frequency-domain measurements provide 
information which is, at a minimum, equivalent  to that 
obtainable from time-domain measurements. 
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presented at the meeting of the American  Society for Photobiology, 
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accordance  with 18 U.S.C. Section 1734 solely to indicate this fact. 
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11 Recipient of Grant PCM 79-18646 from the National Science 
Foundation. 

** On leave from Nicholas  Copernicus  University, Torun, Poland. 
$3 On leave from Jozef Attila University, Szeged,  Hungary. 

Fluorescence  spectroscopy can provide detailed  information 
on  the behavior of macromolecules on  the nanosecond time- 
scale. This  information is contained  in  the time-resolved 
emission spectra  or time-resolved anisotropies of intrinsic  or 
extrinsic fluorophores. In principle, the  parameters which 
characterize  the time-resolved  decays may be obtained by 
measurements  in  either  the  time-domain  or  in  the frequency- 
domain. Because of the widespread  availability of time-do- 
main  fluorescence instrumentation,  and  the lack of appropri- 
ate frequency-domain instrumentation,  most time-resolved 
data have  been obtained using measurements  in  the  time- 
domain (1-3). Some successes  have  been  achieved in resolving 
multiexponential decays of fluorescence intensity using the 
commercially  available  fixed-frequency phase  fluorometers 
(4-7). Frequency-domain  measurements have  also  been ap- 
plied to  the more  complex problems of spectral  relaxation  and 
decays of fluorescence anisotropy (8-11). In favorable  circum- 
stances  these  measurements have  been quite  satisfactory. 
However, the  information  content  and resolution of these 
fixed-frequency measurements  is  limited by the availability 
of only  one or two modulation frequencies. 

Phase-modulation  fluorometers which can  operate over a 
range of modulation frequencies  have  recently become avail- 
able. In  earlier  publications (12, 13) we demonstrated  that 
such  instruments  can resolve multiexponential decays of flu- 
orescence  which result  from a mixture of exponentially decay- 
ing fluorophores. In  the  present  report we extend  the use of 
these variable-frequency phase-modulation  fluorometers  to 
the  determination of time-dependent  spectral  relaxation  and 
rotational diffusion of the widely used  probe p-2-toluidinyl-6- 
naphthalenesulfonic acid. We examined  this probe in viscous 
solvents  and  bound  to  the heme site of apomyoglobin. Two 
types of measurements were performed.  First, we measured 
wavelength-dependent values of the  phase  and  modulation, 
relative to  the  incident light, over a range of modulation 
frequencies. The  data were used to  determine a  multiexpo- 
nential decay law for  the fluorescence intensity at  each wave- 
length.  These impulse-response functions were then used to 
calculate  the time-resolved  emission spectra. Secondly, we 
measured  the  phase difference  between the parallel and  per- 
pendicularly  polarized components of the emission. These 
frequency-dependent values were used to  determine  the  time- 
resolved decays of anisotropy.  The selection of TNS’  in sol- 
vents  and  bound to apomyoglobin allowed us to compare  our 
frequency-domain results  with  earlier  measurements  per- 

’ The abbreviation used  is: TNS, 2-p-toluidinyl-6-naphthalenesul- 
fonic acid. 
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formed on  similar samples using time-domain measurements 
(14, 15). 

THEORY 

Time-resolved Emission Spectra-For a fluorophore in  a 
polar and viscous environment the emission spectra  often 
shift  to lower energies (longer wavelengths) with time  subse- 
quent  to excitation. At any given emission wavelength the 
time-resolved decay of intensity is likely to be complex, even 
more complex than a sum of exponential decays. Nonetheless, 
the intensity decay at  each wavelength can be adequately 
represented by a sum of exponentials, 

In  this expression X is the emission wavelength, T~ the  ith 
decay time, and ai(X) the pre-exponential factor of the  ith 
component at  the wavelength X. We determined the impulse- 
response function ( I  (X, t))  at each wavelength using the 
frequency-dependent ( w )  phase (&) and modulation (mu) data 
at  that same wavelength. The frequency in  radians/s ( w )  is 
given by 2n. F, where F is the frequency in cycles/s. The 
method of nonlinear  least  squares (12, 13) was used to find 
the minimum values of x2, 

1 
x2 = C 1 (4- - 4cY)z + c 2 (mu - ncJ2 

1 
(2) 

In  this expression the subscript c indicates values of and m 
calculated for an assumed decay law, and ud, and urn are the 
estimated  uncertainties in  the measured phase (4,) and mod- 
ulation (m,) values. We note that & and m, refer to  these 
values at  each wavelength. The calculated values are obtained 
from 

u orno Y gmw 

cb., (X)  = arc tan (NY(V/Dw(X)) (3) 

where 

and 

To calculate the time-resolved emission spectra the impulse- 
response functions at  each wavelength are adjusted  in mag- 
nitude such that  the  total area  under the decay corresponds 
to  the intensity of the  steady-state spectrum at  the same 
wavelength (2,3). Specifically, time-resolved emission spectra 
were calculated from 

I' (h,t) = a! (X) e+'i (8) 

where 

and F(X) is the  steady-state  intensity at  X. The time-resolved 
centers-of-gravity were calculated using 

c I' (X,t) X"(10,000) 

A 

The factor 10,000 is needed to change wavelengths (nanome- 
ters)  to wave numbers ( k K ) .  This expression is appropriate 
for equally spaced wavelengths, and corrects for the depend- 
ence of slit width (in cm") on wavelength when the resolution 
in nanometers is constant (16). This correction for slit width 
was not used in an earlier calculation of the center-of-gravity 
(17). 

Time-resolued  Decays of Anisotropy-For these measure- 
ments, the measured quantities are  the phase difference (A = 
41 - 41) between the perpendicular (41) and parallel (41) 
polarized components of the emission. For an assumed decay 
law these values can be calculated from (2, 18) 

We used a model in which anisotropy was assumed to decay 
with  a single correlation time @. 

r( t )  = roe"/* (12) 

where r, is the anisotropy in the absence of rotational diffu- 
sion. Suppose the fluorescence intensity decays as a single 
exponential with decay time T. Then Nl and Db are given  by 

+ (13) 
w 2 row 

NI = 
3(w2 + I/?) 3[w2 + (1/7 + I/@)'] 

D -  ( W )  + 2 r0(1/7 + I/@) 
- 3(w2 + 1/~') 3[w2 + (1/7 + 1/@)'] (14) 

The terms NI and DL are similar, except that 2 r, is replaced 
by -ro. The values of the correlation times were determined 
by fitting  the calculated (c) and measured (m)  values of A to 
parameters which minimize x2, 

In  this expression uA is the estimated  uncertainty  in each 
measured value of A. We used u,, = 0.2 degree. 

In  the results  presented in  this report we used a more 
complex model in which the intensity decay  was fitted  to a 
double-exponential decay  law (19). For differential phase 
measurements the  entire emission was observed through an 
optical filter. Consequently, the decays of intensity were 
closely approximated by a single exponential. We also fit the 
differential phase data using more complex models containing 
two rotational correlation times. When  these models  were 
used there were no improvements in  the fit, as seen by the 
similar values of x2. Hence, only the single correlation time 
results are shown. 

INSTRUMENTATION 

At present frequency-domain fluorometers are  not widely 
available and  their operation  not generally understood. Hence, 
a  schematic diagram is shown in Fig. 1. The output of a 
continuous laser is intensity-modulated  in an approximate 
sinusoidal manner. This is accomplished using an electro- 
optic modulator which is placed between crossed polarizers 
(20). The modulator is biased away from the point of mini- 
mum transmission using either a DC voltage or an optical 
offset. The advantage of electro-optic modulators is that  they 
provide modulation at any desired frequency up to  at least 
200 MHz. The modulated intensity is used to excite the 
sample, and  the emission is observed using a photomultiplier. 
One photomultiplier is used as  a  phase reference to monitor 
the phase of the incident light. This photomultiplier can also 
be positioned in the  T-format location, which is often useful 
for differential polarized phase measurements. Measurement 
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In our  fitting procedure the values of r, and were floating 
parameters.  For  both TNS in propylene glycol and bound to apomy- 
oglobin the r, values returned by the fitting algorithm were in close 
agreement with the measured values. For TNS in propylene glycol at 
-65 "C we found r, = 0.32 using 325 nm excitation. 

RESULTS 

Time-resolved Emission Spectra-Frequency-dependent 
phase and modulation data for TNS dissolved in glycerol and 
bound to apomyoglobin are shown in Fig. 2. The phase angles 
increase and  the modulation values  decrease with increasing 
modulation frequency.  Additionally, these values are strongly 
dependent upon the emission  wavelength. In particular, larger 
phase angles and lower modulation are observed on the long 
wavelength side of the emission. When plotted as  the  apparent 
phase and modulation lifetimes one finds that on the long 
wavelength side of the emission the  apparent lifetimes in- 
crease with modulation frequency, and  the  apparent phase 
lifetimes exceed the  apparent modulation lifetimes. A second 
important feature of these  data  are that  the phase angles 
exceed 90" which  unambiguously demonstrates the presence 
of an excited state process  which  occurs subsequent to exci- 
tation  and which is the origin of the emission at longer 
wavelengths (26, 27). We attribute  the time-dependent spec- 
tral  shift to reorientation of polar moieties of the solvent or 
protein in response to creation of the excited state of TNS. 

Similar data were  measured at 20-nm intervals from 400 to 
540 nm. At  each emission  wavelength the  data were analyzed 
in terms of a multiexponential decay of fluorescence intensity. 
Some typical three-component fits  are given in Table I. The 
solid lines in Fig. 2 are the calculated values  using these 
parameters. Clearly, the measured  values can be  closely ap- 
proximated using this decay  law. It is important  to notice that 
the  term with a negative pre-exponential factor increases with 
emission  wavelength. At  the longest  wavelengths (540 and 
520 nm) the decay is essentially a two-component decay with 
equal and opposite values of ai. In  the time-domain such 
results indicate that  the observed  fluorescence intensity  is 
from the product of an excited state process,  with  minimum 
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FIG. 1. Schematic diagram of a variable-frequency phase- 
modulation fluorometer. PMT, photomultiplier tube. From Ref. 
19. 

of the phase angle difference between the sample and refer- 
ence emission is accomplished by rotation of a  turret.  The 
phase angle difference (&) and the relative modulation of the 
sample (m,) can be measured relative to either  scattered light 
or a reference fluorophore (21). Detection of the emission is 
performed using the cross-correlation method (22). Specifi- 
cally, the gain of the PMTs are modulated at the frequency f 
+ 25 Hz, where f is the modulation frequency of the incident 
light. The phase and modulation of the 25 Hz cross-correla- 
tion frequency is measured by a time-interval counter and  a 
ratio digital voltameter. The two  closely spaced frequency are 
provided by two  frequency synthesizers which are each driven 
by the same crystal reference source (phase locked). These 
instruments  are described elsewhere in considerable detail 
(23).' 

xibution from the initially excited state (28). 

MATERIALS AND  METHODS 

For the time-resolved emission spectra the variable-frequency 
phase and modulation data were obtained on the instrument con- 
structed by Gratton  and Limkeman (23). The samples were excited 
at 351 nm using a Argon Ion Laser (Spectra Physics 164-05). The 
emission wavelengths were selected by a  Jarrel-Ash  quarter-meter 
monochromator, and  the emission was observed without an emission 
polarizer. For time-resolved anisotropies the differential polarized 
phase and modulation data were obtained on a similar instrument 
constructed by  Lakowicz.' The sample was excited at  325 nm using a 
helium-cadmium laser (Liconix). The entire emission was observed 
through a 2-mm liquid filter of 1 M NaN03. For measurement of the 
intensity decay laws the samples were excited with vertically polarized 
light, and  the emission detected through  a polarizer oriented 54.7' 
from the vertical position. 

Apomyoglobin  was prepared from sperm whale myoglobin by the 
method of Teale (24), as described previously (25). The final buffer 
was 0.1 M sodium phosphate, pH = 7. The  TNS  to protein molar 
ratio was near 0.2. For all solutions the background fluorescence from 
comparable unlabeled samples was not significant (<O.l%). 

W 
J P 
W P 
n. 

FREQUENCY (MHz) 
FIG. 2. Frequency-dependent phase and modulation data 

for TNS in glycerol and TNS-bound to apomyoglobin. * J. R. Lakowicz and B. P. Maliwal(l984) Biophys. Chem., in press. 
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TABLE I 

Impulse response functions  derived  from  the  frequency-domain 
measurements 

Sample 

nm w 
400 0.6 2.31  6.04  1.14  0.61  0.25  0.2' 
420 0.4 2.50 6.76  0.65 0.80 0.55  0.1 

TNS/glycerol 440  0.2 4.00  7.55 0.52 0.62  0.87 0.1 
480  1.25  7.74  -0.6  1.39 0.3 
540 2.62  7.82  -0.79 1.22 0.7 

400 0.4'  2.5  9.6  -0.42 0.63 0.94  0.2 

TNS/apomyo- 440  0.4 1.9 10.6 -1.0 0.29  0.72 0.5 
420  0.4 2.2 10.2  -0.85 0.38 0.77  0.5 

globin 480  0.4  2.0 11.3 -1.17 0.20 0.63  0.7 
520 0.4  11.6  -0.92  1.08  0.2 

loll1 + la21 + lold = 2.0. 
' The value of reduced x 2 ( x R 2 )  was calculated using ub = 1" and 

urn = 0.01. Since  the values of XR' are generally  less than  unity,  these 
values are  overestimates of the  uncertainties  in  the  phase  and mod- 
ulation  data.  We  note  that  the  magnitude of XR' is scaled  according 
to  the  chosen  values of ub and urn (Equation 2 and Ref. 12). 

These values (0.4) for TNS/apomyoglobin were held constant  in 
the  least-squares  minimization. 

- 
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FIG. 3. Time-resolved emission spectra of TNS in glycerol 

and TNS bound to apomyoglobin. 

Time-resolved emission spectra were calculated using  the 
steady-state emission spectra  (not  shown)  and  the impulse 
response  function in Table I (Fig. 3). The frequency-domain 
data  permitted  calculation of these  spectra  for  times  ranging 
from 0.2 ns  or less to several times  the average  lifetime. This 
range  is  comparable  to  that  obtainable  from  time-domain 
measurements.  The emission spectra of TNS in glycerol ap- 
pear  to relax  more  rapidly than  that of TNS-labeled apomy- 
oglobin at 2 "C. This difference is  evident  from  the emission 
spectra  shown a t  3 ns for TNS  in glycerol and at 30 ns for 

TNS-apomyoglobin. The  spectral  shift  is  about 50% complete 
at  3 and 30 ns for these  different samples. The  spectral decay 
is more  easily  visualized by examining  the  time-dependent 
center-of-gravity, i(t) (Fig. 4). The decay of i(t) is more rapid 
in glycerol than for TNS bound to apomyoglobin. A greater 
total decay in kK is  seen for TNS  in glycerol than for TNS 
bound to apomyoglobin. Additionally, the  center-of-gravity of 
TNS-apomyoglobin  shows an  initially more rapid decay,  fol- 
lowed by a slower process  which continues for a t  least 45 ns. 
We note  that  it  is difficult to precisely determine i ( t )  a t  these 
longer times, so the  observation of this slower process in 
apomyoglobin must be regarded as  preliminary.  These  results 
are  in  qualitative  and  quantitative  agreement  with  time- 
resolved measurements  on  similar  samples (14). 

Time-resolved Decays of Fluorescence Anisotropy-Infor- 
mation  about  the  rotational  motion of a fluorophore can be 
obtained from measurements of the  phase difference  between 
the polarized components of the emission. Such  data  are 
shown in Fig. 5. For  TNS-labeled apomyoglobin at 20 "C the 
maximum phase difference ( A  = $1 - $1) is  found  near 20 
MHz. For TNS  in propylene glycol at 20 "C the maximum 
value of A is  found  near 35 MHz. This is consistent  with a 
shorter  correlation time. The  differential  phase  data were 
used to  determine  the  anisotropy decay law. The single  cor- 
relation  time model provided an  adequate fit to  the  data (solid 
lines, Fig. 5) ,  indicating  that  the  TNS molecule is  tightly 
bound  to apomyoglobin and  rotates  with  the  entire  protein 
molecule, as suggested by the 20-11s correlation  time  (Table 
11). This  result  is  in  agreement  with earlier steady-state 
measurements of apomyoglobin  labeled  with l-anilinona- 
phthalene-8-sulfonic acid (29) and  the  correlation  time of 20.5 
ns is in precise agreement  with  that expected  for this  protein 
(30). Similarly,  the  differential  phase  data  for  TNS  in  pro- 
pylene glycol were also well-described with  the single corre- 
lation  time model with @ = 9.5 ns. The  match between the 

tj t \  

0 IO 20 30 

TIME (nrac) 
FIG. 4. Time-resolved emission center-of-gravity of TNS in 

glycerol and bound to apomyoglobin. 

TABLE I1 
Time-resolved  decays of anisotropy  from  frequency-domain  data 

Sample Temper- 7~ 

ature r, 0 

"C I23 w 

TNS-propylene glycol 20  7.8 0.351 9.51 

TNS-aoomvoelobin 2 11.8 0.331 20.5 

"This is  the average  lifetime, given by Ciai7:/a,~;. For TNS  in 
propylene glycol, T~ = 0.2 ns, = 7.98 ns, and a1 = 0.474. The 
fractional  intensity of the  short-lived  component is 0.022. For TNS- 
apomyoglobin T~ = 4.74, T~ = 11.19, and al = 0.268. 
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FIG. 5. Frequency-dependent dif- 
ferential polarized  phase angles and 
modulation ratios of TNS bound to 
apomyoglobin  at 2 "C (0) and TNS 
in propylene glycol at 20 "C (0). The 
inset shows the anisotropy decay law 
which was derived  from the differential 
phase angles. Apo, apomyoglobin; P.G., 
propylene glycol. 

TNS-P.G,20°C 

' 0  

-"/ ,.-.". . 
1. 

x. 

I 

measured and calculated values was not improved by using a 
more complex model with two correlation times. In  other 

we will demonstrate  that if two correlation  times 
had been present,  they would have been revealed by the 
differential  phase data. 

DISCUSSION 

Our results  demonstrate two features of the complex be- 
tween TNS  and apomyoglobin. First,  the agreement between 
the observed correlation  time and  that expected for a  protein 
of this size indicates that  TNS is not mobile within the heme 
pocket. This conclusion is further  substantiated by the agree- 
ment between the r, values measured in vitrified solvents and 
the  apparent r, returned by our fitting algorithm (Table 11). 
If there was motional freedom of TNS within the heme pocket 
then  the  apparent value of r, would have been smaller than 
the measured value. Secondly, the wavelength-dependent data 
indicate the occurrence of an excited state process which 
shifts the  TNS emission to longer wavelengths. This process 
must  be accompanied by some time-dependent  reorientation 
of the environment  surrounding the bound TNS. Evidently, 
these motions are minor and  are not reflected in the  time- 
dependent decay of anisotropy. However, it is not the purpose 
of this report to describe in  detail the dynamics of TNS bound 
to apomyoglobin. Rather, we wished to demonstrate the po- 
tential of frequency-domain fluorometry for the analysis of 
complex decays of intensity  and anisotropy. 

It is clear from our  results that frequency-domain measure- 
ments can provide time-resolved information at  least equiv- 
alent  to  that obtainable using time-correlated single photon 
counting. This appears to be true for both determination of 
time-resolved emission spectra and time-resolved decays of 
anisotropy. In  other publications we have reported that these 
instruments can be used to resolve multiexponential decays 
of intensity to a degree at  least equivalent to  the possible use 
of time-correlated single photon  counting (12, 13). Addition- 
ally, we used frequency-domain measurements to resolve iso- 
tropic,  anisotropic, and hindered  rotational  motions of fluo- 
rophores in  solvents and lipid bilayers (19).2.4 Given the 
present undeveloped state of the frequency-domain measure- 

J. R. Lakowicz, B. P. Maliwal, and H.  Cherek,  manuscript in 

J. R. Lakowicz, H. Cherek, B. P. Maliwal, G. Laczko, and E. 
preparation. 

Gratton (1984) Biochemistry, in press. 

3 IO 30 l o o  200 
FREQUENCY ( M Hz 1 

ments, it is too early to determine whether this method will 
prove superior to single photon counting. However, several 
points  are worthy of mention. First, a frequency-domain 
fluorometer can be readily constructed from commercially 
available components.* These  instruments  appear  to be reli- 
able, simple to operate, and remarkably free of systematic 
sources of error. A frequency range of 1 to 200 MHz is 
presently available, and we are hopeful that  this range can 
soon be extended to 400 MHz. The main drawback is the 
need to use a laser light source because of the limited aperture 
of the electro-optic modulators. Nonetheless, these instru- 
ments are useful and practical for biochemical research. The 
presently available excitation wavelengths of  325 nm using a 
helium-cadmium laser and 351 nm using an argon ion laser 
can be used to excite a variety of intrinsic and extrinsic 
fluorophores. The sensitivity is limited only by background 
fluorescence from the sample. Also, the measurements can be 
rapidly performed. The  data for one time-resolved decay of 
anisotropy were typically collected in less than  an hour. This 
time could be reduced with more automated procedures. In 
conclusion, frequency-domain fluorometry is potentially a 
technique with wide-ranging applications to  the biological 
sciences. 
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