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ABSTRACT: The extent of conformational substates of two apomyoglobins, i.e., sperm whale and tuna 
apomyoglobin, was investigated by examining the fluorescence decay in the frequency domain of the extrinsic 
fluorophore TNS [6-(p-toluidino)-2-naphthalenesulfonic acid] bound to the heme binding site. Data analysis 
was performed in terms of a continuous, unimodal lifetime distribution having a Lorentzian shape. The 
results were compared with those for the free fluorophore in an isotropic nonviscous solvent. The incorporation 
of TNS into the protein matrix resulted in a broadening of the lifetime distribution due to the microen- 
vironmental heterogeneity generated by structural fluctuations. The larger width of lifetime distribution 
observed for T N S  bound to tuna apomyoglobin was related to a more extended conformational space accessible 
to the fluorophore in this protein compared to sperm whale myoglobin. A temperature increase from 15 
to 40 OC produced a further broadening of the lifetime distributions of TNS bound to both proteins. This 
result can be explained by assuming the existence of conformational substates a t  high energy content or 
separated by high energy barriers, which are not populated at  low temperature. The overall picture emerging 
from the reported data is that the lifetime distributions of TNS bound to apomyoglobins are determined 
largely by the number of conformational substates accessible to the protein matrix and, to a lesser extent, 
by the interconversion rates among these states. 

%e dynamic aspects of protein structure have been exten- 
sively investigated in the past 10 years, and a picture of in- 
creasing complexity has emerged (Careri et al., 1975, 1979; 
Karplus & McCammon, 1981; McCammon & Karplus, 1983; 
Frauenfelder & Debrunner, 1983). It is now well established 
that a protein molecule can exist in more than one confor- 
mational state. Each state is related to the particular function 
exerted by the protein (Frauenfelder, 1985; Frauenfelder & 
Gratton, 1985) or to the complex folding-unfolding pathway 
of the molecule (Bismuto et a]., 1989). However, even in a 
given conformational state, a protein molecule will not remain 
in a unique conformation but will fluctuate among a large 
number of conformational substates (Austin et al., 1975; 
Frauenfelder et al., 1979; Ansari et al., 1987). Different 
substates have the same overall structure, but they differ in 
small details. Recently, a hierarchical model for such substates 
has been proposed, each level of the hierarchy being charac- 
terized by a specific interconversion time scale and energy 
(Ansari et al., 1985, 1987; Frauenfelder & Gratton, 1985; 
Kuriyan et al., 1986). 

The fluorescence characteristics of naphthalenesulfonates 
make these dyes useful probes for examining the structural 
as well as the dynamic properties of certain regions of the 
protein matrix, expecially those forming hydrophobic pockets. 
Globins are known to bind the naphthalensulfonates in the 
same nonpolar site of the heme in the molar ratio of 1:l 
(Weber & Young, 1964; Stryer, 1965; Gafni et al., 1977; 
MacGregor & Weber, 1981). When the dye is bound to the 
globins, its fluorescence properties, Le., fluorescence lifetime, 
emission maximum, and quantum yield, change dramatically 
(Stryer, 1965). We have examined the fluorescence decay of 
6-(p-toluidino)-2-naphthalenesulfonic acid (TNS),' a fluoro- 
phore included in this class of compounds, bound to different 
apomyoglobins, Le., tuna and sperm whale apomyoglobins, 
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which possess different dynamic as well as structural properties 
of the heme binding site (Bismuto et al., 1985; Bismuto et al., 
1987a,b). 

The emission decay of the apomyoglobin-bound TNS is 
supposed to be strictly dependent on the number of confor- 
mations among which the heme binding site may fluctuate, 
on the mobility around each conformation, and on the inter- 
conversion rate among these conformations. The usual analysis 
of the fluorescence decay consists of determining the number 
and the relative amplitude of the exponential components 
which contribute to the total emission. In the case of protein 
containing a single fluorophore, each component is then as- 
sociated with a different conformation or subconformation. 
Recently, Gratton et al. (1986) have demonstrated that the 
emission decay of tryptophanyl residues is better resolved by 
a continuous distribution of decay rates rather than by the sum 
of a discrete number of exponential components. We have 
used the same approach to analyze the emission decay of TNS 
bound to apomyoglobin. Static as well as dynamic consid- 
erations justify the use of continuous distributions in the 
analysis of the fluorescence decay rates of proteins (Alcall 
et al., 1987a,b). The results show that the heterogeneity of 
microenvironmental substates generated from the interaction 
between the fluorophore and the heme binding site is different 
for the two examined apomyoglobins. 

MATERIALS AND METHODS 
The main component of tuna and sperm whale myoglobin 

was prepared according to the method previously described 
(Bismuto et al., 1989). Myoglobin concentrations were de- 
termined spectrophotometrically in the Soret region using the 
following extinction coefficients: 139 000 and 157 000 cm2 
mol-' for tuna and sperm whale myoglobin, respectively 

I Abbreviation: TNS, 6-(p-toluidino)-2-naphthalenesulfonic acid. 
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(Bismuto et al., 1985). The apoproteins were prepared by a 
butanone extraction technique (Teale, 1959) and purified on 
a Sephadex G-25 Superfine column (1.5 cm X 50 an) in order 
to remove aggregated protein. The molar extinction coeffi- 
cients at 280 nm, calculated from tryptophan and tyrosine 
content (Wetlaufer, 1962). were 8000 and 13 500 cm' mol-' 
for tuna and sperm whale apomyoglobin, respectively. 

TNS, from Molecular Probes (Junction City, OR), was 
recrystallized twice according to the procedure of Gafni et al. 
(1977). TNS concentration was determined spectrophoto- 
metrically by using a molar extinction coefficient of 6640 cm' 
mol-' at 350 nm (Gafni et al., 1977). The TNS:apoprotein 
molar ratio was maintained at less than 1:4 to minimize any 
contribution from nonspecifically bound fluoropbore. The 
fluorescence background from a comparable unlabeled sample 
was insignificant. All experiments were carried out by using 
freshly prepared solutions of apomyoglobin. 

Lifetime data were obtained by using the multifrequency 
cross-correlation phase and modulation fluorometer described 
by Gratton and Limkeman (1983) with modulation frequencies 
ranging between 17 and 150 MHz. The samples were excited 
with a 150-W xenon lamp, and the exciting light was passed 
through an interference filter with a center wavelength 
transmittance a t  350 nm and a full width a t  half-maximum 
of IO nm (Corion Co., Holliston, MA; Model PIO-350). The 
emission was observed through a long-wave-pass filter with 
a cutoff wavelength at 400 nm (Corion LG-400F). In phase 
fluorometry, a lifetime measurement consists of a set of values 
of the emission phase shift (P) and demodulation (M) with 
respect to the exciting light at several different modulation 
frequencies. Usually, at least IO different modulation fre- 
quencies were used, and the data were collected until the 
standard deviations for each measurement of phase and 
modulation were below 0.2' and 0.002, respectively. The 
temperature of the sample compartment was controlled by 
using an external bath circulator (Neslab Model LT50). The 
sample temperature was measured prior to and after each 
measurement in the sample cuvette using a digital thermometer 
(Omega, Model 410 B-TC). The observed phase shifts and 
modulation values were analyzed in terms of Lorentzian 
lifetime distributions by using the algorithm described else- 
where (Alcali et al., 1987a). Phase and modulation data were 
also analyzed by using one, two, or three exponentials by the 
nonlinear least-squares program described by Jameson et al. 
(1984). 

RESULTS 
The phase shifts and modulation values, collected at several 

frequencies ranging between 5 and 140 MHz, have been an- 
alyzed in terms of continuous unimodal Lorentzian lifetime 
distributions. The distributions were normalized and defined 
only in the positive lifetime domain. Figure 1 shows the uni- 
modal Lorentzian distributions obtained for TNS in ethanol 
at IO and 30 "C. In both cases, the distributions were very 
narrow, the full width at half-maximum being equal to 0.05 
ns, a value which is that expected when an emission decay 
consisting of a single-exponential component, such as that of 
TNS in an isotropic nonviscous solvent (Bismuto et al., 1987), 
is analyzed in terms of the continuous Lorentzian lifetime 
distribution. Moreover, the x2 value obtained from the dis- 
tribution approach, Le., 1.8, was similar to that obtained from 
the monoexponential fit. Therefore, the analysis in terms of 
unimcdal distribution does not appear to improve the fit in 
the case of the free fluorophore dissolved in ethanol. 

The incorporation of TNS in the heme binding site of 
apomyoglobin resulted in a broadening of the distribution 
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FIGURE 1: Lifetime analysis using a single Lorentzian distribution 
for TNS in ethanol at the indicated temperatures. TNS absorbance 
at the excitation wavelength (350 nm) was lower than 0.1. Emission 
was observed through a LG 400 filter. 
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FIGURE 2 Lifetime analysis using a single Lorentzian distribution 
for TNSsperm whale apomyoglobin at the indicated temperatures. 
All solutions mntained 0.01 M phosphate/O.l5 M NaCI, pH 7.0. TNS 
absorbance at the excitation wavelength (350 nm) was lower than 
0.1. FYotein:TNS molar ratio was less than 0.2. Emission was observed 
through a LG 400 filter. 

pattern as shown in Figures 2 and 3 for sperm whale and tuna 
apomyoglobin, respectively. In both cases, the quality of the 
fits obtained from the distribution analysis was improved in 
comparison with that from the mono- as well as the biexpo- 
nential fit. This observation suggests that a continuous Lor- 
entzian distribution better represents the decay rate of an 
extrinsic fluorophore incorporated in the protein matrix. The 
large increase of the distribution width observed for TNS 
bound to apomyoglobin, Le., from 0.05 ns in ethanol to 0.86 
and 1.62 ns when bound to sperm whale and tuna apomyo- 
globin, respectively, reveals a great extent of emission hete- 
rogeneity, probably generated by fluctuations of the protein 
matrix. However, the microenvironmental heterogeneity of 
TNS bound to tuna apomyoglobin appears to be even greater 
than that observed for the same fluorophore bound to sperm 
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FIGURE 3: Lifetime analysis using a single Lorentzian distribution 
for TNS-tuna apomyoglobin at  the indicated temperatures. The 
experimental conditions are those reported in Figure 2. 
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FIGURE 4: Temperature dependence of the width of the unimodal 
Lorentzian lifetime distribution of TNS-apomyoglobin complexes: 
(0) TNS-tuna apomyoglobin; (0) TNSsperm whale apomyoglobin. 
The experimental conditions are those reported in Figure 2. 

whale apomyoglobin as far as the distribution width is con- 
cerned. The small shifts observed for the distribution centers, 
i.e., from 7.5 ns for TNS in ethanol to 8.3 and 8.5 ns for TNS 
bound to sperm whale and tuna apomyoglobin, respectively, 
can be related to changes in the average surroundings of the 
emitting fluorophore. 

The temperature dependence of the lifetime distribution of 
TNS bound to the different apomyoglobins was also investi- 
gated. The unimodal Lorentzian lifetime distributions at three 
different temperatures are shown in Figures 2 and 3 for sperm 
whale and tuna apomyoglobin, respectively. The dependence 
of the distribution width on temperature is shown in Figure 
4. The x2 values obtained at  different temperatures were 
almost similar, the actual value ranging between 1.3 and 1.6. 
Moreover, the x2 values were lower than those obtained from 
mono- as well as two- or three-exponential fits. For both 
proteins, two opposite thermal effects on the width of the 
lifetime distribution are observed. Between 5 and 15 OC, the 
full width at half-maximum decreases, whereas in the thermal 
range between 15 and 40 OC a broadening of the lifetime 
distribution occurs, reaching a plateau at temperatures above 
45 O C .  By contrast, the distribution center monotonically 
decreases on increasing temperature (Figure 5), thus indicating 
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FIGURE 5: Temperature dependence of the center of the unimodal 
Lorentzian lifetime distribution of TNS-apomyoglobin complexes: 
(0) TNS-tuna apomyoglobin; (0) TNSsperm whale apomyoglobin. 
The experimental conditions are those reported in Figure 2. 

that no gross conformational change occurs in the heme 
binding site between 5 and 45 "C. 

DISCUSSION 
The interpretation of the emission decay of a fluorophore 

incorporated in the protein matrix in terms of continuous 
lifetime distribution is a direct consequence of structural 
fluctuations (Alcalii et al., 1987a,b). In fact, the flexibility 
of the protein structure generates a great variety of environ- 
ments which the fluorophore may experience during the excited 
state. In this respect, the width of lifetime distribution depends 
on the number of subconformations that the polypeptide chain 
can assume and on the interconversion rate among these 
subconformations. If the interconversion rate is smaller than 
the decay rate, the protein matrix is virtually frozen for the 
duration of the excited state so that the fluorophore emission 
arises from subconformations which differ from each other. 

It has been demonstrated that the factors, which affect the 
number of substates and the interconversion rate, also influence 
the distribution width. Bismuto et al. (1988) reported that 
the broadening of the tryptophanyl lifetime distribution ob- 
served on protein denaturation is related to the larger number 
of conformational substates existing in the unfolded state. 
Alcalii et al. (1987~)  explained the sharpening of the trypto- 
phanyl lifetime distribution of proteins, observed on increasing 
temperature, as due to the augmented rate of interconversion 
among conformational substates. A similar conclusion was 
drawn for the distribution sharpening observed on decreasing 
the solvent viscosity (Alcalii et al., 1987b,c). 

In this paper, we have investigated the extent of confor- 
mational substates resulting from the interaction between the 
extrinsic TNS fluorophore and the heme binding site of two 
different apomyoglobins by means of unimodal Lorentzian 
lifetime distributions. The observation that the lifetime dis- 
tribution of TNS bound to tuna apomyoglobin is broader than 
that relative to sperm whale globin suggests that the fluoro- 
phore experiences, in the former protein, a larger variety of 
environments. This could be due to a more extended con- 
formational space region accessible to TNS in tuna apomyo- 
globin. This conclusion is consistent with the observations that 
tuna apomyoglobin is more swollen than sperm whale apo- 
myoglobin and that the extent of solvent accessibility to the 
heme pocket of tuna apomyoglobin is larger than that observed 
for sperm whale globin (Bismuto et al., 1985). Alternatively, 
if we assume that the number of substates is similar for the 
two proteins, it must be admitted that the differences observed 
between tuna and sperm whale apomyoglobin are related to 
different dynamic properties. In this respect, the broader 
lifetime distribution, Le., that observed in the case of tuna 
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apomyoglobin, would correspond to the lower interconversion 
rate. This explanation seems to be less likely since there have 
been several observations in the literature which suggest that 
the heme binding site of tuna apomyoglobin may have more 
flexibility than the corresponding site in sperm whale apo- 
myoglobin (Bismuto et al., 1985). For example, the rotational 
strength of the dichroic bands acquired by the heme in the 
native structure of tuna myoglobin is lower than that observed 
for sperm whale myoglobin. This indicates that the aromatic 
side chains which interact with the heme moiety in the tuna 
myoglobin are in a less rigid environment than those respon- 
sible for the Soret circular dichroism of sperm whale globin 
(Bismuto et al., 1985). Additionally, the analysis of the tem- 
perature dependence of phosphorescence performed on the two 
apomyoglobins revealed that the internal flexibility of the 
tryptophanyl microenvironment of tuna globin is higher than 
that of sperm whale myoglobin (Bismuto et al., 1987b). 

The conclusion that the lifetime distribution width of TNS 
bound to apomyoglobin is influenced by the number of sub- 
states rather than differences in their dynamic properties is 
further corroborated by the thermal dependence of the dis- 
tribution width. In fact, the distribution width of TNS lifetime 
increases on going from 15 to 40 OC, whereas that relative to 
the tryptophanyl emission decreases as expected because of 
the augmented interconversion rate induced by the temperature 
increase (Bismuto et al., 1988). Presumably, the increase of 
the TNS lifetime distribution width reflects the existence of 
many other conformational substates which cannot be popu- 
lated at low temperature because of their high energy content 
and/or high energy barriers. Therefore, the distribution of 
microenvironmental states becomes large enough on increasing 
temperature that it cannot be balanced by the augmented rate 
of interconversion among them. Finally, the observation that 
protein unfolding results in a broadening of the tryptophanyl 
lifetime distribution (Bismuto et al., 1988) might support that 
the effect observed on increasing the temperature on the TNS 
lifetime distribution could be due to denaturation effects. This 
hypothesis must be excluded since the unfolding of apomyo- 
globin results in the loss of the ability to bind TNS, which, 
when released in aqueous solution, becomes virtually not 
fluorescent. Moreover, the unfolding of the heme binding site 
has been demonstrated to be highly cooperative without the 
occurrence of intermediate structures having different con- 
formations of the heme binding site and, hence, different 
emissive properties of the fluorescent probe (Bismuto & Irace, 
1988). 
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