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Dynamic aspects of the heme-binding site in phylogenetically distant myoglobins 
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Dynamic aspects of the heme-binding site of myoglobins derived from two phylogenetically distant species, 
namely sperm whale and bluefin tuna, have been investigated by studying steady-state and time-resolved 
emission properties of 2-p-toluidinyl-6-naphthalene sulfonic acid (TNS) apomyoglobin conjugates. Multi- 
frequency phase and modulation fluorometry data indicate that charge movements occur in the fluorophore 
environment during the excited state lifetime in the sperm whale myoglobin system. In the case of the 
bluefin tuna myoglobin TNS adduct these movements were not detected, indicating that the relaxation 
processes differ in the two types of myogiobins. 

Introduction 

The dynamic nature of proteins is now well 
established, although the functional significance 
of the various dynamic processes is less clear. The 
possible functional importance of protein dy- 
namics in enzyme catalysis and ligand-binding 
processes is an area of active interest [1-5]. The 
wealth of structural and kinetic data on the 
heme-binding proteins, myoglobin and hemo- 
globin, and the likely importance of dynamic 
processes in these proteins have prompted us to 
investigate dynamic aspects of the heme-binding 

Abbreviations: ANS, 1-anilino-8-naphthalene sulfonic acid; 
TNS, 2-p-toluidinyl-6-naphthalene sulfonic acid; DANCA, 
2-dimethylamino-6-naphthoyl-4'-cyclohexane carboxylic acid. 

Correspondence: E. Gratton, Department of Physics, Univer- 
sity of Illinois at Urbana-Champaign, 1110 West Green Street, 
Urbana, IL 61801, U.S.A. 

site in two distinct apomyoglobin-fluorophore 
conjugates. The two myoglobins we have chosen, 
from sperm whale and bluefin tuna, are quite 
distant from an evolutionary perspective. The 
heme pocket in these proteins is formed from two 
adjacent domains [6-8]. 

Fluorescent probes such as ANS, TNS and 
DANCA have been shown to bind to the heme- 
binding site of apomyoglobins [9-12]. The utility 
of these naphthalene-based probes in such studies 
derives from their large excited-state dipole mo- 
ments [13]. The sudden change in the charge dis- 
tribution in the fluorophore upon excitation can 
induce rearrangements of charged groups and di- 
poles in the immediate vicinity of the probe - the 
rearrangements occur as the system proceeds to a 
minimal energy state. Such charge and dipole re- 
arrangements produce alterations in various 
steady-state (spectral) and dynamic (time-re- 
solved) emission properties. 

If we consider the absorption properties of such 
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fluorophores in polar media we note that the red 
region of the final absorption band originates 
from molecules existing in lower energy states, i.e., 
fluorophores surrounded by solvent molecules 
which are energetically favorably disposed with 
respect to the probe's ground state dipole mo- 
ment. Similarly, the red region of the emission 
spectrum originates from fluorophores existing in 
a minimal energy condition, i.e., the case in which 
the solvent molecules have totally relaxed around 
the excited-state dipole moment. In these cases, 
then, the emission spectrum changes as the excita- 
tion wavelength is altered. Hence, excitation of 
such probes in the blue region of the absorption 
band, which selects molecules with energetically 
unfavorable ground-state environments, and ob- 
servation of the fluorescence from the red region 
of the emission band maximizes the potential for 
observing solvent relaxation processes. Conjugates 
of naphthalene probes with proteins can thus pro- 
vide information on dynamic processes in the 
protein matrix surrounding the probe. In the pre- 
sent study of TNS-apomyoglobin conjugates we 
specifically address the question of dynamic 
processes in the heme binding site. 

Steady-state spectral observations alone are not 
sufficient to demonstrate unequivocally the ex- 
istence of dynamic processes, since a distribution 
of binding sites corresponding to different static 
energy states will also give rise to such excitation 
wavelength dependency. The time evolution of the 
spectral properties will, however, convey informa- 
tion about the dynamic processes such as dipolar 
relaxation. Dipolar relaxation of the protein ma- 
trix around the excited probe dipole may arise 
from motions of the peptide backbone (since the 
amide linkages have dipole moments) or amino 
acid side-chain residues, in particular residues with 
charges or permanent dipoles. Water molecules 
near the fluorophore may also exhibit relaxation. 
The technique of multifrequency phase and mod- 
ulation fluorometry is well suited for investiga- 
tions of such dynamic processes in proteins 
[14-16]. In particular this technique permits us to 
study processes occurring in the picosecond to 
microsecond time scale. However, the time scale 
of the excited-state lifetime being utilized, in this 
case on the order of 10 -8 s, will determine the 
time scale of the observable relaxation processes. 
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Materials and Methods 

Tuna myoglobin was prepared as previously 
described [17]. The homogeneity of the prepara- 
tions was evaluated by SDS-polyacrylamide gel 
electrophoresis at pH 8.6 in 10% gels; a single 
protein band was always observed under these 
conditions. Sperm whale myoglobin, purchased 
from Sigma Chemical Co. (St. Louis, MO) was 
further purified by column chromatography on 
Sephadex G-50 (2.5 x 100 cm). The apoproteins 
were prepared by the butanone extraction 
technique [18]. The apomyoglobin solutions did 
not exhibit any sensible absorption in the region 
of  the Soret band, indicating the absence of sig- 
nificant amounts of heme. The final buffer solu- 
tion used was always 0.05 M sodium phosphate in 
0.1 M NaCI, (pH 7.0). The molar extinction coef- 
ficients at 280 nm of the apomyoglobins were 
calculated from the tryptophan and tyrosine con- 
tent using molar extinction coefficients for these 
residues of 5500 and 1250, respectively [19] and 
were found to be 13 500 for sperm whale and 8000 
for tuna apomyoglobin. TNS, from Molecular 
Probes (Junction City, OR) was recrystallized twice 
according to the procedure of Gafni et al. [11]. 
The molar extinction coefficient at 350 nm for 
TNS is 6640 [11]. The TNS/apoprotein molar 
ratio was maintained at less than 1/50 to mini- 
mize any contribution from non-specifically bound 
fluorophore. Steady-state fluorescence spectra 
were obtained using a Perkin-Elmer MPF-44A 
spectrofluorometer. A thermostated cell holder 
maintained the temperature at 20°C; excitation 
and emission bandwidths were 5 nm. All solutions 
were passed through a millipore filter prior to use 
to eliminate aggregated material; the fluorescent 
background from comparable unlabeled samples 
was insignificant. All experiments were carried out 
using freshly prepared solutions of apomyoglobin. 

Results 

Lifetime data were obtained using the multi- 
frequency phase and modulation fluorometer 
described by Gratton and Limkeman with mod- 
ulation frequencies ranging between 10 and 150 
MHz [20]. The fluorometer was equipped with an 
ISS-ADC (I.S.S., Inc., Champaign, IL) interface 
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for data acquisition. The samples were excited at 
325 nm using a He-Cd laser (Liconix model 4240N, 
Sunnyvale, CA). Emission was observed through 
an interference filter with a center wavelength 
transmittance at 510 + 2 nm and a full width at 
half maximum of 10 nm (Corion Co., N J). In 
phase fluorometry a lifetime measurement consists 
of a set of values of the phase shift, P, and the 
demodulation, M, of the emission with respect to 
the excited light at several different modulation 
frequencies. Two independent determinations of 
the lifetime are obtained from the phase (~-P) and 
from the modulation value (z M), respectively 

r e =  tan ( P ) / 2 ~ r f  

,r M = [ ] / M  2 --  1 ] 1 / 2 / 2 , t r f  

where f is the frequency of light modulation. For 
a single exponential decay r e and ~.M have the 
same value, irrespective of the modulat ion 
frequency. For a decay due to a sum of indepen- 
dent exponentials ~.e < ~.M, whereas for a decaying 
system in which there is an excited state reaction 
it is possible to have rP > ~.M. In this later case the 
value of the phase can exceed 90 ° and the ap- 
parent phase lifetime can be negative. Phase and 
modulation data were analyzed using a non-linear 
least-squares routine described elsewhere [21,22] 
which fits the decay to a sum of exponentials. 

Sperm whale apomyoglobin is known to bind 
TNS in the same site which accommodates the 
heine moiety and with the same stoichiometry, i.e., 
1 : 1, with a dissociation constant of 5 .2.10 6 M 
[11]. Tuna apomyoglobin binds TNS in the same 
1 : 1 stoichiometric ratio with a slightly lower af- 
finity (K  d = 1.5 - 10 -5 M). When the dye is bound 
to the globin, its quantum yield is about 50-fold 
higher than in water with a concomitant large blue 
shift of the emission maximum [23]. Fig. 1 shows 
the corrected emission spectra of the TNS con- 
jugates of sperm whale and tuna apomyoglobin. 
The spectrum of the latter displayed a significant 
red shift of the emission maximum, i.e., 7 nm. 

For the time-resolved measurements excitation 
was at 325 nm while emission was observed at 510 
nm; these wavelengths corresponded to the blue 
region of the absorption and to the red region of 
the emission, respectively. In the case of sperm 
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Fig. 1. Emission spectra of TNS in apomyoglobins. Left curve: 
sperm whale apomyoglobin. Right curve: tuna apomyoglobin. 
The excitation wavelength was 325 nm. 

whale TNS-apomyoglobin the phase lifetime be- 
came longer than the modulation lifetime as the 
frequency was increased beyond 30 MHz (Table 
I). At very high frequencies, i.e., frequencies higher 
than 120 MHz, the phase angle exceeded 90 ° and 
the apparent phase lifetime became negative. The 
later observation demonstrates the occurrence of 
excited-state processes [15,24]. Similar results have 

TABLE I 

PHASE, MODULATION AND LIFETIME DATA FOR 
SPERM WHALE TNS-APOMYOGLOBIN AT DIFFERENT 
MODULATION FREQUENCIES 

F Phase Modula- ~-P ~.M 
(MHz) (deg) tion (ns) (ns) 

10 32.8 0.830 10.24 10.68 
20 51.6 0.614 10.04 10.22 
30 62.5 0.472 10.21 9.91 
40 69.1 0.370 10.43 9.99 
50 78.4 0.258 12.94 9.93 
85 84.1 0.185 18.22 9.95 

120 89.8 0.134 616.2 9.83 
150 92.5 0.107 - 24.7 9.83 



been reported by Gafni et al. [11] and by Lako- 
wicz et al. [25] for the same protein conjugate. 
This observation is also confirmed by the non-lin- 
ear least-square analysis (Table II) which showed 
the presence of a lifetime component with a nega- 
tive fractional intensity [26]. 

The results for the tuna TNS-apomyoglobin 
conjugate were quite different. The frequency-de- 
pendent phase and modulation data for this con- 
jugate are reported in Table III. We note that the 
phase lifetimes were, in all cases, shorter than the 
modulation lifetime. Moreover, both phase and 
modulation lifetimes decreased as the modulation 
frequency increased. These observations are con- 
sistent with the presence of a heterogeneous emit- 
ting population [15]. The non-linear least-squares 
analysis of the data did not give any evidence of 
lifetime components with a negative fractional 
intensity (Table II). 

The blue shift of the emission band of TNS 
bound to sperm whale apomyoglobin compared to 
that observed for the tuna apomyoglobin case may 
originate as a consequence of either static or dy- 
namic considerations. On average, the heme pocket 
in tuna myoglobin would appear to be more polar 
than that of the sperm whale myoglobin, since its 
corresponding TNS spectrum is red shifted. The 
lifetime data in the red region of the emission 
band for the sperm whale TNS-apomyoglobin sys- 
tem suggest, however, that dipolar relaxation 
processes in the heme binding site occur on a time 
scale comparable to the fluorescence lifetime. The 
lack of such relaxations for the tuna apomyoglo- 
bin case indicates that either the dynamic processes 
are absent or that they occur on a time scale either 

TABLE II 

LIFETIME ANALYSIS: THREE EXPONENTIAL COMPO- 
NENTS ANALYSIS 

Protein Lifetime (ns) Fraction 

Sperm whale 15.98 0.264 
8.61 0.754 
0.10 -0.018 

Tuna 10.79 0.896 
3.18 0.074 
0.37 0.030 
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TABLE III 

PHASE, MODULATION AND LIFETIME DATA FOR 
TUNA TNS-APOMYOGLOBIN AT DIFFERENT MOD- 
ULATION FREQUENCIES 

F Phase Modula- ,r e ~ M 

(MHz) (deg) tion (ns) (ns) 

10 31.1 0.828 9.60 10.77 
20 48.3 0.619 8.93 10.11 
30 56.5 0.471 8.00 9.95 
40 60.8 0.376 7.12 9.80 
60 66.0 0.275 5.95 9.28 
90 68.9 0.194 4.59 8.94 

120 69.6 0.148 3.56 8.66 
150 70.3 0.123 2.96 8.56 

too fast or too slow, relative to the fluorescence 
lifetime, to be observed. 

Discussion 

There are 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 apomyoglobin. 
For example, the a-helical content of tuna 
myoglobin is considerably less than that of sperm 
whale myoglobin [27]. Moreover, the loss of heli- 
cal structure upon removal of the heme from tuna 
myoglobin is on the order of 50% but only 15% for 
sperm whale myoglobin [27]. Additionally, the 
rotational strength of the dichroic band acquired 
by the heine in the native structure of tuna 
myoglobin is lower than that observed for sperm 
whale myoglobin. This latter result indicates that 
the aromatic side chains which interact with the 
heme moiety in the tuna myoglobin are in a less 
rigid environment than those responsible for the 
Soret circular dichroism of sperm whale myoglo- 
bin [28]. 

From the steady-state spectral data alone, i.e., 
the red-shifted emission of the tuna myoglobin 
spectrum with respect to sperm whale myoglobin 
spectrum, one might conclude that dipolar relaxa- 
tion processes are present in the tuna apomyo- 
globin conjugate. However, the time-resolved mea- 
surements do not give evidence for such relaxation 
process. The existence of extensive lifetime hetero- 
geneity in this case, however, suggests that a num- 
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ber of distinct conformational substates exist for 
TNS in the heme-binding site. (We note that TNS 
in isotropic non-viscous solvents exhibit a single 
exponential decay.) The observed difference in the 
relaxation behavior between tuna and sperm whale 
myoglobin then support the viewpoint that spec- 
troscopic parameters associated with the relaxa- 
tion process are dominated by local effects as 
opposed to general dynamic features such as pro- 
tein backbone motions or movements of bound 
water molecules. Presumably, these general dy- 
namic features are similar in the two myoglobins. 
Instead, we suggest that a particular protein re- 
sidue or a water molecule is properly positioned in 
sperm whale myoglobin to interact with the TNS 
excited-state dipole. In tuna myoglobin instead, 
there are several different protein surroundings or 
microenvironments for the TNS molecule as shown 
by the lifetime heterogeneity. Consequently, in 
some of the TNS apomyoglobin substates in tuna 
protein, the excited-state dipole orientation, rela- 
tive to the surrounding protein matrix, might not 
be properly positioned to be sensitive to dipolar 
relaxation processes. Alternatively, the specific 
group responsible for the relaxation process in 
sperm whale myoglobin may be absent in the tuna 
protein. 
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