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Pressure-induced  perturbation of ANS-apomyoglobin 
complex: Frequency  domain fluorescence studies 
on native and acidic compact  states 

ETTORE  BISMUTO,' GAETANO  IRACE,' IVANA  SIRANGELO,' AND ENRICO GRATTON' 
Dipartimento di Biochimica e Biofisica,  Seconda  Universita di Napoli,  Italy 
Laboratory for Fluorescence  Dynamics,  Department of Physics, 
University  of Illinois at Urbana/Charnpaign, Urbana, Illinois 61801 

(RECEIVED July 5, 1995; ACCEPTED October 26, 1995) 

Abstract 

The  pressure  dependence of the flexibility of  the  8-anilino-1-naphthalene  sulfonate  (ANS)-apomyoglobin  com- 
plex was  investigated  in  the  range between atmospheric  pressure  and 2.4 kbar by frequency  domain  fluorometry. 
We examined  two  structural  states:  native  and  acidic  compact.  The  conformational  dynamics  of  the  ANS- 
apomyoglobin  complex were deduced by studying  the emission decay of ANS, which can  form a noncovalent com- 
plex with  the  apoprotein  in  both  the  native  and  the acidic compact  forms. Because the  free  fluorophore  has a very 
short  lifetime (less than 75 ps),  its  contribution  can be separated  from  the long-lived emission.  The  latter  arises 
from  ANS molecules bound  to  the  protein  and  provides  information  on  the  structural  and  dynamic  characteris- 
tics of  the  macromolecule.  The  fluorescence emission decay  of  the  ANS-apomyoglobin  complex  at  neutral pH 
has a broad  fluorescence  lifetime  distribution  (width  at  half-maximum = 4.1 ns). The  small  changes  in  the  fluo- 
rescence distribution  parameters  that  occur  with  changes in pressure  indicate  that  the  ANS-apomyoglobin  com- 
plex at  neutral  pH  holds  its  compactness  even  at 2.4 kbar. A small  contraction  of  molecular  volume  has been 
detected at  low  pressure,  followed  by a slight  swelling with  an  increase in  flexibility at  higher  pressures.  The het- 
erogeneity  of  ANS  fluorescence  in  the  acidic  compact  state  of  apomyoglobin is even greater  than  that in the  na- 
tive form  (distribution  width = 10 ns);  moreover,  the acidic compact  state  appears  more  expanded  and accessible 
to  solvent molecules than  the  native  state,  as suggested by the  distribution  center, which is  11 ns for  the  former 
and 19 ns  for  the  latter.  The lifetime distribution center remains  constant with  increasing pressure, which suggests 
that  no  other  binding site is formed  at  high  pressure. 

Keywords: ANS-apomyoglobin  complex; apomyoglobin;  conformational dynamics;  frequency-domain fluorom- 
etry;  molten  globule;  protein flexibility 

A protein  in a given structural  state  has a  wide  variety  of  nearly 
isoenergetic conformational  substates, which all  perform  the 
same  function  but  at  different  rates  (Frauenfelder  et  al., 1988). 
This  large  number  of  conformational  substates gives rise to a 
plurality  of fluorescence  emission rates, which may  be  modeled 
by a quasicontinuous fluorescence  lifetime distribution  (Alcala 
et  al., 1987; Bismuto et al., 1988; Bismuto & Irace, 1989), al- 
though  plausible  alternative  explanations  have been reported 
that  do  not  invoke multiple conformations of protein molecules 
(Sienicki et  al., 1991; Baizer & Prendergast, 1993). The  distri- 
bution  center is related to  the  average  environment of the ex- 
cited  fluorophore;  the  width  of  the  lifetime  distribution 

Reprint  requests to: Ettore Bismuto, Dipartimento di Biochimica e 
Biofisica,  Seconda  Universita di Napoli, Italy; e-mail: iraceQareana. 
area.na.cnr.it. 

characterizes  the  strength  and  variety of the  mechanisms  influ- 
encing the  microenvironmental properties  of the  fluorophore in 
the excited state. The  distribution  width  depends  not only on  the 
number  of  different  environments or conformational  substates, 
but  also  on  the  interconversion  rate  among  substates  during  the 
lifetime  of  the excited state. 

Myoglobin  was the  first  protein in  which  hierarchically orga- 
nized conformational substates were detected, and it  remains the 
best-studied example  of  the  phenomenon  (Austin  et  al., 1975). 
Recently,  Frauenfelder  et  al. (1990) studied  the  effects of pres- 
sure  on  myoglobin using visible and  Fourier  transform  infrared 
(FTIR) techniques. They concluded that pressure alters  both  the 
relative substate  populations  and  the  functional properties  of the 
individual  substates  and,  thus,  can  produce large changes in the 
static  and  dynamic  properties  of a protein ensemble. The  effect 
of pressure on  protein  structure also has been described  in terms 
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of cavity reduction inside the protein  matrix as well as changes 
in the hydration  of mainly peripheral regions of the polypep- 
tide chain (Heremans, 1982; Gavish et al., 1983; Nolting & Sli- 
gar, 1993;  Silva & Weber, 1993; Cioni & Strambini, 1994; Jonas 
& Jonas, 1994). 

For this paper, we investigated the effect produced by hydro- 
static pressure on the lifetime distribution of S-anilino-l-naph- 
thalene sulfonate (ANS) bound to horse apomyoglobin at neutral 
pH  and in acidic, high-salt conditions in the range from  atmo- 
spheric pressure to 2.4 kbar. ANS has been employed in stud- 
ies on  apomyoglobin since the original report of Stryer (1965) 
showing that apomyoglobin binds ANS with strong  affinity in 
the nonpolar site normally occupied by heme. The complex ex- 
hibits an ORD spectrum similar to  that of the free apoprotein. 
Moreover, the histidine residues show the same net ionization 
behavior in the complex as in the free apoprotein (Breslow  et al., 
1967). More recently, NMR studies confirmed that the binding 
of the dye does not perturb  the  structure of apomyoglobin 
(Cocco & Lecomte, 1994). 

We also  studied the effects of pressure on  the dynamic  prop- 
erties of the compact structural state  formed by apomyoglobin 
in acidic, high-salt conditions (0.3 M NaCI, pH 2.0). This com- 
pact state has some similarities with the molten globule state, 
a supposed universal intermediate having great flexibility be- 
cause of the weakness  of the tertiary interactions among the res- 
idues constituting the polypeptide chain (Ptitsyn et al., 1990;  Lin 
et al., 1994). It is  well documented that the  compact  state of 
many proteins is able to bind ANS because the  fluctuating ter- 
tiary  structure creates accessible apolar pockets where the flu- 
orophore can bind (Semisotnov et al., 1991). 

The  advantage of using ANS is that  the free fluorophore in 
aqueous  solution has a very short lifetime compared to  that of 
the bound  fluorophore.  Therefore,  examination of the ANS 
emission decay yields information  on  the structural  states that 
retain the ability to bind the fluorophore. When native apomyo- 
globin is subjected to increasing pressure, it undergoes a con- 
formational change that causes it to lose the ability to bind ANS, 
although it retains elements of organized tertiary  architecture 
(Bismuto et al., 1996). The acidic compact state, by contrast, 
retains the ability to bind the  fluorophore even at relatively  high 
pressures. Starting  from this observation, we undertook a 
frequency-domain emission decay study to specifically charac- 
terize the dynamics of these two  structural states at increasing 
pressures. 

Results 

ANS is virtually nonfluorescent in aqueous  solution.  Its  fluo- 
rescence is strongly  enhanced when  it binds to apomyoglobin, 
and  the emission maximum is shifted  toward  the blue region, 
with maxima located at 450 and 480 nm for  the native and 
acidic, high-salt proteins, respectively (Stryer, 1965; Bismuto 
et al., 1992). In both cases, neither the emission maximum nor 
the fluorescence polarization  of the extrinsic fluorophore de- 
pends on  the molar ratio of ANS to apomyoglobin. 

A pressure increase from atmospheric to 2.4 kbar causes a 
strong decrease in the fluorescence intensity with no change in 
the emission maximum. This finding suggests that  the ANS- 
apomyoglobin complex undergoes dissociation. Conversely, in 
the case of the high-salt, acidic protein,  this pressure change 
causes a  rather small increase in the fluorescence yield of bound 

ANS. There is again no change in the position of the emission 
maximum, which remains at 480 nm (Bismuto et al., 1996). 

The pressure dependence of the emission  decay  of ANS bound 
to apomyoglobin was investigated in two different conditions- 
at neutral pH  and  at acidic pH with a high salt concentration- 
by frequency domain fluorometry. The excitation was at 350 nm 
and  the emission was collected through an interferential filter 
(Corion P-10-480) in the frequency  interval between 5 and 
200 MHz. Protein samples were subjected to hydrostatic pres- 
sures ranging from  atmospheric to 2.4 kbar. The bottom  graph 
of Figure 1 shows the phase shifts and modulation factors of the 
ANS-apomyoglobin complex at atmospheric pressure and neu- 
tral pH. For ANS bound to native apomyoglobin,  the observed 
frequency response is  complex and does not correspond to what 
would be expected for a single emitting fluorophore. An even 
greater heterogeneity was observed at  pH 2.0 in the presence of 
0.3 M sodium chloride (bottom graph of Fig.  2). The data shown 
in Figures 1 and  2 were analyzed by the nonlinear least-square 
routines as indicated in the Materials and methods using algo- 
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Fig. 2. ANS bound to apomyoglobin at acidic pH in the presence of 
0.3 M NaCl and at atmospheric pressure. Bottom graph: frequency de- 
pendence of the phase shift and demodulation  factors. Top graph: the 
result obtained by fitting the emission decay data in terms of a lifetime 
distribution having Lorentzian shape. Center graph: the frequency de- 
pendence of the difference between the observed and calculated phase 
shifts and demodulation  factors. Excitation was at 350 nm.  Emission 
was collected through an interferential filter (Corion P-10-485). Protein 
concentration was 5 nM; ANS-apomyoglobin molar ratio was 1:l. The 
solution contained 5 x M sodium phosphate, 0.3 M NaCI, pH 2.0. 
Temperature was 20°C. 

rithms for multiexponential as well as distributional analysis. In 
this paper, we show the  data analysis obtained by fitting the ex- 
perimental values to continuous lifetime distributions. Although 
an analysis based on three or four discrete components could 
be substituted for  the distributional analysis, our point of view 
about protein structure is founded on the existence of confor- 
mational  substates, and we  will discuss the results from distri- 
bution analysis. The  top  graphs of Figures 1 and  2 show the 
unimodal  Lorentzian lifetime distributions  obtained by fitting. 
The middle graphs show that  the differences between the  ob- 
served and calculated values for the phase and modulation are 
statistically distributed around zero. Both fits required the  ad- 
dition of a discrete component with a very short lifetime (of 
about 75 ps); the origin of this  component might be related to 
scattered light as well as  the free fluorophore emission. The dis- 
tributions  are very broad,  the widths being 4.1 and 10.0 ns for 
ANS bound to the native and acidic, high-salt proteins, respec- 
tively. The distribution centers are also different (18.9 and 11.9  ns 
for neutral and acidic apomyoglobin, respectively), probably 

owing to differences in the accessibility of  the ANS fluorophore 
to solvent in the two apomyoglobin structural  forms and  to  dif- 
ferences in dipolar relaxation rates (Bismuto et al., 1987, 1993). 

Figures 3 and 4 show the frequency dependence of phase and 
modulation at increasing pressure for neutral and acidic, high- 
salt ANS-apomyoglobin complexes respectively. For the native 
protein, the phase shift detected at each frequency increases up 
to 1,200 bar; thereafter,  a large decrease is observed. The mod- 
ulation  factor is independent of pressure except at  the highest 
applied pressure, which caused an increase at each modulation 
frequency. For the acidic protein in the presence of  0.3 M NaCl, 
only a small increase in the phase shift and a corresponding de- 
crease in the modulation were observed. 

Table 1 summarizes the results of the distributional analysis 
of the emission data shown in Figures 3 and 4. The  contribu- 
tion from  the very short component increases slightly with in- 
creasing pressure, probably because of the dissociation of ANS 
at neutral pH. Conversely, in acidic, high-salt conditions,  the 
contribution of the short  component decreases with increasing 
pressure, possibly owing to a pressure-induced enhancement of 
ANS binding (Bismuto et al., 1996). Figure 5 compares the pres- 
sure dependence of the  distribution center and width for ANS- 
apomyoglobin at  pH 7 and  at  pH 2 in the presence of 0.3 M 
NaCI. For the native ANS-apomyoglobin complex, the center 
of the lifetime distribution increases from atmospheric pressure 
to 800 bar and then decreases slightly. By contrast, for ANS 
bound to  the acidic compact apoprotein, the center of the life- 
time distribution remains constant.  The width slowly increases 
with pressure for neutral apomyoglobin, whereas for the acidic, 
high-salt protein, it decreases monotonically. 

Figure 6 shows the pressure dependence of the steady-state flu- 
orescence polarization resulting from 350-nm excitation of ANS 
bound to apomyoglobin in the native and acidic compact states. 
For native apomyoglobin, the ANS polarization decreases from 
1 to 1,200 bar and then increases. For apomyoglobin in the 
acidic compact state,  the emission polarization decreases mono- 
tonically with increasing pressure. 

Discussion 

The emission decay of ANS bound to native apomyoglobin is 
dependent on  the number of conformations  among which the 
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Fig. 3. Frequency dependence of  phase shift and demodulation factor 
of  ANS bound to apomyoglobin at pH 7.0 at the indicated pressures. 
Other experimental conditions are as in Figure 1. 
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Table 1. Lorentzian  Iifetime distribution analysis of 
ANS-apomyoglobin under  increasing pressuresa 

Pressure (bars) 

1  400 800 1,200  1,600 2,000 2,400 

pH 7 
Fraction 0.913 0.920 0.933 0.918  0.908 0.870 0.850 
Center(ns) 18.9 20.5  19.3 18.8 18.5 18.2 17.9 
Width (ns) 4.1  4.1 4.2 4.3  4.6 5.5 5.8 
Chi-square 1.5 1.4 1.6 2.1 2.3  2.9 1.5 

pH 2 + salt 
Fraction 0.572 0.599 0.615 0.619 0.629 0.647  0.652 
Center(ns) 11.9 11.7 11.9  12.1 12.1 12.0 11.9 
Width (ns) 10.0 10.1 9.0  8.6  7.8  7.4  7.2 
Chi-square 1.02  2.3 1.5 1.6 1.03 1.2 1.4 

a The fit required the  addition of a discrete component with a very 
short lifetime (less than 75 ps). 

heme-binding site may fluctuate,  on the mobility around each 
conformation, and on the interconversion rate among these con- 
formations (Bismuto et al., 1989). The heterogeneity  of the micro- 
environments generated by the interaction of the noncovalently 
bound fluorophore  and  the heme binding site produces a wide 
distribution of fluorescence lifetimes, which at atmospheric pres- 
sure is centered at  about 18 ns and has a width of 4.5 ns. The 
center of the lifetime distribution is related to  the average envi- 
ronment  surrounding the ANS molecule. The  distribution cen- 
ter observed for native apomyoglobin is determined by the 
hydrophobicity of the heme-binding site, where the  fluorophore 
is known to be bound  (Stryer, 1965). The width of this lifetime 
distribution is a measure of the plurality of conformational sub- 
states with different decay times existing in the apomyoglobin 
at neutral pH (Bismuto & Irace, 1989). 

Increasing pressure causes the heme pocket to undergo de- 
structuration, with a consequent dissociation of ANS molecules 
(Bismuto et al., 1996). It is possible to correlate  ANS dissocia- 
tion with structural events in this site, because the  fluorophore 

72i \ DH 2 .  0 . 3 M  NaCl 
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Fig. 4. Frequency dependence of the phase shift and demodulation fac- 
tor of ANS bound to apomyoglobin at  pH 2.0 in the presence of 0.3 M 
NaCl at the indicated pressures. Other experimental conditions are  as 
in Figure 2. 
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Fig. 5. Pressure dependence of the lifetime distribution center (top)  and 
width (bottom) of ANS bound to apomyoglobin at pH 7.0 (W) and at 
pH 2.0 in the presence of 0.3 M NaCl (a). Experimental conditions are 
those reported in Figures 3 and 4. 

binds only to the heme site. The emission maximum of ANS 
ranges from 520  nm  (in water) to 450 nm or less  (in organic sol- 
vents and proteins), and the fluorescence lifetime ranges from 
a few picoseconds to  about 20 ns (Bismuto et al., 1985; Moore 
et al., 1985). The  fact that  both parameters are independent of 
increasing pressure does not support  the possibility that  other, 
nonspecific binding sites appear. The long-lived fluorescence 
emission observed at each examined pressure arises from  the 
fraction of apomyoglobin molecules that retain the ability to 
bind ANS.  Therefore, it provides information on the dynamic 
properties of the ANS-apomyoglobin complex. The data re- 
ported in Table 1 and Figure 4 show that the  ANS fluorescence 
lifetime depends only weakly on pressure. The small observed 
increase (from 19 to 20 ns) can be correlated with a small con- 
traction in molecular volume undergone by apomyoglobin be- 
tween l and 800 bar, which improves the protein packing and 
reduces the internal cavities. This interpretation is supported by 
the observation that the efficiency of energy transfer from tryp- 
tophans  to ANS increases from 1 to 800 bar  (Bismuto et al., 
1995). The decrease in the steady-state emission polarization 
(Fig. 6)  observed in the low-pressure range is consistent with this 
reduction in molecular volume. In fact, the small magnitude of 
the lifetime variation of ANS bound to apomyoglobin suggests 
that  the polarization decrease depends mainly on  the reduction 
of  the  rotational  correlation time, which is related to  the pro- 
tein molecular volume (Weber, 1953). At higher pressures, the 
center of the ANS lifetime distribution is shortened and  the 
width of the distribution broadened, probably owing to a swell- 
ing of the apomyoglobin molecule. At constant  temperature, it 
is reasonable to suppose that a pressure increase would reduce 
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Fig. 6.  Pressure  dependence of ANS fluorescence  polarization of ap- 
omyoglobin at pH 7.0 (.1 and at pH 2.0 in the presence of 0.3 M NaCl 
(0). Excitation and emission  wavelengths  were 350 and 480 nm, 
respectively. 

the distances among  the  amino  acid residues,  with  a  consequent 
increase  in the  Born  repulsion.  Rotation  around  the  bonds  that 
link the  amino  acid residues to  the polypeptide backbone would 
work  to reduce the repulsion. This effect  would  create larger free 
volumes, which the solvent could  then  comfortably  occupy.  The 
result would  be a swelling of the  protein molecule and  the replace- 
ment  of  many  of  the  short-range  interactions  among  protein 
components by interactions  with  water molecules interspersed 
in the  protein  matrix  (Weber, 1992). This  model  explains  the 
small  decrease  shown by the  lifetime  center with  a further  in- 
crease in pressure.  The  increase  of  the  emission  polarization 
might  be  due  to  the positive contribution  to  the specific molar 
volume  of  apomyoglobin  of  the  hydration  of new solvent- 
exposed residues (Gekko & Hasegawa, 1986; Iqbal & Verrall, 
1988; Kharakoz & Sarvazyan, 1993). 

The  acidic  compact  form  of  apomyoglobin  binds  ANS in a 
manner  quite  different  from  that seen at  neutral  pH.  This idea 
is corroborated by the  large  difference in the  center of lifetime 
distribution  at  atmospheric  pressure  for  the  native  and  acidic 
compact  forms  of  the  protein.  The emission decay  of  ANS 
bound  to  the  acidic, high-salt apomyoglobin  has a distribution 
center value of 11 ns, which indicates that  the  ANS-binding site 
is much less buried  than  at  neutral p H  (Fig. 5) .  The lifetime  dis- 
tribution is very wide,  the  width  at  half  maximum being 10 ns. 
The  large  fluorescence  heterogeneity is due  to  the  greater flexi- 
bility of  the acidic compact state. Because of the  fluctuating  na- 
ture  of  the  protein  matrix in high-salt,  acidic  conditions,  the 
ANS molecule experiences a large  variety of microenvironments 
during  the  lifetime  of  the excited state.  However,  the possibil- 
ity cannot  be  excluded  that  the  fluorescence  heterogeneity  may 
also  arise  from  the  appearance  of  multiple  binding  sites.  This 
explanation is less likely  because of  the  independence  of  the 
emission  maximum  and  fluorescence  polarization  on  the pro- 
tein  and/or  ANS  concentration.  The  lifetime  distribution  cen- 
ter  remains  constant  with  increasing  pressure, which  suggests 
that  no  other  binding site is formed  at  high  pressure.  The life- 
time  distribution  width  and  the  steady-state fluorescence polar- 
ization decrease linearly with increasing pressure, indicating that 
the average  environment becomes more homogeneous and  more 
compact.  This  hypothesis is corroborated  by  the recently re- 

ported  studies on the  adiabatic  compressibility of some  molten 
globules at  atmospheric  pressure, showing that  the  molten  state 
is softer  than  native  protein  (Noltig & Sligar, 1993). 

Materials and methods 

Myoglobin 

Horse  myoglobin was purchased  from  Sigma;  the  protein was 
used after  purification by fast liquid chromatography using a 
Superdex-75  column ( I O  mm x 25 cm)  from  Pharmacia  equili- 
brated with 0.05 M phosphate,  pH 7.0. The  protein  homogene- 
ity  was controlled by SDS gel electrophoresis with 15% gels 
and 5 %  stacking gels. Myoglobin  concentration  was  deter- 
mined spectrophotometrically in the  Soret region  using  157,000 
cm" M" as  molar  absorption coefficient at 410 nm (Harrison 
& Blout, 1965). 

Apomyoglobin 

The heme  was removed  from  myoglobin by the  2-butanone ex- 
traction  procedure  (Teale, 1959). The  heme  contamination  of 
apoprotein was assessed spectrophotometrically. In all  cases, no 
significant absorption was observed in the Soret region. The con- 
centration of apomyoglobin  was  determined by absorption  at 
280 nm.  The  molar  absorption  coefficient was calculated  from 
the  tryptophan  and  tyrosine  content  (Dahyoff, 1972) by using 
molar  absorption  coefficients of 5 , 5 0 0  and 1,250 cm" M", 
respectively (Wetlaufer, 1962). The  apomyoglobin  solution in 
absence  of salt  was obtained by exhaustive dialysis against de- 
ionized water. 

Chemicals and solutions 

All common chemicals  were reagent  grade  and were purchased 
from  Sigma.  ANS was from  Molecular  Probes  and was tested 
by an  HPLC reverse-phase procedure.  The  ANS  concentration 
was determined  spectrophotometrically using 5 ,000  cm" M" 
as  the  molar  absorption coefficient (Weber & Young, 1964). 

High-pressure steady-state fluorescence experiments 

The  steady-state  measurements were made with  a Greg P C  flu- 
orometer  from ISS (Champaign,  IL).  The  excitation was at 
295 nm for  the  tryptophanyl residues to exclude the tyrosine  con- 
tribution  to  the  fluorescence  emission,  whereas  the  excitation 
was at 350 nm  for  ANS.  The  temperature  of  the  sample  com- 
partment  was  controlled  with  an  external  bath  circulator  (Nes- 
lab  Model LT50). The  sample  temperature was measured in the 
compartment  surrounding  the  bottle-like  cuvette  prior  to  each 
measurement using a digital  thermometer  (Omega,  model 410 
B-TC). The  high-pressure cell was  that previously described by 
Paladini  and Weber (1981). The emission spectra were acquired 
at each  pressure after 20 min of pressure  equilibration. The spec- 
tra  before  and  after  application of the  pressure were compared 
as a test of reversibility. Pressure-induced  spectral  changes were 
found  to  be reversible. Steady-state emission polarization  mea- 
surements were performed in L-Format  configuration  with ex- 
citation  and emission at 350 and 480 nm, respectively. 
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Frequency  domain  emission  decay  measurements 

Lifetime measurements were performed by a multifrequency 
cross-correlation phase and modulation  fluorometer that uses 
a  high-repetition-rate, mode-locked Nd-YAG laser. This laser 
is  used to synchronously pump a dye laser, whose pulse train is 
frequency doubled with an angle-tuned frequency  doubler (Al- 
cala et a]., 1985). The data were  analyzed as described  previously 
(Gratton et al., 1984; Lakowicz et al., 1984; Alcala et al., 1987; 
Beechem, 1992). The quality of the fit was  assessed by chi-square 
values and by plots  of weighted residuals. Excitation was at 
350 nm and  the emission was observed through an interferen- 
tial filter (Corion P-10-485). The light scattering  of the sample 
at 350 nm (interference filter, Corion P-10-350) was  used as ref- 
erence. The same results  were obtained when measurements were 
performed at atmospheric pressure inside the pressure bomb or 
in a regular cuvette and usingp-terphenyl in cyclohexhane in the 
reference cell. 
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