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Abstract 

Oxygen quenching experiments were carried out on zincprotoporphyrin IX reconstituted myoglobin (MbFe+ ‘“) at 
different temperatures and two solvent viscosities. The data were fit to a dynamic mode1 for quenching of fluorophores in 
protein interiors previously presented (Biophysical .I., 45 (1984) 789-794). The parameters associated with the oxygen entry 
rate (k+), exit rate (k-), and migration rate ( x> in the protein were obtained at six temperatures and two viscosities (1 and 8 
cp), along with the activation enthalpies associated with the above rates (k’ and k-1. The partition coefficient (a) was 
calculated at each temperature along with the free energy, AC”, associated with this partition. The rate parameters 
(kf, k-, x> and the partition coefficient ((Y) have also been determined for the sample in 40% sucrose (8 cp), to evaluate 
the effect of bulk solvent viscosities on these values. The steady-state Stern-Volmer quenching plot was calculated using the 
rate parameters obtained from the analysis (of the dynamic model). Comparison of the Stern-Volmer points obtained using 
the dynamic mode1 and those obtained experimentally showed excellent agreement. 
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1. Introduction 

Fluorescence quenching experiments using a vari- 
ety of quenchers have contributed to our understand- 
ing of the dynamics of many proteins [1,2]. How- 
ever, this information has been limited to fluo- 
rophore exposure to the quencher and an assessment 
of the electrostatic environment around the fluo- 
rophore. Oxygen quenching of tryptophan fluores- 
cence in a number of globular proteins provided 
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some of the early experimental evidence for the 
existence of conformational fluctuations in globular 
proteins [3]. These studies suggested that fluctuations 
in the protein must occur for the oxygen molecule to 
access the internally buried fluorophore. The exact 
time scale and mechanisms for the conformational 
fluctuations required for oxygen migration through 
the protein interior is still a matter of debate [l]. 

Vaughan and Weber [4] were the first to use 
oxygen quenching for fluorophores attached to pro- 
teins. They were able to carry out these studies at 
ambient oxygen concentration taking advantage of 
the long fluorescence lifetime (200 ns) of pyrene 
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butyric acid bound to bovine serum albumin (BSA). 
Using the Stern-Volmer equation they concluded 
that BSA was relatively impermeable to oxygen 
because the bimolecular quenching constant for the 
quenching of pyrene butyric acid bound to the pro- 
tein was two orders of magnitude smaller than that 
for the fluorophore free in solution. Using a high- 
pressure spectroscopy cell, to increase the solution 
oxygen solubility, Lakowicz and Weber were able to 
quench the tryptophan fluorescence of many globular 
proteins, with lifetimes in the 2-6 ns range and 
concluded, again using the Stern-Volmer equation, 
that proteins are readily permeable to oxygen 
molecules [3]. The bimolecular quenching constants 
in this later study were found to be comparable to 
those obtained for N-acetyltryptophanamide in solu- 
tion. The reason for these contradictory conclusions 
about oxygen permeation in proteins obtained using 
the same method of analysis was later addressed [5]. 
The explanation given was based on the inherent 
deficiency of the Stern-Volmer equation for the 
analysis of the quenching of internally buried fluo- 
rophores in a protein. A new model for the oxygen 
quenching, was proposed to specifically address this 
contradiction [5]. 

The experimental observation that led to the de- 
velopment of this model, a two process sequential 
model for the quenching of internally buried fluo- 
rophores, was first made by Coppey et al. [6]. Using 
frequency-domain fluorescence spectroscopy to study 
HbdesFc, they observed that the introduction of oxy- 
gen into the system caused heterogeneity in the 
emission lifetimes, compared to single exponential 
decay in the absence of quencher. This observation, 
in fact, was anticipated by Lakowicz and Weber who 
also noted the differential behavior of the phase and 
modulation lifetimes in their systems as quenching 
occurred. The progressive heterogeneity of emission 
lifetimes with increasing oxygen concentrations was 
also observed by Jameson et al. [7] and in the present 
study. Heterogeneity in emission lifetimes has also 
been observed with quenchers other than oxygen at 
very high quencher concentration [8]. For fluo- 
rophores in solution, nonequilibrium statistical ther- 
modynamics has been invoked to explain hetero- 
geneity in emission lifetimes [9,10]. Molski and 
Keizer [9] proposed that this heterogeneity is based 
on the stationary nonequilibrium distribution of 

k+ 

x 

Fig. 1. (a) Full dynamic model; (b) simplified dynamic model; (c) 
representation of oxygen penetration and diffusion into the pro- 
tein. 

quencher molecules around an average fluorophore. 
They propose that time evolution of the radial distri- 
bution of the quencher concentration around the 
fluorophore causes the apparent bimolecular quench- 
ing constant to appear time dependent, which would 
result in lifetime heterogeneity. This mode is not 
relevant for myoglobin. 

Gratton et al. [5] proposed a model for oxygen 
quenching of internally buried fluorophores in pro- 
teins that we will call the dynamic model for oxygen 
quenching, that can also account for the heterogene- 
ity in emission lifetimes. The dynamic model will be 
summarized here, however, for a complete deriva- 
tion, we refer the reader to the aforementioned work. 
In this model, the oxygen quenching of internally 
buried fluorophores is viewed as a sequential process 
that can be modeled as a three-state excited-state 
reaction (Fig. la). The three excited states of the 
model represents three predominant fluorophore cat- 
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egories in protein molecules, namely, fluorophores 
that remain unquenched, fluorophores that encounter 
quenchers originating external to the protein at the 
instant of excitation and fluorophores that encounter 
quenchers which are inside the protein at the instant 
of excitation (Fig. lc)! This scheme essentially cre- 
ates a sequential process which arises because of the 
interconversion of one molecular species into an- 
other during the excited state lifetime. 

The relevant differential equations for the photo- 
physical model shown in Fig. la are: 

dY 
- = k+ [Q]X - I-,Y + X+z 
dt 

To = r+ k+ [Q] (4) 
l-, =T+,y++k- (5) 

rz=r+c$ (6) 

where X is the concentration of protein molecules 
without quencher, Y is the concentration of protein 
molecules with quencher, Z is the concentration of 
protein molecules with quencher in the pocket, k+[Q] 
is the pseudo first-order entry rate into the protein, 
k is the exit rate from the protein, X is the average 
migration rate throughout the protein. We assume 
that the ground-state and the excited-state equilibria 
are the same. The contribution of Z to the observed 
fluorescence intensity is negligible because the value 
for 5 is large with respect to X- and r. The Z 
state, then, is effectively a sink for the fluorescence 
and reduces the lifetime analysis to the simplified 
dynamic model (Fig. lb). The two differential equa- 
tions of the simplified model, which are coupled, are 
independent of Z and the solution is identical to that 
of an interconverting two-state system. The general 
solution of the coupled differential equations is: 

X(t) = aox e-mb,x e-“1’ 

Y(t) = soy e-mO’ + ~zi,~ epmlr 

(7) 

(8) 

where 

(I’,+r,) i/(r,-r,)Z+4kmk+[Q] 
mo,, = 2 

(9) 

Pxro-m,) -k-y,,1 
%x = m,, -ml 

(ye,= lk-y”-xo(~“-m”)l’ 
[Y,,(r,m,,m,;i k+[Q]X,,] 

any = 

(Y,~ = [k'[Ql -~k?-mdj 
?I -ml 

(10) 

Here X,, and Y, are the population of the X and Y 
states at the instant of excitation. 

The fluorescence intensity is proportional to the 
number of molecules in the excited state and the X 
and Y states have the same emission spectra. In this 
model, the fluorescence decay has two exponential 
components Cm,,, m,) that are not associated with 
the decay rate of the individual states, but are eigen- 
values determined by k+ [Q], km, r,,, r,. A critical 
feature of this analysis is that the rate processes 
experimentally detectable are dependent on the de- 
cay rate of the excited state. This decay rate deter- 
mines the relative concentration of the X and Y 
species and discriminates between the penetration 
and migration processes. 

The inadequacy of the Stern-Volmer equation for 
the analysis of oxygen quenching in internally buried 
fluorophores should now be evident. The Stern- 
Volmer equation, 1,/Z = 1 + k+ r,[Ql, was origi- 
nally derived for a free fluorophore in solution [l I]. 
The bimolecular quenching constant, kf represents 
the collision frequency between the fluorophore and 
the quencher. When the Stern-Volmer equation is 
applied to the analysis of internally buried fluo- 
rophores, the entry, exit, and migration rates for the 
oxygen quenching process are essentially lumped 
into this quenching constant. Longer lifetime probes 
require lower oxygen concentrations for quenching, 
so that the concentration of protein molecules with 
embedded oxygen at the time of excitation is negligi- 
ble and, therefore, the quenching of the associated 
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fluorophores will have little contribution from the 
internal migration rate, if this rate is fast compared to 
the rate of quencher acquisition. Shorter lifetime 
probes require higher concentrations of dissolved 
oxygen to observe quenching, thereby providing an 
experimental situation, at the time of excitation, in 
which oxygen molecules are distributed both internal 
and external to the protein, permitting a sampling of 
all three rates of interest (k’, K, x). Therefore, the 
Stern-Volmer bimolecular quenching constant ob- 
tained with a short lifetime probe will essentially 
reduce to the migration rate, while the entry rate will 
be the predominant factor for a longer lifetime probe. 
Consequently, the Stern-Volmer bimolecular 
quenching constant will vary according to the magni- 
tude of the unquenched lifetime, which, essentially 
creates the time window which determines which 
rate processes are emphasized and hence will not 
necessarily directly reflect the accessibility of the 
fluorophore to the quencher as was originally as- 
sumed. 

The dynamic model for oxygen quenching was 
used by Jameson et al. [7] in a study on protopor- 
phyrin IX reconstituted myoglobin to obtain k+, k-, 
,y, and the protein-to-solvent partition coefficient, a!, 
at 20°C. The unquenched lifetime of protoporphyrin 
IX associated with apomyoglobin is about 16 ns. 
This relatively long lifetime emphasizes the entry 
and exit processes and hence cannot provide highly 
accurate values for the internal migration process. 
Also, in that study, the time resolution was not 
adequate to precisely assess the fast internal migra- 
tion process. That study concluded that a much 
shorter lifetime probe would provide a better means 
to study the internal process which is more relevant 
to the dynamics of the protein matrix (Fig. 2). There- 
fore zincprotoporphyrin IX was chosen for the pre- 
sent study. The unquenched lifetime of this probe is 
about 2 ns, and hence affords greater accuracy in the 
determination of the rate of the internal process. This 
increased accuracy along with a temperature study 
allows us to determine the energy barrier associated 
with the different rate process. In fact, one of the 
goals of the study was to elucidate the thermody- 
namic parameters associated with the conformational 
fluctuations which result in oxygen entry. 

In the present study on zincprotoporphyrin IX 
reconstituted myoglobin, we have performed oxygen 

Fig. 2. Spheres of observation for lifetimes 1000, 16, and 2.3 ns 
compared to the radius of myo&obin (innermost sphere). 

quenching experiments at temperatures of 5, 10, 1.5, 
20, 25, and 30°C while determining the lifetime 
using frequency domain methodologies and high 
modulation frequencies. The ability to carry out fre- 
quency-domain fluorescence measurements, with a 
broad range of frequencies, allows for the accurate 
measurement of the different rate processes that con- 
tribute to the quenching [12]. The Globals Unlimited 
software [13], which supports linked analysis of mul- 
tiple data sets allowed fits directly to the simplified 
dynamic model. The activation energies for both 
viscosities were calculated with kf and k- values 
obtained from the analysis at each temperature. The 
partition coefficient, (Y was calculated at each tem- 
perature along with the free energy, AC”, associated 
with this partition. A steady-state Stern-Volmer plot 
was calculated from the dynamic model using the 
parameters obtained from the intensity decay analy- 
sis and estimating a value for the rate 5 of depopula- 
tion of the Z state as a function of collision with the 
quencher. 

2. Materials and methods 

Zincprotoporphyrin IX myoglobin was prepared 
from horse skeletal myoglobin (Sigma Chemical, St. 
Louis, MO) and zincprotoporphyrin IX (Porphyrin 
Products, Logan, UT). Heme extraction was per- 
formed using the acid-acetone method [14]. Por- 
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phyrin incorporation and purification of the final 
reconstituted protein was performed using previously 
published procedures [ 151. These procedures re- 
moved excess porphyrin as well as any denatured 
protein. The incorporation of the porphyrin into the 
protein was examined using absorption and emission 
spectroscopy. 

Quenching experiments were performed with a 
protein concentration of 5 X 10eh M in 0.02 M 
phosphate buffer at pH 7.0 and 0.02 M phosphate 
buffer with 40% (w/w> sucrose. The gas pressure 
cell used in this study is similar to that described in 
previous oxygen quenching studies [3]. The pressure 
of the gas over the solution was determined with a 
Roylyn precision gauge (Roylyn Rueher Precision, 
Santa Ana, CA). The sample was continuously stirred 
with a magnetic stirrer. The sample was rapidly 
equilibrated with oxygen following a previously pub- 
lished method by Eftink and Ghiron [16], with a 
small modification. The tubing that introduced the 
gas into the sample was made approximately 20 cm 
long and coiled along the inside of the cell during 
measurements. This arrangement prevented any 
backtlow of the sample through the teflon tubing 
into the stainless steel tubing, which occurred when 
the cell had to be reopened after a tight closure. The 
solubility of oxygen in water is: 1.93 X 10m3, 1.74 
x lo-“, 1.54 x lo-“, 1.41 x 10p3, 1.27 x 10p3, 
1.15 X lo-” M/atm at 5, 10, 15, 20, 25, and 30°C 
respectively [17]. The solubilities of oxygen in 40% 
(w/w) sucrose are 1.34 X 10p3, 1.21 X 10m3, 1.07 
x 10-3, 0.98 x 10-3, 0.88 x 10-3, 0.80 x 1O-3 
M/atm at 5, 10, 15, 20, 25, 30°C. Sucrose (Sigma 
Chemical, St. Louis, MO) was recrystallized from an 
ethanol-water solution. The recrystallized sucrose, 
had no measurable emission under the conditions 
described for lifetime data acquisition, and therefore 
background subtraction was not required. The pro- 
tein’s visible absorption spectrum and the porphyrin 
emission spectrum were not altered by sucrose addi- 
tion. Photobleaching of the zincprotoporphyrin IX 
did not occur at the light intensities utilized as 
evidenced by the lack of photoproduct after the 
experiment, which emits maximally near 670 nm 
[181. 

Fluorescence lifetime measurements were per- 
formed using an ISS K2 multifrequency phase modu- 
lation fluorometer based on the instrument described 

by Gratton and Limkeman [19] and equipped with 
the digital electronic upgrading. The excitation source 
was an argon ion laser (Spectra Physics model 2045) 
tuned at 514 nm. Emission was observed through a 
530 nm cuton filter (Hoya). The measured quantities, 
phase delay, and demodulation of the emission were 
made relative to the Rayleigh scatter of the sample. 
This scatter signal was observed through a 514 nm 
interference filter (Corion, Holliston, MA). The tem- 
perature was held constant with a temperature bath 
that was calibrated to obtain the desired temperature 
in the sample compartment. The exciting light was 
modulated at 12 frequencies between 30 and 150 
MHz. Data were analyzed using the Globals Unlim- 
ited analysis program [13]. 

3. Results 

The experimental data were in the form of phase 
and modulation values, for twelve modulation fre- 
quencies, for each temperature, oxygen pressure and 
solvent condition. For comparative purposes, the data 
were analyzed using three separate models the 
Stern-Volmer analysis, the double exponential de- 
cay, and the dynamic model. For the Stern-Volmer 
analysis, at each temperature, ra, the unquenched 
lifetime, and KS,, the Stern-Volmer constant, were 
linked for all oxygen pressures (Table 1). In a similar 
fashion, for the double exponential decay analysis, 
T, and rZ were linked for all oxygen pressures 
(Table 2). The effect of the pressure on the different 
data sets, in Table 2, is manifested in the different 
contribution of the fractional intensities associated 
with each of the two lifetime components (Fig. 3). 
Fig. 4 shows phase and modulation values as a 
function of frequency for the 25°C measurement. 

Table 1 
Stern-Volmer analysis 

T (“C) T,, (ns) 
30 2.29 
25 2.32 
20 2.24 
15 2.33 
10 2.33 

5 2.35 

K,, CM-‘) X2 

0.92 20.6 
0.83 23.6 
0.75 23.0 
0.64 26.1 
0.53 23.1 
0.49 28.7 
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Table 2 
Double exponential decay analysis 

T ‘(“0 7, (ns) 7* (ns) 

30 2.28 1.08 
25 2.29 1.01 
20 2.29 0.99 
15 2.30 0.98 
IO 2.31 0.97 
5 2.30 0.85 

X2 

2.1 
1.9 
1.9 
1.8 
1.1 
1.8 

The phase and modulation curves shift to higher 
frequencies at higher oxygen pressures because of 
the shorter average lifetimes. The continuous line 
through the points shows the best fit to a double 
exponential decay. All of the temperature measure- 
ments can be fit to a double exponential decay with 
similar accuracy. A maximum of three parameters 
can be determined with a double exponential decay 
analysis at any given temperature and oxygen con- 
centration. Data fit to the dynamic model were glob- 
ally analyzed for four parameters: k+, k-, ,y and I- 
(Tables 3 and 4). By a separate analysis of the zero 
pressure measurement at each temperature, r is 
obtained. The complete determination of the other 
three parameters is possible by analyzing the data 
sets, taken as a function of oxygen pressure, using 
Eqs. (7) and (8) and the following considerations. 
The ratio of X over Y is proportional to k’[Q]/k- 

Temperature = 3p 25 20 15 10 5 

Fig. 3. Fractional intensities of components 1 and 2 from the 
double exponential analysis. 

Frequency (MHz) 
Fig. 4. Fit of double exponential model to the modulation, at 0 
(x), 300 CO), 600 (Xl, 900 (0) 1200 (Xl, 1500 (ok 1800 (x) 
psi and phase at 0 ( + 1, 300 (0 1, 600 (A ), 900 (*I, 1200 ( + ), 
1500 (A 1, 1800 ( 0) psi at 25°C. 

because X and Y have the same absorption coeffi- 
cients and the emission spectra, and we assume that 
the equilibrium is not affected by excitation of the 
porphyrin. From the analysis, the migration rate ( X) 
was not significantly dependent on temperature or 
viscosity, therefore, after several attempts, the global 
analysis of all forty-two (seven pressures for six 
temperatures) data sets was performed with the rates 
linked throughout all the data sets. For all oxygen 
pressures at constant temperature, the radiative decay 
rate, r, was fixed to its zero oxygen pressure value 
and k’ and k- were linked along the different 
pressure data sets, but allowed to vary at different 
temperatures. The fit of the dynamic model is identi- 
cal to that shown in Fig. 4. The errors associated 
with the dynamic model parameters were obtained 
by using the rigorous error estimation of the Globals 
Unlimited software [13]. 

The steady-state intensity for the fluorescence 
emission at all oxygen concentrations must be calcu- 

Table 3 
Zincprotoporphyrin IX myoglobin in 20 mM Na phosphate buffer 

T 6, k+ k- 
(“C) (109 s-1) (10 ’ s-’ Mm’) (lO’s-‘) :lO’s-I) 

30 0.436 f 0.003 0.55 f 0.05 0.14+0.02 2.6kO.2 
25 0.435 f 0.003 0.44 f 0.05 0.12+0.02 2.6kO.2 
20 0.434 * 0.003 0.37 i 0.05 0.11 kOo.02 2.6kO.2 
15 0.434*0.003 0.31 f0.05 0.10~0.02 2.6kO.2 
10 0.432 f 0.003 0.26 + 0.03 0.09 + 0.02 2.6 k 0.2 
5 0.432 + 0.003 0.20 f 0.03 0.08 rf~ 0.01 2.6 + 0.2 

Global x2 = 2.36 
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lated by utilizing the full three-state model and is 
given by: 

(F)= [aox+aoy+ (“;i”:y)] 
m0 

This solution for the emission intensity is obtained 
by using Eqs. (7) and (8) and the following: 

(12) 

The value for 5 is too fast to be reliably measured 
even at the frequencies used in this study and hence 
can only be estimated. A very good agreement of the 
calculated steady-state intensity Stern-Volmer plot 
to the experimental steady-state intensity values was 
obtained by assuming a value of 10”’ sP ’ for 5 (Fig. 
51. 

Fig. 5. Comparison of the calculated intensity using the simplified 
dynamic model (A) and the full dynamic model (0) vs. expcri- 
mental (0) Stern-Volmer at 25°C. 

diffusion into myoglobin are obtained and used to 
understand the mechanism for the quenching of the 
porphyrin. 

4.1. Simple quenching process 

Comparison of the reduced chi-squares (goodness 
of fit), obtained with the simple Stern-Volmer anal- 
ysis and that obtained with the double exponential 
decay, show that the double exponential decay pro- 
vides a much better fit to the data (Tables 1 and 2). 
This finding unequivocally demonstrates that the 
quenching of an internally buried fluorophore by 
molecular oxygen is not adequately described by the 
simple Stern-Volmer equation. It also confirms that 
the fluorescence decay becomes heterogeneous with 
the introduction of oxygen into the system. 

4. Discussion 
4.2. Two independent populations 

Lifetime and steady-state data have been obtained 
for the oxygen quenching of zincprotoporphyrin IX 
reconstituted myoglobin in buffer and 40% sucrose. 
For the buffer case, the lifetime data was analyzed 
according to the three models discussed in the intro- 
duction, namely, the simple Stern-Volmer, double 
exponential decay and dynamic model and the re- 
sults are evaluated. Using the dynamic model, rate 
constants associated with oxygen penetration and 

The double exponential decay model represents 
the protein population as being composed of two 
fractions: one without quencher and one with 
quencher or two populations with different quench- 
ing rates. The absence of interconversion between 
these fractions during the lifetime of the fluorophore 
distinguishes this model from the dynamic model. In 
other words, these two models represent a parallel 
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process and a sequential process, respectively. 
Quenching experiments performed with a mixture of 
nitrogen and oxygen showed no difference in 
quenching behaviour from those performed with 
oxygen only (data not shown). Identity of quenching 
behaviour in the presence and absence of nitrogen 
can only occur if the interconversion rate between 
protein molecules with quencher and those without 
quencher takes place during the lifetime of the fluo- 
rophore. Hence the mixed gas experiment indicates 
that the parallel double exponential decay model is 
not appropriate. Moreover, the trend of the values as 
a function of oxygen concentration for the parame- 
ters obtained using the independent parallel process 
interpretation are inconsistent. In fact, inspection of 
the fractional intensity plots of Fig. 3 suggests that at 
a given oxygen concentration, the second component 
(the fraction of proteins containing oxygen at the 
time of excitation) is decreased at lower tempera- 
tures, and thus would lead to reduced quenching at 
lower temperatures. Instead, the trend of the lifetime 
values (Table 2) show that the second component is 
quenched better at lower temperatures. Both the 
mixed gas experiments and the results of the parallel 
double exponential analysis rule out a unique parallel 
quenching mechanism. Of course, if a large number 
of parallel quenching pathways are superimposed, 
then this more complex model can always fit the 
data. 

(a) 

. 
3.375 3.475 3.575 

Temp WW 
Fig. 6. (a) Arrhenius plots of kf for the buffer (0) and the 40% sucrose sample (0). (b) Arrhenius plots of k- for the buffer (0) and the 
40% sucrose sample (0). 

4.3. Dynamic model analysis 

From the mathematical point of view, the simpli- 
fied dynamic model for the lifetime data is essen- 
tially a two-state model which yields a double expo- 
nential decay. As a consequence the global reduced 
chi-square using linked parameters for a fit using the 
two-state model can never be lower than that for a 
double exponential decay fit of the individual curves 
without constraints. However, it can be seen from 
the reduced chi-square that the dynamic model (Ta- 
ble 3) represents a much better fit to the data than 
the single exponential Stern-Volmer type (Table 1) 
of analysis and is not substantially worse than the 
average of the reduced chi-squares of the individual 
fits using double exponentials (Table 2). This agree- 
ment indicates that the simplified dynamic model 
may represent the mechanism for oxygen quenching 
of zincprotoporphyrin IX in horse skeletal myo- 
globin. 

4.4. Activation energy analysis of entry and exit for 
the buffer 

The activation energy for each of the rate pro- 
cesses was calculated using the Arrhenius equation 
(Fig. 6). The activation energy for k’ is due to the 
activation energy barrier that must be overcome for 
the oxygen molecule, which originates in the solvent, 

b) 
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to enter the protein. In this study, AH is is found to 
be 27 kJ/mole, in agreement with other quenching 
studies using zincprotoporphyrin IX reconstituted 
myoglobin [20]. Since free diffusion of oxygen in 
water has an activation energy of only 12.5 kJ/mole 
[3] this AH value signifies that the protein does, in 
fact, pose a barrier for oxygen entry. The rates and 
activation energies of entry obtained using flash 
photolysis [21] agree reasonably well with rates ob- 
tained using our dynamic model for fluorescence 
quenching of internally buried fluorophores, indicat- 
ing that the two entry rates may measure the same 
processes. The entry rates obtained with the dynamic 
model also agree with bimolecular collision rates 
obtained by quenching of the triplet state and de- 
layed fluorescence of zincprotoporphyrin IX [22,20] 
reconstituted myoglobin using a simple Stern- 
Volmer type of analysis. The agreement confirms 
that at the time of excitation, quenching of long-lived 
probes is accomplished by quenchers that originate 
external to the protein. 

The value for enthalpy of activation for the exit 
process is 14.5 kJ/mole hence less than that for the 
entrance. The barrier for the entry and exit of oxygen 
is believed to originate at the protein-water inter- 
face. The oxygen molecule arriving to the protein 
migrates relatively quickly in the bulk water. The 
solvation shell at the protein-water interface deter- 
mining the rate-limiting step for oxygen entry. The 
difference in activation enthalpies obtained for the 
oxygen entry and exit is due to the nature of the 
protein interior which is less polar than bulk water. 

4.5. Analysis of the migration rate 

The x value is defined as the migration rate for 
the oxygen within the protein matrix to reach the 
excited porphyrin. Once the oxygen molecule is 
within a sphere of influence of the excited fluo- 
rophore [23], generally found to be the sum of the 
radii of the two molecules, it quenches the fluores- 
cence. The reaction coordinate proposed by the 
Frauenfelder group 1211 has two activation barriers in 
the native myoglobin that must be overcome for the 
binding of the oxygen to the heme from the solvent. 
The first barrier is proposed to be due to the entry of 
the oxygen into the protein. A fast, diffusion-like 
process occurs which brings the oxygen to the heme 

Table 4 
Zincprotoporphyrin IX myoglobin in 20 mM Na phosphate buffer 
and 40% sucrose 

k+ k- 
(10 ‘SC’ M-l) (lo9 SC’) $0 ) 9 s-1 

30 0.451 f 0.003 0.56 f 0.05 0.078kO.03 1.1kO.l 
25 0.456 + 0.003 0.46 f 0.05 0.082*0.02 1.1kO.l 
20 0.448 + 0.003 0.44_+ 0.05 0.070+0.02 l.l+O.l 
15 0.450 f 0.003 0.29 + 0.05 0.049+0.03 1.1*0.1 
10 0.453 + 0.003 0.28 + 0.05 0.054+0.02 l.l+O.l 
5 0.449 + 0.003 0.19 * 0.05 0.042+0.02 l.l+O.l 

Global x’ = 2.01 

pocket. The second barrier is believed to be due to 
the iron in the heme and is not relevant for our 
quenching studies. In our study the migration rate is 
identified with the diffusion-like process and does 
not vary significantly with temperature. Fast pro- 
cesses that occur deep within the protein matrix have 
been shown to be weakly coupled to the solvent 
viscosity or temperature [24]. The quenching of in- 
ternally buried tryptophans in the Lakowicz and 
Weber [3] experiments measured the migration 
through the protein which occurs in the nanosecond 
timescale. The migration rate obtain in this study is 
consistent with those results. 

4.6. Oxygen partition coefficient 

Determination of the entry and exit rates of the 
oxygen molecule allows for the calculation of the 
partition coefficient of oxygen in the protein as a 
function of temperature (Table 5). The protein is 
modeled after an immiscible layer in equilibrium 
with an aqueous layer. The ratios k+[Q]/k- at each 
oxygen pressure are used to calculate the number of 
oxygen molecules per protein molecule [7] and then 
the molarity of oxygen in the protein by utilizing the 
volume of the protein and protein concentration 
yielding (Y = k+/k-VP, where k+ and kP have 
already been described and VP is the molar volume 
of the protein (12 l/mole). The value of the partition 
coefficient for oxygen into the protein shows that 
apparently oxygen does not preferentially partition 
into the protein matrix and that lowering the temper- 
ature further reduces the solubility of oxygen in the 
protein. The reduced partition with temperature is a 
reasonable result since the solubility of oxygen in an 
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aqueous solution increases with the decrease in tem- 
perature [17]. The unexpected low partition of oxy- 
gen in the protein interior is probably a consequence 
of the volume in the protein which is excluded to the 
quencher. X-ray crystallography on many proteins 
has shown that 75% of the volume of the protein is 
occupied by atoms, assuming Van der Waals radii 
[25]. The resulting 25% free volume is possibly an 
overestimation since studies using continuous wave 
pressure perturbation show that the protein in solu- 
tion has only lo-20% the compressibility of water 
[26] which has 48% free volume. This evaluation 
indicates that the fractional volume of the protein 
available for oxygen occupation can be as low as 
5%. If the partition coefficient is corrected using a 
5% accessible volume, solubilities comparable to 
those for oxygen in organic liquids are obtained. 

Table 5 
Temperature dependence of the partition coefficient 

T (“C) a AC k.I/moIe) 

Buffer 
30 0.33 i 0.07 2.15 f 0.64 
25 0.30 f 0.08 2.93 i 0.80 
20 0.28 f 0.08 3.05 f 0.96 
15 0.26 + 0.09 3.17+ 1.16 
10 0.24 + 0.07 3.30+ 1.10 
5 0.21 f 0.05 3.54 * 0.97 

Buffer and 40% sucrose 
30 0.60+0.13 1.29 kO.28 
25 0.48 f 0.10 1.82*0.38 
20 0.52kO.15 1.60+0.46 
15 0.49,0.17 1.74 f 0.60 
10 0.43 f 0.13 1.99 * 0.62 
5 0.38+0.11 2.28 + 0.66 

The standard free energy, AC”, for the partition 
were calculated using the following relation (Table 
4): 

affinity of molecular oxygen for the less polar envi- 
ronment of the protein interior. 

4.7. 40% sucrose experiments 

AC” = -RT In CY (13) The values for oxygen entry and the associated 
where (Y is the partition coefficient already dis- activation energy in 40% sucrose (29.6 kJ/mole) are 
cussed, R is the universal gas constant and T is the not significantly different from those obtain for the 
temperature in Kelvins. A correction for the accessi- buffer. The activation energy for the exit process is 
ble volume would give a negative change in the 19.2 kJ/mole in the sucrose which is 20% less than 
standard Gibbs free energy that better represents the that found in the buffer case. The values for kp are 

)P 
P 

1000 
Oxygen Pressure (psi) 

*ooo 

Fig. 7. (a) Intensity quenching of zincprotporphyrin IX myoglobin fluorescence in 40% sucrose (0) and buffer (0) plotted vs. oxygen 
pressure. (b) Intensity quenching of zincprotporphyrin IX myoglobin fluorescence in 40% sucrose (0) and buffer (0) plotted vs. oxygen 
concentration. 
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also less than those for the buffer case (Tables 3 and 
5). 

To understand the effect of the 40% sucrose on 
k+ and kP and the activation energies, recall that 
the entry rate is probably affected primarily by the 
solvation shell. Sucrose is thought to be excluded 
from the solvation shell of the protein [27] and will 
probably not have a significant affect on this shell 
and therefore the entry rate or the barrier height. The 
decrease in the exit rate is expected because the 
oxygen molecule originates in the protein and must 
transfer to the solvent where the solubility is de- 
creased. In both solvents, the buffer alone and the 
buffer with sucrose, and at all pressures the oxygen 
in the protein is in equilibrium with the external 
oxygen pressure (Fig. 7a). The solvent has no effect 
on the partition of oxygen established between the 
protein phase and the gas phase hence the activation 
energy remains the same in both solvents (Fig. 6). In 
fact plotting the Stern-Volmer intensity quenching 
for the solvent in terms of the concentration of 
oxygen in the solvent will erroneously depict in- 
creased quenching, and therefore oxygen solubility 
in the protein, in the sucrose solvent (Fig. 7bl. The 
32% decrease of oxygen solubility at 20°C in the 
sucrose results in an increase in free energy for the 
oxygen in the sucrose as compared to the oxygen in 
the buffer, which accounts for the relative greater 
partitioning of oxygen in the protein with respect to 
this solvent and the increase in the activation barrier 
height for oxygen exit (Fig. 6b). 

4.8. Calculation of the steady-state Stern-Volmer 
plot 

The lifetime data were found to be accurately 
represented by the simplified dynamic model. How- 
ever, the steady-state Stern-Volmer plot calculated 
using the parameters from the simplified dynamic 
model deviates significantly from the traditional ex- 
perimental Stern-Volmer plot (Fig. 5). The calcula- 
tion of the emission intensities requires the use of all 
the parameters described in the three-state form of 
the dynamic model including the rate 5. This param- 
eter represents the rate of excited state depopulation. 
A very fast process appears as a ‘quasi-static’ 
quenching term and significantly affects the steady- 
state intensity but has very little effect on the inten- 

sity decay expected at very short times. The modula- 
tion frequencies used in this study were not high 
enough to permit accurate determination of this very 
fast process. A value for 5 of about 10” s-r is 
assumed in order to calculate the intensities for the 
Stern-Volmer and comparison with the experimental 
steady-state Stern-Volmer shows excellent agree- 
ment (Fig. 5). The feasability of the order of magni- 
tude of the assumed value for 5 was examined by 
estimating the rate of diffusion of the oxygen 
molecule during the ‘collisional time’. The calcu- 
lated distance traveled by the oxygen molecule dur- 
ing the period, 5, using the diffusion constant in 
water (2 X 10m5 cm’/s), is 4.5 A. Assuming that the 
diffusional rate of oxygen can be at least one order 
of magnitude lower in the protein than in water 
(2 XJOm6 cm*/s), the distance traveled would be 
1.4 A. This length is essentially that of an oxygen 
molecule. Comparison of the assumed .$ rate with 
the geminate recombination rate attributed to recom- 
bination of the ligand with the heme from a close 
contact position shows very good agreement [28]. 
We conclude that the 5 value assumed for the fit is 
reasonable and that it can represent quenching from 
the pocket. 

4.9. Comparison with previous studies 

Finally, comparison of the rates obtained with 
zincprotoporphyrin IX myoglobin with those ob- 
tained with protopophyrin IX [12] shows that the 
values for the entry and the exit rate agree to within 
2%. This agreement is significant because it demon- 
strates that the nature of the porphyrin did not affect 
the dynamics associated with oxygen entry or exit. 
Zincprotoporphyrin IX reconstituted myoglobin has 
previously been shown to have different antibody 
binding properties than protoporphyrin IX reconsti- 
tuted myoglobin 1291. We conclude that the structural 
changes that elicit different antibodies do not play a 
significant role in the dynamics of oxygen entry or 
exit. 

The x values for this study differ by an order of 
magnitude from the previous study. There are two 
major differences between the two studies that, taken 
in conjunction, may contribute to this difference in 
this value. The former study used a longer lifetime 
probe (7” = 16 ns) and the instrumentation was, at 
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that time, limited to 36 MHz for the highest light 
modulation frequency. The present study used a 
shorter lifetime probe and frequencies up to 1.50 
MHz, to enhance detection of faster processes, and is 
therefore more accurate than the former study and 
the difference may just be due to greater accuracy. 
However, it is also possible that the structural differ- 
ences that were observed by Andres and Atassi [29] 
are manifested primarily in the migration rate of 
oxygen to the porphyrin. In conclusion, the dynamic 
model has been shown to fit reasonably well to the 
quenching data, including the correct prediction of 
the steady-state intensity at all oxygen concentra- 
tions. 
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