
3988 Biochemistry 1991, 30, 3988-4001 

Ligand Binding to Heme Proteins: Connection between Dynamics and Function? 
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ABSTRACT: Ligand binding to heme proteins is studied by using flash photolysis over wide ranges in time 
(100 ns-1 ks) and temperature (10-320 K). Below about 200 K in 75% glycerol/water solvent, ligand 
rebinding occurs from the heme pocket and is nonexponential in time. The kinetics is explained by a 
distribution, g(H), of the enthalpic barrier of height H between the pocket and the bound state. Above 
170 K rebinding slows markedly. Previously we interpreted the slowing as a "matrix process" resulting from 
the ligand entering the protein matrix before rebinding. Experiments on band 111, an inhomogeneously 
broadened charge-transfer band near 760 nm ( 2 1 3  000 cm-I) in the photolyzed state (Mb*) of (carbon- 
monoxy)myoglobin (MbCO), force us to reinterpret the data. Kinetic hole-burning measurements on band 
I11 in Mb* establish a relation between the position of a homogeneous component of band 111 and the barrier 
H. Since band 111 is red-shifted by 116 cm-I in Mb* compared with Mb, the relation implies that the barrier 
in relaxed Mb is 12 kJ/mol higher than in Mb*. The slowing of the rebinding kinetics above 170 K hence 
is caused by the relaxation Mb* - Mb, as suggested by Agmon and Hopfield [(1983) J .  Chem. Phys. 79, 
2042-20531, This conclusion is supported by a fit to the rebinding data between 160 and 290 K which 
indicates that the entire distribution g(H) shifts. Above about 200 K, equilibrium fluctuations among 
conformational substates open pathways for the ligands through the protein matrix and also narrow the 
rate distribution. The protein relaxations and fluctuations are nonexponential in time and non-Arrhenius 
in temperature, suggesting a collective nature for these protein motions. The relaxation Mb* - Mb is 
essentially independent of the solvent viscosity, implying that this motion involves internal parts of the protein. 
The protein fluctuations responsible for the opening of the pathways, however, depend strongly on the solvent 
viscosity, suggesting that a large part of the protein participates. While the detailed studies concern MbCO, 
similar data have been obtained for MbOz and C O  binding to the @ chains of human hemoglobin and 
hemoglobin Zurich. The results show that protein dynamics is essential for protein function and that the 
association coefficient for binding from the solvent at physiological temperatures in all these heme proteins 
is governed by the barrier a t  the heme. 

x e  binding of small ligands to heme proteins appears to be 
a simple reaction, described for the particular case of carbon 
monoxide binding to myoglobin by the one-step scheme Mb + CO G MbCO (Antonini & Brunori, 1971). In 1975 our 
group showed that data taken over wide ranges in time and 
temperature suggest a scheme in which a CO molecule, coming 
from the solvent, encounters, not one, but three or four po- 
tential barriers (Austin et al., 1975). In  1983, Agmon and 
Hopfield (1983) introduced a model which explained the 
low-temperature features observed by Austin et al. and de- 
scribed some of the features seen at high temperatures as a 
relaxation process. Here we show that ligand-binding and 
kinetic hole-burning experiments together lead to a model in 
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which features of the Agmon-Hopfield model are kept, but 
where the reaction surface becomes time and temperature 
dependent. The model fits the low- and the high-temperature 
data using two sequential barriers, 

KINETICS OF CO BINDING TO MYOGLOBIN 
( 1 . 1 )  Method and Results. In a flash photolysis experiment, 

a laser pulse strikes an MbCO sample and breaks the bond 
between the CO and the heme iron. The difference in the 
absorption spectra at a selected wavelength, Aa(t),  for the 
bound and the dissociated species monitors the subsequent CO 
rebinding. The survival probability, N(t ,T)  Au(t)/Au(O), 
is the fraction of Mb molecules at temperature T that have 
not rebound CO at the time t after the flash. We have pre- 
viously described the experimental technique and the rebinding 
data (Austin et al., 1975; Doster et al., 1982; Dlott et al., 1983; 
Ansari et al., 1986). We have repeated the flash photolysis 
experiments with an improved system. 

(1 .2)  Reaction Energy Landscape. CO rebinding data to 
sperm whale myoglobin are shown in Figure 1. We call the 
faster process seen at all temperatures I for "internal"; it is 
nonexponential in time and independent of CO concentration. 
The slower process that appears above 200 K, denoted by S 
for "solvent", is exponential in time with a rate coefficient 
proportional to the CO concentration in the solvent. The 
processes I and S can be described in terms of the reaction 
potential V(rc) sketched in Figure 2 (Austin et al., 1975; 
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protein matrix (Austin et al., 1975; Doster et al., 1982). We 
show in the present paper that a fourth well is not needed and 
that a three-well model with a time- and temperature-de- 
pendent energy landscape can explain the data. 

(1.3) Static Three- Well Model. After photodissociation, 
the system is in well B within less than 1 ps (Petrich et al., 
1988; Jongeward et al., 1988). For MbCO, thermal disso- 
ciation is negligible (kAB = 0) and the solvent process S is 
temporally separated from the internal process I. Moreover, 
we have [CO] >> [Mb] so that ksB can be written as a pseu- 
do-first-order coefficient. Under these conditions, the survival 
probability N(t,T) becomes (Frost & Pearson, 1953; Alberding 
et al., 1976b) 

(1) N t , T )  = N I ( ~ , T )  + Ns(t,T) 
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FIGURE 1: Rebinding of CO to Mb after flash photolysis. Aa(t), the 
absorbance change at the time t after photodissociation, measured 
at 440 nm, is plotted versus log t .  Aa(0) = 1.12 OD below 200 K, 
pH 6.8. Solvent: 75% glycerol/buffer (v/v). CO pressure in (c): 
1 bar for the high-[CO] curve and 0.05 bar for the solid curves. Note 
that the scale in panel a is expanded by a factor of approximately 
100. 
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FIGURE 2: Reaction energy landscape. The bound state, MbCO, is 
denoted by "A". In  "B", the CO is in the heme pocket. The wiggly 
region represents the protein matrix. "S" is the solvent. 

Frauenfelder et al., 1989). In biological ligand binding, a 
ligand moves from the solvent, S ,  through the protein matrix 
into the heme pocket, B. From B, it can either return to the 
solvent or bind to the heme iron by overcoming a barrier of 
height H B A .  The bound state, MbCO, is denoted by A. In 
a photodissociation experiment, the protein is initially in state 
A. A photon breaks the Fe-CO bond, and the system moves 
to state B. From there, the C O  can either rebind directly 
(process I, B - A) or move to the solvent and bind from there 
(process S ,  S - B - A). Process I has an unexpected tem- 
perature dependence: With increasing temperature it becomes 
faster up to about 170 K, but slows down above. To explain 
this behavior, we originally introduced a fourth deep well in 
the reaction coordinate and interpreted process I above 170 
K as the "matrix process", the geminate rebinding from the 

(3) 

AI = ~ B A  + ~ B S ,  As = ~ S B ~ B A / ( ~ B A  + ~ B S )  (4) 

N,(t ,T) describes the internal process I and Ns(t,T) the re- 
binding from the solvent; As is the association rate coefficient. 

( I  .4) Conformational Substates (CS). The nonexponential 
time dependence of process I is caused by the existence of 
conformational substates (Frauenfelder et al., 1988; Elber & 
Karplus, 1987). Mb molecules in different CS possess different 
activation enthalpy barriers H B A .  At low temperatures, each 
Mb molecule remains frozen into a particular CS and N I ( t , n  
becomes 

NI(t,T) = JdHBA d H B A )  exp[-kBA(HBA?T)t] ( 5 )  

where g ( H B A )  dHBA is the temperature-independent probability 
for finding an Mb molecule with an activation enthalpy be- 

sponding rate coefficient. Above about 50 K, kBA(HBA,T) is 
given by a transition-state expression (Dlott et al., 1983) 

~BA(HBA,T)  ABA(T/To) ~xP(-HBA/RT) (6) 

where To is taken to be 100 K. With eq 6, g(HBA) is deter- 
mined from a nonlinear least-squares fit of the measured 
N(t,T) by eq 5 (Austin et al., 1975; Young & Bowne, 1984). 
Where we deal exclusively with process I, we drop the subscript 

The distribution g(H) is related to other protein properties 
as outlined in Figure 3. A given substate, represented by a 
well in the multidimensional conformational energy landscape 
(Figure 3a), contributes a homogeneous component to an 
inhomogeneously broadened spectral line (Figure 3b) and 
possesses a corresponding barrier height H (Figure 3c), which 
results in a related rebinding rate coefficient (Figure 3d). 
Conformational substates are arranged in a hierarchy (Ansari 
et al., 1985). MbCO can assume a small number of substates 
of tier 0, denoted by CSO, which are characterized by different 
CO stretch frequencies and different angles a between the CO 
dipole and the heme normal (Ansari et al., 1987; Ormos et 
al., 1988; Hong et al., 1990). Three CSO, listed in Table I, 
are clearly distinguishable; they are denoted by Ao, A,, and 
A3. They rebind CO with different rates and consequently 
have different barriers between B and A. Rebinding after 
photodissociation to each individual CSO is nonexponential in 
time, proving that each substate of tier 0 comprises a large 
number of substates of tier 1, CS1 (Ansari et al., 1987; 
Berendzen & Braunstein, 1990). 

tween HBA and HBA + dHBA, and kBA(HBA,T) iS the COrre- 

BA on kgA and H B A .  
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FIGURE 3: Connections among the conformational energy landscape 
(a), the inhomogeneously broadened spectral band 111 (b), the ac- 
tivation enthalpy distribution g(HBA) (c), and the nonexponential 
rebinding N(r,T) (d). 

Table I: Parameters Characterizing the Three Substates of Tier O’ 
a 1% HP rH 

substate vco (cm-I) (deg) [ABA (s-l)] (kJ/mol) (kJ/mol) 
~ 

A, -1966 15  8.7 8.7 6 
AI -1945 28 8.9 10.0 7 
A, -1927 33 10.4 18.6 9 

“The peak frequency of the CO stretch band is denoted by vco. a is 
thc angle between the heme normal and the CO dipole. The activation 
enthalpy distribution g(HBA) in eq 5 is described by a Gaussian with 
peak position H, and width rH. A B A  is the preexponential factor in eq 
6. The values for H, and ABA are from recent unpublished experi- 
ments. 

KINETIC HOLE BURNING 
Cooper ( 1  983) and Agmon and Hopfield (1983) pointed 

out that conformational substates should lead to inhomoge- 
neous broadening of the absorption spectra of proteins. The 
inhomogeneity has been verified by many experiments (Ormos 
et al., 1986; Srajer et al., 1986). The peak, v’, of the homo- 
geneous components of an inhomogeneously broadened band 
is related to the barrier height H (Sassaroli & Rousseau, 1987) 
as shown in Figure 3 and as verified by kinetic hole-burning 
experiments (Campbell et al., 1987; Agmon, 1988; Ormos et 
al., 1990). Here we determine H(u’) by first establishing the 
connection between v’ and the rebinding rate coefficient k .  

(2.1) Method and Materials. To use kinetic hole burning 
for the study of proteins, suitable spectral markers must be 
found. We describe here one such marker, band 111 near 760 
nm (== 13 000 cm-I). Iizuka et al. ( 1  974) first noticed that the 
band 111 that appears in MbCO after photodissociation (Mb*) 
at 4.2 K is red-shifted by about 10 nm from its position in 
equilibrium deoxyMb. Band 111 is sensitive to the local con- 
formation near the heme iron because it is a charge-transfer 
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FIGURE 4: Rebinding of an inhomogeneous band. a(v,tJ is the average 
of five scans of band 111 taken consecutively after photodissociation 
of MbCO in pH 7,75% glycerol/buffer (v/v) at 42 K. a(u,t2) is the 
average of five scans taken immediately after a(v,t l) .  The peak 
wavenumber J(tl,t2) of the difference spectrum Aa(v,tl,t2) differs from 

transition involving iron and porphyrin states (Eaton & Ho- 
frichter, 1981; Makinen & Churg, 1983; Chavez et al., 1990). 

Figure 4 shows band 111 in Mb* taken at two different 
times, t ,  and t2, after photodissociation at  42 K. Band 111 
occurs only in unligated Mb, and the total area is proportional 
to the number of unligated protein molecules. We denote the 
absorption spectrum measured at time t after photodissociation 
with a(u,t) and the difference of the spectra measured at times 
t l  and t 2  with Aa(v, t l , t2)  = a ( v , t l )  - a(v,t2). If the band is 
homogeneous, but the protein structure changes with time and 
shifts the band, Aa(v,t l , t2) will have a derivative shape (Alben 
& Fiamingo, 1984). If the protein structure remains un- 
changed during rebinding, but the band is inhomogeneous, with 
the peak position of each homogeneous band component 
correlated with the barrier height as in Figure 3, the band will 
decrease nonuniformly. Band components corresponding to 
small barriers disappear fastest. As a consequence of a 
monotonic correlation, Aa(v,tl,t2) will show a single peak with 
a position that depends on t l  and tZ. 

Aa(v,t I , tz) yields an empirical correlation between the rate 
coefficient k for rebinding at the heme and the peak position 
v’(fI,t2) of the relevant homogeneous component of the inho- 
mogeneous band. We denote withf(k) dk the probability of 
rebinding with rate coefficient between k and k + dk. The 
fraction of proteins with rate coefficient k that rebind between 
times t l  and t2  is 

and the average rate coefficient becomes 

v,(t 1). 

r (k , t l , t l )  = exp(-kt,) - exp(-kt,) (7) 

(8) 
If kf(k)  is a slowly varying function in the time window of the 
instrument,’ ( k )  becomes 

(9) 
This procedure yields a unique relation between (k) and 
~’(t~,t~). If kf(k) varies appreciably, ( k )  can be determined 
numerically with eq 8. At a given temperature, Mb molecules 
with band position v’ rebind from the heme pocket with an 
average rate coefficient (k (v ’ ) ) .  

( k )  = [ ( l / t l )  - ( l / t z ) l / ln  ( t 2 / t l )  

I The probability densityflk) is related to the probability density g(ln 
k )  by r(k) dkl = Ig(ln k )  d(ln k)l .  Thus, g(ln k )  = kflk); g(ln k )  is 
slowly varying if kflk)  is. For an Arrhenius relation, eq 6, In k depends 
linearly on the barrier H. 
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FIGURE 5: Temperature dependence of the zeroth (Mo), first (MI), 
and second (M2) moments of band I11 for myoglobin. The moments 
are defined as Mo = Ja(u) du, M I  = Ja(u)u du/Mo, M2 = Ja(u)u2 
du/Mo - MI2. a(u) is the absorbance at the wavenumber v. Mo is 
the area under the line. M I  measures the band position and is identical 
with the peak wavenumber for a symmetric line. M2 gives a measure 
for the width of the line. d M 2  is equal to the parameter w for a 
Gaussian line shape a(u) = (const) exp[-(u - u )2 /2w2] .  The values 
for Mb* at IO K are plotted as filled symbols. +he shift between the 
values of Mb* and deoxyMb is 116 cm-l for CO and 104 cm-’ for 
O2 in 75% glycerol/buffer solution at pH 7. 

For our experiments with band 111, lyophilized sperm whale 
metMb (Sigma Chemical Co., St. Louis, MO) was dissolved 
in distilled deionized water. The protein solution was cen- 
trifuged and filtered through 1.2-pm filter paper to give stock 
solution with a protein concentration of about 8 mM. The 
metMb stock was dissolved in 75% glycerol/buffer solution 
to give about 0.5 mM protein in 0.1 M potassium phosphate 
buffer (pH 7).  The air above the solution was replaced with 
CO and N2 for the MbCO and deoxyMb samples, respectively. 
Sodium dithionite solution freshly prepared under anaerobic 
conditions was added to the 02-free solution to reduce the 
ferric iron in metMb to the ferrous form. 

The extinction coefficient of band 111 is approximately 0.2 
OD mM-I cm-I at 300 K, about a factor of 1000 smaller than 
that of the main a - A* transition in the Soret region. A 
sample cell was therefore designed with a path length of 10 
mm for the monitoring beam and a path length of less than 
1 mm for the photolyzing light. The cell was placed inside 
a copper sample holder equipped with a Si temperature-sensing 
diode. A Lake Shore Cryotronics DRC 82C controller reg- 
ulated the temperature of the block to within 0.1 K. The 
absorption spectra were measured with an OLIS-converted 
Cary 14 spectrometer interfaced to an IBM PC. The MbCO 
samples were photodissociated with a xenon arc lamp. A 
long-pass filter with cutoff at about 480 nm eliminated sample 
heating by the Soret line. Infrared heating was minimized 
by a IO-cm water filter. Illumination time for photodissoci- 
ation of the sample was about 10 s. We measured band 111 
in deoxyMb as a function of temperature. The base line was 
fitted by a cubic polynomial and subtracted from the spectrum. 
The zeroth, first, and second moments of the band are given 
in Figure 5 .  

(2 .2)  Relaxation and Kinetic Hole Burning in Band I I I .  
Figure 5 shows that at  10 K band I11 in Mb* is red-shifted 

I3000 I3050 
wave number (cm-l) 

FIGURE 6:  Plot of the rate coefficient (k) for binding at the heme 
iron versus the band position 1/ of the relevant homogeneous component 
of band 111. Filled symbols represent data taken with the OLIS-Cary 
14 spectrophotometer; others represent data taken with the flash 
photolysis system. The data have been corrected for the tempera- 
turedependent shift of band I11 (Figure 5) .  Uncertainties are typically 
less than f5 cm-I. Sample: MbCO in 75% glycerol/buffer solution 
at pH 7.  

by 116 cm-I as compared to deoxyMb. This difference arises 
from different molecular geometries around the heme iron 
which affect the electronic transitions. At 10 K, the protein 
molecules cannot fully relax into the deoxy structure after 
photodissociation. At some higher temperature, however, the 
relaxation Mb* - Mb must be observable as a shift of band 
Ill from the Mb* position to that of deoxyMb. We found a 
shift between 60 and 160 K and interpreted it as the con- 
formational relaxation Mb* - Mb (Ansari et al., 1985). 
Subsequently, Friedman and collaborators proved that the 
band shift is caused by kinetic hole burning and that no 
measurable relaxation occurs below 70 K (Campbell et al., 
1987; Ansari, 1988). We will see in subsection 4.4 that the 
relaxation Mb* - Mb most likely starts above 170 K. Since 
the experiments discussed in this section are performed below 
170 K, they can be interpreted in terms of kinetic hole burning 
alone. 

(2.3) Rebinding Rate and Band Position in Band III .  We 
have determined the difference spectra Aa(u,tl,t2) of band 111 
in Mb* as a function of the times t l  and tz  after photodisso- 
ciation of MbCO over a wide range of temperature. Between 
10 and 90 K, the experiments were performed in steps of 4 
K on the OLIS-Cary spectrometer. After photolysis, we 
followed the rebinding for 1.8 ks by taking 10 successive 
spectra of band 111. For each temperature, the difference 
spectrum was calculated between the averages of the first two 
and the last four spectra. A cubic polynomial was fitted as 
a base line and subtracted from the difference spectrum. The 
proteins that rebind between t l  and t 2  were characterized by 
the first moment v’(t,,t2) of the difference spectrum. The data 
at higher temperatures were obtained with our flash photolysis 
system (Ansari et al., 1985). Owing to the lower wavelength 
resolution, these data were fitted by Voigtian line shapes. At 
each temperature, the average rate coefficient, ( k ) ,  was de- 
termined with eq 9. The result, shown in Figure 6, gives the 
connection between the rate coefficient ( k ( T ) )  and the band 
position v’ of the homogeneous components of band 111. 

BAND POSITION AND REBINDING BARRIER 
To connect the band position v’ to the barrier height H (HBA 

in Figure 2), we must relate the rate coefficient k to H .  
(3.1)  Rate Coefficient and Barrier Height. Above about 

50 K, the connection between H and k is given by eq 6 as 
(10) H = RT In ( A T / k T o )  
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F I G U R E  8: Connection between the barrier height H for the binding 
at the heme iron and the corresponding band position v’ of the ho- 
mogeneous component of band 111. Sample: MbCO in 75% gly- 
cerol/buffer solution at pH 7.  Filled symbols denote data obtained 
from fitting the OLIS-Cary measurements: open symbols denote flash 
photolysis data. Uncertainties are typically less than f5 cm-I. 

Below about 50 K, quantum mechanical tunneling contributes 
measurably to the binding of CO to heme proteins (Alberding 
et al., 1976a,b, 1978a,b; Alben et al., 1980). No simple ex- 
pression such as eq 10 is applicable to tunneling (Hanggi et 
al., 1990), but the distribution of barrier heights as expressed 
by eq 5 permits us to determine k ( H , T )  also in the tunneling 
regime (Frauenfelder, 1979). The result, k(H,  T )  from 20 to 
300 K, is given in Figure 7. 

(3 .2)  Enthalpic Barrier H and Band Position Y’. With 
Figures 6 and 7, the barrier height H is determined as a 
function of u’. The relation is shown in Figure 8. Low values 
of Y’ characterize small barriers. In the models constructed 
to describe the binding of C O  at the heme iron, the main 
contribution to H comes from the proximal side (Agmon & 
Hopfield, 1983; Young & Bowne, 1984; Srajer et al., 1988). 
Before binding, the iron is displaced from the mean heme plane 
toward the proximal side by a distance c; on binding, it moves 
closer to the mean heme plane (Dickerson & Geis, 1983; 
Kuriyan et al., 1986). In the simplest picture, H increases with 
c. The correlation shown in Figure 8 then implies that the 
position up of band 111 also increases with increasing c. The 
same relation is found in Mb and Mb*: We expect Mb* to 
be only partially relaxed and c to be smaller than in Mb. The 
smaller c is accompanied by a smaller peak wavenumber, up, 
as shown in Figure 5 .  A comparison of up in Mb and Hb also 
agrees: Band I11 in Hb is blue-shifted by 115 cm-I as com- 
pared to Mb (Iizuka et al., 1974; Cordone et al., 1986), and 
the distance c is larger in Hb than in Mb (Dickerson & Geis, 
1983). 

I 1 ~ !,ytVp) , 

I 
I 
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FIGURE 9: Connection between the line shape of band I11 and the 
activation enthalpy spectrum. (a) The dashed line gives the envelope 
(total line) of band 111 at low temperatures. The solid curve is the 
inhomogeneous distribution D(v’,uP). (b) The activation enthalpy 
spectrum g(H),  determined at low temperatures. 

The correlation between H and u’ can be understood in a 
simple model. We assume band 111 to be a Gaussian super- 
position of Lorentzians 

(11) 

where the homogeneous contributions are described by Lor- 
entzians S(v,u’) of width rh centered at  d:  

S(v,u’) = (const)[(v - Y ’ ) ~  + rh2/4]-’ (12) 
The inhomogeneous spectral distribution is taken to be a 
Gaussian of width r i n h  = 2(2 In 2)’/*qnh, centered at vP: 

D(u’,vp) = (const) exp[-(u’ - vp)’/2qnh2] (1 3 )  

Figure 9a shows the band envelope and the inhomogeneous 
distribution for values rinh = 60 cm-’ and rh = 240 cm-’. 
Figure 9b gives the barrier distribution, g(H), of eq 5 .  We 
approximate g(H) by a Gaussian of width rH centered at  Hp 
and assume a linear mapping between D(d,vp)  and g(H) as 
indicated in Figure 9. H(v’) is then given by 

(14) 

Such a linear relation is to be expected if H and the charge- 
transfer transition depend similarly on the out-of-plane distance 
c of the iron atom. A linear relation between the barrier height 
and a protein coordinate is also displayed in Figure 3 of the 
paper by Agmon and Hopfield (1983). The data in Figure 
8 are linear between about 5 and 15 kJ/mol and show a change 
in slope above 15 kJ/mol. The change may be caused by the 
fact that rebinding of CO at values of H up to about 15 kJ/mol 
is dominated by the substate AI. Above about 15 kJ/mol the 
substate A3 dominates (Ansari et al., 1987; Berendzen & 
Braunstein, 1990). A fit of eq 14 to the data between 5 and 
15 kJ/mol in Figure 8 gives r H / r i n h  = 0.1 1 f 0.01 kJ/mol 
cm-’ . 
PROTEIN RELAXATION AND CO BINDING 

(4 .1)  A Prediction. Figure 8 and eq 14 relate the barrier 
height H(u’) for the binding of CO at the heme iron to the 

a(u) = (const) f D ( v ’ , v P )  S(v,v’) du’ 

H(Y’) = Hp + (rH/rinh)(V’ - vp) 
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band position v’ of the corresponding homogeneous component 
of band 111. Figure 5 shows that at pH 7 band 111 shifts by 
Au, = 116 cm-I upon the relaxation Mb* - Mb. The two 
facts combined imply that H shifts by 

AH = (rH/rinh)AVr (15) 

in going from Mb* to Mb. With the value rH/rinh = 0.1 1 
kJ/mol cm-’ and Au, = 1 16 cm-I, we get AH = 12 f 1 kJ/mol 
for the dominant substate AI .  The relaxation of the protein 
should increase the barrier height. The estimate given here 
depends on the assumption that the shift Aur is temperature 
independent , 

The increase of the barrier height upon the relaxation Mb* - Mb can explain the behavior of process I above 170 K. 
Figure 1 shows that process I speeds up as the temperature 
is increased from 10 to 170 K. Above 170 K, process I be- 
comes slower. The connection between AH and Av, suggests 
that the relaxation Mb* - Mb starts near 170 K and causes 
the slowdown. In  order to test this hypothesis and to char- 
acterize the temperature dependence of process I quantita- 
tively, we consider protein motions. 

(4 .2)  Protein Motions-General Features. Two types of 
protein motions are relevant for ligand binding (Ansari et al., 
1985). In equilibrium fluctuations (EF), a protein hops from 
substate to substate. EFO, for instance, denotes fluctuations 
among the three CSO. Functionally important motions (FIM) 
are nonequilibrium motions. They occur in protein reactions 
or can be induced by perturbations, for instance, temperature 
or pressure jumps: The protein starts out in a nonequilibrium 
state and approaches equilibrium with a time dependence 
characterized by a relaxation function @(t,T). @(t,T) for a 
particular property O(t) is defined by 

W , T )  = [O(t,T) - o(-,T)I/[o(o,T) - o(-,T)I (16) 

Relaxation phenomena in glasses (Zallen, 1983; Brawer, 1985; 
Jackle, 1986) and in proteins (Iben et al., 1989; Frauenfelder 
et al., 1990) display two significant properties, a nonexpo- 
nential time dependence and a non-Arrhenius temperature 
dependence. The time dependence can be approximated by 
a stretched exponential 

@.(t,T) = exPl-[K(T)tI~l (17) 
where K(T)  is a rate coefficientZ and the Kohlrausch-Wil- 
liams-Watts exponent lies between 0 and 1. Experiments 
in many systems indicate that p is essentially temperature 
independent over a wide range (Jackle, 1986). 

The temperature dependence of rate coefficients is usually 
described by an Arrhenius relation. For many processes in 
glasses and in proteins eq 6 is inappropriate as can be seen 
by looking at the preexponential factor A. A value of A very 
much larger than l O I 3  s-l implies unphysically large reaction 
rates at high temperatures and suggests the use of a different 
relation. We employ the simplest expression that approximates 
relaxation data in amorphous systems (Ferry et al., 1953): 

K ( T )  = A exp[-(E/RT)*] (18) 
Equation 18 has been derived for a random walk of an ex- 
citation within a Gaussian density of states (Bassler, 1987; 
Zwanzig, 1988; Bryngelson & Wolynes, 1989; Richert & 
Bassler, 1990). Equation 18 fits the data well over an extended 
temperature range, but at temperatures well above the glass 
transition, K ( T )  is smaller than eq 18 predicts. Within a 
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narrow interval around a given temperature T, eq 18 can be 
approximated by an Arrhenius relation, with a “local activation 
enthalpy” 

HIw( T )  = 2EZ/RT (19) 
(4 .3)  Motions Involved in Ligand Binding. After photo- 

dissociation the protein relaxes toward the deoxy structure 
(Henry et al., 1985; Ansari et al., 1985; Rousseau & Argade, 
1986; Sassaroli et al., 1986; Petrich et al., 1990). The first 
step involves only the heme group. Initially, the iron is close 
to the mean heme plane. Within less than 100 fs after pho- 
todissociation, the distance c(t) between the iron and the mean 
heme plane changes from the bound-state value c(0) = 0 to 
a value ~(0’) = 0.3 A. Molecular dynamics calculations by 
Karplus and collaborators (Petrich et al., 1991) provide details 
for this scenario and indicate that the initial relaxation at room 
temperature occurs in about 50 fs. 

As the temperature increases above 170 K, large-scale 
motions set in (Iben et al., 1989; Frauenfelder et al., 1990) 
and three dynamic processes influence ligand binding: (i) The 
Mb* structure relaxes to the deoxy structure, the iron moves 
from the frozen position c(O+) to the deoxy equilibrium position 
c(a), and the band 111 blue shifts by 116 cm-I. (ii) A protein 
in a given CSO fluctuates among CSl ;  we denote these fluc- 
tuations by EF1. (iii) Each Mb molecule fluctuates (EFO) 
among the substates A,, AI,  and A,. The rates for the EFO 
and EFl are not yet known, but the fluctuation-dissipation 
theorem (Kubo, 1966) implies that the rates for EFI and FIMi 
must be similar. Limits on EFO are given by NMR and IR 
experiments (Fiamingo et al., 1986). At room temperature, 
a 75-MHz NMR measurement yields a single Lorentzian, 
indicating that the exchange among the CSO is faster than a 
few microseconds. IR measurements show well-resolved CO 
stretch bands. The widths of these bands are about 10 cm-I; 
the exchange must consequently be slower than about 10 ps. 

(4 .4 )  The Relaxation Mb* - Mb. We consider first the 
relaxation Mb* - Mb in which process I slows as the barrier 
H B A  increases. In analogy to the relaxation phenomena in 
glasses, we describe the change in H B A  by a relaxation function 
@*(t,T) and write 

HBA(t,T) = HO + APBA[l - @*(t,T)] (20) 
where t is the time after photodissociation. The rate coefficient 
for CO rebinding, eq 6, becomes time dependent: 

~BA(H(~ ,T) ,T)  = ABA(T/To) ~XP[-HBA(~,T)/RTI (21) 

The differential equation for binding, dNI(t,T) = 
-kBA(H(f,T),T) NI( t ,T)  dt, leads to the survival probability 
NI( t ,T )  for a single barrier HBA(t,T): 

Nl(t,T) = exp[-xfdt’  kBA(H(t’,T),T)] (22) 

The survival probability for a protein ensemble becomes 

Nl(t,T) = S d H O  g(ff0) exp[-L‘dt’ kBA(H(t’,T),T)] (23) 

Equation 23 is valid if kBA >> ks. This condition holds below 
about 220 K. The distribution function g(Ho) is time and 
temperature independent, but the rate coefficient kBA(H(t ’,- 
T),T) depends on time. As relaxation function @*(t,T), we 
use eq 17 with K*(T) given by eq 18. The fit of eq 23 to the 
data up to 210 K yields A P B A  = 11 kJ/mol, A* = lo’* s-’, 
E* = 10 kJ/mol, and p* = 0.24. The coefficient K*(T) is 
shown in Figure 10, and the fit is given in Figure 11. The 
model describes the behavior of process I between 160 and 210 
K very well, and AH.,, agrees with the value of AH = 12 

* We denote the rate coefficients for reactions as in c q s  2-4 by k and 
A, and those for relaxation processes by K .  
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FIGURE 10: Plot of rate coefficients versus ( 1000/7)2 for MbCO (solid 
symbols) and Mb02 (open symbols). Solvent: 75% glycerol/buffer, 
pH 6.6-7. Details are discussed in the text. Note that  the CO data 
refer to a pressure of 1 bar, and the O2 data to a pressure of 0.2 bar. 
For equal O2 and CO pressures, the (As) and ( k s B )  for O2 would 
be shifted up by a factor of 5 ,  indicating that O2 enters the pocket 
about 12 times faster than CO. 
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FIGURE I I :  Data and fit to the relaxation model for MbCO from 
160 to 210 K. The solid lines show the fit with the relaxation Mb* - Mb taken into account by using eq 23. (a) Internal process I at 
160-180 K. (b) Process 1 at 190-210 K. The dashedlinesgive the 
prediction for process I if no relaxation Mb* - Mb occurs. 

kJ/mol obtained from the shift of the band 111. The extrap- 
olation to rmm temperature gives ~ * ( 2 9 3  K) = 5 X 1Olo s-l, 
consistent with the observations that the resonance Raman 
spectrum of Mb* is not relaxed within 30 ps (Dasgupta et al., 
1985) and that band 111 has shifted to the deoxy position by 
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FIGURE 12: (a) The measured survival probability N(t,240 K) for 
the rebinding of CO to Mb is decomposed into the exponential 
contribution Ns(t,240 K) from the solvent process and the internal 
rebinding process N1(t,240 K). (b) Distribution function g,n(H,T) 
at 240 K. The entire gen(H,T) is partially relaxed and hence shifted 
to higher HgA than in Figure 3c. Proteins in substates with HgA < 
H,( have rebinding rates keA faster than (1 / T ~ ) .  They rebind before 
hopping to another substate. Proteins in the shaded part HBA > H I (  7) 
have rebinding rates slower than ( I/sl)  and fluctuate from CS to CS; 
their ligands can either move into the solvent or rebind. 

10 ns (Sassaroli & Rousseau, 1987). The relaxation function 
@*(t,293 K), calculated with the parameters given above, is 
consistent with the molecular dynamics computation of the 
iron motion by Karplus and collaborators (Petrich et al., 1991). 
Similar relaxation processes have been observed by Friedman 
(1985) in hemoglobin. The parameters for the rate coefficient 
K * (  r )  are similar to those for glass relaxations. The value of 
p* demonstrates that the shift is nonexponential in time. We 
justify the use of eq 18 for the temperature dependence by also 
fitting the data around T = 200 K to an Arrhenius relation. 
The result, A - s-I and E - 120 kJ/mol, implies that an 
Arrhenius relation is inappropriate. 

(4.5) Effects of Equilibrium Flu~tuations.~ Figure 1 shows 
that a new phenomenon sets in above 200 K: Some of the 
photodissociated C O  molecules escape into the solvent. Mo- 
lecular dynamics simulations show that the escape of the CO 
molecules requires a fluctuating protein (Case & Karplus, 
1979; Elber & Karplus, 1990). Rebinding from the solvent 
is approximately exponential in time, Ns(t,7') = Ns(0,7') 
exp(-Ast). Subtracting Ns(t,T) from N(t ,T)  yields Nl(t,T), 
shown in Figure 12a for T = 240 K. N,( t , r )  characterizes 
the geminate rebinding from the pocket. For rebinding to a 
single CSO, Nl(t,T) is nonexponential in time to the time T~ 

H BA (k J / m o  1) 

Semantic confusion between relaxation and fluctuation is easy, and 
we plead guilty to having misused the names in earlier papers. Relaxa- 
tion denotes the approach to equilibrium from a nonequilibrium state. 
Fluctuations are equilibrium motions (EF) among conformational sub- 
states. If the EF are fast compared to the observed phenomena, the 
measured observables are fluctuationally averaged, meaning that the 
distribution collapses to a single value. In NMR, this effect is known 
as motional narrowing. 
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Table I I: Parameters Characterizing the Association Reaction in Four Heme Proteins in 75% Glycerol/Buffer Solutionu 
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data at 300 Kb data at low T relaxation Mb* - Mb ( K * ) ~  
system As (XIO’s-’) Hs (kJ/mol) H p  (kJ/mol) log [ABA (s-I)] 8* E* (kJ/mol) log [A* (s-l)] AMBA (kJ/mol) 
MbCO 0.5 12 9.7 f 0.4 8.8 f 0.2 0.24 f 0.06 10 f 1 18 f 3 1 1  f 1 
MbOi 6.5 =20 9.2 f 0.6 8.9 f 0.3 0.14 9 f 2  1 1  9.9 
LbCOc 5.9 =20 5.3 f 0.8 9.0 f 0.5 0.22 * 0.1 9.5 f 2 16 14 
PAC0 1 . 1  220 3.6 f 0.2 9.5 0.45 8 f 2  13 f 3 1 1  f 1 
P C O  8 =20 2.3 f 0.3 9.1 0.56 6.3 f 1.5 1 1  f 3 12f 1 
“Parameters are defined in the text. Errors reflect -50% increase in x2 of the fit. bLigand pressure 1 atm. ‘Lb = soybean leghemoglobin 

(Stetzkowski et al.. 19851. dErrors omitted exceed 50% of the best value. 

and then drops off approximately exponentially. The drop-off 
is caused by the escape of C O  molecules into the solvent and 
by the averaging over the distribution of rate coefficients kBA. 
We assume that both effects are caused by the same equi- 
librium fluctuations, EF1, which we characterize by an average 
rate coefficient ( K ~ (  T ) )  and set 

( K I ( T ) )  = 1/71 (24) 

All observations are consistent with this choice. If ( K ~ ( T ) )  
were much larger than I / T ~ ,  Nl(t,T) would become exponential 
at a time shorter than 71. If ( K ~ ) T ) )  were much smaller than 
1 /TI, Nl(r,T) would continue to be nonexponential beyond 71. 

The effect of the EFl can be discussed with Figure 12b, 
which shows the effective activation enthalpy distribution, 
geff(H,T) at 240 K. Mb molecules with small barriers HBA 
rebind before their barriers have shifted appreciably; Mb 
molecules with large barriers rebind slowly and their barriers 
increase more. The effective distribution hence shifts to higher 
enthalpies and broadens as is indicated in Figure 12b. The 
distribution is divided into a white and a shaded part at  the 
activation enthalpy HI( T),  given by 

HI(T) = R T I n  ( A B A T / ( K I ) T o )  (25) 

Proteins belonging to the white part rebind the photodisso- 
ciated CO with a rate coefficient kBA > ( K ~ ( T ) ) .  They ex- 
perience no equilibrium fluctuations, and N,( t ,T)  is given by 
eq 23. The parameters listed in Table I1 fit the nonexponential 
part of N l ( t , T )  up to 290 K. The distribution of activation 
enthalpies shifts with time up to 290 K,  but the shape of the 
distribution remains essentially unchanged. 

Proteins in the shaded part experience EFl with an average 
rate coefficient ( ~ ~ ( 7 ‘ ) )  that is larger than kBA and km. These 
proteins fluctuate among the CSl ,  and their ligands either 
rebind or escape into the solvent. The ratio of the intensities 
of these competing processes is given by 

Nfa(OIT)/Ns(OIT) = ( ~ B A ( T ) ) / ( ~ B s ( T ) )  (26) 

f l ( 0 , T )  + Ns(O,T) is the fraction of proteins in the shaded 
part of g,lr(H,T). The superscript fa denotes “fluctuationally 
averaged”. f l ( 0 , T )  is the fraction that rebinds from the heme 
pocket, and Ns(O,r) is the fraction that loses the ligand to the 
solvent; ( ~ B A (  T ) )  and ( kBs( 7‘)) are the average rate coeffi- 
cients for rebinding and escape of the proteins belonging to 
the shaded part of g,,dH,T). The ligand may not escape after 
a single fluctuation, and we set 

( k d T ) )  = c ( K I ( T ) ) ,  c < 1 (27) 
Further treatment depends on the characteristics of the 
equilibrium fluctuations EF l ,  and we discuss two extreme 
cases. 

(i) We first assume that the EF1 lead randomly from a given 
HBA to any other one within the entire gel((H,7‘) in Figure 12b, 
but most likely to substates with HBA = Hp. At temperatures 
below about 250 K, kBA(Hp) >> ( K ~ ( T ) )  so that the ligand 
rebinds after the conformational fluctuation with a rate 

coefficient approximately given by ( K ~ ( T ) ) .  For case i we 
consequently get with eqs 26 and 27 

Nfa(O,T)/Ns(O,T) a I / c  (28) 
(ii) In the second limit, we assume that the EF1 connect 

only substates with similar activation enthalpies HBA so that 
with eqs 26 and 27 

Nfa(O,T)/Ns(O,T) ( ~ B A ( T ) ) / c ( K ~ ( T ) )  (29) 

In case i, f l ( o , T ) / ~ ~ ( o , T )  is approximately temperature 
independent; in case ii, it is a strong function of T,  because 
we expect (kBA( T ) )  and ( K ~ (  T ) )  to have very different acti- 
vation enthalpies at high temperatures. A crude evaluation 
of the data by inspection shows that the ratio in eq 26 is 
temperature dependent, and hence case i is excluded. The EFl 
predominantly connect substates that are close in activation 
enthalpies HBA. We assume for simplicity that the averaging 
effect is restricted to substates within the shaded part of 
geff(H,T) and write with eq 4 

(30) (MT)) = ( ~ B A ( T ) )  + ( k m ( T ) )  
Equations 26 and 30 together give 

(kBA( T )  ) = (MT) ) / 11 + T ) / N Y O ,  T)I 

(kBS(T)) = (hI(T))/[l  + Nfa(o,T)/NS(o,T)I 

(kSB(T)) = (hS(T))/[l -NS(o,T)] 

(31) 

The factor in the expression for ( ksB( T ) )  arises because ligands 
entering the pocket bind with probability [I  - Ns(O,T)]. For 
a single substate of tier 0, eq 31 can be evaluated by deter- 
mining 71 from the nonexponential part of NI(t ,T) ,  and (Al), 
from the nearly exponential drop-off. The existence of multiple 
substates of tier 0, however, complicates the extraction of the 
relevant rate parameters, and a better technique, described 
in the following subsection, is needed. 

(4.6) Extraction of the Rate Coefficients. The properties 
of the substates of tier 0 in MbCO are listed in Table I.  At 
pH 7, where the present measurements were made, the sub- 
states A, and A3 are relevant. To evaluate the rebinding data 
above 200 K, we use the maximum entropy method to invert 
N(t ,T)  at each temperature to obtain a distribution function 
f(log X , T ) ,  where X is an effective rate coefficient (Steinbach, 
1990): 

NkT)  = l d ( l o g  Mf(log L T )  exp(-W (32) 

Figure 13a shows the rate coefficient spectrumfllog X,230 K), 
plotted versus -log A. Since we do not have rebinding data 
at  times shorter than s, f(log X , T )  for log X > 7 is un- 
determined. 

Four peaks stand out in Figure 13a. Peaks 1 and 4 can be 
interpreted unambiguously. Peak 1 corresponds to the white 
part of gefl(H,T) in Figure 12b and represents proteins where 
the distribution has partially or completely relaxed, but where 
no averaging has taken place. Ligands in this part do not 
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FIGURE 13: Distribution functionsfllog X , T )  for the rebinding of CO 
to Mb for (a) CO at 230 K and (b) O2 at 250 K. Data were obtained 
with monitoring in the visible (440 nm). 
escape into the solvent, but rebind with a nonexponential time 
dependence. The rate coefficient (A,) of the narrow peak 4 
is proportional to the CO concentration: Peak 4 represents 
the solvent process and belongs to the shaded part of the 
distribution in Figure 12b. 

The interpretation of peaks 2 and 3 is more difficult. They 
are narrower than peak 1 and belong to the shaded part of 
geff(H,T). Ligands corresponding to these peaks can either 
rebind or escape into the solvent. But why are there two peaks, 
and which one determines ( A , ) ?  A possible interpretation is 
to assign peak 2 to rebinding to substrate AI  and peak 3 to 
A3. Flash photolysis experiments with separate monitoring 
of substates AI and A3 eliminate this possibility: Both sub- 
states contribute to all peaks. Two observations compel us to 
assume that peak 2 determines (A,( T)) :  In Mb02 (Figure 13b 
and subsection 5.3), peak 3 is absent and escape must involve 
peak 2. Moreover, at  280 K where peaks 1 and 2 are small, 
peak 3 is still clearly recognizable. The assignments indicated 
in Figure 13 yield the rate coefficients (A,( T ) )  and (As( 7")) 
shown in Figure loa. With f l ( 0 , T )  and Ns(O,T) determined 
by the areas of the peaks 2 and 4, eq 31 give the coefficients 
( k ~ A ( 7 " ) ) ~  ( k ~ s ( 7 " ) ) ,  and (ksB(T)) plotted in Figure lob. 
Extrapolation of ( k B A (  7")) to 293 K yields a value of 3 X lo5 
S-I. A check on the data and the evaluation is afforded by 
comparing this value with a result of Henry et al. (1983). 
Henry et al. measured the rebinding of CO to Mb in an 
aqueous solvent at room temperature and found two expo- 
nential components. By evaluating their data with a three-well 
model, they obtained (in our notation) (kBA(295 K ) )  = 2.3 
X I O 5  s-I. Our extrapolation is in very good agreement with 
their direct measurement, providing further support for the 
model and the assignment of (A , )  to peak 2. The unsolved 
problem, identification of peak 3,  will require additional ex- 
periments. The discussion also shows that it can be difficult 
to extract (AI( T))  from a plot as in Figure 12a. The function 
fllog A,n, eq 32, provides a more powerful tool for the data 
evaluation. 

Figure 10 is not a standard Arrhenius plot. Even with eq 
19 the slopes do not yield local activation enthalpies, because 

some of the rate coefficients are averages only over the shaded 
part of geff(T) with a temperature-dependent border Hl(T) .  
The slopes give correct Arrhenius parameters in the high- 
temperature limit, where the averaging extends over the entire 
distribution. 

(4.7) CO Binding to Mb at Room Temperature. Of par- 
ticular interest is the rebinding at  room temperature, where 
nearly all CO molecules move into the solvent after photo- 
dissociation. This fact implies that the relaxation Mb* - Mb 
is completed before any ligands rebind and that the EFO and 
EF1 cover the entire relaxed distribution. In our model the 
fully relaxed distribution has the same shape as the one de- 
termined below 170 K (Figure 3) but is shifted by A&. We 
approximate the distribution g(HBA) by a Gaussian of width 
rH peaked at  Hp + APBA. The CO molecules entering the 
pocket from the solvent face a rapidly fluctuating barrier. The 
probability of the CO in the pocket encountering a barrier of 
height H B A  is given by g(HBA), and the fluctuationally aver- 
aged rate coefficient is given by 

Inserting eqs 20 and 21 with t - into eq 33 and performing 
the integration give 

( ~ B A ( T ) )  = ~ B A ( H ~  + A g A , T )  exp[rH2/16(ln 2 ) ( R q 2 ]  
(34) 

where kBA(Hp + MA,T) is the rate coefficient in eq 6, with 
the barrier Hp + &A corresponding to the peak of the fully 
shifted distribution. Equation 34 shows that the equilibrium 
fluctuations cause the rate to be larger than kBA(Hp + 
A&BA,T) and that the increase is determined by the width r H  
of the enthalpy distribution. We define an effective barrier 

( ~ B A ( T ) )  = ABA(T/To) exp[-Hefr(T)/RT] (35) 
Equation 34 results in a simple relation for the effective barrier 
in the fully relaxed and fluctuationally averaged protein near 
300 K: 

Heff(T)  = Hp + AgBA - I'H2/(16 In 2)RT (36) 

The effective barrier lies below the one corresponding to the 
peak of the fully shifted distribution. The values of Hp = 10 
kJ/mol, r H  = 7 kJ/mol, and AH',, = 11 kJ/mol (Table 11) 
give H ,  + A g B A  = 21 kJ/mol and Heff = 19 kJ/mol. With 
these parameters, we obtain (kBA(293 K ) )  = 3 X lo5 s-l, in 
agreement with the measured value. 

Experimental information on the barrier height H B A  in the 
fully relaxed and fluctuationally averaged protein comes from 
the temperature dependence of the association rate coefficient 
(As) ,  shown in Figure 10. Near 300 K, essentially all CO 
molecules move into the solvent after photodissociation, and 
(As)  is given by (Austin et al., 1975) 

As indicated in Figure 2, Hs [called EIv in Austin et al. 
(19731 is the barrier between the solvent and the top of the 
barrier between B and A. Experimentally, Austin et al. found 
Hs = 12 f 1 kJ/mol. To compare this value with Herr, we 
note that Hen characterizes the total barrier height HBA, given 

(38) 

HefdT) by 

(As)  = As exp(-Hs/RT) (37) 

by 
HBA = Hs + HB 

HB is the binding enthalpy of the CO in the heme pocket. 
Equations 36-38 give H B  = 7 kJ/mol. Supporting evidence 
for a weak binding exists. The frequencies of the CO stretch 
bands in the B substates deviate from the free CO value (Alben 
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DYNAMICS AND FUNCTION 
The features discussed so far for the binding of C O  to Mb 

occur in nearly all the heme protein systems that we have 
studied. In this section we provide additional examples. 

(5.1) Control of Ligand Binding. Figure 2 implies that the 
association rate, (As),  can be controlled in two places, at  the 
entrance to the pocket ( S  - B) and at the heme iron (B - 
A). To find a criterion for the rate-limiting step, we consider 
first a static reaction potential with fixed and single-valued 
barriers. The association rate then is given by eq 4, and we 
can distinguish two limiting cases: 

( 9  ( ~ B A )  >> ( ~ B s ) ,  (As)  = ( k s ~ ) ,  Ns(0,T) << 1 (40) 
(ii) ( ~ B A )  << ( ~ B s ) ,  (As) = ( ( ~ s B ) / ( ~ B s ) ) ( ~ B A ) ,  

In the first case, the entrance to the pocket governs the as- 
sociation. In the second case, binding is affected by two 
factors, the equilibrium coefficient (pocket occupation factor) 
PB = ( ksB)/ ( kBS) and ( k B A ) ,  the rate coefficient for binding 
at the heme (Doster et al., 1982). 

In the present model, two quantities indicate if case i or ii 
holds, Ns(O,T) and the local activation enthalpy Hs of (As). 
In case i, Ns(O,T) will be small and Hs will be of the order 
of HsB (Figure 2 ) .  In case ii, Ns(O,T) will be close to 1 and 
Hs will be of the order of HBA,  considerably smaller than HsB. 
We assume here that ( k B S )  and ( ksB) are both governed by 
the same equilibrium fluctuations and hence have the same 
activation enthalpies. 

As an example, we consider these criteria for MbCO. 
Figure I C  shows that Ns(O,T) < 0.1 below 240 K, and Figure 
18 of Austin et al. (1975) indicates that Hs > 70 kJ/mol below 
about 250 K. Both criteria for case i are satisfied, and C O  
binding to Mb below about 250 K is governed by the passage 
through the protein matrix into the heme pocket. At 300 K, 
however, Ns(O,T) = 1 and Hs = 12 kJ/mol. Both values 
satisfy the criteria for case ii; binding at  300 K is governed 
by the barrier at the heme and the pocket occupation factor 
PB. 

The curves for (kBs) and (ksB) in Figure 10 have nearly 
the same slope, supporting the concept that the same motion, 
EFI,  is responsible for the entrance and exit of the C O  
molecules. Entrance and exit are dynamic phenomena: The 
protein acts as a gate, and the ligands can pass only if the gate 
is open (Beece et al., 1980; Stein et al., 1989). The collective 
nature of the fluctuations is apparent from a fit of ( kse( T ) )  
to an Arrhenius relation; the result E = 56 kJ/mol, A = 1014 
s-I, signals a complex process and implies that eq 6 is inap- 
propriate. A fit to eq 18 yields E = 7.6 kJ/mol and A = 8 
X lo7 s-'. We symbolize the cooperative nature of the tran- 
sition between B and S by the wiggly top of the barrier between 
pocket and solvent in Figure 2. 

(5.2) Binding of CO to PA and gZH. The binding of CO to 
the separated P chains of human hemoglobin poses a puzzle: 
The barrier at the heme is very small at low temperatures (Hp 
= 3.6 f 0.2 kJ/mol), and such a barrier cannot control the 
binding at room temperature (Alberding et al., 1978a; Ansari 
et al., 1986). The model introduced here solves the puzzle. 
A fit to the data in Figures 3 and 4 of Ansari et al. with eq 
23 reproduces process I above 170 K well. The fit parameters 
in Table I1 show that the barrier in the relaxed protein is much 
larger near 300 K than below 170 K and controls CO binding. 
A hole-burning experiment on band 111 verifies the shift of 

Clear evidence for the existence of a "frozen" and "shifted" 
nonexponential process I at 300 K comes from experiments 

Ns(0,T) 1 (41) 

HP. 
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FIGURE 14: Viscosity dependence of the rebinding of CO to Mb at 
250 K. The rebinding function Nl(t,T) for process I is shown for three 
different solvents. 

et al., 1982). Molecular dynamics calculations imply that the 
C O  in the heme pocket is weakly bound (Case & Karplus, 
1979). Fitting the rate coefficients (km( T ) )  and ( ksB( T ) )  
in Figure 1 Ob by eq 18 yields the values EBS = 8.3 kJ/mol, 
Am = 4 X 10" s-', and EsB = 7.6 kJ/mol, A S B  = 8 X lo7 s-'. 
With eq 19 we find that the activation enthalpy for the step 
B - S is about 7 f 3 kJ/mol larger than for S - B, indicating 
also that the C O  is weakly bound in the heme pocket. 

(4.8) Effect of Viscosity. The viscosity dependence of CO 
binding to Mb, shown in Figure 1 of the paper by Beece et 
al. ( 1  980), gives additional insight into the relaxation and 
fluctuation phenomena. Similar data have been obtained by 
Findsen et al. (1988) for CO binding to Hb. In Beece et al. 
we explained the solvent dependence by assuming a matrix 
process and invoking a modified Kramers equation. In the 
present model both the relaxation Mb* - Mb and the motion 
responsible for the opening of the barrier B - S can depend 
on viscosity. The effect of the viscosity on K* and K~ can be 
seen by looking at N,(r,T) at a given temperature in solvents 
of different viscosities. To do so, we have taken the data from 
Figure 1 of Beece et al. and subtracted the solvent process. 
Figure 14 shows the rebinding data for the internal process 
of MbCO in three different solvents at 250 K. The nonex- 
ponential components are nearly identical; the solvent viscosity 
has little or no effect on the relaxation Mb* - Mb. Mea- 
surements with MbCO embedded in ice and in solid poly(viny1 
alcohol) (Austin et al., 1975; Figures 4 and 5) strengthen this 
observation: With the solvent frozen (7 - m), no solvent 
process occurs, but process I shows the same general behavior 
as in  the three solvents in Figure 14. These results support 
the present model; the motion of the iron from ~(0') to c(m) 

is an internal process, controlled at and close to the heme. The 
iron atom possibly remains fixed with respect to the overall 
protein, but the heme group domes and moves or slides away 
from the F helix (Kuczera et al., 1990). 

The drop-off of the geminately rebinding population in 
Figure 14 is markedly different for the three different solvents. 
The data agree with the change of the fluctuation rate K ,  

among CSl due to the different viscosities. The viscosity 
dependence can be parametrized by a power law (Beece et al., 
1980): 

K ( ? )  = K o ( T ) ( t l / ? o ) - ~  (39) 

The rebinding data suggest an exponent p ( ~ , )  = 0.5. The 
equilibrium fluctuations EFI depend on the solvent viscosity 
and consequently must involve a major part of the protein. 
Doster (1983) explains a coefficient p = 0.5 in a model where 
the fluctuation spectrum comprises two components, a sol- 
vent-independent diffusion of local structural defects and global 
fluctuations coupled to the solvent. 
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stretch spectrum is much harder to observe, and we have not 
yet been able to use it to get information on the CSO. A 
definitive identification of the CSO and a determination of the 
separate activation enthalpy distributions are not yet available. 
We obtain some insight by using the data from Figure 16 to 
computefllog X , T )  as in Figure 13b. Three peaks appear: The 
slowest is the solvent peak and the fastest is similar to peak 
1 in MbCO. The intermediate peak is similar to peak 2 in 
Figure 13a. Data evaluation as in subsection 4.6 yields the 
rate coefficients given in Figure 10. 

Figures 1, 10, 11, and 16 and the data in Table I1 permit 
a comparison of the binding of CO and O2 to Mb. The general 
features are similar, but the relaxation of Mb* - Mb occurs 
faster in Mb*(CO) than in Mb*(02). The difference can be 
seen by comparing the curves for N,( t )  at 240 K in Figures 
11 and 16. The relaxed process I is about 10 times faster for 
0, than for CO. The difference can also be seen at 210 K: 
Rebinding of CO at 210 K is slower than at 190 K (Figure 
1 l ) ,  while no such reversal occurs for 0,. With increasing 
T, process I always becomes faster for 02, but the rate of the 
increase is less than predicted from low temperatures. The 
effect of the ligand on the relaxation Mb* - Mb is caused 
by structural differences. While the iron is in the mean heme 
plane in MbCO, it stays away 0.2 A in Mb02 (Kuriyan et al., 
1986; Phillips, 1980). The work required to move the iron to 
the fully relaxed position about 0.35 A away from the mean 
heme plane (Phillips, 1981; Nienhaus, 1987) thus is expected 
to be smaller in the case of Mb*(02); the relaxation may 
proceed more slowly and the total change, Al&, in activation 
enthalpy may be smaller for O2 than for CO. 

Process I above 170 K, visible in Figure 9 of Austin et al. 
(1975), has been rediscovered a few times at room temperature 
and denoted as “nanosecond recombination” [e.g., Gibson et 
al. (1986)l. The “nanosecond” optical spectra of Mb*(CO) 
differ from those of the deoxy form (Sato et al., 1990), con- 
sistent with the present model. We assert that the nanosecond 
process is the relaxing process I. A “picosecond” process, with 
a rate coefficient of about 1O’O s-I (Martin et al., 1982; 
Jongeward et al., 1988; Petrich et al., 1991), has been inter- 
preted as rebinding of O2 to a nonrelaxed and still planar heme. 
We have seen a similar but slower process, denoted by I*, in 
the binding of CO to carboxymethylated cytochrome c (Al- 
berding et al., 1978b) and to HRP (Doster et al., 1987). We 
interpret I* as fast rebinding to an iron still in the heme plane. 

We can now answer question i. Following photodissociation 
we distinguish binding before and after the iron has moved 
out of the heme plane from c(0) to c(O+). At c(0) the steric 
barrier is probably very small. If the iron stays in plane for 
a sufficiently long time, both 0, and CO can rebind via process 
I*. O2 will bind adiabatically and fast, CO nonadiabatically 
and about 2 orders of magnitude slower. This situation occurs 
in CM (carboxymethylated) cyt c and HRP, where the protein 
structure probably slows the movement c(0) - ~ ( 0 ~ ) .  In Mb, 
the initial out-of-plane motion of the iron is very fast and only 
O2 can bind through process I*. With the iron out of plane, 
a much higher steric barrier controls binding, and 0, and CO 
both bind adiabatically as is demonstrated by the nearly equal 
values of their preexponential factors ABA (Table 11). Indeed, 
the rate coefficients (kBA( 7“) )  in Figure 10b show that 0, binds 
only about 3 times faster than CO to the heme iron, further 
supporting the notion that both bind adiabatically. 

To answer question ii, we distinguish between the rebinding 
after photodissociation and binding from the solvent to de- 
oxyMb. After photodissociation, a major fraction of 0, will 
never move into the solvent but will rebind from the heme 

- 

- 

- 
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FIGURE 15: Rebinding of CO to gZH at 300 K [after Dlott et al. 
(1983)l. The rebinding function N(t,300 K) is decomposed into the 
process 1 and S. Solvent: 75% glycerol/buffer at  pH 7. 
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FIGURE 16: Binding after photodissociation of O2 to Mb. Solvent: 
75% glycerol/buffer, pH 7, O2 pressure 0.2 bar [after Beece (1983)l. 

on the separated 0 chains of hemoglobin Zurich (Dlott et al., 
1983). In pZH, His E7 is replaced by Arg: The arginine does 
not fit into the pocket and moves out of the way. The binding 
properties are changed dramatically. The barrier HBA below 
about 200 K is described by a distribution with H p  = 2.3 
kJ/mol and a width rH = 2 kJ/mol. The rebinding data at 
300 K in Figure 15 can be explained by a shifted barrier with 
the parameters listed in Table 11 plus a solvent process. 

(5 .3)  Binding of Dioxygen to Myoglobin. The binding of 
O2 to Mb is surrounded by controversy, with three paramount 
questions: (i) Is the binding transition B - A at the heme 
iron adiabatic for 0, and CO (Frauenfelder & Wolynes, 1985) 
or adiabatic for 0, but nonadiabatic for CO (Jortner & 
Ulstrup, 1979; Redi et al., 1981)? (ii) Is the binding controlled 
at the heme as we have claimed (Doster et al., 1982) or at the 
entrance to the pocket (Gibson et al., 1986; Jongeward et al., 
1988; Sato et al., 1990; Chance et al., 1990)? (iii) Why is 
0, binding to Mb at room temperature 30 times faster than 
C O  binding (Parkhurst, 1979)? 

Before answering these questions, we describe the salient 
experimental features. After flash photolysis, CO shows two 
rebinding processes, I and S (Figure 1). 0, also has these two 
processes but in addition displays a “picosecond process” I*. 
We discuss here first the slower processes I and S ,  shown in 
Figure 16 (Beece, 1983). The corresponding low-temperature 
data are given in  Austin et al. (1975). The determination of 
the parameters for the relaxation Mb* - Mb is performed 
as for MbCO, and they are listed in Table 11. The deter- 
mination of the rate coefficients (kBA(7‘)), (kBs(7‘)), and 
( ksB( 7‘)) is plagued by a problem. IR spectroscopic studies 
(Potter et al., 1987) and pressure experiments (Frauenfelder 
et ai., 1990) imply that Mb02 has substates of tier 0, just like 
MbCO. In MbCO, the CSO can be studied in detail because 
the CO stretch frequencies are easily measurable. The 0, 
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pocket via process I*. In the physiological binding of O2 to 
Mb, the heme is already in the deoxy structure, with the iron 
out of plane. We expect that binding is the same as in process 
S in flash photolysis. Figure 10b shows that (kW) is larger 
than (kBA) at 300 K. Process S for M b 0 2  at physiological 
temperatures is close to the limiting case ii, and (As)  is given 
by eq 41. A look at the activation enthalpies leads to the same 
conclusion. The effective barrier Hs for process S near 300 
K is of the order of 20 kJ/mol, far smaller than the activation 
enthalpy for ( ksB( 7“ ) )  at 300 K, about 70 kJ/mol. Stopped- 
flow experiments at room temperature by Antonini and co- 
workers (Antonini & Brunori, 1971) also give an activation 
enthalpy of about 25 kJ/mol for the O2 binding to Mb, only 
consistent with control at the heme. The results agree with 
the work of Lakowicz and Weber (1973) and Jameson et al. 
(1984), who found that O2 diffuses rapidly through the protein 
matrix. 

The answer to question iii comes from the data in Figure 
10b and eq 41. Figure 10b shows that the main difference 
between CO and O2 is the rate coefficient ( k s e )  for entering 
the pocket. For equal gas pressure (1 bar), O2 enters about 
12 times faster than CO but leaves slightly slower. The 
equilibrium coefficient (pocket occupation factor) PB is con- 
sequently about 20 times larger for O2 than for CO. These 
data suggest that the dominant property leading to a faster 
dioxygen binding is its “higher solubility” in the heme pocket. 
The effective barrier Herr and (kBA) are about the same for 
O2 and CO. The rate (kBA) sets an upper limit for the as- 
sociation rate coefficient (&). Thus (As)  is controlled by 
proximal effects. The stationary pocket properties (PB)  reduce 
the association rate from the limit determined by (kBA). Thus 
distal effects are responsible for the discrimination between 
O2 and CO. 

SUMMARY A N D  CONCLUSIONS 
(6 .1)  The Model. The binding of CO and O2 to Mb is 

governed by two barriers (Figure 2). The inner barrier is 
located at the heme iron. Up to 160 K the rebinding of ligands 
after flash photolysis can be described by a temperature-in- 
dependent distribution of enthalpic barriers g(HBA). The rate 
coefficient kBA( T)  satisfies an Arrhenius equation and is in- 
dependent of the solvent viscosity. Above 160 K, the barrier 
distribution shifts by about 10 kJ/mol to higher enthalpies. 
We interpret the shift as being caused by the relaxation Mb* - Mb. The relaxation function @*( t ,T )  is nonexponential in 
time (eq 17), non-Arrhenius in temperature (eq 18) and es- 
sentially independent of the solvent viscosity. At room tem- 
perature the barrier H B A  is still distributed, but equilibrium 
fluctuations (EFl)  result in average rate coefficients (kBA). 

The outer barrier between the solvent S and the heme pocket 
B is formed by the protein matrix. Above 210 K we observe 
transitions S - B which can be visualized as a migration of 
the ligand through the fluctuating protein molecule. The rate 
coefficient K , (  r )  for these equilibrium fluctuations (EF1) 
possesses a non-Arrhenius temperature dependence and is 
strongly viscosity dependent. At temperatures between 210 
and 250 K and/or high solvent viscosity, the ligand binding 
kinetics is dominated by the outer barrier. At room tem- 
perature and moderate viscosity, the inner barrier controls. 

The new model is simpler than the earlier four-well version 
(Austin et al., 1975). It connects experimental observations 
from flash photolysis kinetics, kinetic hole burning, and 
pressure jump relaxations. While only the association reactions 
of CO and O2 to myoglobin are discussed in detail in this 
paper, the new model also applies to other heme proteins. The 
resulting parameters are summarized in Table 11. 
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(6.2) Hierarchy of Substates and Motions. Binding involves 
a number of substates and motions. Substates of tier 0 (CSO) 
are present in heme proteins (Table I) and must be included 
in a detailed picture of ligand binding. The CSl give rise to 
distributed barriers HBA within a given CSO; fluctuations 
among the CS1 substates permit the passage of ligands through 
the protein matrix and are responsible for the exponential time 
dependence of the binding from the solvent. We assign to tier 
2 the motions that are responsible for the relaxation Mb* - 
Mb and the shift of the activation enthalpy spectrum g(HBA) 
after photodissociation. 

The identification of the tiers with structural features is 
tentative. We essentially follow Rousseau and Argade (1 986) 
in assuming that FIM 2 represents the motion of the iron from 
its position immediately after photolysis to the deoxy equi- 
librium position. The fluctuations EF1 may involve motions 
of the F helix (Friedman, 1985). An even larger part of the 
protein molecule may participate in the EFO. 

(6.3) A Brief Comparison of Models. In our model, the 
relaxation Mb* - Mb and the fluctuations among confor- 
mational substates with different enthalpic barriers HBA belong 
to two different tiers (CS2 and CSl). This separation is f o r d  
upon us by the experimental data. It leads to a time- and 
temperature-dependent energy landscape. The seminal paper 
by Agmon and Hopfield (1983) restricts the discussion to a 
single tier; hence it cannot reproduce the experimental data 
in detail and leads to a value Hs (Figure 2b) that is too high. 
Young and Bowne (1984) did not include the relaxation Mb* - Mb and obtain a value of Hs that is too low. Srajer et al. 
(1988) introduce two protein coordinates, but the motions 
along these coordinates are coupled. An extension of the 
models will be necessary for a more complete comparison 
between experiment and theory. 
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Properties of 2’-Fluorothymidine-Containing Oligonucleotides: Interaction with 
Restriction Endonuclease EcoRV 
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ABSTRACT: 2’-Fluorothymidine (T,) was synthesized via an improved procedure with (diethy1amino)sulfur 
trifluoride. The compatibility of the analogue with D N A  synthesis via the phosphoramidite method was 
demonstrated after complete enzymatic digestion of the oligonucleotides d(Tf T)  and d(T,T), the sole products 
of which were 2’-fluorothymidine and thymidine in the expected ratio. +he 2’-fluorothymidine was also 
incorporated into the EcoRV recognition sequence (underlined), within the complementary oligonucleotides 
d(CAAACCGATATCGTTGTG) and d(CACAACGATATCGGTTTG). Thermal melting characteris- 
tics of these duplexes showed a significant decrease in stability only when both of the thymidine residues 
in one of the strands were replaced. In contrast, when all of one strand of a duplex contained 2’-fluoro- 
thymidine, as in d(T,,,T)-d(A,,), a substantially higher T, and cooperativity of melting was observed relative 
to the unmodified structure. EcoRV cleaved a duplex that contained a 2’-fluorothymidine a t  the scissile 
linkage in each strand at two-thirds of the rate obtained for the unmodified structure. A duplex containing 
two 2’4luorothymidine residues in one strand and none in the other was cleaved a t  one-third of the rate 
in its unsubstituted strand, whereas the cleavage rate was reduced to  22% in its modified strand. 

x e  differences in both the structure and the properties of 
ribo- and deoxyribonucleosides and their polymers may be 
attributed to the nature of the 2’-substituent, -H or -OH. 
Thus, RNA exists almost exclusively in the A-form in which 
the ribose moiety exhibits a 3’-endo (N) conformation 
(Saenger, 1984). In contrast, DNA most commonly displays 
a 2‘-endo (S)  sugar conformation although under certain 

conditions (in A- and Z-DNA) the 3’-endo conformation is 
adopted (Saenger, 1984). These differing structural prefer- 
ences result in the ability of several drugs such as netropsin 
(Kopka et al., 1985) to recognize and bind exclusively within 
the minor groove of the B-DNA double helix and also the 
highly specific cleavage of double-stranded DNA by type I1 
restriction endonucleases (Maass, 1987). 
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