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Abstract 

Up to the onset of ligand escape from the heme pocket, CO binding to myoglobin can be explained by stochastic motion 
of the protein subject to an effective, temperature-dependent potential. Two "temperature-models" for the effective potential 
are investigated. The quantitative solution of the transient Smoluchowski equation for these models shows inhomogeneous 
kinetics at short times and protein relaxation at intermediate times. Additional two phases of ligand binding, ligand escape 
and bimolecular recombination, can be identified. Both models agree that the protein "diffusion coefficient" increases in an 
Arrhenius fashion through the solvent glass transition, indicating that protein relaxation occurs mainly in the interior of the 
protein. In contrast, the effective potential "collapses" above the glass transition temperature, indicating that it is determined 
also by interactions at the surface of the protein. In one of the models the parameters of the potential vary linearly with 
temperature, resembling the situation for rubber elasticity. 

1. Introduction 

Heine proteins play a central role in oxygen trans- 
port and storage in living organisms. Their structure 
is well characterized [ 1-3] and the binding kinet- 
ics has been studied over an exceptionally large tem- 
perature and time regimes [4-25].  The unique pros- 
thetic group, a porphyrin moiety, provides an excellent 
spectroscopic marker for detecting the binding state 
of the heme as well as for other interactions within 
the protein [26]. This allows gathering of quantita- 
tive data that may be compared with theoretical pre- 
dictions [27-38].  An important objective of such a 
comparison is to determine to what extent the kinetics 
is governed by the ligand-iron interactions or by pro- 
tein dynamics. Clarification of the protein role in the 
determination of its function is a long-standing ques- 
tion in enzymatic kinetics. Heme-protein kinetics may 

provide a relevant model for other protein-catalyzed 
reactions. 

Low-temperature binding experiments first revealed 
the large extent of kinetic heterogeneity in myoglobin 
[4]. These experiments are typically carried out by 
freezing a bound protein-ligand sample in a glass- 
forming solution, dissociating the ligand by a laser 
pulse and following its rebinding using transient ab- 
sorption. Non-exponential (near power-law) rebind- 
ing over an extended time regime could be understood 
in terms of a distribution of rebinding rate coefficients 
arising from an inhomogeneous distribution of protein 
conformations. 

At long times and high temperatures rebinding 
becomes mono-exponential and the protein homoge- 
neous. This means that conformational interconver- 
sion is now faster than the binding reaction. How does 
the transition from inhomogeneous to homogeneous 
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kinetics occur [39] and is the effect primarily in the 
ligand or protein coordinate? Initially it was thought 
that the kinks and bends observed in the rebinding 
curves reflect ligand migration within the protein 
matrix [4]. It was subsequently suggested [27] that 
protein relaxation, following ligand photolysis, will 
both homogenize the sample and increase the barrier 
for rebinding. Recent experimental work seems to 
support the notion that rebinding is slowed down by 
a transient barrier increase [ 9-11,14,21,40-43 ]. This 
is now a common explanation for the "inverse tem- 
perature effect" observed above about 200 K: below 
this temperature rebinding is enhanced with increas- 
ing temperature whereas above it the reaction slows 
down due to protein relaxation. 

In spite of many years of extensive research, the 
above picture is still at a qualitative level. Several 
quantitative approaches to the protein relaxation phe- 
nomenon [9,18,33,35] fit the rebinding kinetics by 
assuming a stretched exponential relaxation function. 
Our approach is that the time dependence should be 
calculated by solving an equation of motion, which in 
the present case is of a diffusive type. The input po- 
tential function, which is an effective potential arising 
from dimensionality reduction in a many degrees of 
freedom problem, can be temperature dependent. 

The present work investigates two "temperature 
models". The kinetics are obtained by solving the 
Smoluchowski equation using a novel graphical in- 
terface [44]. The potential function and diffusion 
coefficient in this equation are allowed to depend 
on temperature. For the physical processes described 
by the models, a quantitative agreement with sperm- 
whale (sw) and particularly horse myoglobin-CO 
(MbCO) data is obtained, for the first time, without 
pre-assuming a functional form for the time depen- 
dence. This brings us a step closer to the ability of 
explaining biologically significant observables by 
solving equations of motion. It consequently allows 
a firmer physical assignment of the observed phases 
in the transient kinetics. The temperature dependence 
of the model parameters provides a less biased de- 
scription for the protein involvement in the binding 
reaction. 

2. The temperature models 

The basic picture is that of an effective two- 
dimensional potential 

V ( r , x )  
{ ~ t  : -2/3r /.)e (e -- 2e-# r) 

= min + ½ f ' ( x  - xo) 2, 

Dee -#~ - d + ½ f x  2, 

bound state, 

pocket state, 
(1) 

which generalizes the Agmon-Hopfield potential [ 27 ] 
in two ways. First, the well depth (De) and force con- 
stant ( f )  may assume different values in the bound 
and unbound states. Second, the parameters appear- 
ing in the potential may be temperature dependent. A 
specification of such a dependence we call a "tempera- 
ture model". Such models possess sufficient flexibility 
to allow fitting the binding data over the entire tem- 
perature range. We will see that more than one tem- 
perature model may fit the data. Admissible models 
share, however, some basic physical characteristics. 

The potential is exemplified in Fig. 1. The horizon- 
tal coordinate is the ligand-iron separation, r. Small 
r depict a bound ligand, but large separations are re- 
stricted by the requirement that the ligand does not 
leave the heme pocket. Therefore the model is not ex- 
pected to be valid after the onset of ligand escape. An 
effective protein coordinate, x, represents the modu- 
lation of the iron out-of-plane distance by the protein. 

The general shape of the potential is that of two 
wells, displaced along the protein coordinate. This dis- 
placement, x0, might arise from differences in the iron 
equilibrium position between the bound and deoxy 
states. In the first case the iron is in the porphyrin plane 
while in the deoxy case it is displaced by 0.2-0.4/~ 
in the distal direction. This leads to an x-dependent 
barrier height, V t (x), calculated [27] as the vertical 
climb from r = cx~ to the ridgeline at r t (x). By equat- 
ing the two forms of Eq. (1) one finds that Vt(x) = 
V ( rt ,  x ) - V ( c~, x ) = De exp(  - f l r t  ( x ) ) is given by 

Vt(x) [2D~e/De + 1 - D'eVt(x) /D2e]  

= f ' ( x  - xo)2/2 - f x 2 / 2  + A.  (2) 

The different force constants for the bound and deoxy 
states, f '  and f respectively, could reflect the differ- 
ent amplitudes of iron fluctuations in the two states. 
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The distribution of deoxy protein conformations at 
time t is denoted by p (x, t). The "survival probability" 
of the unbound state is obtained from it by integration 

S( t )  = i p ( x ,  t) dx (5) 

over the range of x corresponding to the deoxy (un- 
bound) state. S(t) will be compared with experiment, 
which monitors the transient absorption signal of the 
deoxy heme. 

Since photo-dissociation is always faster than pro- 
tein motion, the initial distribution for the deoxy heme, 
p ( x ,  0), is that of an equilibrated bound-state precur- 
sor 

: { :' ] 
\2~rk:o) 

× e x p [ - f ' ( x  - Xo):/2kaTo] . (6) 

Fig, 1. The effective potential for horse-MbCO, Eq. 1 ), using 
the parameters of Table 1, Model B. Equipotential-contours every 
2 kcal/mol. 

Smaller fluctuations in the bound state suggest that 

f ' >  f. 
The faster ligand motion as compared with protein 

fluctuations allows one to average over it [28] and ob- 
tain a one-dimensional "diffusion" (Smoluchowski) 
equation in the slower protein coordinate 

a p ( x , t )  

c~t 

- o  a 2 p ( x ' t )  -4- 19 a [ ( d V / d x ) p ( x , t ) ]  

c~x 2 kBT ax 

- k ( x )  p ( x , t ) ,  (3) 

in which an Arrhenius sink term 

k( x)  = ko e -v* {x)/kBr . (4) 

represents the fast-coordinate dynamics. Here T is the 
absolute temperature, kB Boltzmann's constant, k0 a 
frequency factor and D a "diffusion coefficient" which 
determines the rate of protein relaxation. The temper- 
ature dependence of D ( T )  is expected to be much 
stronger than that of the interaction potential and its 
parameters. 

To is either the actual temperature, T, or the glass 
transition temperature, T~, at which the sample froze. 
Whenever x0 4 : 0  (and/or f '  @ f )  the initial dis- 
tribution is out of equilibrium for the deoxy state. 
It evolves in time due to diffusion and reaction via 
Eq. (3). 

Two "temperature models" are considered in this 
work. In both models D and x0 are functions of tem- 
perature, T. The two models differ in the temperature 
dependence of the other parameters: 
Model A is closest to the original Agmon-Hopfieid 
model [ 27], albeit with temperature dependent D and 
x0 and f '  4: f .  Here we set De I = De, TO = max (T, T~) 
and f '  = 1.2f. 
Model B is more involved. Here To = T and f '  = 1.5f  
and, additionally, some of the potential parameters are 
linear in T. Specifically, 

f = Tfo/7" ,  A = T A o / T ,  

De = 2D'e/ ( 3T/7" - 1) , (7) 

where 7 TM is a scaling temperature, f0, A0 and D' e are 
independent of T. The physical significance of this 
behavior, as exemplified in Fig. 1, will be discussed 
in Section 4. 
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Fig. 2. CO binding to sperm-whale myoglobin. Data - thin curves. Models - bold curves. Temperatures indicated in the left panels. Model 
parameters in Table 1 and Figs. 4 and 5. 

Table 1 
Temperature-independent parameters for the two temperature-models, f and f0 in units of kcal / (mol  au2); zl, zl0, De ~, ED and EA in 
kcal/mol. ED and EA are the activation energies for conformational diffusion and ligand escape, see Figs. 4 and 9, respectively 

Protein Model f or fo f ' / f  A or Ao De ~ /~ (K) ko (1 /ns )  ED EA 

sw A 14.55 1.2 14.5 33 - 1.2 15.2 14.1 
B 14.65 1.5 14.2 33 505 1.0 14.9 13.8 

horse A 14.55 1.2 14.0 33 - 1.2 12.1 11.7 
B 13.0 1.5 14.0 33 505 1.2 11.4 10.6 

3 .  R e s u l t s  

3.1. Single-pulse experiments 

Figs. 2 and 3 show the rebinding kinetics of sperm- 
whale (sw) and horse MbCO as measured by Doster 
and coworkers [18]. In each figure, the upper and 
lower panels are the low and high temperature regimes 
while the left and right panels compare with S(t) 
calculated from models A and B, respectively. The 
temperature-independent parameters of the two mod- 
els are collected in Table 1. The fits to Eq. (3) were 
obtained using SSDP [44], a Microsoft Windows 

application with a user-friendly interface for solving 
spherically-symmetric diffusion equations. 

The figures show that both models fit the data rea- 
sonably well. However, the quality of fit improves pro- 
gressively from sw- to horse-Mb and from model A 
to B (especially near the solvent glass transition). We 
attribute the better agreement with the horse-MbCO 
data to its simpler kinetics, which involves just one 
state (A1) in the IR spectrum of the CO ligand, as 
opposed to three A-states for sw-MbCO [45,25]. 

A physically acceptable model is expected to agree 
with the data for all times at low temperatures but only 
up to the onset of ligand escape at the higher tempera- 
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Fig. 3. CO binding to horse 

tures. The fact that we were not able to fit the data be- 
yond the theoretical applicability limit is encouraging, 
and will allow us to determine ligand escape times. 
This contrasts with the situation in parameterized fit- 
ting [ 18], where with enough adjustable parameters 
one can fit over the whole time regime. 

The two adjustable temperature-dependent parame- 
ters in the two models, D(T)  and xo(T),  are shown 
in Figs. 4 and 5, respectively. The parameter set is not 
unique. Different choices for the other parameters can 
be compensated by vertical shifts in D(T)  and xo(T) 
which (in contrast to the shape of these curves) should 
not be attached physical significance. 

The diffusion coefficient obeys an Arrhenius ex- 
pression, 

D(T)  = Do exp( -ED/kaT)  , (8) 

with ED ~ 62 and 48 kJ/mol for sw and horse MbCO, 
respectively. A previous analysis of the same horse- 
MbCO data by a stretched-exponential fit gave an ac- 
tivation enthalpy of 44 kJ/mol [ 18], quite close to our 
present determination. The difference in ED between 
sw and horse Mb seems to be the major observable 

MODEL B 

.ooE. . . . . . . . . . . . . . . . . . . . .  i ,,,, 
10  2 10  3 10  4 1 0  s 10  6 10  7 10  a 10  9 

myoglobin. See caption of Fig. 2. 

difference in the CO-binding kinetics of these two pro- 
teins. Note how the same Eo describes the data both 
below and above the glass transition temperature (ca. 
190 K). 

In contrast, xo(T) is nearly constant below the 
glass transition, but decreases with T above it. At 
the higher temperatures the location of the mini- 
mum becomes nearly independent of the binding 
state. This "collapse" is exemplified in Fig. 1. In a 
stretched-exponential fit to the binding kinetics the 
value of the exponent unexpectedly drops above the 
glass transition [ 18]. This could be a signature for a 
temperature-dependent potential, which appears here 
naturally as a variation in xo(T).  

The effect of the temperature dependence of these 
parameters on V(r, x) is exemplified in Fig. 1, which 
shows the horse-MbCO potential surface from model 
B at two temperatures. With increasing T, the two 
wells narrow in the x direction (larger f )  and become 
more collinear (smaller x0). The decrease in De places 
the dissociated CO molecule closer to the heme iron 
at higher temperatures. It might be interesting to test 
this prediction experimentally. 
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Fig. 4. Temperature dependence of the protein-mode "diffusion 
coefficient" as obtained from the fits in Figs. 2 and 3. The Arrhe- 
nius activation energies, ED, are collected in Table 1. 

3.2. Double-pulse experiments 

Fig. 6 compares single and double-pulse kinetics 
for horse MbCO [ 18,39]. The full symbols and bold 
curves show the single-pulse data and their compari- 
son with model B, respectively (see upper-right panel 
of Fig. 3). Open symbols are double-pulse measure- 
ments initiated by rephotolyzing the sample 0.1 s af- 
ter the first pulse. Double-pulse kinetics (thin curves) 
was calculated from the initial distribution p2(x, O) 
below without introducing any additional adjustable 
parameters. 

Starting from the single-pulse initial distribution 
p(x, 0), Eq. (6),  the Smoluchowski equation is prop- 
agated up to 7 = 0.1 s with the parameters of Table 1. 
The unrecombined fraction, S(7-), has the conforma- 
tional distribution p(x, ~-) whereas the rebound frac- 
tion, 1 - S(T), presumably equilibrates fast regenerat- 
ing p(x, 0). Therefore re-photolysis prepares the dis- 
tribution 

p2(x,O) = [1 - S ( r ) ]  p(x,O) + p ( x , T ) ,  (9) 

Fig. 5. Temperature dependence of the distance between the min- 
ima on the MbCO potentials as obtained from the fits in Figs. 2 
and 3. Lines are polynomial fits to guide the eye. At low tem- 
peratures there is a small increase in xo, whereas above 200 K it 
decreases quite drastically. Note how this behavior is model and 
protein independent. 

"X~3 ~ ! ~ ~ 1  6 OK 
185 K " ~ ,  

~t(3 -2 

Double-pulse- x 
,X~3-~ .............................................. ,, .... 

,~3 ~ ~.~3 ~ '~35 ,~(37 ,X(3 ~ 

t i m e  ( n s )  

Fig. 6. A comparison of double-pulse (open symbols) and sin- 
gle-pulse (full symbols) kinetics for horse-MbCO. Having fitted 
the single-pulse kinetics (bold curves), S(t) for the double-pulse 
protocol is obtained with no additional parameters (thin curves). 
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Fig. 7. The initial distribution for the single-pulse experiment, 
bold curve, Eq. (6), and for the double-pulse experiments at the 
indicated temperatures, thin curves, Eq. (9). 

which is, evidently, the initial distribution for the sec- 
ond pulse. Unlike p (x, 0),  P2 (x, 0) becomes temper- 
ature dependent, as exemplified in Fig. 7. This is due 
to the contribution from the unrecombined fraction 
p(x,  7"). This fraction is characterized by a slower re- 
combination rate. Consequently, the double-pulse ki- 
netics is slower than the single-pulse one. 

Starting from P2 (x, 0) and using the parameters de- 
termined from the single-pulse fits, we re-propagate 
Eq. (3) .  The resulting survival probabilities, shown 
by the thin curves in Fig. 6, agree with the double- 
pulse data without invoking any additional adjustable 
parameters. Once again, agreement is limited by the 
onset of  ligand escape. 
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Fig. 8. The four phases in CO rebinding to horse-myoglobin: 
frozen (inhomogeneous), relaxing, ligand-escape and bimolecular 
binding. The upper panel compares the data (circles) at one 
temperature (220 K) with Model B (thick line). The two curves 
diverge at the onset of ligand-escape, ~ tmin. The lower panel 
shows p(x,t), Eq. (3), whose integral, Eq. (5), produced the 
S(t) fit in the upper panel (bold curve). Times are (left to right): 
0, 50, 400, 1000, 3000, 5000, 9000, 2 × 104, 8 × 104 and 3 × 105 
ns. The two bold profiles correspond to p (x, tmax ) and p (x, tmin ), 
where tmax ~'~ 1 /zs and tmin ~ 80/xs. 

4.1. The four phases of ligand binding. 

4. Discussion 

The results of  the previous section are a first demon- 
stration o f  a quantitative fit for the kinetics of  the early 
phases in ligand rebinding to heme proteins that comes 
from a solution of  equations of  motion for an effective 
potential. The quantitative agreement enables one to 
draw several physically interesting conclusions which 
are discussed below. 

We can now assign the different phases in the 
transient ligand binding kinetics as shown in Fig. 8a. 
At short times the protein is frozen and the kinetics 
inhomogeneous. This has been verified by multi-pulse 
experiments [39].  It was argued [39] that protein 
relaxation begins at the time, tmax, when the slope of  
In S(t) (the "beta function") reaches its first maxi- 
mum. The relaxation is non-exponential (see below) 
and lasts nearly 2 decades in time. The termination 
of  relaxation is at train, the point of  minimal slope. 
The decay inbetween tmax and train is known as the 
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"relaxation footprint" [39]. 
This assignment can now be corroborated by the so- 

lution of Eq. (3). Fig. 8b shows the profiles, p(x, t), 
whose spatial integral, S(t), is the full curve in Fig. 8a. 
The two bold profiles in Fig. 8b correspond to the times 
tmax and tmin determined above. Indeed, the first bold 
profile just starts moving out of the initial-distribution 
envelope whereas the second bold profile retains it 
shape and only diminishes in amplitude for t > tmin. 
This is the expected behavior at the "onset" and "ter- 
mination" of protein relaxation, which indeed occur 
at tmax and  train, respectively. 

For t > tmin the calculated binding kinetics be- 
comes exponential, whereas the experimental data de- 
cays slower than exponential. The relaxed protein now 
allows the ligand to escape from the heme pocket thus 
slowing its rebinding. This process is not part of the 
present model. Hence the "failure" of our model is 
as physically significant as its success because it in- 
dicates ligand motion out of the heme pocket. In con- 
trast, previous stretched-exponential fits agreed with 
the horse-Mb data also during the ligand-escape phase 
[ 18 ], in spite of the fact that ligand diffusion was not 
included in that model. 

We have estimated the ligand-escape times from the 
points where the fits in Figs. 2 and 3 first drop below 
the experimental data. These times are collected in 
Fig. 9. Again, straight Arrhenius lines are obtained. 
From their slope, the activation energy for escape is 
estimated as 58 and 44 kJ/mol for sw- and horse- 
MbCO, respectively (see Table 1 ). These values are 
similar to the activation energies for protein relaxation, 
Eo, suggesting that the same protein relaxation which 
increases the barrier for rebinding also allows ligand- 
escape from the heme pocket, though not necessarily 
from the protein. 

It would be interesting to obtain the ligand-escape 
times by an independent measurement for example, 
by monitoring the B-states of the unbound CO. These 
well-defined spectral features, possibly arising from 
secondary docking sites of the CO within the heme 
pocket, loose their intensity as the ligand migrates out 
of the heme pocket [46-48]. 

The last phase is bimolecular recombination from 
solution, characterized by a [CO]-dependent S(t) .  In 
protoheme, which contains no protein, the observed ki- 
netics is mostly escape and bimolecular binding [49]. 
It would be interesting to extend our "temperature 
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Fig. 9. Temperature dependence of the ligand-escape times. Acti- 
vation energies in Table 1. 

models" to include the escape and bimolecular phases 
explicitly. 

4.2. The barrier-height shift 

As mentioned above, other treatmets of protein re- 
laxation [9,18,33,35] assume a stretched-exponential 
decay for the average barrier-height 

(Avt (t))  = (Avt(cx~)) [ 1 - exp(-( t /7"r)# ' )  ] .  

(10) 

In contrast, the Smoluchowski equation for a parabolic 
potential [i.e., set k(x) = 0 in Eq. (3)]  produces ex- 
ponential relaxation. It is therefore interesting to cal- 
culate the barrier-shift for the present model with the 
sink term and compare with the stretched-exponential 
behavior. 

From the first moments of Model A density profiles, 
(x) = f x p(x, t)dx, we have estimated the average 
time-dependent barrier-shift as 

(AVt(t)) ~ Vf((x)) - Vf(xo),  (1 1) 
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Fig. 10. Transient barrier-height shift in CO binding to myoglobin. 
Bold curves are calculated from model A using Eq. ( 11 ). Dashed 
curves are fits to Eq. (10) with the parameters in Table 2. 

with Vt (x )  from Eq. (2).  This is shown by the bold 
curves in Fig. 10. In particular, the maximal shift is 
given by 
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Table 2 
Stretched-exponential 
Fig. 10 to Eq. (10) 

( a v * ( ~ ) )  = v t ( o )  - V*(xo) 
t 2 t 

( f  + f )Xo/ (4De/D e + 2) . (12) 

215 

parameters for fitting the barrier-shift in 

The approximation is good to about 10%. Above the 
glass transition temperature, (A V t (oo)) diminishes, 
reflecting the reduction in xo(T) seen in Fig. 5. Note 
also how the times for the termination of relaxation, 
tmin, can be easily read from these plots in general 
agreement with Fig. 9. 

The calculated barrier-shifts were fitted to Eq. (10) 
with the parameters of Table 2 (dashed curves). These 
stretched-exponential fits give a reasonable represen- 
tation of the calculated shifts. As might be expected, 
the stretched-exponential tends to an exponential be- 
havior with increasing T, as reflected by the values of 
/3r in Table 2. Thus the inclusion of the sink-term in 
Eq. (3) indeed produces a protein relaxation which is 
quite close to a stretched-exponential behavior. This 
justifies the empirical use of this functional form and, 

T (K) fl~ l n ( z r / n s )  

horse 230  0 .732 8.52 

250  0 .897 7 .24 

280  1.00 4 .86 

sperm-whale 230 0.655 10.0 
250 0.864 8.00 
280 0.990 5.53 

at the same time, demonstrates that there is no need to 
invoke it, as it follows from the theoretical treatment. 

4.3. Internal and external effects on protein 
relaxation. 

Consider next the temperature dependence of D (T) 
and x0(T), Figs. 4 and 5, which is nearly indepen- 
dent of the model (A or B) and the protein (sw- or 
horse-Mb). The protein-mode "diffusion coefficient", 
D(T) ,  shows an Arrhenius dependence with a sin- 
gle activation energy, Eo, both above and below the 
glass transition temperature. This is deduced primar- 
ily from the horse-Mb data which shows more struc- 
ture that enables us to determine D(T)  also below 
the glass transition. Concomitantly, for horse-Mb we 
find a smaller Eo, so that the "onset" of protein re- 
laxation occurs earlier and the "relaxation footprint" 
is observed at lower temperatures. If indeed D (T) is 
unaffected by the glass transition, a conclusion which 
should be verified by additional and more accurate 
data, it could indicate that this protein relaxation is an 
internal process [ 17], not tightly coupled to the sur- 
face of the protein and the exterior solution. 

In contrast, the shape of the effective potential as 
reflected in xo(T) does show a significant depen- 
dence on the glass transition. Above 190 K the surface 
"collapses": the separation between the equilibrium 
carbonmonoxy and deoxy protein conformations, x0, 
strongly diminishes with increasing T. The interac- 
tions determining the shape of the potential must be 
strongly coupled to the exterior. Hence "protein relax- 
ation" is a localized interior mode whereas the effec- 
tive potential is dictated by global modes, extending 
to the protein surface. 
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The "collapse" phenomenon apparently depends on 
both the ligand and the solvent. In contrast to CO bind- 
ing, 02 binding to horse-Mb shows no collapse (see 
Fig. 6, Ref. [25] ). This might be because in the latter 
case the iron moves less out of plane upon photodisso- 
ciation [50]. As opposed to the situation in glycerol- 
water, sw-MbCO in a trehalose glass [ 23 ] does not 
show the collapse effect, indicating that the sugar pro- 
tects the protein against collapse. The analysis of these 
data will be reported elsewhere. 

4.4. Temperature derivative spectroscopy measures 
the barrier-shift. 

In 1983, Agmon and Hopfield suggested a new ex- 
periment to probe the conformational manifold of the 
deoxy state. They proposed "an alternative prepara- 
tion of the initial distribution ... by allowing the sam- 
ple to equilibrate in light of intensity and wavelength 
appropriate to keep the heme deligated" [27]. The il- 
luminated sample was expected to have a deoxy con- 
formational structure, so that the barrier height distri- 
bution was predicted to shift from 11.5 to 32.5 kJ/mol 
(see Table II there). The present work corroborates 
this conclusion also for horse-MbCO. At low temper- 
atures, Vt(0) = 30.5 kJ/mol, see Eq. (2). 

A few years later, R. H. Austin (unpublished) tried 
to prepare a MbCO sample by cooling under illumina- 
tion. The light was turned on above the solvent glass 
transition. As a result, all the CO escaped from the 
hemes and no signal was observed. At that time it was 
not realized that: 
(a) The heme relaxes also below the glass transition, 
as demonstrated in the present work, and 
(b) The illuminating light heats the heme locally to 
a higher temperature thus promoting relaxation, as ar- 
gued below. 

In 1990, Berendzen and Braunstein [51] suggested 
an elegant method for mapping the rebinding states 
using temperature-derivative spectroscopy (TDS). In 
this method, the CO stretch band is followed as the 
temperature of the sample is slowly ramped, producing 
a two-dimensional map in the wavelength-temperature 
plane. The ramp-temperature at which a peak appears 
is directly proportional to the average barrier-height 
for that population. The direction of the peak can in- 
dicate whether "kinetic hole-burning" (KHB) is op- 
erating. If it parallels the wavelength axis there is no 

KHB, whereas if it is diagonal the peak wavelength 
changes with ramp-temperature, indicating KHB. 

Recently, Nienhaus et al. performed elaborate TDS 
experiments on both sw and horse MbCO with dif- 
ferent cooling and illumination protocols [45,25]. In 
contrast to Austin's experiment, the cooling under il- 
lumination started at 160 K (below the glass transi- 
tion), so that no CO escaped. Horse-MbCO was found 
to be particularly simple, as it involved just one A- 
state in the CO-stretch spectrum. When cooled under 
illumination, its TDS showed two peaks, the ordinary 
one at 52 K and an additional peak at 133 K. These 
peaks correspond to activation barriers of 12 and 324-2 
kJ/mol, precisely the values for unrelaxed vs relaxed 
hemes as predicted by Agmon and Hopfield. 

Nienhaus et al. observed similarities with "thermal" 
relaxation also for sw-MbCO. Yet, perhaps because 
the slowing down depended on the number of photons 
absorbed, this was branded as a new phenomenon, 
"Light Induced Relaxation" (LIR). Following recent 
TDS work in the near-IR region [ 25 ], it becomes clear 
that LIR (at least for horse-MbCO) might be thermal 
relaxation due to vibrational heating of the heme by 
absorbed photons. It is instructive to reconsider the 
results of Nienhaus et al. in light of this interpretation. 

(a) When horse-MbCO is cooled in the dark to 
25 K and illuminated by about 20000 photons (at 
488 and 514 nm), an "onset of relaxation" appears 
(Fig. 5a, Ref. [45]).  Anfinrud and coworkers [52] 
showed that by absorbing a photon the heme heats 
by 100-300 K for about 10 ps. For the sake of the 
argument, suppose the heme heats locally by 200 K for 
25 ps. Its temperature would rise to 225 K, where the 
"onset of relaxation" occurs at about 1 #s [ 39]. If the 
effect of the photons is additive, 20 000 photons would 
correspond to heating at 225 K for 1 #s. The important 
point is that while vibrational heating is insufficient 
for driving the ligand out of the protein, it will induce 
protein relaxation. This agrees with our finding that 
relaxation is "internal" and does not involve groups 
on the surface of the protein. 

(b) The TDS peak widens with increasing illumi- 
nation time (Fig. 5c, Ref. [45] ). This agrees with the 
present determination that f~ > f ,  so that the initially 
photolyzed distribution is narrower than the final de- 
oxy distribution. 

(c) When quickly heated from 25 K to 80 K in 
the dark and cooled to 12 K (Fig. 8, Ref. [45] ) the 
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TDS peak shifts to higher barriers with the low barrier 
population missing. This agrees with Eq. (7) which 
predicts an increase in f with temperature. At low 
temperatures, the effect is more dramatic for example, 
here f increases by a factor of 80/25. The narrower 
protein potential causes the peak to narrow (as well 
as relax) at 80 K, leading to the observed effect. 

(d) When cooled under illumination an addi- 
tional A-state appears in the IR spectrum at a ramp- 
temperature of 133 K, corresponding to the predicted 
barrier of 32 kJ/mol characteristic of a completely 
relaxed protein. 

(e) At the same time, the B-states (i.e., the IR 
signal for dissociated CO) does not change (Fig. ld, 
Ref. [25]) ,  indicating that the CO indeed does not 
move out of the heme-pocket. Hence the relaxation is 
in the protein coordinate. 

(f) TDS for the conformational-sensitive 760 nm 
band (band III) shows a 133 K peak which is also 
blue-shifted some 40 cm - l  towards the deoxy value 
(Fig. lf, Ref. [25] ). This is less than an overall shift 
of 80 cm-  l between photolyzed and deoxy sw-MbCO 
[41 ]. However, there might be differences between 
horse and sw-MbCO and also the near-IR band is sen- 
sitive to more coordinates than just x. 

(g) The same 52 K peak shows KHB whereas the 
133 K peak does not. KHB characterizes an inhomo- 
geneous population and cannot be observed in a re- 
laxed protein population. 

Since protein relaxation so nicely explains the ob- 
servations of the TDS experiments, it would be inter- 
esting to perform the suggested [27] flash-photolysis 
binding experiments using the Nienhaus et al. cooling 
protocol. 

Let us propose a simplified model for an effective 
potential that predicts such a behavior. It is essentially 
isomorphic to the random-walk picture from which the 
end-to-end distance of polymers is calculated [ 53,55 ]. 
Consider a one-dimensional protein consisting of N 
subunits with flexible links ("peptide bonds"), allow- 
ing each subunit to be in either of two orientations 
("up" or "down"). These could actually correspond 
to preferred orientations in the Ramachandran map 
of the protein. In the (possibly unrealistic) limit of 
zero interactions between the subunits, each assumes 
an up or down orientation with probability 1/2, and 
the problem becomes isomorphic to an unbiased, N- 
step random-walk. The model could be elaborated to 
include interactions (biased random walk), but we 
deliberately restrict attention to the simplest possible 
model in which such behavior arises. 

Assume a displacement ÷l  for subunits in the up 
direction and - l  in the down direction. If (N + m) /2  
subunits are "up" and the remaining (N - m) /2  are 
down, the net displacement is 

x = [ ( N + m ) / 2 - ( N - m ) / 2 ] l = m l .  (13) 

This may define our "protein coordinate". The prob- 
ability for such a net displacement is given by the 
Bernoulli distribution [55] 

O(m) = 
[ ½ ( N + m ) ] !  [ ½ ( N -  m)]!  

(14) 

For large N and m << N one may apply the Sterling 
approximation, Inn! ~ nlnn - n, and the Bernoulli 
distribution becomes a "mixing entropy" 

4.5. Are hemes like rubber? 

When a multi-dimensional potential of a many-body 
system is projected onto lower dimensionality, it be- 
comes an effective potential namely, a temperature- 
dependent free-energy [ 53,54]. Model B achieves an 
improves fit by making the additional assumption of 
a T-scaled effective potential. This is analogous to the 
behavior of rubber, whose force constant is propor- 
tional to kBT [53]. Such a behavior could be impor- 
tant near the glass transition, where Model B seems 
to be superior. 

In f2(m) ,~ 

N ( N + m l n  N + m  N - m l n N N m  ) 
2 N N + N -- " 

(15) 

For m/N << 1 the logarithm may be further expanded 
to second order, In( 1 + z ) ,~ z + z2/2 + . . . .  The free 
energy reduces, up to a constant, to 

G(x) = -kBTln 1"2(x) ~ ½(kBT/Nl 2) X 2 , (16) 

where kB is Boltzmann's constant and T the absolute 
temperature. 
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One obtains an effective potential,  V = G ( x ) ,  with 
entropic origin that looks like a smooth parabolic po- 
tential but the effective force constant, f = kBT/Nl 2, 

is proportional to temperature and inversely propor- 
tional to the number of  degrees of  freedom, N. When 

N is large the potential is "soft", so that a small invest- 
ment in energy can lead to large variations in x hence 
to a large effect on the binding probabil i ty that cou- 
ples to x. One expects these general features to hold 
tor more elaborate models that include interactions. 

5. Conclusion 

Up to the time when the CO first leaves the heme 
pocket, the rebinding of  CO to myoglobin can be ex- 
plained quantitatively with a temperature-dependent 
effective potential,  by solving a t ime-dependent sink- 
Smoluchowski  equation. The quantitative analysis en- 
ables one to identify four phases in the rebinding ki- 
netics: an initial inhomogeneous frozen-protein limit, 
followed by protein relaxation, l igand escape and bi- 
molecular binding. The onset of  ligand escape is iden- 
tified as the time when the present model first fails to 
fit the data. It would be interesting to verify this con- 
clusion experimentally. 

The temperature dependence of  the fitting parame- 
ters suggests internal protein relaxation on an effective 
potential determined by external interactions. We find 
that the main difference in the kinetics of  sperm-whale 
and horse MbCO is that the latter has a smaller activa- 
tion energy for protein relaxation. In both cases this ac- 
tivation energy is unaffected by the solvent glass tran- 
sition, suggesting that protein relaxation is an internal 
process. In contrast, the effective potential collapses 
above the glass transition. As a result the dependence 
of  the binding rate coefficient on protein conformation 
becomes weaker so that the "kinetic hole-burning" ef- 
fect [9 ,41,56-59]  should be more difficult to observe 
even at short times. 

When protein relaxation was first suggested [27] as 
the cause of  slower rebinding at higher temperatures, 
few people believed it. This was during the qualita- 
tive era of  the Agmon-Hopf ie ld  theory. Recently this 
idea has become widely accepted [9-11,14,21,40-  
43 ]. Ironically, now that we are able to carry the model 
into a quantitative phase we find that in MbCO only 
part  of the effect is dynamic. A significant part of  the 

"inverted temperature effect" is a static "collapse" of  
the effective potential. If  so, the faster binding kinet- 
ics observed in trehalose [ 17,23] might be due to the 
ability of  the sugar to protect against surface collapse 
rather than (or  in addit ion) to diminished relaxation. 
We hope to test this idea in the future. 
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