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Abstract We have studied the recombination kinetics of
carboxymyoglobin (after photodissociation of the CO li-
gand) by M&ssbauer spectroscopy for temperatures in the
range 4.2—60 K. The observed kinetics display non-expo-
nential behaviour which was monitored over periods of
a few days. It is shown that the time dependence of the
kinetics can be reduced to a single universal function of
the temperature-dependent variable (t/1,,,(T))?™. The
half-decay time 1,,,(T) and the scaling parameter 3(T) are
analysed for the presence of tunneling effects. The non-
Arrhenius temperature dependence of the half-decay time
below 60 K isinterpreted as activated tunneling in models
with an Eckart barrier or afluctuating barrier.
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1 Introduction

Myoglobin (Mb), the oxygen storage protein in muscle,
has become a model system for the study of the relation-
ship between protein structure, protein dynamicsand func-
tion. The active center of myoglobin, a heme group, is
shielded fromthe solvent by aclosely packed protein struc-
ture, which forms a kind of pocket, the so-called heme
pocket. It is well known from high-resolution X-ray data
that the static average structures of ligated and unligated
myoglobin do not show any path or binding channel
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through which an exogenous ligand such as O, or CO can
migrate from the solvent to itsbinding site at the hemeiron
(Takano 1977; Philips 1981; Kuriyan et al. 1986). There-
fore, structural fluctuations are suggested to play an im-
portant role in ligand binding.

At low temperatures (T <180 K), when the dynamics of
protein segments are largely frozen, a ligand which is
flashed off by light cannot escape from the heme pocket
(compare, e.g., Frauenfelder et al. 1988, Schlichting et al.
1994, Hartmann et al. 1996). Thus, it is possible to focus
on the last and possibly rate-limiting binding step, i. e. re-
combination of the ligand with iron from inside the heme
pocket.

In our investigation we have studied this recombina-
tion, after photodissociation of MbCO, by means of M dss-
bauer spectroscopy in the temperature rangefrom 4.2 K to
about 60 K. Although the overall protein motionisblocked
at these low temperatures, binding of aligand is accompa-
nied by structural changes within the iron-heme group. In
unligated myoglobin the heme is domed towards the iron
whichliesapproximately 0.4 A out-of-plane. Upon recom-
bination structural reorganization of the heme and its sur-
roundings occur: Thedistanceto the proximal histidinein-
creases, the heme becomes planar and the iron is located
in-plane. Rebinding of CO is also accompanied by a spin-
transition of the ferrous heme iron from high-spin (S=2)
in the unligated form to low-spin (S=0) in MbCO. This
spin-transition of the central iron can be easily followed
by Mossbauer spectroscopy, which is therefore a precise
tool for studying the recombination to MbCO at low tem-
peratures, as long as the reaction is sufficiently slow. The
present Modssbauer studies of the recombination reaction
complement optical absorption measurements of other
groups (lizukaet al. 1974; Austin et al. 1975; Srajer et al.
1988) by adding datataken in the low-temperature regime
(4.2 K=<T<60K) and over long times (1 h<t<1000 h).
The advantage of optical studies lies in the possibility of
very short measuring times down to the order of picosec-
onds whereas a typical Mdssbauer spectrum is collected
during some hours. On the other hand a M dssbauer experi-
ment easily allows data collection over a period of daysto
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months under very stable conditions. The analysis of the
rebinding kineticsin the low temperature regime provides
information about tunneling effects.

2 Experimental

Sperm whale myoglobin (swMb) enriched with >’Fe to
about 90% was dissolved ina75% (v/v) glycerol /water so-
lution buffered at pH 6.8 with 0.1 M sodium phosphate.
The solution was deoxygenated and reduced with sodium
dithioniteto give deoxy-Mb. To obtain MbCO the solution
was stirred under a CO atmosphere. The resulting protein
concentration of thesamplewas5 mm. 330 pl of theMbCO
solution was confined in a brass cell sandwiched with op-
tically transparent mylar windows, which were made gas-
tight using indium-seal ed brass covers. A lead washer with
an inner diameter of 5 mm selects a homogeneous 3 mm
thick part of the sample.

Photolysis of MbCO inside the cryostat was accom-
plished by using a specially designed sample holder with
two sets of 23 LEDs (Siemens LD 121) in an annular
arrangement, forming a sandwich with the sample cell.
Red light (A=630—660 nm at T=298 K) was used; this
achieves deep penetration into the sample becauseit isfar
away from the Soret absorption band. Before each photo-
dissociation the sample was kept at 120 K for 10 min to
ensure that MbCO has completely recombined. Two ex-
perimental protocols were followed: the MbCO was con-
tinuously exposed to the LED light for various exposure
times (typically of the order of some hours) either at 4.2 K
or at the desired temperature before measuring the M 6ss-
bauer spectraduring recombinationinthe dark. M éssbauer
spectroscopy has the advantage that no more light has to
beusedto probethe sample; at low temperatures such prob-
ing light may also contribute to photodissocation of the
sample. A dissociation rate of 0.3 h™* was estimated from
the rate at which the photoproducts appear in the Mdss-
bauer spectra at 4.2 K, when recombination is very slow.
After about 12 h of exposure to light the fraction of pho-
todissociated states nearly reaches saturation. Because of
the competition between photodissociation and rebinding
this maximum of photoproducts is temperature dependent
(92% at 4.2 K but only 40% at 57.6 K).

The M 6ssbauer measurements were done in absorption
geometry with a drive in constant-acceleration mode and
with a 0.5 GBq °’Co(Rh)-source. For variation of sample
temperature a flow cryostat (CF500, Oxford Instruments)
was used with a temperature stability of +0.5 K. Only
the long-time measurements at 4.2 K were done in a bath
cryostat (MD 306, Oxford Instruments). Foils of a-iron
with 5 pm or 25 pm thickness were used for velocity cal-
ibration; the values of isomer shiftsthusrefer to a-iron at
room temperature. At 4.2 K the Mossbauer spectrum of
M bCO shows a quadrupole doublet with isomer shlft

Oy_re=(0.271%0. 008) mms, quadrupole splitting AEq=
(0.336+0.003) mms andllne\Nldth [exp=(0.266+0. 005)
mms™ (see Fig. 1). Owing to the spin transition of the
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Fig. 1 Mosshauer spectra of (a) MbCO and (b) the photoproduct
Mb* at 4.2 K

heme iron that accompanies the photodissociation of
MbCO the doublet of the low-temperature photoproduct
Mb* iseasy to separate from that of MbCO: The unligated
high-spin state exhibits a larger isomer shift d,_g.=
(0.893+0.008) mms and amuch wider quadrupole split-
ting AE, =(2.340+ 0.005) mms ™ than theligated low-spin
state; the corresponding linewidth is I, ,=(0.275+ 0.005)
mms . The abbreviation Mb* will be used for the low-
temperature photoproduct to denote that the CO is still in
the heme pocket in this state and myoglobin may not have
relaxed to its stable deoxy-Mb conformation. For compar-
ison the Méssbauer parameters of crystalline deoxy-Mb
measured by usat 4.2 K are d,_r.=(0.911+0.006) mms ™,
AEG=(2.217+0.002) mms2. This difference between de-
oxy-Mb and Mb* may be due to different sample prepar-
ations (solution versus solid state) as well as to a distinct
iron environment in both conformations. A clear answer
as to whether or not a special state is created by low-tem-
perature photodi ssociation cannot be given from the M ss-
bauer data. The area of the M 6ssbauer doubl ets, fitted with
Lorentzians, was used to determine the relative intensities
of MbCO and the photoproduct Mb*.



3 Scaling law and Méssbauer data

In Fig. 2 we show Méssbauer data on the rebinding for the
temperature range 4.2—60 K together with the flash-pho-
tolysis kinetic data for the temperature range 40—120 K
(Steinbach et al. 1991%). The experimental time window
for the Md&ssbauer study lies between a few hours and
1000 hours. In general the Mdssbauer data were obtained
after illumination at 4.2 K and subsequent rebinding at the
giventemperature, except for thedataat 47.5K and57.6 K,
taken from Winkler et al. (1990), where illumination took
placeat thetemperature of the measurement. It isseenfrom
Fig. 2 that the characteristic rebinding times in the M dss-
bauer experiments are longer than the characteristic re-
binding times in the flash-photolysis experiments. For in-
stance, the half-decay times of the kinetics at 40 K meas-
ured by Mdssbauer spectroscopy and flash-photolysis are
about 290 h and 4.5 h respectively. The origin for this
relative lengthening of the M dssbauer decay kinetics com-
pared to the optical is not yet completely resolved. There
is a difference in the excitation wavelength. The absorp-
tion cross-section is much higher for the wavelength used
in the optical measurements. This holds in particular for
the unbound state. This, aswell asthe time of illumination
has to be considered, when the so called pumping effect is
discussed. It is not clear whether the onset of a pumping
effect depends only on the fluence, i. e. on the product of
absorbance and time of illumination (Nienhaus et al.
1994), if these times get as long as in our experiments. In
any case, we will see that our analyses will not depend on
this difference, since the time scale can be measured in
units of the half decay time.

The observed nonexponential rebinding kineticsin pro-
teins are usually interpreted as the decay of an inhomoge-
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Fig. 2 Low temperature rebinding kinetics in myoglobin. The ex-
perimental time window for the M dssbauer data lies in the domain
10*-10" s. The data at 47.5 K and 57.6 K are taken from Winkler
et a. (1990). The optical data of the Urbana group (Steinbach et al.
1991) correspond to the time interval shorter than 10° s

1 The data were made available to us by the Urbana group
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neous ensemble of subsystems with different activation
barriers for the rebinding (Austin et al. 1975; Alberding
et al. 1976; Agmon and Hopfield 1983; Young and Bowne
1984; Ansari et al. 1987; Frauenfelder et al. 1988; Srajer
et al. 1988, Winkler et al. 1990; Steinbach et al. 1991; Post
et al. 1993):

n(t, T)=[e " Dlg(H)dH,
k(H, T)= Aexp(-H/kgT) ()

Fitting the experimental datato astatic distribution of bar-
riers, g(H), provides a dispersive set of values for H (for
review see Frauenfelder et al. 1988).

Another method for theanalysisof thekinetic data, even
at low temperatures, has been based on the scaling prop-
erties of therebinding. It wasfound (Zharikov and Fischer
1996 (a, b)) that the rebinding kinetics in myoglobin can
be described by a scaling law:

n(t, T)=n(x), x=(t/1y,)P (2a)

B= ;C coth (T, /T) (2b)
where 11,,(T) isthe half-decay time for the rebinding at a
given temperature. T, characterises the onset of tunneling
effects and T* is an upper bound for the temperature at
which the kinetics are a completely monotone function of
time and can therefore be represented as a decay of some
distribution. Within the framework of thisanalysis no pre-
liminary assumption about the Arrhenius temperature de-
pendence of the rate constant and the choice of atemper-
ature-independent fitting function g(H) was needed.

For the Mdssbauer data on the rebinding at 40 K the
half-decay time (about 290 h) can be directly extracted
from the experiment. Therefore, the scaling properties of
these kinetics can be examined without any fitting proce-
dure. InFig. 3wedemonstrate the scaling behaviour of the
flash-photolysis kinetic data and the kinetics measured in
the M 6ssbauer experiment at 40 K. Also shown is the ra-
tional approximation for the scaling curve proposed in
Zharikov and Fischer (1996 b):

I
(1+cx)”

Notethat the multiplier “c” in Eq. (3) isdetermined by the
condition n(1)=1/2.

Itisseem from Fig. 3 that the scaling approach can also
be applied to the analysis of Méssbauer data.

We used Egs. (2) and (3) in order to extract the kinet-
ics and to obtain the half-decay times for alle M 6sshbauer
data. In Fig. 4athe experimental data are fitted according
to Eq. (3). The scaling plots of the kinetics are also shown
(Fig. 4b). At very low temperatures the values obtained
for the half-decay times are the result of the extrapolation
of the behaviour of some part of thekineticstotimeslonger
than the available experimental time. In order to test the
quality of such an extrapolation, we have calculated 14/,
from the rebinding kinetics at 50 K, taken from optical
measurements for the timeinterval between 0.00115 sand

=21 3

n(x) =
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Fig. 3 Scaling plot for the optical kinetics data from Fig. 1. Scal-
ing parameter 3(T) is calculated from Eqg. (2) with T,=30 K and
T* =180 K. Parameter 14,,(T) is the half-decay time for the rebind-
ing at given temperature. Big squares correspond to M dsshauer data
for the rebinding at 40 K. The solid line is the rational approxima-
tion, Eq. (3), with y=0.51
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Fig. 4a, b Mdssbauer data on the rebinding of CO in myoglobin.
Solid lines correspond to the analytical approximation, Egs. (2)
and (3), with T.=30 K and T* =180 K. a Norm-norm plot. b Scal-
ing plot

0.018 s where the population of unbound Mb* changes
from 0.96 t0 0.915. Notethat thefull experimental dataare
availablein the range 3-10"°—500 s where the population
of Mb* changes from 1 to 0.43. From the fitting of the ki-
netics according to Egs. (2) and (3) we obtained an extra-
polation for the half-decay time with t;,, about 126 s. This
value deviates only slightly from the observed 7,,,=140 s
although the extrapolation was done from a narrow “ex-
perimental window” at times about four orders of magni-
tude shorter than 7y,.

In addition to the measurements of kinetics we per-
formed a temperature-step experiment. In this experiment
the MbCO sample was illuminated for 12 h at 4.2 K. Af-
ter this time nearly the maximum achievable fraction of
the photodissociated states is created. In spite of the slow
rebinding rates at 4.2 K we have to expect that about 8%
of the photodissoci ated mol ecul eshaverebound during this
illumination time and therefore were photodissociated re-
peatedly. Theresulting survival probability can be scanned
by a stepwise increase of the temperature to enhance the
rebinding. Actually the sample was exposed each time to
the corresponding elevated temperature T for 1 h and then
the survival probability N (T, ty) was measured by Mdss-
bauer spectroscopy after quenching to 4.2 K. Following
thisprocedurethe temperaturewas scanned beginning with
10K in steps of 2.5-5K up to 85 K. The experimental
dataare shownin Fig. 5. Owing to the strong temperature
dependence of the rebinding rate we assumed that the mag-
nitude of N (T, t,) at agiven temperatureis proportional to
the population of unbound states n(t,, T) measured in the
kinetic experiments at the same temperature after t;=1 h:

N(T=4.2K,tp)
n(ty, T=4.2K)

=0.95n(ty, T), to=1h (4)
On the basis of Egs. (2—4) with T,=30K and T* =180 K

one can extract the corresponding half-decay times from
the temperature-step experiment. The temperature depen-
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Fig. 5 Survival probability N (T, t) measured with M éssbauer spec-
troscopy in the temperature-step experiment
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Fig. 6 The Arrhenius plot for the half-decay time, 74,,(T). The full
and open circles correspond to Mdssbauer kinetic data and the tem-
perature-step experiment, respectively. The open squarescorrespond
to the optical datafrom Fig. 2. The full diamonds correspond to the
scaling extrapolation of the datafrom the Fig. 1ain Steinbach et al.
(1991) (For details see the text). The dashed line corresponds to the
guantum generalization of Eq. (5a) for T.=35K with parameters
A=10"3s7 and E,=13.7 kI/mol

dence of the half-decay times obtained in the two types
of Méssbauer experiment, as well as by flash-photolysis
measurements, is shown in Fig. 6. As one can see, the
M tsshauer decay curvesgive longer half-decay timesthan
the optical data. Also shown isthe influence of tunneling,
which was fitted in Zharikov and Fischer (1996 b), for the
optical datain the range 40—120 K to the function

Ea
RT,

A010%*'s?, E, 013+1.3kJmol for T,=30+5K (5b)

Figure 6 also shows the half-decay times for the optical
dataat temperatures of 25, 30, 35, 40 and 50 K. These val-
ues were derived on the basis of the scaling law according
to Egs. (2) —(3) and experimentally observed times, t ¢ at
which n(tg g9, T) =1/1.12 holds (see Fig. 1ain Steinbach
et al. 1991). Equation (5a) describes the data quite well
but the way of incorporating the tunneling effects is not
unique. Therefore we will elaborate this point further.

-Inty,=InA- (59)

tanh(T./T)

4 Tunneling effects

If we model the process as a transition between two wells
separated by a barrier, the rate of the transition (or recip-
rocal decay time) can be determined as

17t =K(T)=Af p(E)e ®'T P(E)dE/ [ p(E) e ®'T dE (6)

Here p(E) isthe energy level density in theinitially pop-
ulated wellsand P (E) isthe tunneling probability. The en-
ergy is measured in Kelvin degrees (kg =1).
Wedistinguishthreeregimescorrespondingtothreedif-
ferent types of temperature dependence for the rate con-
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stant: 1) the classical, activated regime, where the over-
barrier transitions dominate, 2) the activated tunneling re-
gime, where thermally activated tunneling dominates and
3) the tunneling regime, where only transitions from the
lowest energy level without thermal excitation need to be
considered (for review see Bell 1980; Hill and Dissado
1982; Goldanski et al. 1989). If the rate constant is meas-
ured over asufficiently widetemperatureintervall all three
temperature domains can be observed. In the following we
shall discuss the main features of the temperature depen-
dence using aquasiclassical formalism in order to classify
to observation accordingly.

The quasiclassical approximation for P(E) has the fol-
lowing form:

-In P(E)=S(E)~% [ 2m(V(x) - E) dx,
S(E)21 (E<V,) (79)
P(E)=1, E>V, (7b)

where misthe tunneling mass and V,, is the barrier height
(seeFig. 7). Theintegrationin Eq. (7 a) is performed over
the classically forbidden region, V(x) =E. The variable E
in Egs. (6) and (7) is taken as a continuous variable.

At high temperatures the transitions over the barrier
dominate and the temperature dependence of k(T) has an
Arrhenius character:

ko (T) OA(T) exp(-E,/T) with E,=V, (8)

The temperature dependence of the preexponential factor
is determined by the form of p(E). In the case where
p(E)=const one has A(T) =A. Qualitatively the tempera-
ture range of the Arrhenius behaviour can be determined
from the requirement that the integrand in Eqg. (6) should
be an increasing function of E below the barrier (E<V):

-dS/dE-1T=0 or T>hw(E)/2Tt & E<V, (99)
where
ho(E) = 2m[-dS/dE] (9b)

isthe energy level spacingintheinverted barrier. Here and
subsequently we assume that p(E) = const.

Vo

Fig. 7 The model of transitions between wells separated by a bar-
rier. Eistheenergy of an excited state. Vyisthebarrier height. 7icw (E)
isthe energy level spacing in the inverted barrier
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In the case of a parabolic barrier we have
V(9 =Vo-mw2x?2, S(E)=2mY &
hwy

(104q)

w(E) =wp (10b)

The conditions defined in Egs. (9) and (10) determine a
critical temperature T

Te=hw,/2m (10c¢)

bel ow which under-barrier transitions dominate. For T<T,
the integrand in Eq. (6) is a decreasing function of E and
the transition from the bottom of the well determines the
rate constant:

k OAe SO =pAe™v/T T<T,, BS(O) 2m - E (11)
Thislimit is known as “ quantum plateau” in the tempera-

ture dependence of the rate constant. Thus for a parabolic
barrier one obtains the functional form

k(T)= A(Te /T -T.eV%/T) (T -T,) (12)

which shows only two temperature domains correspond-
ing to the Arrhenius and temperature-independent lawsfor
the rate constant.

The situation is different if the energy level spacing of
the barrier decreases from the top to the bottom of the bar-
rier:

Whin € W(E) € Whax» dw/dE=a 20 (13)
In this case a temperature domain
7min L1 <7<, = max (14)

21 21

becomes important, where activated tunneling dominates.
Mathematically, this means that the integrand in Eqg. (6)
has a maximum at energy E* below the barrier. Estimat-
ingtheintegral, Eq. (6), by the steepest descent method we
get:

k= Af e EDIT-SET)], Df __ hw(E*)

T oweEng 9

where E* (T) is defined by the condition
how(E*)=21T or S(E*)+1/T=0 (0<E*<\p) (15b)
The energy E* is the apparent activation energy (Miller
1974)
dIn(Af/ky)

duT

= E*(T) +[S(E*) +UT] dE* (T)/dT *= E*(T) (16)
which decreases from V, down to 0 with decreasing tem-
perature in the domain of the activated tunneling.

The apparent activation energy in the “tanh”-law,
Eq. (5), isreplaced by
E,=— 2

AT cosh? (T, /T)

Eg =

(17)

Thislaw can be derived for amodel consisting of two sym-

metrical parabolic wells
V(x) = mag (Ix| = xp)*/2,

4v0 0

S(E) = Z 184

(B)= Han " cosh?zH (189
Vo=mw§ x3/2, coshz(E)=Vo/E (18hb)
Using Eqg. (18) in Egs. (19) and (16) we get:

E

EX)=TJT, B*=Eyg=— -2 19
z(E*)=T¢ = osh? (Tu/T) (192)
leading to

(19b)

kaIDAepo—Etanh(T/T)H E.=Vy, T,=hawyld

Qualitatively, Eq. (19) describes the high temperature
limit, Eq. (8), as well as “quantum plateau”, Eq. (11), at
T<T..

The non-Arrhenius behaviour of the rate constant for
the activated tunneling regime is pronounced even in the
case of the Eckart barrier. One obtains

= M

V)= cosh? (x/a)’

%(E)~@[(2mvo)l’2 (2mE)Y?] (20a)
-/ E _ _h 2V

w(E) maZ’ Tac = 11 Wrmax | 2T0= 5 \/“miaoz (20b)

In this model the logarithm of the rate constant is a linear
function of T at temperatures below T,:

E* =BT2=V,(T4T2), B=Vo/T2 =21 ma?/h? (21a)
kq JAEXp(-2./BVy +BT)

—Aexpg— Vo (2- T/Tac)g. T<Tae (21b)

This model has been applied for the interpretation of the
temperature dependence of the hydrogen abstraction rate
insolids(Le Roy et al. 1980; Le Roy 1980; McKinnon and
Hurd 1983). In Fig. 8 we compare all three models dis-
scused above with the high-temperature Arrhenius approx-
imation. In order to reproduce the equivalent magnitudes
of therate constant at T=0 (seeEgs. [11] [19b] [21b]), we
have chosen T,.=2T, in the case of the Eckart barrier and
described the full temperature dependence of the rate con-
stant in this model in accordance with Egs. (6), (7), (20a),
and (21 a):

k(T) = Ae 2(B%
M1+, BT €' (erf | BT +erf(,Vo/T = BT))] (22)

where erf (2) is the probability integral.
It is seen from Fig. 8 that the model with a parabolic
barrier displays avery sharp transition from the Arrhenius
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Fig. 8 The temperature dependence of the rate of transitions be-
tween wells separated by a barrier. a The model with an Eckart bar-
rier, Eq. (22). T,.=60 K, b The model of parabolic wells, Eq. (19).
T.=30 K. c The model with a parabolic barrier, Eq. (12). T.=30 K.
Thedashed linecorrespondsto the Arrheniusapproximation, Eq. (8).
The dotted-dashed line corresponds to the model (b) with T, =35 K.
Themagnitude of the preexponential factor wastakenasA=10%° s*
and the barrier height as V,=1550 K for the all curves

behaviour to the temperature-independent one. The other
two models show a wide temperature region of the acti-
vated tunneling with anon-Arrheniusrate constant. Chang-
ing T, or T, (see Fig. 8), one can get arather close coin-
cidence between both models. The difference exists only
in the region of very low temperatures. It should be noted
that E* in the Eckart model can not be less than the low-
est energy level, Ey, in the wells. The effects of non-zero
Eo (Le Roy 1980) become important in the case of
2VBEp=1 and result in the appearance of the “plateau”
behaviour of k(T) at T<+VEy/B with_zero-temperature
constant corrected by the factor exp2+/BE,.

The phenomenon of activated tunneling has a rather
general character and can not be attributed to a specific
one-dimensional model only. In complex systemsabarrier
for the tunneling subsystem can be changed owing to ther-
mal fluctuations of some classical subsystem. In the sim-
plest case one can assume that the tunneling takes place
from the lowest energy level with the tunneling probabil-
ity depending on a coordinate X of the classical subsystem
(Trakhtenberg et al. 1982; McKinnon and Hurd 1983; Sie-
brand et al. 1983; Goldanski 1989)

kg = AeS0X (23a)

If thefluctuations are fast in comparison to the reaction we
have

K(T) = kq(X) ¢ (X, T)dX/J ¢ (X, T) dX (23b)

where ¢ (X, T) is the equilibrium distribution over X.
Using the approximations

S(0, X) = S(0) - S' X,
X<X.=S(0)/S and S=0, X=X,
¢ (X, T)=e X

(24a)
(24b)
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we get
k(T)=Ae SO*BT 1+ erf (| /E,/T - BT)]/2

+(U2) Aerf | Eo/T (254)
B=(S)%/4y, E,=y X2=5(0)%/4B
or S(0)=2./BE, (25b)

Thefirst termin Eq. (254), corresponding to the activated
tunneling, dominates at low temperatures
k(T)=Ae SO*BT g T<T,.= E,/B (26a)
At high temperatures, T >T,., we have an Arrhenius beha-
viour of the rate constant

k(T)=(U2) Aerf |E,/T = A(T/4TIE,)V2 e /T

for E,/T>1 (26b)

The activation energy E, is the energy which is required
for the change of the classical coordinate from the equilib-
rium value X=0to X.. This energy is not equal to the bar-
rier height of the tunneling subsystem. For example, inthe
particular case of a modulation of the distance between
wells separated by the rectangular barrier one has

S(0, X) = (2/h) .[2mVp (R-a X),

B=2mVpa?/h’y, E,=y R?/a? (27)
In this case E, is determined by the equilibrium distance
R. It should be noted that the Arrhenius activation energy
of the rate constant will be equal to E, in the case where
Vo>E,. If the energy E, is greater than V, the activation
energy at high temperatures will be determined by V,. In
thiscase, in order to describe the transition to the activated
regime, one has to use in Eq. (23b) the full expression in
Eq. (6) for the rate constant k, rather than the approxima-
tionin Eq. (234a).

We applied the model of the Eckart barrier and the X-
model discussed above for the interpretation of the tem-
perature dependence of the half-decay time (see Fig. 9).
Both model s describe the experimental data quite well and
give, for the optical data, approximately the same set of
parameters:

A=10%8s?1 B=048K™,

Vo= 1550 K (013 kJ/mol) (Eckart) (28a)
A=10"?st B=051K™,

E,= 1540 K (X-model) (28b)

At high temperatures the difference between preexponen-
tial factors becomes negligible owing to the additional
multiplier in the X-model (see Eq. [25b]). The activated
tunneling dominates at temperatures T<T,.~60 K. In this
region we observe the linear temperature dependence of
log 1,». The effect of lengthening of the half-decay times
measured in the M dssbauer experiments can be attributed
to the approximately ten-fold decrease of the preexponen-
tial factor or to the increase of the activation energy E, up
t0 1700 K (14.1 kJ/moal). The second assumption seemsto
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g T,

T,K

Fig. 9 Log-norm plot for the temperature dependence of the half-
decay time. The symbols for the experimental data are the same as
in Fig. 6. Solid lines correspond to the X-model, Eq. (25), with
A=10'12s7 B=0.51 K™ and activation energies: a E,=1540K,
b E,=1700 K. The dashed lines correspond to the Eckart barrier
model, Eq. (22), with A=10°8 571, B=0.48 K~ and activation ener-
gies: a E,=1550K, b E,=1700 K. The dashed-dotted lines cor-
respond to the linear and Arrhenius approximation (26) in the X-
model

be physically more reasonable. For example, in the X-
model it is sufficient to assume a 5%-increase of the dis-
tance R between wells(see Eq. [27]) in the course of along
illumination in order to explain the observed effect.

5 Scaling kinetics and static distributions

It is known that only a completely monotone function of
time which has the property

rdm

(-1 dt—mn(t)zo foral m
can be represented as a static decay of an ensemble with a
positive distribution over relaxation times (or rate con-
stants). The scaling kinetics of Egs. (2) and (3) provide a
completely monotone function of time only for tempera-
tures T<T* where the scaling parameter 3(T) islessthan
unity. Therefore the rebinding can be described for T<T*
as a static decay

(29)

1 _ 7kt
(1+C(t/T1/2)‘8)y ge gr (k, T) dk (3049)
5 (=P
© o F@A+y+n)  [(kry)Prevm
L Yy rarn raspmy+pmny 0P

with the positive distribution g, (k, T).
At T=>T* 0180 K (B(T)>1) the kinetics, Eq. (30a),
form a non-completely monotone function of time. Its

second derivative is negative at short times and does not
satisfy the condition of Eq. (29). For T=>T* 0180 K the
function g, (k) has negative parts and cannot be considered
as a distribution. This means that at the critical tempera-
ture T* =180 K the static interpretation of the rebinding
breaks down. The existence of such acritical temperature
isadirect consequence of the observed scaling properties,
Egs. (2) and (3), of the rebinding kinetics. On the other
hand, if the kinetics were described by a power law

1

w0 L mpm

(31)
such acritical temperature would not follow and the kinet-
ics, Eq. (31), could be represented as static kinetics for all
T. The observation of T* clearly supports the scaling ki-
netics and not Eqg. (31).

The distribution function g, (H, T) can be derived from
9:(k, T), Eq. (30b) via

g (H, )=, (k(H, ), T) | KUT) @)
In the high temperature limit of classical activation
Vty, =Aexp(-E/T), B(M)=T/T* (339)
k(H, T) = Aexp(-H/T) (33b)
it can be represented as
g (HT=2k
2 g FAry+n)  (w(H)/QYT™

2V ryy raen racpmy+pmn &P

w(H) = (kTy)?
zexp[-(H-E,)/RT*], y=051 c=3 (34b)

As limiting forms we get the following analytical results
for B=1,0r T=T*

gF (H)=g, (H, T*)=(cY RT* I (y)) ™

oxp 2 y(l—IIQ'F*Ea) _%e—(H—Ea)/RT*E (353)
and for =0 closely realized by T - 0
g7 (H)=g: (H, B=0)
Cye(H—Ea)/RT* (35h)

~ RT*(1+cexp[(H - E,)/ RT*])™

It can be seen from Fig. 10 that the distribution g,(H, T)
does not vary much at low temperatures. |f wewant to pre-
servethisproperty inthetunneling regimewemust assume
that the function w(H) (see Eq. [34b]) does not change its
functional form by going from the activated regime to the
tunneling regime. For T - 0 one can infer from Egs. (19)
and (21) that the corresponding quantum temperatures T,
or T,. must be independent of H. This is always the case
for two parabolic wells, Egs. (18) and (19), where T, is
determined by the frequency in these wells. In the Eckart
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Fig. 10 a Distribution function g,(H, T) for various temperatures
evaluated within the Arrhenius limit (solid lines). The dashed line
corresponds to the low-temperature limit for the Eckart model,
Egs. (362, b). b Temperature variation of the distribution Fg(H)
from the generalized model

model

k(H,T)=Ae 2 BWH 14 7B(H)T eBM7T
Qerf  B(H)T +erf (H/T - B(H)T))] (36a)

this requirement implies that the parameter B must be
proportional to the height of the barrier, H (see Eq. (214a)
and Fig. 10)

B(H)=H/T2 (36b)

The same requirement must al so imposed for the X-model.

Apart from the tunneling Fig. 10 shows that the distri-
bution g,(H, T) varies from g°(H) to g (H) continuously.
At temperatures T > T* it becomes negative for a certain
energy interval and its interpretation as a physical distri-
bution breaks down.

In the following we want to interpret the temperature
changes within the framework of a generalized model,
where scaling kinetics are represented as a superposition
of stretched exponential decays:

n(t, T) = [ exp[~(k(Hy, T))PM] gF (Hy) dHy,

_ O H, O
K(Hw T) = ASPE Rr BMH
In this model the scaling properties are implemented
directly in the decay kinetics. The static distribution over
the kinetic parameter H,; is temperature-independent
and coincides with the limiting distribution g* (H) (see
Eg. [354]). Again we can represent the stretched exponen-
tial as a dispersive decay from adistribution Fgr(H>):

(37)

n(t,T) = [f exp[—-(k(Hy+ Hz, T) ]

(Fg (H2) g7 (Hy) dHydH, (38a)
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__ 1 2w @+p(Mn)
Fon ()=~ 2 D)

sin(rrB(T) n)
nH/RT*

Now the distribution g, (H, T) is represented as the convo-
lution of the static distribution g* (H) and the temperature-
dependent distribution Fg1)(H) whichisshownfor thepar-
ticular values of Bintheinsert of Fig. 10. The temperature
variation of Fg 1) (H) isvery reminiscent of amotional nar-
rowing process. Itisseenthat thisdistribution narrowswith
increasing temperature up to a delta function in the limit
B -1 (or T T*) where the stretched exponential be-
comes a single exponential:

Fa=o (H) = =1
Fs_1(H) — &(H)

(38D)

exp(H/RT*) exp[—exp(H/RT*)],
(39)

6 Discussion

Our application of Mdsshauer spectroscopy to the study of
rebinding kinetics of unbound CO provided information
on tunneling effects. Even though the data showed rela-
tively large scatter, alow temperature tunneling regime for
T<60 K could be identified. We applied a recently devel-
oped scaling approach which largely simplified the analy-
sis. All data for different temperatures, including those
from optical absorption experiments, fall within this
scheme on a master curve since they depend only on one
scaling parameter x=(t/7,/,)". Thetunneling appearsin the
exponent B as well as the half decay time t,,,. Since no
clearly pronounced plateau wasfound at |ow temperatures,
we interpreted this tunneling in terms of activated tunnel -
ing and modeled it by an Eckart potential or the so called
X-model. Both are best understood within the framework
of underlying complex dynamicsinvolving modul ations of
the barrier by protein fluctuations.
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The observation of the scaling up to acritical tempera-
ture T* =180 K gives even more support to the conjecture
that protein fluctuations play arole in the kinetics below
T*. To clarify this point we would like to summarize the
main implications of the scaling approach. In contrast to
the models of dispersive kinetics resulting from a static
distribution of activation barriers the scaling approach
predicts the presence of the critical temperature. This
is due to the fact that a survival probability n(t, T),
which depends on t and T only via the scaling variable
x=(t/1y,(T))PM, fails to remain a completely monotone
function for B(T)>1sothat B(T=T*)=1defines T*. As
aresult the rebinding kinetics can not be generated from a
superposition of exponentially decaying functions for
T>T*. For T<T* thisispossible, but the distributions be-
come temperature dependent. This variation might be due
to protein dynamics. A specific distribution may reflect a
thermal equilibrium state, which couples to the reactive
coordinates of the rebinding process. This view is not in
conflict with the hole burning experiments, as long as the
protein states fluctuate on a longer time scale than the re-
binding scale. We propose that some dynamic aspects
should also be incorporated for temperatures T<T* since
the decay kinetics already contain the information on T*,
the temperature at which the fluctuations become critical.
We therefore propose to interpret the kinetics in terms of
ageneralized model, which is capabl e of separating differ-
ent parts of the inhomogeneous and homogeneous pro-
cesses on the temperature dependent time scales of the re-
binding kinetics. The static distribution g* (H) isacritical
distribution and relates to the phase transition of the sol-
vent (glycerol). It provides an inhomogeneity sufficient to
interpret the kinetic hole burning experiments. In particu-
lar it may contain the distribution over slightly differently
oriented CO in the unbound state.

The origin of a stretched exponential might be seen in
the complex rebinding dynamics of the activated process.
The CO can only rebind if the pocket adjusts its shape in
order tolower the activation energy. The extended changes
in structure between the bound and unbound conforma-
tionsindicate what kind of fluctuations are needed for the
transfer. Considering the many degrees of freedom in-
volved in even a small structural change it becomes
evident that not all CO molecules will find the same con-
figuration for an activated complex but all must undergo
a dynamic readjustment on the time scale of transfer. As
T approaches zero more and more of the local modes
freeze out in the dynamic rebinding process and thereby
enlarge the width of the effective barrier distribution. In
order to prove experimentally that a pure static descrip-
tion is applicable it would be necessary to prepare the un-
bound system in selective substates and to show that the
decay becomes purely exponential. This has not been done
yet.
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