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1. Introduction 

Electron transfer (ET) [l-4] and atom or 
molecular group transfer (AT) [S-9] reactions 
constitute the most important elementary steps in a 
variety of biological processes. During the last decade 
the dynamics of several elementary biological 
processes were investigated over a broad temperature 
range from about 2 K up to room temperature. 
Notable examples are the light-induced oxidation of 
cytochrome c by optically excited bacteriochlorophyll 
[l-3], the recombination of CO and hemoglobin 
[9], and the production of prelumirhodopsin from 
electronically-excited rhodopsin [7]. In all three cases 
the unimolecular rate was found to be finite and 
nearly temperature independent at low temperatures, 
manifesting the effects of nuclear tunnelling, while 
with increasing temperature the rate changes within 
a narrow temperature interval into an activated rate 
exhibiting Arrhenius-type temperature dependence. 
In a microscopic theory for ET and AT processes 
two classes of reactions must be distinguished: 
(1) Adiabatic processes which proceed on a single 

potential energy surface. Most AT reactions 
probably belong to this category. 

(2) Nonadiabatic processes involving a transition 
between two potential energy surfaces which 
correspond to two (weakly-coupled) distinct 
zero-order electronic configurations. 

The theory of ET in biological systems as 
nonadiabatic multiphonon processes is now well 
developed [ 1 O-141 being isomorphous with the 
general quantum mechanical theory of 
homogeneous and heterogeneous ET processes 
[ 1 S-171. On the other hand, the theoretical 
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framework for AT processes [ 16,18,19] is far less 
comprehensive. In this note we advance a theory 
of nonadiabatic AT reactions in biological systems, 
with a specific application to the low-temperature 
recombination of CO with hemoglobin (hb) [9]. 

2. The CO/hb recombination reaction 

The recombination of CO with &subunits of hb 
and derivatives of this compound has been studied 
over the temperature interval 2--300 K [9]. At high 
temperatures CO escapes into the outer solvent and 
passes several barriers on its way back to its 
coordination site. At temperatures below 180 K the 
system has only to overcome a single barrier. At 
these low temperatures the ‘pocket’ which surrounds 

the heme group is sealed off thus trapping the CO 
molecule. The experimental data furthermore showed 

191: 
(1) The rebinding kinetics does not exhibit 

exponential decay but follows a power law. This 
effect originates from the freezing of different 
conformational states at the low temperatures. 

(2) The average rates (or rather rit5 where 70 75 
refers to the time when the deoxy-hb concen- 
tration has dropped to 75% of its initial value) 
are practically temperature independent in the 

range 2-10 K. 
(3) The transition from the tunnelling range 

(2-l 0 K) to the temperature-activated range 
occurs in the region lo-20 K. Above this region 
70:~ is temperature dependent corresponding to 
an apparent activation energy of EA = 0.045 eV. 

Consider the nuclear configurational changes 
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accompanying the CO/hb recombination. Initially the 
heme Fe atom is located out of the heme plane. 
Crystallographic data are still incomplete. Values of 
0.3 A, 0.55 A, and 0.75 A have been reported 
[20-241 for the displacement of the Fe atom. The 
heme group is also linked to the protein residue at its 
peripheri via axial coordination of a ‘proximal’ 
histidine to a fifth coordination site of Fe, while the 
sixth site is vacant. In the bound CO-hb state the Fe 
atom is shifted into the heme plane [25], while the 
CO molecule is now bound to the Fe atom. Recent 
structural data show that for related model com- 
pounds the Fe-C-O unit is linear [26]. Next, we 
consider the change in the electronic states 
involved. The CO-free five-coordinated heme group 
is in the high-spin electronic state (S = 2) while the 
heme group is in the low-spin state (S = 0) in the 
bound CO-hb and CO-mb complexes [25]. 

3. Nonadiabatic AT theory 

Our theory of nonadiabatic multiphonon AT 
processes is formulated as follows: 

(1) 

(2) 

(3) 

(4) 

2 

The entire electronic-nuclear system can be 
adequately characterized by two distinct zero- 
order electronic configurations, corresponding to 
the high-spin (S = 2) and the low-spin (S = 0) 
states. 
For each electronic state we can construct a 
many-dimensional (Born-Oppenheimer) 
potential energy surface determined by the 
nuclear displacements of the entire system. A set 
of vibrational levels for both the initial and final 
state nuclear potential energy surfaces can 
subsequently be found. 
A microscopic rate constant is derived by 
considering the system to be initially present in a 
vibrational level of the initial potential energy 
surface. Residual second-order spin-orbit inter- 
actions which were not incorporated in the 
Hamiltonian of the zero-order pure spin states 
couple each initial vibronic level to a manifold 
of vibronic levels which belong to the final 
potential surface, and which are degenerate with 
the initial state level. 
Provided that the residual spin-orbit coupling 
which induces the process is weak relative to the 

(5) 

(6) 

characteristic vibrational frequencies, all the 
microscopic rate processes can be described in 
terms of time-dependent perturbation theory. 
This is the basic feature of the non-adiabatic 
description of the rate process. 
The time-dependent perturbation theory results 
in microscopic rate constants determined by the 
Franck-Condon overlap integrals of the nuclear 
wave functions which can be handled by the 
theory of multiphonon processes [15-l 7, 

27-291. 
The macroscopic nonadiabatic rate is finally 
expressed as a thermal average of the microscopic 
rates, the Gibbs averaging being taken over the 
manifold of initial vibrational levels. 

The nonadiabatic AT process is thus essentially 
viewed as a nonradiative multiphonon process 
analogous to a variety of other nonadiabatic 
processes in solid-state physics, molecular physics, 
and solution chemistry including nonadiabatic ET. 

Following the procedure generally applied in the 
theory of nonradiative processes in a dense medium 
the thermally-averaged rate constant, W, can be 
expressed in the form: 

Z = f exp(-<,,/kT) (1) 

where xi,, and xbk are the nuclear wave functions 
in the initial (a) and final (b) electronic state, u and 
w are the nuclear quantum numbers in these two 
states, Ea; and E& are the corresponding energies, Z 

is the partition function for the nuclear motion, vat, 
is the electronic spin-orbit coupling matrix element 
which couples the initial and final states, A,? is the 
energy gap, i.e., the difference between the energies 
of the minima of the initial and final state potential 
energy surface, kB is the Boltzmann constant, and T 

is the absolute temperature. The macroscopic non- 
adiabatic rate constant is expressed as a product of 
the electronic coupling term and a thermally-averaged 
Franck-Condon vibrational overlap integral. The delta 
functions insure the conservation of the total energy. 
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4. Model calculations for the CO/hb system 

The electronic coupling combines zero-order pure 
spin states of total spin quantum numbers, S=2 and 
S=O. This shows: 

(1) That spin-orbit coupling must be involved; 
(2) Since the spin-orbit coupling is a one-electron oper- 

ator obeying the selection rule AS= ?I, the coupling 
matrix element must therefore be a second-order 
term of the form: 

(2) 

where (H,,) is the spin-orbit coupling integral 

with respect to the initial, final, and intermediate (c) 
states and AE the energy gap between the state c and 
either the state a or b. Inserting typical values of 

CHsO& and (+&, of 100 cm-’ and Ae E 1 eV gives 

a crude estimate of vab % 1 cm-‘. 
Three ‘intramolecular’ coordinates undergo a large 

equilibrium shift during the reaction and are therefore 
expected to contribute to the Franck-Condon nuclear 
overlap integrals in eq. (1). 

(1) 

(2) 

The motion of the Fe atom which can be viewed 
as a metal-ligand bending mode coupled to 
deformational modes in the heme plane. The 
corresponding frequencies are unknown, but 
values in the region 100-200 cm-’ have been 
obtained for simple heme complexes [30] and 
from model calculations [31]. Moreover, the 
equilibrium configuration of this mode is shifted 
by 0.3-0.5 A during the process. 
CO is initially weakly associated with the ‘distal’ 
histidine, while it is bound to Fe in the final 
state. Since the configurational changes associated 
with this mode are unknown, we shall ignore its 
contribution to eq. (1). This approximation is 
likely to be adequate in view of the presumably 
much larger frequency (and large equilibrium 
coordinate displacement) of the Fe-heme mode, 
but can otherwise be relaxed if warranted by 
structural and spectroscopic data, 

(3) The relative motion of the heavy Fe-heme and 
CO-histidine groups is characterized by very 
low frequencies due to the large reduced mass 
(which includes part of the protein structure) 
associated with this motion. This low-frequency 
motion is not likely to exhibit a large con- 

@rational change and it is reasonably incor- 
porated with the medium modes. We shall thus 
identify x,9 and x&, in eq. (1) solely with the 
Fe motion relative to the heme plane. 

By adopting the harmonic approximation for this 
nuclear motion we can exploit a vast literature on 
multiphonon processes in other fields to evaluate the 
Franck-Condon factors. Thus, if the Fe-heme mode 
is characterized by harmonic potentials of frequency 
w in both states, then the nuclear configurational 
change is specified by the reduced displacement 
A = dh~/li)~ where d is the coordinate distance 
between the minima of the two potential surfaces 
(the shift distance of the Fe atom) and ,u the mass 
associated with the motion. The coupling strength of 
this mode is then S = AZ /2, and the vibrational 
reorganization energy E, = She. The temperature 
dependence is reflected in the thermally-averaged 

(Bose) occupation number F= [exp(ho/kgT) - I] -’ . 
The single-mode rate constant [ 1 I] assumes the 
form: 

w= 21 vab 1’ exp[d(2%1)]$, (2s[~(~tl)]‘/2) 

[(vtl)/v]p/2 (3) 

where p = lAEl/ho is the normalized energy gap, and 
ZP the modified Bessel function of order p. Equation 
(3) exhibits a continuous transition from a low-tem- 
perature tunnelling expression (U[i@%l)] +5 << 1, 
Or hCd >> k&): 

w = (h ( v& [ * /h2u) exp(-S)SPIP! 

to a high-temperature activated rate expression 

(=s[V(V+l)]’ >> 1, Or hCd << kBT): 

(4) 

w = (7T/k$-fi2Cd)‘/2( Vab 1’ exp[ -(Af?tsho)‘/’ 

h!hkBT] 

with a Gaussian-type activation energy EA = 

(AE + Sh~)~/dSho. 

0) 

A complete analysis would also require that we 
consider the averaging over the different ‘frozen’ 
conformational states. A disentanglement of this 
effect to provide W as a function of the barrier 
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Fig.1. Model calculations of the nuclear Franck-Condon 

factors (w/A) (A = 2?r] vablZ /h* w) versus kBr/hW for 
various values of S and p. The numbers correspond to the 

following parameters: (1) S = 60,~ = 30; (2) S = 30,~ = 8; 

(3)S=25,p=2;(4)5=80,p=20;(5)5=80,p=20.The 
circles show the experimental values [9] of log (~0~75) versus 

log T with the values at T--f 0 (ri,‘75 + 5 s- ’ for T--f 0) 

matched with curve (3). 

height without additional assumptions about the 
barrier geometry has in fact been given [9b,c]. 
However, since the distribution is relatively narrow 
around a peak barrier height, we shall take the rate 

constant as ri,J5 and assume that it corresponds to 

fixed (peak) values of S and AE. 
Figure 1 portrays plots of eq. (3) for various 

values of the parameters S and p. From a given value 
of AE (which is unknown for these processes) com- 
parison of the high-temperature activation energy 
expression with the experimental value of this 
quantity (0.045 eV) gives 5%~. Moreover, the curves 
are all characterized by an activationless region up to 
kBT/hw z 0.1-0.2 followed by a thermally activated 

region. Since the experimental plots display such a 
transition region at TN lo-20 K this implies that 
hw N 80-160 cm-‘, i.e., values which are not far 
from those expected for the metal-ligand bending 
modes of the heme complexes. Moreover, inspection 
of the plots reveals that S = 20-25 and p = 2-5 
give the best fits which are also compatible with the 
high-temperature activation energy. This yields 
AE = -0.05 eV for the energy gap and E, = 0.27 eV 

for the reorganization energy. The value of S 
corresponds to a displacement of the Fe atom of 
0.4-0.5 A, in reasonable agreement with the available 
structural data [20-241. Finally, we can utilize the 
low-temperature rate expression, eq. (4) together 
with the experimental low-temperature value of the 
rate constant W(T -+ 0) = 5 s-l and estimate V,, to 
be 0.1-I cm-‘, which agrees well with our crude 
estimate of the second-order spin-orbit coupling 
matrix, eq. (2). Furthermore, this low value of 
V ab justifies the nonadiabatic approach applied for 
the recombination dynamics of the CO/hb system. 

We conclude that the general theory of non- 
adiabatic multiphonon electronic processes adopted 
to AT reactions provides a coherent description 
of the recombination reaction between CO and hemo- 
globin enabling us to sort out the electronic and the 
nuclear contribution to the dynamics of this 
interesting process, 
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