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Abstract 

Electron transfer was studied within a donor-acceptor pair in spin-labelled a-chymotrypsin with the methionine-192 group modified with 
4-iodacetamide-2,2,6,6-tetramethylpiperidine- i-oxyl. The effects of temperature ( T -  200--300 K), viscosity and humidity on the rate constant 
of photoreduction of the nitroxide fragment (acceptor) by the protein tryptophan residue in the excited singlet state (donor) were investigated. 
In parallel, the dynamics of the microenvironment in the vicinity of the nitroxide and tryptophan were studied by electron spin resonance 
(ESR) spectroscopy (X-band and high-resolution 2 mm wavehand) and fluorescence techniques respectively. The apparent polarity of the 
microenvimnment was also determined by ESR and fluorescence techniques. It was shown that the changes in the rate constant of photored- 
uction correlate with the changes in the parameters of the local dynamics of the donor-acceptor pair microenvironment (correlation time 
¢c-< 10-7 s) recorded by ESR spectroscopy. From the data on the local dynamics and polarity, the energetic profile of the photoreduction was 
determined. The role of local dynamics in the stabilization of photoseparated charges by time-dependent polar solvation (dynamic adaptation) 

is discussed. © 1997 Elsevier Science S.A. 
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1. Introduction 

Electron transfer in proteins has been studied extensively 
in the past decade. Recent results from several groups have 
been reviewed [ 1-12]. In spite of recent progress, little is 
known about the factors affecting electron transfer in pro- 
teins. A protein globule possesses a number of specific fea- 
tures~ such as a mosaic of local dynamics and polarity. The 
principal shortcoming of recent investigations appears to be 
the underestimation of these specific properties. 

A start has been made to overcome this shortcoming by 
the study of donor-acceptor (D-A) hybrid pairs consisting 
of a photoactive luminescent chromophore as the donor and 
a nitroxide radical as the acceptor. This system enables the 
kinetics of electron transfer and the local dynamics and polar- 
ity to be monitored at the same time and space [ 13-15]. 

Electron spin resonance (ESR) spectroscopy enables the 
irreversible photoreduction of the nitroxide fragment to be 
followed and the radical dynamic behaviour to be studied. 
Indeed, the rotational diffusion correlation times (¢c) and 
activation parameters (Eeff and A~rr) of nitroxide radicals 
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in different media (liquids and polymer solutions) are close 
to the corresponding parameters recorded by nuclear mag- 
netic resonance (NMR) spectroscopy and dielectric relaxa- 
tion. Thus the values of % for nitroxide radicals characterize 
quantitatively the dynamics of the spin label microenviron- 
ment. Luminescence techniques can be used to monitor the 
reversible reduction of the nitroxide by recording the fluo- 
rescence or phosphorescence quenching of the donor. The 
mobility of the dipoles in the vicinity of the chromophore 
group in the excited singlet state can be estimated from the 
relaxation shift of the fluorescence spectra [ 16-21]. 

The two techniques (ESR and luminescence) can be 
employed to estimate the local polarity in the vicinity of the 
acceptor and donor groups. It has been shown in a model 
system [ 18] that the hyperfine interaction constants of the 
spin labels, A= and Aiso, depend on the dielectric constant in 
the vicinity of the labels and on hydrogen bond formation. 
Therefore these parameters can be used to measure the micro- 
polarity of the environment. The relaxation shift of the fluo- 
rescence spectra (A v) also depends on the dielectric constant 
of the environment and, after calibration of this parameter 
(A v), reflects, to a certain extent, the polarity of the envi- 
ronment [ 17]. 
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The dynamic state of protein globules can also be estimated 
by M~ssbauer spectroscopy. This method allows the meas- 
urement of the amplitudes and frequencies of M6ssbauer 
probes introduced into different parts of the protein globule 
[211. 

The purpose of this study is to investigate, using ESR, 
luminescence and M6ssbauer spectroscopy, the correlation 
between the rate constant of electron transfer within a D-A 
pair in modified a-chymotrypsin (a-ChT) and the parame- 
ters of microdynamics and micropolarity of the system. The 
intrinsic tryptophan group of the protein in the excited singlet 
state is the donor and the nitroxide residue attached to the 
methionine group is the accepter. The two groups are local- 
ized in the vicinity of the enzyme active centre [22]. 

trometer) and 0.5 mm in diameter (for the 2 mm waveband 
spectrometer) were placed in the cavity of the spectrometer. 
The X-band ESR spectra were recorded with the following 
instrument settings: modulation frequency, 100 kHz; modu- 
lation amplitude, 0.3 mT; microwave power, 20 mW; sweep 
width, 10 roT. The 2 mm waveband ESR experiments were 
performed at a modulation frequency of 100 ld-lz, microwave 
magnetic field H~ = 20 ~T and a sweep width of 10 mT. 

The g factor calibration was performed using an Mn 2+ 
standard with a hyperfine constant a=8.74 mT and 
g=2.00102. 

Luminescence measurements were performed on solid 
samples under controlled humidity conditions using a modi- 
fied "Aminco-Bowman" spectrofluorometer equipped with 
a temperature controller [ 13,14]. 

7,. Materials and methods 

2.1. Preparation and equipment 
2.2. Photochemical experiments 

a-ChT was purchased from "Olayne" Company (Latvia) 
and purified by filtering through a Sephadex G-25 column 
equilibrated with 0.001 N HCl. 4-Iodacetamide-2,2,6,6-tetra- 
methylpiperidine- 1-oxyl (1) ( "Reanal", Hungary) was 
used as spin label 

a-ChT was modified by spin label 1 at methionine-192 
(Met-192) as described elsewhere [ 23 ]. The degree of mod- 
ification (measured by a comparison of the integral intensity 
of the ESR spectra at 77 K for spin-labelled a-ChT and for a 
standard ethanol solution of spin label 1) is approximately 
30%, in good agreement with Kosman [23]. 

Solutions of different viscosity were prepared by adding 
sucrose of chemical grade. The solution viscosity was deter- 
mined at room temperature using the method described in 
Sef. [24]. 

The modification of the amino acid residues on the a-ChT 
surface by M6ssbauer atoms (StFe) was carried out by the 
method given in Ref. [ 19], resulting in approximately three 
iron atoms per protein molecule. 

The procedure of moistening of the protein samples was 
performed using the method described in Ref. [25]. The 
samples were lyophilized and held for 2--6 days at a certain 
degree of relative humidity Prel - P/Ps, where P is the water 
vapour pressure above a sulphuric acid solution and P, is the 
water vapour pressure above pure water at a given 
temperature. 

ESR spectra were recorded with an SE/X-2544 Radiopan 
spectrometer (X-band) and a high-resolution 2 mm wave- 
band spectrometer with a cylinder cavity of Ho~ type and a 
constant magnetic field of 5 T [26]. In both cases, the radio- 
spectrometers were equipped with a temperature controller. 
Quartz capillaries of 2 mm in diameter (for the X-band spec- 

Photochemical experiments with powders or solutions of 
spin-labelled a-ChT, placed in a quartz capillary of 2 mm in 
diameter, were carded out in an ESR cavity with illumination 
by a 200 W mercury lamp at a wavelength a > 300 nm. The 
intensity of illumination was insufficient to produce photo- 
chemical conversion of spin label 1 in aqueous solution. The 
photochemical conversion of the nitroxide fragment of spin- 
labelled a-ChT in the powder state was 60% for P~en--- 0.95 
at 298 K. 

The efficiency of accepter photoreduction was estimated 
using ESR spectra from the disappearance rate of the nitrox- 
ide. The apparent first-order rate constant of nitroxide pho- 
reconversion (~h) Was calculated from the experimental 
kinetic curves at each temperature and the relative degree of 
humidity (P~l). The relative value /~lffi~h/~hs, where 
~h9S is the rate constant at 298 K, was taken as a quantitative 
measure of the photoreactivity of the system under 
investigation. 

The electron transfer obeys first-order kinetics up to 60% 
photoconversion. This indicates that only one type of donor 
takes part in this process. This donor is probably tryptophan- 
215 which, according to the X-ray model [22], is localized 
in the hydrophobic pocket of a-ChT at a distance of approx- 
imately 0.8 nm from the Met-192 group modified with the 
nitroxide label. In the presence of oxygen, the kinetic curves 
have a complicated character. It is probable that oxygen oxi- 
dizes the photoreduced nitroxide and decreases the reaction 
quantum yield. It has been shown [ 13 ] that the initial portion 
of the kinetic curve is identical in the presence or absence of 
oxygen; therefore the experiments were carried out in the 
presence of oxygen, using the initial portion of the kinetic 
curve for rate constant calculation. Thus the photoconversion 
is attributed to the photoreduction of the nitroxide by tryp- 
tophan-215 in the excited singlet state with the subsequent 
reduction of tryptophan-215 by a neighbouring protein group. 
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2.3. Data analysis 3. Results 

In the case of fast rotation of the nitroxide, the correlation 
times (%) were calculated by the formulae [ 18] 

"rtc-) = (lfh'o/h_ - 1)AHo/3.6 X 10 9 (s) (1) 

~ + ) = ( ~ + / h _  - I ) A H + / I . 5 X  I0 9 (s) (2) 

where AHo and AH+ are the linewidths (G) of the compo- 
nents of the X-band ESR spectra of the spin label with m = 0 
and m = + 1 respectively and h +, h_ and ho are the ampli- 
tudes of the low-field, high-field and central components of 
the spectrum respectively. 

In the region of slow motion, the % values were calculated 
by the formula 

~'~=a(1-A,,/A'.,2) b (3) 

where A., and A'= represent the hyperfine splitting of the Z 
components of the X-band ESR spectra for % and % ~ c~ 
respectively. In our case, a = 8.52 x 10- no and b -- - 1.16 for 
the Brownian diffusion model [ 27 ]. 

In the case of the high-resolution 2 mm waveband ESR 
spectra, the values of % were calculated according to Ref. 
[28]. 

The characteristic time ('r,) of orientational relaxation of 
the dipoles in the vicinity of tryptophan in the excited singlet 
state was calculated by [ 13 ] 

' i ' r= (/"fO -- vf)"/'f / ( l p f -  lb'L) (4) 

where ~'v is the lifetime of the excited state, v r is the frequency 
of the maximum of the tryptophan fluorescence spectrum and 
v f and v f are the limiting values of v f at r,-o 0 and r~ ~ 
respectively. 

The microviscosity (r/sL) in the vicinity of the nitroxide 
fragment of the spin label was estimated from the value of 
the correlation time (%) by the Stokes-Einstein equation 
using the radical radius Ro=0.4 nm. The microviscosity 
(~u)  in the vicinity of the M6ssbauer probe STFe attached to 
the a-ChT globule surface was evaluated from the data on 
the probability of recoil-less resonance absorption of a y 
quantum ( f ' ) .  The value o f f '  is determined from the inten- 
sity of the M6ssbauer spectra [29]. This method has been 
used for microviscosity estimation in the vicinity of M6ss- 
bauer atoms [ 30]. 

The micropolarity in the vicinity of the nitroxide fragment 
of spin-labelled a-ChT was evaluated by comparison of its 
magnetic spectroscopic parameters g~ and Azz with those of 
spin label I in organic solvents at low temperature wh~re all 
molecular motions in the samples are very slow. The mag- 
netic spectroscopic parameters were obtained by analysis of 
the ESR spectra in the 2 mm waveband. 

The comparison of the position of the fluorescence maxi- 
mum v f of tryptophan in a-ChT and in organic solvents was 
used to estimate the apparent dielectric constant (e~pp) of the 
microenvironment of the chromophore. 

3.1. Effect of temperature on the photoreduction rate 
constant and the molecular dynamics 

The temperature dependences of the relative rate constants 
(k~el) of photoreduction of the nitroxide fragment of spin- 
labelled a-ChT in a lyophilized dry sample with a relative 
humidity of Pre~ = 0.04 and in a wet sample with P~j = 0.95 
are presented in Fig. I. The figure shows that, in the dry 
sample, the rate of photoreduction is very low in the temper- 
ature range 220-295 K. Moistening of the sample leads to an 
increase in kr~n at T> 240 K. In a control sample with free 
spin label 1 in water solution, the radical is stable on illumi- 
nation. Photoconversion of the nitroxide radical in solution 
does not occur because of the lack of an electron source. 
Therefore this experiment supports the supposition that, 
under the given experimental conditions (temperature, illu- 
mination, time), the only cause of radical disappearance is 
photoreduction in the presence of an electron donor. In our 
case, the photoconversion plausibly proceeds via electron 
transfer from the excited singlet state of a-ChT tryptophan 
(donor) to the nitroxide fragment (acceptor). A similarproc- 
ess has been observed in a hybrid molecule consisting of 
l-dimethylaminonaphthalene-5-sulphonate (donur) and a 
nitroxide radical (acceptor) in solution [ 13 ] and also when 
incorporated into the hydrophobic cavity of bovine serum 
albumin [ 12]. 

The temperature dependences of the hyperfine splitting of 
the spin label ESR spectrum in the X-band (A=), the fluo- 
rescence maximum of tryptophan (A) and the logarithm of 
the probability of recoil-less y quantum absorption ( l n f ' )  in 
dry and wet samples of spin-labelled a-ChT are given in 
Fig. 2 and Fig. 3. The temperature dependences of the 
dynamic parameters, namely the correlation time of rotational 
diffusion of the spin label (%) calculated from the ESR 
spectra in the X-band and high-resolution 2 mm waveband, 
the characteristic time of orientational relaxation of the 
dipoles in the vicinity of a-ChT tryptophan in the excited 
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Fig. 1. Temperature dependence of the relative rate constant of photo- 
reduction (kr~) for spin-labelled a-ChT at relative humidities of 0.04 ( 1 ) 
and 0.95 (2). 
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Fig. 2. Temperature dependence of the experimental parameters of the M6ss- 
bauer spectrum ( I n f ' )  from SVFe attached to the a-ChT surface ( I ) ,  the 
maximum position of the - -ChT tryptophan fluorescence spectrum (~) 
(A = cl I, t, where c = 3 X 10 '° cm s - ~ ) (2)  and the hypedine splitting of the 
X-band ESR spectrum (2Au) (3) for spin-labelled a-ChT at a relative 
humidity P~= = 0.04. 
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Fig. 3. Temperature dependence of the experimental parameters of the M6ss- 
bauer spectrum ( l n f ' )  from S~Fe attached to the a-ChT surface ( ! ) ,  the 
maximum position of the a-ChT tryptophan fluorescence spectrum (A) (2) 
and the hypedine splitting of the X-band ESR spectrum (2,4,)  (3) for 
spin-labelled a-ChT at a relative humidity P, ct = 0•95. 

ringlet state (1;) and the microviscosity parameter (T/M) in 
the vicinity of the M6ssbauer probe 5~Fe attached to the 
a-ChT globule surface, are presented in Fig. 4. 

It is known [31] that a-ChT contains eight tryptophan 
groups localized on the surface and inside the protein globule. 
These groups can be divided into two types according to their 
fluorescence properties: A~=330-332 nm (exposed in 
water) and Af2-340-342 nm (localized in the interior 
region), with the lifetimes of the excited states ~f = 2.1 ns 
and ~f = 4.5 ns respectively. The temperature dependence of 
A results in an average picture. Therefore the estimation of 
~', = f(T) (see Eq. (4))  was carried out for ~f and ~f. It is 
seen from Fig. 4 that a change in 'r~ is observed at T> 180 K 
for both type I (~', < 3 ns) and type 2 (~'~ < 6 ns) tryptophans, 
whereas, in the same samples, an increase in the radical pho- 
toreduction rate constant (Fig. 1, curve 2) is observed only 
at higher temperature. Thus the motion of the dipoles in the 
vicinity of the tryptophan group with ~-~ < 3 ns does not 
correlate with the electron transfer. 

The same conclusion can be drawn from the temperature 
dependence of Inf' (Fig. 4, curve 4). The iron atoms are 
bound to the wChT surface residues and their M6ssbauer 
spectra give an average picture of motion of the surface 
groups. A marked variation of lnf '  is revealed at tempera- 
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Fig. 4. Temperature dependence of the correlation times (~'~) of rotational 
diffusion of spin label I in spin-labelled a-ChT in the X-band ( 1 ) and high- 
resolution 2 mm waveband (2) ESR spectra, the characteristic times ( ~ )  
of orientational relaxation of the dipoles in the vicinity of a-ChT tryptophan 
( 3 and 3' for ~ = 2. i n s  and ~ = 4.5 ns respectively) and the microviscosity 
parameters (~1 M) (4) ,  calculated from the dependence f ' ( T ) ,  at a relative 
humidity P,~ = 0.95. 

tures T> 200 K. This implies that the low-amplitude oscil- 
lation of the 57Fe M6ssbauer probe cannot promote radical 
photoconversion. 

As observed in Fig. 4, in wet samples, the temperature 
region in which the spin label rotates with %_<2x 10 -7 s 
coincides roughly with the region in which the value of k,~t 
(Fig. 1) varies markedly. In dry samples, both processes 
(radical photoreduction and motion with "re _< 2 × I 0 -  7 s) are 
not observed. The suppression of photoreduction in dry sam- 
ples (P,~t=0.04) is attributed to the slow dynamics (see 
Fig. 2), rather than to the weak penetration of light into dry 
powder-like samples. This is supported by three independent 
methods (ESR, M6ssbauer spectroscopy and the relaxation 
shift method; the latter method is sensitive only to surface 
motions). These methods show the absence of motions with 
nanosecond frequencies in the temperature region in which 
the photoreduction rate is very slow. 

3.2. Effect of viscosity on the photoreduction rate constant 
and molecular dynamics 

Fig. 5 presents the dependences of krcm and 1"c on the 
medium viscosity for an aqueous solution of spin-labelled a- 
ChT; the values of krct and ~'c were calculated from the same 
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2 4 6 8 1() 1'2 14 r~,lOS, Po-8 

Fig. 5. Dependence of the relative rate constant of  photoreduction (kre0 ( 1 ) 

and ~'c (2) of spin-labelled a-ChT in aqueous solution on the medium 
viscosity. Inset (a):  correlation between parameters ~'c and 7)- ' in the same 
samples• 
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Fig. 6. Dependence of the relative rate constant (k,e=) and 1-~- ~ of spin- 
labelled ot-ChT at P,~ = 0.95 ( 1 ) and in aqueous solution (2) on the macro- 
viscosity values r /= 1 0 - L i  0--" Pa s. 

ESR spectra. The value of % depends linearly on the medium 
viscosity within a certain interval of viscosity (Fig. 5 (a) ) .  
This justifies the use of ~'c for the characterization of the 
microenvironment dynamics. 

As observed in Fig. 6, for wet samples and aqueous solu- 
tions the value of kr~ correlates with the dynamic parameter 
Zc m. This indicates that the relatively high-amplitude mobil- 
ity of the water-protein matrix with % < 10 -7 S in the vicinity 
of the D-A pair promotes the electron transfer process. 

It is important that the simultaneous use of nitroxide radi- 
cals and spin labels provides the unique possibility to measure 
the electron transfer rate and the parameters of the microen- 
vironment polarity and dynamics at the same time and space 
without a detailed knowledge of the tested system structure. 
The presence of unlabelled a-ChT in the tested samples 
should not influence the correlation of the electron transfer 
rate constant with the parameters of the molecular dynamics 
and polarity of the microenvironment. 

3.3. Estimation of the molecular dynamics parameters 
from the data obtained by 2 mm waveband ESR 

More detailed information on the motion of the nitroxide 
fragment of spin-labelled o~-ChT was obtained by 2 mm 
waveband ESR spectroscopy. According to the formula 
h v = gflH, the registration of the ESR spectra at higher micro- 
wave frequencies results in a better spectral resolution of 
peaks with different g factors (for details, see Ref. [ 26 ] ). A 
model ESR spectrum of the nitroxide radical recorded by a 
2 mm waveband ESR spectrometer is given in Fig. 7. l[n the 
dry sample, a marked change in the shape of the ESR spec- 
trum of spin-labelled o~-ChT was detected only at T> 290 K. 
At T=  300 K, ~'c = 6 × 10 - 7  S, the activation energy of radical 
rotation E =  73.5 kJ mol- I  and the pre-exponential factor 
Vo = 1.7 X 10 ~s s-~. The apparent local microviscosity '0 sL 
was estimated to be 72 Pa s. In the wet spin-labelled a-ChT 
sample at T>  260 K, the X and Zcomponents of the spectrum 
are broadened and shifted to the centre of the spectrum, 
whereas the position of the Ycomponent remains unchanged 
(Fig. 7). This can be explained as a result of the rotation of 
the nitroxide fragment with % < 6 x 10 -7 s around the Yaxis. 
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Fig. 7. The 2 mm waveband ESR spectrum of spin-labelled a-ChT at 
P,~j=0.95 and T=220 K (a);  position ( - - - - )  and half-width (- - -) of  
the ESR spectrum components vs. temperature at P,~m=0.95 (b) and 
P~, = 0.04 (c);  l-IV, positions of the Mn 2 + standard components. 

According to a calculation at 300 K, "re = 1.2× 10 -7  S, E =  
25 kJ mol - l, Vo = 2.4 × 10 l° s -  ! and r/sL -- 14.4 Pa s. 

The microviscosity r/sL and apparent microviscosity "0 M, 
calculated from the temperature dependence o f f  (probability 
of recoil-less resonance absorption of a y quantum) (Fig. 3 ) 
by the method given in Ref. [29], are presented in Table 1. 

3.4. Estimation of the micropolarity 

The magnetic constants of a sample of a-ChT modified by 
spin label I and of a solution of spin label 1 in organic solvents 
of different polarity are presented in Fig. 8. It can be seen 
that an increase in the polarity of the microenvironment of 
spin label I in the model system causes a gradual decrease in 
the g~ values and an increase in the A= values. This obser- 
vation provides unequivocal evidence for the formation of a 
~-o- radical complex with molecules of the medium [ 35 ]. 

The similar values of the magnetic constants of spin label 
1 in a-ChT (Pr~, = 0.04) and ethanol show that the polarity 
and structure of the environment of the N-O group are iden- 
tical in these matrices. A deviation of the g~-A= correlation 
from that of the model system can be explained by a confor- 
mational strain of the radical structure caused by the protein 
environment 

Moistening of spin-labelled a-ChT leads to a gradual 
change in the magnetic constant of spin label 1. At a relative 
humidity P~, = 0.95, the A,, value of the radical is equal to 
that of the radical in methanol with a dielectric constant 
~ ' p  = 33. 
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Table 1 
Data on the apparent microviscosity and micropolafity in spin-labelled a-ChT 

Relative humidity T (K) Area, label Microviscosity v/( Pa s) Micropolarity ( emp ) 

0.04 140 N-O - 24" 
300 72 = 

0.95 140 33 " 

300 14.4 = 45 d 
0.95 140 Trp 2 b 

300 54 = 
0.95 140 Ser 2 b 

300 100 f 54 c 

• Calculated from the data of 2 nun wave.band ESR Fig. 8. 
t, Ref. [32]. 
= Calculated from Fig. 3 as described in Ref. [ 17]. 
d Calculated from the data of X.band ESR [33,34l. 
"Calculated from the data of 2 nun waveband ESR. 
f Calculated from the data of In f° (73 [ 29 ]. 

An analysis of the relaxation shifts of tryptophan (Fig. 3) 
permits an estimation of the polarity of the microenvironment 
of a-ChT tryptophan. The relaxation shifts for a-ChT and 
model systems with various polarities were compared [ 17]. 
As a result, an apparent value of the dielectric constant 
(era, p) in the vicinity of the tryptophan donor group was 
estimated. Data on the microviscosity and micropolarity for 
spin-labelled a-ChT are summarized in Table 1. 

4. Discussion 

4.1. The kinetic scheme of  irreversible photoreduction 

The results given above can be considered within the 
framework of the following scheme of photoconversion in 
the D-A ( tryptophan-nitroxide radical) pair [ 13 ] 

t ,i I | 
I,,, ~ . . . .  

In our case, this scheme is represented as follows 

} 
where hi, is the quantum of exciting light, 'Tf is the donor 
(u3,ptophan) fluorescence lifetime, k, and k_ ! are the rate 
constants of direct and reverse intramolecular electron trans- 
fer, k2 is the solvation rate constant and k-2 is the reverse 
charge transfer in the molecule after solvation. Trp s is the 

(gxx-Z).tO 'l 
1 

95 " ~ ~ 7  
90  °~ 

85 10 ~ 1 1 ~  40 
8 

I I I i I 
3.4 3.6 3.8 Azz,mT 

Fig. 8. Correlation between &,., and A= for spin label I in frozen ( 140 K) 
(@) toluene ( ! ), isobutanol (2), ethanol (3), water-ethanol mixture with 
0.25 (4). 0.5 (5) and 0.66 (6) H20 content, methanol (7), water-glycerol 
( 10 : I v/v) mixture (8); spin-labelled a-ChT at 0.04 (9), 0.65 (10) and 
0.95 ( 11 ) relative humidity. 

donor molecule in the excited singlet state, B is the protein 
group which donates an electron to the cation Trp + with the 
formation of the final product of photoreduction D-AH and 
the brackets and braces denote the initial and final configu- 
rations of the unrelaxed and relaxed microenvironments 
respectively. 

An analysis of the scheme by the method of steady con- 
centration gives the following value of the apparent rate 
constant of photoreduction 

k~pffihz'klk2k3[H + ]/(kl + "rf- I) (k2 +k_ l) (k3[H + ] +k-2)  

and the quantum yield 
(5) 

cP=klk2k3[H + ]/(kl  + "rf I) (k2 +k_ I) (k3[H + ] +k-2)  

(6) 

In compliance with Eq. (6), the yield of the final product 
D-AH can be expected to be high at kl >-1-~ !, k_ i <  ~-7 ~ 
( k  2 __ ,rr  ! ) ,  ,rr-- ! ~ km, kl ~ k_ i and, as a consequence, at 
¢;1 > 1-/-1 
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4.2. Estimation of the photoreduction free energy 

The free energy of the reaction can be calculated by the 
formulae [ 36] 

AG=ID-[E^+ESa]-e2/e(RA+RD)+AGsolv (7) 

or 

AG = E=/2(D/D +) - [EIF, (A- /A)  + ~ ]  

-- e2/e(RA +RD) + AGsolv (8) 

where ID is the ionization potential of the donor, EA is the 
electron affinity of the acceptor (nitroxide), ESa is the exci- 
tation energy of the donor (tryptophan) to the singlet state, 
A Gsolv is the free energy of solvation of [ D + - A -  ], R A and 
RD are the radii of the acceptor and donor groups, E u 2 ( D /  

D + ) and EI /2(A-/A)  are the standard oxidation potential 
(vs. saturated calomel electrode (SCE)) fbr the donor and 
standard reduction potential (vs. SCE) for the acceptor and 
¢ is the apparent dielectric constant of the medium. 

The following experimental data were used for the calcu- 
lation of A G3oo K for the D-A pair (tryptophan-nitroxide) in 
the absence of polar solvation: ESa = 3.6 eV (calculated from 
the temperature dependence of A, Fig. 3), E~/2(D/D +) - 
1.26 eV and E~/2(A/A- ) - - 0.3 eV for the nitroxide radical 
[36,37]. 

The value of e2/c(RD+RA) is equal to 0.03 eV for 
RA--0.4 nm, RD=0.45 nm [38] and c - 5 4  (see Table 1). 
Taking into account these parameters, the value of AG3o o K 
-- - 2  eV was calculated using Eq. (8). 

The energy of solvation of [ D +-A - ] can be evaluated by 
the Born equation 

AGsomv=e2/2[R~m(I-  I/CD) +RA ~(1 - I/CA) ] (9) 

where CD and CA are the apparent local dielectric constants in 
the vicinity of the donor and acceptor respectively. (The 
values of eA and ~ were taken from Table 1.) 

The free energy of solvation can be calculated for donor 
(tryptophan) and acceptor (nitroxide) separately. For tryp- 
tophan, AGso:v=0.8 eV and 1.57 eV at 140 K and 300 K 
respectively. For the nitroxide radical, A G~o~ = 1.74 eV and 
1.76 eV at 140 K and 300 K. Thus the overall change in the 
solvation free energy A (A Glol~) with decreasing temperature 
from 300 to 140 K is equal to - 0.8 eV. 

The most probable secondary donor B is the serine group 
( Ser-214 ) for which In = 9.19 eV and Re = 0.13 nm[ 38,39 ]. 
According to Eq. (7), the free energy for electron transfer 
from serine to tryptophan ~+> in the absence of solvation is 
1.29 eV. The overall change in the free energy of solvation 
of this pair is A(AG2o~v) = - 3.55 eV with decreasing tem- 
perature from 300 to t40 K ( calculated using Eq. ( 9 ) ). These 
results are presented in Fig. 9. 

According to the energy diagram (Fig. 9), the only proc- 
esses thermodynamically allowed for the ".~'y sample at low 
temperature with very slow orientational relaxation (when 
lr7~<< k_ ~<< ~.fs) are electron transfer from D to A and 

E,eV 

4 

3 

2 

I 

DS-A 

e±-IO-AH} 
Fig. 9. Energy diagram of the reaction under investigation. 

recombination of "frozen" ion-radical pairs [ D + - A - ] .  
Further reduction ofD + is energetically unfavourable in these 
conditions and favourable when %- ~ > k_ ~ and ~'~- ~ > ~'F 

The theoretical predictions given above have been con- 
finned experimentally. A marked increase in the rate of irre- 
versible photoreduction of the nitroxide fragment is observed 
at a temperature and humidity at which the spin label method 
detects mobility of the water-protein matrix in the vicinity 
of the photoreduction zone with a correlation time % < 10 -v 
s and an apparent microviscosity 71 = 14.4 Pa s. An appropri- 
ate correlation time of the environment mobility does not 
appear to be the only requirement for the reaction under study. 
As shown in Fig. 3, a low-amplitude oscillation of the M6ss- 
bauer probes on the ot-ChT surface with %_< 10 -v s and a 
local orientation of the dipoles in the vicinity of the excited 
singlet state of tryptophan with ~-,_< 3 ns are observed at 
temperatures shifted by 40-60 K to the low-temperature 
region relative to the temperature of significant enhancement 
of the radical photoreduction rate. 

The basic requirements for effective electron transfer, in 
addition to appropriate orbital overlap [ 3 ], are as follows: 
I. favourable thermodynamics, which are dependent on the 

local micropolarity which, in turn, is dependent on the 
local dynamics of the microenvironment; 

2. competition between relaxation processes with v'F ~ and 
recombination of the separated charges with a rate con- 
stant k_ ~. 

5. Conclusions 

The analysis of the data presented in this paper leads to the 
conclusion that the molecular dynamics of the microenviron- 
ment make an important contribution to the micropolarity 
and hence to the efficiency of electron transfer within D-A 
pairs in proteins. This contribution is provided by the build- 
up of an energy profile favourable for orientational relaxation 
which stabilizes the photoseparated charges [D+-A - ] 
involved in further chemical conversion. This conclusion is 
consistent with the general principle of the dynamic adapta- 
tion of the protein matrix environment to the structure of a 
reaction complex in biochemical and chemical reactions 
[ 18,21,40-43 ]. 
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