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Abstract 

Intramolecular long-range electron transfer (LRET) in hen egg-white lysozyme (HEWL) accompanying Trp --) TyrO 
radical transformation was investigated in aqueous solution by pulse radiolysis as a function of pH (5.2-7.4) and 
temperature (283-328K). The reaction was induced by highly selective oxidation of Trp with N, radicals under low 
concentration of the reactants but at a high HEWL/N, molar ratio, so that more than 99% of the oxidized protein molecules 
contained only a single tryptophyl radical. Synchronous decay of Trp’ and build-up of TyrO conformed satisfactorily to 
first-order kinetics, indicating that LRET involved either one or more Trp /Tyr redox pairs characterized by similar rate 
constants. The rate constant of LRET, k,, increased monotonously with decreasing pH showing the following characteristics: 
(i) in the pH range 7.4-5.2 the plot of k, against pH was sigmoidal in shape, reflecting protonation of Glu35 (p K, = h) and 
pointing to involvement of conformational control of the kinetics of LRET, (ii) below pH5.2 a sharp increase in k, was 

observed due to the protonation of Trp to form TrpH +, which is known to oxidize tyrosine faster than does Trp Arrhenius 
plots of the temperature-dependence of k, showed that the activation energy of LRET varies both with temperature and the 
protonation state of the enzyme. The activation energies are in the range 7.6-56.0 kJ molt ’ and are similar to those for 
activation of amide hydrogen exchange in native HEWL below its denaturation temperature. Selective oxidation by ozone of 
the Trp62 indole side-chain in HEWL to N’-formylkynurenine (NFKyn62-HEWL) caused a large drop in the initial yield of 
Trp radicals, G(Trp’),. This was accompanied by a relatively small decrease in k, but selective oxidation by ozone had a 
pronounced effect on its temperature-dependence. Taken together these observations indicate that of the six tryptophans 
present in HEWL Trp62 contributes about 50% to the yield of the observed LRET. In the enzyme-inhibitor complex, 
HEWL(GlcNAc),, where Trp62 and Trp63 are completely shielded from the solvent by the bound triacetylchitotriose, 
G(Trp.ji was lower than in NFKyn62-HEWL, and both the kinetic and energetic characteristics of LRET, observed at 
pH 5.2, were again somewhat different than in HEWL alone. Considering known solvent accessibilities of tryptophans in the 
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complex, the observed LRET process in HEWL(GlcNAc), was assigned to Trp123. Theoretical evaluation of the electronic 
coupling for the dominant LRET pathways between all the potential Trp’/Tyr redox couples in HEWL, with help of the 
PATHWAYS model, enabled Trp62/Tyr53, Trp63/Tyr53 and Trp123/Tyr23 to be identified as the pairs involved in the 
experimentally observed electron transfer. 

Kepwords: Hen egg-white lysozyme; Intramolecular electron transfer; Pulse radiolysis; Radical transformation; Tryptophan radical; 
Tyrosine radical 

1. Introduction 

Efficient intramolecular radical transformation 

Trp’ + TyrO’, involving long-range electron transfer 
(LRET) between the phenol side-chain of Tyr and 
the Trp‘ indolyl radical, has been observed in a 
number of proteins [l-4], including hen egg-white 
lysozyme (HEWL) [2-41, and in model systems 
made of a single Trp/Tyr pair separated by a pep- 
tide bridge [5-141. Such a long-range unpaired elec- 
tron transfer may extend the target size for 
radiation-induced damage of sub-cellular protein 
structures (cf. [l l] and references cited therein). 
Evidence is also accumulating that tyrosine and tryp- 
tophan radicals are involved in electron transfer as- 
sociated with physiological redox reactions: Trp’ -+ 
TyrO‘ transformation can be an important step in the 
catalytic mechanisms of H,O,/cytochrome c-per- 
oxidase complex [ 15 171, TyrO has been impli- 
cated as a reaction intermediate in the photosystem II 
[ 181, ribonucleotide reductase [ 191 and prostaglandin 
synthase [20]. Further studies on LRET in HEWL, as 
a model protein system for Trp + TyrO transfor- 
mation, are, therefore, worth continuing. So far, 
however, it has proved impossible to identify which 
of the potential Trp/Tyr redox pairs, formed by six 
tryptophan and three tyrosine residues present in 
HEWL, and which of the associated molecular path- 
ways were actually involved in the observed LRET. 
Our preliminary pulse radiolysis study on the tem- 
perature-dependence of LRET in HEWL [3] showed 
close similarity between the Arrhenius plots for the 
kinetics of this process and the specific enzymatic 
reaction of HEWL, suggesting that similar thermally 
induced conformational fluctuations are involved in 
the activation of the two processes in lysozyme. If 
this is true, then the fluctuations of significance for 
intramolecular electron transfer must affect confor- 
mational motions of tryptophan and/or tyrosine 
residues engaged in the binding of substrates or 

located in the proximity of substrate binding sites in 
the active centre of the enzyme. In HEWL, three 
tryptophan residues: Trp62, Trp63, and Trpl08 are 
located in the active site of the enzyme and are 
involved in the binding of oligosaccharide-type sub- 
strates [21]. In view of the highly selective and very 
efficient oxidation of Trp to Trp‘ in HEWL by N; 
radicals [2-41, involvement of Trp62, Trp123 and 
Trp63 residues, which are most solvent-accessible, in 
the oxidation and LRET reactions has been sug- 
gested [4]. This hypothesis finds support in the fact 
that the indole ring of Trp62 can be selectively 
oxidized to N’-formylkynurenine (NFKyn) by ozone 
[22,23]. 

To identify which of the potential Trp/Tyr redox 
pairs are actually involved in the N,-induced Trp+ 
TyrO’ transformation in HEWL, we performed fur- 
ther pulse radiolysis studies of this reaction in: (i) the 
native enzyme, (ii) the complex of HEWL with an 
oligosaccharide inhibitor, triacetylchitotriose, and (iii) 
HEWL selectively oxidized by ozone to the NFKyn62 
derivative. Both temperature- and pH-dependent per- 
turbations of the HEWL structure were investigated. 
The results obtained are interpreted in terms of the 
most probable LRET pathways between various 
Trp’/Tyr redox pairs in HEWL, calculated with help 
of the PATHWAYS model [24]. 

2. Experimental 

2.1. Materials 

Hen egg-white lysozyme (HEWL) of the highest 
purity available was purchased from Serva and was 
used as received. All other chemicals, NaN,, 
Na,HPO,, HCIO, and NaOH, were of the purest 
commercially available grade from Merck, and tri- 
acetylchitotriose (N-acetylglucosamine trimer; 
(GlcNAc), ), was from Sigma. An N’-for- 
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Fig. I. Spectrophotometric control of oxidation of Trp62 indole side chain to Cformylkynurenin in HEWL by ozone: the difference 
hetween the spectra of native HEWL and NFKyn62-HEWL corresponds to I : I conversion of I mol of Trp into NFKyn; in the inset i\ a part 
of the ahsorption spectrum due to the O-formylaminobenzoate group of NFKyn. 

mylkynurenine derivative of HEWL, NFKyn62- 
HEWL, was obtained by selective and quantitative 
oxidation of Trp62 in HEWL with ozone [22,23]. 
The progress of the oxidation reaction was moni- 
tored spectrophotometrically (cf. Fig. 1) as the de- 
crease in the protein’s absorbance at 282 and 290nm 
due to the indolyl chromophore, accompanied by an 
increase in absorption at 322 nm caused by formation 
of O-formylaminobenzoate group of kynurenine. The 
reaction was continued until the observed spectral 
changes indicated a 1: 1 conversion of an indole 
moiety in HEWL into an O-formylaminobenzoate 
group of kynurenin. NFKyn62-HEWL thus obtained 
in aqueous solution was used in pulse radiolysis 
experiments without subsequent purification. 

2.2. Methods 

2.2. I. Pulse radiolysis 
Pulse radiolysis experiments were performed at 

Rise National Laboratory with a IO-MeV HRC lin- 
ear accelerator [25], equipped with a thermostated 
spectrophotometric cell, using OS-ks electron pulses 
and low doses of about 2Gy per pulse. Absorbed 
doses were determined by ferrocyanide dosimetry. 
Intramolecular electron transfer in HEWL was in- 

duced by the highly selective oxidation of the indole 
side-chain of tryptophan residues to the indolyl-type 
Trp’ radicals with azide radicals, N;, formed within 
< 1 ks after the electron pulse by the reactions 
depicted in Eqs. (1 j-(3) 151: 

H,O+e;q,H..OH (1) 

e,+N20+H,0+Nz+ OH+OH- (2) 

‘OH + N, -+ Ni + OH- (3) ’ 

The kinetics of the Trp decay and appearance of 
the TyrO’ radicals, as well as the initial (G,) and 

’ In acidic solutions, the reaction scheme (Eqs. ( I J-(3)) be- 
comes complicated by the presence of HN, (p K4.74) reacting 
with eLq to form HN,-, which yields with proton donors also 
aride radicals in a process slower than the reaction depicted by 
Eq. (3) [26,27]. However, even at the lowest pH of 5.2 investi- 
gated here and 0. I M azide concentration employed, the half-life 
of N, formation in the latter reaction (ca. I p,s), evaluated from 
the kinetic data of [26], is much shorter than that of ca. 5 JLS found 
for oxidation of Trp residues in HEWL [4]. As a result the 
reaction depicted in Eqs. (4a) and (4bl is still rate-controlling 
under these conditions. Moreover, the effective yield of azide 
radicals could be expected to be similar to that in the neutral 
solution. 
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final (G,) yields of their formation, were measured 
spectrophotometrically taking advantage of the large 
separation between the absorption spectra of the two 
species, with A,,, at 5 10 nm and 405 nm, respec- 
tively. The values of molar absorbance of these 
radicals in HEWL were assumed to be the same as 
those of the corresponding radicals in the free amino 
acids [28] (IQ,,: 1800 and 70M-’ cm-’ and l Ao5: 
300 and 2600M-’ cm-’ for Trp’ and TyrO’, respec- 
tively). In acidic solutions, below pH 5.5, protonation 
of Trp’ (pK, of about 5 [4]) yields TrpH ‘+ radicals 

(A,,, = 580 nm). Spectrophotometric quantification 
was performed also at 510nm since the isosbestic 
point for the spectra of the two species is at this 
wavelength [29]. 

Pulse radiolysis experiments were carried out at a 
standard concentration of aqueous HEWL of 
2mgmL-’ (- 1.4X 10m4 M); in some cases a 
higher concentration of 4 mg mL- ’ ( - 2.8 X 
lop4 M) was employed. Under these conditions the 
electron-transfer reaction (Eq. (5)) was found inde- 
pendent of the protein concentration [3,4]. The solu- 
tions 0.1 M in NT were bubbled with a high purity 
N,O in order to convert hydrated electrons into 
hydroxyl radicals (see Eq. (2)). The pH of the solu- 
tions was adjusted either with phosphate buffer or by 
adding an appropriate amount of perchloric acid or 
sodium hydroxide. 

an acceptor (A) via a combination of covalent (C), 
hydrogen-bonded (H) and/or van der Waals 
through-space (S) connections. The donor-acceptor 
electronic coupling for such a pathway, TDA, is 
approximated as a product of the decay factors, E, 
corresponding to all interacting bonds: 
ni &,“r;r, &,“n, 8,‘. These unitless factors are appropri- 
ately parameterized. Each decay factor is associated 
with an effective distance: deff = -log&. Using 
graph theory the program searches for the shortest 
effective distance between donor and acceptor within 
a known protein network of bonded and non-bonded 
contacts. We applied essentially the original 
parametrization of the decay factors from the stan- 
dard database. For aromatic ring bonds with delocal- 
ized wave functions (Trp, Tyr, Phe and His) a new 
parametrization, E ’ = 0.95, was introduced, to better 
account for their lower electron-transfer damping (J. 
Poznanski, unpublished work). 

3. Results and Discussion 

3.1. LRET in natiue HEWL at neutral pH 

In experiments with the HEWL-(GlcNAc), 1: 1 

complex ( K,,,,, of the order of 1 X 10’ M- ’ in the 
whole pH range studied [30]), the concentration of 
(GlcNAc), was 1.05 X lop3 M and that of the en- 
zyme N 1 X 1 Op4 M; thus more than 99 per cent of 
the HEWL molecules were complexed. 

2.2.2. Selection of dominant LRET pathways 
The relative importance of various molecular 

pathways of LRET between all possible Trp’/Tyr 
redox couples in HEWL was evaluated within the 
framework of the PATHWAYS model [24,31], im- 
plemented by J. Regan (Pathways 0.97) kindly pro- 
vided by the authors of the program. The starting 
crystallographic coordinates for the protonated form 
of triclinic HEWL [32] were taken from the 
Brookhaven Protein Data Bank (entry 2LZT) [33]. 

The initial yield of indolyl radicals, G(Trp)i, in 
native HEWL at neutral pH proved to be one order 
of magnitude higher than that of phenoxyl radicals, 
G(TyrO’)i, (cf. Table 1). This is in general agree- 
ment with expectations based on the relative magni- 
tude of the second-order rate constants for the reac- 
tion of Ni radicals with tryptophan and tyrosine as 
free amino acids [ 11, and as residues in short peptides 
[lo]. Under the experimental conditions employed, 
the sum of these yields was close to the yield of 
azide radicals [6], G(N;) N 6, which indicates that 
other amino acid residues in HEWL were little af- 
fected, as has been observed earlier for a number of 
proteins [ 1,2]. The oxidation reaction was carried out 
under sufficiently low concentration of azide radicals 
and a large enough HEWL/N; ratio (see Section 
2.2.1) so that, according to the Poisson distribution, 
more than 99% of the lysozyme molecules oxidized 
by Nj attack could be expected to contain only a 
single oxidized site. 

According to the PATHWAYS model, a single The synchronous decay of indolyl Trp’ and build- 
electron-tunnelling pathway is defined as a combina- up of phenoxyl TyrO’ radicals in native HEWL (cf. 
tion of interacting bonds that link a donor (D) with Fig. 2, panels IA and IB) could be satisfactorily 
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Analysis of temperature-independent radiation yields (G) of Trp and TyrO radicals in native HEWL. NFKyn62-HEWL and 

HEWL(GlcNAc), complex 

System G(Trp ), G(TyrO 1, G(Trp ), G(Tyr0 ), AG(Trp ), , AG(TyrO 1, , LRET efficiency ” 

pH1.S7.3 

HEWL 5.6 (0.1) 0.6 (0.1.5) 0.6 (0.2) 3.2 (0.3) 4.9 2.6 0.5 
NFKyn62.HEWL 2.3 (0.2) 1.2 (0.1) I.1 (0.15) 1.7 (0.5) 1.2 0.5 0.4 
HEWLCGlcNAc), h I .6 (0.2) 2.2 (0.3) 0.5 (0. I ) 2.3 (0.3) I.1 0 I 
pHS.7 
HEWL 3.7 (0.3) 0.7 (0. I) 0.7 (0.2) 4.5 (0.3) 3.0 3.8 ., 
NFKyn62.HEWL 2.0 (0.3) 0.8 (0.2) I .o (0.2) 2.1 (0.3) 1 .o I.3 > 
HEWL(GlcNAc), I .7 (0. I ) 1.2 (0.3) 0.6 (0. IS) 2.8 (0.3) I.1 I.6 ,, 

” l_RET efficiency = /,G(TyrO ), ~,/&(Trp ),_f.h Above 313 K G(Trp), has increased to about 3 

represented as the first-order reaction (Table 2). 
Therefore LRET involved either one or more 
Trp /Tyr redox couples, characterized by a similar 
rate constant. The oxidation (Eqs. (4a) and (4b)) and 
electron transfer (Eq. (5)) reactions can be thus 
summarized as follows: 

N, + HEWL[6Trp, 3Tyr] 

m+ N,~ + HEWL[Trp . STrp, STyr] + H+ 

Ni + HEWL[6Trp, 3Tyr] 

(4a) 

-+ N, + HEWL[6Trp, TyrO’, 2Tyr] + H+ (4b) 

HEWL,[Trp ,STrp,3Tyr] 

+ HEWL[6Trp,TyrO’,2Tyr] (5) 

The relative probability with which particular Trp 
and Tyr residues in HEWL could be oxidized by N,: 
RP0.r. was evaluated as kdi/& k,,, where k,, is a 
second-order rate constant for the oxidation reaction 
(Eqs. (4a) and (4b)) for the respective free amino 
acid [I] multiplied by its relative exposure to the 
solvent, RE [21]. The calculated RPOx data (Table 
3) strongly suggest that in the population of oxidized 
HEWL molecules those bearing a single Trp62 ‘. 
Trp63 , or Trpl23’ indolyl radical could constitute 
up to 90%. those bearing Trpl08 or Trpl I 1. about 
8%, and those with a single TyrO. radical the remain- 
ing 2%. Inspection of the experimental (G), values 
for the two radicals (Table I) indicates that the 
actual yields of Trp and TyrO’ were somewhat 
lower and higher, respectively, than those expected 
on the basis of the calculated kdi data. This might be 
due in part to the oversimplified assumptions under- 
lying the calculation of the oxidation rates. For 

instance, no account was taken of the expected influ- 
ence on k,, of the dynamics of Trp and Tyr side- 
chains in HEWL, which differ considerably from 
each other in their root mean square t,rms) fluctua- 
tions (cf. Table 3) [34]. Also the radical transforma- 
tions for the pairs Trp 1 I I /Tyr23 and Trp 108/Tyr23, 
Trp 108/Tyr53 and Trp 108/Tyr20 could contribute 
to the value of G(Tyr0 ), being higher than ex- 
pected from the above considerations because they 
are up to four orders of magnitude faster than the 
Trp62/Tyr53 radical pair transformation. These four 
pairs are expected to form the most strongly elec- 
tronically coupled pairs of redox couples in HEWL 
(see below). However, in view of the slight discrep- 
ancy between the experimental and calculated yields, 
we conclude that the experimental value of G(Trp ), 
consists, for the most part, of contributions from the 
indolyl radicals formed at the three selected Trp 
residues: Trp62 ( - 0.47) > Trp123 ( - 0.26 > Trp63 
(- 0.17). 

The G, values for both radicals (measured at the 
time when the Trp radicals reach the maximum 
yield after the 0.5 ps electron pulse) proved to be 
independent of temperature, which means that the 
oxidation of HEWL by N; was completed by this 
time even at the lowest temperature investigated, viz. 
283 K. The activation energy of LRET, E, = 
36.0kJmol ‘, derived from an Arrhenius plot of the 
k, kinetic data (Fig. 3) at pH 7.4. is 4-.i times higher 
than that found for activation of the same through- 
bond electron-transfer process in the longer peptides 
(n = 4.5) of the H-Tp-(Pro),,-Tyr-OH series [ 131. 
This strongly suggests that activation of LRET in 
HEWL involves thermal activation of some confor- 
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Fig. 2. Transient kinetics corresponding to decay of Trp (AA at 510nm) and of TyrO (AA at 405 nm) radicals after pulse radiolysis 
triggering of the reaction depicted in Eq. (5) with N, radicals at pH5.2 in: native HEWL (panels IA and IB, 2.2Gy per pulse), 
NFKyn62-HEWL (panels IC and ID, 2.4 Gy per pulse), and HEWL(GICNAC)~ (panels IIC and IID, 3 Gy per pulse), and at pH 7.3 in the 
latter complex (panels IIA and IIB, 2.5 Gy per pulse). 



Table 2 

Rate constants of intramolecular radical transformation Trp + TyrO in native HEWL, NFKyn62-HEWL and HEWLCGlcNAc), complex 

T(,‘K) Native HEWL Kyn62_HEWL HEWLCGlcNAc), 

k, C/h_ ’ ) 

283 
288 
293 
298 
303 
308 
313 
31X 
323 
328 

PH 
5.2 7.3 

7.6 X IO’ 2.9 x 10: 
7.9 x IO’ 
8.3 x IO’ 
8.7 x IO’ 
9.4 x IO’ 
1.2 x IO1 
I.6 X IO’ 
2.5 x IO’ 
3.5 x IO1 
3.1 x IOJ 

3.9 x IO? 
5.0 x lo? 
6.3 X IO’ 
7.2 X IO’ 
9.9 x IO? 
1.2 x IO? 
I.4 x I03 
I.8 x IO? 
_ 

5.2 

I.0 x IO’ 

1.5 x IO’ 
2.6 x IO’ 
3.9 x IO’ 
5.3 x IO’ 
6.5 x IO’ 
9.x x IO’ 
I.5 x IO1 
2.0 x IO’ 
3.0 x IO1 

7.: 5.2 

6.3 X IO’ 2,s x IO’ 
6.9 x IO’ 
7.3 x IO’ 
8.0 x IO 
8.6 x 10: 
9.2 x IO’ 
I.0 x IO? 
I.1 x IO’ 
1.1 x IO’ 

2.9 x IO 
4.4 x IOi 
5.2 x IO’ 
7.6 x IO’ 
x.3 x IO’ 
I.1 x IO 
I.5 x lOi 
I.8 x IO1 
2.0 x IO1 

7.3 

1.1 :i IO’ 
1.1 :i IO’ 
4.8 :< IO? 
5.1 “ IO’ 
5.6 ,< IOJ 
7.1 :< 10J 
I.1 * IO 
1.3 ‘< IO’ 
I.1 X IO’ 
1.x ‘i IO’ 

mational fluctuations, specific to this protein. It is 
worth noting in this connection that in p-lacto- 
globulin the energy of activation of the reaction 
depicted in Eq. (5) is also very high, 45 kJ molt ’ [?I. 

3.2. Eflwt of’ pHon the rate of LRET in ncrtire 
HEWL 

The rate of LRET in HEWL was found to in- 
crease with decreasing pH in the range 7-5 (Table 2. 
Fig. 4); as was observed earlier [2,4]. A closer 
inspection of the kinetic data indicates that k, in- 
creases very characteristically: the plot of k, against 

Table 3 

Relative probabilities of oxidation hy N, radicals (RPOx). rela- 

tike accessibilities (RE) [2 I], and root-mean-square fluctuations 
[34] of Trp and Tyr residues in HEWL 

Residue Location RPOx RE Fluctuations, rms (/nm) 

Trp62 Cleft,top 0.470 0.54 0.2025 
Trp I23 Surface 0.260 0.29 0.0662 

Trp62 Buried, 0.170 0.19 0.0737 

hehind Trp62 

TrplOX Cleft surface 0.043 0.05 0.0677 

Trpl I I Hydrophobic 0.043 0.05 0.1 I75 

hOX 

Trp2X Hydrophobic 0.000 0.00 0.0605 
hox 

TyRO Surface 0.008 0.37 tlip rate Z IO-’ 6-l 

Tyr23 Surface 0.006 0.28 flip rate > lo-’ h-’ 

TyrS3 Buried 0.003 0.14 flip rate > IO-’ I,-’ 

pH (Fig. 4) takes a sigmoidal shape down to about 

pH 5.2; below this pH value. there is a sharp increase 
in the rate of LRET. Only the latter part of the 
pH-dependence has been observed for the oligo-pro- 
line-bridged Trp/Tyr redox couple ([I21 and Bo- 
browski et al., in preparation; cf. inset in Fig. 4 
showing the pH-dependence of k,, in II-Trp-(Pro),- 
Tyr-OH). This behaviour was attributed to protona- 
tion of Trp to TrpH+. (pK, may vary from - 4 to 
- 5 [4] depending on the location of Trp residue in a 
peptide chain). The latter radical gives rise to a faster 
LRET in the reaction with Tyr, due to a lower value 
of the free energy of reorganization. necessary for 

I 1 : ’ ’ ’ ’ ’ I 

10 - 

9- 

$ 8- 
7- 

3,0 3,l 3,2 3.3 3.4 3,5 

1 O3 T-’ [K-l] 

Fig. 3. Arrhenius plots for the temperature-dependence of the rate 

constant, i+, of the reaction depicted by Eq. (5) for native HEWI. 

at the pH values indicated: IS, are the corresponding energies of 
activation, derived from the slope.\ of the plots. 
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I I I I, 1, I I 1. I I 
5,O 5,5 6,0 6,5 7,0 7,5 

PH 

Fig. 4. Dependence of the rate constant for the reaction depicted 
in I$ (5) on pH in native HEWL, and in H-Trp-(Pro),-Tyr-OH 
peptide (inset: dependence of k,, on pH, after K. Bobrowski et al., 
in preparation). 

attainment of the transition state, as compared with 
the associated Trp[N]* /Tyr couple [35], in spite of 
the fact that Trp[NH]‘+/Tyr has a lower electro- 
chemical driving force for this process [2,4,12,35]. 
The sigmoidal part of the plot of k, against pH 
coincides with the pH region in which HEWL under- 
goes multiple protonation, first at the Glu35 site 

(PK, N 6.2) and second, to a lesser extent, at the 
His15 (pK, _ 51, Asp101 (pK, N 4.7) and Asp52 

(PK, N 4.5) sites [36]. Although upon protonation in 
this pH region there is no change in the Gibbs 
energy of HEWL unfolding [37], a number of local 
conformational adjustments in the protein structure 
does occur as a result of redistribution of partial 
electric charges in the immediate vicinity of the 
protonated residues [38]. An Arrhenius plot of Ink, 
against T- ’ at pH5.2 (Fig. 3) is non-linear and 
indicates that the energy of LRET activation at about 
300 K changes from a rather low value of 
7.6kJmoll’ to a much higher one of 56kJmol-‘. 
The latter energy is higher than the value of 
36.0 kJ mol- ’ found for the activation of LRET in 
non-protonated HEWL at pH 7.4. The Arrhenius plot 
of the k, data collected at pH6.3 has a similar shape 
to that at pH5.2. This indicates that the apparent 
value of E, varies with pHbelow pH7.4. These 
observations are consistent with the occurrence of 
conformational changes in HEWL upon protonation 
and indicate involvement of a conformational control 
in LRET activation. 

Also the initial yield of TrlY formation, but not 
that of TyrO’, was found to be affected by HEWL 
protonation (cf. Table 1). The value of G(Trp ‘Ii = 3.7 
determined at pH5.2 is considerably lower than that 
of 5.6 measured at pH7.4, in spite of expected 
similarity of G(N,) values at both pH values (cf. 
footnote 1). Contrary to this observation, in trypto- 
phyl-tyrosyl dipeptides [6] the initial yield of phe- 
noxy radicals was found to increase at low pH at the 
expense of the indolyl radical yield so that the total 
initial yield remained pH-independent. This might 
suggest that, upon protonation of HEWL, the acces- 
sibility of Trp62 and Trp63 residues to N; radicals 
becomes smaller. The same observation has also 
been made for the H”’ indolyl amide hydrogens of 
Trp63 and Trpl08 in a hydrogen-exchange reaction 
and was ascribed to a higher conformational rigidity 
of the enzyme’s substrate binding cleft as a conse- 
quence of the Glu35 and Asp52 ionization [38]. 
Since the reaction depicted in Eq. (5) is so rapid at 
pH 5.2, the efficiency of LRET probably approached 
its maximum value. The value of G(TyrO’),, 25% 
higher than that expected from the difference be- 
tween the initial and final yields of Trp’, is probably 
more apparent than real because the yields were 
calculated under the assumption that the two radicals 
have similar molar absorbance values both in the 
form of free amino acids and when built into HEWL. 
Actually these values may be different and vary with 
location of the Trp and Tyr residues in the protein 
structure. 

3.3. Effect of oxidation of Trp62 in HEWL to N’-for- 
mylkynurenine 

Removal of Trp62 from HEWL by its selective 
and quantitative oxidation with ozone [22], described 
under Section 2, resulted in a large decrease in 
G(T~I’)~ from 5.6 to 2.3 for the non-protonated form 
of NFKyn62-HEWL and from 3.7 to 2.0 for its 
protonated form (cf. Table 1). This was accompanied 
by a large increase in G(Tyr0 ‘Ii in the non-proto- 
nated form. In the protonated form of NFKyn62- 
HEWL the initial yield of TyrO’ radicals was similar 
to that in native HEWL. In both forms, LRET of 
correspondingly lower yield and at a rate of similar 
order of magnitude but of different thermal activa- 
tion energy was still observed (Figs. 2, 5 and 6, 
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Fig. 5. Arrhenius plots for the temperature-dependence of the rate 
constant. X,, of the reaction depicted in Eq. (5) at pH5.2 for 
NFKyn62-HEWL and HEWL-(GlcNAc), complex; E, are corre- 
sponding energies of activation; the Arrhenius plot for the same 
reaction at pH5.2 in native HEWL (from Fig. 3) is showan for 
comparison. 

Table 2). All these observations firmly demonstrated 
that Trp62 is involved in, and contributes signifi- 
cantly to, LRET in native HEWL. 

The lytic activity of NFKyn62-HEWL (with re- 
spect to Micrrmmw lysodeikticus cells) has been 
found to be substantially lower than that of native 
HEWL [39], but CD and UV-difference spectroscopy 
investigations have revealed that the gross molecular 

I, I ,,,,,I, 

3,0 3,l 3,2 3,3 3,4 3,5 

1 O3 T-’ [K-l] 

Fig. 6. Arrhenius plots for the temperature-dependence of the rate 
constant of the reaction depicted in Eq. (5) in NFKyn62-HEWL 
and for the rate of Trp decay in HEWL(GlcNAc), complex at 
pH7.4; E, - corresponding energies of activation; the Arrhenius 
plot for k, in native HEWL at neutral pH (from Fig. 3) is shown 
for comparison. 

conformation of the protein was only slightly af- 
fected by oxidation of Trp62 to N’-for- 
mylkynurenine. More detailed spectroscopic investi- 
gations on the Kyn62-HEWL derivative of 
NFKyn62-HEWL, obtained by hydrolytic removal of 
the N’-formyl group from the N’-formylkynurenine 
residue. fully confirmed that the gross structure of 
lysozyme was not significantly altered upon modifi- 
cation of the indole side chain of Trp62 to kynure- 
nine. Nevertheless. this modification can be expected 
to introduce some local conformational changes in 
the immediate vicinity of this amino acid residue. Of 
the two tryptophan residues. Trp63 and Trp 123. that 
can still be involved in LRET in NFKyn62-HEWL, 
only the conformational freedom of the neighbouring 
Trp63 could be significantly affected by the oxida- 
tion of Trph2. This should manifest itself in the 
Arrhenius plot of k, for NFKyn62-HEWL. Indeed. 
the slope of this plot for the non-protonated form of 
the modified protein (Fig. 6) corresponds to a three- 
fold lower value of the activation energy of LRET as 
compared with that found for native HEWL. This 
strongly suggests that it is Trp63 that is now mainly 
involved in the observed electron transfer. The rate 
of’ LRET in NFKyn62-HEWL at pH 5.2 is lower than 
in native HEWL in the whole range of temperatures 
investigated (Table 2), but the energy of LRET 
activation does not vary with temperature. & = 
56.6 kJ mol-~ ’ , and closely resembles that of HEWL 
above 300K (Fig. 5). One may thus conclude that 
the low energy of LRET activation. I:‘, = 
7.6 kJ mol-‘. found for protonated HEWL below 
3OOK, but not in its NFKyn62 derivative. can be 
ascribed to a redox couple involving Trp62 Such a 
low value of‘ Ea would be fully consistent with the 
highly fluid conformational dynamics of the Trp62 
indolyl side chain (cf. Table 3). 

3.4. effect c!f’ hiruling to HEWL of’ tile (GIcNAcI, 
inhibitor 

Binding of the (GIcNAc), inhibitor to the sub- 
strate cleft of HEWL in either form, neutral or 
protonated, caused a further drop in the initial value 
of G(Trp’), relative to the respective forms of 
NFKyn62-HEWL (Table I). 

The inhibitor binds specifically to the A, B and C 
sites of the active site cleft in a manner similar to the 
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type of productive binding of N-acetyloglucosamine 
hexamer [40,41]. There are clear indications that the 
conformation of HEWL, both in the crystal state [42] 
and in aqueous solution [43], is affected by binding 
of (GlcNAc),. In the complex, the terminal residue 
of the inhibitor forms hydrogen-bonds between the 
NH and carbonyl oxygens of the N-acetyl side-groups 
and the main chain CO and NH groups of Ala107 
and Ileu59, respectively, and between O(6) and O(3) 
atoms and the NH groups of the indole side chains of 
Trp62 and Trp63, respectively. The inhibitor con- 
nects the two sides of the binding cleft in a coopera- 
tive way [21], so that both Trp62 and Trp63 (as well 
as TrplO8) which are located in the substrate/inhibi- 
tor binding cleft, are completely shielded from the 
solvent by the bound inhibitor molecule, and thus are 
inaccessible to Nj radicals. 

Moreover, the rate of exchange of the bound 
inhibitor is of the order of 3 X 10’ sP ’ [43] which is 
slow on the time-scale of the reaction (Eq. (5)). 
Thus, the measured values of G(Trp’)i for the in- 
hibitor complex should be attributed, for the most 
part, to oxidation of Trp123, the only Trp residue in 
the complex with significant solvent accessibility 
(RE = 0.29). Since in free HEWL only three Trp 
residues, 62, 63 and 123, contribute substantially to 
G(Trp’)i, the observed decrease in this yield upon 
binding of the inhibitor to the neutral form of HEWL 
should quantitatively reflect the inaccessibility of 
Trp62 and Trp63 to Ni attack. On the other hand, 
the initial yield of TyrO in the complex was several 
times higher than G(TY~O)~ in free HEWL and its 
NFKyn62 derivative. As a result, the total initial 
yield of the two radicals, G(Trp’)i + G(TyrO’)i, was 
close to 60% of the values determined for free 
HEWL, and was comparable with those found for 
NFKyn62-HEWL (cf. Table 1). Such an increase in 
G(Tyr0 ‘)i upon removal of the easily oxidizable Trp 
sites is understandable. In these circumstances, the 
two solvent-accessible surface Tyr residues in the 
HEWL(GlcNAc), complex, viz. Tyr20 and Tyr 23, 
compete effectively for N; with a limited number of 
potentially oxidizable Trp residues. 

In the protonated HEWL(GlcNAc), complex, the 
reaction depicted by Eq. (5) was still observed (Fig. 
2). However, the first-order rate constant, k,, was 
somewhat lower than for the free enzyme over the 
whole range of temperatures studied (Table 2). This 

could be expected for the Trp123 ‘/Tyr23 redox 
couple on the basis of theoretical evaluation of the 
electronic couplings between all possible Trp’/Tyr 
pairs in HEWL (see below). Also the energy of 
LRET activation, E, = 37.8 kJ mall ‘, derived from 
the linear Arrhenius plot of k, data (Fig. 5) proved 
intermediate between the two E, values obtained 
from the non-linear plot for LRET activation in free 
protonated HEWL. 

Binding of the inhibitor is known to perturb the 
pK, values of a number of amino acid residues, and 
in particular it shifts that of Glu35 to about 6.5 [44]. 
It also decreases the exchange rates of all protons 
and thus also the conformational dynamics of the 
various domains of the protein [21]. The observed 
effects of (GlcNAc), binding on the rate of reaction 
(Eq. (5)) and its activation energy can thus be ratio- 
nalized in terms of the conformational changes in- 
duced in HEWL by binding of the inhibitor. 

The pulse radiolysis data obtained for the 
HEWL(GlcNAc), complex at pH7.3 (Fig. 2, Tables 
1 and 2) did not provide firm evidence for the 
occurrence of Trp -+ TyrO conversion. Although 
the decay of Tip radicals with a first-order rate 
constant similar to that in free HEWL was clearly 
observed (Fig. 2, Table 2) it was not accompanied 
by a simultaneous build-up of phenoxy radicals. The 
high initial yield of TyrO. remained unchanged until 
the completion of Trp depletion at the end of the 
observation time window of 80 lrs, so that it was 
practically equal to G(TyrO’),. The value of the 
latter was similar to those found in the other systems 
studied (Fig. 2, Table 1). If LRET were to occur in 
this system, the apparently constant level of TyrO’ 
radicals might have resulted from compensation of 
two opposing processes of similar rate-their for- 
mation, due to the intramolecular oxidation of Tyr by 
Trp, and decay by an unknown reaction. At present, 
we are not able, however, to propose any mechanism 
responsible for such a fast decay of TyrO’. 

3.5. Theoretical eualuation qf the dominant LRET 
pathways between potential Trp’/ Tyr redox pairs in 
native HEWL 

To evaluate which of the potential Trp’/Tyr re- 
dox pairs in HEWL can be expected to contribute 
significantly to the LRET observed, we applied the 



K. Bohrowski et al. / Biophwical Chrtnistr~ 63 C IYY7J 153- 166 163 

PATHWAYS model [24,31] which identifies the 
dominant electron-tunnelling pathways in proteins, 
i.e. a combination of covalent, hydrogen-bonding 
and through-space non-bonding interactions respon- 
sible for the donor-acceptor coupling. According to 
this model, differences in electron-transfer rates for a 
given redox pair are expected to be due to differ- 
ences in their electronic coupling via the dominant 
physical pathways of the system. This model has 
already been used successfully to predict the relative 
rates of electron transfer in a number of ruthenium- 
derivatized redox proteins of known three-dimen- 
sional structure [24,45]. 

The calculated couplings corresponding to these 
pathways. collected in Table 4, indicate that the most 
strongly coupled Trp/Tyr pairs are those which 
include Trp residues buried deeply in the protein 
matrix and thus practically inaccessible to azide radi- 
cal attack: Trpl 11 and Trp28 (located in the hy- 
drophobic box, RE: 0.05 and 0.00, respectively), and 
TrplO8 (substrate cleft, RE = 0.05). The next 
strongly coupled group of the redox pairs includes 
the most solvent-accessible Trp62 (RE = 0.54) and 
Trp63 (RE = 0.19), located on the surface of the 
substrate-binding cleft. and Trp123 (RE = 0.29) on 
the opposite side of the protein surface. We have 

demonstrated in this study that the radical state of 
Trp62 contributes significantly to the observed 
LRET, and participation of the other two tryptophans 
in this process has been indirectly implicated. Trp62 
and Trp63 are strongly coupled only to Tyr53 along 
the pathways depicted in Fig. 7. The rate constants 
of LRET along these pathways, proportional to the 
square of the electronic coupling, should not differ 
by more than a factor of about 2. Trp63 is also 
coupled to TyRO and Tyr23, but with a much lower 
strength so that corresponding rates of I-RET should 
be more than two orders of magnitude lower than 
that of the Trp63/Tyr53 pair. The Trpl23/Tyr23 
pair is characterized by an electronic coupling ot 
intermediate strength between the former two (cf. 
Table 4) along a pathway which includes 3 through- 
space electron jumps (cf. Fig. 7). The rate of LRET 
between the members of this pair can thus be ex- 
pected to be slower by a factor of 24 and 57 relative 
to Trp62/Tyr53 and Trp63/Tyr53 couples. respec- 
tively. 

The results of the theoretical evaluation of the 
electronic coupling between various Trp/Tyr poten- 
tial redox pairs in HEWL provided information con- 
cerning which of these pairs and dominant pathways 
can be involved in LRET. They also support some of 

Table 3 

Dominant electron-transfer pathways between potential Tyr/Trp donor-acceptor pairs in hen egg-white lyso/ymc. calculated according lo 

the PATHWAYS model [24,31] 

Donor Acceptor Pathway .’ Distance h (/nm) 7.,,,, 

Tyr23 

TyrS3 

Tyr20 

TyrSi 

Tyr20 

TyrS.3 

Tyr23 

Tyr23 
Tyr20 

Tyr20 

Tyr53 
Tyr53 
Tyr20 

TyrS3 

Tyr23 

Tyr20 

Tyr23 

Tyr2.3 

Trp62 

Trp123 

Trp62 

Trpl I I 
Trpl23 
Trp28 
Trp63 
Trp123 
Trp63 
Trpl I I 
Trp62 
Trp63 
TrplOX 
TIQIOR 
TrplOR 
Trp28 
Trp28 
Trpll I 

-(S)-Va199-(C)-Ile98-(S)-Trp63-(C)- 3.59 
-(C)-Gly54-(C)-Ile55-(S)-Ser36-(H)-Ala32-(C)-Lys33-(S)- 3.55 
-(S)-Lys96-(C)-Lys97-(S)-Trp63-(C)- 3.15 
-(H)-Gln57-(C)-LeuS6-(H)-Trp108-(S)~ 3.14 
-(S)-Trp28-(C)-Va129-(S)- 7.95 
-(H)-Gln57-(C)-Leu56-(H)-Trpl08-(S)- 3.29 
X.5).Va199-CC)-Ile98-(Sk 2.36 
-(S)-Trp I 11 -(S)-Cys I l5-(S)-Cys30-(H)- 2.10 
-(S)-Lys96-C-Lys97-(S)- 2.14 
-(S)-Tyr23-(S)- 2.49 
-(S)-Ser60-CC)-Arg61 -CC)- 2.10 
-(S)-Ser60-(C)-Asn59-(S)- 1.70 
-(SbVa199-(S)- I .90 
-(H)-Gln57-(C)-Leu56-(H)- I .X6 
-(H&Met 105-(S)- I.31 

-(S)- I.21 

-(Sk 0.99 
-(S)- I .03 

-1.x.1 x IO- i 

I .3’) x IOF” 

I.50 x IO_” 

5.7? x IO I’ 
5.91 x IOF” 
I.85 X IO ’ 
3.19x IO r 
7.52 x 10 -i 
9.35 x IOFi 
1.3b x I()_’ 

3.6’) x 10 -j 
5.68 x IO -’ 

7.55 X IO _A 

‘I.70 X IO-’ 

5.20 x 10~ ’ 
I .O:i X IO 

7.6’7 X IO_ J 

3.90 x IO 2 
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Trp63 

structure, electronic couplings for pathways involv- 
ing a number of through-space jumps could be 
severely underestimated. This point of view is fully 
supported by the results of our molecular dynamics 
studies on variation in time of distances between 
atoms involved in through-space electron jumps and, 
calculated therefrom, time-dependence of the square 
of the electronic coupling, T&,, for selected LRET 
pathways in question (Poznanski; manuscript in 
preparation). In general, they showed that variation 
of T&, governed for the most part by the presence 
of through-space electron jumps along a pathway, 
increases by approximately one order of magnitude 
per jump. Evolution in time of the normalized value 
of T&, for the Tyr23...Trp123 pathway (Fig. 8) 
indicates that a very low time-averaged value of this 
parameter, corresponding to 0.03 of the maximum 
T& value (median: 0.0044) may occasionally attain 
a much higher momentary value. The results ob- 
tained indicate that electron transfer is strongly cou- 
pled to thermal motions of the protein matrix, so that 
any interpretation of LRET kinetics based on the 
static protein structure can be considered, at best, as 
semi-quantitative. 

Fig. 7. The dominant LRET pathways between Trp62/Tyr53, 
Trp63/Tyr53 and Trp123/Tyr23 potential donor-acceptor cou- 
ples in native HEWL, selected with the help of the PATHWAYS 
model and software [24,31]; light full lines - skeletons of amino 
acid residues indicated, bold full lines - tunnelling of electron 
through peptide backbone covalent bonds, dashed lines - 
through-space electron jumps between atoms in van-der-Waals 
contact. 

the conclusions derived from experimental data on 
involvement of Trp62 and Trp63 in LRET and the 
similarity of the rate constants for LRET between the 
Trp62/Tyr53 and Trp63/Tyr53 couples, and to 
some extent also between the former two and the 
Trp123/Tyr23 couple. These conclusions were 
drawn on the basis of a comparison of the initial 
yields of Trp’ radicals and the kinetics of LRET in 
HEWL and NFKyn62-HEWL. The values of the 
electronic coupling calculated for the dominant path- 
ways between the redox centres in question were 
obtained for the static crystal structure of HEWL. 
Since the present version of the PATHWAYS model 
does not take into account the dynamics of protein 

, , 
‘lo _ TyR3...Trp123 pathway 

“d 08- 
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Fig. 8. Variation in time of the square of the electronic coupling, 
T&, normalized to its maximum momentary value, for the 
Tyr23. Trp123 dominant LRET pathway in HEWL; time aver- 
aged value of the parameter equals 0.03 of its maximum value, 
and median value is 0.0044. Momentary values of the Tz,, 
parameter were calculated according to the PATHWAY model 
under the assumption of time-invariant pathway topology, and 
time-dependent interatomic distances for through-space electron 
jumps were obtained from the last 50~s of molecular dynamics 
simulations for HEWL in vacuum, after thermal equilibration of 
the system at 300K. In simulations, the TRIPOS force field with 
Kollman’s all-atom charges, 1 fs step and IOOfs sampling time 
were used (from J. Poznanski, in preparation). 



3.6. Conformational control of LRET in HEWL 

The much larger energy of activation for the 
reaction depicted in Eq. (5) in HEWL at neutral pH 
compared with that for the analogous reaction across 
the oligoproline bridge in Trp-(Pro),-Tyr peptides 
[ 121, as well as the apparent variation of E, with 
temperature in the protonated form of HEWL, led us 
to postulate conformational control of LRET by the 
protein matrix. In general, it can be expected that 
thermally induced local fluctuations in a protein 
matrix may help to increase the electronic coupling 
between a donor-acceptor pair by allowing the inter- 
vening peptide backbone and the pair itself to attain 
a more favourable conformation for larger overlap of 
the bridging atomic and molecular electron orbitals. 
These fluctuations should have a particularly strong 
influence on through-space couplings between non- 
bonded and hydrogen-bonded atoms, as shown in 
Section 3.5 by dynamic simulation of variation in 
time of the square of electronic coupling along path- 
ways including a different number of non-bonded 
connections. Temperature studies on the kinetics of 
hydrogen exchange in HEWL [38,46,47] have identi- 
fied the occurrence of two distinct mechanisms for 
exchange, one (i) characterized by a high activation 
energy of the order of 400 kJ mol- ’ directly associ- 
ated with the cooperative thermal unfolding of the 
protein, and the second (ii) of lower activation en- 
ergy associated with local fluctuations in the protein 
structure. The activation energies for indole NH 
hydrogen exchange, consistent with the second 
mechanism, are about 55 kJmol_’ for Trp63 and 
much below this value for Trp62 [46]. They are thus 
very close to those determined for LRET in HEWL. 
It seems thus very probable that conformational fluc- 
tuations (ii) involved in activation of hydrogen ex- 
change in HEWL contribute also to activation of 
LRET between Trp /Tyr redox pairs in this protein. 
The very low value of E, = 7.6 kJ molt ’ , ascribed to 
fluctuation of Trp62 in the protonated form of 
HEWL, is very close to that found in longer peptides 
of the H-Trp-(Pro),,-Tyr-OH group [13]: 8 and 
7 kJ molt ’ for n = 4 and n = 5 peptides, respec- 
tively. Such a low energy of activation is thus char- 
acteristic of practically free motion of a Trp indolyl 
side chain [34]. The observed variation of the activa- 
tion energy of LRET in HEWL with temperature at 

pH values below 7.4 seems to be connected with the 
presence of multiple forms of protonated HEWL 
molecules, the contribution of particular species in 
the total population of HEWL molecules being pH- 
dependent. 
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