cta
Biuchimica
Pﬂlnnica

Vol. 44 No. 4/1997
627644

QUARTERLY

This paper is dedicated to Professor Wlodzimierz Ostrowski

Review

Intramolecular electron transfer between tryptophan
radical and tyrosine in oligoproline-bridged model
peptides and hen egg-white lysozyme

Kazimierz L. Wierzchowski™

Institute of Biochemistry and Biophysics, Polish Academy of Sciences,

A. Pawinskiego da, 02-106 Warsaw, Poland

Key words: intramolecular electron transfer, electron transfer pathways, pulse radiolysis, tryptophan
radical, tyrosine radical, radical transformation, oligoproline peptides, hen egg-white lysozyme

Long range electron transfer (LRET) across protein matrix underlies all
one-eleciron cellular redox reactions. Elucidation of molecular electron trans-
fer pathways and parametrization of their relative efficiency is one of the most
chalenging problems in the studies on LRET in proteins. In this paper results
of pulse radiolysis investigations on kinetics of LRET acecompanying intra-
molecular radiecal transformation Trp' — Tyr0Q’ in model peptides built of
tryptophan and tyrosine bridged by an oligoproline fragment are reviewed,
along with an interpretation of the observed distance dependence of the rate
of LRET in terms of conformational properties of the peptides, and partitioning
of LRET between electron transfer pathways through space and through
peptide backbone. This review on model peptide systems is supplemented with
recapitulation of similar studies on the same intramolecular transformation in
hen egg-white lysozyme, which allowed to identify Trp'/Tyr redox pairs and

associated eleciron transfer pathways involved in LRET in this protein.

It is now commonly accepted that long
range electron transfer (LRET') between vari-
ous donor-acceptor pairs located at a distance
up to 3 nm within single redox proteins or
between their functional complexes is a fun-
damental process underlying biological redox
reactions. This is evidenced for the most part
by the results of numerous experimental
studies on electron transfer in selected pro-
tein systems [1, 2] involved in conversion of

light into chemical energy in photosynthetic
reaction centers, reduction of dioxygen to
water in the mitochondrial respiratory chain,
and in model ruthenium-modified metallo-
proteins like cytochrome ¢ and myoglobin.
Current understanding of the LRET mecha-
nism relies on the theory of nonadiabatic
one-electron transfer in chemical reactions,
developed by R. Marcus [3, 4] in conjunction
with various theoretical quantum-mechani-
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transfer through peptide backbone and through space, respectively.
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cal models of electron tunneling between the
donor and acceptor cofactors through protein
matrix [1, 3, 5-8].

According to analytical formulation of the
semiclassical theory [4]:

kET = (47°/h% 1kBT) Hp, expl—(AGY +
+ )21 4ikBT) (1),

(where & and kg are the Planck and Bol-
tzman constants, respectively, and T is tem-
perature in K), the electron transfer reaction
rate, kg, from a donor (D) to an acceptor (A),
at a fixed distance and orientation, is under
control oft (i) nueclear interactions, parti-
tioned into the reaction free energy (-aG%
and reorganization energy, 4, necessary for
the D/A pair with its immediate molecular
environment to attain the transition-state
configuration for electron transfer (ET), and
(ii) electronic coupling between D and A, the
strength of which, H%m ,1s predicted to decay
exponentially with their separation distance.

Results of experimental studies on kinetics
of LRET in various model systems [1-4], and
in Ru(Ill)-derivatized metalloproteins [1, 7]
provide convinecing support to these predic-
tions. The latter also indicate that § sheets
seem to mediate coupling more efficiently
than a-helical structures. However, much
more experimental and theoretical work is
still needed for a more detailed description at
the atomic level of how the effeiency of LRET
is controlled by various structural protein
motifs.

In view of the complex structure of protein
matrix separating DA centers, in parallel
with the studies on redox proteins, various
oligopeptide bridged DA systems were also
studied as models of protein ET pathways.
Earlier studies on unpaired electron transfer
involving natural aromatic (Trp,Tyr) and
aromatic and sulphur centers in flexible gly-
cine bridged systems [9—-14] showed that this
process occurs for the most part through
direct contacts between members of D/A
pairs. Regarding the distance dependence of
LRET most successful so far proved to be the
systems built of oligoproline bridges, apt to
attain in aqueous solution at polymerization
numbers as low as n = 2, 3, a stable confor-
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mation similar to 31 helix of all-frans
polyproline 11 (PLP II) [ 15, 16], and potential
metallic [17-27] or radical Trp/Tyr [28-34],
Met(S..Br)Trp [29] and Met(S..Br)/Tyr [29,
35] D/A couples. Longer oligoproline bridges
were also successfully used as spacers in the
studies on distance dependence of electronic
energy transfer [36]. The use of Trp” radical
in model systems was justified by the obser-
vation of an efficient intramolecular radical
transformation Trp" — TyrO" in the pulse
radiolysis studies on a number of proteins
[37, 38], and by accumulating evidence that
tryptophan and tyrosine radicals are in-
volved in certain cellular enzymatic and
light-driven electron transfer redox reactions
[39-45].

In this review investigations on LRET in
oligoproline bridged Trp"/Tyr systems [28—
31] and between Trp /Tyr pairs in hen egg-
white lysozyme [46, 47], carried out under
the author's guidance, will be summarized
and discussed in relation to similar studies
from other laboratories.

KINETICS OF Trp® — TyrO'
TRANSFORMATION IN
H-Trp-(Pro)n-Tyr-OH PEPTIDES

The intramolecular one-electron redox reac-
tion (2), involving electron transfer across an
X = (Pro), bridge from phenol group of
tyrosine side chain to indolyl radical trypto-
phan side chain, was studied in neutral agque-
ous solution by the pulse radiolysis technique
with the use of a linear electron accelerator
and time-resolved spectrophotometric quan-
tification of transient radical species [28-30];
the indole side chain of tryptophan was first
(within = 1 us) selectively oxidized to Trp’
by neutral azide radicals, N3', and then first-
order kinetics of Trp~ decay and simultane-
ous appearance of TyrQ" was measured.

Trp"-X-TyrOH—EL__,

Trp[H]-X-TyrO" (2).

The use of small electron doses per pulse for
generation of N3~ radicals and low concentra-
tion of the peptides eliminated interference
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from a slow second-order radical decay and
intermolecular radical transformation, re-
spectively, and thus allowed determination
of the first-order rate constants of reaction
(2) with a reasonable accuracy.

Our first experiments on LRET in peptides
with n = 1-3 [28, 29], supplemented sub-
sequently for their longer analogues with n
=4, 5[30], clearly demonstrated that the rate
of the radical Trp” — TyrO" transformation
decreases exponentially, in the first approxi-
mation, with the growing number n of Pro
residues between terminal Trp and Tyr resi-
dues. This observation has soon been con-
firmed by the results of similar investiga-
tions on the same and an analogous group of
peptides, with the reversed order of terminal
residues: H-Tyr-(Pro),-Trp-OH, carried out
in other laboratories [32-34]. The observed
exponential dependence of the rate of intra-
molecular radical transformation in these
peptides on the number of bridging proline
units was in agreement with predictions of
the theoretical electron tunneling model [4,
5], and thus proved involvement of LRET in
reaction (2).* Moreover, it confirmed that
oligoproline bridged systems are suitable
models for studies on the distance depend-
ence of LRET across an ordered single pep-
tide pathway. A more detailed analysis of the
dependence of kg on the number n of Pro
residues indicated, however, that slopes of In
kg7 vs. n plots for shorter (n = 0~2) and longer
(n = 3-5) peptides differ considerably (cf. Fig.
1). Thus, this observation pointed to invelve-
ment in shorter peptides, of a faster electron
transfer, most probably through direct con-
tacts between the aromatic rings of terminal
amino acids. To rationalize these findings in
terms of the theory of the distance depend-
ence of LRET Kkinetics, separation distances
and spatial disposition of the aromatic side
chains in linear peptides studied had to be
first evaluated from their conformational

preferences and conformational dynamics.
The commonly applied earlier practice to
evaluate these distances in -(Pro),-bridged
systems by assuming that, irrespective of the
polymerization number n, they attain a regu-
lar structure resembling crystalline PLP II
has been shown to be far from satisfactory
[30, 48].

Conformation and conformational dynam-
ics of H-Trp-(Pro)n-Tyr-OH peptides

Conformational properties of H-Trp-(Pro),-
Tyr-OH, n = 0-5, peptides were studied ex-
perimentally by ,IH and °C NMR [48, 49]
and CD [16] spectroscopy, and theoretically
by molecular mechanics and molecular dy-
namics modeling [30, 31, 48] with the help of
AMBER 3.0 and/or 4.0 software. These prop-
erties were found to be governed by a number
of interdependent equilibria (Fig. 2): (i) trans
&> cis isomerization (w dihedral angle) about
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Figure 1. Bridge length dependence of the rate
of LRET [21, 48]; plots of In kgt vs. number n of
Pro residues for: () H«Trp-{Prn}n-’Er-ﬂH, n=
0-5, series; (@) [(bpy)sRu"L(Pro)nCo™ (NHy)5]**,
n = 0-6, series; (A) [(bpy)zRu"L(Pro)sapy- Ru™"
(NH3)s1", n = 6, 7, 9, series.

the X-Pro peptide bonds, (ii) rotation of Trp
and Tyr side chains about C°~C” and O/~C”

*In neutral aqueous solution the electron transfer is formally accompanied by a net proton transfer due
to breakage of tyrosine O-H bond: Tyr[OH]—e~ — Tyr[O]" + H*, and formation of indole N=H bond:
Trp +e” — Trp; Trp~ + HY — Trp, (pKa 16.8). Since O—H and N-H groups are involved in a very
fast proton exchange with bulk water (¢ = 102 §) the protonation/deprotonation equilibria
accompanying electron transfer cannot be expected to limit the rate of the radical transformation
reaction occurring on the microsecond time scale. An additional argument in support of this conclusion
is that the mechanism of reduction of Trp" and N-methylated tryptophan radical cation, MeTrp" [34]
is similar, in spite of the fact that reduction of the latter does not require protonation and thus the
MeTrp" — TyrQ" reaction does not involve a net proton transfer.
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bonds (31 and x4 dihedrals, respectively), (iii)
extended helix «» poly-L-proline II (all-trans
31 helix) type conformation within the (Pro),-
bridge in peptides with n = 2, (iv) § {y(Pro)
angle = 160°} < aly(Pro) = 45° within the
Pro-Tyr fragment, and (v) up «> down confor-
mations of the pyrrolidine Pro side chain (x5
angle).

Trans «» cis isomerization (i) proved to
occur most readily at the Trp—Pro bond, so
that populations of corresponding major iso-
mers of zwitterionic forms of the peptides are
comparable and constitute a 0.85-0.90 molar
fraction of the total peptide content. The rate
constant for interchange between these iso-
mers at 298 K has been estimated to be close
to 1072 s_l, that is 4-6 orders of magnitude
slower than that observed for electron trans-
fer reaction 2. Thus, in this reaction, the two
isomers had to be treated as separate species.

Rotations (ii) of the Tyr side chain were
found relatively free both in trans and cis
isomers, with a marked preference for the
#1lg-) rotamer in longer peptides. Rotations
of Trp, however, appeared highly dependent
on the configuration about the Trp—Pro bond.
In trans isomers the indole ring rotates quite
freely, while in cis form of all the peptides
this rotation is severely restricted and this
form is characterized by a high population (=
0.85) of the staggered y4(f) rotamer and y({},
z2(—) conformation of the whole side chain.

Figure 2. Structural scheme and
definition of conformational pa-
rameters of H-Trp-(Projy-Tyr-OH
peptides [31, 48].

All these rotamers, with lifetimes in the time
domain of 1077-10712 s, exchange frequently
during the life time of the Trp~ radical. In
short-bridged peptides (n = 0-2), rotations of
these side chains combined with oscillations
of the backbone y angle lead to appearance
of multiple low-energy conformers charac-
terized by a close edge-to-edge approach of
the indole and phenol rings.

Conformation of the -(Pro),- fragment was
found to vary somewhat with the number of
adjacent Pro residues. It assumes a PLP II
-like helical conformation ((Pro) angle in the
B range) in all-trans isomers beginning with
n = 3 and its conformational rigidity in-
creases with the growing n, but even at n =
2 both Pro residues adopt backbone dihedral
angles close to those of PLP II. Involvement
of B « a transitions at the y(Pro) angle,
postulated by Sneddon & Brooks {50] on the
basis of their CHARMM simulations of con-
formational dynamics of Pro peptides, proved
insignificant in the light of our potential of
mean forece calculations for Trp-Pro, Pro-Pro
and Pro-Tyr fragments [31, 48]. The calcu-
lated energy barriers between respective (/1)
and () states and their corresponding life-
times indicated that the mean life time of the
y(a) state in Pro-Pro is about 6 x 107 s, so
that a transient population of corresponding
conformers of the -(Pro),- fragment with one
Pro residue in this state can be expected to
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be insignificantly low on the time scale of the
observed electron transfer, and was therefore
neglected.

On the other hand, # < a transitions at the
Pro residue preceding Tyr appeared much
faster on the scale of electron transfer reac-
tion 2, according to both NMR and molecular
modeling studies, so that the corresponding
local conformational states had to be in-
cluded in caleulations of low-energy conform-
ers of the peptides.

The cyclic pyrrolidine side chains of Pro
residues undergo very fast, ps, transitions
between their up and down eqguilibrium con-
formations at the y3 angle, as shown both by
NMR and molecular modeling.

In light of the described conformational dy-
namics of the H-Trp-(Pro),-Tyr-OH peptides
in solution, proper parametrization of possi-
ble LRET pathways required their repre-
sentation as ensembles of fast exchanging
side chain and y(Pro-Tyr) backbone conform-
ers of the major cis and trans isomers about
the Trp—Pro bond, and -(Pro),- bridge in a
PLP II type conformation.

Modeling of LRET pathways

Considering the outlined conformational
properties of the peptides in connection with
the characteristic two step dependence of
experimental LRET rates on the number of
bridging Pro residues, two molecular path-
ways for electron transfer could be reason-
ably envisaged: (i) through space (TS), viz.
directly between the aromatic rings in van
der Waals contact and/or mediated by water
molecules of the solvation shell, and (ii)
through the peptide backbone (TB). The cor-
responding distances for individual low-en-
ergy conformers (j) within each isomeric en-
semble (i), r;;, were consequently calculated
for the TS pathway as edge-to-edge r;{C™)
between carbon and other (N,0) atoms of the
indole and phenol rings, and for the TB path-
way, originally [30] as rﬁ{(}g’ﬁ ), the shortest
distance between (* atoms of the terminal
Trp and Tyr along the peptide backbone, or
more recently [31, 48], as rl;‘l,.{(}Ig coch } be-
tween the Oﬂy atoms of the terminal amino
acids along a path joining the backbone C*
atoms (cf. Fig. 2). The latter parametrization
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follows a path of the highest electronic den-
sity of molecular orbitals and thus mimics
better the TB electron transfer pathway.
The TS and TB distances were calculated
for low-energy conformers the energies of
which were higher by not more than 42 kJ
mol ™! with respect to the lowest energy con-
former within a given isomeric ensemble.
Structures of these conformers were calcu-
lated for zwitterionic forms of the peptides
with the use of AMBER 3.0 program in
united atom parametrization and dielectric
constant of 81 (to mimic an aqueous environ-

free energy [keal/mol]

0 0.3

2
** [nm]

Figure 3. Free energy - profiles for cis (—) and
trans (- + +) isomers of H-Trp-(Pro):-Tyr-OH (top
panel) and H-Trp-(Pro)3-Tyr-OH peptides {bot-
tom panel), obtained from 10 ns molecular dy-
namics simulations [31, 48].

ment). For each peptide isomer with -(Pro),-
bridge in the PLP II structure (adopted from
X-ray diffraction data [51]), a set of 324
starting conformers, corresponding to all pos-
sible combinations of the N- and C-terminal
side chain conformations, and §# and a y(Pro-
Tyr), was generated and subjected to further
energy minimization. During the latter step
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all dihedral angles were allowed to vary. The
ensembles of low-energy conformers thus ob-
tained fairly well reproduced the main con-
formational features of the peptides and
pointed to distinet differences between back-
bone conformations of n = 0-2 and n = 3-5
groups of peptides, as well as to the occur-
rence in the former group of multiple con-
formers with short contacts between the aro-
matic rings. Very similar distributions were
obtained also from molecular dynamics simu-
lations [31, 48]. The r*“-free energy profiles
for n = 2 and n = 3 derived therefrom (Fig. 3)
are representative for the short- and long-
bridged systems, respectively.

Therefore, our approach aimed at distin-
guishing which of the possible molecular
pathways is actually involved in reaction 2,
and at evaluation of the corresponding j
descriptors of the exponential distance de-
pendence of LRET. For this purpose, relative
rate constants, &, for LRET for individual
conformers and of average values thereof for
each peptide isomer <k>; = Z;; kjw;; (where
wj; is the Boltzman probability of occurrence
of a jth conformer of ith isomer) were calcu-
lated, and then the <k>; values fitted to the
experimental kgt data with use of equation
3

k = ko exp [-f(r—ro)] (3),

where kp is the rate constant at r = 1y,
corresponding to the closest edge-to-edge ap-
proach of redox centers, and g = f, + 8,

expresses electronic (f)) and nuclear (8,)
contributions to the overall distance depend-
ence of the rate & of LRET [4] according to a
number of assumed models of LRET. Origi-
nally, four principal LRET models were
probed [30]: (1 and 2) involving either the TB
or the TS pathway, (3) the two pathways, TB
+ T8, simultaneously, and (4) the TB + TS
cos 6, in which the cos © function (O is the
dihedral angle between the planes of indole
and phenol rings) was introduced, as a rough
account of the dependence of LRET along the
TS pathway on the overlap between the x-
and g-orbitals of aromatic rings. Validity of
the models was evaluated statistically with
the use of an appropriate x2 distribution

1997

function. The best agreement between the
experimental and calculated rates has been
obtained for the last model (4) for the follow-
ing values of the snuEht parameters: =
2.8+ 0.4 nm " and 8™ = 120 + 40 nm ™. The
very high value of the ,STS parameter means
that at rg{'(]&’] = (0.365 nm the contribution
to kgr from the TS pathway practically
vanishes to zero, so that TS-LRET takes
place only in conformers with indole and
phenol rings in close van der Waals contact.
Since low-energy conformers of this type are
dominant in short-bridged (n = 0-2) peptides,
the TS pathway is competitive to the TB
12+ -

11
10

In <&>;

5 1] 7 3 !:' ]I[l‘ 11 12

In &,
Figure 4. Correlation between the experimental,
kET, and calculated best-fit rate constants of
LRET, <k>i, for cis (open marks) and trans (filled
marks) isomers of H-Trp-(Pro)a-Tyr-OH (in-
verted triangles), and H-Tyr-(Pro),-Trp-OH
(squares) peptides [31, 48].

pathway only in this group. In longer pep-
tides (n = 3—-5), LRET takes thus place solely
through the TB pathway, characterized by an
unusually slow decay of electronic coupling
between the Trp' and Tyr redox centers,
compared with those found for various elec-
tron transfer proteins (1, 2]: in photosyn-
thetic reaction centers (f = 14 nm™)) and in
metalloproteins (f = 7 nm™),

More recently, overlap integrals, Ipa, be-
tween HOMO orbitals of the indolyl radical
and phenol rings for all the low-energy con-
formers of the peptides were calculated [48],
proportional to the Hf, matrix element in
eqn. 1, and introduced in place of cos ©
function in calculation of adjustable parame-
ters of eqn. 3. The calculated <k>; values thus
obtained exhibited very good agreement with
the experimental kg7 data, as illustrated in
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Fig. 4 by the plot of In <k>;j vs. In kg , for the

following values of the sought parameters:

kIB = (10+2) x 10, TP =2,5+0.1 nm™,

and &1S = (14 +2) x 1012571,

Using the same method we fitted also the
calculated rates to the experimental kg7 data
from Klapper and Faraggi laboratories for
the same group of peptides [32, 33]. The
results were qualitatively similar to those
obtained with our kg7's. Moreover, we calcu-
lated also low-energy conformers for the se-
ries of peptides with the reversed order of
terminal aromatic amino acids, H-Tyr-
(Pro),-Trp-OH, and fitted the theoretical
<k>; values thus derived to the published
experimental kg data [33] with the same set
of adjustable parameters of the fitting func-
tion, as used in the case of H-Trp-(Pro),-Tyr-
OH peptides. Again, an excellent agreement
was obtained between the experimental and
calculated LRET rate constants, as illus-

trated in Fig. 4. This finding demonstrated
(i) that in the two linear peptide systems
studied directional specificity of LRET does
not oceur, as it has been claimed earlier [33]
on the basis of a difference observed between
the slopes of In kg7 vs. n plots, and (ii) the
necessity of taking into account the confor-
mational dynamics of such systems in inter-
pretation of the distance dependence of
LRET rates therein.

Intramolecular electron transfer 633

To confirm the validity of the two-pathway
model of LRET in linear oligoproline bridged
peptides reaction 2 has been recently studied
(J. Poznanski, K. Bobrowski, J. Holeman, M.
Ciurak, J. Malicka & K.L. Wierzchowski, un-
published) also in a six-membered all-L eyclic
peptide, ¢(-Gly-Trp-(Pro)s-Tyr-Gly-), desig-
ned as a model system in which collisions
between aromatic rings of Trp and Tiyr
should be sterically impossible. Indeed, "H
NMR and molecular dynamics investigations
demonstrated that this peptide in aqueous
solution exhibited the conformational pat-
tern depicted in Fig. 5, in which Prog and
Pro4 proline residues occur in witrans) and
wicis) configurations, respectively, and the
distribution of edge-to-edge separating dis-
tances between the phenol and indole rings
(Fig. 6) is peaked at 6 A (0.6 nm) so that their
shortest separation distance is larger than
4.5 A (0.45 nm). At such distances quantum
mechanically calculated Ips overlap inte-

Figure 5. Superimposed struc-
tures of dominant ¢[-Gly-Trp-
{Pro)z-Tyr-Gly-] conformers:
obtained from molecular dy-
namics modeling with NMR
constrains (J. Pornanski, un-
published).

grals between the one electron HOMO orbi-
tals of indolyl radical and phenol rings are
vanishingly small, so that the TS pathway
practically does not contribute at all to the
observed kgp. The measured value of the
latter, kpp = 1.6 X 108 7L, proved compara-
ble to that (1.5 x 10® s71) found for H-Trp-
(Pro)3-Tyr-OH [30], although the separation
distance between C” atoms of aromatic side
chains in the former is shorter than in the
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latter system. This is probably due to a lower
efficiency of LRET across the -Pro{trans)-
Pro{cis) bridge in the cyclic peptide and to a
small additional contribution to kpp from
LRET across the highly dynamic -(Gly)g-
bridge.

Effect of protonation of Trp” radical

The neutral indolyl radical of tryptophan
Trp  remains in equilibrium with its pro-
tonated form, viz. tryptophan radical cation
TrpH"*, pK, for which was found to vary
from 4.3 for the free amino acid up to about
5 in some dipeptides [52, 53]. Consequently,
the effective redox potential of tryptophan
radical is pH dependent and varies from
1.015-1.05 V at pH 7 for its neutral form [53,
54] to 1.15 V at pH 2 [54] for the protonated
radical cation. Although only about 0.1 V
separates TrpH " from Trp~, yet the reactiv-
ity of the former in simple one-electron bi-
molecular transfer reactions, including also

1997

to be able to oxidize tryptophan at pH < 3 and
at pH > 12. Indeed, the last reaction was
observed in peptide bridged Trp/Tyr systems
[29, 55]. It was therefore of interest to study
also the pH dependence of reaction 2 in the
acidic pH range where Trp” and TrpH™*
forms of tryptophan radical remain in equi-
librium. Qur preliminary experiments at pH
4 [29] on oligoproline bridged (n = 0-3)
Trp/Tyr peptides indicated that the rate of
LRET under these conditions was remark-
ably higher than at neutral pH. More re-
cently, the effect of Trp~ protonation on the
rate of intramolecular LRET in H-Trp-
(Pro),-Tyr-OH peptides, n =4 and n = 5, has
been studied over a broad pH range of 2-6
(K. Bobrowski, J. Holeman & K.L. Wierzcho-
wski, unpublished), by the pulse radiolysis
technique with the use of Bro '~ anion radical
which selectively oxidizes Trp species. In the
whole pH range studied only Trp /TrpH " —
TyrO" first-order radical conversion was ob-
served, the rate of which sigmoidally in-

0,084
0,08+
00T -
m_

E=1

0.044

Figure 6. Distribution of the

g cdge-to-edge distances be-

o.0e4 tween indole and phenol rings

obtained from molecular dy-

0,014 il namics simulation for cof-Gly-

H-H # Trp-{Pro):-Tyr-Gly-] (dashed

- L ; e , lines) and H-Trp-(Pro)z-Tyr-OH

g ; 2 ! (rectangles) peptides (.

Poznanski, unpublished).

tyrosine, was found to be by 1-2 orders of
magnitude higher than that of the latter [52].
Redox potential of tyrosine is also pH de-
pendent, owing to a large difference in elec-
tronic structure between phenol and pheno-
late side chains (pK, 10.1). Consequently, the
relative magnitude of redox potentials for
tryptophan and tyrosine shows a marked pH
dependence [54], as does also the efficiency
and direction of electron transfer between
them: tyrosine radicals have been predicted

creased by a factor of 60 between pH 6 and
2. The experimental kgyversus pH data were
found to be related by a function of the form:
kgr = R(TrpH "Y1 + K /AH"]), wherefrom
pK, 4.1 £ 0.05 for TrpH * dissociation was
determined. The uniform direction and
mechanism of the electron transfer reaction
observed in both peptides up to pH 2 is at
variance with the earlier Harriman's predic-
tion [54] that below pH 3 TyrO" should oxi-
dize Trp to Trp /TrpH"*. The pH dependence
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of redox potentials of Trp and Tyr in proline-
bridged peptides seems thus to be different
from those measured for free amino acids,
and should be subjected to further investiga-
tions. The 0.1 V difference between redox
potentials of Trp" and TrpH ™™ [54, 55] is too
small to explain in terms of the LRET theory
(egn.1) the 60-fold higher k(TrpH ") rate con-
stant for one electron oxidation of Tyr. Con-
formation of both oligoproline-bridged pep-
tides was shown by CD spectrophotometry to
remain the same over the whole 2-6 pH
range (K. Majcher & K.L.Wierzchowski, un-
published). Also the Ipa overlap integral be-
tween HOMO orbitals of phenol and neutral
and protonated indolyl radical rings were
found closely similar (J. Poznanski, unpub-
lished). Therefore, the 60-fold lower
kpp(Trp ) relative to k(TrpH ") can be attrib-
uted in part to a larger value of the outer
part, Ay, of reorganization energy, (required
for reorientation of solvent molecules around
DA pair in the transition state), expected for
the neutral form of the Trp indolyl radical. A
similar explanation has been proposed ear-
lier to explain the 1-2 orders of magnitude
higher electron transfer rates of the radical
cation of free tryptophan [52] and the main
contribution to the higher value of i,,; was
sought in a large entropy loss originating
from the requirement for protonation in the
transition state of the incipient tryptophan
anion, Trp~ (for indole ring deprotonation
pK, 16.8), formed upon electron addition to
Trp'. Such explanation finds additional sup-
port from the studies on reaction 2 in H-
MeTrp” *-(Pro),-Tyr-OH model system [34].
In this system, MeTrp'* cation radical upon
electron addition forms instantanously neu-
tral MeTrp (addition of H' is not required),
so that 4, is expected to be close to that for
TrpH"*. Indeed, the corresponding rate con-
stant for LRET in n = 3 peptide, kpp = 2.1 X
10* s7! [34], is by one order of magnitude
higher than that found for Trp” reduction by
Tyr in the analogous peptide [30].

In all the three oligoproline-bridged redox
systems bearing Trp /Tyr, TrpH */Tyr and
MeTrp */Tyr couples, the distance depend-
ence of the rate of LRET was found quite
similar.
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This indicates that it is rather the electronic
structure of the peptide bridge than the mag-
nitude of electron coupling between donor
and acceptor centers which determines the
decay of the amplitude of electron wavefunc-
tion along the LRET pathway. Comparison
of kinetic LRET data for the Trp'/Tyr redox
pair with those for intramolecular electron
transfer across the same «(Pro),- bridge be-
tween liganded {ammme a.nd bip 3f'nd1ne li-
gands} metallic Rul/Co™ DB IR or Os'l/

donor-acceptor pairs in appropriately
derivatized oligoproline peptides with polym-
erization number ranging up ton =9[21, 24],
adds strong support to the last conclusion.
The plots of Inkgp vs. the donor-acceptor
separation distance (the number n of Pro
residues in the bridge), approximated by two
component linear plots with different slopes
for short-bridged and longer-bridged pep-
tides (ef. Fig. 1), point to a general similarity
between the two systems. While the slopes
for short-bridged Trp /Tyr and metallo sys-
tems differ considerably, those for long-
bridged peptides are very mn:u]ar ( descrip-
tors of 2.5 [31, 48] and 3.0 nm™! [21], respec-
tively). The steeper slopes for short-bridged
peptides are due to a fast decay with growing
n of the number of conformers with close
contacts between the terminal I/A pairs and
thus contribution from the TS pathway to the
observed kgr, while the large difference be-
tween the slopes for Trp /Tyr and metallo
pairs reflects the larger size of the latter
relative to the former [30, 31]. Low and simi-
lar values of § coefficients for longer peptides
provide a strong argument in favour of a high
electron transferability of the helical PLP II
type conformation of the -(Pro),- bridges and
its independence of the nature of the at-
tached D/A pair. On theoretical grounds [56],
the dependence of # on the nature of electron-
donor pair could appear only when the en-
ergy of the tunneling electron would be close
to the energy of atomic orbitals of the inter-
vening bridge. This is apparently not the case
in the systems in question.

It would be of great interest to compare
electron transferability of the 3;-helical PLP
I1 type and a-helical single polypeptide path-
ways. Unfortunately, attempts to charac-
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terize distance dependence of kinetics of
LRET across an a-helical bridge failed so far
[24, 57, 58], owing to low thermodynamic
stability of short a-helices and/or dominance
of TS pathways.

Trp* — TyrO' TRANSFORMATION IN
HEN EGG-WHITE LYSOZYME

The intramolecular Trp® — Tyr transfor-
mation was observed in a group of proteins
[37, 38] including also hen egg-white lyso-
zyme (HEWL). The main rationale underly-
ing these early pulse radiolysis studies was
to elucidate how such a long-range unpaired
electron transfer may extend the target size
for radiation-induced damage to sub-cellular
protein systems [59]. Nowadays, well docu-
mented participation of Trp~ and TyrO’
radicals in a number of cellular redox reac-
tions adds a new dimension to this rationale
and makes further studies on LRET involv-
ing Trp"/Tyr redox couple in proteins worth
continuing. The well known structure and
conformational dynamics of hen egg-white
lysozyme prompted us [46, 47] and the group
of Klapper and Faraggi [60] to choose this
protein as a good model for such studies.

The main goal of our studies was 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 LRET pathways are actually in-
volved in the observed Trp” — TyrO" radical
transformation. Our preliminary pulse radi-
olysis study on the temperature dependence
of kinetics of LRET in HEWL [46] showed a
close similarity between the Arrhenius plots
for the kinetics of this process and the specific
enzymatic reaction of HEWL, suggesting
that similar thermally induced conforma-
tional fluctuations are involved in activation
of both these processes in this protein. Three
highly solvent-accessible residues Trp62,
Trp63 and Trpl23, known to be involved in
the binding of oligosaccharide-type sub-
strates, were expected to be most susceptible
to oxidation by N3~ radicals [60]. Trp62 was
found also selectively oxidizable by ozone to
N'-formylkynurenine (NFKyn) [61, 62]. Tak-
ing advantage of this knowledge, our ap-
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proach toidentification which of the potential
Trp /Tyr redox pairs in HEWL are actually
involved in LRET combined determination
by pulse radiolysis of the rate constants of
LRET and radical yields (G) for: (i) the native
enzyme, (ii) its complex with an oligosaccha-
ride inhibitor — triacetyl-chitotriose, HE-
WL(GlcNAc)3, and (iii) the selectively oxi-
dized by ozone NFKyn62-HEWL derivative.
The parameters of LRET were determined in
function of pH and temperature so as to
perturb the structure of HEWL in a controled
and known way.

The reaction was induced by selective oxi-
dation of Trp with N3~ radicals under low
concentration of the reactants but at a high
HEWL/N3" molar ratio, so that more than
99% of the oxidized protein molecules con-
tained only a single tryptophyl radical. Syn-
chronous decay of Trp~ and build up of TyrO"
conformed satisfactorily to first-order kinet-
ics, indicating that LRET involved either one
or more Trp /Tyr redox pairs characterized
by similar rate constants. The rate constant
of LRET, kgt, was found te increase with
decreasing pH (Fig. 7) showing the following
characteristics: (i) in the pH range of 7.4-5.2
the plot of kgt vs. pH was sigmoidal, reflect-
ing protonation of Glu35 (pK, = 6) and point-
ing to involvement of a conformational con-
trol of the kinetics of LRET, (ii} below pH 5.2
a sharp increase in the rate was observed due
to the protonation of Trp” to form TrpH™*
which oxidizes tyrosine faster than does Trp”
(see infra). Arrhenius plots of the tempera-
ture dependence of kpp (Fig. 8) showed that
the activation energy of LRET varies both
with temperature and the state of the en-
zyme protonation. The activation energies
were found in the range of 7.6-56.0 kJ mol ™"
and were similar to those for activation of
amide hydrogen exchange in native HEWL
below its denaturation temperature [63—65].
Selective oxidation by ozone of the Trp62
indole side chain in HEWL to N’-formyl-
kynurenine caused a large drop in the initial
yield of Trp” radicals, G(Trp); in NFKyn62-
HEWL. This was accompanied by a relatively
small decrease in kg but selective oxidation
by ozone had a pronounced effect on its tem-
perature dependence. Taken together these
observations indicate that, of the six trypto-
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phans present in HEWL, Trp62 contributes
about 50% to the yield of the observed LRET.
In the enzyme-inhibitor complex, HEWL-
(GleNAc)y, where Trp62 and Trp63 are
known to be completely shielded from the
solvent by the bound triacetylchitotriose [66,
67], G{Trp"); was lower than in NFKyn62-
HEWL, and both the kinetic and energetic
characteristics of LRET at pH 5.2 were again
somewhat different than in free HEWL. Con-
sidering known solvent accessibilities of
tryptophans in the complex, the observed
LRET process in HEWL(GleNAc)g could be
assigned to Trpl23.
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Figure 7. Dependence of the rate comstant of

LRET on pH in native HEWL [47].

All these findings allowed us to conclude
that in native HEWL the three most solvent
accessible tryptophans: Trp62, Trp63 and
Trpl23 are simultaneously involved in
LRET. Moreover, their electronic coupling
with respective Tyr donor centers should be
similar, since the overall rate of their reduc-
tion by coupled Tyr residue(s) could be well
approximated as a single first-order process.

To evaluate which of the three tyrosine
residues present in HEWL: Tyr20, Tyr23 or
Tyr53, form effective Trp /Tyr redox couples
with one or more of the three Trp residues
implicated in LRET and can thus be expected
to contribute significantly to the observed
ker's, we applied the PATHWAYS model [68,
69]. So far this model was successfully ap-
plied to predict the relative rates of electron
transfer in a number of ruthenium deriva-
tized redox proteins of known three-dimen-
sional structure [1, 7, 70]. In this model, a
single electron tunneling pathway is defined
as a combination of interacting bonds that
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link a donor (D) with 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, Tpa,
is approximated as a product of the decay
factors, £, corresponding to all interacting
bonds: TII; Eci I1; aHj IT; E‘Si. These unitless
factors are appropriately parametrized.
Each decay factor is associated with an effec-
tive distance: d.g = —log £. Using graph the-
ory the program searches for the shoriest
effective distance between donor and ac-
ceptor within a known protein network of
bonded and nonbonded contacts. We applied
essentially the original parametrization of
the decay factors from the standard data-
base. For C—C bonds in aromatic rings with
delocalized wave functions (Trp,Tyr, Phe) a
new parametrization, £ = 0.95, was intro-
duced, for a better account for their lower
electron transfer damping (J. Poznanski, un-
published). The starting crystallographic co-
ordinates for the protonated form of triclinic
HEWL [71] were taken from the Brookhaven
Protein Data Bank (entry 2LZT).

H“\,_\ ‘Native HEWL
=560 kJ mal”
10} o i 1
E.= '.l' & kJ mol”
g - ___,* PH 5. 2"3'
o =,
, %E‘-Ej“l mal”
‘_“w
al E, = 10.5k] mal’
= ‘l&h‘“\.ﬂ_ 1%"“»-“._‘,_* pH 6.30
' H e
T . 4
E, = 36.0 kJ mal’ H-ﬂH 7.43]
2 il
i i L Il L M £ L
3.0 31 3.2 3.3 34 as
10° T [K]

Figure 8. Arrhenius plots for the temperature
dependence of the rate constant, kgt, of LRET for
native HEWL at the pH values indicated [47]; Ea
are the corresponding energies of activation, de-
rived from the slopes of the plots.

The calculated couplings corresponding to
these pathways, collected in Table 1, indicate
that the most strongly coupled Trp'/Tyr
pairs are those which include Trp residues
deeply buried in the so called ,hydrophobic
box” of HEWL, and thus are practically inac-
cessible to azide radical attack: Trplll and
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Tauble 1. Dominant electron-transfer pathways between potential Trp/Tyr donor/acceptor pairs in
hen egg-white lysozyme, calculated according to the PATHWAYS model [47]

Donor Acceptor "Pathway *Distance [nm| Toa
Tyr23 Trp62 48)-Val99.(C)-11e98-(S) Trp63-(C)- 359 4.83expl-0T)
Tyr53 Trp123 ;‘éffyfg‘:éf”m* SRRt GlAasd: 3.55 1.39 exp(-06)
Tyr20 Trp62 {S)-Lys96-(C)-Lys97-(S)- Trp63-(C)- 3.15 1.59 expl(-06)
Tyr53 Trplll {H)-GIn574C)-Leu56-(H).Trp108(S)- 3.14 5.72 expl(-06)
Tyr20 Trp123 (S)-Trp28-(C)-Val29-(S)- 2.95 5.91 expi(-06)
Tyrs3 Trp28 {H)-GIn57-(C)-Leu56-(H)-Trpl08(S)- 3.2 1.85 exp(-05)
Tyr23 Trp63 «(S)-Val994C)-11e98-(S)- 2.36 3.19 exp(-05)
Tyr23 Trp123 {S)-Trp11148)-Cys115-(8)-Cys30-H)- 2.10 7.52 exp(-05)
Tyr20 Trp63 {S)-Lys96-C-Lys97-(S)- 2.14 9.45 exp(-05)
Tyr20 Trplll (S} Tyr23-(S)- 2.49 2.36 exp(-04)
Tyr53 Trp62 {S)-Ser60-(C)-ArgB1-(C}- 2.10 3.69 exp(-04)
Tyr53 Trp63 (8)-Ser60-(C)-Asn59-(S)- 1.70 5.68 exp(-04)
Tyr20 Trp108 {S)-Val99-(S)- 1.90 7.55 expl-04)
Tyr53 Trp108 {(H)-GIn57-(C)-Leu56-(H)- 1.86 9.79 exp(-04)
Tyr23 Trp108 {(H)-Met1054S)- 1.31 5.20 exp(-03)
Tyr20 Trp28 {S)- 1.21 1.08 exp(-02)
Tyr23 Trp28 4S)- 0.99 2,67 exp(-02)
Tyr23 Trplll 48)- 1.03 3.90 exp(-02)

*Intervening amino-acid residues and types of connecting boanda: (Clcovalent, (Hlk-hydrogen, and (Skthrough space van der Waals con-
tact; Cysl15 and Cye30 are linked by a disulfide bridge. "From OH of Tyr phenol to N of Trp indole.

Trp28, and Trpl08 of the substrate binding
cleft. The next strongly coupled group of the
redox pairs includes the most solvent acces-
sible Trp62 and Trp63, located on the surface
of the substrate binding cleft, and Trp123 on
the opposite side of the protein surface, the
involvement of which in the observed LRET
was directly demonstrated (Trp62) or indi-
rectly implicated (Trp63,Trp123). Trp62 and
Trp63 are coupled only to Tyr53 along the
pathways depicted in Fig. 9. The rate con-
stants of LRET along these pathways, pro-
portional to the square of the electronic cou-
pling, should not differ by more than a factor
of about 2. Trp63 is also coupled to Tyr20 and
Tyr23, but with a much lower strength so
that the corresponding rates of LRET should

be more than by two orders of magnitude
lower than that of the Trp63/Tyr53 pair. The
Trpl23/Tyr23 pair is characterized by an
electronic coupling of intermediate strength
between the former two (cf. Table 1) along a
pathway which includes 3 through-space
electron jumps (cf. Fig. 9). The rate of LRET
between the members of this pair can thus
be expected to be considerably slower.

The results of the theoretical evaluation of
the electronic coupling between wvarious
Trp/Tyr potential redox pairs in HEWL pro-
vided, thus, strong support to the conclusions
derived from experimental data concerning
involvement of Trp62 and Trp63 in LRET
and the similarity of the rate constants for
LRET between the Trp62/Tyr53 and
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b Arg61
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Figure 9. The dominant LRET pathways between Trp62/ Tyr53,
Trp63/Tyr53 and Trpl23/Tyr23 potential donor-acceptor cou-
ples in native HEWL, selected with help of the PATHWAYS
model [47]; light full lines — skeletons of amino-acid residues
indicated, bold full lines — tunnelling of electiron through
peptide backbone covalent bonds, dashed lines — through-
space electron jumps between atoms in van-der-Waals contacts.
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Trp63/Tyr53 couples. They did
not support, however, the postu-
lated involvement of the
Trpl23/Tyr23 couple.

The values of the electronic cou-
pling calculated for the dominant
pathways between the redox cen-
ters in question were obtained for
the static crystal structure of
HEWL. Since the present version
of the PATHWAYS model does
not take into account dynamics of
protein structure, electronic cou-
plings for pathways involving a
number of through-space jumps
could be severely underestimated.
This point of view finds support in
the results of molecular dynamies
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, 'I% A, for se-
lected LRET pathways in ques-
tion (J. Poznanski, unpublished).
In general, these results showed
that variation of T#,, governed
for the most part by the presence
of through-space electron jumps
along a pathway, increases by ap-
proximately one order of magni-
tude per each jump. Evolution in
time of the normalized value of
T4 for the Tyr23.. Trp123 path-
way (Fig. 10) indicates that a

Figure 10. Variation in time of the
square of the electronic coupling
Tl%ﬁ {normalized to its maximum mo-
mentary value) for the Tyr23..Trp-
123 dominant LRET pathway in
HEWL [47); time averaged value of
the parameter equals 0.03, and me-
dian value is 0.0044.
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very low time-averaged value of this parame-
ter, corresponding to 0.03 of the maximal
T]%A value (median: 0.0044) may occasionally
attain a much higher momentary value. The
results obtained indicate that electron trans-
fer is strongly coupled 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-
guantitative. This conclusion finds strong
support in the most recent theoretical studies
on the effect of protein dynamics on biological
electron transfer (ef. | 72] and references cited
therein).

Finally, it is worth to discuss shortly impli-
cations emerging from the reviewed experi-
mental investigations for the nature of con-
formational control of LRET in HEWL. This
control was postulated on the basis of (i) the
much larger energy of activation for reaction
2in HEWL at neutral pH compared with that
for the analogous reaction across the oligo-
proline bridge in Trp-(Pro),-Tyr peptides [29,
30], and (ii) its variation with temperature in
the protonated form of HEWL. Temperature
studies on the kinetics of hydrogen exchange
in HEWL [63—65] have identified the occur-
rence of two distinct mechanisms for ex-
change, one (i) characterized by a high actl-
vation energy of the order of 400 kJ mol™
directly associated with the cooperative ther-
mal unfolding of the protein, and the second
one (ii) of lower activation energy associated
with local fluetnations in the protein strue-
ture. The activation energies for indole NH
hydrogen exchange, consistent with the sec-
ond mechanism, are about 55 kJ mol™ for
Trp63 and much below this value for Trp62
[64] and are very close to those determined
for LRET in HEWL. It seems thus very prob-
able that conformational fluctuations in-
volved in activation of hydrogen exchange in
HEWTL contribute also to activation of LRET
between Trp /Tyr redox pairs in this pmtem
The very low value of E, = 7.6 kJ mol ™
ascribed to fluctuation of Trp62 in the pro-
tonated form of HEWL, is very close to that
found in longer peptides of the H- ’['rq (Pro),-
Tyr-OH group [30]: 8 and 7 kJ mol™ for n =
4 and n = 5 peptides, respectively. Such a low
energy of activation is thus characteristic of
practically free motions of a Trp indolyl side
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chain [73]. The obgerved variation with tem-
perature of the activation energy of LRET in
HEWL 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-de-
pendent.

In general, it can be expected that ther-
mally induced local fluctuations in a protein
matrix may modify the magnitude of elec-
tronic coupling between a donor-acceptor
pair by allowing the intervening peptide
backbone and the pair itself to attain a more
or less favourable conformation for maximal
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 by our dynamic simulation of vari-
ation in time of the square of electronic cou-
pling along pathways including a different
number of non-bonded connections.

The author wishes to express his gratitude
and thanks to all collaborators and col-
leagues who over the years contributed in
many ways to the pursued together studies
referred to in this review.
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