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Abstract: Results of a study of internal electron transfer in bovine heart cytochcamriglase with the method

of tunneling currents are presented. Electronic structure of the protein complex is treated at the semiempirical
extended Hakel level. Two distinct pathways connecting £and hemea are found, one of them is similar

to proposed earlier in the literature, the other is new. The pathway connectingehantehemegs is also
identified. This pathway differs from those proposed before. The calculated reaction rates betwesrdCu

Fe, and between Reand Fgs are in reasonable agreement with experimental data. The tunneling matrix element
for electron transfer from Guto the binuclear site is found to be very small, which is consistent with
experimental evidence of the absence of this reaction. With the assumption that evolution places constraints
on functionally important amino acids, we suggest that amino acids implicated in the electron-transfer pathways
will show a high degree of conservation in different organisms. Sequence analysis performed on subunit | and
Il revealed that this is indeed the case; amino acids of the identified tunneling pathways showed very little
evolutionary variability.

1. Introduction chromec travel to the Cy site, then to hema, and after that

. ) ) to the binuclear center via another heme located in the binuclear
Cytochromec oxidase (€O) is the terminal membrane  canter.

enzyme in the respiratory electron transport chain in mitochon-
dria and many bacteria. It catalyzes the reduction of molecular
oxygen to water supplying it with electrons obtained from
cytochromec on the outer side of the membrane and with
protons from the inner side of the membrane. The reduction o

The Cuw site is located in the second largest subunit II. It
consists of two copper atoms and six ligands: two cysteines,
two histidines, a methionine, and a peptide carbonyl of a
fglutamaté Two copper atoms are bridged by two cysteine

each oxygen molecule is accompanied by the transfer of four sulfurs, and these fpur a‘O”.’S are in the same plane.. In addition,
" - ) each copper atom is coordinated by an imidazole nitrogen of a
additional protons across the membrane, from the inner side to

) histidine. The other two (axial) ligands are weak and do not
the outer side. Electron and proton transfers are coupled to each - . . s
. . play significant role in the electronic structure of the Gite:
other. Thus, €O functions as a proton pump, which creates

the proton gradient across the biological membrane at the The structure of the Gucenter without axial ligands is shown

expense of free energy of the redox reactions. Recent succesd Figure 1. _ _ ) i
in solving the structure of the enzyme has open the way for a Both hemea and the binuclear site are located in the subunit
detailed understanding of the mechanism of this molecular |+ the largest subunit. Low-spin henaeis coordinated by two

machine, which is one of the key components of biological imidazoles of histidine residues. It's propionates are directed
energy conversion. toward the outer side of the membrane. The structure of heme

a is shown in Figure 2. The binuclear site consists of another
heme and another copper atom, called;dtis heme, called
hemeag, is a high-spin heme in the fully oxidized state af@

and is coordinated by only one imidazole of a histidine, while
the copper atom is on the other side of the porphyrin plane. It
is coordinated by three imidazoles of histidine ligands, leaving
space between itself and the iron atom. This space is the binding
site of oxygen moleculéThe structure of the binuclear site is
shown in Figure 3.

In this paper we study electron-transfer pathways between
redox cofactors of @0. The pathways are controlled by the
structure of the protein. Understanding of electron transport
chain is the first step toward the elucidation of the mechanism
of function of this enzyme.

The bovine heart cytochrome oxidase consists of 13
subunitst It contains three redox cofactors: £uhemea, and
the so-called binuclear site, which is the catalytic site of oxygen
reduction. In addition to the redox centers, the enzyme contains

sodium, magnesium, and zinc atofm&lectrons from cyto- (3) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi,
H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; YoshikawaS&8ence
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Figure 1. Structure of the Cucenter without axial ligands and without
hydrogen atoms. Cu atoms are marked with balls.
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Figure 2. Structure of heme without hydrogen atoms. Fe atom is
marked with a ball.

It is known that electron transport chain runs from cytochrome

c to Cu, then to heme, and after that, via the iron atom of
hemeag, to the binuclear site. Thus, the reactions are as follows:

(2Cu)f" + FE" — (2Cu}’ + FeF
and

F&"+ Fe —Fe +Fe

Mesth et al.
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Figure 3. Structure of the binuclear site without hydrogen atoms. Fe
and Cu atoms are marked with balls.

predicts that the rate of transfer (in classical approximation for
nuclear vibrations) is
(A + AG®)?
exp————
47k T

HereTpa is the tunneling matrix element (electronic coupling),

ks is the Boltzmann constani, is the Marcus reorganization
energy, and\G?° is the free energy, or the driving force, of the
reaction. In this contribution we are interested in identifying
tunneling pathways of electron transfer and evaluation of the
tunneling matrix elemenilpa for different ET reactions in €.

The pathway analysis will be performed with the method of
tunneling currents. Electronic structure of donor and acceptor
complexes as well as of intervening medium will be treated
within the extended Hzkel approximation. SincedD is a vital
component of energy conversion processes in all evolutionarily
diverse aerobic organisms, one can argue that possible evolu-
tionary constraints were placed on the amino acids that are
critical for the proper functioning of this enzyme. In particular,
some constraints could be placed on the amino acids involved
in the electron transport processes. To test this hypothesis, we
performed database searches using as a query the primary
sequences of subunits | and 1l of the bovineQCto find
biological homologues, and checked evolutionary stability of
amino acids found in our pathway analysis. We find that both
subunits | and Il are ubiquitous in nature and are well-
represented in at least two of three urkingdoms, which implies
that this enzyme has existed in almost unchanged form since,
at least, the prokaryotic/eukaryotic divergence 2daillion years
ago?® Although it is difficult to distinguish between conserved
amino acids critical for structural stability and those important

4k T

2 6y

The charges indicated above are formal charges; real distributionfor other potential functions, we find that most of the amino

of partial charges of atoms can differ significantly (see Results).
Since electron transfer does not involve spambital interaction,
the total spin of the system is conserved.

Electron transfer (ET) between each pair of redox centers

can be described by nonadiabatic electron transfer tHewinjch

acids found in our pathway analysis are conserved evolution-
arily.

(7) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
(8) Nealson, K. H.; Conrad, P. ®hilos. Trans. R. Soc. London1®99
354, 1923.
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2. Previous Work on the Subject the heme plane going through the iron atom. The distance between
. . . Cua (the geometrical center of G& complex, to be exact) and Fis
Pathways of internal electron transfer in cytochranoaidase 20.7 A, the distance between Cand Fes is 23.1 A, and the distance
have already been discussed in the literat$&Two pathways between Cyand C is 22.5 A. The distance between.fnd Fes is

for the Cin—hemea electron transfer were proposed. One of 13.2 A, and the edge-to-edge distance between two hemes is about 5
them starts with Rt of His2%4 of subunit Il and proceeds through ~ A.

Arg*38 and Ardg of subunit | to the ring A propionate of the 3.2. Extended Hickel Setting. In these calculations we used the
hemea.51° The other starts with sulfur of C¥ of subunit 1| method of tunneling currents in the framework of the extendeéckielu

and then proceeds through #frof subunit | and the already approximationt* Ir_1 this approximation, the states of valence electrons
mentioned Arg® and Arg=® of subunit | to the ring A are represented in a basis of Slater-type atomic orbitals

propionate of the hem&® Similar pathways were proposed for

— n—1_—¢r
the cytochromec oxidase fromParaccocus denitrifican® 11 ¢=Nr""e ™ Zn @

whose core part (subqnlts I,llzl, and Il) is almost identical to .11 is the main quantum numbet, the Slater exponeng, the

that of the mitochondrial €O. . angular part for a given angular momentumwhich is a linear
For the hemea—hemeas electron-transfer three possible  combination of spherical functionéy, N, the normalization constant,

pathways were proposé&dlhey all start on Hi%'® (ligand of andr, the distance from the nucleus. The above sitigi@proximation

the hemea) and finish on Hig’8 (ligand of hemesg), and differ was used for all atoms except those of transition metals, for which the
in amino acids they use as intermediates. One of them usesdouble{ Slater-type orbitals were used:

Pheé’" as the only intermediate and two others proceed through NP o

Val374and Al&75. The second pathways goes directly to¥is ¢=Nr {(Ce " +Cpe ) Z, 3
from Ala3"3, while the third goes to Tyf2first and then to Hi&'®

(all amino acids are in subunit I).

Pathways of the hypothetical Gthemeas electron transfer
were also proposethut the estimated rate of reaction was very
low, which is consistent with absence of experimental evidence H; +H;
of such transfer. Finally, attempts have been made to estimate Hy =K§——— @
the reorganization energy associated with these reactions.

The works mentioned above used the crystallographic struc-with K = 1.75, wheres; is the overlap of atomic orbitalsandj. Most
ture obtained with 2.8 A3 resolution and did not treat the ©Of the parameters (Slater exponents and ionization potentials) were taken
tunneling process in a rigorous quantum mechanical way. The from parametrization of Alvareli.Ear_am_eters for irpn and sulfu_r atoms
method used for the analysis of the pathways accounted for On|ywere obtained elsewhetg!” The ionization potentials of d-orbitals of

the structure of the system ignoring quantum interference copper atoms and of p-orbitals of sulfur atoms in the, Camplex,
5610 . that is, sulfurs of Cy8® and Cy&°, were chosen in such a way that
effects.'. % In the p_resent_ work we use. improved crystal- the resulting wave function of Gicomplex and corresponding electron
Iographlc data Obta'n?d with 2.32Aesolution an_d treat the  gensity distribution (see Section 4) are qualitatively similar to those
tunneling process with the method of tunneling currents. found in previous theoretical and experimental stuéfe$.’® The
Electronic structure of the system is treated here within the resulting extended FHikel parameters are listed in Table 1.

extended Huokel approximation, and all details of the wave 3.3. Method of Tunneling Currents. The method of tunneling

The diagonal elements of the Hamiltonian matrix are the empirical
valence shell ionization potentials. The nondiagonal matrix elements
are given by the WolfsbergHelmholtz expression:

function of the whole complex are taken into account. currents has been already described in the liter&faféand therefore
we will only briefly outline it here. Letipillbe a basis set of atomic
3. Methods orbitals, which are not necessarily orthogonal to one another. plere

refers is the number of atom, amds the number of orbital on this

3.1. Crystallographic Data. In the calculations we used the  atom. These orbitals are assumed to be real, and so are all the matrix
crystallographic data of the fully oxidized (resting) bovine heart elements and coefficients of expansion of the wave functionHegf
cytochromec oxidase with 2.3 A resolutiof.For comparison, the be the Hamiltonian matrix of the system afgl; = [pi|gjdbe the
calculations were also performed on the structure obtained with 2.8 A overlap matrix.
I’eso|uti0n1.'3 The COOI’dInates were Obtalned from the BI’OOkhaven Let C[[))I andcﬁJ be the Coefflc|ents Of expansion of the domr:and
Protein Database. Only subunits I and Il, containing redox cofactors, acceptorfACvave functions in terms of the atomic orbitals. The matrix
were used in the calculations. Since the initial file with crystallographic  of interatomic currents is defined Hy?

coordinates did not contain hydrogen atoms, they were added to the
system using simulation program Biograjsht should be noted that 1
in addition to hydrogen atoms the initial file did not contain phospho- ~ Jpq = zzin,qj = ‘Z Z(Hpi,qj —ES, 9)(Ch ch — chicq) (5)
lipids present in the systénand, what is especially important, did not 1€p J€q hisfa
contain water molecules. Therefore, water molecules, which can
contribute to electron transfer, were not taken into account in our
calculations.

The copper atom of the binuclear site is located at the distance of
abou 5 A from the iron atom (depending on the oxidation state of the ~ (14) Yates, K Hickel Molecular Orbital TheoryAcademic Press: New

complex and it's ligand® and is abotil A away from the normal to York, 1978.
(15) Alvarez, STables of Parameters for Extendeddfel Calculations

Here statesD[Jand |ACare localized donor and acceptor states (later
referred to as simply donor and acceptor statesjs the tunneling
energy, which is equal to the expectation vall¢H|D= [AJH|AlNn

(9) Williams, K. R.; Gamelin, D. R.; LaCroix, L. B.; Houser, R. P.;  Universitat de Barcelona: Barcelona, Spain, December, 1995.
Tolman, W. B.; Mulder, T. C.; de Vries, S.; Hedman, B.; Hodgson, K. O.; (16) Tatsumi, K.; Hoffmann, RJ. Am. Chem. Sod 981 103 3328.
Solomon, E. I.J. Am. Chem. S0d.997, 119 613. (17) Schilling, B. E. R.; Hoffman, Rl. Am. Chem. So&979 101, 3456.

(10) Ramirez, B. E.; Malmstro, B. G.; Winkler, J. R.; Gray, H. BProc. (18) Karpefors, M.; Slutter, C. E.; Fee, J. A.; Aasa, R'jl&aring, B.;
Natl. Acad. Sci. U.S.AL995 92, 11949. Larsson, S.; Vangad, T. Biophys. J.1996 71, 2823.

(11) Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376, (19) Bertini, I.; Bren, K. L.; Clemente, A.; Fee, J. A.; Gray, H. B;
660. Luchinat, C.; Malmstim, B. G.; Richards, J. H.; Sanders, D.; Slutter, C.

(12) Michel, H.; Behr, A.; Harrenga, A.; Kannt, Annu. Re. Biophys. E. J. Am. Chem. Sod 996 118 11658.

Biomol. Struct.1998 27, 329. (20) Stuchebrukhov, A. AJ. Chem. Phys1996 104, 8424.

(13) Biograph ver. 3.22, The Molecular Design and Analysis Program; (21) Stuchebrukhov, A. AJ. Chem. Phys1996 105 10819.
Molecular Simulations Inc.: San Diego, CA, 1992. (22) Stuchebrukhov, A. AJ. Chem. Physl997 107, 6495.
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Table 1. Parameters for Extended kel Calculatiof

shell Hi ¢ &1 &

atom n s p d s p d d
H 1 —13.6 - - 1.3 - - -
C 2 —21.4 —11.4 - 1.625 1.625 - -
N 2 —26.0 —13.4 - 1.950 1.950 - -
O 2 —32.3 —14.8 - 2.275 2.275 — -
Na 3 -5.1 -3.0 - 0.733 0.733 - -
Mg 3 —-9.0 —-4.5 - 1.100 1.100 - -
S 3 —20.0 —13.3 - 1.817 1.817 — -

3 - -12.0 - - 1.817 - -
Fef 4 —8.39 —4.74 - 1.900 1.900 - -

3 - - —11.46 - - 5.35 (0.5366) 1.80 (0.6678)
Cu 4 —-11.4 —6.06 - 2.2 2.2 — -

3 - - -13.0 - - 2.30(0.57442) 5.95 (0.59332)

aValence shell ionization potential$l{) are in eV, Slater exponent§)(in au ¢; and &, are Slater exponents for doubletype orbitals of
transition metals. Coefficients of corresponding singlerbitals are given in parenthesédata are from ref 17, while ionization potential of
p-orbitals of sulfur atoms of Cy%¥ and Cy&° of subunit Il was taken to be equal +612.0 eV (see Subsection 3.2)Data are from ref 16; all other
parameters, except for the ionization potential of d-orbitals of Cu atoms (see Subsection 3.2), are from ref 15.

the transition state, arfd is the electronic Hamiltonian operator in the  tonian matrix of the system. This is not possible for very large systems,

transition state. such as cytochrome oxidase. To truncate the system, leaving only
When there is no resonance, stdf@sand|Allcan be approximated those amino acids that are important for the electron transfer, the pruning

by two corresponding eigenstates of the entire system. These twoprocedure was uséd.

eigenstates are identified by projecting all eigenstates of the system For the pruning procedure an approximate expression for the

onto zeroth-order donor and acceptor stdtisand |al} which are tunneling matrix element obtained with perturbation theory is #&d

obtained by diagonalization of the isolated donor and acceptor

complexes, respectively. The donor and acceptor complexes are _

predzfined sets Fc)Jf atom>s,, on which the stamﬁand?ADare Iikgly to Toa = Z(Haa —ES,)(ES - HB)a;(Hﬁd —ESo) (®)

be localized. Usually, the overlap of only one of the eigenstates of the %

entire system with zeroth-order stgt2lor |allis close to unity, while

all other eigenstates have nearly zero overlaps. The interaction of theHere the sum is taken over all orbitals of the bridge, subscdatsd

zeroth-order donor and acceptor states with the protein environment@ refer to zeroth-order donor and acceptor statgsand|al) and the

results only in their slight delocalization. However, this delocalization Superscript B shows that only bridge Hamiltonian and overlap matrixes

causes the effective interaction between the donor and acceptor statesa® involved. Since they are usually sparse, evaluation of this sum can
The magnitude of interatomic curre is proportional to probability be made effectively without explicit evaluation of the inverse matrix

that the tunneling electron, once on ategwill jump on to atomp by the method of transition amplitud&s.
during the tunneling transition from donor to acceptor. The total current ~ The pruning procedure runs as follows. First, the perturbation matrix
through an atonp, that is, the sum of all positive currenig, flowing element of the whole system is evaluated, as described above. Then
throughp the truncation of the system is performed. We draw a line between
donor and acceptor complexes, put spheres with given radius and centers
N, = ZJ 0(J q) (6) on the line (spacing between centersi20, whereR is the distance
P - pa="p between geometrical centers of donor and acceptor complexes) and

remove all the amino acids which do not have atoms inside these
spheres. The dangling bonds created by this procedure are “repaired”
by adding hydrogen atoms on the places of atoms whose bonds with
kept atoms are cut. We repeat this procedure for a number of different
values of truncation radius (values from 2 to 18 A were used in the
calculations presented) and find the value for which saturation of the
¢ matrix element is achievedthe matrix element of the system truncated
with this radius is virtually equal to the matrix element of the whole
Let the system be divided into two parts by some closed surface, a System and further increase of truncation radius changes it only very

dividing surface, so that the donor site and part of the bridge are inside SHhtly- o _ o
one of the parts, and the acceptor site and the other part of the bridge Once the truncation is done, the following procedure, which is

is proportional to the probability that electron will pass through atom
p during the tunneling jump from donor to accept®r® The value of

N, can be used to map all atoms in the protein that are involved in the
electron transfer process. The interatomic currents provide quantitative
information on the intensity and directionality of electron flow in the
tunneling transition, and as such provide a quantitative description o
what is commonly called tunneling pathways.

are inside the other part. Then the following formula heRRs: pruning per se, is carried out. A selected amino acid is deleted from
the protein, and the matrix element for a modified protein is evaluated

T =h 3 ) and compared with that of the intact protein, then the amino acid is

DA p; q; pa returned back to protein. In the deletion the dangling bonds are

“repaired” as in the truncation procedures. The procedure is repeated
ereS i th partofhe syt b byt g surfaceana [ S 2500 S5 XS s M s s bl o onc
containing the donor site. Thus, interatomic currents provide information deletion does not affect tunneling matrix element are permanently
not only about the tunneling pathways but also about the magnitude of removed, retaining only those amino acids for which the value of the
electronic coupling. In the calculations, several types of dividing quantity '
surfaces were used: a sphere surrounding the donor site, a sphere
surrounding acceptor site, or a plain perpendicular to a straight line (24) Gehlen, J. N.; Daizadeh, |.; Stuchebrukhov, A. A.; Marcus, R. A.
between them. The matrix element was evaluated by the above formula.|norg. Chem. Actal996 243 271.

3.4. Pruning Procedure. The evaluation of expression of the (25) Stuchebrukhov, A. AChem. Phys. Lettl997, 265, 643.

tunneling matrix element requires exact diagonalization of the Hamil- ~ (26) Priyadarshy, S.; Skourtis, S. S.; Risser, S. M.; Beratan, DJ.M.
Chem. Phys1996 104, 9473.

(23) Cheung, M. S.; Daizadeh, |.; Stuchebrukhov, A. A.; Heelis, P. F. (27) Daizadeh, I.; Gehlen, J.; Stuchebrukhov,JAChem. Phys1997,
Biophys. J1999 76, 1241. 106, 5658.
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IToa — Tpoal sequences and 10 were bacterial sequeticEsr this final set of
a:—lT | 9) sequences the analysis of conservation of amino acids of tunneling
DA pathways was performed.

is greater than some particular number (0.005 in most of the calculations
presented here). Hefiga is the matrix element for the truncated system

(which is virtually equal to that of the whole system), afig), is the 4.1. Cus—Hemea Electron Transfer. The calculation was
matrix element for the truncated system without given amino acid. - )

Clearly, amino acids which are important for the tunneling process performed _on the structure obtained Wlt.h 2'3.A resolution. The
should give larger values &f.. The set of values d?, is called in the extended Haokel parameters used are listed in Table 1.

present paper the amino acid tunneling spectrum. Using it, those amino  4.1.1. Electronic Structure of the Donor Complex.It is
acids which are not important for the electron transfer process are known that after the electron transfer from {0 hemea, the
removed, and the system is reduced to a much smaller one, which isCu, center is left with a semioccupied molecular orbital with
equivalent to the initial system in terms of electron transfer. The spin density equally distributed over both halves of the complex
Hamiltonian of the pruned system can be directly diagonalized, and yitp large amount of spin density on coppers and sulfurs and
rigorous calculations using the method of tunneling currents can be small amount of spin density on histidine ligari@4? In the
performed at various levels of electronic structure description, including . . . . e ) .
ab initio level2s-3 _extended Hakel approximation this orbital is doubly occupied
in the reduced state of the g£aomplex and serves as the zeroth-

3.5. Sequence Analysis Studythe primary sequences of subunits h L. f h .
I and Il were obtained from the PDB entry of the recently crystallized order donor state. The composition of the donor state was in

bovine heart cytochrome oxidas@ (PDB entry 20CC) and used as  OUr calculations as follows: 41.7% of spin density (Mulliken
query sequences for the database search. The nonredundant, highlpopulation) was on copper atoms (19.7% on the copper atom
curated SWISSPRGTdatabase was searched via the standard, heuristic coordinated by Hi¥!and 22% on the copper atom coordinated
Smith—Waterman, BLAST prograrf? the program default search by His?®¥), 51.9% on sulfur atoms (23.8% on sulfur of ¢
parameters were usédTo ensure that the sequences retrieved from and 28.1% on sulfur of C¥&%), 0.076% on N! of His!®! and
the search were indeed biologically related to those of the queries, that104 on N! of His204 (1.1% and 1.5% on imidazole rings
is, homologous, and not simply retrieved by chancezamlue of less accordingly). This is not in exact agreement with results of
:23: dofr?gtll\/zvgss ;;jgniz;wefgfgmcé:tgf; ;r?h”e] ;':J'ts)usn?ﬁr‘éué :LW;S calculation performed earligon the structure obtained with

' .8 A resolution, which show 71% of spin density on copper

215 sequences were homologous to the subunit Il polypeptide.
0,
The accession numbers enumerating these sequences were extracte%mmS and 25% on sulfur atoms. The energy of the donor state

from the BLAST output and a file compliant with the FASTA format was—10.75 eV.

which contained the full sequences was generated from these accession 4.1.2. Electronic Structure of the Acceptor ComplexThe
numbers using the SWISSPROT web-based sefiteA multiple zeroth-order acceptor state is the SOMO of acceptor complex
alignment using the CLUSTALW progréfwas then constructed from  which includes heme without its big hydrocarbon “tail” and two
these FASTA formatted files; the program default parameters were histidine ligands (assuming that the oxidation state of iron is
used®® The multiple alignment was then searched for regions where | 3 gnd that propionates of heme are negatively charged). It is
amino acids implicated in the electron transfer pathways resided. omposed mainly of t-orbitals of iron, which are not exactly
Sequences which contained gaps in these regions, possibly due to partia egenerate in a nonperfect octahedr’al environment. It is the

sequencing, were removed. We were thus left with two multiple . . ; .
alignments, one for subunit | with 92 sequences and anotherforsubunithlghest (in energy) of three such orbitals. The Mulliken

Il with 206 sequences. population analysis of the acceptor state shows that 60.5% of

From the initial set of 128 sequences from subunit I, 109 were SPIN density is on the iron atom and no other atom has
eukaryotic sequences, 16 were bacterial sequences, and 3 were Archaedtopulation greater than 3%. The wave function is significantly
sequences. From the initial set of 215 sequences of subunit 1I, 204 delocalized over aromatic porphyrin rings (94% of acceptor
were eukaryotic sequences and 11 were bacterial sequences. From thelectron density is localized on the heme) and has small amount
final 92 sequences obtained for subunit I, 77 were eukaryotic sequencesof spin density on histidine ligands. The energy of this orbital
13 were bacterial sequences, and 2 were archaen sequences. From thgas—10.76 eV, and the tunneling energy wa0.76 eV, too.

final 206 sequences obtained for subunit 1, 196 were eukaryotic 4.1.3. Two PathwaysThe pathways of electron transfer from

4. Results

(28) Heifets, E. N.; Daizadeh, I.; Guo, J.; Stuchebrukhov, Al Ahys. Cua to hemea found in the calculation are shown in Figure 4.
Chem. A1998 102 2847. The amino acid tunneling spectrum is shown in Figure 5. Not
11((1222355alzadeh' l; Guo, J.; Stuchebrukhov, A.J\.Chem. Phys1999 all of the amino acids left in the system as a result of pruning

(30) Stuchebrukhov, A. AJ. Chem. Phys1998 108 8499. procedure are shown in Figure 4; some of the less important

(31) Bairoch, A.; Apweiler, RNucleic Acids Res1999 27, 49. The amino acids have been left out. The intensity of color of atoms
web site for accessing the SwissProt database is http://www.expasy.ch/sprotis proportional to the total current passing through a given atom.

(32) Altschul, S. F.; Madden, T. L.; Scfier, A. A.; Zhang, J.; Zheng, ; ; ;
Z: Miller, W.: Lipman, D. J.Nucleic Acids Res1997 25, 3389. The Some atoms, for which total current is greater than twice the

BLAST suite of programs is available from http://www.ncbi.nlm.nih.gov/ Wh0|e_CU_rrent in the system, are shown with maximum intensity.
BLAST. Two distinct pathways are found. One of them @pathway)

(33) The BLASTp program was used with the following default Oy i
settings: Matrix: BLOSUMG62, Gap Penalties: Existence: 11, Extension: starts Onsgopper ato.m and progeeds throuQﬁ Fiaf subunit |
1 and Ard3? of subunit Il to propionates of heme The other

(34) Sequences for COX1 APIME (accession number: P20374; Gl:
116963) and COX2 APILI (accession number: P20375; Gl: 117004) were  (37) The distribution of different types of species in the final set of
collected from National Center for Biotechnology Information’s (NCBI) sequences was as follows: for subunit I, 77 eukaryotic sequences (49
nonredundant database. Metazoa, 12 Viridiplantae, 10 Fungi, 2 Rhodophyta, 2 Euglenoza, 1

(35) Thompson, J. D.; Higgins, D. G.; Gibson, TNlcleic Acids Res Myxogastria, 1 Stramenopiles), 13 bacterial sequences (6 Proteobacteria, 4
1994 22, 4673. Clustalw WWW Service at the European Bioinformatics Firmicutes, 2 Cyanobacteria, 1 Thermus/Deinococcus group), and 2 archaen
Institute http://www?2.ebi.ac.uk/clustalw, Rodrigo Lopez, Services Pro- sequences (1 Euryarchaeota, 1 Crenarchaeota); for subunit I, 196 eukaryotic

gramme. sequences (157 Metazoa, 2 Alveolata, 3 Euglenozoa, 11 Viridiplantae, 2
(36) The default parameters were: KTUP 1, window length= Rhodophyta, 1 stramenopiles, 20 Fungi) and 10 bacterial sequences (4
0, topdiag= 1, pairgap= 0.05, matrix BLOSUM, gap-oper 10, end- Firmicutes, 3 Proteobacteria, 2 Cyanobacteria, 1 Thermus/Deinococcus

gaps= 10, gap-extensior 0.05, gap-distances 0.05. group).
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Figure 4. Pathways of electron transfer from Cto hemea. Copper
and iron atoms are marked with balls.

pathway (Cy&° pathway) starts with sulfur of C¥¥ of subunit
Il and goes through I/€° of subunit Il and Ard®® of subunit |
to the ring D propionate of heme

4.1.4. Hig% Pathway. The Hig% pathway is similar to the
pathway described befoPé?but the current goes through A#§
rather than Aréf8 It contains about 16 covalent bonds, one

Mesth et al.

greater amount of donor spin density on carbon and nitrogen
than on histidine hydrogens.

The oxygen of Arg® has been proposed to be the main
acceptor of electrons from subunit®? The distance between
this oxygen and N of His?%4is almost the same as the distance
betweens hydrogen of Arg®® and N2 of His?%4, and the distance
between this oxygen and<Hof His?% is smaller than the
distance between thé hydrogen of Arg® and H? of His?%4
(2.5 and 2.9 A respectively). The Mulliken population of both
donor and acceptor states is greater on oxygen of3Athgan
on A hydrogen of Ard®°. Despite this we find that the current
through this oxygen is smaller than that through the hydrogen
(the ratio of total currents through these atoms is 1.8). This is
explained by the smaller radius of oxygen atom, so that the
overlaps between hydrogen orbitals and orbitals on atoms of
histidine are greater than those between oxygen orbitals and
orbitals on atoms of histidine, despite smaller or similar distance
in the latter case (cf. Table 1). Actually the current through this
oxygen is not only smaller than throughhydrogen of Ardg?,
but also goes back to the donor complex. This is an example of
the destructive quantum interference.

After the 3 CH, group of Ard™° the current is divided into
three parts. One part returns to Leenter, another goes to the
ring A propionate of hema (this is the one which is adjacent
to the Arg8—Arg*3° peptide bond) and the other goes to the
NHC(NH,), group of Arg’®. There it divides again, this time
into two parts, one of which reaches the propionate mentioned
above and the other eventually goes to the ring D propionate
of hemea.

4.1.5. Cy3% pathway. The Cyg% pathway was not identified
before. It consists of about 16 covalent bonds (including the
Fe—N bond in hemes, but excluding coppersulfur bonds in
Cua center), one hydrogen bond (from A#§to the ring D
propionate of hema), and one through-space jump fron# H
of 11190 of subunit Il to H’ of Arg*3° of subunit I. The distance
between these two hydrogen atoms is 1.9 A. Also significant
amount of current goes directly fronf Gf lle1%°to H of Arg*3.

We find that the Cy&¥° pathway is dominating, which is
consistent with the large degree of delocalization of electron
on sulfur of Cy3%. The ratio of currents going through C§3
pathway to the current going through P¥spathway is about

The current enters henaethrough it's propionates. The ratio
of current entering hema through ring D propionate to the
current entering hemathrough the ring A propionate is about
4.1. Despite this the atom with maximal total current going
through it is the carbon of the latter propionate. This is explained
by the complicated system of circular current involving this
propionate and a number of atoms of Afgand Arg°.

4.1.6. Matrix Element. The value of matrix element is found

through-space jump, and one hydrogen bond. Due to delocal-to be 1.7x 107 cm™. For the Cu—hemea electron-transfer
ization of current it is impossible to identify the exact number reorganization energy was estimated to be equal to 0.¥eV,

of bonds comprising the pathway.

The through-space jump occurs between thé¥iing and
the Arg*3® of subunit I. It is delocalized and consists of two
components: one is from’of His?%4to one of the3 hydrogens
of Arg*3 (distance 3.5 A) and the other is fronfbf His204
to the same hydrogen of AR (distance 3.3 A). These two

which is unusually low for electron-transfer reactions in proteins.
With 2 = 0.3 eV the activationless reaction rate is k410°

s1, which is about 10 times smaller than the rate observed in
experiment$83°1n these experiments the rate was found to be
1-2 x 10* s7%, depending on the oxidation state of heme
With driving force of 90me\? the rate constant calculated by

components have roughly the same intensity. Despite smallerMarcus’ formula is 3.3x 10?7 s™%, and the matrix element

distance between hydrogen on Atyjand hydrogen bonded to
N2 of His204 (2.9 A)) the current between them is 2.3 times

smaller that the current between nitrogen itself and hydrogen

on Arg?3. The current between®of His2%4 and the hydrogen

calculated from experimental rate constant is about 102
cmL. One should keep in mind, however, that to estimate the

(38) Brzezinski, PBiochemistry1996 35, 5611.
(39) Adelroth, P.; Brzezinski, P.; Malmsimg B. G.Biochemistryl995

on Arg*™®is much smaller. This can be explained by much 34, 2844.
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Electron transfer from Cu, to Fe, in the Bovine Heart Cytochrome C Oxidase
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Amino Acids of Subunits I and IT in Primary Sequence

Figure 5. Amino acid tunneling spectrum of Gtra electron transfer. Amino acids of subunit Il are enumerated starting with number 520.

value of the reorganization energy from experimental data one increased donor spin density on histidine ligands and decreased
needs either to know both temperature dependence of the ratelonor spin density on cysteine ligands.

and equilibrium constant (or, equivalently, the driving force of  The differences of the structure obtained as a result of pruning
the reaction; cf. Marcus formula) or to have some information with the previous one are not significant. Some of the less
about the value of the tunneling matrix element. In the works important amino acids disappeared from the previous pruned
sited above the temperature dependence of the rate of electromolecule, and some new, also not really important, appeared
transfer from Cy to hemea was not determined, and it was  in the new one. Ty#*°and Set*! of subunit | were not removed
assumed that the value of the tunneling matrix element de- specially to check the existence of proposed pathway through
pends exponentially upon distance between donor and accep-Tyr440,

tor: Tpa = constexp(—ﬁl(r — o)), Wheg%% andro were taken In comparison with the previous calculation the role of dhe

to be equal to 0.5 A and 3.0 R8.39 respectively. The  cny group of Hig% and of oxygen of Aré#?is greater. On the
applicability of this approximation to the Gt-hemea electron contrary, the role of the oxygen of AR is smaller. As a whole,

transfer is not known, but for the hypothetical Cthemeag it the current through this oxygen goes back to subunit II, but it's

gives results which do not agree with the results of pathway amount is small, only only 3.5% of the whole current in the

analysis (cf. subsection 4.3). system (14% in the previous case). This is explained by the
4.1.7. Sensitivity to Composition of Donor Wave function increased amount of spin density on th&€H group of Hig%

and to Protein Geometry. An additional calculation was  and decreased (relative to theCH group) spin density on the
performed with a second set of extendetckiel parametersin -~ € NH group of Hig%,

order to check the sensitivity of matrix element and tunneling  Unlike the previous case, the current from sulfur of €9s
pathways to details of donor wave function. The ionization goes mainly not on the carbon covalently bonded with sulfur
potential of d-orbital of copper was changed froni3.0 to atom, but directly to NH group of cysteine. Eventually 39% of
—12.3 eV. This changed the composition of the donor state. the current enters hemethrough the ring D propionate and
Now 59.6% of the spin density was localized on copper atoms 1% through the ring A propionate.

(27.7% on the copper coordinated by Hisand 31.9% on The tunneling matrix element found in this calculation equals

copper coordinated by Hi%); 28.8% was localized on sulfurs 1.75x 1073 cm~t, which is very close to the result of the main
(12.5% on sulfur of Cy®®and 16.3% on sulfur of Cy%), 4% calculation.

on Nt of His®%, and 3.8% on Rt of His?*4 (4.6 and 4.5% on
imidazole rings, accordingly). This is more close to the results
of calculations reported earlier, but the amount of spin density
on histidine ligands seems to be overestim&tedthe calcula-
tions we refer to the total amount of spin density ong\frbups
representing histidine ligands was only 3%). The asymmetrical
charge disyribution over copper atqms is consistent with thesegOes to the donor complex through the &§pathway. This
results, while asymmetrical distribution over sulfur atoms is not. turn also involves the ring D propionate of hemeso that part

The acceptor wave function is almost identical to it's of the current entering hemethrough the ring A propionate
counterpart in the main calculation. Tunneling energy was equal |eaves it through ring D propionate and goes back to the donor

To check the sensitivity of our calculations to details of
protein structure we performed calculations on the structure
obtained with 2.8 A resolution. The pathways were found to
be the same. The most significant difference is that the current
through Cy3° pathway is now going back to the donor
complex. Part of the current arriving on Afgturns back and

to —10.65 eV. complex. Another difference is the increased role of oxygen of
The pathways found in this calculation are the same as in Arg*3® which is now the main acceptor of electrons from subunit
the previous one, but the Hf¥ pathway dominates in this case. II. It is explained by the reduction of distance between this

Now 64% of the whole current is going through this pathway oxygen andd CH group of the imidazole ring of H&* (the
and 36% through Cy& pathway. This is consistent with the  distance between oxygen of Af§ and G2 is 3.2 A in this
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case and 3.4 A in the structure obtained with 2.3 A resolution).  4.2.2. Tunneling Pathways in the Case of High-Spin Heme

The value of matrix element was found to be &804cm % az. The pathways of electron transfer are shown in Figure 6,
The decreased value of the matrix element is due to destructiveand amino acid tunneling spectrum in Figure 7. Atoms with
interference in the Cy4° pathway. total current greater of equal than the whole current in the system

4.1.8 Influence of the Protonation State of the Heme  are shown with maximal intensity of color in Figure 6. Not
Propionates. Both propionates of hema are deprotonated in  surprisingly, only amino acids of subunit | were left after the
our calculations. To explore influence of possible protonation, pruning procedure.
we performed several additional calculations. We added hy- Two pathways are found, and they are strongly coupled to
drogens to oxygens of propionates, one hydrogen at a time,each other. One of them is a direct jump from the methyl group
trying all four oxygens. To add hydrogens we used programs of the ring D of hemea to it's counterpart on the ring D of
BiograpH3 and xLEaP, the latter is a part of the simulation hemeas. The length of the jump is 3.4 A between hydrogen on
package AMBER 5.8% We found that using these two programs the methyl group of the ring D of hengand hydrogen on the
results in different geometry of hydrogens bound to the same methyl group of the ring D of hema; and 3.7 A between the
oxygen. This difference in geometry leads to noticeable differ- same hydrogen on henseand carbon of the methyl group of
ence in results since the current enters heaehrough the rind D of hemeas.
propionates. We performed eight calculations with added The other pathway uses Hig and Phé’’ as intermediates.
hydrogens (two calculations for each oxygen on propionates of Almost all current leaving the iron atom goes to the imidazole
hemea), and the calculated matrix element ranged fromx.1  ring of His*’8 Despite large individual currents between iron

1073to 4.1 x 1073 cm™%, though mainly staying betweenx and atoms of hema, their sum is only 2% of the whole current
102%and 2x 103 cmL in the system, and there is a strong and very complicated system
4.2. Hemea—Heme a3 Electron Transfer. In the calcula- of circular currents in the porphyrin rings.

tions for the heme—hemeas electron transfer we chose the From the imidazole ring of H&?8 the current goes to the

donor complex to be the same as the acceptor complex in thearomatic ring of Ph&7, mainly jumping directly frome CH of

calculation for Cy—hemea electron transfer. The acceptor His®’8to €1 CH of Phé&””. From the benzene ring of PHéthe

complex was chosen in the same wa}l of the hemeas (except current goes to the ring D of henag, to the methyl group on

for it's hydrocarbon “tail”) and the imidazole ring of the histidine it, and to theoa. CH, of the ring D propionate of the heme.

ligand. The choice of the acceptor state is more complicated, Significant amount of current also goes through bonds of"Alis

however. It is known that Fé is a high-spin ion when thereis  and Phé&’” to 8 CH, group of Phé&’’, from where it jumps to

no ligand between henma and Cy and when there is a water  the ring D of hemeas, mainly to the C2 carbon on this ring.

molecule or a peroxide bound to the iron atdfput is a low- The distance of this jump is 2.7 A between this carbon and the

spin ion when OH is bound to it Accordingly, the acceptor 8 hydrogen of Ph&” and 3.3 A between two carbons.

state should be different in these two cases. Since it is possible The current going from PR& to hemeas is about 88% of

that during the catalytic cycle Eemay accept electrons while  the whole current. Direct current from one heme to the other is

being in its high-spin form, we performed calculations for both about 23% of the whole current. The aromatic ring of Phis

high-spin and low-spin hemas. To check possible influence  involved in two complicated systems of circular currentsie

of the sixth ligand of Fg on tunneling pathways and value of includesel CH and; carbon of Ph#7 and the ring D of heme

tunneling matrix element calculations were performed both in g, the other includeg, 01 andd2 carbons and2 hydrogen of

the absence and in the presence of the peroxide ligand. It wasPhé’” and the ring D andx CH, group next to it on hemas.

found that the peroxide ligand does not change matrix elementThere is another complicated system of circular currents on the

(it was changed not more than by a factor of 2) and tunneling pyrrol rings of hemess itself. In fact in both hemes there are

pathways significantly, and, accordingly, results of calculations currents from iron atom to heme atoms as well as from heme

with it will not be presented here. We consider only tunneling atoms to iron atom.

pathways between henaeand hemeas. We believe that these About 15% of the current goes back from hemeo heme

pathways do not depend on details of coupling between iron 3 via the side chain of Lef Last, the current comes to HT§

and copper atoms and that in any case electron enters themainly not from Ph&7 and not from hemesg, but from Ala75—

binuclear complex through the iron atom. it goes from Hig78 to Val74 via hydrogen bond between
4.2.1. Calculations in the Case of High-Spin Hemas. For imidazole nitrogen and oxygen of \2af, then through bonds

the study of electron transfer to a high-spin heme we chose asto Ala3’5 and to His,

the zeroth-order acceptor state the lowest of those orbitals of 4.2.3. The Value of the Matrix Element. The tunneling

the acceptor complex that consist mainly of t-orbitals of iron. energy was equal t0-10.79 eV. The matrix element was
In the absence of peroxide ligand 64.4% of electron density in calculated to be 0.39 cr. The reorganization energy for this
the acceptor state was localized on the iron atom and 8.2% onreaction was determined to be 0.76 #}\4nd the driving force
His378, is about 40 me\*>42Then the rate constant calculated by the

The donor state is almost identically the same as the acceptorMarcus’ formula is 5.9x 10* s~1, while the experimental rate
state in the calculation for the Gt-hemea electron transfer,  constant is about & 10° cm™1.3942With this rate constant and
as it should be. Due to a short distance between the hemes direcgjiven values of driving force and reorganization energy the value
overlap between zeroth-order donor and acceptor states isof matrix element should be about 0.7 thwhich is only 1.8
significant, and therefore direct current between the hemes is atimes greater than the calculated value.
large part of the overall current. 4.2.4. Calculations in the Case of Low-Spin Hemes. For

- - - the study of electron transfer to a low-spin heme we chose as

|||;(?zg)s§a\7\f ’SD_;' éhﬁiﬁﬂga& E : éérggr'ﬂvf'kf'Mvg;’zycﬁe,at?asr?éntbrf " the zeroth-order acceptor state the highest of those orbitals of

R.V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.; Radmer, acceptor complex that consist mainly of t-orbitals of iron, in

R. J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P.AMBER

5, University of California, San Francisco, 1997. (42) Verkhovsky, M. I.; Morgan, J. E.; Wikstno, M. Biochemistry1992
(41) Michel, H.J. Am. Chem. Sod 998§ 95, 12819. 31, 11860.
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Figure 6. Pathways of electron transfer from heméo hemeas in the case of high-spin hen®. Iron atoms are marked with balls.

Heme a — heme a, electron transfer in the case of high—spin heme a,
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Figure 7. Amino acid tunneling spectrum of henae-hemeas electron transfer in the case of high-spin heme

the same way as for the hermaéWVe found that it was the SOMO The donor state is the same as for the case of high-spin heme
of acceptor complex (assuming that the oxidation state of iron az. The acceptor state is more localized re82% of spin

is +3 and that propionates of heragare negatively charged), density is localized on the iron atom, and no other atom has
as it should be expected. more than 2% of electron density on it.
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The matrix element, calculated with tunneling energh0.69 from Cua to high-spin hemegs. With the reorganization energy
eV was equal to 0.43 cm, which is very close to the previous  of 0.8 eV38 which is typical for electron transfer in proteiffs,
case. the highest of these values gives activationless reaction rate

4.2.5. Tunneling Pathways in the Case of Low-Spin Heme ~ constant of 0.17%. This is several orders of magnitude smaller,
as. There are significant differences between pathway pattern than the rates of other electron-transfer reactions in the cyto-
in the case of high-spin hena and that in the case of low- ~ chromec oxidase, which is consistent with absence of experi-
spin hemesas. There are still two pathways, strongly coupled to Mental evidence of this transfer.
each other. One of them is diregthe same as for the case of One note should be made, however. Magnesium atom is
high-spin hemeas. The other uses PR€ as an intermediate.  coordinated by three water molecufeshich were absent in

However, unlike the previous case, Misand Hi$7® do not our calculations. Magnesium atom plays important role in the
play significant role. The current goes to the aromatic ring of tunneling pathways from Guo the binuclear site found in our
Pheé’7 directly from hemea and from there to hemag. The calculations. These water molecules can play significant role

importance of the two pathways is roughly the same: 57% of in th_is hypothetical reac_tio_n anql hence c_hange the value_ of
the whole current goes directly from one heme to the other, matrix element, though it is unlikely that it can become big
and 43% of the current goes through Ple enough to make this reaction competitive with other two.

As in the previous case, there are strong and complicated 4.4. Results of Sequences Analysis and Comparison with
systems of circular currents, involving hemes and the aromatic Previous Works. In this work two pathways are found for the
ring of Phé””. But unlike the previous case, residues other than Cuax—hemea electron transfer. The Hi¢* pathway is similar
hemes themselves and PHedo not play any significant role  to the pathway described befdr) but largely does not include
in the electron-transfer process. Arg*38 of subunit I. It is about two covalent bonds longer than

4.2.6. Mutation of Phé?”. Mutation of Phé”” of subunit | the pathway proposed by Gray’s group, which contains no
of the ubiquinol oxidase frorscherichia colito alanine leads ~ trough-space jumps but contains an additional hydrogen bond.
to reduction of the rate of electron transfer from heme heme 1€ Cy$* pathway was not identified befogg. The FHs
b approximately by a factor of 2: the time constant drops from Pathway con5|st§00f HiS* of subunit Il and Arg® of sug)gumt
34 to 7-8 45 We have substituted P& in the pruned | While the Cys® pathway consists of C§% and le of
molecule by an alanine and calculated matrix element. Substity-SUPUNit Il and the same arginine. Pruning procedure showed
tion was made by two different programs: SCWRland that desplte.small amount of current going through it, 4&%g
Biograph?® Substitution by these two programs turned to lead ©f Subunit Iis also important for electron transfer.
to different geometries of the side chain of alanine amino acid, A pathway going through Cy¥ of subunit Il and Ty# of
and hence to different values of matrix element. The value of Subunit | was proposed earligf.We do not find this pathway.

matrix element was equal to 0.16 th{SCWRL) and 0.13 cmt In fact, Tyr*4° of subunit | does not even appear in the pruned
(Biograph) in the case of high-spin hemg and 0.3 cm? (both molecule. This hypothetical pathway is about seven covalent
SCWRL and Biograph) in the case of low-spin heaae This bonds and one hydrogen bond longer, than the©Cpathway,
corresponds to reduction of rate by a factor of-59in the but does not contain through-space jumps.

case of high-spin hem&; and by a factor of approximately 2 For the hemea—hemeas electron-transfer we found three

in the case of low-spin hema. The smaller change in rate in ~ major pathways. One of them is a direct jump between two
the latter case agrees with the observation that the greater parhemes, another uses benzene ring ofPles a sole intermedi-

of the current goes directly from one heme to the other in that ate, while the other uses imidazole ring of Hfsand benzene
case. ring of Phé”” as intermediates.

The change in the rate found in our calculations (the change Three pathways of the herae-hemeas electron transfer were
of which was greater than in the experiment) does not permit proposed in the literaturall starting and ending on iron atoms
to make any definitive conclusions. First, our calculations were and going through H#&? and Hi$’ One uses the part of
not performed on the cytochront®; from E. coli, the crystal backbone belonging to PHéand consists of 16 covalent bonds.
structure of which is not known at present, but on bovine heart The second pathway uses ¥dland Al&”> as intermediates
CcO. Second, the substitution of Pfigperformed as described ~ between two ligating histidines, while the third uses ¥l
above did not alter positions of hemes and other protein amino Ala®" and Ty?”% We do not find the third pathway; T
acids. It is likely, however, that upon replacement of bulky side does not appear in the pruned molecule for all cases studied.
chain of phenylalanine by a methyl group the edge-to-edge As for the second pathway, our calculations show that there is
distance between two hemes will decrease, thus increasing direcBome current going through it, but the magnitude of this current
electronic coupling between them. is small.

4.3. Electron Transfer from Cu, to the Binuclear Site. We have checked evolutionary stability of amino acids
Experiments do not reveal any direct electron transfer frop Cu  Proposed to be important for electron transport. Results of this
to the binuclear sifedespite similar distance from Go heme ~ Sequences analysis study are presented in Table 2. For Cu
aand from Cy, to hemeas. We performed calculations for this hemea transition we find that all amino acids comprising the

hypothetical reaction. We made calculations oEhemeas His*** pathway are well-conserved evolutionarily, with only
electron transfer, both for low-spin and high-spin heme (without Arg439 having three substitutions in 92 sequences studied*Arg
the peroxide ligand), and of Gt+Cug transfer. is found to be totally conserved too. On the contrary:*Aef

the Cy2% pathway is not conserved. However, possible absence
of Cy<% pathway in other organisms does not seem to be
important for the functioning of electron transport system, since
there is a highly conserved H# pathway, and due to it's high
(43) Verkhovsky, M. I. Private communication. rate (of the order of 10s™Y) Cua—hemea electron transfer is

(44) Bower, M. J.; Cohen, F. E.; Dunbrack, R. L. Mol. Biol. 1997,
267, 1268. (45) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem 1996 65, 537.

The calculated matrix element was 64L0~% cm~ for Cuy—
Cug transfer, 2.4x 1075 cm™2 for electron transfer from Gu
to low-spin hemess, and 9.8x 1076 cm~1 for electron transfer
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Table 2. Polymorphism of Amino Acids Relevant to the Various importance depends on details of wave function and of
Electron Transfer Tunneling Mechanisms geometrical structure of the system. Since they change in the
amino acid/ num. of % course of molecular dynamics, it is likely that their relative
reaction position  chain _substitutions _polymorphism importance is changing in time, so that on the average they both
Cus — hemea Cys/196 N0 0.00 are important and one can speak only about average matrix
lle/199 29 141 element and general pathways. The pathway running through
[24L.1M 3T 1¥] Cys'% of subunit Il and Tyt of subunit | d earli
Cysi200 11 0 0.00 ys'®® of subunit Il an y#0 of subunit I, proposed earlier,
His/204 N o 0.00 was not confirmed.
Arg/a3s 10 0.00 The calculated transfer matrix element for thex€Ehemea
Argias9 | ap 2K] 3.26 transition is too small to account for the observed rate of transfer.
Tyr/440 | 38 41.3 With 1 = 0.3 eV andAG® = 0.04 eV the transfer matrix element
[291,3L,2M,4V] calculated from the observed reaction rate would be about 1
hemea—hemeas  Tyr/372 | [11‘2,:] 15.2 102 cmL, that is, 6 times larger than in the calculations
val/374 |3 3.26 presented here, and even in the case of activation-less reaction
[1G.21] (i.e., withA = 0.09 eV) the matrix element is found to be-2
Ala/375 ' [1130G 3R] 141 times larger. Possible reasons for this discrepancy include, along
His/376 I o0 0.00 with insufficient accuracy of the extended ékel approxima-
Phe/377 I o0 0.00 tion, the neglect of the influence of water molecules located
His/378 0 0.00 inside the system. Both fixed and moving water molecules are
Leu/ssl | [é?lM 102V] 10.9 likely to be contained in it. Water molecules located along the

identified pathways may facilitate electron transfer and increase
2 Subunit | has 92 sequences and subunit Il has 206 sequences. the tunneling matrix element. The study of water insicd#C
and its possible influence on electron transfer is currently
not a rate-limiting step in the turnover process. Finally,"fyr  ynderway in this group. Another factor that can influence the
of subunit I, which was proposed by Solomon and co-wofkers rate of the transfer is the protonation state of residues involved
to participate in electron transfer, is highly polymorphic, in in tunneling, such as propionates of heeét is possible that
agreement with the results of our calculations which do not the changes of their protonation state can influence the value
reveal the pathway going through it. of the tunneling matrix element and therefore couple electron
His3"® and Phé’’, which are found to be important for the transfer to proton transfer.
hemea—hemeag electron transfer, were found to be highly  cajculations were also performed for the case of possible
conserved evolutionarily. Of other amino acids, found only gjrect electron transfer from Guo the binuclear center. The
weakly participating in electron-transfer process, only*al  c5jculated values of the matrix element proved to be very small,

shows low degree of polymorphism, while Alaand Led®! which is consistent with the absence of experimental evidence
are highly variable. Finally, of amino acids, which were ¢ sych electron transfer.

proposed by Gray and co-workeér® participate in electron
transfer but not found to be important in our pathway analysis,
His®"®is highly conserved (as it should be expected for a ligand
of the iron atom), while Ty2is highly variable.

There is a remarkable coincidence between amino acids that
have been identified as important for the electron-transfer
process and those from the results of the sequence analysis. If
one assumes that constraints on amino acids were imposed by
evolution to ensure an “optimal” electron transport, then
conserved amino acids should point to possible candidates for

Calculations of tunneling pathways of internal electron €lectron-transfer pathways. The amino acids that contain the
transfer in cytochrome oxidase were performed, using the ~greatestamount of current flowing through them in our pathway
semiempirical implementation of the method of tunneling analysis do demonstrate a high degree of conservatiof?? lle
currents. The crystallographic structure used in the calculations ©f subunit Il is the only amino acid of those which were found
was obtained with higher resolution than that used in previous important for electron transfer in our pathway analysis that does
works on this subject. Compared with these works, not only Not show evolutionary conservation. However, the *Hfis
structure of the system was taken into account, but the wavePathway is highly conserved, so that at least one pathway for
function of the whole system was treated in a more rigorous Cula—heme a electron transfer is present in all proteins
quantum-mechanical way. For a given structure the accuracyconsidered in our sequence analysis. Our analysis cannot of
of the method of tunneling currents is limited only by the course exclude the possibility that amino acids found to be
accuracy of electronic structure description, that is, by the conserved in the evolution of the enzyme are conserved because
accuracy of the extended kel approximation for the present ~ of their importance for protein stability or other possible
case. The same method, however, can be used also with ab initidiological functions rather than for electron transport. The

5. Conclusions

electronic structure calculatioR&:30.46 evolutionary conservation of the pathways found in this paper,
Major pathways of Ci—hemea and of hemea—hemeas however, is intriguing.

electron transfers were identified. For the latter transfer pos- )
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