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The Coupling of Electron Transfer and Proton Translocation: Electrostatic
Calculations on Paracoccus denitrificans Cytochrome ¢ Oxidase

Aimo Kannt, C. Roy D. Lancaster, and Hartmut Michel
Abteilung Molekulare Membranbiologie, Max-Planck-Institut fir Biophysik, D-60528 Frankfurt am Main, Germany

ABSTRACT We have calculated the electrostatic potential and interaction energies of ionizable groups and analyzed the
response of the protein environment to redox changes in Paracoccus denitrificans cytochrome ¢ oxidase by using a
continuum dielectric model and finite difference technique. Subsequent Monte Carlo sampling of protonation states enabled
us to calculate the titration curves of all protonatable groups in the enzyme complex. Inclusion of a model membrane allowed
us to restrict the calculations to the functionally essential subunits | and Il. Some residues were calculated to have complex
titration curves, as a result of strong electrostatic coupling, desolvation, and dipolar interactions. Around the heme a;-Cug
binuclear center, we have identified a cluster of 18 strongly interacting residues that account for most of the proton uptake
linked to electron transfer. This was calculated to be between 0.7 and 1.1 H™ per electron, depending on the redox transition
considered. A hydroxide ion bound to Cug was determined to become protonated to form water upon transfer of the first
electron to the binuclear site. The bulk of the protonation changes linked to further reduction of the heme a;-Cug center was
calculated to be due to proton uptake by the interacting cluster and Glu""8. Upon formation of the three-electron reduced
state (P1), His®*°, modeled in an alternative orientation away from Cug, was determined to become protonated. The
agreement of these results with experiment and their relevance in the light of possible mechanisms of redox-coupled proton
transfer are discussed.

GLOSSARY membrane of mitochondria and many bacteria, and cata-
G, J) charge-charge interaction energy between lyzes electron_ transfer from cytochronteto r_nolgcular
fully ionized residues andj] oxygen, reducmg the latter to water. The reaction is accom-
AG,, reaction field energy panied by vecto_nal proton transport through the membra_ne,
AAG,, “desolvation penalty,” difference IAG,y, a process'that is generally referred tp as proton pumping.
for residuei in solution and in the protein The resulting proton and voltage gradient is t.hen employed
AG,, interaction energy of residuewith b_y tr_]e FF,-ATP synthase for phosp_hqrylanon_ of ADP,
Po permanent dipoles yielding ATP. The structure of the oxidized, azide-treated
ApKgeeow  Change in pK arising from the cyto-chromec oxidase from thg soil bacteriufaracoccus
“desolvation penalty” denitrificanshas been determined by x-ray crystallography
ApK o change in pK arising from\G,, at 2.8-A resolgtlon (Iwata etal, 1995)._ The protein cor}5|sts
PK, ¢ “intrinsic pK,” pK of an ionizable residue of four subunits (cf. Fig. &); subunit | is the largest, with
i if all other groups were neutral 12 transmembrane helices arranged in three symmetry-re-
Pra/Prda  ring A/D heme propionates of henae lated semicircles. Subunit Il contains two transmembrane
Pra/Prda, ring A/D heme propionates of henag helices and a large periplasmic domain with a fold similar to

that of type | copper proteins. Subunits 11l and 1V consist of
seven and one transmembrane helices, respectively, and
only small periplasmic or cytoplasmic segments. The three
mitochondrially encoded subunits of the 13-subunit bovine
heart enzyme, the crystal structure of which was reported
INTRODUCTION recently at 2.$ A (Tsukiha_lra et aI._, 1996), were found to be
remarkably similar to their bacterial homologs.
Cytochromec oxidase is the terminal complex of the respi-  Cytochromec oxidase contains four redox-active cofac-
ratory chains of aerobic organisms. It is located in the inneggrs: g Cuy, a low-spin heme (hema) and a heme,-Cug
binuclear center. The hemes andgCure located in subunit
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(E) is formed, which subsequently becomes further reduced
to the two-electron reduced R-state to which oxygen can
bind. Oxygen binding, via formation of compound A
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0 strom et al. (1994), with the histidine cycling through two
ML sl e different orientations and three different protonation states
o Fem Cu dependent on the redox state of the enzyme. The model is in
agreement with the electroneutrality principle (Rich, 1995),
H reom cutl e gl E which postulates that reduction of the binuclear center
e causes the uptake of protons from the cytoplasm to maintain
electroneutrality. These protons are then expelled into the
), el gt R periplasm through electrostatic repulsion from the incoming
H “chemical” protons required for water formation. Critical
within such a model is the identity of the groups that
become protonated upon electron transfer to the binuclear
site.

H,0

0,

F e+IV=OZ- Cu+I Fe+II_O Cu+1 A

7

) © Two different pathways for chemical and pumped pro-
¢ l tons were indicated by site-directed mutagenesis experi-
ments where the mutation prevented proton pumping but
+IV_~2- +11 I - +11
F Fe'"=0" Cu Fe' ‘O\O_ ™ p still allowed water formation (Thomas et al., 1993; Fetter et
al., 1995; Garcia-Horsman et al., 1995). Iwata et al. (1995)
1.6 A)\e’ proposed two such pathways for tRaracoccusenzyme.
2

2 Ser®!, Lys** Thr*®% and Tyr®® and the pathway for

protons to be pumped was suggested to include'#sp
03 99 13 31 5
FIGURE 1 Short version of the catalytic cycle of cytochromexidase Thr®s ASpl ’ ASpl ’ ASpl  and TyP - Beyond the latter

(Babcock and Wikstnm, 1992, with modifications). Fe and Cu represent r§5|due, a presumat:sly solvent-filled cavity leads to the
hemea, and Cu, respectively. Bold italic letters refer to different redox highly conserved GRf®. From there the pathway seems less

states of the binuclear site, namely the fully oxidized stady, the  clear but may involve Pf3’, from which it could reach the

one-electron reduced intermediatg),(the fully reduced stateR) that is binuclear site.

converted into compound A upon_ oxygen binding, the peroxy state before However, recent investigations using site-directed mu-

(P) and after P1) uptake of the third electron, the oxoferrf@)(state, and . .

the hydroxy stateH). tants (Konstantinov et al., 1997) indicate that the former
pathway may be used in the first, so-called eu-oxidase part
of the catalytic cycle, whereas the latter pathway is of

(Chance et al.,, 1975), leads to the peroxy state P, themportance only for the second, peroxidase part of the

structure of which is still uncertain. Transfer of the third reaction.

electron via Cy and hemea then traps the oxygen within ~ The aim of the work presented here was to gain further

the binuclear center (Verkhovsky et al., 1994, 1996); thensight into the coupling of proton translocation to electron

corresponding intermediate is referred to as P1. Upon scidransfer by using electrostatic calculations. Similar methods

sion of the O-O bond and formation of the first water have recently been applied to other systems such as the

molecule, the stable oxoferryl or F-state is produced (Varphotosynthetic reaction centers Rb. sphaeroidefBeroza

otsis and Babcock, 1990). Input of the fourth electron lead®t al., 1995; Gunner and Honig, 1992) amp. viridis

to the hydroxy intermediate H and, after release of thglLancaster et al., 1996). A continuum dielectric model and

second water molecule, to the regeneration of the O-statdfinite difference technique were used to determine the elec-

The associated generation of a proton gradient across theostatic potential in and around cytochromexidase and

membrane is the outcome of two processes: the uptake ¢ identify residues that are strongly electrostatically cou-

“chemical” protons from the cytoplasm that are required forpled. Monte Carlo sampling allowed the determination of

water formation and the translocation of “pumped” protonsthe average protonation of all titratable residues as a func-

from the cytoplasm into the periplasm. Analysis of mem-tion of pH and dependent on the redox state of the enzyme.

brane potential effects (Wikstno, 1989) and time-resolved

charge-translocation measurements on reconstituted en-

zyme (Verkhovsky et al., 1997) have shown that only themETHODS

P — F and F— O transitions are coupled to proton pump- .

ing. However, the molecular mechanism by which thisCoordinates

coupling is achieved is still unclear. Previous proposalscalculations were based on the nonhydrogen coordinates of subunits | and

involve ligand exchanges and protonations ory QWik- Il of the P. denitrificansenzyme (Protein Data Bank (PDB) entry code

strom et al., 1994), on heme3 (Rousseau et al., 1993)7 or 1larl, Ostermeier et al., 1997). This set of coordinates contains a magne-

between the two metals (Woodruff, 1993). On the grOund§ium ion bound to H®&® Asp*® Glu'"2'® and a water molecule, similar

. . . . . to the Mg site proposed for the bovine heart enzyme (Tsukihara et al.,
of possible multiple orientations and conformations for thelg%) g prop yme (

. X ) 30
side chain of the Gylligand His™®>, Iwata et al. (1995) have Fann et al. (1995), through extended x-ray absorption fine structure and
favorably discussed the “histidine cycle” model of Wik- electron nuclear double-resonance spectroscopy experiments at high pH,

Fe+IH_O— Cu+I A .
{ The pathway for protons to be consumed involves residues
o o p y p
Pl
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have suggested a water molecule or hydroxide ion as a fourth ligandsto CuA (Connolly, 1983). A series of four focusing calculations was performed
that could account for the strong antiferromagnetic coupling of the legme with a final grid spacing of 1.0 A/grid.

iron and the copper. This water was modeled (Fig) at a distance of 1.95 Charge distributions for amino acid side chains were taken from the
A from the copper, in agreement with the data of Fann et al. (1995),CHARMM set of charges (Brooks et al., 1983). Arg, Asp, Cys, Glu, His,
assuming a distorted tetrahedral coordination of the copper center. It wasys, and Tyr residues, heme propionates, and chain termini were treated as
generally included, but was omitted from a separate series of calculationgratable residues. However, histidines liganding copper atoms or heme
as indicated in the Results section. For the relevant redox states, an 0xyggRns were considered neutral. Preliminary calculations explicitly including
molecule bound to hema, was modeled in analogy to the heme-bound o hogsibility of deprotonation of the Guigating histidines to their
oxygen molecule in oxygenated hemoglobin (Condon and Royer, 1994)'imidazolate forms showed the histidines to be already neutral in the fully

Because, in the original structure obtained with the oxidized enzyme in

. . . . oxidized state of the enzyme. Furthermore, treating the His ligands as
the presence of azide (Ilwata et al., 1995), the orientation of thdiGand . ym 9 9 .
g . . . . deprotonatable is problematic, because of the present level of resolution,
His**® could not be observed crystallographically, its side chain was

modeled in two different conformations: as a ligand togGand in an the absence of model compounds, and the resulting uncertainty about the

alternative orientation away from the copper (cf. Figh2see Results gorrect metal-'to-llgand gll.stances, to which the |on|zat|op states of the
section for details). ligands are highly sensitive. The copper atoms were given charges of

We have included a membrane model (Fig.bB that shields the ~0-75/0-25 and 1.0/0.0 for the oxidized/reduced forms of @nd Cu,
membrane-exposed protein surface from the solvent. The membrane [§SPectively. The remaining charges of 0.75 and 1.0 for &hd Ci were
represented by a lattice of carbon atoms thetA apart and form a layer ~ €venly distributed over the liganding atoms. Thus, in the case gf e
of thickness 27 A, mimicking the hydrophobic part of the membrane ligating histidines were given &0.33 charge on their ligating atoms or,
(Lancaster et al., manuscript in preparation). Inclusion of this membranavhen a hydroxide ion was included as a fourth ligane,ta25 charge, and
model also allowed us to restrict the calculations to subunits | and 1, savinghe remaining+0.25 was assigned to the hydroxide, giving it a net charge
CPU time. Previous studies have shown that the two-subunit enzyme isf —0.75. Charge assignments to the heme atoms were as described by
active in proton pumping (Haltia et al., 1989; Hendler et al., 1991). Lancaster et al. (1996); additional partial charges were put on the formyl

Protons were added with the program PROTEUS (A. Joguine and M. R(+0.55/~0.55 for the carbon and oxygen atoms, respectively) and hy-
Gunner, City College of New York, unpublished observations), which is droxyalkyl groups (C:+0.25, O: —0.65, H: +0.40).
distributed as part of the GRASP package (Nicholls et al., 1991). This The electrostatic contribution to the free energy of a charge in the
program orients protons on water molecules or hydroxyl groups to mini-protein is the sum of three different energy terms: the reaction field energy,

m_izg the electrostatic in_teraction free energy of the proton with residuesAerm the dipolar interaction energ®G,., and the interaction energy
within 4.5 A of the considered group. with other ionizable residued G,

The reaction field energy accounts for the polarization of electrons and
dipoles in the surrounding medium, which stabilizes a charge. Transferring
a charge from such a high-dielectric medium into an environment with a
low dielectric constant leads to a loss of reaction field enefgyG,, .,

Calculations were performed as developed by M. R. Gunner (City Collegd?Nich is often referred to as the desolvation penalty. Thus, in a low-
New York), implemented locally by Lancaster (1996), and described bydlelectrlc medium, the protonation equilibrium of a titratable residue is
Lancaster et al. (1996). The program DelPhi (Gilson et al., 1987; Nichollsshifted toward the neutral form, resulting in a change in AKK geson

and Honig, 1991) was used to solve the Poisson equation for the electro- The term AGy,, takes into account the interaction with permanent
static potential in and around cytochrornexidase. The protein interior ~ dipoles such as the polar groups of the protein backbone or polar amino
was assigned a dielectric constant of 4, whereas 80 was used for treeid side chains. pK changes dueMaG,,, andAG,, can be combined to
solvent. The molecular surface of the protein as the boundary betweeyield the “intrinsic” pK, pK,,, which is the pK of the considered group
high- and low-dielectric media was defined by a solvent probe of radius 1.4vhen all other titratable residues in the protein are in their neutral state

Calculation of electrostatic energies and
individual site titration curves

His-326

His-276

FIGURE 2 @) The binuclear center with a hydroxide ion bound tosC{b) His**® was modeled in two different orientations as indicated by Iwata et

al. (1995): as a ligand to Gu(l) and in its “free” orientation (Il) hydrogen-bonded to the hemeormyl group (CHO), the carbonyl oxygen of PH&

and the OH group of Tyr8 Hydrogen bonds are depicted as dashed lines. Both images were prepared with MolScript (Kraulis, 1991) and Raster3D (Bacon
and Anderson, 1988; Merrit and Murphy, 1994).
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FIGURE 3 @) Structure of the four-subunit cytochromexidase from
Paracoccus denitrificanfiwata et al., 1995). Subunits I, 11, Ill, and IV are
shown in white, light grey, dark grey, and black, respectivéddy Subunits

partition function. However, for proteins with more than 25 titration sites,
this approach becomes prohibitively time-consuming. Instead, we have
used a Monte Carlo algorithm as described by Lancaster et al. (1996) to
calculate individual site titration curves for different redox states of the
enzyme. A total of 3.2<x 10° Monte Carlo steps (after 1.& 10° pre-
equilibration steps) were applied to determine the average ionization of
each site over the pH region between 4.0 and 11.5. Strongly coupled
residues with a\AG,, greater than 2pK units were permitted to change
their protonation state simultaneously in a single Monte Carlo step over
50% of the time, as suggested by Beroza et al. (1991).

Water molecules, with the exception of the ligands to the magnesium
and the binuclear site, were not explicitly included in the calculations. It
has been pointed out by Yang et al. (1993) and Lancaster et al. (1996) that
the explicit treatment of buried water molecules is difficult, because there
are no unique positions for the water hydrogen atoms. Upon protonation or
deprotonation of a nearby residue, the hydrogen atoms might change their
position to stabilize the protonation state of the residue through the for-
mation of hydrogen bonds. As our approach cannot account for such
positional fluctuations, the error introduced by explicitly including the
buried waters may well be greater than the error caused by leaving them
out. However, our version of DelPhi implicitly includes the stabilization of
charges or dipoles by assigning a dielectric constant of 80 to each cavity
within the protein that is large enough to accommodate a water molecule.
Hence bound water molecules are treated as a high-dielectric continuum,
which, however, underestimates the stabilization effects of highly directed
hydrogen bonds (Yang et al., 1993). As shown by Yang et al. (1993) in a
study with T4 lysozyme, the likely deviation from experimental values
introduced by the continuum approximation can extene-foApK units.

In their case, explicitly including bound waters was found to only margin-
ally improve the agreement with experiment.

RESULTS

Electrostatic interactions between residues in the
fully oxidized state

Subunits | and Il of cytochrome& oxidase contain 151
residues that were considered protonatable: 19 Arg, 26 Asp,
6 nonligated Cys, 25 Glu, 15 nonligated His, 18 Lys, 36 Tyr,
4 heme propionates, 1 C-terminus and 1 N-terminus (resi-
dues 1-16 and 550-554 of subunit | are not defined in the
crystal structure). In addition, two water molecules were
explicitly included, as described in the Methods section. A
“core” cluster of 18 of these 151 titratable residues (cf.
Table 1) was found to strongly electrostatically interact with
the cofactors, either directly or indirectly (i.e., via other
titratable residues). The term “strong” is used for interac-

I and 1l with the membrane model. The hydrophobic part of the membranos,Iions that correspond to a Change in pK by at IeaAtpK

is represented by a matrix of carbon atoms (showgrey ball§ surround-
ing the protein. Both images were prepared with MolScript.

(Tanford and Kirkwood, 1957):

PKint = PKsol — Ca(ApKdesolv+ AproI)

where pK,is the pK, of the titrating group in solution ancl, is —1 for an

units, that is, with interaction energies larger than 2.74
kcal/mol. Tyr (with the exception of T§?% see below) and
Cys residues were omitted from the cluster because they
were calculated to be neutral in all redox states and at all pH
values.

Calculated desolvation penalties and polar interaction
energies are included in Table 1. The loss of reaction field
energy,AAG,,,,, can become large enough to shift the_pK

acidic and+1 for a basic group, respectively. It should be noted that in theby as much as 12 8pK units. The latter value applies to the

above equatiolpK g, iS always nonnegative, whereapKy,, is posi-
tive for basic and negative for acidic residues wi¥g,,, > 0, and vice
versa whem\G,,, < 0.

Unlike AAG,,,, and AG,,, AG,4 is dependent on pH in that it is a
function of the average protonatigr) for all titratable residues i within
the protein. It is possible to computg;) by calculating the complete

ring A propionate of hema (Praa), the carboxyl oxygens

of which are~10 A away from the protein-solvent boundary.
The term in addition tdA\AG,,, that influences the intrin-

sic pK is the charge-dipole interaction energyG,,. It

arises from interactions with polar side chains and dipoles
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TABLE 1 The core cluster of strongly electrostatically interacting residues

a) Asp | CuA | Asp | Asp | Glu Mg Pra | Asp | Lys | Arg | Arg | His |Heme| Pra Prd | Arg | Arg | Prd |Heme| Glu | Wat | CuB | Tyr
11 1 11 11 ay I I I I | a a a 1 1 a a3 1 I
178 404 | 193 | 218 399 | 191 | 400 54 464 473 | 474 278 280
Asp-11-178 3.1 05|07 |041]]-07)04[03|-04|-03|-02|-02|-03|/04|05)|-05]-07[05]|-03]|02,02]-03|02
CuA 3.1 34|36 )| -08| 40 |22 |-17] 27 | 11 12 (09 | 13 | -28|-26| 27 {35 |24 11 | -08([-09]| 11 |-07
Asp-1-404 | 05 | -3.4 3.7 | 3.6 40 | 2.7 | 31} 11 [-10]| -10|-14]| 25 | 3.0 | 44 | 46 | 39 [-16 | 09 | 13 | -1.7 | 09
Asp-11-193| 0.7 | -3.6 | 3.7 3.8 X 36 [ 29 |-30)-201-07|-08;-11| 16 | 23 |-32|-36| 35 [-15]| 09 |13 !|-1.7]| 1.0
Glu-1I-218| 04 | -08 1 3.6 | 3.8 g 27 | 1.7 |12 -07 | -05 | -06 | -08 | 1.1 20 | 28] -35| 33 |-1.2 | 08 [ 1.0 | -14 ;| 07
Mg -0.7 | 4.0 8.0 9.0 -4.0 | 441 18 | 141 1.2 1.6 | 2.4 | -34 0 4 21 |12 | 18] 24 | -13
Pra a; 04 [-22] 40 | 3.6 | 2.7 -3.56 | -20 | -1.3|-22 (20 24 | 34 -4.2 o -46 | 15 | 36 | 43 | 23
Asp-1-399 | 03 [ 1.7 ] 27 | 29 | 1.7 | -4.0 41| -35}|-1.0|-20] 14|17 { 19 [ 3.0 | -25| 3.3 | -3.4 | 1.1 26 | -3.2] 20
Lys-11-191] -04 } 27 | -31 | -3.0 | -1.2 | 41 | -3.5 | -4.1 25 | 11 15|11 |17} -16| 23|19 |20 14 | -06}-11] 1.3 | -09
Arg-1-400 | -03 | 11 |11 ] 20| 07| 18 {-20 | -35| 25 04 | 07 | 05| -07[-08] 141 11 |11 | 11 | -04 ] -09 1.1 | -08
Arg-l-34 | -02[ 12 110|071 -05]| 11 | -13 | 1.0 ! 1.1 0.4 23 | 41 | 47| 22} 23 15| -15112 | -08| -08} 09 | -0.8
His-1-464 | -02 | 09 | 1.0 | -08 | -06 | 1.2 | 22 {-20]| 15 | 07 | 23 23 | 18| 151 19 12 [ -18| 28 | -09 | -16 | 1.7 | -1.6
Hemea | -03 | 13 | -14 | -11[-08| 16 | 20 -14 | 11 0.5 | 41 2.3 -4.8 | -4.9 | 4.1 26 | 33| 25 |22 ]| -16| 19 | -1.8
Praa 04 | 28| 25116 | 11 | -24| 24 | 17 |17 |-07|-47 | -18| -48 6 45 ] 33 | -1.7 1 1.2 12 [-14 ]| 10
Prda 05 | -26 | 301 23] 20 |-34 | 3.1 19 [ -16 ] -08 ] 221 -15] -4.9 0 6 6 -2.3 1 21 18 | 22 [ 14
Arg-1-473 | -05 | 27 | 44 | -3.2 | -2.8 0 -3.0 | 23 | 1.1 23 1.9 | 441 6 0 6 8 31 [ -19 ]| -24 | 29 | -1.7
Arg-J-474 | -07 | 3.5 | -46 | -3.6 | -35 ‘N -42 | 25| 1.9 | 1.1 156 [ 12 | 26 | -45 6 6 6 22 | 18| -19| 24 | -14
Prd a; 05|-24] 89| 35 | 383 9 33 |-20(|-11]-15]|-18] -33| 33 6 0 -6 -43 | 26 | 3.7 | 45| 24
Hemea, | -03 | 11 | -16 | -15 12| 21 | 46| 34| 14 | 1.1 12 | 28 | 25 | 1.7 | -23 | 3.1 22 | 43 -2.6 9 9.6 8.4
Glu-1-278 | 02 | -08 | 09 | 09 | 08 | 12| 15 1.1 | -06 | 04 {-08|-09|-22] 12 |21 [-19]| 18| 26 | -2.6 23 | -31 | 2.7
Wat 02 |-09|13]13 |10 |-18] 36 | 26| -11/|-09|-08)|-16|-16]| 12| 18 |-24(-19] 3.7 N 2.3 09 6
CuB 03| 11 |17 |17 14| 24 | -43|-32| 138 11 09 | 1.7 | 19 | 14| 22| 29 | 24 | -4.5 g -3.1 0.9 8
Tyr-1-280 | 0.2 | 07| 09 | 1.0 | 0.7 | 13| 23 | 20 |09 | 08| -08 | -16]|-16] 10| 14 |-17 | -14| 24 XN 2.7 6
b)
ApKgesory | 4.5 95 | 77 | 91 120|102 | 83 | 63 | 88 | 116 1291126 | 74 | 56 | 105 8.3 | 126 15.5
ApKoy -7.3 -3.2 | 23 | -33 56| -29 | 56| -44]| 60| -35 -12.0|-106| 64 | 6.0 | -44 1.7 | 67 2.7
PKinc 1.1 9.3 102112 | 82 { 105]| 9.7 | -1.6 48 | 59 | -12 ] 09 [ 99 14.3 | 334 29.1

a. pH-dependent charge-charge interaction enerdi€g, ) in ApK units for residues that strongly electrostatically interact with the cofactors. Values
greater than 2pK units are highlighted in bold; values greater thaapgK units are shown white-on-black. Charge-charge interaction energies with the
charged but nontitratable metal atoms of,CGug, Mg, and the Fe atoms of hemaanda; are also included. For clarity, the information in the symmetrical
matrix is duplicated on both sites of the diagonal.

b. pK shifts arising from the loss of reaction field energypKe<o) @and pH-independent polar interaction®pK,,) that contribute to the intrinsic pK
(pK;.,) of the amino acid residues Baracoccus denitrificansytochromec oxidase. Solution pK (pkK,) values: 12.5 (Arg), 3.9 (Asp), 4.3 (Glu), 6.5 (His),
10.8 (Lys), 3.8 (Pra/Prd), 15.7 (Wat).

of the protein backbone and can often compensate for thand the hema formyl group (together-7.3 ApK units) and
loss of reaction field energy. The latter, for example, is thethe backbone carbonyl groups of residues 50, 459, 482, 483,
case for the two hema propionates, where the charged 486, 487, and 490«3.3 ApK units; cf. Fig. 4).

state is stabilized by 12.0 (ring A propionate, Pra) and 10.6 Within the core of interacting titratable residues men-
(ring D propionate, PrdApK units, respectively. For Pra, tioned above, there are 69 charge-charge interactions with
this is mainly due to interactions with the backbone carbonenergies greater than2pK units, not including the inter-

yls of Arg*”3and Ard*’® the formyl group of heme, and  actions with the cofactor metals. One of the strongest inter-
the amide group of the Tf$?indole ring. In the case of Prd, actions is that between A}y and the ring A propionate of
charge stabilization is the result of interactions with thehemea, (Praas). The two carboxyl groups are only 3.3 A
backbone carbonyl groups of residues 88, 94, 95, 163, andpart at their closest oxygen-oxygen distance (cf. Fig. 6).
164, and the side-chain amide group of &n The deprotonated state of one of the two residues is thus

However, the region of positive potential around thedestabilized by the charged state of the other, whereas the
hemea propionates (cf. Fig. 4 for the contribution of the net protonation of the coupled system A¥p+ Praa, will
backbone toAG,,) has the opposite effect on the two depend on the interaction with the environment. Conse-
arginines 473 and 474, i.e., the charged state of these twguently, the two groups were found to share a single proton
residues is further destabilized through polar interactionsover the whole pH range considered. Other very strong
For Arg*’4 this mainly results from interactions with the charge-charge interaction energies10 ApK units), al-
backbone carbonyl groups of residues 163—166 and 170 thétough between oppositely charged groups, were deter-
are oriented with the carbonyl oxygen atoms pointing awaymined for the interaction of the two arginines 473 and 474
from the protonatable groups of the arginine. with the ring D propionates of hemeasand as.

A region of negative potential generated by polar sites The charge-charge interaction energy between the two
was found around AR, stabilizing the protonated state of hemes was calculated as 226K units. Thus, reduction of
the arginine. This occurs despite a strong interaction witreither heme will lower the midpoint potential and hence
the side-chain amide of A& which destabilizes the decrease the affinity for electrons of the other heme by
charge by 3.7ApK units, as that is overcompensated by ~145 mV (as proposed in the “neoclassical model” by
interactions with the side chains of Gf, Sef®, Sef°°  Nicholls, 1974), a value that is in reasonable agreement with
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FIGURE 4 Contribution of the polypeptide backbone to the electrostatic potential in cytocbroxigase. Depicted is a slice plane running through the
NH2 atom of Ard’“ Zones of negative and positive potential are coloured red and blue, respectively, with the most intense colors corresped@ing to
and-+750 mV. Values for residues shown ar€60, 390, and 420 mV, respectively, for AfigArg*’3, and Arg"* (average of NH1 and NH2 atoms). The
heme irons, Cy, and Mg are shown as red, blue, and green balls, respectively. The figure was prepared with GRASP (Nicholls et al., 1991).

the experimentally determined value of 124 mV (Wilson etexperimentally observed value (4.5; C. Ostermeier, personal
al., 1972; reviewed by Wikstro et al., 1976). communication). At pH 7.0, all Arg, all but seven Asp, all
but nine Glu, all but four Lys, and the four heme propi-
onates were determined to be fully charged, whereas all but
three His, and all nonligated Cys and Tyr (with the excep-
Individual site titration curves were calculated for different tion of Tyr*®% see below) residues were found to be in their
redox states of the enzyme by Monte Carlo sampling. Theeutral states.

isoelectric point for the fully oxidized state of the enzyme Titration patterns of many residues deviate significantly
was determined as 4.6, a value that agrees well with th&om the standard Henderson-Hasselbalch curve for a single

Calculation of titration curves
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titratable site, as previously reported for other systemseduced intermediate E (Babcock and Wiksetf01992).
(Bashford and Gerwert, 1992; Beroza et al., 1995; Lancastddptake of the second electron and subsequent transfer to the
et al., 1996). Some residues have fixed protonation statdsinuclear center lead to the R state in which the binuclear
over the whole pH range (4-11.5) of the calculations. Forcenter is fully reduced and ready to bind an oxygen mole-
example, Ly$>* was determined to be in its neutral state cule (Fig. 1).
over the entire pH range considered, which is due to the Calculated changes in average protonation linked to re-
large desolvation penalty of 11ApK units and the lack of dox reactions at the binuclear site are summarized in Table
significant compensating dipolar or charge-charge interac2 and Fig. 5. Upon formation of the E-intermediate, the net
tions. Control calculations using the coordinates of theprotonation of the enzyme was found to increase by 170 H
bovine heart enzyme (POB entry code, 10CC, Tsukihara eds compared to the O state (pH 7). Apart from the hydroxide
al., 1996) yielded the same result (data not shown). ion bound to the binuclear site, which was calculated to
For other residues, however, large desolvation penaltiesecome fully protonated, no other residues contribute sig-
and unfavorable polar interactions were found to be overnificantly to the overall change in protonation. The hydrox-
compensated by charge-charge interactions that stabilize thi@e becoming protonated to water could be important for the
charged state. AAg® for instance, was calculated to be function of the enzyme in that it would raise the redox
fully protonated (i.e., charged) between pH 4 and 11.5potential of hemess, thereby speeding up the heme-heme
despite having an intrinsic pK of as small a4.2. Thisis  electron transfer. Verkhovsky et al. (1995) have found that
due to strong electrostatic interactions with 17 other resithis electron transfer reaction is controlled by proton uptake
dues and cofactors, the strongest ones being with two herend proposed a protonatable site very close to the binuclear
propionates and Af*. The salt bridges to the ring D center whose protonation triggers the electron transfer. The
propionates of hemes and a; alone stabilize the charged hydroxide ligand appears to be a likely candidate. Further-
state of Ard”3 by 21.3ApK units (Table 1) and are only more, its protonation would allow the newly formed water
partially compensated for by the charge-destabilizing intermolecule to dissociate from the reduced binuclear site, thus
action with Ard*’4 (7.6 ApK units). Another example is the allowing oxygen to bind.
residue Asp3°, which, though having a pk; of 7.9, was Further reduction of the binuclear center (i.e., formation
calculated to be fully deprotonated. The main reason for thi®f the R state) was calculated to be associated with an
is a salt bridge to Ar¢f® (su 1) that alone shifts the p)of  increase in the average protonation of -y8" and GIU""®
the aspartate by as much a§.5 ApK units. Correspond- by 0.58 and 0.23 H, respectively, which mainly contribute
ingly, the arginine was calculated to be fully protonatedto an overall proton uptake of 0.8*H(compared to the E
between pH 4 and 11.5. This salt bridge could contributestate).
significantly to the stabilization of the multisubunit complex.  Before uptake of the third electron, oxygen reversibly
As already mentioned, ASP° and Praa; were calculated  binds to the binuclear site, forming the so-called compound
to share a single proton between pH 4 and 11.5. As a result
of an additional hydrogen bond to the propionate from
His4037 Praa; was determined to be fully charged (i.e., the TABLE 2 Average protonation of selected residues for

proton was calculated to reside on '&g‘b different redox states of the binuclear center

Redox

state* & H'S Lys"%1 G OH™T His®®l  Tyr2e°
Dependence of the average protonation on the
redox state 0 — 0.10 0.30  0.00 1.00

E 1 +1.0 0.08 0.30  1.00 1.00
Upon reduction of a cofactor, the protonation equilibria of R 2 +18 066 053  1.00 1.00

. ; o 3 +25 095 0.72  (1.00)* 1.00

nearby titratable residues are altered as the loss of a positivg 4 3 429 082 056  (L00)* 0.91 1.00
charge destabilizes the charged state of acidic and stabilizes 1 +10 012 031  (1.00)™* 1.00

the protonated state of basic residues. In this study we hawe*** 0 -08 006 0.27 — 0.62
mOdeIed the catalytlc CyC|e of cytoghromeomdase (See Average protonation of selected residues for different redox states of the
Fig. 1) and calculated the electrostatic response and changguclear center, with hema and Cy, considered oxidized. For the
in protonation linked to changes in the redox state of theromenclature of the different redox states and the charges on liganding
protein. We will focus mainly on the protonation changes®xY9en species, see Fig. 1.
that occur in response to electron transfer to the hemé@edoX state of the binuclear center. .

. umber of electrons on the binuclear site compared to the fully oxidized
ag—Cys binuclear center. state.

SChange in net protonation, compared to the O state, calculated for the

. . . whole protein.
Changes in average protonation upon reduction of the TOH™ refers to the hydroxide ion bound to gu

binuclear center ICalculation with Hi$2%in its nonbound and thus protonatable orientation.

. - . **The hydroxide ligand was not included in states with oxygen bound to
Starting at the fully oxidized state of the enzyme, the first,, . i clear center.

electron ?5 accepteq by Qlar?d then transferred via herae  #iox refers to the fully oxidized enzyme with no hydroxide/water bound to
to the binuclear site, forming the so-called one-electrorthe binuclear site.
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FIGURE 5 pH dependence of the
change in net protonation associated with
reduction of the binuclear centera)(
Change in net protonation calculated for
the whole protein upon formation of the
E state @), R or A state {), P1 state
(0O)), and P1 state with Hi€%in its alter-
native orientation X). (b) Change in av-
erage protonation associated with the
E— R transition for GIU 78 (O), Lys'-1°*
(#), both residues®), and the whole
protein (). (c) Changes associated with
the A—P1 transition, Hi#%in its ligand
bound orientation, for GIu™® (O),
Lys'1°1 (@), Praa, (@), the three residues
together @) and the whole proteiri(). (d)
Protonation changes for the-AP1 transi-
tion, His**® in its alternative orientation:
Glu'"™"® (O), Lys"*°1 (@), His*®® (¥), the
three residues togethdll( and the whole
protein (X).

-
o

o
o

change in average protonation
()}

o
o

(©)

change in average protonation

A (Chance et al., 1975). Electron transfer within the binu-formyl group of hemea,, the hydroxyl group of Ty¥*® and
clear center leads to formation of the peroxy intermediate Pthe backbone carbonyl group of PA& Conversion from
and subsequent electron input via C@and hemea then  the first to the second form could occur upon reduction of
produces compound P1. The latter reaction is thermodyCug and simultaneous stabilization of the nonbound histi-
namically irreversible and traps the oxygen within the binu-dine through protonation, as has been observed for the blue
clear site (Verkhovsky et al., 1994). Recently Verkhovsky etcopper protein plastocyanin at low pH (Guss et al., 1986).
al. (1996) have shown that it is the heme-to-heme transfer ofhus, starting from the E state (i.e., the one-electron re-
the third electron that is essential for oxygen trapping toduced state with cuprous gl the alternative orientation of
occur. His®?® was included in a parallel series of calculations. Its

As its structure is yet unknown, the P state (Fig. 1) wadntrinsic pK was calculated as 4.4, arising from a desolva-
not treated explicitly in our calculations. From the electro-tion penalty of 11.3 and a polar interaction energy-&f.1
static point of view, it is very similar to the R and A states ApK units. The latter is mainly due to the strong interaction
in that the charge at the binuclear center is the same. Contralith the hemea, formyl group (—4.6 ApK units) and the
calculations yielded essentially the same results for the Rackbone carbonyl groups of residues 336—-341 (together
and A states and a model of the P state as shown in Fig. 4.7 ApK units). Nevertheless, in both the one-electron and

As depicted in Fig. 2o, the side chain of HE® was the two-electron reduced enzyme, #iswas calculated to
modeled in two different orientations: one is that of gsCu remain neutral between pH 4 and pH 11.5, and no signifi-
ligand, and the other one has the imidazole ring pointingcant differences in the protonation of other residues were
away from the copper and forming hydrogen bonds with theound.
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However, upon uptake of the third electron and transferto The ligand in its anionic form stabilizes the protonated
the binuclear center, i.e., formation of the P1 state3Ris states of nearby acidic and basic residues. Consequently,
was calculated to become protonated (0.9 & pH 7.0), omitting the hydroxide caused the overall protonation of the
and thus the major contributor to a net proton uptake of 1.Jrotein to drop by 0.8 H. This is mainly due to proton
H*, compared to the two-electron reduced state (cf. Tableelease from Ty#*° (—0.38 H', cf. Table 2). In addition,

2). With the histidine in its Cgrbound orientation, a net Glu'""®, Lys'""**, Aspg*’’, and Hi$® were calculated to have
increase in protonation of 0.7 Hwas calculated, with lost between 0.03 and 0.07 'Heach.

Lys'™91 (+0.29 H"), GIu'"""® (+0.19 H") and the coupled The finding of Tyr®° becoming partially deprotonated
groups Asp®JPraa, (+ 0.05 H") becoming more proto- (pK, = 7.6) is quite surprising, as all other tyrosine residues
nated. Thus, because reduction of heasveas calculated to were determined to be neutral over the whole range of pH
be associated with the uptake of 0.8 Hhe heme-heme and for all redox states. T3f° strongly interacts with the
electron transfer did not cause a significant change in nébinuclear site 8.3 and—8.2 ApK units with hemea; and
protonation. Cug, respectively). However, these interactions were par-

After the reduction of oxygen and the formation of a tially compensated«8.6 ApK units) when the hydroxide
water molecule, the oxoferryl or F state is formed. Electro-igand was included, causing the T, like all other ty-
statically, it strongly resembles the E state, with the hagne rosines, to remain neutral. Thus there were no charge-
being reduced, and hence the protonation state of the ewharge interactions with other residues, and the pias
zyme was found to be very similar. The change in netequal to pK, (29.1).
protonation (compared to the O state) was calculated as When the hydroxide ligand had been included in the
+1.0 H*, with the proton uptake being solely due to the calculations, it was found to become fully protonated to
hydroxide ion bound to the binuclear center. water upon reduction of either henag or Cys. This also

To complete the reaction cycle, a fourth electron is transmeans, however, that charge-charge interactions with
ferred to the binuclear site (to form a redox state that isnearby residues are abolished. Thus, from the one-electron
electrostatically similar to the R or A state of the enzyme),reduced state up to the regeneration of the O state upon
upon which the oxoferryl species is reduced and the binuwhich the catalytic cycle is completed, this water should
clear site returns to its fully oxidized state. This might occurhave no influence on the average protonation of other res-
through a hydroxy intermediate H (Han et al., 1990; Fig. 1)idues and, indeed, no differences were found when the
with the hydroxide bound to the henag iron. The OH  water was omitted. Upon formation of the E state, 0.8 H
could then be transferred to gurestoring the O state of the were calculated to be taken up, with ¥§ftbecoming fully
enzyme. protonated. Hence, with the exception of the O state, results

The pH dependence of the net proton uptake by theshown in Table 2 are also valid for the case in which the
enzyme upon reduction of the binuclear site is depicted irwater molecule was not included.

Fig. 5. It can be seen that the overall proton stochiometry is

remarkably independent of pH, remaining:z@.2 H" of the
average value between pH 4 and 9 (Figa)5Above pH 9,
however, the number of accepted protons decreases dramdts described in the Methods section, we have introduced a
ically. Up to the formation of the R state, the calculatedmembrane model to account for the low-dielectric environ-
change in net protonation over the whole range of pH isment at the parts of the molecular surface that are exposed
nearly exclusively due to proton uptake by I'y8', GIU"""8,  to the hydrophobic regions of the membrane. Consequently,
and the hydroxide bound to gyFig. 5b). The former two  this resulted in a marked increase in desolvation penalty for
residues also contribute to the net proton uptake upon formaesidues exposed to or close to the now membrane-covered
tion of the P1 state (Fig. §). However, if Hi$?® in its  part of the surface. Hf§% for example, is relatively close to
nonbound orientation is included in the calculations,dhék  the protein-solvent interface when no membrane model is
of the change in net protonation is due to ¥(Fig. 5d). used. Upon introduction of the membrane model, however,
the residue becomes deeply buried within the low dielectric,
and thus the desolvation penalty increases to Wp&
units.

We have seen that protonation of the hydroxide ion ligand- Without the membrane model, the isoelectric point of the
ing Cy; accounts for most of the change in net protonationprotein complex was calculated as 4.7 for the two-subunit
calculated to occur upon partial reduction of the binuclearenzyme in its fully oxidized state, which is only marginally
center. This raises the questions of how the hydroxide iomlifferent from the value of 4.6 calculated for the enzyme
influences the average protonation of nearby residues in theith the membrane model. Sixteen residues of subunits |
fully oxidized state and whether the proton uptake uporand Il were found to change their average protonation by
electron transfer to the binuclear site can be accounted fanore than 0.1 H at at least one pH value between 4 and
by other residues when the hydroxide is not present. Td1.5 when the membrane model was omitted. A drastic
address these questions, we have performed an additionethange, for example, was calculated for X its pK,
series of calculations, omitting the hydroxide ion. dropped by more than ApK units from above 11.5 to 6.5.

Influence of the membrane model

Influence of the hydroxide ligand
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The side chain of this residue is very close to the proteinconformational changes within the cluster may cause a
solvent (or protein-membrane) interface; thus the decreasedistribution of protons over the cluster without, however,
in pK, arises from a desolvation penalty that is ABK  affecting the net protonation of the cluster.
units lower without the membrane model. However, leaving We have included a nonredox active magnesium ion in
out the membrane model did not significantly alter theour calculations, the potential role of which in catalysis is
stochiometry of the protonation changes that occur uporstill unclear. The calculations showed that, although the
electron transfer. Residues that were calculated to changesitive charge of the magnesium is effectively screened by
their protonation upon reduction of the cofactors were thehe negative charges on the ligands 2%mnd GIJ'28, it
same with or without the membrane model, and their indi-is important in defining the local electrostatics and thus in
vidual changes in average protonation were not found to beetermining the distribution of protons among the residues
significantly different. of the core cluster. One could also speculate about its role in
As control calculations have shown, including subunitsmaking As®* and GIU"2*® effectively nonprotonatable,
llland IV (lwata et al., 1995) in the calculations did not lead thereby preventing, for example, proton uptake from the
to an increase in the number of sites that strongly interacperiplasm.
with the cofactors; nor does it significantly affect the proton According to our calculations, electron input into the
stochiometry and the sites that were calculated to be inenzyme is counterbalanced by an increase in net protonation
volved in proton uptake. by 0.7-1.1 H/e™, two-electron reduction of the binuclear
center being coupled to uptake of 1.8 Hand input of a
third electron to either hema or the binuclear site being
DISCUSSION associated with adgiitional 0.7—'1.1+HThese resul.ts are in
good agreement with the experimentally determined values
We have used a continuum dielectric model and finite-reported by Rich and co-workers for bovine heart cyto-
difference technique to analyze the electrostatic couplinghromec oxidase (Mitchell et al., 1992; Mitchell and Rich,
between protonatable residues and cofactorB.odenitri- ~ 1994; summarized in Rich et al., 1996). They showed that
ficans cytochromec oxidase. We have determined the av- reduction of the enzyme is coupled to uptake of 2.4 iH
erage protonation of all titratable residues through Montehe pH range 7.2—-8.5, two of which were associated with
Carlo sampling and analyzed changes in protonation thathe binuclear center, and the remaining 0.4 With heme
occur upon reduction of the redox-active sites. a/Cu,, probably with the heme, as the Bof Cu, is pH-
One of the main results of our study is the identificationindependent (Blair et al., 1986). Similar values, also for the
and characterization of a core of titratable residues thabovine heart enzyme, were obtained by Haléend Nilsson
strongly electrostatically interact with the redox centers and1992), who determined 2.6 H(pH 7) to be taken up upon
account for most of the protonation changes coupled teeduction, and recently by Capitanio et al. (1997), who, at
electron transfer. Similar cores or clusters of interactingpH 7 observed uptake of 2.1 *Hupon reduction, 0.7 of
protonatable residues as the result of computational analywhich they associated with heraeThus our computational
ses have been reported for the photosynthetic reaction cenesults are within the error margins of the experimentally
ters of Rps. viridis(Lancaster et al., 1996) ariRb. sphae- determined values.
roides (Beroza et al., 1995; Gunner and Honig, 1992). The proton uptake was calculated to be relatively inde-
However, using the same threshold criterion for “strong”pendent of the pH up to pH 8.5 (Fig. 5). This agrees well
interactions, the cluster determined for tReps. viridisre-  with the experimental results by Haflend Nilsson (1992)
action center comprised 47 protonatable groups, compareghd Mitchell and Rich (1994), who found only slight alter-
to only 18 residues that strongly interact with the cofactorsations in the value of proton uptake in the pH ranges 6—8.5
in cytochromec oxidase. Plainly, this is due to the limited and 7.2—8.5, respectively. In contrast, Capitanio et al.
number of titratable residues within the transmembranou§1997) observed a marked increase in proton uptake from
part of cytochrome oxidase close enough to the cofactors~1 H™ at pH 6 to a maximum of 2.7 Hat pH 8.5.
or each other to build up such a large “network” of inter- Redox-coupled proton uptake was calculated to be mostly
acting residues. confined to residues close to the cofactor being reduced,
The strong coupling of residues within such a core hashence stabilizing its less positively charged (i.e., reduced)
consequences for the estimated error of the calculationstate. This could be of importance for the control of the
Whereas in isolated titration sites the region of fractionalelectron transfer process itself, because acceptance of an
protonation is limited to a small pH range, it can be ex-electron by a metal center within a low-dielectric environ-
pected to extend over a wider range of the pH within ament is energetically very unfavorable and cannot be met
cluster of interacting residues. Thus it is easier to estimatsufficiently by redistribution of local charges. Thus the
the net protonation within this pH range, but it is more reduced state must to be further stabilized, either by delo-
difficult to determine how this protonation is distributed calization of the electron (e.g., over a conjugated system
over the coupled residues (Lancaster et al., 1996). Theresuch as the heme macrocycle) or by simultaneous uptake of
fore, care must be taken in assigning protonation changes @ proton or other cation that binds close to the redox center
individual groups within such a cluster, because even subtléas outlined by Rich, 1996). Such a proton-controlled pro-
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cess has been proposed by Verkhovsky et al. (1995) for theated from the oxygen chemistry. However, it should again
initial heme a—hemea, electron transfer reaction. They be stressed that, with the exception of cases such as the
suggested that electron transfer, despite being very fast, Bug-bound hydroxide ion, which was calculated to take up
limited by the initially low midpoint potential of hema;. 1 H* at all pH values upon partial reduction of the binuclear
Protonation of a site near the binuclear center, howeversite, the assignment of the protonation change to individual
then raises the midpoint potential of the heme and thesites within the strongly interacting cluster is problematic.
reduced population is stabilized. Interestingly, it is the hy-Slightly differing sets of coordinates, e.g., from different
droxide ligand that we have calculated to become protostates of the structural refinement, will yield different proton
nated upon partial reduction of the binuclear center andiptake profiles for some residues within the cluster without,
which thus appears a likely candidate for the titratable grougowever, affecting its net protonation (when using a slightly
suggested by Verkhovsky et al. Furthermore, upon becomlower-resolution set of coordinates, for example, we calcu-
ing protonated to water, it can dissociate from the binucleatated the coupled groups A¥{J/Praa, to become proto-
site, thereby making way for the oxygen to bind. It has alsonated instead of Lys'%).
been shown by Aelroth et al. (1995, 1996) and Hallet al. The finding that GIlI""® changes its protonation state
(1994) that electron transfer to heragis coupled to pro- upon electron transfer to the binuclear center is quite sur-
tonation of a group close to the binuclear site, and it hagrising, as the residue is located some 25 A away from the
been speculated that a hydroxide ligand tg€auld be the  binuclear site (Fig. 6). Its titration curve was calculated to
proton-binding group (Halle et al., 1994). be relatively steep between pH 4.5 (92% protonation) and
Uptake of an additional proton, leading to the formationpH 8.5 (8% protonation). Thus, even a small shift in pK
of the A-state (Fig. 1), was calculated to be accompanied bgould give rise to a significant change in average protona-
protonation of residues LY$°* and GIU""®. Hence these tion. In the case of GHti’®, this change in protonation was
groups, with the likely exception of GIU®, may provide a result of direct interactions with herag (0.65ApK units)
the “proton trap” (Rich, 1995; Wikstra et al., 1994) that and Ci (0.55ApK units) and not propagated by changes in
accounts for charge compensation but is physically sepagrotonation of intervening residues. (The only strong inter-
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FIGURE 6 The core cluster of res-
idues strongly interacting with the
cofactors (see also Table 1). Addi-
tionally, the “isolated” sites Asig*
and GId""8, and the conserved Thf?
are shown, and the residues providing
the two putative proton channels (lwata
et al., 1995) are included. The figure
was produced with MolScript and
Raster3D.
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action with a potentially charged group was that withi3/s  al., 1996; Svensson-Ek et al., 1996; Verkhovskaya et al.,
(2.6 ApK units), which, however, was calculated to be 1997) it now seems to be clear that the three protonatable
neutral in all redox states.) However, as for such an appaamino acids Ly®* Asp'?* and GI#’® are indeed key
ently electrostatically isolated site, the average protonatiomesidues for proton transfer to the binuclear center. Interest-
is very sensitive to changes in, for example, desolvatioringly, charge translocation studies (Konstantinov et al.,
energy or polar interactions, the actual value of the protori997) and the finding that mutation of L3% inhibits re-
uptake is difficult to assess. Nevertheless, such isolateduction of hemea; (Hosler et al., 1996) suggest that the
groups close to the cytoplasmic side may be crucial agysine and hence the K-pathway are of importance only for
possible proton entry sites, because they can respond tbe eu-oxidase part of the catalytic cycle, i.e., the>R
electronic changes despite being very far away from thdransitions but do not seem to be crucial for the-B part
redox centers. ASg* for example, is such a group and has of the cycle. On the other hand, mutation of the D-pathway
been shown to be a key residue for proton pumping (Thomresidues was found to completely abolish proton transloca-
as et al., 1993; Garcia-Horsman et al., 1995; see below}ion associated with the peroxidase part, i.e., the®
GIu'"’8, like Asp*?* is conserved among terminal heme- transition. Thus the two pathways seem to be important for
copper oxidases, and its location within the membrane iglifferent halves of the catalytic cycle rather than for chem-
comparable to that of the aspartate (cf. Fig. 6). Thus it maycal or pumped protons. One could speculate that the bound
be of importance for controlling the proton uptake, possiblyoxygen molecule blocks further proton uptake along the
through interactions with the so-called K-channel (see beK-pathway, e.g., through interactions with ¥§% Alterna-
low) via the also conserved Th#2. tively, blocking of the pathway may occur through subtle
An additional matter of debate is the nature of theconformational changes in the binuclear center caused by
“switch” that couples reduction of the oxygen to proton reduction and/or the associated protonation.
translocation, but at the same time prevents proton backflow In this study, both GI&'® and Lys** were calculated to
into the cytoplasm. Within the framework of the histidine- be neutral at pH 7.0 for all redox states considered. This is
cycle concept (Wikstnm et al., 1994), Hi&>, cycling be- mainly a result of the high degree of desolvation and the
tween two different orientations, has been suggested teoesulting loss of reaction field energy that is not compen-
provide this “switch,” by moving away from Guand be- sated for by polar or charge-charge interactions. Further-
coming doubly protonated, with its positive charge stabi-more, the side chains of both residues point into large
lized electrostatically by the electrons taken up by thecavities that might contain ordered solvent molecules. In
binuclear center (lwata et al., 1995). The results of ourour calculations, such water-filled cavities were treated as a
calculations are in general agreement with this proposahigh-dielectric continuum. However, as the charge-stabiliz-
However, as we have calculated Ffisto become doubly ing effect of highly directed hydrogen bonds cannot be
protonated only upon formation of the P1 state, they differaccounted for (see Methods section), this approach conse-
from the model suggested by Iwata et al. (1995), in whichquently yields higher pKvalues for acidic and lower pK
the histidine moves away from the copper already uporvalues for basic residues (Yang et al., 1993).
reduction of the binuclear site. Furthermore, protonation changes due to proton transfer
are transient, i.e., residues that participate in proton transfer
are not necessarily differently protonated in different equi-
librium states. As part of a “proton wire,” for example, the
In the crystal structure of the. denitrificanscytochromec  residue considered could well donate a proton to stabilize
oxidase, two possible proton pathways have been identifiethe reduced state of a cofactor. However, if the, piKthe
(lwata et al., 1995). The shorter one, which is also referredesidue is high enough, this would be followed immediately
to as the K-pathway, leads to the binuclear site via théby proton uptake either from other residues or from the
highly conserved residues 3%, Thr*®%, and Tyf®® and  solvent, so that there is no change in average protonation.
has been discussed as the pathway for “chemical” protonldence the results of our (equilibrium) calculations are not
that are required for water formation. The second, longenecessarily inconsistent with both Giiand Lys™*having
pathway (D-pathway) involves, in addition to a number ofa key role in proton transfer to the binuclear center. In fact,
polar residues, the two titratable residues %8pnd GIF’®,  recent Fourier transform infrared spectroscopy studies indi-
which are also highly conserved among terminal hemeecate that GI&’® is protonated in the reduced enzyme
copper oxidases. On the grounds of site-directed mutagerfPuustinen et al., 1997) and might also be so in the oxidized
esis studies (Thomas et al., 1993; Garcia-Horsman et alstate (Libben and Gerwert, 1996). It has also been sug-
1995), in which the mutation of the aspartate to an asparagested by Puustinen et al. (1997) that a conformational
gine led to an enzyme that, although incapable of protorchange may be required for Glif to take part in proton
pumping, was still able to reduce oxygen (albeit with atransfer, which cannot be accounted for in our static com-
lower activity), the D-pathway has been proposed as th@utational model.
pathway for the “pumped” protons. Other, more general sources of error are the accuracy of
From the characterization of other site-directed mutantshe surfacing algorithm and the quality of the structure, i.e.,
(Konstantinov et al., 1997; Vygodina et al., 1996; Hosler etthe potential error of the coordinates used for the calcula-
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tions. In some cases, long amino acid side chains are poorBabcock, G. T., and M. Wikstra. 1992. Oxygen activation and the

defined in the electron density map at the present level of conservation of energy in cell respiratiddature. 356:301-309.
. - i+ Bacon, D. J., and W. F. Anderson. 1988. A fast algorithm for rendering
resolution. Moreover, structural refinement was done with space-filing molecule pictures.. Mol. Graphics.6:219-220.

out assigning partial charges', and thus the actual p03|t|or\§ashford, D., and K. Gerwert. 1992. Electrostatic calculations of the pK
of protonatable groups are in some cases not very well values of ionizable groups in bacteriorhodopsin. Mol. Biol. 224:

defined. However, even small differences in the position of 473-486.

single amino acid side chains can have a great influence off0z& P- D.R.Fredkin, M. Y. Okamura, and G. Feher. 1991. Protonation
of interacting residues in a protein by a Monte Carlo method: application

the outcome of the computational analysis, as discussed byt |ysozyme and the photosynthetic reaction centerRabdobacter
Lancaster et al. (1996) for the bacterial reaction center. sphaeroides. Proc. Natl. Acad. Sci. US#:5804-5808.
Hence, higher resolution structural information will be Beroza, P., D. R. Fredkin, M. Y. Okamura, and G. Feher. 1995. Electro-

: T _static calculations of amino acid titration and electron transfgr, @,
needed to further improve the reliability of the computa- ~* Q.05 . in the reaction centeBiophys. J.68:2233-2250.

tional analysis and to assess the significance of the resuli§, p £, w. r. Eliis, Jr., H. Wang, H. B. Gray, and S. I. Chan. 1986.
reported here. Spectroelectrochemical study of cytochromexidase: pH and temper-
ature dependences of the cytochrome potentialBiol. Chem.216:
11524-11537.
Brooks, B. R., R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swami-
CONCLUSION nathan, and M. Karplus. 1983. CHARMM: a program for macromolec-
. . . ular energy minimization and dynamics calculatiodsComp. Chem.
Electrostatic calculations provide a valuable tool to analyze 4.187_217.
the response of titratable residues to changes in redox stat€apitanio, N., T. V. Vygodina, G. Capitanio, A. A. Konstantinov, P.
The work presented in this study can help to elucidate how Nicholls, and S. Papa. 1997. Redox-linked protolytic reactions in soluble

; : : cytochromec oxidase from beef-heart mitochondria: redox Bohr effects.
electron transfer in cytochrome oxidase is coupled to Biochim. Biophys. Actal 318:255-265,

pmto.n translocation, '?md which parUcqur reS|dqes poss'p%hance, B., C. Saronio, and J. S. Leigh. 1975. Functional intermediates in
contribute to protonation changes associated with reduction the reaction of membrane-bound cytochrome oxidase with oxygen.
of cofactors. J. Biol. Chem250:9226-9237.

We hav har riz [ r of stronalv interactin ondon, P. J.,gnd W E. Royer,_Jr. 1994. Crystal structure of oxygenated
e have characterized a cluster of strongly interact gF,Scapharca dimeric hemoglobin at 1.7 A resolutidn.Biol. Chem.

titratable groups that accounts for most of the protonation 5g9:25059_25267.

changes linked to electron transfer. The overall stoichiomconnolly, M. L. 1983. Analytical molecular surface calculation Appl.
etry of these protonation changes is in good agreement with Crystallogr. 16:548-558.

reported experimental values. Special consideration hagann. Y. C., I. Ahmed, N. J. Blackburn, J. S. Boswell, M. L. Verk-

. hovskaya, B. M. Hoffman, and M. Wikstne. 1995. Structure of Guin
been given to the groups that were calculated to accept or . pinuclear heme-copper center of the cytochramgtype quinol

release protons upon reduction of the binuclear center. A oxidase fromBacillus subtilis an ENDOR and EXAFS stud@iochem-
hydroxide ligand to Cgl was calculated to become proto- ~ istry. 34:10245-10255.

nated to water upon electron transfer to the binuclear sit§etter, J- R., J. Quian, J. Shapleigh, J. W. Thomas, J. A. Garcia-Horsman,
P E. Schmidt, J. Hosler, G. T. Babcock, R. B. Gennis, and S. Ferguson-

and could thus be important in both triggering her'ne"heme Miller. 1995. Possible proton relay pathways in cytochrocrexidase.
electron transfer and allowing oxygen binding. Within the Proc. Natl. Acad. Sci. US/22:1604-1608.
limits of the computational model and the available struc-Garcia-Horsman, J. A., A. Puustinen, R. B. Gennis, and M. Wikstro

; : 1995. Proton transfer in cytochronim, ubiquinol oxidase ofEsche-
tural information, results presented here can be useful for richia coli: second-site mutations in subunit | that restore proton pump-

the design of new experiments to further evaluate the mech- ing in the mutant Asp-135> Asn. Biochemistry 34:4428 —4433.
anism of coupling of electron transfer and proton translo-Gilson, M. K., K. A. Sharp, and B. Honig. 1987. Calculating the electro-
cation and the role of individual amino acid residues within static potential of molecules in solution: method and error assessment.

. J. Comp. Chem9:327-335.
this complex process.
P P Gunner, M. R., and B. Honig. 1992. Calculations of proton uptake in

Rhodobacter sphaeroidesaction centerdn The Photosynthetic Bac-
terial Reaction Center, Vol. Il. J. Breton and A. Vermeglio, editors.
We are grateful to Marilyn R. Gunner for the use of her computer programs Plenum Press, New York.
and Anthony Nicholls and Barry Honig for modifications of DelPhi. We Guss, J. M., P. R. Haarowell, M. Murata, V. A. Norris, and H. C. Freeman.
thank Marten Wikstim, Julia Behr, and Axel Harrenga for valuable  1986. Crystal structure analyzes of reduced (Cu I) plastocyanin at six pH
discussions. values.J. Mol. Biol. 192:361-387.
) . . Hallén, S., P. Brzezinski, and B. G. Malmstno 1994. Internal electron
AK gratefully gcknowledges financial support from the Fond der Chemi- transfer in cytochrome oxidase is coupled to the protonation of a group
schen Industrie. close to the bimetallic siteBiochemistry33:1467—1472.
Hallen, S., and T. Nilsson. 1992. Proton transfer during the reaction
between fully reduced cytochrome oxidase and dioxygen: pH and

REFERENCES deuterium isotope effect®iochemistry.31:11853-11859.
Haltia, T., M. Saraste, and M. Wikstma 1989. Subunit Il of cytochrome
Adelroth, P., P. Brzezinski, and B. G. Malmistro1995. Internal electron ¢ oxidase is not involved in proton translocation: a site-directed mu-
transfer in cytochrome oxidase fromRhodobacter sphaeroides. Bio-  tagenesis studyEMBO J.10:2015-2021.
chemistry.34:2844-2849. Han, S., Y. Ching, and D. L. Rousseau. 1990. Ferryl and hydroxy inter-
Adelroth, P., H. Sigurdson, S. Halieand P. Brzezinski. 1996. Kinetic mediates in the reaction of oxygen with reduced cytochroragidase.
coupling between electron and proton transfer in cytochromeidase: Nature. 348:89-90.

simultaneous measurements of flash-induced absorbance and condudendler, R. W., K. Pardhasaradhi, B. Reynafarje, and B. Ludwig. 1991.
tance change®roc. Natl. Acad. Sci. USA3:12292-12297. Comparison of energy-transducing capabilities of the two- and three-



Kannt et al. Electrostatic Calculations on Cyt ¢ Oxidase 721

subunit cytochromesa; from Paracoccus denitrificangnd the 13-  Sudmeier, J. L., and C. N. Reilley. 1964. Nuclear magnetic resonance
subunit beef heart enzymBiophys. J.60:415-423. studies of protonation of polyamine and aminocarboxylate compounds

Hosler, J. P., J. P. Shapleigh, D. M. Mitchell, Y. Kim, M. A. Pressler, C.  in agueous solutiomnal. Chem36:1699—-1706.
Georgiou, G. T. Babcock, J. O. Alben, S. Fergusson-Miller, and R. B.Syensson-Ek, M., J. W. Thomas, R. B. Gennis, T. Nilsson, and P. Brzez-

Gennis. 1996. Polar residues in helix VIII of subunit | of cytochrame inski. 1996. Kinetics of electron and proton transfer during the reaction
oxidase influence the activity and the structure of the active Bit@. of wild type and helix VI mutants of cytochromleo, with oxygen.
chemistry.35:10776-10783. Biochemistry 35:13673—13680.

Iwata, S., C. Ostermeier, B. Ludwig, and H. Michel. 1995. Structure at 2.

A resolution of cytochrome oxidase fromParacoccus denitrificans. 8Tanford, €., and J. G. Kirkwood. 1957. Theory of protein itration curves.

Nature. 376:660—669. I. General equations for impenetrable sphedesAm. Chem. Sod9:

5333-5339.
Konstantinov, A. A., S. Siletsky, D. Mitchell, A. Kaulen, and R. B. Gennis. . . .
1997. The roles of the two proton input channels in cytochrame Thomas, J. W., A. Puustinen, J. O. Alben, R. B. Gennis, and M. Wikstro

oxidase fromRhodobacter sphaeroidgzobed by the effects of site- ~ 1993. Substitution of asparagine for aspartate-135 in subunit | of the
directed mutations on time-resolved electrogenic intraprotein proton Cytochromebo ubiquinol oxidase oEscherichia colieliminates proton-
transfer.Proc. Natl. Acad. Sci. USA4:9085-9090. pumping activity.Biochemistry 32:10923-10928.
Kraulis, P. J. 1991. MolScript, a program to produce both detailed andTsukihara, T., H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K.
schematic plots of protein structurels.Appl. Crystallogr.24:946-950. Shinzawa-Itoh, R. Nakashima, R. Yaono, and S. Yoshikawa. 1995.
Lancaster, C. R. D. 1996. The coupling of light-induced electron transfer Structures of metal sites of oxidized bovine heart cytochrororidase
and proton uptake in the photosynthetic reaction centre fRimdo- at 2.8 A. Science269:1069-1074.

pseudomonas viridiPh.D. thesis. University of Frankfurt am Main. Tsukihara, T., H. Aoyama’ E. Yamashita, T. Tomizaki, H. Yamaguchi’ K.

Lancaster, C. R. D., H. Michel, B. Honig, and M. R. Gunner. 1996. Shinzawa-Itoh, R. Nakashima, R. Yaono, and S. Yoshikawa. 1996. The
Calculated coupling of electron and proton transfer in the photosynthetic whole structure of the 13-subunit oxidized cytochromexidase at 2.8
reaction center ofRhodopseudomonas viridis. Biophys. 70: A. Science272:1136-1144.

“2469_2492' ) Varotsis, C., and G. T. Babcock. 1990. Appearance ofifie" = 0)
Libben, M., and K. Gerwert. 1996. Redox FTIR difference spectroscopy vipration from a ferryl-oxo intermediate in the cytochrome oxidase/
using caged electrons reveals contributions of carboxyl groups to the dioxygen reactionBiochemistry29:7357—7362.

catalytic mechanism of haem-copper oxidagésBS Lett397:303-307. . . )
Verkhovskaya, M. L., A. Garcia-Horsman, A. Puustinen, J.-L. Rigaud, J. E.

Merritt, E. ?‘ arr]‘dt M. IIE'.t'P. MLIerth. 1994H§;tste(r:3D t\/tlelrsionDssz—a Morgan, M. |. Verkhovsky, and M. Wikstra. 1997. Glutamic acid 286
program for photorealisic molecular graphiésta Crystaiogr.Do0: in subunit | of cytochroméos is involved in proton translocatiofroc.

869-873. Natl. Acad. Sci. USA94:10128-10131.
Mitchell, R., P. Mitchell, and P. R. Rich. 1992. Protonation states of the .
catalytic intermediates of cytochromexidaseBiochim. Biophys. Acta. ~ Veérkhovsky, M. 1., J. E. Morgan, A. Puustinen, and M. WiKsiro1996.

1101:188—-191. Kinetic trapping of oxygen in cell respiratioiNature.380:268—-270.
Mitchell, R., and P. R. Rich. 1994. Proton uptake by cytochrerogidase ~ Verkhovsky, M. I, J. E. Morgan, M. L. Verkhovskaya, and M. WiKstro

on reduction and on ligand bindindiochim. Biophys. Actal186: 1997. Translocation of electrical charge during a single turnover of

19-26. cytochromec oxidase.Biochim. Biophys. Actal318:6—10.

Nicholls, P. 1974. _On the nature of cytochromg & Dynamics of Verkhovsky, M. I., J. E. Morgan, and M. Wiks$im 1994. Oxygen binding
Energy-Transducing Membranes. L. Ernster, R. W. Estabrook, and E. C. and activation: early steps in the reaction of oxygen with cytochrome
Slater, editors. Elsevier, Amsterdam. 39-50. oxidase.Biochemistry 33:3079-3086.

Nicholls, A., and B. Honig. 1991. A rapid finite difference algorithm, Verkhovsky, M. 1., J. E. Morgan, and M. Wikstma 1995. Control of
utilizing successive over-relaxation to solve the Poisson-Boltzmann' gaciron d’eliver)} to the oxygen‘reduction site of cytochranoidase:
equation.J. Comp. Chem12:435-445. a role for protonsBiochemistry 34:7483-7491.

Nicholls, A., K. A. Sh B. Honig. 1991. P in foldi . . .
Ichots, A Sharp, and onig. 199 rotein folding and \ygodina, T., D. Mitchell, C. Pecoraro, R. B. Gennis, and A. A. Kon-

association: insights from the interfacial and thermodynamic properties - - : .
of hydrocarbonsProteins.11:281-296. stantinov. 1996. Effect of amino acid replacements in the two proton

: ) channels oRh. sphaeroidesytochromec oxidase on the reaction of the
Ostermeier, C., A Harrenga, U. Ermler, anq H Michel. 1997. _Structure at enzyme with HO,. EBEC reportsBiochim. Biophys. Acte9:B-32.
2.7 A resolution of theParacoccus denitrificangwo-subunit cyto-
chromec oxidase complexed with an antibody, Fagment.Proc. Natl. Wikstrom, M. 1989. Identification of the electron transfers in cytochrome
Acad. Sci. USA94:10547-10553. oxidase that are coupled to proton pumpihigture.338:776—778.

Puustinen, A., J. A. Bailey, R. B. Dyer, S. L. Mecklenburg, M. Wikstto ~ Wikstrom, M., A. Bogachev, M. Finel, J. E. Morgan, A. Puustinen, M.
and W. H. Woodruff. 1997. Fourier transform infrared evidence for Raitio, M. L. Verkhovskaya, and M. I. Verkhovsky. 1994. Mechanism of
connectivity between Guand glutamic acid 286 in cytochrontm, proton translocation by the respiratory oxidases. The histidine cycle.
from E. coli. Biochemistry36:13195-13200. Biochim. Biophys. Actal187:106—-111.

Rich, P. R. 1995. Towards an understanding of the chemistry of OXygeRyikstrom, M., H. J. Harmon, W. J. Ingledew, and B. Chance. 1976. A
reduction and proton translocation in the iron-copper respiratory oxi-  re_evaluation of the spectral, potentiometric and energy-linked proper-
dasesAust. J. Plant Physiol22:479—486. ties of cytochrome oxidase in mitochondrigFEBS Lett.65:259—-277.

Rich, P. R. 1996. Electron transfer complexes coupled to ion transloca\tior\Nilson D. F., J. G. Lindsay, and E. S. Brocklehurst. 1972. Heme-heme

?utaljliérirsB(eor]szlrla ezdit?_r.zfzrotem Electron Transfer. Bios Scientific interactions in cytochrome oxidas®&iochim. Biophys. Acta256:
' ’ ’ 277-286.

Rich, P. R., B. Meunier, R. Mitchell, and A. J. Moody. 1996. Coupling of o ) )
charge and proton movement in cytochromexidase.Biochim. Bio- Woodruff, W. H. 1993. Coordination dynamics of heme-copper oxidases.

phys. Actal275:91-95. The ligand shuttle and the control and coupling of electron transfer and

Rousseau, D. L., Y.-C. Ching, and J. Wang. 1993. Proton translocation in Proton translocation). Bioenerg. Biomembg5:177-188.
cytochromec oxidase: redox linkage through proximal ligand exchange Yang, A.-S., M. R. Gunner, R. Sampogna, K. Sharp, and B. Honig. 1993.
on cytochromea,. J. Bioenerg. Biomembg5:165-177. On the calculation of pks in proteinsProteins.15:252-265.



