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Cytochromec oxidase (CcO) is a crucial enzyme in the respiratory chain. Its function is to couple the reduction
of molecular oxygen, which takes place in thed€Cus binuclear center, to proton translocation across the
mitochondrial membrane. Although several high-resolution structures of the enzyme are known, the molecular
basis of proton pumping activation and its mechanism remain to be elucidated. We examine a recently proposed
scheme J. Am. Chem. So2004 126 1858;FEBS Lett.2004 566, 126) that involves the deprotonation of

the Cw-bound imidazole ring of a histidine (H291 in mammalian CcO) as a key element in the proton pumping
mechanism. The central feature of that proposed mechanism is thaKthelpes of the imidazole vary
significantly depending on the redox state of the metals in the binuclear center. We use density functional
theory in combination with continuum electrostatics to calculate tgevalues, successively in bulk water

and within the protein, of the Cu-bound imidazole in various-Gand Cu-Fe complexes. Fromkas in bulk

water, we derived a value 6f266.34 kcalmol™ for the proton solvation free energ&sG;;). This estimate

is in close agreement with the experimental value-@64.61 kcalmol™ (J. Am. Chem. SoQ001, 123

7314), which reinforces the conclusion thﬁGSH(; is more negative than previous values used f&k p

calculations. Our approach, on the basis of the study of increasingly more detailed models of the CcO binuclear
center at different stages of the catalysis, allows us to examine successively the effect of each of the two
metals’ redox states and of solvation on the acidity of imidazole, whésdspapproximately 14 in bulk

water. This analysis leads to the following conclusions: first, the effect of Cu ligation on the imidazole
acidity is negligible regardless of the redox state of the metal. Second, results obtained-feg Camplexes

in bulk water indicate that Cu-bound imidazol&pvalues lie within the range of 14-8.6.6 throughout
binuclear redox states corresponding to the catalytic cycle, demonstrating that the effect of the Fe oxidation
states is also negligible. Finally, the low-dielectric CcO proteic environment shifts the laase equilibrium

toward a neutral imidazole, further increasing the correspondigvplues. These results are inconsistent
with the proposed role of the Cu-bound histidine as a key element in the pumping mechanism. Limitations
of continuum solvation models inKp calculations are discussed.

1. Introduction channel from the matrix to the active site, while only one proton
adopts the K-channéf:® Four of the eight protons are consumed

complex in the mitochondrial respiratory chain. Its catalytic in the redox rgactlon to produce two water molecules (chemical
protons), while the other four are translocated through the

function is to reduce ®to H,O and to harness the free energy
released by that reaction to pump protons across the mitochon-£NZyme (pumped protons). All protons are transported to the
drial inner membrane. The electrochemical gradient generatedCcO active site, from which they are directed either toward the

across the membrane by the excess protons is ultimately used’inuclear center or toward the exit pathway. A detailed picture
to drive ATP synthesi&-® The high efficiency of CcO rests of the mechanism underlying this selective proton distribution
precisely on the balanced coupling between proton pumping iS & matter of debaté*> The analysis of the many available

Cytochromec oxidase (CcO) is the terminal enzymatic

and the redox reaction: crystallographic structures of CcO does not show any specific
pathway connecting the mouth of the D-channel to the binuclear
0, +4e + gHt — 2H,0 + AHT (1) center or leading protons to the exterior side of the membrane.

It is thought that both chemical and pumped protons are relayed

The oxygen reduction takes place in the binuclear center, which Within the active site cavity through dynamic networks of

consists of a high-spin Fe hemand a Cu, in the enzyme hydrogen-bonded water molecules$:16-18 Furthermore, the
active site (see Figure 1). Two distinct proton uptake pathways direction of proton transfer through hydrogen-bond networks
connect the binuclear center to the matrix side of the mitochon- Nas been suggested to be coupled to the electron transfer to the
drial membrané;® namely the D-channel and the K-channel, hemes—Cus binuclear cente? Recent studies have proposed
which owe their names to conserved aspartate and Iysinethe direct involvement of one of the guistidine ligands (i.e.,
residues, respectively. It is generally accepted that seven of theH291 in bovine heart CcO, or H334 Rhodobacter sphaeroides

eight protons involved in the catalytic cycle follow the D- CcO) as a proton loading site in the pumping mecha-
nism/ 111415190 these mechanisms, the protonation state of
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Inner Membrane

Figure 1. Subunit A of cytochrome oxidase (CcO) fronRhodobacter sphaeroid¢®DB structure 1M56, ref 6). The residues in the binuclear
center are shown in detail at the top-right corner. The numbering of all residues correspond to mammalian CcO; Cu is shown in teal and Fe in
orange. The location of the active site within CcO is indicated by an arrow.

metals in the binuclear center. Wikatmoproposed that the  “ferryl” state (F) the first chemical proton (f accesses the
protonation and deprotonation of the histidine side chain is binuclear center and saturates Y244. The latter remains neutral
coupled to the dissociation of its imidazole ring fromgGti throughout the following steps of the catalytic cyé&tdn the

An alternative schenfé**>%ntails that H291 remains ligated  transition between the F ang 8tates, a chemical proton enters
to Cus and that deprotonation at thesNposition causes the  the binuclear center and converts the hydroxyg Ggand into
formation of an imidazolate anion (i.e., galmH — Cug— water, increasing the total charge of the site frerm to +2.

Im~). This hypothesis was proposed on the basis of continuum That stage of the catalytic cycle is supposedly connected to the
electrostatic calculations of Cc®!> A key feature of that first deprotonation of the His291 imidazole ring. The next proton
proposal is that the entry of a chemical proton in the active entering the active site reloads the His293; osition. A

site, which converts an OHligand of Cis to H;O, causes the  dismutation leads to the formation of thé $fate. The transition
pKa of H291 to drop, leading to the deprotonation of,N between the Hand O states is connected to a second

~ Although the deprotonation of imidazole, which produces an deprotonation of H291. In the E state, the first water molecule
imidazolate anion, is not possible in bulk wateKgp- 14)20-22 produced in the redox reaction leaves the binuclear center and
the presence of a metal-coordinated imidazolate anion hasthe redox state of Fgchanges from Il to Il. Here, the fourth
recently been determined experimentally in the irsnlfur and last chemical proton enters the active site and saturates the
protein of the cytochroméc; complexZ® In this system, the  pyqroxyl (E, state), triggering the third His291 deprotonation.
imidazolate ring of one of the two Fe-coordinated histidines is The next incoming proton reloads the N\bosition, closing the
hydrogen bonded to the ubiquinol substrate and presumably caiaivtic cycle. In the original article proposing the deprotonation

represents the redox-linked protonation site. A transient endiol ¢ His291, the catalytic step connected to the fourth pumping
imidazolate complex was also identified as a probable inter- o, ant was not clearly identifield.

mediate in the catalytic mechanism of triosephosphate isontérase. The complexes studied, shown schematically in Figure 3,

The likelihood of the formation of a Cu-bound imidazolate in desianed t st fthe CcO catalvii |
the CcO active site can be addressed computationally by usingWere esigned 1o represent stages of the L.ct catalylic cycie
resumably connected to the Cu-bound imidazole deprotona-

a suitable quantum mechanical (QM) approach on an appropriatep - . .
model system. In this study, we use density functional theory tlpnsl. F'[Sthwgﬂetﬁrm'ngﬂ theKﬁ vaIuLe§ Iorll bulk Wr?te]f forh
(DFT) in combination with continuum electrostatics to examine simpie _[ mHECUM—L mode S_(W_ ere L 1In 'C"?“es_ the fourt

the dependence of the Cu-bound imidazoke, pn the redox ligand, i.e HO or OH~, andM indicates the oxidation state of

state of different Cu and GtFe complexes. Our approach is Cu, i.e., l or Il). The results on these complexes show the effect
based on the analysis of the Cu-bound imidazole acidity in of the redox states of the central Cu on the acidity of an isolated
increasingly larger systems modeled after the CcO binuclear Midazole. The effect of the Fe porphyrin was added succes-

center at various stages of the catalytic cycle. A schematic SiVely by studying more complex systems where various Fe
depiction of the main steps of the reduction of @ the oxidation states (i.e. 11, N1, 1V) and various |nterm_et_al ligands
binuclear center, and the proposed connection to the H291Were considered. Last, we calculated thi& pf the imidazole
deprotonationd? are shown in Figure 2. The fully reduced state fiNg @s @ Cy ligand in the binuclear center of CcO to assess
of the binuclear center, defined as the “R” state, will be the effect of the low dielectric proteic environment.
considered here as the starting point of the catalytic cycle. An  The calculation of absolutek values of species in solution
0O, enters the active site and binds to the metals, forming a is a delicate task, which necessitates the use of high-level QM
“peroxy” (P) state (not shown). The tyrosine (Y244) cross-linked methods capable of attaining chemical accuracy (average
to His240 forms a radical by releasing a hydrogen atom, which absolute error of about 0.1 eV (or 2 kaabl™1) against the G2
helps cleaving the peroxy borer.2” The first electron transfer ~ thermochemical data s&). The treatment of solvation repre-
from the hemgallows the formation of a negatively charged sents the least reliable aspect éfzalculations. The expected
tyrosine (indicated in Figure 2 as YQOn the R state). In the limits of accuracy range within 25 kcatmol™1.3° To gauge



Acidity of a Cu-Bound Histidine in Cytochrome Oxidase J. Phys. Chem. B, Vol. 109, No. 47, 20022631

R Pr F
ImH ImH ImH
| I ' + 0 | I n + H‘[‘n | | 1
1 H:0— Cu— =P ! HO— Cu— =P v HO— Cu—
Fe —H:0 J +e e=0 J +e Fe=0
r YOH | YO ‘ YOHJ
+ Hin * Hou
0] H' Fp
Im ; ImH Im
||, + Hia |,| + Hia |“
m HO— Cu— —— !y . HO— Cu— —— v H20— Cu—
Fe —H:0 J -How Fe —OH +e- Fe=0 J
] YOH i YOHJ ‘ YOH
+ H:n * +e-
E Ep R
ImH Im- ImH
| HO" Cl 1 + Hi ‘ C| || + Hin | O CI 1
Fe' - Ju T T Fe o= Cu—= === i _nmo O7 Ju -
] YOH i YOHJ | YOH

Figure 2. Proposed main steps of the reduction ¢ft®H,0O in the binuclear center of CcO. The hegis represented by the central Fe atom and
by a line defining the porphyrin ring. Only the ghistidine ligand side chain undergoing deprotonation is shown. The protonated and deprotonated
forms of imidazole are indicated as ImH and1nmespectively. Catalytic states are defined by a letter shown on top of each frame, according to

the commonly used nomenclatd#€s The protons entering and exiting the binuclear center are indicateq, @ I—Eut, respectively.

determine the solvation free energy in bulk water. Furthermore,

o
OH—Cu----ImH

11
HO—CI{--ImH

Figure 3. Left Cu— and right Cu-Fe complexes studied. The catalytic
states of CcO corresponding to the-€fee models are indicated at the

top-left corner.
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ImH Fp . ImH teslzs on acietbase couEIes;or Wrrl]icr: the solvatiofn free egergy

is known experimentally show the limitations of GB and PB
OHQ_C{I' o lmH HQO—CL{"ImH methods in t%e treatme)r/n of ionic species.
F -10 ImH The Cu-bound histidinet, values are calculated within CcO

ImH IC py using PB contlnuum electrostatic calculations. In thls.hlghly
inhomogeneous environment, th& must be determined
through a thermodynamic scheme that includes explicitly the

ImH o ImH contribution of proton solvation free energ;A(BSH;). Many

experimental and computational studfeg® have focused on

the determination ofAGSH;, and the values reported therein

cover a range of 12.0 keahol™! (from —252.6 to —264.6

kcalmol~1). Because of this large range of uncertainty, and for

. . . +
consistency in our results, we estimata@.., based on the

pKa values that we calculated in bulk water (see Section 2 for

details). We obtained;G?; = —266.340 kcamol™1, close to
the value of —264.61 kcalmol=! published by Liptak and
Shields3! which corresponds to the lowest value in the range
of the proton solvation free energies reported in the literature.
Our estimate reinforces the conclusion tmaﬁg'g, is more
negative than previous values used fét, galculations.

Our calculations show that the acidity of the g2lmound
imidazole ring in the complexes studied does not depend
significantly on the redox state of the metals. Th@gof the
Cu-bound imidazole ring in bulk water vary between 14.8 and
16.6 for the large CttFe complexes around the catalytic cycle.
The low dielectric environment of the protein shifts the
equilibrium toward the protonated (neutral) form of the Cu-
bound histidine, increasing th&pvalues. The implications of
these results on the proposed CcO pumping mechanism are
analyzed. In two recent publicatiof83” the K, values of
imidazole ligands in Cu complexes and ing=themez models
were evaluated by using an approach similar to ours. However,
fundamental differences in theKp calculation methodology,

describe solvation, an SCF generalized Born (GB) model and which will be discussed in detail in the following sections, lead
a post-SCF PoisserBoltzmann (PB) approach are used to us to radically different conclusions.
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AH + HQO > A— + H30+ pK, (unknown)
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| 1
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Figure 4. Thermodynamic cycle used to determine th€, pf the
species AHAGq, represents the free energy of solvation. pK, (tot)

Bieony * AHisoy  ——  BHigop + Aeq

2. Computational Method Figure 5. Relative scheme for the calculation of thK mof species

2.1. K, Calculations from First Principles. The thermo- AH. pKa is the unknown valu_e to determineKp is the known
dynamic cycle commonly used to calculate the acidity of a experimental value of the species BH.
chemical group AH is shown in Figure 4. On the basis of that

cycle, the [K; can be expressed through the equation: and
oM — (AGgs + AAG @ AAGG = (MG, — AGg) — (AGY, — AGg)  (7)
a 2.30RT

) The proton solvation free energy is implicitly taken into account
whereT = 298 K andR is the molar gas constant. The gas- py the introduction of K" as a known constant in eq 5. The
phase deprotonation free energyGyly) is given by pKa values calculated according to this scheme are independent

A AH A - . of the chosen reference (BH). Therefore, in principle, any type
AGRL = AHgi + AGH + Hioo+ A(V) — T[ST] (3) of acid BH can be selected. However, limitations in the accuracy
of continuum solvation models in describing ionic species

It comprises the gas-phase deprotonation energyiyf), a accurately can be the cause of additional errors.
vibrational term (&Gﬁh'*), the proton translational energy 2.2. Model SystemsThe K, values of an imidazole ligated
(H{j;ns= 3,ksT), a term accounting for the change of volume to Cu were determined in several complexes modeled after the
during the reaction(pV) = ksT), and the entropic contribution ~ binuclear center of CcO in catalytic stages prop&s¢al be
(S7*) to the proton gas-phase energy (7.8 kwal 1 according connected to H291 deprotonation (see Figure 3). We first
to the SackurTatrode equatic). AHJ. and AG;! can be  calculated thel, of imidazole (ImH) as a ligand in [ImHEUL-
evaluated to high accuracy by first principle calculations. The type complexes, where the superschipindicates the oxidation

solvation free energyA(AGA”l in eq 2) is given by state of the metal, while L indicates the fourth ligandQHor
S0 OH"). From now on, we will refer to this type of complex as
A AG/SAS — AG?m + AGsHm _ AGQ')T 4 the “Cu model”. From the CcO catalytic cycle shown in Figure

2, we selected three Cu models for th&gpcalculation,
namely: [ImHECu'H,0, [ImH]3Cu'"H,O (shown as structure
a in Figure 6), and [ImHCu "OH.

. H . . The effect of the Fe porphyrin on th&pat a close distance
vation free energy AG,,) represents an elusive quantiy, to the Cu center (4.82 A iRhodobacter sphaeroid€cO, PDB

which is very difficult to determine experimentally and to ; Ny
. . ) code 1M56, ref 6) is then studied in larger model complexes,
0,41 4
calculate reliably*?4! Indeed, the available experimeritaf which we will refer to as the “CttFe models”. [ImH} Cu "

and calculate® values reported forAGH, vary between H,0---O=FeV[(porph)NH] is modeled after the F-state of the

—252.6 and—264.6 kcaimol™*. A deviation of only 1.4 binuclear center. Two systems are modeled on the O-state,
kcalmol™1in any of the free energy contributions appearing in [ImH] 3 Cu "—OH:-+-H,O—Fe " [(porph)NH] (shown as struc-
the numerator of eq 2 causes th€,po shift by 1 unit. Hence, ture b in Figure 6), and [ImH]Cu" —OH-+-Fe " [(porph)NHy],
by taking into accounAGL in the thermodynamic cycle, one  respectively, with and without the water molecule ligated to
can only determine acidities with an uncertainty of ap- Fe. For the latter model, both antiferromagnetic£<), and
proximately 9 fKa units. Ultimately, the Kas determined  ferromagnetic (S= 3) coupling between the two metals are
through this method are linearly dependent on the choice of considered to assess the influence of spin coupling on ImH
the “best” value forAGg‘gl. acidity. Last, [ImH} Cu"—OH:--Fe"[(porph)NH;] represents
The use of an alternative scheme that circumvents the problemthe E state. In all complexes, the apical liganda\tfithe heme
of accounting for proton solvation has proven to be quite group replaces a His side chain. For both-Ge and Cu models,
successful, leading to an accuracy within half ofkq pnit for the acidic proton belongs tosN (indicated by an asterisk in
carboxylic acidg'? Within this framework, shown in Figure 5,  Figure 6). The imidazole that is deprotonated corresponds to
the unknown [, of an acid AH is determined relative to that H291 in the CcO binuclear center.

Both AG., and AG. are usually evaluated through self-
consistent continuum solvation methcds? The proton sol-

of the known X, of another species, BH Calculations in bulk water were carried out by using the
relative scheme depicted in Figure 5. The evaluation of the
AH BH (AAGrg‘f;S—i- AAG;?;[) solvation free energy&AGg’jI in eq 5) represents the least
PKa™ = PKy™ + 2 30RT ®) reliable step in this calculation, especially for the characterization
of ionic species. To assess the dependence of Kaevalues
where on the solvation model used, we determinedlG ! for acid—

sol
base couples for whicAAGg, is known experimentally. The
f_ AH AH BH BH sol
AAG;ZS— (AHgas+ AGr)) — (AHgaS+ AGr)) (6) results obtained with two continuum models, a self-consistent

ref
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Figure 6. (a) [ImH]sCu'—H.0O complex, and (b) [ImHCU'—OH---H,O—F€"[(porph)NH;] complex. Cu and Fe atoms are shown in teal and in
orange, respectively. The imidazole which undergoes deprotonation is indicated by an asterisk.

generalized Born (GB) model and a Poiss@oltzmann (PB)

allowed the internal structure to adapt to the addition of the

post-SCF approach, were compared to the experimental dataligands and to the redox state of the metals. This procedure did
This analysis allows us to gauge the level of accuracy attainablenot lead to significant deviations from the original X-ray
for the K, value in neutral and ionic species. Furthermore, it structure of the binuclear center. For these large complexes, the
allows us to choose as reference equilibrium for the relative deprotonation is assumed to be instantaneous; therefore, the
scheme (i.e., BH— B~ + H*, see Figure 5) the acithase structure of the deprotonated form is assumed to be identical
couple whose solvation energy is described most accurately byto that of the protonated form. This assumption is supported by

both solvation models.
For the calculations in CcO, one cannot use the relative
scheme shown in Figure 5, simply because tkggf any acid

the good agreement observed between tgvalues obtained
for the large Cu-Fe complexes and the Cu models, which were
optimized in both protonated and deprotonated forms (see

that could serve as reference BH is not known in the CcO proteic Section 3).

environment. Therefore, we have to rely instead on the ther-

modymamic cycle depicted in Figure 4. Accordingly, th&p

Geometry optimizations on the €tre models were per-
formed with SBKJC effective core potentials (ECP) for all heavy

are determined through eq 2 and 3. Although the calculations 4¢oms#5.46\yhile valence electrons were described at the 4-31G

of the imidazole acidity in the protein interior are designed to
reproduce most closely the effect of such a complex environ-
ment, it is necessary to keep in mind that thekg yalues are
linearly dependent on the choice of the “best” value for the
proton solvation free energy. In view of this problem and for

consistency of the results, we chose to determﬁﬁé'; via eq
4 based on the Kys obtained for Cu and CtFe models in

bulk water. More specificaIIyAGg'; was obtained by plugging
andAG., together with

into eq 4 calculated values faxGZ,, ol
the value ofAAGY'| obtained from the thermodynamic cycle
depicted in Figure 5. The value we obtained266.340
kcal-mol~1) was then used to evaluate the Cu-bound imidazole
ring acidity in the protein.

2.3. Calculation Details.The initial coordinates for all the
models studied were taken from the X-ray structure of CcO
from Rhodobacter sphaeroideBDB code 1M56.The different
ligands (i.e., HO, OH~, and O) present at different stages of
the catalytic cycle were added manually to the initial structures.
The coordinates of all CuFe and Cu models are given as
Supporting Information. All open-shell calculations were per-
formed with unrestricted hybrid DFT, namely with the B3LYP
exchange-correlation (xc) functional (U-B3LY#)Because of
the small influence of spin contamination that may be introduced
by the exact HF exchange in B3LYP, it is important to underline

level. The electrostatic gas-phase terms were determined with
a LACV3P(1p,1d) basis sét,which entails ECPs for Cu and
Fe, and a TZV(1p,1d) quality basis set for all electrons in H,
C, N, and O atoms, and valence electrons in the metals. The
AGrh terms were assumed to be equal to the ones calculated
for the Cu models. Because deprotonation can be considered
as a relatively localized phenomenon, and because the Cu model
represents a wide enough portion of the—-Fe model, this
approximation is reasonable. Solvation free energies for Cu
models were determined by using two different levels of
theory: a self-consistent generalized Born (GB) approximation
based on CM3 model charg#s?® calculated at the B3LYP//
6-31G(1d) level, and a continuum electrostatic method based
on the PoissonBoltzmann (PB) equatio??. The latter requires

the calculation of the point charges fitted to the electrostatic
potential (ESP). Here, these point charges are determined with
the Singh-Kollman methodP?! also at the B3LYP//6-31G(1d)
level. This protocol was chosen for the sake of consistency with
the level of theory used for the GBCMS3 calculations, to which

the PB results are compared. Extensive te&tidgmonstrated
that it yields accurate results compared to that of higher
correlated methods. All ESP charges in the QM region were
calculated in the gas phase. This approach is consistent with
the evaluation of electrostatic parameters for empirical force

that, for all SCF-converged calculations, the expectation value fields, most of which are based on ab initio calculations in the

of the total spinf&Odiffers from S(S+ 1) by less than 10%.
All protonated and deprotonated Cu models were fully

gas phas&® 57 The charge distribution is placed in a cavity
with eom = 1, which is immersed in a continuum dielectric of

optimized at the 6-31G(1p,1d) level. The electrostatic gas-phasee = 78.4 representing bulk water. The solvation free energy is

contributions and the vibrational analysis were performed with
anall-electron TZV(1p,1d) basis set. For the-€fte complexes,

then determined by solving the PB equation by using a finite
difference method. The atomic radii used to construct the solvent

all degrees of freedom of the protonated species were relaxedaccessible surface (SAS) for H, C, N, and O atoms correspond

to a gradient convergence threshold of 0.01. This initial step

to the van der Waals (vdW) radii from BontfiThe vdW radius
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TABLE 1: Solvation Free Energies in Bulk Water (e =

Pro241 78.4) for Reference Equilibria (All Energies Are Expressed
in kcal'mol™1)
acid/base AGSRE®  AGIED)  AGEMO  pKEO)
His240 CHCONH/CH;CONH™!  —60.541 —69.098 —70.39 15.1
MeNH;"/MeNH; 72.536 71.497 71.93 10.66
PhOH/PhG~ —58.333 —59.842 —64.68 9.99
pyridineH"Y/pyridine 54,750 54.933  56.41 5.23
Glu24?2 CHyCOOH/CHCOO: —67.240 —70.002 —70.60  4.76
PhNH;™Y PhNH, 62.528 59.437 67.31 4.87
CH3;CONH;"Y/CH;CONH, 65.840 65.051 64.09 —0.66
mean abs. deviation maximum deviation
heme,, AGSS AGES GS8 G
cations 2.809 2.048 6.482 6.0079
anions 8.025 2.048 11.163 4.3389
neutral 1.551 0.740 2.500 1.866"

a Solvation free energy calculated with an SCF generalized Born
(GB) approach® Solvation free energy calculated with a post-SCF
Poissor-Boltzmann (PB) approach Experimental values from ref 76.
4PhNH; "L ¢ CH;CONH % f MeNH,. 9 PhG. " PhNH..
parameter séf. The Cu-Fe models used to derive the ESP-
fitted charges describe only a small part of the binuclear center.
Hence, all charges used in the continuum electrostatic calcula-
tions were rescaled to obtain the appropriate integer value of
the total charge. The dielectric constant inside the pocket
containing the ab initio-derived charges of the binuclear center
is set toegm = 1. The protein reaction field was represented by
a dielectric constard, of 4, which is the value generally used
for protein calculations, and repeated with = 10. Recent
studies show that, because of water penetration, the polarizability
in the protein interior is described more accurately by a uniform
continuum dielectric witke, between 8 and 12:7072 Outside
of CcO, we set = 80 with an ionic strength of 150 mi.

All geometry optimizations, energy, vibrational analysis, and
ESP charges calculations were performed with GAMESS-US.

Figure 7. Binuclear center of cytochronmeoxidase (CcO) from PDB
structure 1M56. Cglis shown in teal, while Fe of hemgs shown in
orange. Hydrogen atoms were not included in the crystal structure.
for Fe was chosen as 1.456°ABecause both metals are buried
inside the complexes, their vdW spheres do not contribute to
the formation of the SAS, so that the precise choice of their
vdW radii is not crucial to the accuracy of the solvation free
energy. The solvation free energy of the-ke models in bulk
water was determined only with the PB method due to SCF
convergence difficulties in the GB-CMS3 calculations.

The deprotonation of the Gtbound histidine (at pH= 7)
within CcO was studied by using continuum electrostatic
calculations. The atomic charges for the binuclear center,
successively with His291 protonated and deprotonated, cor-

respond to the SinghKollman charges calculated for all the GB-CM3 calculations were performed with version 4.1 of

large C.u_ Fe comp_lexes. These ESP cha_rges aré given as; aMESSPLUS™ The MEAD packag® was used for the post-
Supporting Information. Thelas were determined successively SCE PB continuum electrostatic calculations

including only segment A and within all four segments (A, B,

C, D) of the bacterial CcO. The protonation state of titratable 3. Results

sites close to His291 could influence the acidity of imidazole.

Therefore, we calculated thekp values successively with a 3.1. Choice of a Reference AcietBase Couple Continuum
deprotonated and protonated Glu242. Located at the top of thesolvation models commonly used to deri¥&sq are able to
D-channel, Glu242 has been shown to be a key element indefine very accurately the solvation energy of neutral species.
proton translocation. This carboxylic group is thought to function However, the electrostatic field of ionic species strongly perturbs
as a relay group shuttling protons from the D-channel to the the solvent organization, particularly for solvent molecules in
pocket of the binuclear cent&f%¢6 In the crystal structure of  the first solvation shell. These show very different properties
a bacterial CcO (i.e., PDB code 1M56, ref 6), the distance compared to the molecules in the bulk, hence can hardly be
between Glu242 carboxylic oxygen and His29L ¢ 11 A described by a continuum solvation model. The discrepancy
(see Figure 7). The protonation state of Glu242 throughout the between experiment and continuum electrostatic calculations of
catalytic cycle has been the focus of many experimental studiesion solvation energies is expected to be in the range of 5
(see refs 67 and 68 and references therein). It has been showicatmol™.3%43To select an appropriate reference BH for the

that this carboxylic group has an unusually higK,pof calculation of the s within the relative scheme_(Figure 5),_
approximately 9. However, it is not clear if it remains protonated We tested the accuracy of the GB and PB solvation models in
in all the significant catalytic steps. the calculation of the solvation free energy for a few common

The protonation state of the other titratable sites in the protein acid—base couples. The results are shown in Table 1. The largest
corresponds to their standard state atsH. Subunits A and errors are associated with the solvation free energy of anions.
D are neutral at pH= 7. The few excess charges in subunits B GB shows the largest deviation for the acetamide conjugate base.
and C (and A when Glu242 is protonated) were neutralized by The equilibrium MeNH" — MeNH, shows the smallest
protonation of solvent-exposed charged residues (e.g., Glu, Asp deviation for the total hydration free energy calculated with both
and Lys). These residues are located on the cytoplasmic sideGB (AGS; — AGEP = 0.606 kcaimol-1) and PB (AGLy —
of the membrane, and they are most likely neutralized by AGZ| = 0.433 kcalmol~%) solvation models. For this reason,
counterions in vivo. the couple MeNH"/MeNH, was chosen as reference. The

The atomic charges of the residues surrounding the binuclearexperimental K, in bulk water for the deprotonation of
center correspond to the standard charges in the CHARMM22 MeNH;" is 10.66 (ref 40).
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TABLE 2: Calculated pKss in Bulk Water (e = 78.4) of Isolated 5-Me-imidazole, Imidazolium, and of Cu-bound Imidazole
Ring in Various Minimal Cu Models (All Energies Are Expressed in kcakmol=1)

acid AHepe AGr AGEE@ AGEE® pKE® pKEB
imidazole 359.175 —7.724 —58.039 —64.977 14.4 10.19
imidazolium 234.416 ~7.846 55.404 55.730 6.1 7.19
Cu[(ImH)3 H0] 281.271 ~7.733 20.217 18.799 14.7 14.4
CU'[(ImH)3 OH]* 276.688 —6.568 23.006 22.231 14.3 14.4
Cu'[(ImH)3 H,0] 2 201.285 -7.179 95.225 96.972 115 13.5

Reference

MeNH; " 224.082 —8.340 72.536 71.497 10.66°)

a Solvation free energy calculated with an SCF generalized Born (GB) approSotuation free energy calculated with a post-SCF Poisson
Boltzmann (PB) approach.The corresponding experimentddgvalue is 14.G° 22 4 The corresponding experimentadgpvalue is 7.0% ¢ Experimental
pKa from ref 76.

TABLE 3: Calculated pK, Values € = 78.4) of ImH in Various Cu—Fe models in Bulk Water (All Energies Are Expressed in
kcal-mol~1)

Charge Sit AHge AGr, AGPB@  pK,
cullon. - H,0 FM[® 42 2 233148 -6.568  66.535  15.0
(Cu[H,0-- 0= FelV| 42 3 233405 7179 67.932 158

[cu'lon. - [Fel] +1 3 287.858 -6.568 12.355 15.4
lculon - -[FM] 42 2 236.063 -6.568 65.835 16.6
[cuLoH. . [Fel! +2 3229432 -6.568  69.655 14.8

a Solvation free energy calculated with a post-SCF Pois®witzmann (PB) approach.The boxes around “Cu” and “Fe” stand to indicate the
presence of the three imidazoles and of Ntd porphyrin, respectively.

3.2. Ka Values in Bulk Water. The relative scheme shown  when using the PB solvation model. This change in acidity could
in Figure 5 was tested successively on the deprotonation of be due to the fact that the [ImkQu'—H,O complex is charged

imidazole, which has an anionic conjugate base (i.eN-84 in both protonated+2) and deprotonatedH1) forms, whereas
+ HO — C3N,H3™ + H30%), and on the deprotonation of  both of the other two complexes have neutral conjugate bases.
imidazolium, which has a neutral conjugate base (i.eN8s" The effect of the high-spin Regroup on the acidity of ImH

+ HyO — C3NaH4 + H3O™). The experimental i,s reported was investigated through the study of different-e com-

in the literature are 14 (refs 2@22) and 7.0 (ref 33) for plexes (see Figure 3). Each of the-€fe models is designed

imidazole and imidazolium, respectively. The results are shown to reproduce a stage in the CcO catalytic cycle to assess the

in Table 2. For the deprotonation of imidazole, we obtain very possibility of a deprotonation of ImH linked to a proton pumping

accurate results with GB K3, = 14.4), while the PB model  event. Because complexes of'@o not participate in pumping

significantly overestimates the imidazole acidity, assigning a events, in all of the CuFe complexes studied, Cu is in its

pKa of 10.1. The opposite trend is shown in the deprotonation oxidized state (i.e., Cy. The calculated I§, values are shown

of imidazolium, where GB slightly underestimates thié,p in Table 3. The inclusion of the Fegporphyrin results in an

whereas PB shows very good accuracy. increase of the imidazoleq values, independently of the nature
The results obtained for imidazole as a ligand in different of the intermetal ligands or the Fe redox state. The calculated

Cu models are also shown in Table 2. For the deprotonation of pK,s are in the range of 14:8.6.6. The lowest I§, value

ImH in a Cu model with copper in its reduced state (i.e.))Cu  corresponds to the hypothetical ferromagnetic{3) model

we obtain a K, of 14.7 with the GB model, and 14.4 with the of the O-state,

PB model. The agreement between the two solvation methods

is most likely due to their similar level of accuracy in describing OH~ - H,0- Felll|

the solvation of neutral species and cations (see Table 1). If we

compare these results with the ones obtained for the isolated(the boxes around “Cu” and “Fe” indicate the presence of the

imidazole (iK™ ~ 14), it is clear that the presence of the  three imidazoles, and of Nand porphyrin, respectively), which
metal does not have any significant effect on the acidity. we are considering in our calculations in order to determine
Two Cu models with copper in its oxidized state (fwere  the effect of magnetic coupling on the acidity of Cu-bound

studied. In the first complex, Cuis bound to three imidazoles  jmidazoles. The highesta value corresponds to the antifer-
rings and one hydroxyl, making the total charge of the acid rgmagnetic state (S 2).

form equal to+1. In the other complex, the metal is ligated to

a water molecule as fourth ligand, so that the total charge of m I
the acid form is+2. The K, of the imidazole ring in the ()H"'HQ()'

[ImH]sCu'—OH complex is very close to the one calculated )
The K, values determined for the Guand Cu-Fe com-

for the [ImH];Cu —H,0 despite the different oxidation state of - ! !
the metal. An increase in acidity is calculated for the [IaG{]' — plexes in bulk water cange used in eq 2 to obtain the proton

. +. .
H,O complex. The results obtained with the GB model show a Solvation free energyXG,). The results are shown in Table
decrease of 2.8Ky units compared to the [ImBETU'—OH 4. All AGgy data listed refer to the PB calculations for
complex. A less significant decrease of Ok, pinits is obtained consistency. The average of IIZKG':; values derived from
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TABLE 4: Proton Solvation Free Energy (AGH.) Derived TABLE 6: Calculated pKas of the Cus-bound Imidazole
from Calculated pK, Values in Bulk Water (AIIS(gnergies Ring of His291 with All Four Subunits (Full Protein), with a
Are Expressed in kcatmol=D Protein Dielectric Constante, = 107
PK® AHgad® AGeo(© AG'S-io*I Protonated Glu242

7.1 220.250 55730  —266.296 AGHI® pK/ull

10.1 345.131 —64.977 —266.378

14.4 267.218 18.799  —266.375 O+ H;0Fel"] -198.029 16.3

14.4 263.800 22.231 —266.389 ; )

135 187.786 96.972  —266.344 H,0--0[Fe'"] -196.291 17.3

15.0 220.260 66.535  —266.335 Cull LOH. . .| Fell -243.307 23.2

15.4 274.970 12.355 —266.320

14.8 216.544 69.955  —266.311 OH. .| Fell -199.402 17.4

16.6 223.175 65.835 —266.367

15.8 219.906 67.932 —266.287 a All energies are expressed in kgabl™.  Binuclear center sur-

average —266.340 rounded by all four subunits (A, B, C, D) of CcO. The protein is

standard deviation 0.036 immersed in a continuum af = 80 with ionic strength 150 mM.

P .

~ ?PKavalues (froTAGsfl) correspond to acidbase couples shown  magnetic coupled metals in the binuclear center, KgpCcO
in Tables 2 and 3! AHgas = AHee + AGrn + Hyans + A(PV) = ranges from 16.8 to 26.9 with, = 4 and deprotonated Glu242.
T[S']. ©AGsal = AG, — AGg. Protonation of Glu242 results in a downshift dfvalues by
TABLE 5: Calculated pKas of the Cus-bound Imidazole an average of 0.5 units when only subunit A is considered, and
Ring of His2912 : by 2 units when the whole protein is included in the model

system (see Table 5). However, when the protein dielectric

Deprotonated Glui242 oot . .
oproTonatec =8 constant is increased tg = 10, the [, values increase again

sub. full(e sub. 2l .
AGEM®  AGLT pKy pKIM™ by 1.3 units (on average) for all complexes other than
OH.-- H,olF] -197.355  -197.336 16.8 16.8
II 11
H0--O=[Fe!lV| -1904.932  -195.189 18.3 18.1 Cu"LOH. --[Fe"T]

[cull o - Fe!] -239.175 -238.249 26.2 26.9 . .
whose [K, decreases by 1.7 units. This effect can be understood

O [FM| 198069  -198.233 184 18.3 in terms of the total charge of this complex, which, contrary to
Protonated Glu242 the other states studied, has a neutral conjugate basis. Finally,
AGbA AG/H! pKwA  pKJul we note that K, yalues of the.sam'e order of magnitude as the
= — ones calculated in the protein interior were obtained for the small
O O[] 198,157 -199.980 162 14.9 Cu models by continuum electrostatics in dimethyl sulfoxide
[cu'} 00 V] -195.802  -198.021  17.7 16.0 (DMSO, ¢ = 46.8). These data are included as Supporting
[cu'Lon. - [Fell] -240.259 -241.047 25.5 24.9 Information. This result is consistent with the previously

reported finding that a dielectric constant higher thamas
needed in continuum dielectric calculations in order to obtain

2 Results are shown for deprotonated and protonated Glu242 suc-PKa values closer to the ones measured in proténs.
cessively with only subunit A and with all four subunits (full protein),
with a protein dielectric constamt= 4. All energies are expressed in 4 Dpiscussion
kcakmol=2. b Binuclear center in CcO subunit A only, which is in turn ’

immersed in a continuum of = 80 with ionic strength 150 mM. Within the framework of a recently proposed pumping
¢ Binuclear center surrounded by all four subunits (A, B, C, D) of CcO. mechanismi*151%he deprotonation of the Gebound H291 is

The protein is immersed in a continuume#= 80 with ionic strength . . .
150 mM. presumed to be triggered by the entry of a chemical proton in

o ) the binuclear center, which converts a hydroxyl ligand into a
each equilibrium is-266.340 kcaimol*. The corresponding  water moleculé15 According to this mechanism, H291 depro-

ol [Flll]  -198.921  -201.020  17.8 16.2

standard deviation is 0.036 keaiol™*. . tonation takes place without dissociation of the-NCu bond,
'3.3. Ky Values in Cytochrome c Oxidase.As shown in which results in the formation of an imidazolate anion.
Figure 1, the Cg—hemegbinuclear center is located in a pocket  |n the present work, various Guand Cu-Fe complexes were

deep inside subunit A of CcO. The effect of the proteic modeled after the CcO binuclear center at different stages of
environment on the acidity of the gibound histidine is studied  the catalytic cycle. Thelf values of the Cu-bound imidazole
by combining DFT with PB continuum electrostatics. Tables 5 in these complexes were determined successively in bulk water
and 6 list the results obtained via the thermodynamic cycle and within CcO. The results obtained for the small Cu models
in Figure 4, in combination with theﬁG;; = —266.340 (Table 2) demonstrate that the effect of the oxidation state of
kcakmol~1 derived from the K.s in bulk water (see above). the Cu center does not influence the imidazol&,.pndeed,
The K, values listed in Table 5 were obtained successively both [ImH];Cu—H,0O and [ImHECu'—OH, which bear the
from calculations including only subunit A and the full protein same charge, but where the metal is in different redox states,
(i.e., subunits A, B, C, and D in bacterial CcO), and with have very similar gss. The latter are of the same order of
deprotonated and protonated Glu242. Table 5 shows the resultsnagnitude as the experimentally determinég, pf 14, corre-
obtained withe, = 4 to describe the protein reaction field, while  sponding to the deprotonation of an isolated imidazole, and are
Table 6 shows the results obtained wigi+ 10, a value which also in agreement with our value of 14.4 calculated with the
takes into account the effect of water penetration in the protein GB solvation model. The discrepancy of the correspondiig p
interior89-71 Compared to the results in bulk water, the determined with the PB approach is due to the difficulty intrinsic
consistent effect of the low dielectric proteic environment is to to continuum solvation models in the description of anionic
shift the equilibrium toward higherky, values. For antiferro- species. Results from test calculations on common-duide
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couples, for which the solvation free energy is known experi-
mentally, show that the solvation of neutral species is very well

reproduced by both PB and GB methods (see Table 1). In this

particular case, the deviation in the solvation free energy
calculated for the imidazolate with PB is probably larger than
the one obtained for the GB method, and it is not counterbal-
anced by a similar deviation in the solvation free energy of the
acid. These results emphasize that, becagegculations are
extremely sensitive to small energy deviations, solvation free
energy contributions should be tested with different levels of
theory.

An increase in acidity is determined for the deprotonation of
[ImH]3Cu'—H,0. This behavior can be interpreted in terms of
stabilization of charged species in bulk water. Here the acid
has a higher charget@) than that of the other complexes

studied. Its deprotonation leads to a charged conjugate base,

J. Phys. Chem. B, Vol. 109, No. 47, 20052637

the hydroxyl was ligated to Fe. However, the optimization of
the intermetal ligands leads inevitably to the complex

[Cu"|OH: - - H,0Fel™ ]

We studied two more states, both with Cu ligated to a
hydroxyl as a fourth ligand, and Fe with a free apical
coordination site. In the latter configuration, two oxidations
states of Fe were considered, Beand Fé. Because the
hydroxyl can function as a bridging ligand coordinating both
Cu and Fe, a ferromagnetic coupling between the two metals
can be envisaged, although it should be noted that only
antiferromagnetic states (S 2) were identified experimen-
tally.82 We modeled

whereas both of the other two complexes have neutral conjugate

bases. One might consider [Imdd@u'—H,O as produced by
the addition of a proton to the hydroxyl ligand of [Imgdju'' —

OH. According to the proposed pumping mechanism, the
imidazole acidity should increase. Indeed, th¢€, walue in
[ImH]3Cu'—H,0 is 11.5 (according to the GB model), which
is significantly lower than that of [ImHLCU'—OH (pK, = 14.3),
whereas the corresponding{pdownshift calculated with the
PB solvation model is only of 0.9 units. Thus, despite the
relatively higher acidity of [ImHJCu'—H,0, all Cu-imidazoles
complexes studied clearly favor the fully protonated form. This
is in agreement with the results of a computational study of
Fé'—His pK, values in the Rieske protein active sifeResults
show that the acidity of the His side chain bound td FBeof

the same order of magnitude as that of free methylidazole
(i.e., Ka values in the range of 11-312.8). Hence the effect
of the ligation to F& on His acidity can be considered negligible,
and the complexes' fully protonated form is favored. Despite
the different stability of Cli— and Fé—His complexes$! we

do also find that thelg, values of different Cli—His complexes

in bulk water are comparable to that of the free imidazd{g p
(i.e., approximately 14 g, units).

Cu models are a very simplistic approximation of the CcO
binuclear center. We included the effect of the high-spir Fe
hemes by studying larger CttFe models with Fe in different
oxidation states. We can analyze the results within the frame-
work of the CcO catalytic cycle shown in Figure 2. The different

Cu—Fe models were designed to represent the various catalytic
steps connected to the deprotonation of the Cu-bound His291.

The first deprotonation is expected after the entry of a chemical
proton in F to form state = The K, in bulk water calculated
for a model of K, represented by

[Cu}hi1,0-- 0= Fel"]

is 15.8, much higher than th&pobtained for the corresponding
Cu model, [ImH}Cu'—H,0.

The next deprotonation is expected in connection with the
formation of the O-state, represented by

[cu"[OH. - - H,0]Felll]

The correspondinghy is 15.0. This indicates that the different

with both ferromagnetic (S 3) and antiferromagnetic (S 2)
coupling to gauge the effect of spin coupling on the Cu-bound
imidazole K, The results in bulk water (Table 3) show that
the antiferromagnetic form

[cu"[OH- - [Fe™]

has a [K, slightly higher than the other complexes, 1.6 units
above the value determined for

[cu[OH. - - H,0-[Fell]

which has the same total charge and oxidation state. Rae p
of the ferromagnetic form

[Cufon. - [Fe!]

is similar to that of

[cu' | OH: - - H,0-|Fe'™ |

Given the limits of accuracy of the calculation, the magnetic
coupling does not seem to affect the imidazole acidity signifi-
cantly.

The K, values obtained with the PB solvation model for
the small Cu models only differ by a few units (up to a
maximum deviation of 2.3 i, units) from those obtained for
the larger Cu-Fe models in bulk water (see Tables 2 and 3).
While the Cu models were fully optimized in the protonated
and deprotonated form, for Clre models, only the protonated
form was relaxed within the hypothesis that deprotonation was
instantaneous. The agreement between the two sets of calcula-
tions indicates that structural modifications arising from geom-
etry optimization of the CttHis complexes have a marginal
effect on the acidity of imidazole.

When we consider the CtFe complexes as part of the active
site in the protein, thelkd, of the Cw-bound imidazole ring of
H291 shifts to higher values in all relevant catalytic states (see
Tables 5 and 6). To gauge the effect of titration of protein side
chains on the acidity of H291, in this calculation, we have also
taken into account the protonation state of Glu242 (see Table
5). This group is the titratable group closest to His291, and it
is thought to play a role in the pumping mechanfsi#r.5¢ When

Fe redox states, consistently with the results obtained for thewe consider only subunit A, the results obtained with a
various Cu redox states, do not cause a significant change onprotonated Glu242 are downshifted by only 0/, units (on

the imidazole .. We also tried to study a different model of
the O-state, where the water molecule was ligated to Cu, while

average) relative to the acidities determined when the Glu242
is deprotonated. When we consider all four subunits, this
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downshift is on average 24 units. These 4, shifts correspond
to changes in the total solvation energy of only 06238
kcalmol™1, values which are within the limits of accuracy of
continuum solvation modef8:43 Thus the titration of Glu242
does not have a significant effect on the acidity of His291.

In two recent publications, Quenneville et3&land Popovic
et al?” studied the imidazole acidity in complexes similar to
ours. Results were reported for bulk water and in a uniform
dielectric of 436 as well as in the proteic environment through
continuum electrostatic calculatiofSTheir results in bulk water
are similar to ours for [ImHJCUH,0. However, a K, of 8.6
was calculated for the oxidized complex [Imy@1'H,0, a much
lower value than the 11.5 (GB) and 13.3 (PB) we determined.
Because the protocol used to calculate the gas-phase energ

Fadda et al.

environment different from bulk water, such as the uniform
dielectric withe = 4, or the CcO protein interior. Yet, on the
basis of the thermodynamic cycle depicted in Figure 5, it is
clear that, in order to eliminate the dependence from the proton
solvation free energy, both equilibria have to take place in the
same solvent. Because the expectd yalue of imidazolium

in a low dielectric is presumably higher than 6.6 (e.g..Ka p
value of 10.2 was determined for His63 in thiolsubtilisin
Carlsber§?), the data reported by Popdwt al3’ are likely to

be artificially downshifted. Furthermore, as indicated above,
dielectric boundaries separating regions of low dielectrie=(

4 and 1) from regions of high dielectrie & 80) may cause
large fluctuations in the reaction field, which could be critical
Y0 the accuracy of acidity calculations if such boundaries are

contribution is essentially the same, the discrepancy in this caselocated close to the deprotonation site in the binuclear center.

is due to relatively small differences (on the order of3®
kcalmol™1) in the solvation energy contribution.

The most significant divergence pertains to the studies in low
dielectric and proteic environments. In a uniform continuum
dielectric ofep, = 4, the authors reportiy values of—9.9 for
a Cd' complex, and 9.8 for a Ciwcomplex3®37 The protein
reaction field was simulated also by including, within the
continuum dielectric oé = 4, regions ok = 80 corresponding
to protein cavities, which are presumably occupied by internal
water$” By adding to this heterogeneous reaction field the
contribution of protein charges, Popowet al®” obtained X,
values ranging between 2.1 and 4.0 for'Guomplexes, and
17.4-19.7 for reduced Cicomplexes. While water penetration
is likely to modulate the reaction field of the protein, the basis
for modeling internal hydration with dielectric boundaries in
continuum electrostatic models is unclear. First, choosing the
effective shape and the size of buried cavities is not a trivial

Finally, another significant difference between the present study
and that of Popoviet al?’ is that the ESP charges used in their
PB calculation for the whole protein were calculated only on
the small Cg complex, which does not include heggeAs a
result, their electrostatic potential may be inappropriate to
describe the binuclear center, especially in the intermetal region.
The results that we obtained have important implications for
the proposed pumping mechanism. Within the hypothesis of
the Cw-bound H291 imidazole ring as the loading site of the
CcO proton pump, we would expect a strong thermodynamic
coupling between the redox centers gGand/or hemgy) and
the protonation site. This entails a significant dependence of
the K, of the proton loading site on the redox state of the
binuclear center. The calculations performed on Cu models show
no significant dependence oKpon the Cu oxidation states.
When the pumping events take place along the catalytic cycle
(see Figure 2), Cu is always present ad (the tests conducted

matter because the hydration state of cavities is modulated byin bulk water on larger CtFe complexes, which reproduce

small changes in the structure and the polarity of the cavity more closely the binuclear center, do not support deprotonation
itself 83 Thus, it is likely that the hydration state of cavities of the Cu-bound imidazole. The lower dielectric of the proteic
embedded in the interior of redox proteins such as CcO dependsenvironment has the effect of shifting the already higlagpto

on the redox state of the enzyme. In addition, evidence from even higher values, indicating a considerable destabilization of
MD studies suggests that confinement significantly modifies the Cw-bound imidazolate produced by deprotonation within
the relaxation dynamics of water molecules in pores and cavitiesthe protein. It is likely that this destabilization would be less
compared to that of bulk watéf.88 As a result, a dielectric of ~ dramatic if we had included explicit water molecules in the
80 is inadequate to represent confined water molecules. Finally,hydrophobic pocket of the active site. Nevertheless, this
the partition of the protein interior into many regions of refinement of the model would not change our conclusion
significantly different dielectric constants can lead to large errors regarding the absence of thermodynamic coupling between the
near dielectric boundaries. The reaction field contribution to redox states of the binuclear center and tiig pf the Cus-

the free energy of ions in narrow pores was shown to be highly bound imidazole.

sensitive to the proximity of dielectric boundaries between |t should be noted that a study dfp an equilibrium quantity,
regions of high and low dielectri.Recent studies suggest that falls short of the level of detail required to encompass the proton
the effect of buried water on the protein reaction field may be pumping mechanism because pumps work out of equilibrium.
incorporated by applying a uniform dielectric constant between The inclusion of transient dynamic events that are likely to play
8 and 12 throughout the protein interf8r7! In the present  a role in the proton pumping mechanism is beyond the scope
study, increasing the dielectric constant of the protein fegm  of this study. With this caveat in mind, the significance of the
= 4 to ¢p = 10 was found to cause th&pvalues to increase  pK, values obtained in the present study resides in the
only by 1.4 units on average (see Tables 5 and 6). The only considerable energetic cost associated with deprotonation of the
exception is provided by Cu-bound imidazole. For that reason, our findings are incon-

sistent with a mechanism in which H291 is the key pumping
[cuon. - [FeT]

element of the enzyme.

which, contrary to the other complexes, has a neutral conjugate
base (see Table 6). In this work, we calculated K, values for Cu-bound

Ultimately, the discrepancy between the results obtained by imidazoles in various Cd and Cu-Fe complexes, with the
Popovicet al3” and by us can be related to three main factors. purpose of assessing the validity of a recently proposed proton
First, in the previous studies, th&pvalues were calculated  pumping mechanism for CcO, based on the deprotonation of a
relative to the deprotonation of Mé@midazolium in bulk water Cu-bound histidine side chaiA1®> Our approach is based on
(pPKa 6.6), even when the reaction takes place in an the study of increasingly more detailed models of CcO binuclear

5. Conclusions
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