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Cytochrome c oxidase (CcO) is the terminal enzyme in the respiratory electron transport chain of
aerobic organisms. It catalyses the reduction of atmospheric oxygen to water, and couples this reaction
to proton pumping across the membrane; this process generates the electrochemical gradient that
subsequently drives the synthesis of ATP. The molecular details of the mechanism by which electron
transfer is coupled to proton pumping in CcO is poorly understood. Recent calculations from our
group indicate that His291, a ligand of the Cu; center of the enzyme, may play the role of the pumping
element. In this paper we describe calculations in which a DFT/continuum electrostatic method is used
to explore the coupling of the conformational changes of Glu242 residue, the main proton donor of
both chemical and pump protons, to its pK,, and the pK, of His291, a putative proton loading site of
our pumping model. The computations are done for several redox states of metal centers, different
protonation states of Glu242 and His291, and two well-defined conformations of the Glu242 side
chain. Thus, in addition to equilibrium redox/protonation states of the catalytic cycle, we also examine
the transient and intermediate states. Different dielectric models are employed to investigate the
robustness of the results, and their viability in the light of the proposed proton pumping mechanism of
CcO. The main results are in agreement with the experimental measurements and support the proposed

pumping mechanism. Additionally, the present calculations indicate a possibility of gating through
conformational changes of Glu242; namely, in the pumping step, we find that Glu242 needs to be
reprotonated before His291 can eject a proton to the P-site of membrane. As a result, the reprotonation

of Glu can control proton release from the proton loading site.

1. Introduction

Cytochrome ¢ oxidase (CcO) is the terminal enzyme in the
electron transport chain of aerobic organisms, which catalyses the
reduction of molecular oxygen to water, and utilizes the free energy
of the redox reaction to pump protons across the membrane, a
process that creates the proton gradient which subsequently drives
the synthesis of ATP. In the past decade, a great deal of data has be-
come available on the structure and function of CcO, however, the
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§ Abbreviations: BNC, binuclear center (complex); CcO, cytochrome ¢
oxidase; DFT, density functional theory; E°, redox potential; ET, electron
transfer; QM, quantum mechanical, PLS, proton loading site; PRA
(PRD), heme propionate A (or D); PRAa;, propionate A of heme a;;
PRDa;, propionate D of heme a;; PT, proton transfer; SCRE, self-
consistent reaction field. The numbering refers to bovine CcO.

molecular mechanism by which electron transfer (ET) is coupled to
proton pumping in this enzyme still remains poorly understood.’**

In our recent studies,’>? we used continuum electrostatic and
quantum mechanical calculations to investigate the possibility of a
novel mechanism of proton pumping in CcO in which the His291
ligand of the Cuj, center of the enzyme plays the central role. The
key element of the model is that upon ET to the binuclear Fe,;—
Cu; catalytic center (BNC) of the enzyme, His291 gets protonated
by a proton from Glu242, an established proton donor for both
chemical and pumped protons, and the subsequent proton transfer
of a chemical proton to the binuclear catalytic center, due to
Coulomb repulsion, drives the ejection of the pump proton from
His291 to the positive side of the membrane. Thus, His291 plays
the role of the proton loading site of the pump. The model involves
kinetic gating, which requires that the rate of proton transfer from
Glu242 to His291 ought to be greater than the rate between Glu242
and the OH~ group in the catalytic center. This mechanism is
referred to as a Coulomb pump with kinetic gating.*®

The two key residues of the proposed mechanism are His291
and Glu242. While solid experimental proof for the involvement
of His291 in the proton pumping is still lacking, the role of Glu242
residue as a donor of both chemical and pump protons is very
well established.”®?? Because of the specific nature of His291
site as a ligand to the Cuy complex, and the related difficulties
of experimentally accessing this residue without perturbing the
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enzyme function, there is very little direct experimental data on
His291. In contrast, the Glu242 site has been well characterized,
its pK, has been estimated, and its role in proton translocation has
been revealed in mutagenesis studies.?***

As revealed by computational studies,”?*" Glu242 is connected
both to propionate D of heme a;, and to BNC by two chains
of water molecules. Presumably, one water chain leading to
propionate D can be used by the pumped protons to load the
His291 site located nearby, and the other to transfer chemical
protons to BNC, for the reduction of oxygen.

Two possible conformations of Glu242 have been identified and
described in the literature:*®* one is to receive a proton from the
D-channel, and the other is to release it either along the pumping
path, or the chemical path to BNC. The MD simulations show
significant conformational freedom of Glu242, so that it can easily
switch between the two conformations.

The two conformations of Glu, which will be the subject of
this paper, are shown in Fig. 1A. One is a proton input (down)
conformation with the Glu side chain pointing downwards;
the other, (up) conformation, is a proton releasing one with
the Glu side chain pointing upwards. In our calculations, the
upper conformation of Glu242 residue is quantum-chemically
optimized, and forms a stable hydrogen bond chain between Glu
and propionate D with the three intermediate water molecules
in between, see Fig. 1B. An additional water molecule is found
between PRDa; and His291 residue,?***3! providing an optimal H-
bonded chain that may facilitate the proton transfer from Glu242
to the putative proton loading His291 site.
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Fig. 1 The two conformations of Glu242 side chain studied in this
paper. The heme a, heme a;, and Cuy center are displayed together
with three coordinated His residues and a ligated water molecule. Only
the position of the Hdl proton on His291 residue, which may work
as a proton loading site, is explicitly shown. The coordinates of the
downward (red) conformation are taken from the X-ray structure of
bovine heart cytochrome ¢ oxidase;*® in this state Glu242 is in contact
with the D-channel. The upper (blue) conformation is obtained by an
ab initio computation of a system consisting of the Glu242 side chain,
propionate group (representing PRD of heme a;) and three water molecules
in between, forming a stable H-bonded chain (Fig. 1B; see text for the
computational details). The upper conformation is presumably the proton
releasing conformation of Glu242 residue.
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Experimental evidence showing that Glu242 side chain ther-
mally fluctuates and may adopt one of the two distinct confor-
mations is provided by the crystal structures of wild type and
E242Q mutant at pH 10,* in which these two conformations (input
and output) have been captured. In the mutant structure the side
chain of GIn242 points downwards, which is similar to Glu242 in

wild type at pH 7. However, at pH 10, glutamic acid Glu242 is
presumably deprotonated and its side chain points upwards.

In the X-ray structures,**3"* the Glu242 residue is found to be
in its downward conformation, which is energetically somewhat
more stable. However, dynamically the Glu side chain performs
thermal fluctuations, and whenever a proton needs to be passed
to the BNC for the chemical reaction or to the proton loading
site, the protonated Glu side chain presumably goes up into
its upward conformation to form the stable H-bonded water
chain with the proton acceptor group. Of course, as always, the
energetics will decide if the proton transfer is thermodynamically
feasible between the proton-donor Glu242 residue and the proton-
acceptor group. For a proton transfer to occur, the pK, of the His
proton loading site (or oxygen ligand to the BNC) needs to be
higher than the pK, of Glu242 in its upper conformation.?

In a recent work, the functional intermediate E, R,, P,,, F and
O states of the catalytic cycle in CcO have been examined by IR
difference spectroscopy.** The study suggests deprotonation of the
glutamic acid Glu242 in the E and P, states. The work of several
other groups, on the other hand, based on the measurements of the
pH-dependent proton transfer (PT) rates and FTIR spectroscopy,
shows that Glu242 has an equilibrium pK, > 9, and should be
protonated, at equilibrium, at pH 7. Still, the equilibrium value
of pK, does not preclude Glu242 from losing a proton during the
catalytic cycle to another group, e.g. His291, asin our model. These
experimental data has motivated us to investigate the possible
dependence of pK, of His291 and Glu242 on the conformational
changes of Glu side chain.

In this paper, we report the results of calculations that combine
DFT and continuum electrostatics to examine the coupling of the
conformational changes of Glu242 side chain to the pK, values
of the two key residues of the model, Glu242 and His291. A
number of different states have been investigated in order to gain
insights into the proton pumping mechanism of CcO. In addition
to different equilibrium redox/protonation states of the catalytic
cycle, we also examine some of the non-equilibrium states. The
effects of the coupling of the redox states of the metal centers and
protonation states of Glu242 and His291 are evaluated. Different
dielectric models are employed to investigate the robustness of the
results, to compare results with available experimental data, and
to estimate their feasibility in the pumping mechanism.

2. Method and models
2.1 DFT/electrostatic method

The calculations of the pK, values of His291 and Glu242 have been
done using a method that combines DFT (Jaguar 5.5 program*')
and continuum electrostatic calculations (MEAD suite,*> and
Karlsberg program®), as described in our recent work."

Briefly, in the calculations the whole system is divided into a
quantum mechanical (QM) part, and the surrounding medium,
which consists of the rest of the protein, membrane, internal
cavities and external aqueous phase. The membrane was modeled
as a low dielectric region of 45 A thickness that covers the trans-
membrane helices of the subunit A and B. Density functional
theory* is applied to a relatively small QM system, to optimize its
geometry, evaluate the gas phase electronic energies (E...), calcu-
late the reorganization energies (G, ), and obtain the ESP atomic
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partial charges for the different redox and protonation states of the
complex. Electrostatic calculations, on the other hand, are used
to evaluate the reaction (Gg,,) and protein field (G,) solvation
energies. The pK, of the active site complex in protein can be
obtained relative to the pK, of the appropriate model compound
in aqueous solution,§ according to the following expression

+ (AAEclcc + AAG»Lrain + AAGBom + AAGq)
kTIn10

where double difference is due to the difference in energy between
deprotonated and protonated forms, and the energy shift relative
to the model compound.’ The protein charges (and protein field),
used in eqn 1, correspond to the equilibrium protonation state
of the enzyme at pH 7, for a given redox state of metal centers.
Therefore, the calculated pK, of the site matches up with the
protonation energy of the site in the protein at pH 7.

The QM model used to calculate the His291 pK, consists of
the Cug center together with the ligated water molecule and three
coordinated methylimidazoles (representing His240,* His290 and
His291). When the pK, of Glu242 was evaluated, only propionic
acid representing Glu242 side chain was treated by DFT. The
hybrid density functional B3LYP* and open shell electronic
configurations (for oxidized Cuyg) are used with a restricted open
shell variant of DFT. Geometry optimizations are done with the
LACVP+* basis set, while the single point energies are calculated
with the LACV3P+* basis set.** The non-relativistic electron
core potential is included for the Cu atom. The basis sets include
polarization and diffuse functions for all heavy atoms. Electronic
reorganization of the solute and the corresponding set of the ESP
fitted charges for the QM system are obtained by the DFT-SCRF
method,* which surrounds the complex by a continuum dielectric.
For a detailed set up of the calculations, we refer the reader
to our recent publications,'”*** while a review of the combined
DFT/electrostatic method can be found elsewhere.*

pK:ile — pK:‘Odel (1)

2.2 Optimization of Glu in upward conformation

Two distinct conformations of the Glu242 side chain, displayed in
Fig. 1A, were used in the calculations. The two conformations
are: a proton loading (input) downward conformation, and a
proton releasing (output) upward conformation. The downward
conformation is taken from the crystal structure of bovine CcO,*
while the upward conformation is obtained by a quantum chemical
optimization of the system shown in Fig. 1B.

The geometry optimization of the structure (the QM system)
consisting of the Glu242 side chain, a propionate group (repre-
senting PRDa;) and three intermediate water molecules forming
a stable H-bonded chain was performed at the Hartree—Fock
level using the 6-314+G* basis set.*** The Ca atoms of the
propionic acid (Glu242) and propionate (PRDa;) were kept frozen
in their initial positions, as reported in the crystal structure.®®
The calculation was done in the external protein field of the fixed
atomic point charges, and in the presence of the Lennard-Jones
potential, which defines the walls of the cavity of the QM system.

9 The pK, of His291 is calculated relative to the pK, of methylimidazole in
aqueous phase. For the pK, of Glu242, propionic acid is used as a model
compound.

* Tyr244 cross-linked to His240 is included as a part of QM system.

Table 1 The shortest distances between the O atom of carboxylate group
of Glu242 side chain (in the two conformations) and nearby metal centers
(heme a, heme a;, Cug) or several important protonatable sites (His291,
propionates of heme a;)

Conformation
Distance” Glu242 down Glu242 up
heme a(Fe)-Glu242(03) 13.8 11.5
heme a;(Fe)-Glu242(0d) 12.8 9.7
His291(N381)-Glu242(09) 12.7 9.4
Cup(Cu)-Glu242(09) 11.8 9.0
PR Da;(026)-Glu242(09) 11.6 8.0
PR Aa;(028)-Glu242(09) 16.5 12.8

“The distances (in A) are measured between the corresponding heavy
atoms denoted in the brackets.

The aim of this optimization was only to get the coordinates
of the upward position of the Glu242 side chain, in which Glu
is connected to a proton-acceptor group by a stable H-bonded
water chain. However, the explicit water molecules of the QM
system were not used in the subsequent solvation electrostatic cal-
culations; instead, they were replaced with a continuum dielectric
medium which represents the internal protein cavities.

The obtained upward and downward conformations are com-
pared in Table 1.

2.3 Pumping model

In the proposed model,'® the mechanics of the pumping is similar
for all four pumped protons of the enzyme cycle. The states of
interest for this paper are shown in Fig. 2. According to the model,
the sequence of steps of one pumping event can be described as
beginning with the transfer of a chemical proton from Glu242 to
the binuclear center that converts OH™ to a water molecule (1).

OORO ORRO — OORR
Cuf® @ use %)
) P ~a !
Fe R _go-ai=| | r R o=
[ |
150) 1) E® (3)
cu” (Iil) Cuy” @
Fer Fey  H,0=Cuj— Fe ( Fey H,0-Cuy—
| |
HvE® @ E® ©)
Cu” pumping @ Cuy? @
Fe™ Fe  HO=Cul— Fe Fe  H,0=Cul—
3 I - l
E® 3) HvE© Q)
cu Cu}" ®
Ve~ ; |
Fer' Fe  H,0=Cuy— Fe Fey H,0=Cuy—
[ ' |
E® @ E® ®)

Fig. 2 The schematics of the proposed proton-pumping mechanism of
CcO. The sequence of transitions during one pumping cycle of the enzyme
is shown. The redox state of Cu,, heme a, heme a; and Cuy center, and
the protonation state of OH~/H,O ligand to Cug, His291 and Glu242
sites are displayed. Grey dashed arrows represent the ET, while the proton
translocations are designated by solid black arrows.
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The formed state is formally denoted as OORO redox state.tf
In the next step Glu242 gets reprotonated (2), and the proton
from His291 is expelled (3). In the following steps, an electron
is transferred from the outside (via cytochrome c) first to Cu,,
and then to heme a center (4), generating ORRO state. Upon the
ET from heme a to Cuy complex (5), a coupled proton transfer
from Glu242 to His291 occurs (6). Thus, the proton loading site
His291 becomes protonated, generating the OORR state. Finally,
Glu242 gets reprotonated once again (7), and the final state of one
pumping event is reached (8).

To summarize the notation, the second and third boxes represent
the OORO redox state, the fourth box the — RORO state, the fifth
box represents the ORRO state, while the sixth to eighth boxes
represent the OORR state. In this work, all these redox states have
been investigated. In addition, within each redox state (i.e. each
box in Fig. 2) all possible combinations with respect to protonation
state of His291, and the protonation and conformation state of
Glu242 have been investigated.

To make it specific, with the steps described, one can think that
we are considering the F to H (or O) transition in the catalytic
cycle, which in our notation will look like this:

[Fe = O (HO") Cu** (HisH)] ™, [Fe = O (H,0) Cu**(His )]
Hiy

F—state Fp—state

- H+
€ ’Hll\

— " ,[Fe = 0O (H,0)Cu'(HisH)]
H' —state
= [Fe'" — OH™ (HO )Cu*(HisH)] )
H-—state(O)

Similarly, the steps in Fig. 2 may be considered as representing
transition from E to R:

[Fe’* (HO™) Cu*" (HisH)] “—> [Fe’* (H,0) Cu*"(His™)]

E—state H, Ep—state

<M [Fe** (H,0)Cu*(HisH)]  (3)

R—state

3. Results and discussion

The dielectric properties of proteins are poorly understood. In
order to evaluate the dependence of the results on the dielectric
model of the protein, several computational schemes have been
used, as in ref. 19, 20. The pK, values of Glu242 and His291
reported here were calculated in several models, in which different
dielectric constants ¢ were assigned to protein (¢ between 4-20),
water cavities inside the protein (¢ in the range of 10-80), the
membrane (¢ = 4), and the surrounding water (¢ = 80).
The results are summarized in Fig. 3 and 4 and Tables 1-3.

3.1 The equilibrium pK, values of Glu242

In Table 2, the equilibrium pK, values of Glu242 are shown for two
conformations of its side chain and several redox states of the metal

11 The four letter code refers to the redox state (R = reduced, O = oxidized)
of four redox-active metal centers: Cu,, heme a, heme a; and Cu complex,
respectively. R and O refer to a total charge of the metal and its ligand.
Thus, for example, Fe**=0?", Cu*>~-OH"', Fe**~OH"! are all R states,
whereas Fe**-H,0, Cu*>~H,0 are O states.

OORO, ORRO, OORIE redox states

(Sprot: > Coavity
42,6.3,21.1 73,9.3,233
A | € |
H,0—Cu}'— H,0—-Cu}'—
| I
Glu242 Glu242
B 4.0, 6.1|, 2091 p 8.7,10.8,24.5
H,0_Cul— H,0_Cul—
@ | @\ |
N\
Glu242 Glu242
E © |F
H,0_Cur — H,0_Cu2—
7.7,10.4,12.0 | 120,147,156 |
Glu242 Glu242
8.6,10.6,11.5 112,132,129

Fig. 3 The mutual dependence of the pK, values of His291 and Glu242
on their protonation states and conformation of Glu242 side chain, for
the dielectric medium of &, = 4 and &,y = 20. See Table 3 for all other
dielectric models. The sequences of numbers correspond to OORO, ORRO
and OORR redox states, respectively. The pK, value of His291 depends
on the protonation and conformation state of Glu242: A) Glu protonated
and downwards, B) Glu protonated and upwards, C) Glu deprotonated
and downwards, D) Glu deprotonated and upwards. The pK, of Glu242
depends on the orientation of its side chain (down/up) and the protonation
state of His291: E) His protonated, F) His deprotonated.

centers. The two conformations are referred to a proton loading
conformation pointing downwards, and a releasing conformation
pointing upwards. In its loading conformation, Glu242 side chain

Table2 The pK, of Glu242 residue in down loading conformation, and
in upper releasing conformation for the different redox states of bovine
cytochrome ¢ oxidase”

pK.*
Redox state® Glu242 down Glu242 up
OORO 9.0 9.4
RORO 9.2 10.0
ORRO 10.6 11.8
RRRO 10.5 11.6
OORR 9.2 9.5
RORR 9.4 9.9
ORRR 10.7 11.8
RRRR 10.9 12.0

“The protonation state of all other residues including His291 is the
equilibrium protonation state for a given redox state of metal centers.
® The four letter code refers to the redox state (R = reduced, O = oxidized)
of four redox-active metal centers: Cu,, heme a, heme a; and Cu complex,
respectively. ¢ The calculations are done for ¢, = 4 and éq,iry = 80.
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3.2 The pK, values in the OORO, ORRO, and OORR redox
states

In this and the following subsections we analyze different redox
states, and within each redox state we calculate pK, values for
His291 depending on the conformation and protonation state of
Glu242; we also evaluate the pK, values of Glu242 depending
on the conformation of the Glu242 side chain and protonation
state of His291. Table 3 and Fig. 3 summarize the results for the
OORO, ORRO, and OORR states. Different dielectric models of
the protein medium were considered. We varied two parameters—
the dielectric constant of the protein matrix, ¢, and that of the
inner water cavities, ey We first kept ¢, = 4 constant, and
gradually increased &, from 4, to 15, 20, and 80. Then, we probed
the effect of increasing ¢ of the protein (4, 10, 20) while keeping
ey = 20 constant. The last two entries, &,/ €y = 10720 and
20/20, have been also probed, because some authors suggest***
that the protein should have much higher dielectric constant than
4, a value assumed and used in this kind of calculation for a very
long time.>"¢" Fig. 3 summarizes the results for a model of ¢,,,, =
4 and e,y = 20. For all other dielectric conditions refer to the
corresponding Table 3.

Generally, the results for homogeneous model with a dielectric
of ¢ = 4 shows exceedingly high pK,s for both Glu242 and His291
in all states, see Table 3, which means they stay protonated in
all redox states, and therefore this dielectric model does not make
much sense. Here, the model is presented to demonstrate how much
the results can change depending on the dielectric conditions.

OORO redox state

From Fig. 3 one can see that in the OORO state, when Glu242
is protonated, His291 should be deprotonated; when Glu242
is deprotonated, His likes to be protonated; and Glu itself is
protonated independently of its conformation, or protonation
state of His. The same conclusions are valid for ,,/émiy =
4/15; while for &,/ ey = 10720 and 20/20, His291 is always
protonated and Glu242 is always deprotonated (see Table 3). For
Eprot/ €cnity = 4/ 80, the situation is somewhat different (see following
discussion). Depending solely on the protonation/conformation
state of the two residues their pK, values can change by as much
as 3-5 pK, units.

Let’s now look at Fig. 3D which corresponds to the second box
in Fig. 2. In this state, Glu242 is in the upper conformation and
has just donated a proton to the binuclear center, forming a water
molecule. The pK, of His291 at this point is 8.7. Thus, despite the
presence of the chemical proton in BNC, His does not want to
deprotonate. At the same time, with both protons present in BNC
and on His291, the pK, of Glu242 is 7.7 (see Fig. 3E). Thus, Glu
wants to get a proton but it certainly cannot pull down the proton
from the His site, because His has higher a pK, than Glu (8.7
vs. 7.7). This remains true for all dielectric conditions involving
&ror = 4. Thus, the Glu side chain needs to swing down in order
to get a proton from the D-channel. Fig. 3C shows that pK, of
His is still above 7 (protonated), when deprotonated Glu is in the
downward conformation; at the same time the pK, of Glu in that
conformation with protonated His (Fig. 3E) is 8.6, which should
be sufficient to pull up a proton via the D-channel. Once Glu gets

protonated, the pK, of His291 drops to 4.2 (Fig. 3A), and now
His can release the pumping proton on the periplasmic side of the
membrane. After that, thermal fluctuations of the neutral Glu242
side chain do not affect the pK, of His (Fig. 3A, B) much. The
same mechanism of gating through conformational changes of
Glu242 applies for €,/ iy = 4/15 (see Table 3). For the case
of €/ €iy = 4/80, in the situation as in Fig. 3D, the pK, of
His is higher than the pK, of Glu (6.1 vs. 5.7), thus Glu can not
pull down a proton from His, but when Glu swings down, the His
pK, drops to 4.5 and the pK, of Glu242 becomes 6.7. Once His
deprotonates, the pK, of Glu becomes 8.9 and it can receive a
proton via the D-channel residues.

ORRO redox state

In the ORRO redox state, an additional electron is added to
heme a, and we are interested to see how that would change
the pK, values of His291 and Glu242. Fig. 3A and 3B show
that when Glu242 residue is protonated, independently on its
conformation, the pK, of His291 site is about 6; therefore it will
stay deprotonated, as in the equilibrium of the OORO redox state.
In addition, Figs. 3E and 3F show that Glu should have high pK,
for any conformation of its side chain and any protonation state
of His291. As long as His remains deprotonated, the pK, of Glu
is above 13 for the shown dielectric conditions.

For the case of ¢,/ &y = 4/80, the situation is the same, see
Table 3. His has a pK, of 3.7-3.9 and the corresponding pK, of
Glu is 10.6-11.8 depending on the orientation of its side chain.

For ¢, = 4 and &, = 15 (Table 3), after arrival of an electron
and reduction of heme a, and with the protonated Glu242 site, the
pK, of His291 is slightly above 7. However, the pK, of Glu is much
higher, in the range of 14-16, which means that His definitely will
not be able to pull out a proton from the Glu242 site. Moreover,
considering that pK, of His is just above 7, it is very unlikely that
His could take a proton from any other site in its vicinity; such a
site should first of all be protonated, and possess a pK, lower than
7.5 at the same time, which is an unlikely scenario. The closest
surrounding protonated sites are Arg438, Argd39 and Asp364,
but our previous electrostatic calculations suggest that they have
much higher pK, values.">"® Therefore, we conclude that after
reduction of heme a, Glu242 stays protonated and it is not able to
donate a proton to the His291 site, which consequently will most
likely remain in the deprotonated state. However, the increased
proton affinity of His291 (after reduction of heme «) could be a
significant factor that facilitates proton transfer from Glu242 to
His291, instead of that to the binuclear center, after the ET from
heme a to Cuy center occurs. For instance, some tendency of the
His291 residue for protonation, already after arrival of an electron
to heme a, may possibly orient the H-bonded water molecule chain
to prepare the next proton transfer step toward His291 instead of
the chemical proton getting to the binuclear center.?”

Examining the results for dielectric media of &0/ &cniey = 10/20
and 20/20, one can see (Table 3) that His291 stays always
protonated, whatever protonation/conformation state of Glu242
is. However, Glu242 pK, values are below 7, and it should remain
deprotonated in both the OORO and ORRO redox state. The
latter is unlikely, which indicates the problem with the models
Eprot/ ity = 10/20 and 20/20.
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OORR redox state

Upon ET to the binuclear center, and generation of the OORR
redox state, the pK, of His291 increases significantly up to 21
(see Fig. 3A and B, Table 3). At the same time, the calculated
pK, of Glu242 is between 12.9 and 15.6 (Fig. 3F). It means
that His possesses a much higher pK, than Glu, and therefore
it is thermodynamically feasible for a proton translocation from
Glu242 to His291 to take place. Thus, His291 gets protonated by
a proton from Glu242, but deprotonated Glu242 still has a pK,
(about 12, see Fig. 3E) high enough to pull up the proton through
the D-channel and get reprotonated. The results and conclusions
are practically the same for all different dielectric models where
&t = 4, see Table 3.

For dielectric models of &,/ iy, = 10/20 and 20/20, the
obtained protonation state of His291 and Glu242 in OORR state
are the same as in OORO and ORRO redox states, i.e. His is
definitely protonated, and then Glu is deprotonated. This is in
contradiction to a conventional expectation, in particular for the
downward conformation of Glu, in which Glu242 is expected to
receive a proton via the D-channel.

3.3 The effect of couplings on the pK s

The present DFT/electrostatic calculations demonstrate the cou-
pling between the redox states of heme a and Fe,;—Cu; complex,
the protonation and conformational states of Glu242, and pK, of
His291. In other words, there is an influence of the redox state of
heme a and Cu; on the pK, values of His291 and Glu242 residues,
as well as mutual influence of their protonation states on the pK,
of the partner. Here, we briefly summarize the results for the case
Of &pro/ Ecaviy = 4715, 4/80, and 20/20 (see Fig. S1 in the Electronic
Supplementary Information (ESI) for further details}).

For &0/ €ty = 4/15, the effect of the presence of a proton on
His291 site on Glu242 residue is —4.6 (in OORO), —4.5 (in ORRO)
and —3.9 pK, units (in OORR), if Glu is in the upper conforma-
tion; the coupling is smaller, —2.8, —2.8 and —1.5, respectively, if
Glu is in a more distant downward conformation. The coupling of
the heme « redox state with the pK, of Glu242 is +2.9 (in upper)
and +2.1 (in down conformation). The coupling of the redox state
of Cug to the Glu242 pK, is +4.4 (in upper conformation with
protonated His), 3.7 (with deprotonated His) and +3.0 (in down
conformation with protonated His) and +1.7 (with deprotonated
His). One can note that a proton on His291 and reduction of Cug
exhibit very similar effects on the pK, of Glu242, but only with
the opposite sign. And indeed Glu242 pK,s in the OORO(His")
and OORR(HisH) states are pretty much the same.

The coupling effects are about equally strong for the &0/ ety =
4/80 dielectric model. Thus, the coupling of the Glu242 pK, with a
proton on His291 is ranging between —3.2 to —3.7 (in upper) and
—1.8 to —2.2 (in down conformation). The reduction of heme
a produces the effect of +2.4 (in upper), and +1.7 (in down
conformation). The reduction of Cuy is coupled to the pK, of Glu
by +3.3 to +3.8 (upper) and +2.1 to +2.5 (down conformation).
The extent of the effects is consistent with the interatomic distances
between the corresponding groups shown in Table 1.

If the dielectric model &,/ €cuiy = 20/20 is used, the coupling
is very small—below 1 pK, unit. This agrees with the interaction
energies of Glu242 with PRDa;, OH™, Fe-a, Fe-a; and Cug centers,
obtained in a recent study of CcO,® in which the authors used an

effective dielectric constant of 20 or 40 for the protein. However,
for these dielectric conditions we have shown that the pK, values
of Glu242 are too low to be realistic, and in fact are similar to
those in aqueous solution (pK, = 4.4), which is unlikely to be
the case for an enzyme. It means that for such high values of ¢
for the protein, all charge—charge interactions are unrealistically
decreased by the screening of the protein medium.

Fig. S2 in the ESI summarizes His291 pK, values for different
redox states and dielectric models applied in our study.i From the
two feasible models, €,/ iy = 4/15 and 4/80, we find that the
redox state of heme « is coupled with the protonation of His291
by about 2 pK, units, while the coupling is much stronger to the
redox state of the Cuy center (around 14 pK, units). Furthermore,
the conformational changes of the Glu242 side chain alone have
practically no effect on the pK, of His291 if glutamic acid is
protonated (neutral); but if Glu is deprotonated the effect is around
1.5 pK, units. The maximal change of His291 pK, due to a change
of the protonation state of Glu242 is about 4-5 units.

For the case of €1/ €cavity = 20720, the redox state of heme a has
an effect on the His291 pK, of only 0.6 units. The reduction of
Cug and formation of the two-electron reduced binuclear complex
affects the His site by about 7 pK, units. The effect of Glu242
conformational changes on the pK, of His is negligible, while the
coupling of the protonation states of Glu242 to His291 pK, is
around | pK, unit. His291 is protonated in all different redox,
conformation and protonation states that have been examined,
with its pK,s between 8-10 for the oxidized Cuy (OORO and
ORRO) and between 15.5-16.5 for the reduced Cuy complex
(OORR state). These pK,s become very close to those of the
isolated Cug complex (8.6 and 13.2)," or the binuclear complex in
aqueous solution (8.9 and 14.4).* Thus, for dielectric &,/ Ecaiy =
20/20, the pK,s of His291 and Glu242 exhibit the same tendency
of approaching their pK,s in water, apparently due to a large
screening of the protein charges.

3.4 pK, of Glu242 vs. E° of heme a

Fig. 4 displays the relationship between the protonation state and
pK, of Glu242, and the redox potential (and therefore redox
state) of heme a. The strength of the mutual coupling between
the two groups has been evaluated for the enzyme in the OORO
and ORRO redox states. In the calculations, the heme a has been
considered as an additional titratable group, which itself is redox-
active and pH-independent. However, the pH dependence of its
redox potential arises due to the coupling with the surrounding
protonatable groups in the protein.*"*

The upper part of Fig. 4 displays the dependence of the redox
potential of heme @ on the protonation state of the Glu242 residue
in the downward conformation. If Glu242 is deprotonated, the
calculated redox potential of heme « is equal to +110 mV, and
since Cu, and cytochrome ¢ have higher redox potentials (~220
mV),”>™ the ET to heme «a is not possible. Therefore, heme a
remains in its oxidized state. But when Glu242 site gets protonated,
the obtained redox potential of heme a (+280 mV) is higher than
the E° of Cu, and now ET can occur.

The bottom part of Fig. 4 shows that, independently of the
redox state of heme a, the Glu242 residue possesses high pK,
values (10.4 and 13.2) and the site always wants to get a proton.
The numbers shown for AG® (protonation free energy of Glu242)
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correspond to pH = 7. The calculations are done for the dielectric
model €,/ Eonen = 4/80; for the redox potential of the model
compound, bis-histidine heme a, a value of —120 mV was used.”

The strength of coupling between the two groups is found to
be about 170 meV at neutral pH, which is in good qualitative
agreement with the experimental measurements.”>

4. Conclusions

In this paper, we have applied DFT/continuum electrostatic
calculations to study the coupling between Glu242 and His291
residues in several redox states of bovine cytochrome oxidase,*
and for two conformations of Glu242 side chain. We have
calculated the pK, values of His291 and Glu242 for different
redox states of the metal centers, different protonation states of
the two residues, and for different conformations of the Glu242
side chain. Thus, in addition to equilibrium states of the catalytic
cycle, we have also covered all non-equilibrium states with respect
to the protonation/conformation changes of Glu242 and His291
residues. Some of these states are transient, others are real
intermediate states, while some of them are only virtual states
that likely never occur.

Any calculation that includes a heterogeneous system has to deal
with the problem of choosing the appropriate dielectric constants.
Considering that the actual values of the dielectric constant of
the protein and the inner (presumably) water-filled cavities are
unknown, we examined several different dielectric models. The
obtained results were then compared with experimental data,
and the viability of different dielectric models in the light of the
proposed proton pumping mechanism of CcO was evaluated.

The objectives of this work were to answer the following
questions: How do the presence or absence of a proton on the
Glu242 and/or His291 site affect the pK, values of the other
partner? How do conformational changes of the Glu242 side chain
affect the pK, values of the two residues in different redox states
of the enzyme? What is the coupling between the redox states of
heme @ or Cuy center and the protonation states of Glu242 and
His291 residues? How do the redox state and redox potential of
heme a depend on the protonation state of Glu242, and vice versa?

Here it is particularly interesting to compare the obtained pK,
values of Glu242 in different redox states of the enzyme with
the results of a recent work,* which suggests that the Glu242
residue might be deprotonated in some of the states in the catalytic
cycle. Several other studies, based on the pH-dependent proton
transfer (PT) rates and FTIR measurements, suggest that Glu242
is protonated at pH 7 with an apparent pK, > 9.3 An interesting
model of reprotonation of Glu242 was published recently by Xu
and Voth.”

Our calculations show that in a broad range of ¢,, = 4-8 and
Eeaity = 4-80, the pK,s of Glu242 are above 7 for all redox states,
and therefore at equilibrium it should be always protonated. The
best agreement with the available experimental data is obtained
for ¢, = 4 and ey, = 80, however, dielectric models (&, = 4,
&y = 15 or 20) also give reasonable agreement.

Within these dielectric models, the only case when Glu242
residue was found to be deprotonated is for the OORO redox state
and &,/ €y = 4/80. Here, Glu242 can remain deprotonated,
after it delivers a chemical proton to the binuclear center to form
a water molecule, and before His291 site gets rid of its own Hd1

proton, provided that Glu242 is somehow trapped in its upward
conformation. For the case (&y01/ €y = 4/80), Glu has a pK, of
5.7 in the upper conformation, prior to the ejection of a proton
from the His site. Even in the downward conformation its pK,
is low (6.7), if His still keeps the proton. Thus, according to the
present calculation, unless the release of the proton from His291
is somehow blocked and Glu stays in the upper conformation, this
group remains protonated at equilibrium.

Interestingly, in agreement with present calculations is our
previous finding that the OH™ ligand to Cu; has a computed pK,
of 8.5 t0 9.6 in the OORO redox state of the enzyme prior to the
pumping event, i.e. when His291 is still protonated.* Thus, OH~
ligand possesses a higher pK, than the Glu242 residue (5.7-6.7),
and therefore it can pull out H* from the Glu site, as our model
assumes.'® The ejection of the proton from the His291 site can only
further increase the pK, of the Cuz—OH™ ligand, which therefore
will remain protonated, i.e. as H,O.

Other dielectric models, ¢, = 10 and &, = 10 or 20, give too
low values of pK, for Glu242 (below 7) in all redox states, which
do not agree with experiments. At the same time the His291 site
possesses pK,s higher than 7, which means that it always remains
protonated. As already discussed, in these two models the gating
through the conformational changes of the Glu side chain is not
possible, because in the OORO redox state even an additional
proton on Glu is not enough to push out a proton from His site.
Also, the pK,s of Glu in the downward conformation are so low
that Glu cannot get reprotonated via the D-channel. Therefore,
the results of these two dielectric models do not fit to either the
proton pumping mechanism that we proposed,'>'® or the results
of the experimental measurements.’*°

It should be remembered, that the correct dielectric description
of the protein is still an unsettled question, and the function of
His291 as a proton pump has not been confirmed, or refuted
by the experiment; moreover, some calculations do not support
our proposal that His291 changes its protonation state during
the enzyme cycle.”” (The latter calculation, however, did not
have a correct geometry optimization of one of the protonation
states, and has other serious drawbacks, therefore we believe the
conclusions of ref. 77 are ill supported, see our Comment to JPC,
ref. 78.)

The main findings of this work can be summarized as follows.
The results of this paper support our earlier proposed proton
pumping mechanism of CcO.'® The pK, of His291 depends on the
redox state of the enzyme. His291 wants to be protonated in the
OORR redox state, and deprotonated in the OORO state. In the
OORR state, Glu242 also possesses a pK, > 7, but lower than
the pK, of His291. Therefore, Glu can transfer a proton to a His-
site, but afterward it should quickly get reprotonated, unless it is
somehow trapped in the upper conformation.

In the OORO redox state, we find that after donating a proton to
the OH™ ligand in BNC, Glu242 needs to be reprotonated before
His291 can release a proton, and the pumping occurs. Thus, the
reprotonation of Glu can be said to displace an H* from the
PLS. This result is in agreement with a recent work of Brzezinski
and coworkers.” Moreover, our calculations suggest that a subtle
mechanism of gating through conformational changes in the Glu
side chain may be employed by the enzyme. Namely, in the
OORO state with deprotonated Glu in the upper conformation,
the proton-pump site His291 still remains protonated, and has a
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pK, higher than that of Glu242. In its upward conformation Glu
also has a pK, > 7, but since it cannot get a proton from any
residue from the upper side, the only way for it to get protonated
is to swing down. This will simultaneously decrease the proton
affinity of His site and further increase the pK, of the Glu site. In
the downward conformation, the Glu residue will re-establish the
H-bond connectivity with the D-channel, and will then quickly get
reprotonated. The reprotonation of Glu ultimately decreases the
pK, of the His291 site, which will release the pumped proton into
the cytosolic side (P-side) of the membrane.

In the equilibrium stable states of the catalytic cycle that
we examined, it is most likely that Glu is never deprotonated.
Of course, since Glu242 residue is the proton donor of both
chemical and pump protons, in some of the transient states Glu
gets temporarily deprotonated, after it transfers a proton to an
acceptor group with a higher pK, (His291 or OH™). However, in
all of these intermediate (transient) states, the obtained pK,s of
Glu are high enough to pull up a proton from the D-channel and
get reprotonated once again.

Additionally, we have explored the mutual coupling between
the protonation state and pK, of Glu242 and the redox state
and potential of heme @. We find that the protonation state of
Glu is independent of the redox state of heme a, though its pK,
value is sensitive to the redox changes of the system. On the other
hand, the reduction of heme a is only possible if the Glu242 site is
protonated. The strength of the coupling between the two groups
is about 170 meV at neutral pH, which is in good agreement with
the experimental measurements.”>”*
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