Journal of

9‘; °
the Serbian
g . .
N Chemical Society
“Pog o,,m,“\h,«@@ JSCS-info@shd.org.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 85 (11) 1429-1444 (2020) UDC 544.362:546.56+547.78:577.1:
JSCS-5385 537872.000.57

Original scientific paper

Catalytic center of cytochrome c oxidase: Effects of protein
environment on the pK, values of Cug histidine ligands

DRAGAN M. POPOVIC* and IVANA S. PORPEVIC

University of Belgrade — Institute of Chemistry, Technology and Metallurgy, Department of
Chemistry — National Institute of the Republic of Serbia, Njegoseva 12, 11000 Belgrade,
Serbia

(Received 20 July, revised 15 August, accepted 20 August 2020)

Abstract: The molecular mechanism by which electron transfer (ET) is coupled
to proton pumping in cytochrome oxidase is one of the main unsolved prob-
lems in biochemistry. Particularly, the nature and position of the proton-load-
ing site is under dispute. The Cug complex has three ligated histidines, whereas
only His290 and His291 are ionizable sites with the same pK, values in aque-
ous solution, but apparently quite different ones within the enzyme. Earlier, a
model of proton pumping with the central role of His290 was proposed. Recent
calculations indicate that the His291 ligand of the Cug center might play the
role of the pumping element, since its protonation state depends on the oxid-
ation state of the binuclear complex (BNC). The present electrostatic study was
applied to assess the role of the protein environment on the acidity of the two
histidines. Their pK, values and effects of different energy terms were evalu-
ated to discover the nature of their diverse behavior in the enzyme. Here, a new
set of pK, values for the non-standard model compounds within the BNC was
applied. The enhanced results are compared with results of previous studies in
the light of the plausible proton pumping mechanism. The obtained micro-
scopic and apparent pK, values in the oxidized state of BNC are virtually the
same, indicating that deprotonated form of His291 accounts for the large pK,
increase of His290, since then both titratable sites on then Cug center cannot
simultaneously be in the charged state. The present results support the under-
lined His291 pumping model.

Keywords: Bioenergetics; binuclear complex; bovine; histidine ligands; linear
Poisson—Boltzmann equation; pK, calculations; reaction and protein field.
INTRODUCTION

Cytochrome c oxidase (CcO), the terminal membrane-bound enzyme of the
respiratory electron transport chain, is responsible for processing most of the
biological oxygen and generating in part the proton gradient used in the synthesis
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1430 POPOVIC and DPORPEVIC

of ATP in aerobic cells.! The energy released from the reduction of molecular
oxygen to water in the binuclear complex (BNC), the active site of the enzyme, is
used to pump protons across the bacterial periplasmic or the inner-mitochondrial
membrane against the electrochemical proton gradient in aerobic bacteria and
animal cells. Thus, it could be stated that oxygen in the BNC is the ultimate sink
for the electrons from the respiratory electron transport chain. In the process, pro-
tons are pumped across the membrane and oxygen is reduced to form water.2

CcO contains four redox-active metal centers: Cua, heme a (Fe,), and the
BNC consisting of heme a3 (Fe,3) and Cup. In the intricate catalytic cycle, elec-
trons are successively transferred through the metal centers to the active site
(BNC), where reduction of oxygen occurs.3 To be split, a molecule of O, bound
to the reduced form of BNC requires four electrons. Two electrons are provided
by Fe2*, one electron by Cu!™ and the fourth electron and a proton are supplied
by Tyr244, which turns into the Tyre neutral radical state. Once this is attained,
only different forms of oxygen intermediates remain present in the BNC (e.g.,
=0, HO™, HyO). The transfer of each electron required for the reduction of oxy-
gen intermediates is accompanied by the translocation of two protons, one of
which is consumed internally in the binuclear center for the chemical reduction
of substrate species (chemical/substrate proton) and the other is pumped across
the membrane (pumped proton). The overall reaction catalyzed by CcO can be
expressed as follows:

Oy +4e + 8H+(N) — 2Hp0 + 4H" p)

where (N) and (P) indicate two sides of the mitochondrial membrane: the inner
(negatively charged) matrix side and the outer (positively charged) intermem-
brane space, respectively. The chemical and pumped protons are provided along
the entrance proton-conducting D- and K-channels, whereas the majority of 6—7
protons are delivered along the D-channel, which provides all four pumped pro-
tons.4 Presumably, the Glu242 residue is the major proton donor in the enzyme,
while Lys319 plays a role in the reductive half of the catalytic cycle providing
only 1-2 chemical protons.5:6

In the past decades, the structure of CcO has been solved for several org-
anisms.*7-10 However, details of the molecular mechanism of proton pumping
still remain a subject of intense debate. In particular, the identity of the proton-
-pumping site, the key element of the mechanism, is unknown. A number of
models have been proposed,”~19 however, there is no agreement on the major
issues, such as the location of the pumping site and how it pumps protons. Bey-
ond doubt, this is also an incredibly difficult experimental task, since the mea-
surements of the kinetics of proton translocation cannot uniquely pin point a
single residue as the pumping site.19-20 Similar problems are encountered with all
other advanced experimental techniques due to the close proximity and strong
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coupling of all potential PLS. Recent reviews of the enzyme structure, function
and kinetics can be found in the literature.!3.6,17.20-27

In order to determine the mechanism of proton pumping in CcO, a number
of the Poisson—Boltzmann (PB) based continuum electrostatic!428:29 and com-
bined DFT/electrostatic calculations3%-32 have recently been performed on the
redox-dependence of the protonation state (i.e., calculation of the protonation
energies and pK, values) of CcO. These calculations point to a possible key role
played by His291, one of the ligands to the Cup center of the enzyme, which
seems to change the protonation state depending on the redox state of the Fe,3
and Cug centers. These results suggest a possible mechanism for proton pumping
in CcO.28 On the other hand, an earlier proposal suggested the His290 ligand as a
possible pumping site, which is deprotonated in the oxidized state of the binuc-
lear complex.!2

Proton pumping mechanism in CcO

The proposed proton pumping mechanism based on the Coulomb pump
model with kinetic gating?8 is shown schematically in Fig. 1. The steady state
during the catalytic cycle is established when a chemical proton is accepted by
one of the hydroxy ligands of the BNC. In the steady state of the catalytic center,
one of the metal centers is formally oxidized (Fe3™~H,0 or Cu2*—H,0), while
Glu242 is protonated and His291 (N&1 site) is deprotonated. In order to proceed
further, the enzyme needs an additional electron to be supplied to the system by
cyt ¢ to the Cup center and transferred further to heme a (step 1), and then to the
heme a3—Cup binuclear center (step 2). In response to the increase of negative
charge of the BNC, the proton from Glu242 has now a driving force to move
closer to the catalytic center. There are two proton-conducting pathways leading
from Glu242 to two possible sites: one is leading to the OH~ group in the BNC,
the second is leading to the deprotonated His291 site (PLS). Both groups show a
high proton affinity, which is revealed by their high pK, values.!43! Since the
proton translocation rate to His291 is considerably larger than the one to OH~
group, 1920 in the next step, protonation of His291 occurs, i.e., transfer of a pump
proton to the PLS. Thus, the kinetics (not thermodynamics) control this proton
transfer (PT) reaction resulting in the formation of a meta-stable state of the
enzyme?8:29 in step 3. Step 4 is the reprotonation of the Glu242 residue through
the D-channel by proton uptake from the N-side of the membrane. Now the
second chemical proton, using a separate water chain path, can be transferred to
the BNC protonating OH~ to HO (step 5). The presence of an additional positive
charge in the BNC consequently decreases the pK, value of His291.30:31 Obvi-
ously, the entrance of a substrate proton into the active site is an essential com-
ponent of the pumping mechanism in CcO, since the free energy is generated at
the catalytic center. In step 6, Glu242 presumably the main proton donor of the
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1432 POPOVIC and DPORPEVIC

proton translocation process, once again becomes reprotonated through the
D-channel. This additionally increases the electrostatic repulsion between a pro-
ton at His291 and the H,O ligand in the BNC, which finally, in step 7, leads to
expulsion of a preloaded proton from the PLS to the P-side of the membrane.33
Therefore, reprotonation of the proton donor site may control a proton release
from the PLS to the P-side of the membrane, additionally facilitating the proton
pumping event.23:33 Moreover, the reprotonation of Glu242 along with the rel-
ease of the pumped proton controls entry of the next electron into the enzyme,
since the reduction of heme a is only feasible if Glu242 is in the protonated
steady state.32 Such control of the flow of electrons assures that electrons are

taken up and consumed one at a time in the active site of the enzyme.

S(Cuy), Fig. 1. The sequence of steps in the proton pumping
mechanism of CcO. Red and blue arrows display
@ His291 the ET and PT steps, respectively. Glu242 is con-
i nected to His291 (PLS) and OH- ligand in the active
o“‘_ Cug —His29g Site (BNC) by two separate proton-conducting water

Arg438 7) ks >> kg
PRD3 PLS

Fe,
I I chains with different proton-conducting rates (k;>>ks).
_ His240 The faster chain delivers the pumped protons to
Tyr244 PLS, whereas the slower chain delivers the chemical
Glu242 protons to BNC. The difference in the rates ensures

that a proton is preloaded into the pump site (PLS)
before protonation of the reduced oxygen intermedi-
ate by the chemical proton occurs.!9-20-28

D-channel

The OH™ group can be bound to Cupg or Fe-a3 metal ion depending on the
transition state in the catalytic cycle. In both cases, the entrance of the chemical
proton would form a HyO molecule in the BNC. A H,O ligand in the BNC
causes repulsive interactions with the proton on the PLS in the oxidized state of
the BNC. As a consequence, a release of the pumped proton from the PLS, i.e., a
pumping event, occurs.

The scheme shown in Fig. 1 repeats with each new electron entering the
system. Since four electrons are required for complete reduction of O, to 2H;0,
the displayed sequence of steps repeats four times to complete a full catalytic
cycle of the enzyme. The proposed sequence of steps also ensures the stoichio-
metry of one pumped H* per one e~ passed through the system. For details of the
catalytic cycle of CcO, the reader is referred, for example, to the literature?2:28
dedicated to the topic of the transition states (A-, Py,-, Py, F-, H-, O-, E-, R-state)
and the corresponding changes in the BNC during the catalytic cycle.

The ET to the BNC is coupled with the fast PT to the PLS (k3), while the
following slow PT of a chemical proton into BNC (k5) is accompanied by expul-
sion of the pre-loaded proton from the PLS. The difference in the proton con-
ducting rates, k3>>ks, was initially a pre-request of the proposed pumping model
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ACIDITY OF Cug HISTIDINE LIGANDS 143 3

in order to work and pump protons.!428 Otherwise, the supplied protons would
go to the BNC for chemical reduction of oxygen species and the formation of
H»O molecules without pumping. This indeed happens with certain mutations,
which significantly disturb the proton-conducting water chains and therefore,
change the ratio of the corresponding k3 and ks rates.® Later on, the proposed
kinetic gating model obtained the experimental support by time-resolved electro-
metric measurements of the membrane potential generated by CcO inserted in
vesicules2Y and by studies of the deuterium kinetic isotope effects.23

One focus of this work was to study the interactions of the protein environ-
ment with the Cup center and its histidine ligands in bovine cytochrome ¢ oxid-
ase. The magnitude of the effects in terms of the reaction and protein field on the
pK, values of the two histidine ligands, His290 and His291, of Cup center were
estimated. The other goal was to implement a new enhanced set of pKj,s for non-
-standard model compounds obtained by DFT/solvation electrostatic calculations
and to compare the present results with the results of a previous study!4 in the
light of the possible proton-loading site and the proton pumping mechanism in
CcO inserted into membrane.

The structure of the paper is as follows. In the next section, a basic des-
cription is given of how to solve the linear Poisson—Boltzmann equation (LPBE)
numerically on a grid for a protein in inhomogeneous dielectric medium by using
a continuum electrostatic model for the solvent, and how from there to evaluate
the protonation energies and pK, values of titratable groups in CcO. In the results
section, by using additivity of the solutions of the LPBE, it was possible to separ-
ate the different energy contributions and to discuss their effects on the acidity of
the Cup histidine ligands in light of the possible proton-loading site in the pump-
ing mechanism of CcO. Moreover, new improved pK, values of the model com-
pounds in aqueous solution, which were calculated by the DFT/electrostatic
method, were used. In last section, the results of the paper are summarized.

EXPERIMENTAL
Continuum electrostatic pK,, calculations

The electrostatic calculations have been performed by using program suite MEAD,34:35
as described and reviewed in detail elsewhere.3*36-43 Here we briefly summarize the approach
and describe the modifications employed in our calculations.

The protonation state of titratable groups in CcO are determined simultaneously by aver-
aging over all protonation states of the titratable groups for the given redox state of the metal
centers. To obtain the electrostatic energies of the different protonation states, the linear Pois-
son—Boltzmann equation (LPBE) is solved for the appropriate molecular systems:

V[ £(r) Vo) |=—4mp(r) + 2 (g () (1)

The charge distribution p(r) is derived from the atomic partial charges of a given mole-
cular system. The ionic strength is defined through the parameterx; the inverse Debye length.
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1434 POPOVIC and DPORPEVIC

Dielectric constant of 80 is used for the solvent and 4 within the protein to obtain the elec-
trostatic potential ¢(r); for a full discussion on the choice of dielectric constants, see literature.*?

Protonation and redox states of the individual ionizable groups depend on each other.
The protonation probability <x,> of a titratable group u can be expressed by the total Boltz-
mann sum as a thermodynamic average over all 2 possible charge patterns of the N ionizable
groups of the molecular system according to:

1 ) (GW _ 2 (G
<x#> :EZ)C/(! )exp[ﬁJ with Z=Zexp( RT j 2)

n=1 n=1

where T is the absolute temperature and R the universal gas constant. The charge state of
group p for the charge pattern (n) is characterized by the integer xﬂ(”), which adopts the value
of 0 or 1 depending on whether group p is deprotonated or protonated.

The free energy G(n) of a specific protonation state of the enzyme (n) is given as:

=S ) i) 4 L5050 L 0) ()
Gm)=Y x, RTlnlO(pH—ngfﬂ’)+EZZxﬂ X Wy 3)
u=1 u=1v=1

where n is the N-dimensional protonation state vector. The first sum runs over all N proton-
able sites and the second term is associated with the charge—charge interactions between all N
ionizable groups in the system. The intrinsic pK, is defined as pK, of the site x in protein
when all other sites are in their neutral state, so-called the reference state.3*

The total free energy G(n) of the charge pattern (n) of the considered molecular system
can be further simplified and expressed as:

5 (1) i L () ()
Gm)=>| x, AG;{'”+EZx# X Wy |- 4)
u=l1 v=1

The mutual interaction energies W), of the titratable groups, # and v, refer to their charge
pattern, where all other ionizable groups of the molecular system are in the neutral reference
state. The strength of the electrostatic coupling between the two titratable groups, x and v, is
expressed by the ¥, matrix elements. The intrinsic free energy, AG,” accounts for the three
addition energy terms:

AGi' (pH) = RTIn10(pH = pK 93e!) + (AGRw: — AGESSe! ) +( AGRY - AGES, ) (5)

The first term in Eq. (5) accounts for the electrostatic free energy of the corresponding
titratable group u, which is used as model compound in aqueous solution with known pK,
value. For amino acids, the experimental values of the model compounds in aqueous solution
can be found elsewhere.** The second term, the Born energy (desolvation penalty), accounts
for the difference in self-energy to protonate the titratable group p in the protein and in aque-
ous solution. The last term provides the corresponding energy difference resulting from the
interactions of group p with the background charges, i.e., the charges of non-titratable residues
and the charges of all other titratable sites in their uncharged reference state. For a detailed
description of these energy terms.3>3% The free energy G(n), Eq. (4), of the protonation pat-
tern (n) of the considered molecular system is determined by calculating the electrostatic
energies from the solution of the LPBE by using program MULTIFLEX 3435

Having the electrostatic energy G(m) for each configuration (n) and using Eq. (1), one
can compute the average protonation state of all titratable groups in the protein and evaluate
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ACIDITY OF Cug HISTIDINE LIGANDS 143 5

their pH dependence. The exact summation over all 2V configurations, however, for a protein
containing over 100 titratable sites is not feasible. Therefore, to evaluate <x,>, the Monte
Carlo (MC) method has been employed.

Definition of the pK, of protonable groups in a protein environment

The free energy difference between the charged and uncharged state of the protonable
group u depending on pH value and redox potential of the solvent E is defined in terms of
the ratio of probabilities that this group is protonated or deprotonated according to:

- ()
AG,(pH, Egy1) =—RTIn - <xﬂ> (6)

With this free energy difference, the pK, value of a titratable group p in the protein
environment can be written as:

_ AG,U (pHa Esol)
RT1n10

The pK, of a protonable group at pH 7 (pK, 7) is calculated simultaneously on the self-
-consistent way, as the thermodynamic average over the charge states of all ionizable groups
of cytochrome ¢ oxidase for a given redox state of the metal centers, as explained in detail
elsewhere. 1044

K" (pH, Eqq) = pH ™)

Computational model

The electrostatic calculations are done on the two subunits 4 and B of the crystal struc-
ture of mitochondrial cytochrome ¢ oxidase from bovine heart at the fully oxidized state (PDB
code: 1V54) obtained at a resolution of 1.9 A, solved by Yoshikawa and coworkers, 2003.°
The method is based on solving the LPBE for a model of protein in aqueous solution, thus for
the inhomogeneous dielectric system. A usage of membrane is easy to implement for the
trans-membrane protein complexes, while further generalization is possible for any other sol-
vent, and any number of variably charged states of titratable group u. We used the simple
model of protein—solvent-membrane system defined with the standard dielectric parameters:
Eprotein = Emembrane = %> Esolvent = Ecavity = 80 to calculate protonation pattern of bovine CcO in
the OORO and OORR redox states. The letters O and R designate a formally oxidized or
reduced state of each redox center in CcO: Cup, heme a, heme a3 and Cug, respectively. The
two last letters specify the redox state of BNC, whereas the BNC in OORR state is reduced in
respect to the OORO state of CcO, see, e.g., refs.!14 For preparation of the structure, a list of
used atomic charges, and all other computational details, we refer a reader to refs. 143345

The protein charges and atomic radii that we use in this application have been success-
fully used before to calculate the pK; values of protonable groups, redox potentials of cofactors
and bioenergetics of ET and PT reactions in different enzymes and proteins.!423-29,32,33,44,46,47

RESULTS AND DISCUSSION
Local dielectric and protein environment around His-ligands

Protein environment around the two His is displayed in Fig. 2 striking the
mutual differences. His290 is located in a relatively small cavity and engaged in
the hydrogen-bonding network with Thr309 and Phe305 anchoring and stabil-
izing the Cugp center to the protein matrix. The titratable proton on N&1 of His290
is a proton donor in a H-bond® and can, in principle, deprotonate and move to
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1436 POPOVIC and DPORPEVIC

Oyl of Thr305, which would then move its own proton to the C=0 backbone of
Phe305. From there a feasible exit for the proton most likely leads to Asp364 and
PRA of heme a3. A possible problem here could make the very strong coupling
between Asp364 and PRAaj3 (810 meV, i.e., 13.6 pK-units), which are H-bonded
and already share one proton in both the OORO and OORR redox states. In
addition, PRAa3 is strongly H-bonded to His368, the ligand of the redox-inactive
Mg2*-center and to the water molecule w1, at least in some redox and transient
states of CcO. His290 site was earlier proposed as the central player in the struc-
tural model of proton pumping.12 The proposed path of proton translocation from
His290 includes two steps, first PT to the Asp364—PRAaj3 pair and then PT to the
Arg438/Argd39—propionate region around heme a3 and heme a.

"‘,’&Iarge water
N\ filled cavity

T . D364 F305
ya ﬂy

Fig. 2. The center part of the bovine CcO structure
heme a, reveals the different dielectric and local protein
environment around the two histidine ligands
(His290 and His291) of the Cug metal center.

On the other hand, His291 is widely open to the hydrophilic (water filled)
cavity on the interface between the two subunits 4 and B that is located above the
heme propionates. His291 is surrounded by many polar, titratable and charged
residues, and hydrogen-bonded to a water molecule (w1) sitting in the interspace
between the propionates of heme @3 and histidine (No1 atom). This water mole-
cule is visible in all crystal structures*7-10 and is a part of the H-bond network
that involves a dozen of water molecules and polar/charged residues, including
PRAa3 and PRDaj3. His291 is just in the right position to deprotonate (in the
oxidized state of the BNC) and to release a H along a putative proton exit
pathway.2%

Protonation energies and microscopic pK, values of the histidine ligands

First, the protonation energies and microscopic pK, values of the two histi-
dines, His290 and His291, which are part of Cug complex, were examined. The
calculations were performed at room temperature 7=298 K and the physio-
logical pH 7, i.e., at the conditions of the catalytic activity of CcO. The Cup
center is ligated by three imidazoles of His240, His290 and His291, whereas the
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ACIDITY OF Cug HISTIDINE LIGANDS 143 7

fourth coordination place is reserved for oxygen intermediates, i.e., OH~ or H;O.
In fact, only His290 and His291 are ionizable sites, since His240 is covalently
connected (cross-linked) to Tyr244 by a post-translational modification between
N&1 and the Cel atom, respectively. However, Tyr244 is also an independent
protonable group in the present calculations. The quantum-mechanical comput-
ations in SCRF with & = 80 (aqueous phase) showed that the two histidines are
equal with the same pK, value of 8.9 and 14.4, for the oxidized (Cug2*") and
reduced (Cug!™) metal center, respectively.31-43

His290 and His291 are strongly coupled sites belonging to the same mole-
cular group, since they both use Ne2 atoms to become directly coordinated to
Cup metal center. Their energy of coupling is around 520 meV, i.e., 8.7 pK-units.
(the situation is similar as for a non-coordinated His residue with strongly
coupled titratable sites on Nol1 and Ne2 atoms, where both sites could be pro-
tonated or only one of them, but deprotonation of both N-sites never occurs over
the whole pH 0-14 range). Technically within PB electrostatic calculations, there
are several ways to calculate the microscopic pK, values of His290 and His291
sites within the Cup center in CcO. They could be considered as independent
titratable groups. Then to apply a high bias energy to keep one of the residues in
the fixed protonated or deprotonated state and to calculate the protonation energy
and pK,7 of the other site. Implementation of the “super residue” titratable
groups** consisting of the coordinates and charges of the two histidines is also
feasible. Then again, the charges for the fixed His site will be the same in both
variably charged states and different (protonated/deprotonated) for the other His.
Finally, it is possible that all the above-mentioned modifications are directly
implemented in the CcO.pqr file itself and to repeat the calculations 4 times. The
obtained results are essentially the same independent of the applied approach and
they are given in Table L.

TABLE I. Comparison of the microscopic pK, values of His290 and His291 sites in the OORO
redox state of cytochrome oxidase at pH 7. The deprotonation energies are given in meV

His290 His291 Dep;z'gg;non PKys Protoar;a;;;)r; state
Titratable Fixed-protonated +170 9.8 Protonated
Titratable Fixed-deprotonated +590 16.9 Protonated
Fixed-protonated Titratable —-140 4.7 Deprotonated
Fixed-deprotonated Titratable +295 12.0 Protonated

Results are shown only for the OORO redox state of CcO, since only then
does deprotonation of His-ligand occur. According to previous work,!4 in the
fully reduced (OORR) redox state of BNC, both histidines should be fully pro-
tonated with pK, values well above 14.
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1438 POPOVIC and DPORPEVIC

It was found that His290 is protonated (pK, 9.85) at pH 7 even if His291 is
kept in the fixed protonated state, otherwise its pK,7 is 16.9. Interestingly,
His291 site is also protonated (pK, 12.0), if His290 is kept in the fixed depro-
tonated state. Obviously, double deprotonation of the ligated His sites would
energetically destabilize the Cup center (It was found that the Cug complex in
the CcO enzyme tries to preserve a total charge of +1). Using new updated pK,
values for the model-compounds does not change the essence that His291 wants
to release a proton in the formally oxidized (OORO) redox state of the binuclear
center (pK,, 7 4.7) and in that sense, remains the potential proton-loading site.

K, Analysis of the Cup—His ligands

To calculate the apparent pK, values of the two His-ligands in CcO, they
were considered as independent titratable groups without any restrictions, which
could be simultaneously sampled. Their pK, values were calculated in the self-
consistent way, as the thermodynamic average over the charge states of all ion-
izable groups of CcO for a given redox state of the metal centers. The additivity
of the solutions of the LPBE enables the breakdown the pK, of the protonable
group u in protein (pKj #Pr"tei“) into four separate energy contributions:
pKa,ﬂmOdel, the change in Born solvation energy, AAG#BO”‘, interactions with
background charges, AAG#baCk, and the energy of charge—charge interactions of
titratable residues, W),,.

The Born energy term arises from the interaction of the partial charges of the
titratable group u with its reaction field, which is mediated by the dielectric
medium. This energy term, often referred to as the reaction field3#4! or desol-
ation penalty,!6 accounts for the change of the dielectric medium from aqueous
solution to the inhomogeneous dielectric of the protein for the protonated and
deprotonated form of the titratable group u. The charged state is evidently much
better solvated in the high dielectric of an aqueous solution and there is an energy
penalty to transfer and solvate the titratable group inside the low dielectric of the
protein. Moreover, the Born term describes the so-called reaction field,*® while
the sum of AAG#baCk and W,,,, terms show the total effect of the protein charges
on the titratable group L, the so-called protein field.

In next step, the different energy contributions accounting for the apparent
pK, values in CcO were separated and analyzed, see Table 1. The Born solvation
term is directly related to desolvation penalty of ionization of the protonable site
in low dielectric environment relative to the aqueous solvent. Therefore, the
AAGBO™My16-90 pushes up the pK, of His290 by 6.6 pK-units. His291 is mostly
located in a high dielectric cavity and the effect is opposite although much
smaller. Quantum-mechanical charge transfer from Cug2* to the His291 ligand,
reflecting the charge distribution in the BNC, is the essential part responsible for
the negative value of AAGBOMy1qr91.4°
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ACIDITY OF Cug HISTIDINE LIGANDS 143 9

TABLE II. Breakdown of energy contributions to apparent pK, values of His290 and His291
in OORO and OORR redox states of the enzyme at pH 7. For convenience, the energies are
given in pK-units: 1 pK-unit = 59.5 meV = 1.37 kcal mol'! = 5.74 kJ mol"!

Redox ) P Kamodel AAGBom A Gback P Kaintrinsic W,, Protein field p Kaprotein
Site N
state (1) 2) 3) (1+2+3) (4) (3+4) (1+2+3+4)
OORO His290 8.9 6.6 -3.3 122 47 1.4 16.9
His291 8.9 -1.1 —-15.5 =17 124 -3.1 4.7 (2.3%)
A 0 7.7 12.2 199 7.7 4.5 12.2
OORR His290 14.4 6.6 0.7 203 54 4.7 25.7
His291 144 -1.1 -11.4 1.9 14.1 2.7 16.0 (18.6%)
A 0 7.7 10.7 184 8.7 2.0 9.7

4pK, values of His291 computed using the default aqueous solution pK, values of model compounds taken from
the literature'* for comparison

In the OORO redox state, AAG/}’aCk energies of both His sites are down-
shifted. This is caused by the orientation of the backbone dipoles and the partial
positive charges of the polar non-titratable residues and ionizable residues in
their uncharged reference state. The background charges of the following resi-
dues interact particularly strongly with His291 causing a large downshift: polar
— Trp126, Trp236, reference/neutral state of — Arg438, Arg439, all four propion-
ates, Tyr129, and Tyr231. On other hand, the background charges of the neutral
state of Asp364, PRAa3, Tyr244, Tyrl79 and Tyr304 act in favor of a small
downshift of His290, as well as the H-bonding network including Thr309 and
Phe305.

The intrinsic pK, values of the two histidines would differ by =20 pK-units
(12.2 vs. =7.7) if the whole enzyme would be in the neutral reference state of
CcO. However, intrinsic pK, values are only useful for theoretical constructions
rather than measurable quantities.

The charge—charge interactions (W,,,) with other ionizable sites create a pK,
increase of both His residues. This means that the effects of the negatively
charged groups and residues dominate here; indeed at pH 7, the total calculated
charge of CcO is —8. Once again, the effects are much stronger on the solvent-
-exposed His291 (12.4 vs. 4.7), since the charged titratable sites are mostly loc-
ated in the hydrophilic area. Oppositely, the low dielectric inside the protein and
membrane region favors the neutral protonation state of the titratable groups. If
the effects of all four propionates (—4), Arg438(+) and Arg349(+) are summed up,
the WHis291,y upshift is 12.9 and the Whjs290,, upshift is 7.1 pK-units. The rem-
aining difference comes from the other variably charged groups.

The magnitude of the reaction and protein field for His290 is +6.6 and +1.4,
while for His291, they are —1.1 and —3.1 pK-units, respectively. Both reaction
and protein field increase the pK, of His290, but decrease the pK, of His291 site,
stabilizing the protonated state of one and the deprotonated state of the other His
ligand of the Cug center in the OORO redox state of CcO.
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For completeness, the results for the OORR redox state are also given in
Table II. As expected, the corresponding Born energies remain the same in both
oxidation states, if there is no redox-dependent conformational changes, i.e., the
dielectric boundaries remain the same. The entrance of an electron and the red-
uction of Cup center cause an increase in the AAGﬂbaCk energies of both His290/
/291 (2.6 vs. 4.1), as well as, a small increase in the W), charge—charge inter-
action energies (0.7 vs. 1.7). Consequently, both sites possess very high pK,
values in the OORR redox state of the protein — His290 (25.7) and His291 (16.0)
being strongly protonated. The present study shows that the enhanced pK, values
of His291 site in the two redox states of CcO, obtained using the new pK, values
of the model compounds, are different from those given in a previous work,!4 but
still fit very well within the proposed “His291 pumping model with kinetic
gating”.28

The stability of the obtained results may be questioned in respect to the used
X-ray structure, since bovine CcO was solved in the fully reduced and fully oxid-
ized redox state. Only rather small conformational changes, primarily localized in
residue Asp51 and the region of heme a, have been reported in comparison of the
fully reduced and fully oxidized crystal structures of bovine oxidase.’”- The root-
-mean square deviations around the binuclear center and the rest of the structure
are a quite small, therefore, no significant divergences of the results in respect of
this matter are expected. Furthermore, many different life forms, such as some
bacteria, eukaryotic organisms, mammalian animals and humans, contain the
aaz-type of cytochrome ¢ oxidase belonging to the so-called A-family. Recently,
it was demonstrated that all species of the A-family show remarkable structural
similarities of the two catalytic subunits, 4 and B. Moreover, their microscopic,
electrostatic and thermodynamic properties of the key amino acid residues are
almost identical, which strongly suggest a similar mechanism in a variety of dif-
ferent organisms.25

From molecular dynamics studies, it is known that transient conformational
changes of the Glu242 side-chain33 or Arg438/PRDa3 pair!4.29 are important for
the proper function of CcO, but these changes cannot be observed by X-ray exp-
eriments. Nevertheless, the conformational gating could be relevant for the pum-
ping mechanism in supplying and redirecting the protons to the PLS and BNC, or
for preventing H' leak in the opposite direction. Cytochrome oxidase is a very
complex and complicated enzyme system, which employs different control
mechanisms and gating situations. Beside the kinetic gating mechanism, CcO
also utilizes the conformational gating to ensure the unidirectionality of the pro-
ton translocation.
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CONCLUSION

The focus of this work was to study the interactions of the dielectric and
protein environment with the Cup center and its histidine ligands in cytochrome ¢
oxidase. In the present work, continuum electrostatic calculations were employed
to examine the influence of the protein environment on the pK, values of His290
and His291 ligands of the Cup center for the different redox states of bovine CcO
bound to the membrane. The magnitudes of the effects of the reaction and protein
field on the pK, values of the two histidine ligands of Cupg center were evaluated.
These histidines are mutually equivalent, with the same pK, values in aqueous
solution, but are quite different within the CcO enzyme. Their protonation
energies, microscopic and apparent pK, values were calculated and the break-
downs of the effects of the different energy contributions were analyzed to dis-
cover the source of their diverse behavior in the CcO enzyme. By using additivity
of the solutions of the LPBE, the different energy contributions (pKa,ﬂmOdel,
AAGﬂBom, AAGlubaCk, W,v) were separated and their effects on the acidity of the
Cug histidine ligands discussed in light of the feasible proton-loading site and
possible proton pumping mechanism in CcO.

The obtained microscopic and apparent pK, values in the oxidized state of
BNC were virtually the same, indicating that the deprotonated form of His291
accounts for the large pK, increase of His290, since both the titratable sites on
Cup center cannot be simultaneously in the charged state. It was concluded that
only His291 exhibits redox-dependent protonation changes and therefore, may
work as the PLS, while His290 prefers to stay in its protonated steady state in all
redox states of the enzyme.

In addition, a new set of pK, values in aqueous solution for the non-standard
model compounds of the titratable sites within the binuclear complex, obtained
by the DFT/solvation electrostatic calculations, were implemented. The new pK,
values of His291 in CcO are to some extent different from the results of previous
studies,14:30.31.49 byt still compare well in respect to the protonation state. Thus,
His291 is deprotonated with more reasonable pK, value in the oxidized state of
the BNC, while strongly protonated in the reduced state of CcO. His290 is in the
protonated steady form in considered redox states. Therefore, the results of the
present calculations support the proposed His291 model of the CcO pump. It is
also remarkable that the local microenvironment around the Cug complex in CcO
can generate such a huge difference (10—12 pK-units) in the acidity of the two
coordinated histidines.

NOMENCLATURE

The following abbreviations are used: cyt ¢, cytochrome ¢; CcO, cytochrome
¢ oxidase; LPBE, linear Poisson—Boltzmann Equation; PB, Poisson—Boltzmann;
PRAa/PRDa, propionates A/D of heme a; PRAa3/PRDaj, propionates A/D of
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heme a3; PT, proton transfer; ET, electron transfer. Numeration of the residues
corresponds to bovine CcO.
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U3BOL
KATAJIUTUYKYU UEHTAP HUTOXPOM OKCHUIA3E: YTULIAJ TIPOTEMHCKOT
OKPYXEA HA pK. BPETHOCTU XUCTUIJUHCKUX JIMTAHAJIA Cug LIEHTPA
IPATAH M. TIOTTOBUR 1 UBAHA C. BOPBEBUR
Yuugepsuiteiti y Beoipagy - UHCTUTiy i 3a xemujy, lexHonoiujy u mewmanypiujy, Llenttiap 3a xemujy —
Hucmutiy og HayuoxanHol 3nauaja 3a Peiiydnuxy Cpoujy, Fheiowesa 12, 11000 Beoipag

Mornekyncku MexaHu3aM OMONy Kojer je MpeHoC €eKTPOHA CIIPETHYT Ca MPOTOHCKOM
MyMIIOM y ITUTOXPOM C okcrzasu (CcO) mpepcTassba jelaH Off IIIaBHUX HEpeIleHUX mpodiema
y duoxemuju. ITocebHO, MpUpoAa U MONOXKaj MECTa BE3UBama MPOTOHA 3a mymname (PLS) cy
[7IaBHE Tauke cropema. Cug KOMIUVIEKC MMa TPH XHUCTHAMHCKA JIMTaH[a, IIPH 4eMy Cy Camo
His290 u His291 tutpatudunuu u MmehycodbHo ciuyHU ca UCTUM PK, BpeIHOCTUMA Y BOJEHOM
pacTBOpy, aly Cy OYUIVIEOHO CacBUM pasnuuuty yHytap CcO ensuma. Panuje je duo mpen-
noxxeH monen npoTtoHcke mymne y CcO ca uenTpanHoMm ynorom His290, anu HemaBHU mpopa-
YyHM Haule rpymne noxasyjy fa ou His291, nuranpg Cug LeHTpa, Morao umaTu yiory PLS ene-
MEHTa, jep ’BEeroBo CTame MPOTOHOBaMbAa 3aBUCH 0J] OKCUIALMOHOT CTamba OMHYKIeapHOT KOM-
miekca (BNC). Osa enexTpocTaTiuka CTyguja IPUMEHEHA j€ 3a NPOLEHY YTHULIaja NPOTEUH-
CKOT OKDy’K€Ha Ha KHCEJIOCT [Ba XMCTHOHHA. M3padyHanu cMO BHX0Be DK, BPESHOCTH H
Pa3nBojUIM jauuHe edexara pasIMUUTHX EHEPreTCKUX JONPUHOCA KaKo OMCMO OTKPHIIN IPHU-
POy BUXOBOT Pa3INUUTOr NOHaLIa®ka y eHsumy. OBJe CMO 338 HECTaHTAPAHA MOJET jeNUBEHa
yHyTap OMHyK/IeapHOI KOMIUIeKCca KOPUCTHIM HOBU ceT ca pK, BpeAHOCTHMa Yy BOIEHOM pac-
TBOpY. IloDomiIany pesyntaTv Cy ynopeheHu ca pesylTaTMMa M3 NPETXOJHHMX CTyfAuja ca
DanameM akleHTa Ha MOryhu MexaHM3aM NyMIawma MPOTOHA. JJoOWjeHe MHUKDOCKOICKE U
Maxpockoncke pK, BpeOHOCTH y OKCHAOBaHOM cTamby BNC cy MpakTHYHO WCTe, IUTO WHIU-
uupa ja genporoHoBaHMW odnuk His291 msasuBa Benuku nopacT pK, BpegHocta His290, jep
oda TuTpanuoHa Mecta y Cug LIEHTpY HE MOTy UCTOBPEMEHO DUTH y HaeleKTPHUCAHOM CTamby.
[lpyuka3aHy pe3yiTaTH MOApPKaBajy NMpemioxeHd xucTupuHcky (His291) momen mpoToHCcke
nyMIIe.

(ITpumsmeno 20. jyna, pesugupano 15. asrycra, mpuxsaheno 20. aBrycta 2020)
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