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ABSTRACT
Broken-Symmetry density functional calculations have been performed on the [Fe,3;, Cug] dinuclear
center (DNC) of bas cytochrome ¢ oxidase from Thermus thermophilus in the states of [Feys’ -
(HO,) -Cug®", Tyr2377] and [Fe,s"'=0%", OH-Cug’", Tyr237°], using both PW91-D3 and OLYP-
D3 functionals. Tyr237 is a special tyrosine cross-linked to His233, a ligand of Cug. The
calculations have shown that the DNC in these states strongly favors protonation of His376, which
is above propionate-A, but not of the carboxylate group of propionate-A. The energies of the
structures obtained by constrained geometry optimizations along the O-O bond cleavage pathway
between [Feas® -(0-OH) -Cug®’, Tyr2377] and [Fe,;''=0%"HO -Cug*", Tyr237°] have also been
calculated. The transition of [Fe, -(0-OH) -Cug®’, Tyr237] — [Feus''=0""HO -Cug®",
Tyr237°] shows a very small barrier, which is less than 3.0/2.0 kcal mol™' in PW91-D3/OLYP-D3
calculations. The protonation state of His376 does not affect this O-O cleavage barrier. The rate
limiting step of the transition from state A (in which O, binds with Fea32+) to state Py ([Fea34+=027,
OH -Cug®", Tyr237°], where O-O bond is cleaved) in the catalytic cycle is, therefore, the proton
transfer originating from Tyr237 to O-O to form the hydroperoxo [Feag3+-(O-OH)7-Cu32+, Tyr2377]
state. The importance of His376 in proton uptake and the function of propionate-A/neutral-Asp372

as a gate to prevent the proton from back-flowing to the DNC are also shown.
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Introduction

Cytochrome ¢ oxidase (CcO) is the terminal enzyme of the respiratory chain in the inner
mitochondrial membrane of eukaryotes or alternatively in the periplasmic membrane in aerobic
bacteria. It reduces O, to H,O and pumps protons across the membrane to create the chemiosmotic
proton gradient."* The catalytic site of CcO which binds and reduces O, by 4e /4H" transfer
contains a heme a; (Fe,3) and a Cu ion (Cug) — forming the dinuclear (or binuclear) center (DNC
or BNC). Cug is in the proximity (~5 A) of Fe,s.”"® Further, a CcO protein contains another two
redox centers: a homodinuclear Cu dimer (Cua) which serves as the initial site of electron entry to
Cc0,'®!" and another heme, which is heme A (Fe,) in the case of aa; type of CcO, or heme B (Fey)
in bajs type of CcO. The structures and components of the DNC’s in aa; and baj; types of CcO’s are
very similar.'"> The DNC observed in the X-ray crystal structure (pdb code: 3S8G, 1.7 A
resolution)" of ba; CcO from Thermus thermophilus (Tt) is shown in Figure 1. The Fe,; site has
one histidine ligand (His384) and Cug has three histidine ligands: His233, His282, and His283.
His233 covalently links with the Tyr237 side chain. This linkage is common to all CcO’s but
otherwise unknown in metalloenzymes. There is a water cluster above the DNC. The interstitial
water molecules in CcO are probably involved in catalysis by assisting proton transfer and proton
pumping, and by providing a water pool and mobile pathway for the product H,O (2H,O molecules
per catalytic cycle).'> The water molecules (in 3S8G)'° and the H-bonding residues above the DNC
included in our quantum calculation models are shown in Figure 2. HOH609, the two heme
propionate carboxylate groups (Prop-A and Prop-D), and part of the His283 side chain are presented
in both Figures 1 and 2, in order to show how the two figures are connected. In 3S8G, the water
molecule HOH609 has hydrogen bonding interactions with both propionate carboxylate groups,

with HOH607, and also with the His283 side chain. Similarly positioned water molecules were also
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6,10-13

found in other CcO X-ray crystal structures. During the catalytic cycle, protons enter the

reaction chamber through the K-path that ends at Tyr237, and exit from the region above the two
propionate side chains of the a;-heme into the water cluster.'®"
When the DNC is in the reduced state (state R), the molecular O, binds with Feag2+ and

222 which is called state (intermediate) A.*> The next

forms a formally Fea33+-027---CuB+ state,
observed state is called Py, which is however, not a peroxide-containing compound (as implied in
the notation), but one in which the dioxygen O-O bond has already been cleaved.”**® Four electrons
are needed to transfer to O, for the O-O bond cleavage. Now it is well established that, among the
four electrons, two are from the Feg; site (Feps® — Feg''), one is from Cug (Cug™ — Cug®"), and
the 4™ is from the unique cross-linked tyrosine (Tyr237~ — Tyr237° radical).”>>° Therefore, the Py
state can be represented as [F€a34+=027, OH*-CuBZJr, Tyr237°]. Although no stable intermediate
states between A and Py are observed, it is generally believed that a bridging ferric-hydroperoxide

state [Fea33+-(H02)_-Cu32+, Tyr2377] has to be formed before the O-O bond cleavage, and the

proton in the bridging OOH™ originates from the unique cross-linked tyrosine.**' Correspondingly,

32-35
d,

heme-0,>"-Cu’" synthetic compounds have been obtaine and feasible A — Py pathways and

intermediate states have been studied theoretically.'~¢*

Using density functional theory (DFT) with the B3LYP potential,‘”'43 Blomberg et al.
calculated the activation energy for cleaving the O-O bond in CcO starting from a peroxide type
structure, and compared the calculated activation energies with the observed life time of compound
A in aas type CcO, which was given as 200 ps (equivalent to 12.4 kcal mol™" based on transition
state theory).”” Their calculations indicate that simultaneous transfer of an electron and a proton

from the tyrosine to dioxygen during bond cleavage leads to a barrier more than 10 kcal mol™

higher than the experimental value. They further found that an “extra” proton in the DNC would
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lower the calculated activation energy by ~9 kcal mol™".*° In that model, it was assumed that an
extra proton was on the heme-a; farnesyl hydroxyl group, which has H-bonding interaction with the
cross-linked tyrosine side chain. When the tyrosine donated a proton to Fe’"-O-O~ (state A), the
protonated farnesyl hydroxyl group (-OH;) then transferred a proton to the tyrosine. However, in
such a model, their calculations showed that upon further increase of the O-O bond length, the
energy of the product state went up. The tyrosine radical could not be produced, and instead, the
electron needed for the O-O bond cleavage was taken from the porphyrin ring. Therefore, in order
to obtain the stable tyrosine radical, this tyrosine should be in the deprotonated form in the
hydroperoxo state.

In this paper, beginning with a proton transfer from the special tyrosine (Tyr237) to the
dioxygen, we construct the DNC models in the hydroperoxo [Fe,® -(HO,) -Cug®", Tyr237 ] state
based on the X-ray crystal structure 3S8G of ba; CcO from 7%, and study the O-O bond breaking
barrier of the transition from [Fe,s® -(HO,) -Cug®", Tyr2377] to state Py [Feis' =0*", OH -Cug”’,
Tyr237°] using DFT PW91* and OLYP*** potentials with Grimme’s dispersion corrections (D3).*’
Kinetic analysis of time-resolved optical absorption experiments revealed that the A — Py process
in ba; CcO from Tt was only 4.8 ps (equivalent to 10.2 kcal mol™ based on transition state
theory),”® which is faster than in the bovine aas system. This 10.2 kcal mol™" energy includes the
cost to generate the hydroperoxide complex from the neutral Tyr237 by proton transfer (A —
[Fe.s® -(HO,) -Cug®’, Tyr2377]) and the energy barrier of the O-O cleavage in [Feys® -( HO,) -
Cu132+, Tyr237"] — Py transition.

An extra “proton”, which was found to lower the O-O cleavage energy in Ref. 39, could
instead be the proton at the proton loading site (PLS) near the DNC. It is still not certain where

exactly the PLS resides in ba; CcO’s. Fee et al."” put an extra proton on top of the His376 side
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chain (see Fig. 2) to represent the protonated PLS in their ha; DNC model for the reaction cycle
calculations. On the other hand, molecular dynamics simulations and continuum electrostatic
calculations performed by Kaila ef al. indicated that the carboxylate group of Prop-A could act as a
PLS.” We will therefore analyze whether His376 or Prop-A can hold the “extra” proton, and

whether the “extra” proton in the system lowers the O-O bond cleavage barrier.

Models and Compuational Methods

The initial Cartesian coordinates of the Fea33+-(H02)_-Cu32+, Tyr237 and Fea34+=Oz_, OH -
Cug”", Tyr237° DNC structures in our calculations are taken from the X-ray crystal structure
388G."”” A dioxygen species (0O1-O2), which was proposed as HO, based on our DFT
calculations,’® was observed between Fe,; and Cug in this radiolyticly reduced X-ray structure. This
HO, likely comes from the recombination of two radiation produced HO® radicals formed either
very near to or even in the space between the two metals of the DNC during irradiation.'”” The
radiolyticly reduced structure is “off” the catalytic pathway, but still provides a very useful starting
point for constructing and optimizing “on pathway” intermediates, particularly peroxo- and
hydroperoxo-intermediates (see states 4, 5,, 5, 62, and 6 in Ref 40). The size of our quantum DNC
model (204/205 atoms) is basically the combination of figures 1 and 2, with different protonation
states of the His376 side chain and the carboxylate group of Prop-A. The total charge of the system
is zero (204 atoms) when His376 is neutral and the carboxylate group of Prop-A is not protonated,
and is 1 (205 atoms) when His376 or Prop-A is protonated. The details of the oxygen components

34 and Cup®" centers will be discussed in the Results section. In our DNC model,

between the Fegs
the C,, atoms of Tyr237, His282, His283, Asp372, His376, and His384 are each replaced with a link

H atom (Hjn) along the original Cg-C, direction with the Cg-Hiini distance 1.09 A. The C, of
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Arg449, N of Gly232, C of His233, and C,ys of the geranyl sidechain of the as-heme are also
replaced with an Hj,x atom. During geometry optimization calculations, Hji,, atoms on Tyr237,
His282, His283, Asp372, His376, His384, and Arg449, and the C, atom of Gly232 are fixed.

Two DFT exchange-correlation functionals, PW91* and OLYP** with Grimme’s
dispersion corrections (D3)*’ are used and compared in the current calculations. Fee et al. calculated
the reaction free energies of several small-molecule reactions which involve oxygen chemistry (e.g.
Ongas + Hogas — H2Ongas, see Table 3 of Ref 17), and found that in most of the cases, the PW91
potential yields better reaction free energies (closer to experimental results) than B3LYP and
B3LYP* DFT hybrid potentials.'” For the reaction O,(aq) + 4e (from cyt ¢) + 8H (aq,pH=7) —
2H,0(liquid) + 4H"(aq,pH=3), PW91 also yields the closest reaction free energy (—27.3 kcal mol ™)
to experiment (-36.9 kcal mol™"), compared with the corresponding results obtained from other
potentials: OLYP(-19.2 kcal mol™"), OPBE(-21.4 kcal mol™"), B3LYP(-26.2 kcal mol™), and
B3LYP*(-24.7 kcal mol™").** On the other hand, based on the calculations for relative spin-state
energetics of Fe*" and Fe’" heme models performed by Vancoillie, e al,’' none of the tested density
functionals (B3LYP, B3LYP*, OLYP, BP86, TPSS, TPSSh, M06, and M06-L) consistently
provides better accuracy than CASPT2 (multiconfigurational perturbation theory) for all their model
complexes against available high-level coupled cluster singles and doubles (CCSD) results.
However, the pure functional OLYP yields similar results to the hybrid functionals B3LYP* or
B3LYP. And for their large heme models, the results of OLYP, B3LYP and B3LYP* are
reasonably close to the best estimate of the spin-splittings, with errors typically < 6 kcal mol %!
Radon and Pierloot also investigated the performance of the CASSCF/CASPT2 approach and
several DFT functionals (PBEO, B3LYP, BP86, and OLYP) in calculating the bonding of CO, NO,

and O, molecules to two model heme systems.’” They have found that the experimentally available
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binding energies are best reproduced by the CASPT2 method and with the OLYP functional. The
CASSCEF spin populations most closely correspond to the results obtained with the pure OLYP or
BP86 rather than with the hybrid functionals.’? Therefore, we have used the OLYP functional in
studying the geometric, energetic, and Mossbauer properties of Tt baz CcO,***>* and will also use
this functional in the current study.

All calculations are performed using the Amsterdam Density Functional Package
(ADF2012.01)**° with integration grid accuracy parameter 4.0 within the conductor like screening
(COSMO) solvation model.””*® Since both the cluster and the surrounding protein environment are
quite polar and contain many water molecules, to be consistent with Refs. 17, *°, and >, a large
dielectric constant of a simple ketone (¢ = 18.5) is applied to the environment in all COSMO
calculations. The van der Waals radii 1.5, 1.4, 1.7, 1.52, 1.55, and 1.2 A are used for atoms Fe, Cu,
C, O, N, and H, respectively.'”° The triple-C plus polarization (TZP) Slater-type basis set is applied
to the Fe and Cu atoms and double-C plus polarization (DZP) basis set to other atoms. The inner
cores of C(Is), N(1s), O(ls), Fe(ls,2s,2p), and Cu(ls,2s,2p) are treated by frozen core
approximation.

For state [Fe,s® -(HO,) -Cug””, Tyr237 ], we use the “broken-symmetry” (BS) state,’® in
which the Fe,s*" site has spin-up electrons as majority spin and the Cug®" site has majority spin-
down electrons, to represent the low-spin (LS) Fe,s®* site antiferromagnetically (AF) coupling with
the Cug’” site. Similarly, for state [Fe,''=0%", OH -Cug’", Tyr2377], we also use BS state
calculations to treat the intermediate spin (IS) Fe,s* " site AF-coupling with both Cug®” and Tyr237".

40,50,53
£ > tO

pK, calculations are also performed in this paper using the following equation
determine whether the system favors an “extra” proton, and whether the “extra” proton favors

residing on His376 or Prop-A:
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1.37pK, = E(A") — E(AH) + E(H") + AGoi(H ', 1atm) — TASg,s(H") + AZPE + (5/2)RT (1)
where E(A7) and E(AH) are the calculated “total” energies of the deprotonated (A™) and protonated
(AH) states. In ADF, the “total energy” of the system is defined relative to a sum of atomic
fragments (spherical spin-restricted atoms). The calculated gas-phase energy of a proton E(H") is
therefore relative to a spin-restricted hydrogen atom. AG,,(H',1atm) is the solvation free energy
of a proton at 1 atm pressure. We use the "best available" experimental value of —264.0 kcal mol™
for this term, based on analysis of cluster-ion solvation data.**%" For E(H"), here we take the
empirically corrected values 291.5 kcal mol™' (i.e. 12.64 ¢V) for PW91 and 293.1 kcal mol™ (i.e.
12.71 eV) for OLYP based on experimental standard hydrogen electrode energy and the proton
solvation free energy (see Appendix in Ref. 40). The translational entropy contribution to the gas-
phase free energy of a proton is taken as —TASgs(H") = 7.8 keal mol™ at 298 K and 1 atm
pressure.®® (5/2)RT = 1.5 kcal mol™" includes the proton translational energy (3/2)RT and PV = RT.%®
The term AZPE is the zero point energy difference for the deprotonated state (A™) minus the
protonated state (AH), and it is usually about —8.0 kcal mol™". For simplicity we take AZPE = —8.0

kcal mol™" in this paper for both PW91 and OLYP calculations on His376 and Prop-A.™>

Results and Discussion

Hydroperoxo DNC State [Fe,;*-(0-OH)-Cug*, Tyr2377] vs. [Fe,s® -(HO-0)-Cug’*, Tyr2377]
with Neutral His376 or Protonated His376"

Depending on which oxygen atom (O1 or O2, see Figure 1) becomes protonated, potentially
there are two forms of the hydroperoxo DNC state: (1) [Fe,s -(O-OH) -Cug®", Tyr2377], where the
proton is on O2 that is closer to Cug; and (2) [Feus® -(HO-O) -Cug®", Tyr237°], where the proton is

on O1 that is closer to Fe,3. Form (1) is ready for the O-O bond cleavage. It is likely that the proton
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from Tyr237 directly transfers (through one or two water molecules) to atom 02.%° However, if the
bridging peroxo [Fe,’'-(01-02)*-Cug®’, Tyr237] state is really formed before the proton

17:33.34.3940 the atom O1 is actually closer to the —OH group of Tyr237. Here by energetic

transfer,
comparisons, we will see whether the proton favors residing on O1 or O2.

The central DNC structures of the [Fe,s® -(O-OH) -Cug®’, Tyr2377] and [Fe,s® -(HO-O) -
Cug®", Tyr2377] states are given in Figure 3A and 3B, respectively. Two water molecules HOH604
and HOH608 were observed above the dioxygen species in the DNC of the radiolyticly reduced X-
ray crystal structure 3S8G."” HOH608 is within H-bonding distance with both the carbonyl of
Gly232 and HOH604."> We also kept these two water molecules in our DNC models. In [Fe,s>-(O-
OH) -Cug”", Tyr2377], the proton on O2 has H-bonding interaction with HOH608 (Figure 3A).
While in [Feus* -(HO-O) -Cug", Tyr237 ], HOH608 H-bonds with O2 (Figure 3B).

We will use Fe''-(O-OH) -Cu*"-Y237-H376/H376" and Fe''-(HO-O)-Cu*"-Y237 -
H376/H376" (204/205 atoms in the model) to represent the [Fe,s® -(O-OH) -Cug®”, Tyr2377] and
[Fe.s® -(HO-O) -Cug®", Tyr237 ] states with neutral-His376/protonated-His376", respectively. The
geometries of the four DNC clusters have been optimized with both PW91 and OLYP potentials
with Grimme’s dispersion corrections (D3).” The main geometric, energetic, pK,(His376), and
Mulliken net spin population properties of the eight optimized DNC models are given in Table 1.

The “extra” proton on His376 has no significant effect on the DNC structures of both Fe*'-
(0-OH) -Cu**-Y237" and Fe’*-(HO-0) -Cu®**-Y237 states. However, both states favor having the
extra proton on His376 with the calculated pK,(H376) value in the range 11.0-11.7 for the PW91-
D3 and OLYP-D3 calculations.

The PW91-D3 and OLYP-D3 calculated energies of the Fe''-(HO-O) -Cu*-Y237 -

H376/H376" states are more than 10 kcal mol™" higher than the corresponding energies of the Fe’'-

10
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(O-OH)-Cu*"-Y237-H376/H376" states, showing that the proton transferred from Tyr237 would
reside on atom O2 rather than O1, and the O-O bond is ready to cleave after O2 receives the proton.

The calculated net spins (0.81/0.89) on the Fe,; site in Fe’'-(0-OH) -Cu**-Y237 -H376"
obtained from PW91-D3/OLYP-D3 calculations reflect that the Fe,3 is in low-spin Feag3+ state. The
negative sign of the net spins on the Cug site (—0.37/-0.30) show that the spins of the Fe,3 and Cug
sites are AF-coupled. The net spin values on Cug, especially in OLYP-D3 calculations (—0.30), are

** site. On the other hand, the Tyr237" ring shows substantial net spins with

rather small for a Cugp
overall —0.34 in PW91-D3 and —0.52 in OLYP-D3 calculations (about 1/3 the net spins are on the O
atom). Therefore, the Cug and Tyr237 are in the mixed state between Cug’ -Tyr237" and Cug'-
Tyr237". In OLYP-D3 calculations, the Cug has more Cug’ character, which results in a little longer

Cu-02 and shorter O1-02 distances in Fe*"-(0-OH) -Cu”*-Y237 -H376" than for the corresponding

PW91-D3 optimized structure.

The Py; DNC State [Fe,s*'=07"...0H -Cug’’, Tyr2377] vs. [Fe,;*'=0>"+HO-Cug**, Tyr237]
with Neutral His376 or Protonated His376"

After the cleavage of the O-O bond from the Fe’*-(O-OH) -Cu*-Y237 -H376" state, both
Feu,s®  and Tyr237 donate an electron to the hydroperoxo group (O.H) and become Fe,;*" and
Tyr237" radical, respectively. There are also two potential DNC structures of the Py state can be
formed: (1) [Fe,s" =0"...OH -Cug", Tyr237] (see Figure 4A for the central portion of this DNC
cluster). In this state, which is formed by increasing of the O1-O2 distance, the newly formed OH™
group that binds with Cug may keep the H-bonding interaction with HOH608. (2)
[Fe,s' =0>"~HO -Cug”", Tyr237']. As shown in Figure 4B, during the O1-02 cleavage, the proton

on O2 may rotate toward O1 and form a H-bonding interaction with O1. Meanwhile the proton on

11
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HOH608 which has no interaction with other groups can rotate toward O2 and form a H-bonding
interaction with O2. In order to see which form of the two Py models is energetically more
favorable, and whether it is energetically favorably for His376 to remain protonated His376", we
have geometry optimized these two forms of the Py models in both neutral His376 and cationic
His376" states with both PW91-D3 and OLYP-D3 potentials.

Similar to the section above, here we use Fe*'=0%"...OH-Cu*'-Y237-H376/H376" and
Fe*'=0%"HO -Cu*"-Y237"-H376/H376" to represent the [Fe,s  =0>"...OH -Cug®", Tyr237'] and
[Feas''=0""HO -Cug®", Tyr237°] states with neutral-His376/protonated-His376", respectively. The
main calculated properties of these DNC clusters are given in Table 2.

After the cleavage of the O-O bond, the net spin values on Cug (0.48-0.52) and Tyr237
(0.71-0.93), especially in the geometry optimized Fe*'=0?"-HO -Cu*"-Y237-H376/H376" states
are significantly increased in both PW91-D3 and OLYP-D3 calculations, showing Cug and Tyr237
are indeed in the Cug®" and Tyr237" radical states. In the ideal ionic limit, the net unpaired spin
population for an intermediate-spin Fe'* site is 2 (the Mulliken unpaired spin population is
measured in unpaired electron spin units, so 2 unpaired spins corresponds to total spin S =

). However, the absolute calculated net-spins on F ;' in Table 2 are all smaller than 2. In fact, the
sum of the net-spins on Fey®™ (1.11-1.25) and O1 (0.75-0.88) for each DNC cluster is about 2,

indicative of substantial Fe 3+ =0?

~ covalency.

PW91-D3 and OLYP-D3 calculations yield very similar results for Fe-Ol and Cu-O2
distances in Table 2. However, the O1-O2 distances predicted by the PW91-D3 potential, especially
for the Fe*'=0?"...OH -Cu*"-Y237"-H376/H376" clusters, are much shorter (by 0.23-0.39 A) than

the corresponding values predicted by the OLYP-D3 potential. At this shorter distance, one expects

increased repulsion between the oxygen atoms O1 and O2 for PW91-D3 compared to OLYP-D3 in

12
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the Fe*'=0%"...OH-Cu*'-Y237-H376/H376" cluster, consistent with the trend in the reaction
energy for O-O bond cleavage. Starting from Fe’-(O-OH) -Cu*"-Y237-H376/H376", the reaction
energy is only 2.3/3.9 kcal mol™ in PW91-D3, compared to 10.9/12.0 kcal mol™' in OLYP-D3
calculations. However, both for PW91-D3 and OLYP-D3, the energies of the Fe*'=0’"-HO-Cu*'-
Y237-H376/H376" states are much lower than the corresponding Fe''=0*"...OH -Cu*'-Y237"-
H376/H376" states (by 6.9-14.7 kcal mol™"). These results indicate the presence of strong hydrogen
bonding across the Fe*"'=0*"-HO-Cu®" bridge. Further, the pK, calculations show that the His376
side chain is still in the protonated His376" form. Therefore, after O-O cleavage, the Py state of the
DNC favors the Fe*=0""~HO -Cu’’-Y237-H376" conformation with H-bonding between

Fe*'=0*" and HO-Cu*" and with an “extra” proton on His376".

Energy Barriers of the O-O Cleavage in Fe''-(0-OH)-Cu’’-Y237-H376/H376" —
Fe*'=0%"+HO™-Cu’"-Y237-H376/H376"

In the above sections, we have concluded that the hydroperoxo state of the DNC favors the
Fe**-(0-OH) -Cu”*-Y237 -H376" conformation (Figure 3A) with the proton on O2 and with an
“extra” proton on His376". If the O1-O2 bond is cleaved, this DNC structure will transit to the
Fe*'=0*"~HO -Cu*'-Y237'-H376" state (Figure 4B). In order to estimate the energy barrier of the
01-02 cleavage, a path that connects the Fe’"-(0-OH) -Cu”**-Y237 -H376" and Fe''=0*"-HO -
Cu**-Y237-H376" optimized geometries is constructed individually for PW91-D3 and OLYP-D3
potentials by linear interpolation of the Cartesian-coordinates. Then constrained geometry
optimization calculations were performed on these transit structures by fixing the Ol and O2
positions (and the Hji,x atoms). For the structures with O1-O2 distance in the region (1.65 A, 1.90

A), both H-bonding patterns shown in Figure 4A and 4B were geometry optimized, in order to get

13
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the lower-energy conformation. To see if the extra proton on His376" affects this transition barrier,
we also performed similar PW91-D3/OLYP-D3 constrained geometry optimizations on the Fe**-
(0-OH) -Cu**-Y237-H376 — Fe''=0%"-HO -Cu*"-Y237'-H376 path. Then for each optimized
structure along this path, the relative energy (AFE) to the corresponding PW91-D3/OLYP-D3
geometry optimized Fe’'-(0-OH)-Cu”’-Y237 -H376/H376" state was calculated. The relative
energy plots vs. the O1-02 distance for the four Fe’'-(O-OH) -Cu*"-Y237-H376/H376" —
Fe*'=0>~HO -Cu*'-Y237"-H376/H376" transitions obtained from PW91-D3 and OLYP-D3
calculations are shown in Figure 5.

Surprisingly, the barriers of these four reaction paths are all very small. When His376 is in
neutral state, the highest energy obtained for the Fe’'-(O-OH)-Cu’’-Y237-H376 —
Fe*'=0*"+HO -Cu**-Y237'-H376 transition is 2.4 kcal mol™" for PW91-D3 and 1.6 kcal mol™" for
OLYP-D3. When an extra proton is on His376, the highest-energy barely changes to 2.6 and 0.9
keal mol™!, in PW91-D3 and OLYP-D3 calculations, respectively. Therefore, the extra proton on
His376 does not have a significant effect on the O-O bond cleavage barrier. In Ref 40 (state 6, —
6), we have computed the energy cost from neutral Tyr237 to the ferric peroxo isomer [Feas® -(O-
0)*-Cug®’, Tyr237], which is 6 kcal mol™ in PW91-D3 and 6.5 kcal mol™'in OLYP-D3
calculations. This additional cost should be added to the cumulative barrier® of the A — Py
transition. Then the A — Py activation energy is around 8.6/7.4 kcal mol™" in PW91-D3/OLYP-D3
calculations. Therefore, the experimental A — Py barrier of 10.2 kcal mol™" is closely predicted by
both PW91-D3 and OLYP-D3 calculations. The rate limiting step of the A — Py transition is the
proton transfer from Tyr237 to O-O. Once the hydroperoxo state Fe*-(0-OH) -Cu*-Y237-H376"

is formed, the O-O bond is readily cleaved.
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The calculated properties of the four highest-energy structures of the four profiles in Figure
5 are given in Table 3. The DNC reaches the highest energy when the O1-O2 distance increases by
~0.2 A from the initial Fe’'-(O-OH) -Cu®’-Y237 -H376/H376" state. The calculated net spin
values on Fe,3, Cug, and Tyr237 in the four structures are all similar to the corresponding values in

the Fe’"-(0-OH) -Cu®"-Y237 -H376/H376" state, as would be expected for an early transition state.

Testing Protonation of Prop-A at Two Alternative Positions

Our calculations have shown that, both Fe'"-(O-OH) -Cu**-Y237  and Fe*'=0*"-HO -
Cu*'-Y237" states energetically favor an extra proton on His376. In this section, through pK,
calculations, we will study if this “extra” proton would stay on the carboxylate group of Prop-A
instead. Theoretically Prop-A can be protonated either at the oxygen atom (we will call it position
1) which is close to Asp372, or at the oxygen atom (position 2) which H-bonds to HOH609 (see
Figure 2). Here we investigate different H-bonding pattern of Prop-A with protonation on position 1
or 2. Site-directed mutagenesis experiments have shown that the proton pumping in ba; CcO from
Tt is inhibited by the single Asp372Ile mutation.”” Asp372 therefore plays a critical role in the
proton transfer (pumping) pathway. The carboxylate groups of Asp372 and Prop-A are within a
strong H-bonding distance in all available X-ray crystal structures of Tt bas CcO.'"'*"* Therefore
Asp372 is usually considered being in the neutral protonated state (Figure 2).'” In order to add a
proton to position 1 of Prop-A in Figure 2, we assume proton transfers from the K-path — Tyr237
— nearby residues (possibly Thr302)”' and H,O molecules — HOH583 — Asp372 — PropA. We
then modified the proton positions of Asp372 and HOH583 in Figure 2 and obtained a DNC model
with protonated Prop-A at position 1 (Prop-A-H.1, see Figure 6). This protonated carboxylate of
Prop-A can rotate, or this proton can move from position 1 to 2, we then constructed another DNC

model with protonated Prop-A at position 2 (Prop-A-H.2, see Figure 7).
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Using both PW91-D3 and OLYP-D3 methods, we have optimized the geometries of the
Fe’*-(0-OH) -Cu**-Y237 -Prop-A-H.1,2 and Fe*'=0?"~HO -Cu’"-Y237 -Prop-A-H.1,2 states. The
main calculated properties of the four states are given in Table 4.

It is obvious that the system highly disfavors the extra proton on Prop-A. The calculated
pK.’s of the Prop-A site (note that the non-protonated Prop-A states are Fe’ -(0-OH) -Cu®"-Y237 -
H376 given in Table 1 and Fe*'=0*+HO -Cu**-Y237°-H376 in Table 2) are even below zero in
PWO91-D3 calculations (-3.4, —3.9, 2.6, and —2.6) and are near zero in OLYP-D3 results (0.2, 0.3,
0.5, and 1.1). The energies of the four Fe’'-(O-OH) -Cu*"-Y237 -Prop-A-H.1,2/F¢*'=0*"-~HO -
Cu®"-Y237'-Prop-A-H.1,2 states are much higher than the corresponding Fe’'-(O-OH) -Cu®'-
Y237°-H376"/Fe*'=0%"HO -Cu®"-Y237°-H376" states (in Tables 1 and 2) by 20.0, 20.8, 19.7, and
19.7 kcal mol™! in PW91-D3 and by 14.8, 14.7, 15.4, and 14.6 kcal mol™ in OLYP-D3 calculations,
respectively. Therefore, the extra proton would reside on His376, but not on Prop-A. The
carboxylate group of Prop-A can be a part of the proton transfer pathway to pass on, but unlikely to

hold the proton as a PLS.

Conclusions

Our current broken-symmetry DFT calculations on the DNC models of ba; CcO from Tt
show that, if the bridging [Fe.s-(01-02)* -Cug®", Tyr237] state exists, atom O2, which is farther
from Fe,s, should receive the H™ (originated from Tyr237) to form the hydroperoxo [Feas -(O-
OH) -Cug”", Tyr2377] state before the O-O bond cleavage. The calculated net spin values indicate
that, Cug and Tyr237 appear as a mixture of Cug’ -Tyr237 and Cug'-Tyr237 in the [Fe,s> -(O-
OH)f-CuB%, Tyr2377] state, and this Cug site has more Cug' character in OLYP-D3 than in PW91-

D3 calculations.
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After the O-O bond cleavage, the Py state with Tyr237° radical has the DNC conformation
of [Feys' '=0*"HO -Cug®", Tyr237°] with inner H-bonding interaction between O>~ and HO™. The
calculated O-O bond cleavage barrier in the transition of [Feus® -(O-OH) -Cug®’, Tyr2377] —
[Feys' =0>"~HO -Cug”", Tyr237°] is very small in both PW91-D3 and OLYP-D3 calculations (0.9-
2.6 kcal mol™"). Therefore, the rate limiting step of the A — Py transition is the proton transfer
from Tyr237 to O,.

Our calculations on the [Fe,® -(O-OH) -Cug®’, Tyr2377] and [Fey,' =0*"HO -Cug*",
Tyr237°] DNC’s also show that, the system highly favors an extra proton on His376 in these states,
but not on the carboxylate group of Prop-A. A histidine residue at the position of His376 is totally
conserved in all B-type CcO’s.”' Based on the site-directed mutagenesis experiments on ba; CcO
from 71,"""' Asp372, Prop-A, His376, and the nearby water molecules play an important role for
proton pumping. The mutants His376Asn and Asp372Ile fail to pump protons.”””' Our recent
molecular dynamics simulations (manuscript under preparation) show that the imidazole group of
His376 can easily rotate. This function is important for His376 to uptake the extra proton and serve
as the proton loading site. We propose that when the system favors an extra proton on His376, the
concerted proton transfer starting from the K-path will occur, in which Asp372 donates its proton to
Prop-A and meanwhile receives a proton originated from the K-path, and the imidazole ring of
His376 rotates to get the proton from Prop-A and becomes His376". Because the system is strongly
against an extra proton on Prop-A (when Asp372 is neutral-protonated), His376" cannot give back
the extra proton to Prop-A. Therefore, the pair of Prop-A/neutral-Asp372 serves as the gate to
prevent the proton from back-flowing to the DNC. The X-ray crystal structures show that the
carboxylate group of Glul26" (in subunit II) is close to the N atom (on top of Figure 2) of

His376."%'%!> When the extra proton on His376 needs to be pumped out at a certain state of the
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catalytic cycle, the carboxylate of Glul26" can pick up this proton and rotate about its Cp-C, and
C,-Cs bonds to swing into the outside region where there are charged side chains and numerous
water molecules.!” However, this Glul26" is not essential for proton pumping, since it can be
mutated without loss of function.”’ Therefore, the extra proton on His376" can also be picked up by

other residues or water molecules and transferred out of the enzyme.

Supporting Information

The Cartesian coordinates for the optimized clusters discussed in Tables 1-4 with protonated

prop-A or His376" are given as supporting information.
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Caption of Figures

Figure 1. The Fe,; and Cup dinuclear center (DNC) observed in the radiolyticly reduced X-ray
crystal structure (pdb code: 3S8G with 1.7 A resolution)'® of baz CcO from Thermus thermophilus
(T1). This figure is revised with permission from Figure 1 of Ref *°. Copyright 2013, American

Chemical Society.

Figure 2. The water molecules and the H-bonding residue sidechains above the DNC in the X-ray
crystal structure 3S8G."® Note that in His376" state, an extra proton is added on top (N,) of His376
side chain. This figure is revised with permission from Figure 2 of Ref *°. Copyright 2013,

American Chemical Society.

Figure 3. The central portions of the hydroperoxo DNC models. A: [Feys -(0-OH) -Cug”",
Tyr2377] with H on O2. B: [Fe,s® -(HO-0) -Cug®", Tyr237 ] with H on O1.

Figure 4. The central portions of two feasible DNC models for the Py state after the O-O bond
cleavage. A: [Fe,s ™ =0%"...OH -Cug”", Tyr237°] in which the OH™ group H-bonds with HOH608.

B: [Fe,s ' =0>"+HO -Cug®", Tyr237°] in which the OH™ group H-bonds with O*~ (O1).

Figure 5. PW91-D3 and OLYP-D3 transitional energy plots vs. O1-O2 distances along the Fe**-(O-
OH) -Cu*"-Y237-H376/H376  — Fe*=0*"~HO -Cu**-Y237-H376/H376" (Fig. 3A — Fig. 4B)
pathway. Energies are relative to the corresponding geometry optimized Fe’'-(O-OH) -Cu®'-
Y237°-H376/H376" state. 1) Blue circles: OLYP-D3 calculations with neutral His376. 2) Red
squares: OLYP-D3 calculations with protonated His376". 3) Green diamonds: PW91-D3

calculations with neutral His376. 4) Purple triangles: PW91-D3 calculations with protonated
His376". The calculated properties of the highest-energy structures are given in Table 3.

Figure 6. An extra proton is added to Prop-A at position 1.

Figure 7. An extra proton is added to Prop-A at position 2.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Table 1. PW91-D3 and OLYP-D3 Calculated Properties for the Optimized Geometries of Fe*-(0-OH) -Cu**-Y237 and Fe*'-(HO-O) -

Cu?*-Y237~ DNC Models with or without the “Extra” Proton on His376.%

Geometry pK. Net Spin
State E 0 H376

Fe-O1 O0O1-02 Cu-02 Fe--Cu ( ) Fe,; Cug O1 O2 Y237
PW91-D3:
Fe’*-(0-OH) -Cu**-Y237 -H376 1.78 1.53 2.08 436 22 0 0.81 -0.37 0.15 -0.06 —0.33
Fe’*-(0-OH) -Cu**-Y237 -H376" 1.78 1.53 2.10 4.38 0.0 1 11.2 0.81 -0.37 0.15 -0.06 -0.34
Fe’"-(HO-0) -Cu**-Y237 -H376 2.01 1.46 1.94 430 13.6 0 0.74 -0.47 -0.01 -0.19 0.09
Fe’"-(HO-0) -Cu*’-Y237 -H376" 2.00 1.47 1.94 431 10.8 1 11.7 0.84 -0.41 0.00 -0.14 -0.15
OLYP-D3:
Fe’*-(0-OH) -Cu**-Y237 -H376 1.80 1.48 2.37 4.71 0.3 0 0.89 -0.30 0.15 -0.03 -0.52
Fe’*-(0-OH) -Cu**-Y237 -H376" 1.79 1.49 2.32 4.67 0.0 1 11.0 0.89 -0.30 0.15 -0.03 —0.52
Fe’"-(HO-0) -Cu**-Y237 -H376 2.09 1.44 1.97 4.47 12.7 0 0.78 -0.44 -0.03 -0.25 0.12
Fe’"-(HO-0) -Cu**-Y237 -H376" 2.08 1.45 1.98 4.50 11.8 1 11.5 091 -0.37 -0.01 -0.17 -0.22

* The calculated properties include geometries (A), energies (E, offset by —29320.2 kcal mol ™' and —28044.7 kcal mol ™', respectively, in
PWO91-D3 and OLYP-D3 calculations), the total charge (Q) of the model cluster, the pK, values of the His376 side chain, and the
Mulliken net spin populations on Fe,3;, Cug, O1, O2, and on the heavy atoms of the Tyr237 side chain (the sum total).
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Table 2. PW91-D3 and OLYP-D3 Calculated Properties for the Optimized Geometries of Fe*'=0*"...OH -Cu*"-Y237* and
Fe*'=0>"HO-Cu”*'-Y237" DNC Models with or without the “Extra” Proton on His376."

Page 28 of 34

Geometry pK. Net Spin
State E 0 (H376)

Fe-O1 O1:-:02 Cu-O2 Fe'-Cu e3 Cug O1 02 Y237
PW91-D3:
Fe*'=0""...OH -Cu*’-Y237°-H376 1.65 2.79 1.89 4.59 -0.1 0 1.11  -0.50 0.78 -0.32 -0.71
Fe*'=0""...OH -Cu**-Y237°-H376" 1.65 2.75 1.89 4.54 -39 1 12.4 1.11  -0.50 0.78 -0.32 -0.71
Fe*'=0""-HO -Cu*"-Y237°-H376 1.66  2.64 1.91 4.52 -148 0 125 -0.52 0.75 -0.17 —0.89
Fe*'=0""~HO -Cu*"-Y237°-H376" 1.66  2.64 1.91 4.55 -17.7 1 11.8 125 -0.52 0.75 -0.17 —0.89
OLYP-D3:
Fe*'=0""...OH -Cu*"-Y237°-H376 1.64  3.06 1.89 4.99 -106 0 1.17  -0.48 0.87 -0.31 —0.87
Fe*'=0""...OH -Cu**-Y237°-H376" 1.65 3.14 1.89 5.09 -12.0 1 11.8 1.17  -0.48 0.88 -0.30 —0.90
Fe*'=0""-HO -Cu*"-Y237°-H376 1.65 2.89 1.92 4.95 -176 0 125 -0.51 0.82 -023 -0.93
Fe*'=0""~HO -Cu*"-Y237"-H376" 1.65 2.87 1.93 4.93 -18.9 1 11.8 125 -0.51 0.81 -023 -0.93

% The calculated properties include geometries (A), energies (E, offset by —29320.2 kcal mol™' and —28044.7 kcal mol ™', respectively, in
PWO91-D3 and OLYP-D3 calculations), the total charge (Q) of the model cluster, the pK, values of the His376 side chain, and the
Mulliken net spin populations on Fe,3;, Cug, O1, O2, and on the heavy atoms of the Tyr237 side chain (the sum total).
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Table 3. The Relative Energies (AE, kcal mol™"), Geometric Properties (A) and Mulliken Net-Spin Populations of the Highest Energy
Structures in Figure 5. *

. Highest Geometry Net Spin
Transition
AE  Fe-01 01-02 Cu-02 Fe,; Cug O1  O2 Y237

PW91-D3:

Fe’*-(0-OH) -Cu*"-Y237-H376 —

Fet—OrHO-Cu? Y237 H376 24 1.68 1.76 2.02 0.81 —0.37 025 —0.11 —0.35
Fe’*-(0-OH) -Cu*"-Y237-H376" —

PO HO-Cu2 Y237 H376" 2.6 1.69 1.73 2.03 0.80 —0.36 0.24 —0.11 —0.36
OLYP-D3:

Fe’*-(0-OH) -Cu*"-Y237-H376 —

Fet—OrHO-Cu? Y237 H376 1.6 1.71  1.69 2.16 0.90 —0.33 0.23 —0.12 —0.48

3+ - 2+ - +

Fe’ (O-OH) -Cu”-¥237 -H376 — 0.9 1.69 1.74 2.09 091 -0.33 0.26 -0.16 —0.47

Fe*'=0%HO -Cu**-Y237"-H376"

% Energies are relative to the corresponding optimized Fe**-(0-OH) -Cu®"-Y237 -H376/H376" structure given in Table 1.
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Table 4. PW91-D3 and OLYP-D3 Calculated Properties for the Fe**-(OOH) -Cu**-Y237 and Fe''=0%"-HO -Cu**-Y237° DNC Models

with Prop-A being protonated at position 1 or 2 (see Figs. 6 and 7).

Geometry pk Net Spin
State E 0 (Pro ‘ A)

Fe-O1 01-02 Cu-02 Fe--Cu P Fe, Cuy Ol 02 Y237
PW91-D3:
Fe*"-(0-OH) -Cu*"-Y237 -Prop-A-H.1 1.79 1.53 2.13 4.44 200 1 3.4 0.81 -036 0.16 —0.05 —-0.37
Fe*"-(0-OH) -Cu**-Y237 -Prop-A-H.2 1.78 1.54 2.11 4.41 208 1 -3.9 0.82 -036 0.16 —0.06 —0.37
Fe*'=0""HO -Cu**-Y237"-Prop-A-H.1 1.66 2.64 1.91 4.55 2.0 1 -2.6 1.25 -0.52 0.76 —0.17 —0.90
Fe*'=0""-HO-Cu*-Y237"-Prop-A-H.2  1.66 2.64 1.91 4.53 2.0 1 -2.6 1.25 -0.52 0.76 —0.17 —0.90
OLYP-D3:
Fe'"-(OOH) -Cu**-Y237 -Prop-A-H.1 1.79 1.49 2.34 4.68 148 1 0.2 0.89 -029 0.16 —0.03 -0.53
Fe*"-(OOH) -Cu**-Y237 -Prop-A-H.2 1.80 1.49 2.36 4.70 147 1 0.3 0.89 -029 0.15 —0.03 -0.53
Fe*'=0""HO -Cu**-Y237"-Prop-A-H.1 1.65 2.83 1.92 4.83 -35 1 0.5 125 -0.51 0.81 —0.23 —0.93
Fe*'=0""HO -Cu*-Y237"-Prop-A-H.2  1.65 2.83 1.92 4.81 43 1 1.1 126 -0.51 0.81 —0.23 -0.92

* The calculated properties include geometries (A), energies (E, offset by —29320.2 kcal mol™ and —28044.7 kcal mol ™", respectively, in
PWO91-D3 and OLYP-D3 calculations), the total charge (Q) of the model cluster, the pK, values of Prop-A, and the Mulliken net spin
populations on Fe,3, Cug, O1, O2, and on the heavy atoms of the Tyr237 side chain (the sum total).
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