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Abstract:

In this study on model compounds for the resting oxidized state of the iron-copper binuclear
center in cytochrome ¢ oxidase (CcO), we describe the synthesis of a new p-oxo-heme/Cu
complex, [(TPP)Fe™-O—Cu'(tmpa)][B(CsFs)4] (2) {TPP: tetraphenyl porphyrinate(2-);

TMPA: tris(2-pyridylmethylamine)}, as well as two protonation events for three u-oxo-heme/Cu
complexes with varying peripheral substituents on the heme site. The addition of increasing
amounts of strong acid to these y-oxo-heme/Cu systems successively led to the generation of the
corresponding u-hydroxo, p-aquo, and the dissociated complexes. The heme/Cu assemblies
bridged through a water ligand are reported here for the first time and the '"H NMR and '°F NMR
spectral properties are consistent with antiferromagnetically coupled high-spin iron(III) and
copper(Il) centers. By titration using a series of protonated amines, the pKa, values for the
corresponding y-hydroxo-heme/Cu species (i.¢., the first protonation event) have been reported
and compared with the pK, ranges previously estimated for related systems. These synthetic
systems may represent structural models for the oxidized Fe''-X—Cu" resting state, or turnover
intermediates and can be employed to clarify the nature of proton/electron transfer events in
CcO.

Synopsis: The resting oxidized state of the cytochrome ¢ oxidase active site contains an
Fe.s—OHx—Cug moiety. Here, we investigated two successive protonation events, for a series

of y-oxo-heme/Cu assemblies and reported the pK. values for the first protonation event. The u-
aquo-heme/Cu complexes described here are the first examples of such systems.
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Article:

At the heart of mitochondrial respiratory processes, cytochrome c oxidase (CcO) enables the
four-electron reduction of dioxygen (O2) to water at its heme-a3/Cug binuclear center [1]. In the
active (On) or as-isolated (O) oxidized state of the enzyme, the Fe,3 and Cus sites are within ~4—
5 A from one another and exhibit a strong antiferromagnetic coupling through a bridging-ligand
revealed by electron pragmatic resonance (EPR) and magnetic susceptibility studies [2,3]. Later,
the extended X-ray absorption fine structure (EXAFS) and resonance Raman spectroscopic
results along with a combination of theoretical and advanced crystallographic studies indicated
that Cug shares an oxygen-based ligand with heme-as, the protonation state of which is still
under debate (i.e., water, hydroxo, or oxo; Fig. 1) [[4], [5], [6], [7], [8], [9]]- The subtle change in
the protonation state of this bridging-ligand could significantly alter the electron and proton
transfer events at the bimetallic center and the overall proton translocation across

the mitochondrial inner membrane.
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Fig. 1. CcO reduces dioxygen via the proposed intermediates shown. The oxidized state of the
enzyme with the O-based bridging-ligand is highlighted on the top. The highly conserved
covalent His-Tyr cross-link shown in the active site is also essential for the oxidase function of

CcO [1].

Initial attempts by Karlin and co-workers to model the heme-a3/Cug and dioxygen chemistry led
to the discovery of u-oxo-heme/Cu complexes, [(P)Fe'-O—Cu'(L)]", in which the bridging-oxo
is derived from O», is very basic and, in most cases, can be reversibly protonated to give the u-
hydroxo species, [(P)Fe"'-OH—Cu'{(L)]** [[10], [11], [12]]. The protonation results in significant
structural changes including bending of the Fe—O(H)—Cu moiety, lengthening of both metal-
O(H) bonds, and lowering the degree to which the iron atom is pulled out of the porphyrin plane.

FsTPP, tetrakis(2,6-difluorophenyl) porphyrinate(2—); TPP, tetraphenyl porphyrinate(2—); TMPP, tetrakis(4-
methoxyphenyl) porphyrinate(2—); TMPA, tris(2-pyridylmethylamine)



To date, the pK, ranges have been estimated for only three of these y-hydroxo-heme/Cu systems
[13] as shown in Fig. 2 [[14], [15], [16], [17]].
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Fig. 2. Structures of the synthetic u-oxo-heme/Cu complexes investigated for the basicity of their
bridging-oxo moiety. The pKa ranges and values given are in MeCN® or converted by subtracting
7.5 + 1 units for the estimated values in water?. MePY2: N,N-bis[2-(2-
pyridyl)ethyllmethylamine.

In this report, we have used a range of protonated nitrogen bases (i.e., weak acids) that are paired
with the bulky and non-coordinating counterion fetrakis(pentafluorophenyl)borate, [B(CsFs)4] ",
with known pK. values spanning from 12.30 to 18.46 in MeCN (Table S1) for measuring acid
dissociation constants for a series of u-hydroxo-heme/Cu systems. Here, we investigate three u-
oxo-heme/Cu assemblies, all bearing a tripodal tetradentate pyridyl-alkylamine copper

chelate, tris-2-pyridylmethylamine (TMPA), and porphyrinate rings with varying peripheral
substituents; i.e., [(FsTPP)Fe"-(OH)—-Cu'l(tmpa)]** (1-H"), the novel complex, [(TPP)Fe!'-
(OH)—Cu''(tmpa)]** (2-H"), and [(TMPP)Fe''-(OH)-Cu''(tmpa)]** (3-H") (Fig. 2),

{FsTPP: tetrakis(2,6-difluorophenyl) porphyrinate(2—); TPP: tetraphenyl porphyrinate(2—);
TMPP: tetrakis(4-methoxyphenyl) porphyrinate(2—)}. We also discuss the

second protonation event that generates u-aquo-heme/Cu assemblies which are the first examples
of such complexes bridged through a water ligand.

Titration experiments using acids with the appropriate pK. range were first monitored using UV—
vis spectroscopy. The Soret bands of the starting ©-oxo complexes are considerably red-shifted
(i.e., Amax =437, 441, and 445 nm for 1-3 in dichloromethane (DCM), respectively) relative to
those of classical high-spin ferric hemes [12]. First protonation of the bridging-oxo moiety with
weak acids results in a significant blue-shift of Soret bands (e.g., 3-H*; Amax = 418 nm, Fig. 3a)
and complete and clean conversion to the corresponding y-hydroxo species. The addition of a
strong base also gave back the starting u-oxo complex (Fig. S21).

Additionally, the final spectra were identical in all regards to those of the authentic u-hydroxo
samples generated from the addition of one equivalent of a very strong acid such as protonated
diethyl ether, i.e., [H(OEt2)2][B(CsF5)4], to the corresponding u-oxo complexes (Fig. 3b).

As expected, on passing from the electron-deficient FsTPP ring to the electron-rich TMPP
ligand, [18] with enhanced electron density around the iron center, pK, increased (Fig. 2) [19].



Interestingly, adding excess amounts of strong acid to the authentic u-hydroxo sample led to
further blue-shifts of the Soret bands and consequently formed two new species. Perhaps initially
a bridged-aquo species formed, [(P)Fe!'—(H,0)—Cu'}(L)]**, which later underwent dissociation
generating the monomer complexes, i.e., [(P)Fe(Et.0)2]" and [(tmpa)Cu'(Et,0)]*". The
presence of the two bridged species is more prominent in the Q-band region of the UV—vis
spectra (Fig. 3b).
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Fig. 3. Titration of 3 with a weak or strong acid in DCM as monitored by UV—vis spectroscopy:
Full formation of the 3-H* after addition of (a) 2.5 equiv. of [4-MeMorphH][B(CsFs)4] or (b) 1
equiv. of [H(OEt2)2][B(CsF5)4]. The addition of the second and third equiv. of the strong acid
leads to the formation of the u-aquo complex and the breaking of the bridging ligand bonds,
respectively. The final spectrum is identical to the spectrum of authentic
[(TMPP)Fe"(THF),]" compound.



To better understand these protonation events and whether the copper and iron centers remain
connected through a bridging-ligand in both u-hydroxo and suspected u-aquo complexes, nuclear
magnetic resonance (NMR) spectroscopy was used. The 'H NMR spectra of the complexes 1—

3 are consistent with antiferromagnetically coupled high-spin ferric and cupric centers (S = 2)
and displayed distinct resonates for the heme center at around 65.5 ppm for the pyrrolic protons
and in the 7-10 ppm range for the meso-aryl protons while the upfield-shifted signals (—89.2,
—22.6,—6.25, 4.45 ppm in 2) were assigned to protons of the TMPA moiety [20]. The latter
signature upfield peaks are due to the dipolar interactions of the TMPA protons with half-

filled d.,- orbitals of the ferric heme moiety as well as aromatic ring current effects of

the porphyrin ligand (Fig. 4).
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Fig. 4. Titration of 2 with the strong acid as monitored by "TH NMR spectroscopy: Spectra of 2 in
DCM-d: followed by addition of increasing quantities of [H(OEt2)][B(CsFs)4]. The addition of
more than 2 equiv. of the strong acid was accompanied by release of the bridging ligand and
breaking of the magnetic coupling between the copper and iron centers.

The addition of the second equivalent of [H(OEt2)2][B(C¢F5)4], displayed changes consistent
with the formation of u-hydroxo-heme/Cu species (Fig. 4). As expected, the protonation of the
bridging-oxo moiety was slow in the NMR timescale [21]; hence distinct sets of peaks were
observed for individual species. Signals for the TMPA moiety of 2-H* were still observed in the
upfield region of the spectrum (=91 to 4.5 ppm), confirming strong coupling between the metal



centers, and the signal for the B—pyrrole protons, remained downfield shifted (~61.5 ppm).
Strikingly, the 6-pyridyl proton resonance in the u-hydroxo complex became observable at ~—
54 ppm, possibly due to increased distance to the heme site and decreased broadening of the
signal [22].

Upon adding the third equivalent of the strong acid, a shift in the spectrum to a new complex was
observed, similar to that noted in the UV—vis experiment. A distinguished upfield shift was
observed at about —92 ppm suggesting the new complex remains intact, or that the copper moiety
stayed bound to the heme through a likely water ligand (Fig. 4 and Fig. S24). This u-aquo-
heme/Cu assembly is in agreement with the recent proposed structure for the O state of CcO
reported by Noodleman and co-workers [7]. Further addition of the strong acid led

to protonation of the bridging water ligand [23] and dissociation of the heme/Cu assembly [24].

The molecular structure of the heme, [(FsTPP)Fe(Et,0).]", was also obtained from the reaction

mixture of 1 and strong acid by single crystal X-ray crystallography (Fig. 5). The Fe O bond
distances are similar to those reported for [(FsTPP)Fe(THF),]" [25].

Fig. 5. Displacement ellipsoid plot (50% probability level) of [(FsTPP)Fe'(Et,0)2][B(C6Fs)a],
showing the atom-labeling scheme. Hydrogen atoms have been omitted for clarity. Selected bond
lengths (A) and angles (deg): Fel-01, 2.203(4); Fe1-02, 2.171(3); Fe1-N1, 2.023(4); Fe1-N2,
2.015(3); Fel-N3, 2.020(4); Fe1-N4, 2.011(3); O2-Fel1-01, 178.51(13); N1-Fel-N2,
91.01(14); N1-Fel-N3, 179.38(17); N1-Fel-N4, 89.24(14); N1-Fel-01, 88.80(14); N1-Fel—
02, 90.41(15); N2-Fel-N3, 88.89(14); N2-Fe1-N4, 179.41(17); N2-Fel-O1, 88.26(14); N2—
Fel-02, 90.49(14); N3-Fel-N4, 90.86(14); N3-Fel-01, 90.59(15); N3—-Fel-02, 90.20(14);
N4-Fel-01, 92.28(15); N4-Fe1-02, 88.98(14).

Titration of 1 was also monitored through '°F NMR spectroscopy and the change in the splitting
pattern for the fluorines on five-coordinated axially symmetric heme provided additional support
for our proposition that during the first and second protonation events the heme/Cu assemblies
remain connected through the hydroxo- and aquo-ligand. Here, each protonation event and
subsequent bending of the bridge alters the molecular symmetry (Fig. S23).

The data from both UV—vis and NMR measurements indicate that the first protonation of the oxo
moiety forms a u-hydroxo complex followed by the conversion to an aquo-bridged species, upon
the next protonation event. The pKa values in MeCN are about 7.5 £ 1 units greater than in water
[26,27]. Thus, the pKa values reported here (Fig. 2) are consistent with the value of 8.8 obtained



through pH titration for a recent water soluble supramolecular heme/Cu system [28]. These
values are particularly important as the pKa value of the tyrosine residue covalently cross-linked
to one of the histidine ligands of Cug in CcO have been estimated to be ~8.5

[[29], [30], [31], [32]]. This is in agreement with the previously proposed role of the cross-linked
tyrosine as a potential proton donor/acceptor in the oxidized state(s) of the enzyme [1,33].
Therefore, understanding the protonation states and pK. values of the bridging-ligands

in Oy and O will help illustrate their relationships to the proton-pumping function and/or
turnover of CcO.
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