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Abstract: The Cuy center is a dinuclear copper site that serves
as an optimized hub for long-range electron transfer in heme—
copper terminal oxidases. Its electronic structure can be
described in terms of a o,* ground-state wavefunction with
an alternative, less populated ground state of m, symmetry,
which is thermally accessible. It is now shown that second-
sphere mutations in the Cu, containing subunit of Thermus
thermophilus ba; oxidase perturb the electronic structure,
which leads to a substantial increase in the population of the
m, state, as shown by different spectroscopic methods. This
perturbation does not affect the redox potential of the metal
site, and despite an increase in the reorganization energy, it is
not detrimental to the electron-transfer kinetics. The mutations
were achieved by replacing the loops that are involved in
protein—protein interactions with cytochrome c, suggesting that
transient protein binding could also elicit ground-state switch-
ing in the oxidase, which enables alternative electron-transfer
pathways.

The Cu, center is a binuclear copper site that acts as the
electron entry port in terminal heme—copper oxidases and in
N,O reductases."! The high efficiency of this metal site in
long-range intra- and intermolecular electron transfer (ET)
has been attributed to its unusual coordination features,
which ensure a low reorganization energy (i) and an
electronic structure that is poised to meet the physiological
requirements.””) The two copper ions are bridged by two Cys
ligands forming a nearly planar {Cu,S,} diamond core, with
two additional His residues and two weak axial ligands (a Met
and a backbone carbonyl moiety; Figure 1).I'* The oxidized,
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Figure 1. A) Structure of wild-type Tt Cu, (PDB 2CUA). The loops that
are replaced in the Tt-3L Cu, chimera are shown in light gray.

B) Structure of the Cu, site highlighting the metal ligands. C) Align-
ment of the replaced loops shows that the metal ligands and the loop
lengths are preserved in the Tt-3L Cu, mutant.

resting-state Cu, center is a fully delocalized mixed-valence
pair! Cu'**Cu'** with one electron delocalized mostly
within the {Cu,S,} core.’! The electronic structure can be
described by a o,* ground-state wavefunction, that is, it
involves an anti-bonding o interaction between the two
copper ions. An alternative ground state of m, symmetry
with higher energy is partially populated at room temperature
and rapidly interconverts with the o,* state.”*®® The role of
the two states in electron transfer has been a matter of intense
debate.[*7

We have recently shown that both the redox potential of
the Cu, site and the o,*/m, energy gap can be tuned by
replacing the native Met residue with different axial ligands.
The population of the mt, level, which is typically < 5% in the
resting-state protein, increases to 30 % when a His residue is
introduced as the axial ligand."™® The m, state displays
a higher reorganization energy in this mutant, which is
compensated by a larger superexchange coupling, therefore
enabling efficient electron transfer. These findings led us to
propose that the availability of two alternative ground states
could be exploited by the oxidase to switch between two ET
pathways.”” However, ligand mutations are expected to elicit
significant changes in metal sites, which might not be of
biochemical relevance. Last but not least, in contrast to type 1
(blue) copper sites, Cu, displays a fully conserved ligand set
in all known Cu, containing proteins.”® This observation is in
line with their functional requirements: All Cu, sites display
roughly the same redox potentials, whereas type 1 centers are
meant to accept and deliver electrons in different ET chains,
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and their redox potentials need to be modulated depending
on their partners.””’ This tuning is determined by the strength
of the interaction between the copper center and the axial
ligand, the length of the protein loops that contain several
copper ligands, and by the interactions with second-sphere
residues.'’! Instead, Cu, centers display fully conserved metal
ligands and loop lengths," with changes being limited to non-
ligand residues, that is, second-sphere interactions.

Herein, we report the design of a chimeric protein in the
scaffold of the Cu, containing domain from Thermus
thermophilus ba; oxidase, in which the three loops that
define the nearby environment of the metal site were replaced
by those from a homologous eukaryotic domain (Figure 1; see
also the Supporting Information, Figure S1). This chimera,
which we named 7t-3L Cu,, shows perturbed spectroscopic
features, which are due to a large increase in the population of
the i, level. This phenomenon was achieved with a conserved
ligand set, which contributes to maintaining the redox
potential of the native site. Therefore, switching between
the two alternative ground states can be elicited by second-
sphere perturbations that preserve the functional thermody-
namic requirements.

The reduction potential (E°) of the 7t-3L Cu, chimera
was determined by cyclic voltammetry (CV) of protein
samples in solution to be 281 + 8 mV, which is similar to the
value of the wild-type (WT Tt Cu,) protein within exper-
imental error, thereby indicating that the ligand set is
essential for determining the E° value of the site. The ET
reorganization free energy (i) of Tt-3L Cu, was obtained
from CV experiments that were performed on protein
samples adsorbed on gold electrodes coated with biocompat-
ible films. The rate constant of heterogeneous ET (kgy) was
determined using the Laviron working curve as a function of
temperature between 5 and 39°C (Figure S2), yielding
a A value of 0.58 +0.05 eV, which is higher than the value of
0.4 eV that was determined for WT Tt Cu,.

The absorption spectrum of the 7#-3L Cu, chimera in the
UV/Vis range is significantly perturbed in comparison with
that of the WT protein (Figure 2A). Even though the
characteristic purple color is retained, the intensity ratio of
the two Cys—copper ligand-to-metal charge transfer (LMCT)
transitions at 18700 and 21270 cm™' is altered.F*®*! An
absorption feature at approximately 27000 cm™' has experi-
enced a substantial increase in intensity, which indicates
a larger population of the =, ground state, as shown for
M160H-Cu, (Figure 2A)."™! In the near-IR region, the ¢ —
»* intervalence band has slightly shifted from 12650 to
12570 cm™! and retained a similar extinction coefficient. This
absorption band reflects the electronic coupling between the
two copper ions, H,p, which is only reduced by 80 cm™',
suggesting that the short Cu-Cu distance is retained in this
variant (Table S1).®) The EPR spectrum of T¢3L Cu,
recorded at 5K is typical for Cu, centers (Figure 2B).
Opverall, these data support an increased population of the
7w, ground state.

NMR spectroscopy is the technique of choice for directly
studying the equilibrium between the o,* and &, ground states
in Cu, centers at physiologically relevant temperatures,
allowing an estimation of the energy gap between these two
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states.F%4 812l The '"H NMR spectrum of 7¢-3L Cu, displays
four hyperfine-shifted signals between 150 and 300 ppm,
which correspond to the f§ protons of the Cys ligands (Fig-
ure S3). Resonances that are due to the His ligands are
located between 15 and 50 ppm. Three additional proton
resonances, namely those of the two a hydrogen atoms of the
Cys ligand and the NH moiety of Gly 115, could also be
identified and assigned. Direct-detected *C NMR spectros-
copy is particularly useful in this system, as the larger
differences in chemical shift and the lower gyromagnetic
ratio of the *C nuclei make it less sensitive to paramagnet-
ism.["” Resonances were assigned by the combined use of 1D
and 2D 'H and “C NMR spectra, following an already
described strategy.”>®

Carbon resonances from the His ligands are similar to the
corresponding resonances for the WT protein, whereas axial-
ligand mutations elicited differences between the two His
residues (Figure 2C).[" Instead, the patterns of the 'H and
BBC resonances from the Cys ligands were perturbed and could
be employed as a probe for the relative populations of the o,*
and m, states.’l The S153-S149-Cp149-Ca149 dihedral angle
allows minimal electron spin density on the a carbon atom of
Cys149 in the o,* state and a large spin delocalization in the 7w,
state.”®! This resonance has shifted from 295 ppm for the WT
protein to 539 ppm for 7t-3L Cu,, which clearly discloses
a large population of the m, state in the mutant (Figure 2 C).
Analysis of the temperature dependence of the 'H and “C
chemical shifts by assuming a two-state model with a Boltz-
mann distribution yields an energy gap of 240+87 cm™!,
which corresponds to a 74:26(+7) ratio for the population of
the o,* and m, states at 298 K, compared to a 95:5(+3) ratio
for WT Cu, (Table S3).

Such a low energy difference is expected to introduce
temperature dependence for the absorption spectra in
a physiologically relevant temperature range. We recorded
the absorption spectra of 7t-3L Cu, in the 276-312 K temper-
ature range in aqueous solution, avoiding perturbations that
arise from the use of solvent mixtures or sample freezing. The
series of spectra show four well-defined isosbestic points at
22000, 17000, 14000, and 11000 cm ™, disclosing an equilib-
rium between two species with distinct electronic states
(Figure 3). The intensity of the band at 27000 cm™' clearly
decreases at lower temperatures, which is in agreement with
the expected reduced population of the mw, state. The differ-
ences in the ¥ —y* intervalence band are minor, which is in
line with the observation that this feature is not substantially
perturbed in this mutant. A similar effect can be observed in
the electronic spectrum of mutant M160H, which presents
a comparable energy gap (200 cm™'; Figure S4). The temper-
ature dependence of the absorption spectra provides further
evidence for the increased population of the &, ground state
in these two mutants, as well as for its equilibrium regime with
the o,* state.

In summary, these data show that 1) outer-sphere pertur-
bations can propagate towards the first ligand sphere, which
leads to an increase in the population of the m, ground state,
and that 2) the m, state is active for electron transfer. In
contrast with previous studies,”™ this has been achieved
without changing the identity of the copper ligands. As
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Figure 2. A) Absorption spectra of the Cu, mutants. B) Experimental and simulated EPR spectrum of T-3L Cu,. C) *C NMR spectra of the Cu,

mutants. The spectral position of the signal from C149CA is a probe of the energy gap between the o,

a result, this perturbation does not alter the redox potential of
the Cu, site. Therefore, the electronic structure of the Cu,
site can be tuned by second-sphere perturbations, which
enable the transient population of alternative ground states
without a significant energetic cost while preserving the
thermodynamic features (redox potential). Regarding the ET
kinetics, the population of the m, ground state leads to an
increase in the reorganization energy from 0.4 to 0.58 eV. A
similar increase in A, which nevertheless was not detrimental
for the ET rate, has recently been reported for the M160H-
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* and 7, states.

Cu, mutant. It is remarkable that the o, *—m, energy gap is
comparable in these mutants (240 vs. 200 cm™'), which gives
rise to similar relative populations of these two states under
equilibrium conditions. In both cases, the increase in reor-
ganization energy does not exert a negative impact on the ET
rates, suggesting that it is compensated for by an increase in
the superexchange coupling. Indeed, these A values are still
lower than those reported for type 1 copper centers (0.7-
0.8 eV),l" which confirms that they are compatible with
efficient biological electron transfer.
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Figure 3. Temperature dependence of the absorption spectrum of
Tt-3L Cu,.

The availability of these two alternative ground states
could be employed by the oxidase to switch between two
electron-transfer pathways.™ Given that subunit IT is anch-
ored to the membrane, this mechanism would allow switching
without conformational reorientation. The three loops that
were replaced in this chimera are involved in the binding of
the natural electron donor, cytochrome css,, to subunit II of
the oxidase, as shown by NMR experiments.'”] Therefore,
perturbations in these loops that are induced by transient
cytochrome binding could favor the i, ground state, enabling
different ET pathways in the enzyme.”™ The study of the
inter-protein ET reaction with the natural redox partner,
which involves disentangling the diffusion, reorientation, and
electron-transfer steps from the obtained kinetics data, is
currently underway. Similar loop replacements to those
presented here for type 1 sites revealed that changes in the
loop length, but not in the loop sequence, can alter the
electronic structure of the metal center.” Therefore, even
though the Cu,site is more rigid than type 1 centers, it
possesses an electronic structure that is tunable by subtle,
transient perturbations. The electronic structure of this metal
site should be described by considering both ground states
and their differential role in long-range electron transfer.

Experimental Section

Preparation of protein samples: Unlabeled and uniformly labeled
proteins were expressed from pET9ACu,WTT9 (KanR) in E. coli
BL21(DE3) growing in either rich LB medium or M9 minimal
medium supplemented with labeled or unlabeled ammonium sulfate
(1.2 gL"',99% "N when labeled) and glucose (4 gL ™", 99 % *C when
labeled), respectively, according to the desired labeling scheme.
Typical yields were approximately 20 mgL™"' and 30 mgL™"' for
labeled and unlabeled samples, respectively. Purification of the
proteins from cell lysates was done as described elsewhere.!'! Protein
samples for NMR experiments were prepared in phosphate buffer
(100 mm, pH 6) with KCI (100 mMm) in either 10% or 100% D,O as
required for each experiment, and concentrated to 250-300 uL of 0.6—
1 mm protein concentration.
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NMR spectroscopy: NMR experiments were carried out on
a Bruker Avance II Spectrometer operating at 600.13 MHz (‘H
frequency). '"H NMR spectra were acquired with a triple-resonance
(TXI) probe head. 'H NMR spectra in the 35/—10 ppm region were
observed with a w/2 pulse preceded by presaturation of the water
signal, on a spectral window of approximately 48 kHz, and with a total
recycle time of ca. 300 ms. "H NMR spectra aimed at the observation
of the broad -hydrogen signals were acquired with a SuperWEFT
pulse sequence!'”’ on a spectral window of approximately 360 kHz,
with a total recycle delay of approximately 40 ms and variable
intermediate delays. 'H, *C and 'H, ®N HMQC experiments were
acquired on spectral widths of approximately 50 kHz in the 1H di-
mension (1024 points) and approximately 100 kHz in the indirect
dimension (128 points). The delay for coherence transfer was set to
the average T, of the involved 'H signals, that is, about 2 ms, and the
relaxation delay was set to approximately 30 ms.'! Several experi-
ments were carried out setting the frequency of the heteronucleus at
different offsets.

BCNMR spectra were acquired with a broadband observe
(BBO) probehead tuned at the proper frequency, using an excitation
pulse of 6.9 pus at 88.67 W. Inverse gated decoupling was applied
during the acquisition of C NMR spectra. For "C NMR experi-
ments, the carrier frequency was set to 800, 300, or —500 ppm
depending on which signals were being studied. The spectral window
and delays also varied in each experiment, which resulted in total
recycle times of approximately 35 ms for the acquisition of signals
around 800 and —500 ppm, and approximately 300 ms for those near
the diamagnetic region. No further signals were detected when the
carrier was moved to different frequency offsets.

Fitting of the temperature dependence data: The temperature
dependence data were fit to a two-state model using the approach
described by Shokhirev and Walker,'? which calculates the contact
contribution to the chemical shift for each data point and fits all data
at once to the following equation:

1 + f e%
_fk.l fA.Z (1)

6c&mlact,k = T —AE
1+ ent

Fitting the data to this equation yields f,;,, which is the
contribution of nucleus & to the contact shift in the state i (i=1 for
the ground state, i =2 for the excited state), and AE, the energy gap
between the two states.

EPR spectroscopy: EPR spectra of oxidized 7t-3L Cu, in
phosphate buffer (100 mm) at pH 6 with KCI (100 mm) and glycerol
(10%) were measured on a Bruker Elexsys ES00 spectrometer
equipped with an X-band microwave bridge (microwave frequency,
9.45 GHz) and a unit for temperature control (ER 4131 VT). EPR
parameters: sample temperature: 5 K; microwave frequency:
9.45 GHz; microwave power: 5mW; modulation frequency:
9387691 GHz; modulation amplitude: 2500 G, time constant:
167 ms. The EPR data were fitted using Easyspin.!"”!

Cyclic voltammetry in solution: Cyclic voltammetry was per-
fomed with a Gamry REF600 potentiostat in a cell equipped with
a polycrystalline gold bead working electrode, a platinum wire
auxiliary electrode, and a Ag/AgCl reference electrode. Gold working
electrodes were coated with a self-assembled monolayer by overnight
incubation in an ethanolic solution of HS(CH,);OH (1 mm). After
thorough rinsing with ethanol and deionized water, the coated
electrodes were place in the electrochemical cell, which contained
a protein solution (300 uMm; in acetate buffer (10 mm), KNO;
(500 mm), pH 4.6). The pH was adjusted by the addition of HCIO,
or KOH, which was followed by two minutes of equilibration.

Protein film voltammetry: Gold working electrodes were coated
with a mixed self-assembled monolayer by overnight incubation in an
ethanolic solution of HS(CH,)sCH; (2mwm) and HS(CH,);OH
(3 mm). After thorough rinsing with ethanol and deionized water,
the coated electrodes were incubated in a protein solution (100 pm, in

www.angewandte.org

6101


http://www.angewandte.org

Angewandte

6192

Communications

acetate buffer (10 mm), pH 4.6) for two hours for protein adsorption
and then transferred to the electrochemical cell. Measurements were
performed in acetate buffer (10 mm) containing KNO; (200 mm) as
the supporting electrolyte. The temperature was held constant during
the measurements by controlling the temperature of a water jacket
cell that was coupled to a circulating thermostat.
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Supplementary Material for

Loop 1

TtCuA LAFAFGY
BtCuA MGHQWYW
HsCuA IGHQWIW
Tt-3L LAHQWYY

Loop 2
TtCuA KITSPDVIHG
BtCuA WVSSEDVLHS
HsCuA MITSQDVLHS
Tt-3L KITSQDVLHG
::* **:*.
Loop 3
TtCuA RITICNQYCGLGHQNMFGT
BtCuA YGQCSEICGSNHSFMPIV
HsCuA YGQCSEICGSNHSFMPIV
Tt-3L RIICSEICGSNHSNMFGT

* o+ XX Kk X

Supp Figure 1. Comparison of the engineered loops in the WT Tt CuA (pdb file 2cua) and
subunit Il of the bovine cytochrome oxidase (pdb file 1v54) shows that the loop structure
is largely preserved in the eukaryotic and prokaryotic oxidases. Sequence alignments at
the right highlight the similarity of the human and bovine oxidases.
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Supp Figure 2. Arrhenius plot for the KET of Tt-3L-Cu, adsorbed on biocompatibilized
electrodes, yielding a reorganization energy of 0.58 £+ 0.05 eV. Inset: Protein film
voltammetries of Tt-3L-cu, at increasing scan rates (20 V.s™ — 75 V.s™%)



Supp Table 1. Deconvolution of absorption spectra for wild type and mutant variants of

TtCUA.

Variant M160Q° TtCu,® Tt-3L Cu,® M160H®
v (em™) e(M  v(ecm™) e (M v (em™) e(M  v(em™) e (M
'em™) 'em™) 'em™) 'em™)
10 28100 800 28000 800 28720 1500 27900 1500
9 26000 500 25800 500 26150 1440 26500 1500
8 23200 300 23400 650 23700 800 23800 1000
7 21500 2850 21270 2600 21300 1880 21150 2340
6 18550 2900 18700 3100 18560 2180 18300 1660
5 15900 450 16050 645 15420 1140 16560 530
4 - - - - - - 14500 600
3 12750 1650 12650 1960 12570 1480 12100 1100
2 - - - -- -- 10190 300
1 10250 550 9400 610 9300 1460 8600 1233

[a] As reported in Abriata et al., (2012) PNAS USA 109, 17348-53, [b] This work



Supp Table 2. EPR parameters for wild type and mutant variants of Ttcu,

EPR Parameters

Mutant Ay g1 g/
TtCu,?® 3.1 2.01 2.195
M160Q° 4.2 2.02 2.19
M160H° ND 2.020 2.230
Tt-3L Cu,® 1,85 1.980 2.21
2.010

[a] As reported in Ledesma et al., (2007) JACS 129, 11884-85, [b] As reported in Abriata et al., (2012) PNAS USA 109,
17348-53, [c] This work
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Supp Figure 3. *H NMR spectra of the hyperfine-shifted signals of wild type and mutant
Ttcua proteins.
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Supp Figure 4. Temperature dependence of the absorption spectrum of Ttcu, M160H.



Supp Table 3. Assignment and chemical shifts of the hyperfine-shifed signals of wild type
and 3L Ttcu,, at 298K

TtCu,’ Tt-3L Cup’
Nucleus Assignment Sobserved(PPM) Oobserved(PPM)
Cys153Ca 881 831.9
Cys149Ca 294.6 539.4
His157C62 386.2 345.2
HisCy 331.2 o
13¢ HisCy 312.2 320.9
His114Ca32 353.6 306.6
HisCe 98.4 123
HisCe 33.9 32.9
Cys149Cp -379 -389.7
Cys153CP3 -475 -500
Cys153Ha 27.55 43.7
His114H62 31.6 28.0
His157H62 27.46 24.7
His114He2 24.2 20.8
His114Hel 20.7 19.8
1y His157Hel 15.5 14.75
Cys149Ha -2.9 -2.7
Gly115NH 5.2 3.8
CysHp 283 293.3
CysHB 262 222.3
CysHp 237 C
CysHB 117 167.6

[a] As reported in Abriata et al., (2009) JACS 131, 1939-46, [b] This work
[c] Detected at higher temperatures
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