JIAIC

S

COMMUNICATIONS

Published on Web 12/09/2006

The Two-State Issue in the Mixed-Valence Binuclear Cu

A Center in

Cytochrome ¢ Oxidase and N ,O Reductase

Serge |. Gorelsky,™ Xiangjin Xie," Ying Chen,* James A. Fee,* and Edward I. Solomon* T

Department of Chemistry, Stanford Warsity, 333 Campus Dse, Stanford, California 94305, and
Division of Biology, The Scripps Research Institute, La Jolla, California 92037

Received October 23, 2006; E-mail: edward.solomon@stanford.edu

The binuclear Cp site found both in cytochrome oxidase
(CcO)! and nitrous oxide reductase ADRY functions in long-range
electron transfer (ET). Studies of £usites have been facilitated
by the construction of inorganic modgland the perturbation of
Cuj sites by mutatiohand by inserting Calinto proteins containing
cupredoxin fold$:® The Cu, site is defined as a G(8¢ys)- cluster
(Figure 1A) with a short CtCu distance (EXAFSicy-cy = 2.43—
2.44 A)78the CuyS, atoms are nearly planar and each copper ion
is further coordinated equatorially by and axially by either
Swet OF carbonyl O42°

In its oxidized state, Guis a delocalized (class Ill) mixed-
valence species C& Cul-5".10-13 The ground-state (GS) wave
function, quantified by X-ray absorption spectroscopy (XAS), is
highly covalent® with the spin density delocalized over the Sy
cluster. This greatly contributes to the redox properties by lowering
the reorganization energy and providing superexchange hole
coupling for long-range ET into and out of the Coenter. From
studies of a model complegd,—c, = 2.92 AP relevant to the Cu
protein site, there are two types of GS wave functigrf,and 7,
(Figure 1B), which interchange depending on the-Qu distance
(oy* for Cup at a shortde,-c, andx, for the model complex at a
long dcy-cy).? Density-functional theory (DFT) calculations of the
Cu, site reveal that the GS potential energy surface of the mixed-
valence, oxidized cluster is flat with two minimawhich cor-
respond to the* (dey-cu = 2.49 A, Figure 1A) andr, (decy-cu =
3.06 A, Figure 1B) electronic states.

As first discussed by Neese and co-workérs! 7, is the lowest
excited-state for the Gusite in the protein but its energy has been
controversial. EPR data on &yroteins show a lovg, value of
2.19 (Table S1) which derives from spin-orbital coupling between
the ,* GS and ther, excited-state which requires an energy gap
of 30004500 cnm1.1215 On the other hand, from paramagnetic

NMR studies, it has been observed that the lowest-energy excited-

Figure 1. (top) DFT-optimized ground state structures of\Guithout the

protein environment: (Ap,* state and (B)r, state (only CuS; cluster is

shown for simplicity, internuclear distances are given in AyQlenotes
the Cu atom with the axial Met ligand); (bottori)spin LUMO (contour

value = 0.03 a.u.) of the [CHSCHs)z(imz),]" complex (Figure S1a) in
the (A) o* and (B) z, ground states.
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Figure 2. (A) Room-temperature absorption; (B) low-temperature (5 K)
MCD spectra ofTt Cua; (C) TDDFT calculated absorption spectrum of
the Ciy model (total absorption, black; individual components, red).

of ~5000 cn! (Table S1)Paramagnetic NMR behavior &f Cua

state is thermally accessible and the energy gap between the Gg’s similar to the other Guproteins (Table S1) indicating a presence

and the thermally accessible state~i850 cn11.18 This has been
found in the Cy site fromP. verstusandP. denitrificans which
have the same spectral features in s absorption and
equivalent EPRg-values (Table S1). This study addresses this

apparent discrepancy and evaluates the possible role of the two

electronic statesy,* and mt, in ET of Cua.

UV —vis absorption of Cy from Thermus thermophiluTt) is
given in Figure 2A which is similar to other Gsites, and its EPR
g-values are also equivalent to the othen@Gites (Table S1). The
gy of 2.19 can be used through e¥ fo estimate the energ\j of
the 77, excited-state relative to the* GS of Cux. 02 is the total
Cu character in the,* GS which is 44% from Cu L-edge XAS
The Cu character in tha, excited-state3? is 31% (Table S2)
from the DFT calculations below. These give.&—m, energy gap
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of the thermally accessible state within the energy range estimated
for the other Cy proteins (450 cnr?).
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The MCD spectrum (Figure 2B) can be used to resolve individual
electronic transitions (Figure 2A, red lines) in the absorption
spectrum of Cn. Time-dependent DFT (TDDFT) (Figure 2C) on
Cua (see Supporting Information for details) reproduces the
experimental absorption spectrum well and gives the parity-
forbidden, lowest-energy excited-statgat 3200 cm?! above the
o,* GS. This result is consistent with the EPR-derived energy gap.
However, the thermally accessible excited-state is not revealed in
TDDFT calculations in the Gugeometry.

We can use TDDFT calculations supported by the spectroscopic
data on Cy to map the GS and excited-state potential energy
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6000 theory it is possible to evaluate relative efficiengy/k,, of the
5000 4 A two states for ET. The calculated ET rate ratios in the heme
= T G * Cu, and Cy, — hemea pathways (Figure S5) arel5 for both of
E 4000 . // u these processes which suggests thatith®S is much less efficient
& 3000 // for long-range ET than the,* state.
L"ﬁ’ 2000 DFT calculations of the Cusite without the protein environment
(Figure Sla,b) result in the, GS being a slightly lower-energy
1000 state relative to thes,* GS (Figure 3A). Expanding the QM
5 02 | calculations from the 51-atom Gite model (Figure S1b) to 217
g ' atoms (Figure SJor all protein atoms (using the QM/MM method)
T 03] B results in thes,* GS of Cu, as the lowest-energy state witltl@,—cy
K] of 2.44 A (Figure 3A, green line) in agreement with the EXAFS
3 02 _ data flcy—cu = 2.43-2.44 A)8 This relative stability derives from
('3 0.1 , 2868 : : . the fact that the noncovalent interactions, including H-bonds
29 24 28 2.8 3.0 32 between the protein backbone amides and thg &oms of the

Cu-Cu Distance (R) Cua site, stabilize thes,* GS (which has less spin density and
Figure 3. (A) The ground state and the first excited-state potential energy MOre negative charge on the,Satoms, Table S2) relative to the
surfaces (black lines, Gucluster in the vacuum; green, the cluster in the s, GS. Thus, the protein environment plays a role in maintaining
protein environment) and (B) Mayer bond order between the two Cu atoms Cy, in the o, as a lowest-energy state with the lowest reorganiza-
in the GS of Cu as a function of the CCu distance. tion energy for efficient intra- and intermolecular ET with a low-

. . . driving force.
surfaces (PES). These calculations (Figure 3A) reveal the electronic

coupling between the* and 7, states which is a function of the Acknowledgment. This research was supported by NSF Grant
Cu—Cu distance. The crossing point between the two states is atCHE 0446304 (E.I.S.) and NIH Grants DK31450 (E.l.S.) and
deuw-cu = 2.66 A and coincides with the inflection point of the €u GM35342 (J.A.F.). S.I.G. thanks NSERC (Ottawa) for a postdoc-
Cu bond ordé¥ curve (Figure 3B). toral fellowship.

These PES calculations show that both NMR and EPR results
are consistent with the electronic/geometric structure of. The
anti-Curie behavior observed in paramagnetic NMR studies @f Cu
results from the thermal equilibrium between th¢ and 7, GSs
which are at very close energies in their respective equilibrium
geometries (Figure 3A). Alternatively, the ERRvalue analysis
involves theo,* GS in the geometry with a shode,—c, where the
7, is a Frank-Condon excited-state calculated to be at 3200%cm

Similar energies but different wave functions of #¢ and 7,

Supporting Information Available: Experimental details offit
Cua, the description of the QM models, and the results of these
calculations. This material is available free of charge via the Internet
at http://pubs.acs.org.
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