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Galactose oxidase (GO) is a post-translationally modified enzyme
produced by the funguBactylium dendroide$ The active site
consists of two one-electron redox units, a Cu(ll) ion, and a
crosslinked Y272C228 radical cofactor, which together are
responsible for the catalytic activity. GO catalyzes the two-electron
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oxidation of a broad range of primary alcohols to the corresponding | V0 e I waeeofl
aldehydes, with the concomitant reduction of dioxygen to hydrogen ' £
peroxidel GO displays three distinct oxidation states: oxidized [Cu- = °"%’223

(I)-Y*, green], semireduced [Cu(ll)-Y, blue], and fully reduced [Cu- !

(I)-Y, colorless It h"’_‘s be?n assumed .that the oxidized and fully Figure 1. Crystal structure of the active site of GO in the semireduced
reduced states participate in the catalytic cycle, but the semireducedcu(in)-Y] state at 1.9 A resolution with selected Eligand distances (PDB
state may also be physiologically relevant. Hence, structural ID 1GOG)?

knowledge of these distinct redox states are essential to understand
the molecular mechanism of GO.

The crystal structure of the [Cu(ll)-Y] state at pH 7 (1.9 A
resolution) revealed a square pyramidal Cu(ll) geometry (Figure
1).34 Spectroscopic studies provided further insights into the copper
coordination environmerft® EXAFS studie® suggested that the
coordination environment of [Cu(ll)-Y GO is similar to that of
the [Cu(ll)-Y] state with average bond distances of-@u= 1.95
and Cu-O = 1.96 A. These distances are considerably shorter than
what has been observed in the crystal structure (Figure 1). Magnetic
susceptibility measurements of [Cu(lly]Ywere consistent with
antiferromagnetic couplingd(> 200 cnT?) between the protein
radical and the Cu(ll) ion, resulting in a singlet ground stalte.
addition, spectroscopic studies have demonstrated that the proteinfigure 2. Optimized structure of the oxidized [Cu(ll)¥GO model.
radical is located on the Y272C228 cofactor 1 bonding distance from both Tyr residues3 A in the crystal

Recently, computational studies employing small active site structure), distal residues Y405 (protonated), R330, W280 (
models on the catalytic cycle of GO have been repottééiThe stacked with Y272 C228 cofactor), and an additional water to
results provided a useful context for understanding the mechanisticmodel the water exposed active-site residue, Y495. Optimization
data® Interestingly, it was suggested that the protein radical is of the model was performed using the redundant coordinate system
located on the axial Y495 rather than the equatorial Tyr-Cys and Berny optimization algorithm. The convergence criteria were
crosslinked cofactor prior to proton transfer, but no further structural set to 0.002 A/au and 0.006 au rms change in gradient and
details of the active site were reported. displacement, respectively. All calculations were carried out by

We have employed a systematic in silico approach to investigate employing the B(38HF)P86 functional with triple{VTZ*) and
the coordination geometry and electronic structure of the [Cu(ll)- double with polarization (6-31G(d)) basis sets for Cu and all other
Y] state of GO, using spectroscopically calibrated hybrid density- atoms, respectively. In addition to fixing the-carbons of all
functional theory (DFT}3 We report here intriguing results for the  residues, the conformation of the guanidium group of R330 was
[Cu(ll)-Y ] state of GO, which provides new perspectives on the also constrained by fixing)N, ¢C, N to avoid unreasonable
active-site structure and catalytic mechanism of GO. conformation changes that were inconsistent with the structural data.

In order to develop an accurate and reliable active-site model The optimized structure reveals a stable five-coordinate pyramidal
for the oxidized GO, we generated multiple models starting from coordination geometry with Y495 in an axial position and four other
the semireduced GO crystal structure (Figure 1) and evaluated thesdigands in equatorial positions with cis and trans liga@l—ligand
models by comparing the calculated electronic and magnetic bond angles of 7794°, 155, and 159, respectively (Figure 2). As
properties with key experimental data (electronic absorption spectrasuggested (see above), the overall coordination geometry of the
andJ values, respectively). We have assessed computational modelsopper site in [Cu(ll)-Y] is quite similar to [Cu(ll)-Y] with
spanning a truncated model (H496 and H581midazole, Y495 considerable deviations in the €ligand bond distances.
= phenol, Y272= thiophenol, and kD) to an extended model  The average CuN and Cu-O distances (1.99 and 2.06 A) are in

system with 148 atoms. The extended model includeditbarbon reasonable agreement with the EXAFS data.
of each residue coordinated to the Cu(ll), the protein backbone Furthermore, the calculated electronic structure of the oxidized
between Y495 and H496, an additionajCH within hydrogen- [Cu(l)-Y ] state suggests a normal bonding description involving
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(Figure 3C) and the antiferromagnetic couplidid~752 cnt?).
Other functionals, such as B3LYP and BP86, provide poor
agreement for the excitation energies than the spectroscopically
calibrated B(38HF)P86 that we employed. Furthermore, we have
completed the optimization of a larger model with 214 atoms
containing additional second and third coordination-shell residues
(GIn406, His334, Tyr329, Thr580, and Gly513), which is fully
consistent with the Cu coordination environment of the extended
model described in this paper.

B ! é(;-;?e;}) P It has already been shown experimentatfithat residues of the
ss ‘ ﬁgggm, y second coordination shell influence the substrate binding and
3 ' catalysis in GO. Our current computational study also emphasizes
C 1 LUMO (84% Y272, x)
E 2 o nm{me'w 311 nm (3.8 &) the importance of second coordination-sphere residues and provides
0.05 1 359 8 Of i e W0l L (55% w2s0) tools to dissect their contributions to the active-site structure and
0.04 400 :; a0 {va08) catalytic activity. Inclusion of outersphere ligands in the in silico
% ' 445 models was crucial to obtain the spectroscopically correct electronic
So003{ 329 (:=5500 M7cm™) |800 structure for the active site. The hydrogen-bonding interactions
g (== 3400 Mcm”) involving the O atom of Y495 play a critical role in modulating
5§ 002 795 the spin density distribution and the singtétiplet energy gap. In
F 857 961 addition, ther—x stacking of W290 and Ty+Cys cofactor also
© 0014 | 454 1032 affects the spin density distribution of the cofactor radical. Y495
0 II‘W4 | | | and W290 are both exposed to water and thus inclusion of explicit
200 400 600 800 1000 1200 solvent water molecules hydrogen bonding to these residues are
Wavelength, nm also essential. The structural information from our computational
Figure 3. (A) Molecular orbitals (isosurface value 40.05) showing studies provides a strong foundation for further investigating the
HOMO-1 and LUMO of bothu- and/3-manifolds from Kohr-Sham orbital redox-dependent changes in the GO active site and the molecular

analysis; (B) Koha-Sham orbital and their relative orbital energies in
electron volts; (C) oscillator strength vs wavelength from TDDFT analysis

(caled, black; exptl, red) of the [Cu(ll)Y GO model. Acknowledgment. We gratefully acknowledge the support of
this research by NIH Grant (D.R. and D.M.D.) GM 27659 and by
a 3de-y2 orbital with 0.76 e spin density located on the Cu(ll) NSF EPSCoR and ONR CBIN (R.K.S.)
ion, and the remaining 0.24 as delocalized onto the-bonded
equatorial ligands. The Y27Z228 radical has~0.91 e spin
density in an out-of-planer, orbital (for labeling see supporting
material Figure S1) with the opposite sign to the spin on Cu(ll).
This contains~0.24 e spin delocalization onto the sulfur atom of

mechanism.

Supporting Information Available: Optimized coordinates, orbital
energy levels for tyrosine, detailed MO and TDDFT analyses. This
material is available free of charge via the Internet at http://pubs.acs.org.
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