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ABSTRACT. Spectroscopic methods, density functional calculations, and ligand field analyses are combined
to define the geometric models and electronic structure descriptions of thea@l Cy sites in the
oxidized form of the noncoupled binuclear copper protein peptidylglyeihgdroxylating monooxygenase
(PHM). The Cuy site has a square pyramidal geometry with a long axiat@ethionine bond and two
histidines, HO, and OH as equatorial ligands. The Qwite has a slighthbD,y distorted square planar
geometry with three histidines and:®l ligands. The structurally inequivalent zand Cu sites do not
exhibit measurable differences in optical and electron paramagnetic resonance (EPR) spectra, which result
from their similar ligand field transition energies and ground-state Cu covalencies. The additional axial
methionine ligand interaction and associated square pyramidal distortion of {h&t€iave the opposite
effect of the strong equatorial OHlonor ligand on the Cu d orbital splitting pattern relative to the Cu

site leading to similar ligand field transition energies for both sites. The small molecuje hN@ds in
different coordination modes to the uand Cuy site because of differences in their exchangeable
coordination positions resulting in these'Gites being spectroscopically distinguishable. Azide binding

to PHM is used as a spectroscopic and electronic structure analogue to l@thg to provide a starting

point for developing a geometric and electronic structural model for the putatitg-@OH intermediate

in the H-atom abstraction reaction of PHM. Possible electronic structure contributions of the-Cu
OOH intermediate to reactivity are considered by correlation to the well-studied"=30QH model
complex (L3= [HB{3-tBu-5iPrpz3]). The Met-S ligand of the Gy site is found to contribute to the
stabilization of the Cliy—oxyl species, which would be a product of 'Gu-OOH H-atom abstraction
reaction. This Met-S contribution could have a significant effect on the energetics of a H-atom abstraction
reaction by the Clj,—OOH intermediate.

Copper proteins play important roles in oxygen binding, tion between the bridging peroxide and the two copper
activation, and reduction in biological systemk).(The centers leads to their unique spectroscopic features (an
copper active sites in these proteins catalyze enzymaticintense peroxider” to Cu charge transfer (CT) transition at
reactions that are often not possible in small molecule ~350 nm and the lack of an EPRignal due to antiferro-
chemistry under ambient conditions. A number of these magnetic coupling) and activates the peroxide for electro-
enzymes have binuclear copper active sites, which can bephilic hydroxylation of enzymatic substrate?, @).

cIassifig—:-d as either couplt_ad or nonc_:oupled binuclear sites T noncoupled binuclear copper proteins include dopam-
according to the magnetic interactions between the two e B-monooxygenase (BM) and peptidylglycinex-hydrox-

copper atoms. o ylating monooxygenase (PHM%8), which have two Cu
The coupled binuclear copper proteins include hemocya- gjiag separated by 11 A with no bridging ligand and no

nin, tyrosinase, and catechol oxidas®). (The binuclear magnetic interaction. The latter leads to a normal EBR
copper sites in these proteins are strongly antiferromagneti-gignal with no spir-spin dipolar coupling. Both enzymes
cally coupled through a side-on bridging-{*7°) peroxide  atay7e regiospecific and stereospecifie-t& bond hy-

ligand, which provides a direct mechanism for the initial two-  yroxviation reactions of substrates incorporating one oxygen
electron reduction of dioxygen to peroxid®.(The interac-
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atom from dioxygen and using ascorbate as the additionalelectronic structures of the Guand Cuy, site in resting

physiological reductant (eq 1). oxidized PHM. In particular, low-temperature MCD allows
the ligand field transitions to be observed for both Cu sites.
HQ HO Their geometric differences are correlated to their spectro-
DBM H] scopic similarities through ligand field analyses to understand
HO B HO H e = e o>
NH3* NH,* their indistinguishable spectra. A small molecule binding
2", 2 Assthete ho perturbation approach is found to differentiate the twd Cu
2 Semidehydrosscorbate (1a) site contributions to the EPR and ligand field spectra allowing
o ° a correlation to their geometric differences. Parallel spec-
A PHM [ HO( H troscopic studies of structurally defined small model com-
Pep/C\N/C\COO- 7T Pep/C\N/C\COO' plexes are also presented to facilitate understanding the
+|| 24, 2 Ascerbate H,0 J| protein data. The highest occupig®® molecular orbitals of
2 Semidehydrosscorbate (1b) azide are analogous to the highest occupidrbitals of

peroxide/hydroperoxide, both of which haver prbitals

The catalytic functions and mechanisms ¢iNd and PHM oriented orthogonal to the molecule ax®&l( 22. Azide
are very similar. The catalytic hydroxylation reaction occurs binding is thus used as an electronic and spectroscopic
at one Cu site through a H-atom abstraction radical mech-analogue of hydroperoxide to perturb resting PHM and
anism @—12), and the other Cu site supplies an additional provide a geometric and electronic basis for the putative
electron by long range~(11 A) electron transfer (ET). Since  Cu'y—OOH intermediate. The electronic structure descrip-
the two Cu centers are not coupled, the mechanism of tion developed for the C'wy—OOH intermediate is correlated
transporting the electron from one site to the other is unclear. to the L3CY—OOH model complex to obtain initial insight
A substrate-facilitated ET pathway (either through the into its possible reactivity for H-atom abstraction and serves
substrate13) or through protein residues brought closer upon as a starting point for evaluation of the reaction energetics
substrate bindingl@)) and a superoxide channeling mech- and mechanism of the enzymatic substrate hydroxylation.
anism (L5) have been proposed for the intercopper ET. At Importantly, these studies elucidate the nature of the activa-
the catalytic site, an as-yet unobserved €0OH species  tion of O, for hydroxylation by a single Cu center.
has been widely proposed as the reactive intermediate for
substrate hydroxylatiorbj. A peroxide species, Gu- 0,2~ 1. EXPERIMENTAL METHODS
(or the alternative isoelectronic superoxide form-©0,"), Materials. All reagents were of the highest grade com-
was also proposed as a possibili6).(In the past, we have  mercially available and were used without further purifica-
studied a mononuclear hydroperoxide model complex, tion. The catalytic core of PHM (PHMcc) was expressed
L3Cu'—OO0H (L3= [HB{3-tBu-54Prp3 3], hydrotris(3tert- and purified as reportedlq). Enzymatic activities were
butyl-5-isopropylpyrazolyl)borate), to gain insight into the characterized using acetyl-Tyr-Val-Gly (AcYVG) as the
possible reactivity of the proposed protein "S@WOH substrate 14, 23. AcYVG was obtained from Stanford
intermediate 16). This L3CY—OOH complex is not reactive  Protein and Nucleic Acid Biotechnology Facility. All spec-
for H-atom abstraction; spectroscopic and density functional troscopic measurements were done atpB.0 in deuterated
calculations estimate this reaction to be endothermic 4% MES/NaOH buffers. Protein samples were reconstituted with
kcal/mol due to the high energy uoxyl/Cu" —oxo product Cu' by incubating with a slight excess of Cu(h)@in 5—10
that would be generated after the homolytic-O bond uM solution in the same deuterated MES buffer and then
cleavage. concentrated down to the desired protein concentrati@nl(

The crystal structure on the catalytic core of PHM mM) in a Millipore Ultrafree centrifugal filter. AcYVG,
(PHMcc) shows two inequivalent Cu sites in the protein NaNs;, and NaNQ solutions were prepared in the same buffer
separated by-11 A with no bridging ligation {3, 17. The and added into the protein solution for initial incubation and
Cuy site has a distorted tetrahedral geometry with one concentration for small molecule perturbation studies. All
methionine, two histidines, and a water-derived ligand. The protein manipulations were done a# °C. Fifty to sixty
Cuy site has a nearly square planar geometry with three percent glycerotl; was added as a glassing agent for low-
histidines and one water ligand. The substrate binds at atemperature optical spectroscopy. From CD spectra, glycerol
location close to the Gusite with the backbone hydrogen, was found not to perturb the €sites. Crystals of model
which is abstracted in the enzymatic reaction, oriented toward complexes tetrakis(1,2-dimethylimidazole)Cdi(tetrafluo-
at the Cuy site, identifying the Cy as the catalytic site. The  roborate) ([Cli(1,2-dmIm}](BF).) and tetrakisimidazoleCu
Cuwy is then associated with the ET site. Although their sulfate ([CU(Im)4](SOy)) prepared as in ret4 were kindly
structures are clearly different, past spectroscopic studiesprovided by Prof. Harvey J. Schugar (Rutgers).

(e.g., EPR) on oxidized PHM (andAM) did not find any Spectroscopic StudieEPR spectra were recorded on a
difference between the two Cu siteE3( 19. Controversy Bruker EMX spectrometer in quartz tubes immersed in a
also exists concerning the structure of the oxidizeg €ite liquid nitrogen finger Dewar. EPR parameters were obtained

where the spectroscopic results suggest a five-coordinatefrom simulations using XSoph&¥%). Absorption spectros-
square pyramidal geometry in contrast to the four-coordinate copy was performed on a double beam spectrophotometer
tetrahedral geometry from crystallograpi2@). These would (Cary 500) equipped with a liquid helium cryostat (Janis
have very different ligand fields. However, Cu-d transi- Research Super Vari-Temp) or on a HP 8452A diode array
tions have not been observed for this enzyme. spectrophotometer. Circular dichroism/magnetic circular
In this study, we combine spectroscopic techniques and dichroism (CD/MCD) data were collected on CD spectropo-
density functional calculations to define the geometric and larimeters (JASCO J810 with a S20/S1 PM tube for the UV/
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vis region and J200 with an InSb detector for the near-IR
region) with sample compartments modified to accommodate
magnetocryostats (Oxford Instruments, SM4000-7/8T). Due

| A. Resting xthve B.

o

=0
to the weak intensity of the PHM protein MCD signals, a Tg
magnetic field dependent but temperature independent % -5}
background signal was often present. High-temperature 7 T Ew_

——CDx10
—MCD R
xzg/yz—Mcow/AcWG|  Resting
C.Resting+ N~ D. '

spectra were thus subtracted from low-temperature 7 T
spectra to remove this background and obtain the tempera-
ture-dependent MCD C-term signals. All spectra presented

were normalized to #5 K 7 Tintensity using the Brillouin - xalyz Sim
function for anS = 1/, system 26). Extinction coefficients £ 4 bl
were calculated on the basis of the sample Cu concentrations. T;

Mull samples of the model complexes were prepared by E_m_

dispersing finely ground powder of the complexes in poly- —

(dimethylsiloxane) (Aldrich) and sandwiching it between two xzyz —mcowacwve|  [Resting + N~

quartz disks. E. Resting + NO,- F.
DFT Calculations.Density functional calculations were I

performed on a PC cluster using Gaussian 28).(All

calculations were performed using the B3LYP functio2s) (

at the spin-unrestricted level. Two types of basis sets were

used as implemented in the Gaussian 98 package. Geometry

optimizations and frequencies were calculated with the

——MCD

Resting + NO,

LanL2Dz basis set. Single point energies were obtained with 25000 20000 15000 0000 5000 zs:mMa th ¥ séoo
the triple< TZV basis set. Wave functions were visualized Energy (cm ) gnetic Field (G)
in Molden 9) and analyzed with AOmix30). Ficure 1: (A) Ligand field 5°C CD and 5 K, 7 T MCD spectra

. . . . . . of the resting PHMcc and 5 K7 T MCD spectrum of the resting
Ligand Field CalculationsLigand field calculations were  ppvcc with 2-3 equiv of AcYVG substrate; (C) ligand field 5
performed using a FORTRAN program written by Cecelia °C CD and 5 K, 7 T MCD spectra of resting PHMcc with 350 mM
Campochiaro and modified by Elizabeth G. Pavel using the N3~ and the 5 K, 7 T MCD spectrum with an additiona# equiv

approach developed by Companigitomarynsky 81, 32. of AcYVG substrate (The dissociated constant af tb DM is
PP P y P ynsky 3 ~2 mM (34). Considering the similarity between PHM an@,

a similar value for PHM could be reasonably assumed. The
concentration of N used here ensures saturated binding with
- . . PHM.); (E) ligand field 5 K 7 T MCD spectrum of resting PHMcc
2.1. Spectroscopi¢iigure 1A presents the ligand field (LF)  \yith 300 mM NO,~; (B, D, F) experimental (77 K) and simulated

region CD/MCD spectra of resting PHMcc. Only two X-band EPR spectra for the resting PHMcc (9.321 GHz), resting
electronic transitions are observed up to 30 000‘dmeach PHMcc with 350 mM N~ (9.319 GHz), and resting PHMcc with
spectrum, at~12200 and~16 700 cm’, and form a Gt L0 G e harp Signabat 2.0 1 due t0 a
(:!om!nant pseudér-term (I'.e" temperature-dependent, Qe- radical signal ofythegquartz tube us%d i?] the EPR measurement. In
rivative-shaped) feature in the MCD spectrum. Resting panel E, the weak derivative shaped spectral feature2dt 500
PHMcc is colorless, and no spectral feature is observed incm! (“x”) is due to a small heme contaminant.

its UV/Vis/NIR absorption spectrum (data not shown). The
X-band EPR spectrum of the resting PHMcc shows a typical Table 1: EPRg andA (104 cm?) Value$ and Calculated
tetragonal type 2 Cusignal withg, > g«y > 2.0 indicating Ground-State Cu Covalencg?®

2. RESULTS

anx?>—y? ground state (Figure 1B). Only one type of copper O o o A A A B2
hyperfine coupling is resolved in tlggregion, although there resng  2.050 2060 2288 9 12 157 0.70
are two inequivalent Cu sites (Gwand Cuy,) in the protein. W/N3~ 2.040 2.060 2.246 2 25 160 0.66

Theg, andA; values determined from simulations are 2.288 |, yo, 2060 2060 2265 10 9 160 069
and 157x 104 cm?, respectively (Table 1), consistent with 2060 2060 2298 10 9 165 073
those reported in the literature3). In the presence of a Complete simulation parameters are given in Table’B2values
substrate, AcYVG, both transitions in the MCD spectrum Were obtained using the equatiéi= Pd[~«” — %73 + (g — 2.0023)
did not shift in energy relative to those in the resting PHMcc /792 ~ 2:0023)], where Pd[CY ~ 400 x 10° cm , ([Cu] ~

. L2 L 0.43, andgy = (gx + gy)/2. The signs of experiment#, (A, values
(Figure 1A), indicating that the substrate binding does not are taken as negatives, 36.
perturb the geometries of the Cu sites in resting PHMcc.
(The substrate concentrations used here are in the millimolarHowever, new transitions are observed to higher energy in
range, which ensures the complete substrate binding becausghe charge-transfer region. The MCD spectrum shows three
the Km(AcYVG) for PHMcc is ~6 uM (14). Note that the  new transitions at-21 000 ¢), ~24 500 (), and~28 600
intensity difference between the MCD spectra with and (—) cm® (Figure 2B). Two new transitions are also observed
without substrate is due to baseline subtraction effects fromin the CD spectrum in the CT region at25 800 ¢) and
weak MCD_ signals and some uncertainty in the sample Cu ~29 900 () cm™! (Figure 2B). In this energy region of the
concentration.) absorption spectrum of PHMce N3~, moderately intense

N3~ binding shifts the two LF transitions of the resting charge-transfer features are observed2® 000 cm?® with
PHMcc Cu sites only slightly te-12 400 and~16 400 cm'* € ~ 3400 M*cm™! (Figure 2A), giving the solution a pale
in the CD/MCD spectra of PHMcet N3~ (Figure 1C). yellowish color. The energy and intensity of this absorption
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Ficure 2: (A) Charge-transfer absorption spectrumi@ of resting
PHMcc with 350 mM N~ (dashed lines are Gaussian fitted bands);
(B) Charge-transfer BC CD and 5 K, 7T MCD spectra of resting
PHMcc with 350 mM N~ and 5 K, 7 T MCD spectrum with-4
equiv of substrate AcYVG added to PHMécN;~. Gaussian fitted
CD and MCD spectra of resting PHMee N3z~ are given in Figure
S2.

30000

band are consistent with the results of previously reported
N3~ binding studies on PM (34). Simultaneous Gaussian
fit of the absorption, CD, and MCD spectra of PHM¢éc
N3~ in the CT region gives three transitions at energies of
21950, 25 550, and 29 600 ctfrwith extinction coefficients

of ~1050, 2550, and 2100 M cm™%, respectively (Figure
2A). Since binding a single N to a single Cti can produce
only two CT transitions (from the N z° and=]° orbitals),

the presence of three bands indicates that two Ind to

the CU' sites.

The X-band EPR spectrum of thesNbound form of
PHMcc also shows only one type of tetragonal' Gignal
(Figure 1D). However, a smalleg is observed (2.246, Table
1), and the line widths in they, region become much
narrower relative to those of resting PHMcc. Combined with
the fact that three N CT transitions are observed in
absorption/CD/MCD, this indicates that both'Gienters are
perturbed by N~ binding with one N~ to each Cli. A
similar EPRg value perturbation by N binding was also
observed for [BM (34). Similar to resting PHMcc, the
addition of substrate AcYVG to PHMce N3~ did not
change the MCD spectra (Figure 1C and 2B), indicating that
substrate binding does not perturb the Cu sitesofibound
PHMcc. This is consistent with previous infrared studies on
CO binding to the reduced PHMcc, which showed that
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Ficure 3: Mull absorption (10 K, A) and mull MCD spectra (5
K, 7 T, B) of [Cu'(1,2-dmIm}](BF4).. The symmetry symbols in
panel A give assignments in th&yy group, and those in panel B
give assignments in th®&’' double group (reference Scheme 1 and
section 3.1.1). The scale is from literature values measured from
solution spectrum 24). The structural parameters of [{{a,2-
dmim),](BF,), were taken to be similar to those of the [C1,2-
dmim)](ClO,4), complex, of which the crystal structure is available
and shown in Figure S130).

because the spectroscopic techniques used here only detect
signals associated with the paramagneti¢ €enters. The
addition of 300 mM ¢1500-fold) NQ~ significantly
perturbed the MCD and EPR spectra of resting PHMcc. (The
addition of 30 mM (150-fold) NG~ gave partial conver-
sion.) Six transitions are now observed in the MCD spectrum
at ~6900 +), ~8900 (), ~10700 (), ~12 350 ¢),
~14200 @), and ~17000 ) cm™® (Figure 1E), as
compared to the two-band spectrum of the resting PHMcc
(Figure 1A). Since one Clusite can at most contribute four
d—d transitions, the presence of six LF bands in the MCD
spectrum indicates that both @nd Cuy, sites in PHMcc
are contributing and spectroscopically differentiated. In
parallel, the X-band EPR spectrum of the Nperturbed
PHMcc shows two sets of Ginyperfine couplings in thg,
region with approximately equal intensity, consistent with
two inequivalent Cu sites (Figure 1F). Tgevalues of these
two EPR signals, 2.265 and 2.298, are different from the
value of the resting PHMcc, further indicating that both Cu
sites in the protein are perturbed. This is the first time that
the two Cu sites in oxidized M or PHM could be
spectroscopically differentiated. This is also consistent with
the presence of threesNto Cu CT bands in the MCD
spectrum of PHMcer N3~ indicating two inequivalent Cu
sites (see section 3.3.1).

To facilitate the analysis of the PHMcc protein spectra,
parallel spectroscopic studies were performed on two struc-

of CO bound at the Gy site (15).

NO,~ can bind to biological Cu active sites (e.qg., in nitrite
reductase) and also form €womplexes in either mono-
dentate or bidentate ligating mod87}. Previous studies
using NQ™ as a perturbing small molecule provided a wealth
of information about geometric and electronic structures of
Cu' sites @8). NO, is thus used here to provide an
additional handle to probe the €sites in PHM. Since the

3 presents the low-temperature mull absorption and MCD
spectra of the [C1(1,2-dmIm}](BF,), complex, which has

an approximately square planar geometry with four equatorial
imidazole ligands. One dominant transition is observed in
the absorption spectrum at19 000 cm* with a low-energy
shoulder around 16 000 crh(Figure 3A). The extinction
coefficients for these two transitions are about+300 M*
cm™t (24). Four transitions are observed in the MCD

protein sample was concentrated through a membrane filter,spectrum at-15 500 (), ~17 000 (), ~19 500 (), and
any exogenous Cliwas washed out, and the observed spectra ~23 000 @) cm™! (Figure 3B). The middle two transitions

are from protein-bound Clu Possible binding of N@ to

in the MCD spectrum correspond to the strong absorption

PHM other than the Cu sites cannot be determined hereband at~19 000 cm! (Figure 3A) and form a dominant
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Ficure 4: Energy-optimized structures of the resting oxidized, @A), the Ns~-bound form, Ctiy—N3~ (B), the putative hydroperoxo
intermediate, Cljy—OOH (C), the resting oxidized Gu(D), and the N--bound form, Cli,—Ns~ (E). Relevant bond lengths (A) are
labeled on the structures. Hydrogen atoms on the histidine and methionine ligands are omitted for clarity. Color codes are as follows: Cu,
green; N, blue; C, gray; O, red; S, yellow; H, light blue.

MCD pseudoA-term, very similar to the pseuddterm mimic the constraining effects of the protein backbone. (In
feature observed in the resting PHMcc MCD spectrum very few cases, one small imaginary frequency (approxi-
(Figure 1A). Similar spectral features are also observed in mately —10 cnT?) is present in the frequency calculations

the MCD spectrum of the model complex [lm)4](SO,), on the optimized structures due to these constraints. The
which has a similar geometric structure to [(¢L2-dmim)]- corresponding vibrational modes involve dominantly motions
(BF4)2 but with shorter axial metalanion distances. (Figure  of the a-carbons.) Without fixing thex-carbon positions,
S3). geometry optimizations resulted in different structures in-

2.2. Geometry Optimized Structur€Bo quantitatively dicating the importance of incorporating the protein backbone
correlate with the above spectroscopic data, geometriceffect on Cu active site geometries. The energy-optimized
structure information for the Cu sites in PHM is required. structures of the [Cky(Met)(His)(H:0);]*" and [Clu(Met)-
Although past studies with X-ray absorption spectroscopy (His)(H-0)]*" models show a distorted square pyramidal
(XAS) (20) and crystallographic characterizatiorisS{ 17 and a slightlyD,q4 distorted square planar geometry, respec-
have provided consistent descriptions on the geometrictively (Figure S4, parts A and B), both of which have the
structure of the Cysite in oxidized PHM, the protonation ~methionine as one of the equatorial ligands. This is not
state of the bound water-derived ligand is not clear. For the consistent with previous EXAFS resultgQ, 40, and the
Cuy site, there is some controversy in the literature. While fact that no methionine to CuCT transition is present in
the crystal structure shows that the resting oxidizeg €ite the absorption spectrum indicates that the methionine has to
has a four-coordinate tetrahedral geometif)(spectroscopic ~ coordinate at an axial position. These two models were thus
data (mainly EPR, XAS, and EXAFS) suggest a five- eliminated from further evaluation. The [Gy(Met)(His)-
coordinate square pyramidal geometry with Met314 being (H20)(OH)I" model has a square pyramidal geometry in the
the axial ligand 18, 20, 4. Further, no structural informa-  optimized structure with a long axial Gunethionine bond
tion is available for the & (i.e., peroxide analogue)-bound (~2.81 A) and two histidines, #0, and OH as the four
form of the PHM Cu sites or the putative Gu—OOH equatorial ligandslain Figure 4A). The average equatorial
intermediate. In this section, we computationally evaluate meta-ligand bond length is~2.03 A. The structure is
possible Cy and Cy; structural models using DFT methods —consistent with the proposed gstructural model based
to provide additional structural information for correlation 0n spectroscopic studies2@). The geometry-optimized
with our spectroscopic results, and evaluation of existing [Cu'u(Met)(His)(OH)]* model could be described as either
structural models (Analysis section). a trigonally distorted tetrahedral structure with methionine

2.2.1. The Resting Cu SitéEhe PHM Cy, site has three ~ at the axial position or a distorted tetragonal structure with
protein ligands, Met314, His242, and His2443( 17. an open equatorial position opposite to His22@if Figure
Including the possibilities of one to two water-derived 4A). The Cu-methionine bond is-2.62 A, and the average
ligands, four structural models were considered and geometry-equatorial metatligand bond length is about 1.95 A. This
optimized: [CUly(Met)(His)(H-0)(OH)]", [Cu'w(Met)- structure is consistent with the geometric description from
(His)y(H20)2)2t, [Cu'm(Met)(His)(H20)]?+, and [Cul(Met)- the PHMcc crystal structurel{).

(His)2(OH)]*. The crystal structure coordinates were used Parallel geometry optimizations were also performed on
as the starting geometried3, 17. The methionine and the possible models for the resting oxidized Gite, which
histidines were modeled as ethylmethylthioether and meth- has three histidine ligands from the protein backbone. Four
ylimidazoles. Thea-carbon positions of the methionine/ structural models were evaluated with one or two water-
histidine ligands were fixed in space during optimization to derived ligands: [Cly(His)s(H.0)]?", [Cu'y(His)s(OH)]T,
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[Cu'y(His)3(H20),)%", and [CUn(His)(HO)(OH)]f. The
[Cu"n(His)s(H20)(OH)I* model is not a stable structure, and
the HO ligand dissociates from the Cu center. This model

can thus be eliminated. The optimized structures of the other

three models are shown in Figure 4D. The optimized
[Cu'"y(His)3(H20)]?" model @a) has a square planar geom-
etry with a slightDyq distortion. The [Ctiy(His):(OH)]*
model @b) has aDyy distorted tetrahedral structure. The
[Cu"4(His)3(H20)2)>" model @c) has a square pyramidal
geometry with a long axial CuH,O bond ¢cy-o0ax~ 2.33

A). The average equatorial metdigand bond lengths are
about 2.01, 2.01, and 2.04 A fdg, 4b, and4c, respectively
(Figure 4D). These three resting oxidized (Cmodel
structures are all consistent with the PHMcc crystal structures
(17), although structureda and 4b agree better with the
previous spectroscopically defined tetragonal geometric
description 20) since structuredc is distorted toward a
tetrahedral geometry. The possible structural models for the
resting oxidized Cy and Cuy sites (La, 1b, 4a, 4b, and4c)

will be further evaluated on the basis of our spectroscopic
results in the Analysis section.

2.2.2. The N -Bound Forms and the Putag Cu'y—OOH
Intermediate Possible structural models of the;™Nbound
forms of the PHM Cu sites were also calculated and
geometry-optimized for correlation with our spectroscopic
results. Only two structural models are stable for the
Ns-bound Cu site, [CU'u(Met)(Hisk(H:0)(Ns)]™ (2 in
Figure 4B) and [Cliy(Met)(His)},(N3)]™ (Figure S4C). The
[Cu'w(Met)(His)(Ns)]" model structure is very tetrahedral

and could be eliminated on the basis of the spectroscopic

features of N~-bound PHMcc (vide infra). The optimized
structure of the [Cly(Met)(Hish(H-0)(N3)] ™ model @) has
a square pyramidal geometry with the Met-S being the axial
ligand (cu-s ~ 2.86 A), and the N is bound equatorially
in an end-on fashion (average equatorigkarigand ~ 2.04
A, Figure 4B). (The model structure [¢Su(Met)(His),(OH)-
(N3)], where the bound KD at the resting Cly site is
replaced by N, is not stable during geometry optimization
and leads to dissociation of the methionine ligand.) The only
stable structure optimized for thesNbound Cuy site is the
[Cu"n(His)s(N3)] ™ model 6, Figure 4E). It has 8,4 distorted
square planar geometry where thg Nigand binds termi-
nally (averagermetarigand ~ 2.03 A). In both N~-bound
structures2 and5, the N—=N bond lengths are inequivalent
with the remote N-N bond being~0.05 A shorter than the
proximal one (Figure 4B,E). This is consistent with previous
studies of N~ bound terminally to Cli centers, which
showed that the N-NT=N resonance structure of thesN
molecule is stabilized relative to the RNT=N" structure
upon binding to metal centergX).

The Ny~ ligand is a reasonable spectroscopic and electronic
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Scheme 1: Schematic Ligand Field State Energy Diagram
for the Tetrakisimidazole CGuComplex and Absorption and
MCD Selection Rules
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s
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=
Abs MCD

a2 Thex andy axes defined here are approximately along the metal
ligand bonds in the tetrakisimidazole 'Ceomplexes and are 2%otated
(aroundz) from the conventional axis definition in tHgyy point group
to make the @2 orbital highest in energy among the five d orbitals.
The orbital label in parentheses indicates the location of the d hole of
the CU center. The thickness of the arrows indicates the relative
transition intensity. The absorption polarizations and MCD signal signs
are indicated below the transition arrows.

hydrogen-bonded to the coordinateglHaverage equatorial
I'metarligand ~ 2.01 A).

3. ANALYSIS

3.1. Ligand Field Analysis. 3.1.1. MCD Selection Rules
and Spectral Assignments this section, we focus on the
crystallographically defined [Ci(1,2-dmIim}]?" model com-
plex to obtain ligand field absorption/MCD selection rules
and make spectral assignments for correlation with the
protein data. The CulNcore of the [Cti(1,2-dmIm})] 2"
complex has a slighDyy distortion from idealizedDa,
symmetry R4). This removes the inversion center of the
molecule increasing the intensity of ligand field—d,
transitions, which would otherwise be parity forbidden. The
ligand field state energy diagram for a'Caomplex with
D2d¢(Dan) symmetry is shown in Scheme 1 (left column).
There are three ligand field excited stat(xy), 2E(xzy2)
(doubly degenerate), arfd\1(z2) (41). The ground state is
2By(x>—y?). Two transitions are electric dipole (ED) allowed
in absorption. The transition to the doubly degenerate
°E(xzy2) excited state is polarized along the and y

structure analogue of hydroperoxide because both have low-directions. The transition to th#\;(z%) state is allowed in

lying occupiedr orbitals ¢z* in hydroperoxide 7" in N3~)

that dominate the donor bond1 22. Therefore, the
geometry of the B -bound Cw model @) was used as the
starting structure for geometry optimization of the widely
proposed Cljy—OOH intermediate by substituting the end

on bound N~ with the HOO" ligand. The final optimized
structure of the [Cly(Met)(His)(H,0)(OOH)]" model @)

is shown in Figure 4C. It has a square pyramidal geometry
with Met-S as the axial ligandré,s ~ 2.90 A) and the
hydroperoxide bound equatorially in an end-on fashion and

thez direction. The?B,(x*—y?) — 2E(xzy?2) transition should

be more intense in absorption as it gains intensity through
configuration interaction with higher energy equatorial ligand
to Cu CT transitions, which are alggy polarized. The higher
CT intensity derives from the large orbital overlap between
the ligand donor and the Gd—y? acceptor orbital (Scheme

1, left column). Spir-orbit coupling within the?E(xzy2) state
splits the degenerate pair in energy (By, ~830 cn1* for
Cu") into two states that transform &g (|my| = ¥,) andTI';
(Imy] = 3,) in the D,y double group (Scheme 1, center
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column) @2). The ground statéB,(x*—y?) transforms ag’;

Table 2: Ligand Field Parameters

with |my| = Y,. Application of an axial magnetic field
removes all spin degeneracy and lowers the effective

symmetry toS;' (42). The splitting of the ligand field states
due to the magnetic field is summarized in Scheme 1, right
column. The lowest energy state is the= —!/, component
of the ground Kramers doublet and transformd a# the
S/ double group. This component is the most populated in
the low-temperature condition of the MCD experiment. MCD
measures the absorption difference between left and right
circularly polarized light AA = A — Arigny) in @ longitudinal
magnetic field 43). The electric dipole operators for left and
right circularly polarized light aren_; (= (mx—imy)/\/2)
andm.; (= —(my + imy)/+/2), which transform a’; and
I'4, respectively, in thes,’ double group. Therefore, from
the I'; component of the ground state, MCD transitions to
theT's andT's excited states are left (positivE7['3(m-1) =
T's) and right (negative;7I'4(my1) = I's) circularly polarized,
respectively (Scheme 1, right column). The MCD selection
rule requires a transition to have two perpendicular nonzero
electric dipole transition moments to ha@eterm intensity
(44). Thus, only the transitions to tH& andI's components
of the doubly degenerafE(xzy2) excited state will have
significant intensity in the MCD spectrum. These two
transitions are close in energy (split By ~ 830 cnT?) and
opposite in sign, predicting a dominant pseuditerm
spectral feature in the MCD spectrum (Scheme 1, right
column). The transitions to thés component of théA (z%)
state and thd’s component of théBy(xy) state spir-orbit
couple with the same symmetry components ofthgzy2)
state borrowing nonzero MCD intensity of the same sign
(Scheme 1, right column).

The experimentally observed LF transitions in the absorp-
tion spectrum of the [Cl(1,2-dmIm)](BF,), complex at
15 000-20 000 cm*? are low in intensity with extinction
coefficients around 56100 M* cm™! (Figure 3A and
section 2.1). Their energies are typical for''Gromplexes
in a close to square planar geometdpb) The strongest
absorption band at19 000 cm* can be assigned as the
2B(x>—y?) — 2E(xzy2) transition (Figure 3A, Scheme 1, left
column). The two MCD transitions at17 000 (+) and
~19 500 ¢) cmt, which form the dominant pseuddterm
in the MCD spectrum, can be assigned as the two spin-orbit
split componentSTs(xzy2) and?T'g(xzy2), of the?E(xzy2)
state, respectively (Figure 3B, Scheme 1 right column). The
weak negative MCD transition at15 500 cm?! can be
assigned as the transition to tHey(xy) state. Its correspond-
ing absorption transitior’B1(xy)) appears as a shoulder at
~16 000 cnt! (Figure 3A). The higher energy positive MCD
feature at~23 000 cmi! can be assigned as the transition to
the I's(2%) state; its corresponding absorption feature is not
experimentally resolved (Figure 3A,B). Similar spectral

r (07} (o7 r o2 (o ¥}
ligand (A) (m?Y (em?b ligand (&) (cm? (cm?)
Reference Model Ciy(His)s(H20) (4a)
Ima 2.031 12032 4462 His 1.991 12772 4929
H,0P 2.019 17269 6540 1.983 12927 5029
2.230 12814 1798 2.016 12303 4630
OH ¢ 1.918 16000 13000 ¥ 2.064 16164 5857
et- 2.30 13400 6700
2.90 4000 1000
Cu'w(His)(Met)(H,0)(OH) (1a) Cu'y(His)s(OH) (4b)
is 2.030 12050 4473 His 2.034 11979 4429
2.000 12600 4819 2.019 12248 4596
Met-S 2.812 4387 1167 2.074 11299 4018
H.O 2.172 13868 2051 OH 1.897 16537 13736
OH~ 1.921 15925 12899
Cu'y(His)(Met)(OH) (1b) Cu'y(His)s(H20), (40)
His 2.041 11856 4354 His 2.012 12376 4677
1.989 12810 4953 2.015 12321 4642
Met-§ 2.640 8073 3470 2.037 11926 4397
OH~ 1.831 18391 16396 ¥ 2103 15281 5334
2.326 11292 1456

aLigand field fit to hexakis(imidazole)copper(ll) nitrate complex
(Table S2) 47). ® Ligand field fit to hexaaquocopper(ll) complex (Table
S3) @8, 49. cLigand field fit to [CU'(OH){HB(3-tBu-5iPrpz}}]
complex (Table S4)16, 50. ¢ From ref 46. ¢ Because of the large
Cu—S bond length difference with the two reference—&i bond
lengths, the parameters here are obtained by linear extrapolations
between the two sets of model reference values.

xX2—y? to xzyz, °B; — 2E, transitions, on the basis of the
overall spectral similarity to the model complexes (Figures
1A, 3B, and S2B). The negative MCD €uy transition is
not resolved for resting PHMcc, which could be due to its
low intensity (Figures 3B and S2B) and the lower signal/
noise ratio of the protein spectrum. The positive MCD'Cu
x>—y? — 7 transition is also not observed. This suggests
possible axial interactions at the protein''Csites, which
could lower thez? transition energy and result in its overlap
with the strongxzyz transitions, as in the case of the [Cu
(Im)4](SO4) model (Figure S3B). Importantly, only one set
of Cu' xzlyz transitions are observed in the resting PHMcc
MCD spectrum, while there are two inequivalent protein Cu
sites (Cwy and Cyy). This suggests that these two'Gsites
have very similar d orbital splittings from their ligand field
geometries. This is evaluated below.

3.1.2. Ligand Field CalculationsThe DFT-optimized
structures of possible Guand Cy, site models can be used
to calculate their LF energy levels using the approach
developed by Companion and KomarynsBg)(and applied
to bioinorganic Cli and Fé sites @2, 44, 46. The ligands
are treated as point charges, which perturb thtdCarbitals
due to electrostatic interactions based on the geometric
arrangement of the ligands around the metal. The interactions
of each ligand with the metal are parametrized by radial

assignments can be applied to the absorption/MCD spectraintegralso, anday (32), which are obtained experimentally

of the [CU'(Im)4](SO4) complex (Figure S3). The positive
T's(z°) transition is not observed in the MCD spectrum
(Figure S3B). This is likely due to additional axial interac-
tions with the sulfate ligand relative to [C{,2-dmIm}]-
(BF4). (Figure S1B), which would decrease tHg(z?) state
transition energy and result in its overlap with theyz
transitions, which are dominant in MCD.

The dominant pseuda-term feature in the MCD spectrum
of resting PHMcc can be assigned as thd' Ggand field

through fitting LF data on model complexes with defined
geometries. The, anday parameters obtained in this way
for imidazole, HO, OH™, and Met-S ligands are given in
Table 2 with corresponding Ctligand bond lengths. Indi-
vidual ligand parameters for each DFT-optimizedyGnd

Cuy models were scaled from the reference model values
using the approximation that, anda, are proportional to
1/r3 and 115, respectively, whereis the metat-ligand bond
length (Table 2). (For cases where two model reference



5742 Biochemistry, Vol. 43, No. 19, 2004 Chen et al.

Table 3: Ligand Field Calculated-dl Transition Energies, EPR Values, and Stevens’ Orbital Reduction Factor

structures Xy xdyz b2 xzyz o} oy g Ags kP kP 3?
PHMcc experimental 12006-15500 1660616700 2.050 2.060 2.288 0.01 0.70
laCu'y(His)(Met)(H,0)(OH) 8633 15366 15125 17143 2035 2075 2288 0.04 052 038 5064
1b 8576 11583 13624 15749 2.003 2.107 2288 0.10 0.29 0.48 "0.54
4a Cu'y(His)z(H,0) 7906 15339 16851 16728 2.049 2061 2288 0.01 052 0.34 0.64
4b 9244 12832 15660 13953 2.041 2.069 2288 0.03 044 0.41 058
4c 7687 11768 10088 12597 2.036 2.074 2288 0.04 0.37 0.33 "0.67

@ The experimental transition energies were obtained through Gaussian resolution of the resting PHMcc MCD spectrum (Figure 1A). The absolute
peak positions could not be determined accurately due to the derivative spectral shape where the positive and negative parts could cancel each
other. The spectrum was thus fitted with two bands while varying their energy splitting. The energy range reported here is maximally allowed
values without significantly deteriorating the fit quality. The higher enewyz transition is quite accurate due to its much larger intensity relative
to the lower energy component. Tlgeand 32 values are from Table 2.DFT-calculated ground-state Cu covalentl.? was determined by
scaling the average value of LF calculagdand gy, (before correction) to the average value of the experimaptahdg, values.

values are available, the value associated with the bond length

closest to the DFT-calculated one is used.) Bhend oy

values for the histidine (imidazole),,B, and OH ligands

should be reasonable because the differences between the -

bond lengths in the calculated GACu, structures and those E

in the reference model systems are very small. The Met-S 12_
4

xzlyz

LF parameter values should also be reasonable because the
Cu—S bond length in structurga is very close to that of 10k
the reference model complex, while thg and o4 values :

for Met-S in structurelb (rc,-s = 2.64 A) are bounded by xelyz ——— PHMce MCD
the values of two model complexes with €8 distances of 25000 20000 15000 _11°6°° 5000
2.30 and 2.90 A. Energy (cm)

. . : _ Ficure 5: Predicted ed transition energies from ligand field
The d-d transition energies obtained from the LF calcula calculations overlaid on the resting PHMcc MCD spectrum. The

tions on the DFT-optimized Guand Cu model structures  sjzes of the bars indicate the predicted relative transition intensities
are given in Table 3 and compared with the experimental with appropriate signal signs (see Scheme 1).

data. Theg values were also calculated using the LF-derived  Fq; the structural models of the PHM Gsite (Figure
eigenfunctions and the perturbative approa<_:h outlined by 4D), LF calculations on structurdc underestimate the
Ballhausen 46, 51 and further corrected using Stevens’ gnergies of bothzyz LF transitions, particularly the higher-
orbital reduction factors to account for ligand covalency. energy component, which is underestimated-#000 cnr’

For the structural models of the PHM (site (Figure (Table 3). Structurelc can thus be eliminated. The results
4A), structurela gives better agreement with bokz'yz on structuredb give good agreement for the low-energy
transitions than structuréb, which underestimates their component of thexzyz transitions, while the higher-energy
energies (Table 3). The predictedyz energy splitting is component is underestimated by2600 cn® (Table 3),
quite large for structuréb (~4200 cm?) relative to that of arguing against structue for the Cu, site. The LF results
structurela (~1800 cnt?) and experiment~2900 cnt?). from structureda are in best agreement with experiment
The LF calculated) values for structuréb show a significant ~ (Table 3). Therefore, the [Gu(His)s(H,0)]?" structure 4a
rhombic splitting Agn = 0.10), which is not consistent with  in Figure 4D) is a reasonable model for the PHM,Gite,
the experimentally observed axial EPR pattern of PHM. The where the Cl center has &D,q distorted square planar
large LFxzyz splitting and rhombiay values of structure  geometry. This is consistent with the previously described
1b result from its ligand field, which is more appropriately Cuy structure based on both spectroscopy and crystallography
described as a distorted tetragonal structure with an open(17, 20.
equatorial site (Figure 4A, section 2.2.1). The vacant The LF calculated ¢d transitions of structureka (Cuw)
equatorial position leads to a large inequivalence inxhe and 4a (Cuy) are plotted on the resting PHMcc MCD
andy directions giving the largezyz splitting, while the spectrum in Figure 5. The similarity between the-di
overall distorted structure results in a significahtmixing transition energies of the Guand Cu sites is clearly
into thex?—y? ground state{19% from the LF calculation),  demonstrated, especially for the two interggztransitions.
which is the dominant factor leading to the rhombic EPR This is consistent with the spectroscopic data that show only
pattern. (DFT-calculated ground-state wave function for one set ofxzyztransitions forming the dominant pseudo-
structurelb (see section 3.2 and Figure S5A) give4% 72 term in the MCD spectrum of resting PHMcc. This appears
mixing in the ground state, which corresponds to a rhombic to be inconsistent with the fact that there are two inequivalent
splitting (Agn) of ~0.1 (36).) Therefore, the LF analysis Cu sites in the protein (Figure 1A), and the PHMeNO,~
indicates that the most reasonableyQiructural model is  data show that both sites contribute to the MCD spectrum
[Cu'y(His)(Met)(H,0)(OH)]" (1a, Figure 4A), which is (Figure 1E). The? transitions for both Cu sites are located
square pyramidal with the Met-S as the axial ligand. This is in the region of the strong negative MCD feature of the
consistent with the previous @structural model based on  pseudoA term and are thus not resolved experimentally.
XAS data @0). The DFT-optimized structurga provides a Further correlations between the &iaand Cy 4aligand
detailed model for Gy based on spectroscopy. field will be discussed in section 4.
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Ficure 6: Surface contour plots of DFT-calculated spin-down
LUMOs of Cuy la (A), Cuy 4a (B), and Clly—OOH 3 (C)
structures. The spin-dowst orbital of Cu'yy—OOH is also shown

in panel C. Molecular coordinate systems used here are shown for
Cuy and Cy sites in panels A and B. Panel D shows a surface

contour plot of the spin-down LUMO of the L3®&OOH model
complex (L3 = [HB(3-tBu-5iPrpz}]), adapted from refl6.
Relevant MO decompositions are labeled in percentages.

The spectroscopically defined Gula and Cy 4a

Biochemistry, Vol. 43, No. 19, 20046743

are calculated to be very similar, abou®4% Cu character,
more covalent than the experimental value determined from
EPR 70% Cu, Table 1). This agrees with past studies that
the B3LYP functional overestimates ground-state covalencies
of Cu' complexes%7). The important point here is that the
ground-state Cu covalencies of theyClaand Cy, 4asites

are essentially equal. Together with their similar LF transition
energies, both the Guand Cuy, sites should exhibit very
similar EPRg and A values, since thg values are only
dependent on LF energies and covalencies andteues
depend on thg values and covalency of the ground state.
This is indeed reflected experimentally in the EPR spectrum
of resting PHMcc where only one @UuEPR signal is
observed (Figure 1B).

3.3. Electronic Structure Description of the Putati
Cu'y—OOH Intermediate. 3.3.1.N-Bound PHM N3~ was
used as a spectroscopic and electronic analogue of OOH
to probe the Cu sites in resting PHMcc. The EPR spectrum
of PHMcc + N3~ shows one type of tetragonal Cu EPR
signal, similar to that of resting PHMcc but with a smaller
g; value, indicating thaboth Cu sites in the protein are
perturbed (Figure 1D, Table 1, section 2.1). Two intense (and
one weak) CT transitions are observed in the absorption
spectrum of PHMcet N3~ at 25 550 cm? (e ~ 2550 M!
cm) and 29600 cm! (e &~ 2100 Mcm™) with two
corresponding negative bands in the MCD spectrum (Figure
2). The absorption intensities of these two CT transitions
require significant overlap betweenyNz” and Cux?—y?
orbitals 1). N3~ thus must bind equatorially to the Cu sites,
one to each Cu site, since ongNmolecule can only

structures also provide a rationale for the fact that these two ontribute to one intense CT absorption transition. The
sites could be spectroscopically differentiated upon binding DFT-optimized structures Cy—Ns~ 2 (Figure 4B) and

NO,~ (Figure 1E,F, section 2.1). The Gsite (La) has two

Cu'y—N3~ 5 (Figure 4E) are consistent with the spectro-

equatorial water-derived ligands that are exchangeable, whilegcqpic results; both have one equatorial Mound to the
the Cu, site (4a) has only one exchangeable equatorial water. ¢y centers. Specifically, the higher energy transition at

Copper model studies have shown thatN©an bind either

bidentate through the two terminal oxygen atoms when there

are two open equatorial positions2-54) or monodentate

through one oxygen atom if there is only one open equatorial

position 65, 5. Thus NQ~ binding can differentially
perturb the Cy and Cuy, centers in PHM, making both sites

spectroscopically observable and distinguishable in the MCD

and EPR spectra (Figure 1E,F).

3.2. Resting Site Ground-State YéaFunction.Surface
contour plots of DFT-calculated spin-down LUMOSs on the
Cuy la and Cuy, 4a structures are shown in Figure 6A,B.
Because these are 8= 1/, systems, the spin-down LUMOs
represent the ground-state wave functions of the restitig Cu
and Cuy sites. Both Cy la and Cy 4a have ax?—y?

ground state, consistent with the EPR results of resting

PHMcc (Figure 1B). Thex’>—y? orbital of Cus la has
dominanto interactions with all four equatorial ligands (two
histidines, HO, and OH, Figure 6A). The Met-S is in the
axial position with virtually no contribution in the ground-
state wave function indicating that the €methionine

29 600 cm? can be associated with thesNz™> — Cu'y
x?—y? transition, while the lower energy transition can be
assigned to the N 7° — Cu'y x2—y? transition. The
energy difference comes from their difference in Cu coor-
dination numbers (Cw—Ns3~ 2, five-coordinate; C—N3~

5, four-coordinate; Figure 4B,E) where the higher coordina-

tion number leads to the higher energy CT transition due to
the shift in the Cu d manifold to higher energy from more

ligand repulsion and a lower Cu effective nuclear charge
(Zer). In correlation to the N@ binding studies (Section
2.1), the inequivalent energies of the twg‘Nrﬂb—> CucCT
bands observed experimentally provide further support for

the inequivalence of the Guand Cu sites. The CT band at

21 950 cm* with low intensity € ~ 1050 Micm™) can
be associated with theaN #° — Cu transition of one Cu

site. The N~ 7 orbital is perpendicular to the Cx¢—y?

orbital with little orbital overlap and thus low in intensity.
The Cu LFxzyztransitions in the MCD spectra are only

slightly perturbed by M binding to PHMcc (Figure 1A,C),

interaction is very weak. This is consistent with the long indicating that the Cu site geometries in thg Nbound form

axial Cu—methionine bondr(~ 2.8 A, Figure 4A) and the

remain tetragonal and similar to resting PHMcc. This is

fact that no methionine interaction is detected in the EXAFS consistent with the DFT-optimized structures'GuNs™ 2

of resting PHMcc 18, 20. Thex?—y? orbital of Cy; 4a has and Cly—N3~ 5 (Figure 4B,E), which have square pyra-
dominanto interactions with the four equatorial ligands (three  midal andD,g distorted square planar geometries, respec-
histidines and KO, Figure 6B), similar to that of Gy la tively, paralleling the resting Gulaand Cuy 4a structures
The ground-state Cu covalencies for\Clia and Cy 4a (Figure 4A,D). The LF data of PHMc¢ N3~ also rule out
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the other computationally stable structure ([F{Met)(His)-
(N3)]*, Figure S4C) because it has a close to tetrahedral
geometry.

3.3.2. Electronic Structure of the Putagi Cu'y,—OOH
IntermediateThe DFT-optimized structur&for the putative
Cu'y—OOH intermediate has a square pyramidal geometry
(Figure 4C). This is very similar to the spectroscopically
defined Cly—N3~ structure 2, which was used as the
starting geometry with substitution of thesNby OOH",
reflecting the electronic analogy betwees Nand OOH-.
The OOH binds in an end-on fashion to the Caenter.
(The deprotonated water ligand form of 'Gu-OOH 3,
[Cu"m(Met)(His),(OH)(OOH)], was also geometry-optimized
and found to be~25 kcal/mol higher in free energy.) The
ground-state wave function of this Gy—OOH 3 intermedi-
ate is shown in Figure 6C, left, and consists mainly of the
Cu x2—y? orbital, similar to that of resting Gula (labeled
(x®>—y?—a,, Figure 6A). The OOH 7, orbital is in the
Cu—0-0 plane and forms a dominant but not very covalent
pseudoes interaction with the Clix>—y? orbital, since there
is only a total of 19% OOH character in the wave function.
The OOH z; component of the ground-state wave func-
tion is highly polarized toward the Cu (ligating oxygen,
~17%; remote oxygen/~2%), similar to the behavior
observed in Ci—OOH model complexesl1g, 58. This
polarization is mainly due to the effect of protonation and
leads to a strengthened-@ bond (6, 58. The OOH ¢*
orbital (Figure 6C, right) is high in energy-@ eV higher
than the spin-down LUMO) and also polarized toward the
Cu (ligating oxygen,~40%; remote oxygen, 13%), similar
to that of Cli—OOH model complexeslg, 58. Possible
electronic structure contributions of this putative'(zt:OOH
3 intermediate to reactivity will be evaluated below.

4. DISCUSSION

A combination of spectroscopic characterizations and DFT

calculations has defined the geometric and electronic struc-

tures of the Cy and Cuy sites in resting PHM. The Gu
site has a square pyramidal geometry with a long axiat Cu
methionine bond and two histidines,®l, and OH as the
equatorial ligands (structurea, Figure 4A). The Cy site
has a slightlyD,q distorted square planar geometry with three
histidines and KD as the equatorial ligands (structute,
Figure 4D). These two sites have very similar ligand field
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Ficure 7: Structural correlations of ligand field splitting patterns.
Ligand field calculated ¢d orbital energy diagrams for Guda

(left) and Cy, 1a(right). 1.S.1is an intermediate structural model
derived from Cwy la where the axial methionine is removed and
the equatorial OH is replaced by a histidine ligand.S.2 is an
intermediate structural model with the axial methionine removed
from Cuy 1a. All energies are referenced to the lowest d orbital,
which is set to zero. Geometries of first coordination sphere atoms
are shown on the top. Coordinate systems are the same as those
defined in Figure 6A,B.

(structurelain Figure 7, right), where the axial methionine
ligand is removed, and the OHligand is replaced by a
histidine to have the same ligand set as the €ite. (The

o, anday parameters for the substituted histidine here were
taken as the average values of the three histidine ligands of
the Cuy, site.) The Cu atom is above the ligand plane in a
square pyramidal geometry. This out of plane distortion from
planar geometry mainly results in the lowering of #ie-y?
orbital and a slight increase af andyz orbital energies,
leading to the decreased energy splittings of xhey?/xy
andx>—y?/(xzy2) orbitals. Having an equatorial OHigand
instead of a histidine in this intermediate structure mainly
elevates the energy of thé—y? orbital due to the larger
donor interaction of OH relative to histidine ¢, anday in
Table 2), resulting in increased energy splittings of the
VAIxy andx?—Yy?/(xzy2) orbitals (Figure 71.S.2). The presence

of the axial Met-S ligand at the Gusite exerts an additional

transition energies and ground-state covalencies leading tointeraction in thez direction and shifts the? xz andyz

their indistinguishable contributions in optical and EPR
spectra (Figures 1A,B and 6A,B). These spectroscopic
properties are the result of the metéigand interactions at
these LF geometries. The spectral similarities of,Gund

orbitals up in energy, while again decreasing the energy
splittings of thex’—y?/xy andx?—y?/(xzy2) orhitals (Figure
7, right). Thus, the effects of the square pyramidal distortion
and addition of the axial methionine ligand at theyiite

Cuy appear to contradict the fact that these two sites have gppose the effects of the strong donating equatorial” OH

different number and type of ligands; relative to the,Cu
site, the Cy site has an additional axial Met-S ligand and
an equatorial OH in place of a histidine. We have thus

ligand on the Cu d orbital splitting pattern, leading to LF
transition energies similar to those of the Csite (Figure
7, left and right, and Figure 5). The only significant

performed a LF analysis for a series of intermediate structuresdifference is the energy of t orbital, which is higher for

correlating the Cy and Cuy sites.

Figure 7 (left) presents the d orbital splittings from the
LF calculation on Cy 4a(section 3.1.2). The highest energy
d orbital is x>—y? with the xy, xzyz, and Z orbitals at

the Cw site due to the axial Met-S interaction. However,
the 22 — x>—y? transition does not contribute to the EBR
values (for ax>—y2 ground stateg, = 2.0 — 81,241/ AE,y
andgxy = 2.0 — 24y4?$1%/AEy,y, Whereoy, 1, andy; are

decreasing energy, reflecting the close to square planarthe Cuxy, X*—Yy?, andxzyz orbital contributions in the LF

geometry of the Cusite. Figure 71(S.1) shows the d orbital
splittings of an intermediate structure derived fromyCu

wave functions and\E,, and AE,, y,are thexy andxzyzto
x?>—y? transition energiess@)) and is not observable in the
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MCD spectrum due to overlap with the dominant pseddo- through charge donation. However, its less covalent Gu
term associated with thez'yz — x?>—y? transitions in the interaction would tend to destabilize the product. The
MCD spectrum (Figure 5). equatorial histidine ligands in ®y—OOH are very similar

Azide binding studies on resting PHM have provided a 0 the pyrazole ligands in L3Cu-OOH in electronic
geometric and electronic structure model for the azide-bound Properties €3) and would not assist in product stabilization,
form, CU'w—Ns~ (structure2, Figure 4B), and facilitated ~ NOT would the bound water ligand, which is an even poorer
development of a structural model for the putative' @G donor ligand than histidine. (The possibility that the water
OOH species (structur® Figure 4C) previously proposed igand would deprotonate upon the homolytic-O bond
as a reactive intermediate in catalysis by PHM angvD ~ cleavage and the resulting OHigand would possibly
(5, 7, 60. This Cu'y—OOH model provides an electronic stabilize the Cliy—oxyl intermediate is evaluated by DFT
structure description of the Gthydroperoxide and the €0 geometry Ioptimiza_tions. The methionine ligand dissociates
bonding interactions (section 3.3.2). Thg orbital of the Io: tlhe Culy—oxyl lntern;eglatl? Wllth (|3|t:| |I9?ﬂ?r; ag(dhtfe
bound OOH ligand forms a dominant pseudointeraction 0 aI gr:ergy g_octes Uptr?io I(':a rr:jo r:a Ive 1o the Clu—
with the Cu'y x2—y2 orbital; the resulting interaction is not XY INtermediate wi igand.) However, the Ci

very covalent (615 Cut 19% OOH , Figure 6C, lef). This — go0d SERES 149 2 08 B B0 o orasoles of the
bonding description is different from the results on a LBCu”—gOOH complex. Althouah the Met-Sp)r/\as virtuall
previously characterized mononuclear L3G®OOH model no contribution topthe. roundgstate wave function of t%/e
complex (L3= [HB(3-tBu-5-iPrpz}]) (16), where thesx 9

) ; : Cu'y—OOH species (Figure 6c, left), it may contribute to
orbital of the OOH ligand undergoes a dominamtdonor e - _
interaction with the Cl x?—y? orbital, which results in a the stabilization of the Cy—oxy! product upon Cty—OOH

; H-atom abstraction on substrate. The geometry-optimized
more covalent CatO bond (58% Cut 31% OOH-, Figure e
. . . ! . truct f the Cly— I dicates that the Met-S
6D). The difference in the CuO bonding interactions structure of the Cliu—oxyl species indicates that the Me

. : ligand is in fact in an equatorial position and becomes
between Cliy—OOH and L3CU—OOH derives from their : -~ ; - ;
) ; . L artially oxidized relative to that in the &y—OOH inter-
different LF geometries. The ¢y—OOH intermediate is partally oxiciz v I u I

five-coordinate and has a square pyramidal geometry result mediate, contribuiting to the stabilization of the'Gitr oxyl
S . . “species§2). This Met-S contribution could have significant
ing in a Cux?—y? orbital lobe oriented along the €O bond P € g

d th do-bonding i . ith the OOH effects on the energetics of the H-atom abstraction reaction
an t us a pseude-bonding interaction with the by the Clly—OOH intermediate. The energetics and reaction
ligand (Figure 6C, left). The L3C4+-OOH model complex

ic f di dh . I di q hedral barrier of Cliy—OOH H-atom abstraction are evaluated in
Is four-coordinate and has a tngona y |stort§ tetrahedral 5 gher study@2), along with another alternative reaction
geometry where the ®u—y? orbital has two adjacent lobes :

) . ) pathway for the PHM reaction.
bisected by the CuO bond leading to ar bonding
interaction with the OOH ligand (Figure 6D). The higher NOTE ADDED IN PROOEF:
coordination number of the ¢y—OOH species raises the | ] )
energy of the Cu d manifold due to the increased ligand A CU'-superoxide species has recently been proposed to
repulsion and loweZg, increasing the energy separation be the reactive Cu/pntermedlatg for H-atom abst'ractlon
between the Cu d and the OOHigand valence orbitals. I DM chemistry 64). The reaction thermodynamics and
This results in the less covalent. weaker-& bond in energy barriers for the H-atom abstraction reaction dfyCu
Cu'y—OOH relative to that of the L3C-OOH complex. ~ Superoxo and Cly-OOH species in PHM have been
In contrast to the CtO bond, the @O bond strength in ~ €valuated in reb2.

o ; S . )
Cu hydropero_><|d¢ species is mainly determined by the SUPPORTING INEFORMATION AVAILABLE
protonation, which increases the bond strength, and is thus
not significantly affected by the CtO interaction 16, 58. Structures of [CU(1,2-dmIm}](ClO,), and [CU (Im)4]-
The internal H-bond structure feature of the'GuOOH (SOy) complexes, Gaussian-resolved CD/MCD spectra of
intermediate3 (Figure 4C) will contribute to the energetics PHMcc + N3, abs/MCD spectra of [Cl{im)4](SOy),
of its formation 61), which is addressed in another study additional geometry-optimized structures, ground-state wave
(62). functions of Cy 1b and Cy 4b, complete EPR simulation

The bonding description of the putative 'Gi+OOH parameters, ligand T'eld fit parameters to [Qm)e]*",
species provides initial insight into its possible reactivity in [CU'(H20)e]*", and [CU(OHY HB(3Bu-5iPrpz}}] models,
the H-atom abstraction reaction, which occurs in PHM and and coprdlnates of DFT—opt|m|z¢d structures. This material
DAM catalysis B, 9—12). This would involve the homolytic 1S available free of charge via the Internet at http:/
cleavage of the ©0 bond generating a Ctroxyl/Cu' — pubs.asc.org.
oxo product species. Our previous studies on the ['3Cu
OOH model have shown that this reaction is endothermic REFERENCES
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