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Abstract

The prion protein is a ubiquitous neuronal membrane protein. Misfolding of the prion protein has
been implicated in transmissible spongiform encephalopathies (prion diseases). It has been
demonstrated that the human prion protein (PrP) is capable of coordinating at least five Cu'! ions
under physiological conditions; four copper binding sites can be found in the octarepeat domain
between residues 61 — 91, while another copper binding site can be found in the unstructured
“amyloidogenic” domain between residues 91 — 126 (PrP(91-126). Herein we expand upon a
previous study (J. Shearer, P. Soh, Inorg. Chem. 46 (2007) 710-719) where we demonstrated that
the physiologically relevant high affinity Cu'! coordination site within PrP(91-126) is found between
residues 106-114. It was shown that Cu'! is contained within a square planar (N/O)3S coordination
environment with one His imidazole ligand (H(111)) and one Met thioether ligand (either M(109)
or M(112)). The identity of the Met thioether ligand was not identified in that study. In this study we
perform a detailed investigation of the Cu'! coordination environment within the PrP fragment
containing residues 106-114 (PrP(106-114)) involving optical, X-ray absorption, EPR, and
fluorescence spectroscopies in conjunction with electronic structure calculations. By using
derivatives of PrP(106-114) with systematic Met — Ile “mutations” we show that the Cu'!
coordination environment within PrP(106-114) is actually comprised of a mixture of two major
species; one Cu'!(N/O)3S center with the M(109) thioether coordinated to Cu'! and another Cul'(N/
0)3S center with the M(112) thioether coordinated to Cu'!. Furthermore, deletion of one or more Met
residues from the primary sequence of PrP(106-114) both reduces the Cu'" affinity of the peptide by
two to seven fold, and renders the resulting Cu'! metallopeptides redox inactive. The biological
implications of these findings are discussed.

Introduction

Neurological disorders caused by the aggregation of neuronal proteins represent some of the
most dreaded human diseases as a diagnosis with such a disorder represents a certain death
sentence following the slow loss of cognitive and physical abilities.[1] The most common of
these disorders is Alzheimer’s disease (AD), which strikes approximately 15% of all people
who live past the age of 55.[2] Far less common are transmissible spongiform encephalopathies
(TSEs), or prion diseases, that strike less than one out of every one million people, and are
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caused by the aggregation of the prion protein.[3-8] Prion diseases can be found in many
mammalian species ranging from humans to cattle to felines. In humans these diseases include:
Creutzfeldt-Jakob disease, kuru, fatal familial insomnia, Gerstmann-Straussler-Scheinker
disease, and variant Creutzfeldt-Jakob disease (vCJD).[2-10] It was vCJD that brought prion
diseases to the public’s attention as it has been widely speculated that the cause for this disease
is the ingestion of beef derived from cattle suffering from bovine spongiform encephalopathy
(or “Mad Cow” disease).[10,11]

As the name implies TSEs are infectious diseases. Although much remains unknown about the
exact mechanism of transmission, it has been proposed that exposure of the misfolded variant
of the PrP (PrPS°) to its normally folded cellular isoform (PrP¢) causes PrPC to misfold into
PrPS¢.[3-8] Unlike PrPC, PrPSC is highly insoluble and readily forms aggregates. These
aggregates in turn produce neuronal plaques, which then induce neuron apoptosis. As the
disease progresses holes form in the brain, which leads to impairment and the eventual death
of the afflicted individual.

Similar to AD much remains unknown about the exact molecular cause of TSEs or the
physiological function of the PrP. Although PrPs are ubiquitous neuronal membrane proteins
their exact neurobiological role has not been elucidated. However, owing to their high affinity
for Cu'l it has been speculated that they may be involved in copper homeostasis or transport.
[12,13] It has been shown that the PrP is highly selective for copper ions over other biologically
relevant metalions.[12,14,15] Furthermore the PrP can bind at least five Cu!! ions with resulting
Ky values ranging from the high uM to low nM.[12,15-18] Considering the high affinity of
the PrP towards Cu'! several recent studies have been reported examining the coordination
environment of Cu'! within the PrP.

The PrP can be roughly divided into three (somewhat overlapping) domains.[12,15] The C-
terminal domain (residues 120 — 261) is well structured with PrPC possessing a high a-helical
content, and PrPS¢ comprised mostly of B-sheets.[19-22] This portion of the PrP likely contains
no Cu'! binding sites. In contrast, the N-terminus is unstructured in solution and contains two
separate Cu'! binding regions. The most widely studied Cu'! binding domain is the “octarepeat”
domain, which is comprised of the octa-repeating sequence PHGGGWGQ found between
residues 60— 91.[12,15] Less thoroughly investigated is the second copper-binding region also
contained within the N-terminus, which is comprised of residues 91-126 (PrP(91-126);
QGGGTHSQWNKPSKPKTNMKHMAGAAAAGAVVGGLG).[12,13,15,17,23-26] This
fragment has been dubbed the amyloidogenic or neurotoxic PrP fragment since it, as well as
the N-unacylated fragment 106-126, is capable of inducing a prion disease when injected into
transgenic mice.[27]

PrP(91-126) is capable of coordinating one or possibly two Cu'! ions.[13,15] It has been
proposed that the imidazole derived from either H(96) or H(111) (or both) is utilized as a ligand
for Cu'l. Although many structural and spectroscopic studies (including: EPR, ENDOR,
EXAFS, UV-vis, and CD spectroscopies, along with speciation studies) have been performed
on Cul'! derivatives from this region of the PrP the exact Cu!! coordination environment and
ligating residues to copper within PrP(91-126) still remains unresolved.[13,15,17,27-29] In a
recent study we provided evidence that the relevant copper coordinating domain is contained
within PrP(106-114) (AcNH-KTNMKHMAG).[17] This peptide provides Cu' with a
coordination environment that reproduces the physical and structural properties of the Cul!-
adduct of the longer PrP fragment. From that study we demonstrated that Cu!! was contained
in a square planar coordination geometry with one nitrogen donor from H(111), two additional
non-imidazole N/O donors, and one thioether S-donor derived from a Met residue (Chart 1).
Based on work by Di Natale et. al. at least one of these N/O donors is derived from a
deprotonated amide N from the peptide backbone.[24] However, in our pervious study we did
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not determine which of the two Met residues (M(109) or M(112)) was involved in coordination
to Cu'l. In this study we further probe the coordination environment of Cu'! within PrP(106—-
114) to unambiguously determine which Met thioether is utilized as a ligand to Cu'!. Using a
variety of spectroscopic and structural techniques we will demonstrate that both M(109) and
M(112) can be utilized as ligands to Cu'! at physiological pH.

Experimental

Peptide Synthesis and Purification

All peptides used in this study were prepared and purified as previously described.[17]
Analytical data for the newly prepared peptides used in this study are as follows:

AcN-KTNIKHMAG (PrP(106-114)(M109l))—L.inear gradient 10-32 % MeCN (0.1%
TFA) in H,O (0.1% TFA) over 35 min. Yield 67 % [R¢= 2.59 min]. Analytical rp-HPLC: 10-
65 % MeCN (0.1% TFA) in H,O (0.1% TFA) over 65 min [Ri=8.90 min]. ESI-MS (M*)
observed m/z 1041.40 calc: 1041.27.

ACN-KTNMKHIAG (PrP(106-114)(M1121))—Linear gradient 10-32 % MeCN (0.1%
TFA) in HyO (0.1% TFA) over 35 min. Yield 50 % [R{= 2.88 min]. Analytical rp-HPLC: 10-
65 % MeCN (0.1% TFA) in H,0 (0.1% TFA) over 65 min [R¢= 8.00 min]. ESI-MS (M)
observed m/z 1041.47 calc: 1041.27.

AcCN-KTNIKHIAG (PrP(106-114)(M109/112l))—L.inear gradient 10-32 % MeCN (0.1%
TFA) in Hy0 (0.1% TFA) over 35 min. Yield 60 % [R{= 3.04 min]. Analytical rp-HPLC: 10-
65 % MeCN (0.1% TFA) in H,0 (0.1% TFA) over 65 min [R¢= 5.03 min]. ESI-MS (M*)
observed m/z 1059.31 calc: 1058.27.

Physical Methods

Electronic absorption studies were performed ona Varian CARY 50 UV-vis spectrophotometer
using 1 cm quartz cuvettes. Peptide concentrations were determined by estimating a water
content of ~20% weight by weight of the lyophilized peptide (based on previous work). All
peptide solutions were made using a 50 mM NEM solution buffered to pH = 7.4. Cu!! was
added to the peptide solutions from a freshly prepared solution of CuCly*2H,0 (pH ~ 6.0). The
Cu'! solution was fairly concentrated and thus the small quantity of Cu'! solution added did
not have any measurable influence on the pH of the peptide solution. CD spectra were obtained
on an OLIS DSM-17 spectropolarimeter using 1 cm quartz cuvettes.

EPR spectra were obtained on a Bruker EMX 6/1 EPR spectrometer with a microwave
frequency meter and an Oxford Instruments ESR900 liquid He cryostat system. Samples were
measured as frozen glasses (1:1 buffer:glycerol (buffer = 50 mM NEM (pH 7.4))) at 20 K in
quartz EPR tubes. Final metallopeptide concentrations were 0.05 mM. All spectra represent
the average of 8 scans with 1024 points per spectrum. The data collection parameters were set
as follows: center field = 3100 G; sweep width = 1000 G; microwave power = 0.5 mW;
modulation amplitude 10 G; modulation frequency = 100 kHz; receiver gain = 5.02 x 10%; time
constant = 40.96 ms; conversion time = 40.96 ms. EPR spectra were subsequently simulated
using Simpip.[30]

The electrochemical data were obtained using methods previously described.[17] To increase
the electrochemical response of the metallopeptides, all electrochemical measurements were
made using immobilized peptide thin films on the electrode surface. The peptide films were
prepared using the procedure of Rusling[31] as was previously described.[17]
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X-ray absorption data were collected at the National Synchrotron Light Source (Brookhaven
National Laboratories; Upton, NY) on beamline X3b (ring operating conditions: 2.8 GeV; 200
— 305 mA). Freshly prepared solutions of CuCl,*2H,0 in 50 mM NEM (pH 6.0) were added
to solutions of the peptides in 1:1 buffer:glycerol (buffer = 50 mM NEM (pH 7.4)). Final
peptide:Cu'! ratios were 1:0.95 to ensure that no free Cu'! was observed in the spectra. The
copper-containing peptide solutions were then injected into aluminum sample holders in
between two windows made of Kapton tape (3M, cat. #1205; Minneapolis, MN) and frozen in
liquid nitrogen forming a glass. Energy selection was accomplished by using a Si(111) double
monochromator. Energy calibrations were performed by recording a reference spectrum of Cu
foil (first inflection point assigned to 8980.3 eV) simultaneously with the samples. All samples
were maintained at 20 K throughout the data collection using a helium Displex cryostat unless
otherwise noted. The spectra are reported as fluorescence data, which were recorded utilizing
a 13-element Ge solid-state fluorescence detector (Canberra). Total count rates were
maintained under 30 kHz per channel, and a deadtime correction of 3 ps was utilized (this had
a negligible influence on the data). Data were obtained in 5.0 eV steps in the pre-edge region
(8779 — 8958 eV), 0.3 eV steps in the edge region (8959 — 9023 eV), 2.0 eV steps in the near-
edge region (9024 — 9278 eV), and 5.0 eV steps in the far-edge region (9279 eV - 13.5 k). All
spectra represent the averaged sum of at least 9 to as many as 15 spectra. Data analysis was
performed using the XAS analysis package EXAFS123[32] and FEFF 8.4[33] as previously
described.[17]

Determination of Cu'' Stability for {Cu'l(PrP(106—114)(M109I))}, {Cu'(PrP(106-114(M1121))},
and {Cu''(PrP(106-114(M109/1121))}

Stability constants for the metallopeptides were determined by fluorometry on a Horiba
Fluoromax-3 flourometer at pH = 7.4 (50 mM NEM). We monitored the quenching of the W
(99) emission in PrP(91-126) at 350 nm following excitation at a wavelength of 285 nm. To
determine the stability constant for {Cu'!(PrP(106-114)(Mnnnl))} (where nnn = 109, 112, or
109/112) a 10 pM solution of {Cu'!(PrP(91-126))} was prepared (pH 7.4) and the appropriate
PrP(106-114)(Mnnnl) fragment was titrated into solution. The fluorescence intensity of the
W emission at 350 nm for {Cu'!(PrP(91-126))} is 62% that of free PrP(91-126).[17] As the
PrP fragment removes Cu!! from PrP(91-126) the W fluorescence increases in intensity until
it reaches the intensity of free PrP(91-126). Concentration for all species present were then
extracted from the titration plot by a non-linear least-squares fitting routine with K as the fitted
variable. The dissociation constant (Kq) for {Cu!!(PrP(106-114)(M(nnn)1))} can be calculated
according to:

K,="d
="K (1)

where:

[{Cu"(PrP(106 - 114(M(nnn)l)))} 1[PrP(91 — 126])
[{Cu"(PrP(91 - 126)}1[PrP(106 — 114(M(nnn)D))]

(2)

and K4" is the Cu'! dissociation constant for {Cu!!(PrP(91-126))} (92(8) x 1076).[17]

Electronic Structure, Excited State, and EPR Calculations

All electronic structure and excited state calculations were performed using the Amsterdam
Density Functional package version 2005.01 (ADF 2005.01)[34] or ORCA 2.6.35.[35]
Geometry optimizations on all models were performed using the local density approximation
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of Vosko, Wilk, and Nussair and the non-local gradient corrections of Beck and Perdew.[36—
41] For all calculations using ADF 2005.01 the frozen core approximation was used for the 1s
orbital of all second row elements, and the 1s, 2s, and 2p orbitals for Cu and S. All valance
orbitals were treated using a triple-C basis set with double polarization functions (ADF’s TZDP
basis set). Time-dependent density functional theory (TD-DFT) calculations were performed
on all geometry optimized structures within ADF 2005.01. All excited state calculations
utilized the conductor-like screening model (COSMO) to simulate solvation of the
metallopeptide (e = 78.9; r = 1.3 A) [42,43] and the VVan Leeuwen and Baerends exchange and
correlation functional.[44] The first 30 lowest energy spin-allowed transition were calculated
by TD-DFT methods. EPR g-values and Cu hyperfine coupling constants were calculated
within ORCA by solving the coupled-perturbed SCF (CP-SCF) equations.[45] These
calculations employed Becke’s three parameter hybrid functional for exchange with the Lee-
Yang-Parr functional for correlation (B3LYP).[46—48] Ahlrichs’ triple £ basis set with two sets
of polarization functions were used for all atoms (Alrhich and coworker, unpublished results).
[49]

Results and Discussion

In our previous study probing the metal coordination environment of Cu'! within PrP(91-126)
we proposed that the high affinity coordination environment involved the imidazole from H
(111), an amide nitrogen, an unidentified N/O donor, and a Met sulfur ligand.[17] This was on
the basis of CD and X-ray absorption studies probing the Cu'! adducts of PrP(91-126)
({Ccul'(PrP(91-126))}) and PrP(106-114) ({Cu'/(PrP(106-114))}). The identity of the Met
sulfur was not unambiguously assigned, however, and could be derived from either M(109) or
M(112).

To identify which Met residue is donating the sulfur ligand to Cu'! in {Cu"'(PrP(106-114))}
we prepared three derivatives of {Cu'!(PrP(106-114))} where the Met residues were replaced
with lle residues. These include: {Cu!'(PrP(106-114)(M1091)))} (Cu(M109I); PrP(106-114)
(M1091)): AcN-KTNIKHMAG), {Cu''(PrP(106-114)(M1121)))} (Cu(M112I); PrP(106-114)
(M1121)): AcN-KTNMKHIAG), and {Cu''(PrP(106-114)(M109/1121)))} (Cu(M109/1121)
PrP(106-114)(M109/112l)): AcN-KTNIKHIA). The Met — lle “mutation” was chosen as lle
is similar in size and charge to Met. Therefore lle will not impose drastically different structural
constraints about the Cu'! ion, but will still remove a potential ligand to Cul'.

UV-vis and CD Spectra of {Cu'(PrP(106—114(M(nnn)I)))}

The UV-vis spectra of the Cul! adducts of the Met — lle derivatives of PrP(106-114) are all
similar in the low-energy ligand-field region; they all display a weak (¢ ~ 120 M1 cm™1)
ligand-field band at ~610 nm (Table 1). Weak ligand-field transitions at ~610 nm are consistent
with square planar Cu'l, and are similar to what was previously observed for {Cu!!(PrP(106 —
114))} (vmax = 604 nm; € = 124 M~1 cm™1). In fact, the only major difference in the UV-vis
spectrum between the three metallopeptides is that Cu(M109/1121) displays a slightly weaker
ligand-field transition (e = 117(5) M~ cm™1) than the other two metallopeptides containing
Met residues (Cu(M1091) = 131(4) M~1cm™1; Cu(M1121) = 128(4) ML cm1; Table 1). Unlike
the UV-vis spectra, which did not prove very useful for determining if subtle differences exist
in the coordination environment about the Cu'! center, CD measurements in the ligand-field
region do display readily observable differences for the three metallopeptides (Fig. 1).

As can be seen the three metallopeptides all display difference in the intensity, position, and
sign of the bands in the CD spectra. Previous studies[17,24] have shown that {Cu'(PrP(106-
114))} has a weak positive signed transition in the low-energy region of the CD spectrum,
followed by two negative signed feature at slightly higher energy, and a positive signed high
energy feature (Fig. 1, Table1). A comparison of {Cu!'(PrP(106-114)(M(nnn)I))} with
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{Cu'/(PrP(106-114))} demonstrates that although there are similarities in the CD spectra of
the four metallopeptides (Fig. 1, Table 1), none of the derivatives of {Cu'|(PrP(106-114))} are
a good match for the CD spectrum of the parent metallopeptide.

All of the peptides contain two positive signed low energy transitions at ~640 and ~550 nm.
Furthermore, two of the three metallopeptides, Cu(M1121), and Cu(M109/1121), posses a weak
negative signed feature in the CD spectrum at ~375 nm, while Cu(M109I) posses a weak
positive signed feature at this energy. The corresponding negative signed feature in {Cu'!(PrP
(106-114))} (377 nm, —0.16 M~ cm™1) was previously assigned by us[17] and others[24] as
the SMet _, cul! ligand to metal charge transfer (LMCT) band. It is obvious that this cannot
be due to the SMet — Cu!! LMCT band as Cu(M109/1121) does not contain a Met residue. At
lower energy (~330 nm), the three Met containing metallopeptides {Cu'!(PrP(106-114))}, Cu
(M1091), and Cu(M112l) each contain a positive signed feature in the CD spectrum. This
transition is completely lacking in the CD spectrum of Cu(M109/112I). As will be shown in
the section dealing with the time dependent DFT (TD-DFT) calculations of model Cu''-
peptides this feature in the CD spectra of the three Met containing metallopeptides is consistent
with the SMet , cull LMCT band.

Copper Binding Constants to {Cu'/(PrP(106-114)(M(nnn)l))} Measured Through Fluorometry

In a previous study we measured the Cu'! dissociation constant (Kq) from {Cu'!(PrP(106—
114))} using fluorometry, and determined it has a K4 = 86(10) uM.[17] In that study the longer
prion protein fragment PrP(91-126) was used as a competitive ligand for Cu'!. When Cu'!
coordinates to PrP(91-126), forming {Cu'!(PrP(91-126))}, the intensity of the emission from
W(99) in PrP(91-126) (following excitation at 285 nm) is quenched to 62% of its intensity in
the free peptide. Thus, PrP(91-126) could be used to determine the Cu'' binding constants for
other metallopeptides with similar Ky values ({Cu''(PrP(91-126))} has a Kq = 98(2) uM[17]).
In this study identical methods for determining K for the {Cu'/(PrP(106-114)(M(nnn)1))}
derivatives were employed. Briefly, a 10 uM solution of {Cu'(PrP(91-126))} was prepared
and PrP(106-114)(M(nnn)I) was titrated into solution. The fluorescence intensity as a function
of PrP(106-114)(M(nnn)1) concentration was then used to extract the {Cu'!(PrP(106-114)(M
(nnn)))} K4 values according to equations 1 and 2 (Fig. 2).

As can be seen all three metallopeptides have similar affinities for Cu'!, however, differences
in Cu'! affinities do exist. We find that all three Met — lle derivatives of {Cu'!(PrP(106-114))}
display reduced Cu'! affinity when compared to both the parent metallopeptide and the longer
{Cu'(PrP(91-126))} prion fragment. When both Met(109) and Met(112) are deleted from the
peptide sequence, the resulting metallopeptide displays the weakest Cu'! affinity of the three
metallopeptides investigated; Cu(M109/112l) displays a K4 = 560(40) uM, which is
approximately seven times larger than the Ky measured for {Cu!!(PrP(106-114))}. Both Cu
(M1091) and Cu(M1121) display higher Cul! affinities than Cu(M109/1121), with measured
Kq values of 350(55) and 210(30) UM, respectively. Nonetheless, these values are still two to
three times larger than the K4 values measured for the parent metallopeptide. These data suggest
that incorporation of both Met residues into PrP(106-114) enhance Cu'! coordination.
Furthermore, these data also demonstrate that the incorporation of at least one Met residue will
increase the affinity of the peptide towards Cul'.

Copper K-edge X-ray Absorption Spectroscopy

As is typical for most metallopeptides, {Cu'!(PrP(106-114))} and its derivatives will not
readily crystallize to produce X-ray quality crystals. Therefore Cu K-edge X-ray absorption
spectroscopy was utilized to obtain structural information on the Met — lle derivatives of
{Cu''(PrP(106-114))}. The XANES region of the Cu K-edge X-ray absorption spectra of Cu
(M1091), Cu(M112l), and Cu(M109/112lI) are displayed in Fig. 3. Both Cu(M109I) and Cu
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(M1121) display weak Cu(1s — 3d) transitions at ~8979 eV and Cu(1s — 4p + LMCT)
transitions at ~8983 eV, the latter of which are barely resolvable from the edges (Table 2).
[50,51] This is nearly identical to what was observed for the parent metallopeptide {Cu''(PrP
(106-114))}, which contains Cu'! in a square planar coordination environment with one S and
three mixed N/O ligands.[17] In contrast Cu(M109/1121) displays well resolved Cu(1s — 4p
+ LMCT) and Cu(1s — 4p) transitions at 8982.8(2) and 8989.1(1) eV, respectively. In addition
there is a weak Cu(1s — 3d) transition at 8978.8(4) eV. The edge shape of Cu(M109/112I) is
thus more consistent with what has been observed for Cu'! contained in square planar N4
coordination environments.[50]

We find that the EXAFS region for Cu(M109/112l) is best modeled as a 4-coordinate Cu center
with one imidazole N ligand and three additional N/O donors, with average N/O bond lengths
of 1.94(1) A (Fig. 3, Table 2). In contrast, the EXAFS region of both Cu(M1091) and Cu
(M1121) are best modeled with Cu'! contained in 4-coordinate ligand environments with one
N-donor from the imidazole of H(111), two additional N/O donors, and one sulfur donor. For
both Cu(M1091) and Cu(M112l) the average Cu-N bond length refined to ~1.96 A, which is
nearly identical to what was found in {Cu'!(PrP(106-114))}. In addition, we are able to locate
a short Cu-S scatterer for both Cu(M1091) and Cu(M112I) at ~2.32 A, which also compares
well with the Cu-S scatterer distance of 2.30 A previously found for {Cu'!(PrP(106-114))}.

Use of a multiple scattering (MS) analysis allowed us to extract angular parameter for the H
(111) imidazole ligand ligated to Cu'l. Previously we found that the imidazole moiety for
{Cu'(PrP(106-114))} was best modeled with the imidazole ring system positioned with the
in-plane Cu-N-C bond angle (¢) of 131(9)° and an out-of-plane bond angle (6) of 19(4)° (Table
2).[17] For Cu(M109I), which contains the Met thioether ligand towards the C-terminus of the
peptide relative to H(111), the relevant bond angles are ¢ =134(2)° and 6 = 34(11)°, implying
that the imidazole must undergo a substantial tilt to coordinate the Cu'! ion. This can be
contrasted with Cu(M112l), where ¢ = 130(15)° and 6 = 8(3)°. This demonstrates that
coordination of the Met(109) thioether, which is towards the N-terminus relative to H(111),
allows the imidazole ligand to adopt a geometry more optimal for Cu-N(imidazole) bonding.

Electron Paramagnetic Resonance Spectroscopy of {Cu'(PrP(106-114))} and its M(nnn)|

Derivatives

The 20 K X-band EPR spectra of {Cu'/(PrP(106-114))} and the three {Cu'!(PrP(106-114)(M
(nnn)1))} derivatives are depicted in Fig. 4. The EPR spectra of the three metallopeptides
containing Met thioethers all appear to be similar to one another, indicating similar coordination
environments. In contrast Cu(M109/1121) displays an EPR spectrum distinct from the other
three metallopeptides, indicative of a different coordination environment about Cu'! within this
metallopeptide when compared to the other three metallopeptides. This is consistent with our
findings by X-ray absorption spectroscopy.

Although the EPR spectrum of Cu(M109/1121) is reminiscent of spectra obtained for Cu'!
within N4 coordination geometries,[52] we could not adequately simulate its EPR spectrum.
This seems to suggest that Cu(M109/1121) contains Cu'! within a mixture of different
coordination environments. Such a finding implies that the Met thioether ligands are required
for the formation of a stable well-defined Cu'! coordination environment.

In contrast to Cu(M109/1121), the EPR spectra of {Cu'!(PrP(106-114))} Cu(M1091) and Cu
(M1121) are all similar to square planar Cu'! containing complexes with N3O coordination.
[52] Furthermore, we can simulate the EPR spectra of all three Met-containing metallopeptides
using gy ~ 2.223 and A ~ 457 MHz (Table 3). As pointed out by Viles and coworkers,[13] the
fact that the EPR spectra are similar to Cu''N3O complexes is not necessarily inconsistent with
N,OS coordination as there are few well defined Cu'! coordination complexes with square
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planar N,OS coordination for comparison. It is therefore possible that Cu'! within an N,OS
ligand environment could yield an EPR spectrum similar to Cu'! within an N3O ligand
environment. In the next section we will demonstrate that the EPR parameters observed for
{Cu'/(PrP(106-114))}, Cu(M109l), and Cu(M112I) are in fact wholly consistent with square
planar Cu''N,OS complexes possessing short Cull-sthiother honds,

All three complexes with potential thioether ligands also display g ; ~ 2.02. We find that Cu
(M109I) displays a g =2.014 while Cu(M112l) displays ag; =2.029. A close inspection of
the EPR spectrum for {Cu'!(PrP(106-114))} shows that the g, component displays two
features: a prominent feature at g = 2.028 and a shoulder at 2.012. It therefore seems reasonable
to conclude that {Cu!(PrP(106-114))} is a mixture of two different structures; the major
component with M(109) thioether coordination, and the minor component with M(112)
thioether coordination.

In this light both the EXAFS and CD data make more sense. The MS analysis of {Cu'!(PrP
(106-114))} placed the angular parameters for the imidazole moiety in between Cu(M1091)
and Cu(M1121). This is what would be expected for {Cu!!(PrP(106-114))} if it were a
“mixture” of the Cu(M1091) and Cu(M112l) structures. This is because the parameters
obtained from the EXAFS refinements for {Cu!!(PrP(106-114))} would be for the average
structure of the Cu'! center. Furthermore, the CD data for {Cu'!(PrP(106-114))} also suggests
it is a mixture of the Cu(M1091) and Cu(M112l) structures. By combining the CD spectra for
Cu(M1091) and Cu(M1121) we can simulate the {Cu'!(PrP(106-114))} spectrum reasonably
well (Fig. 5) assuming a 5:3 mixture of Cu(M1121):Cu(M109l). As with the EPR data, this is
consistent with the major contribution to the {Cu!!(PrP(106-114))} structure resulting from M
(109) providing a thioether ligand for Cu''.

Electronic Structure Calculations

To gain additional insight into the Cu!! coordination environment of {Cu!!(PrP(106-114))} we
performed electronic structure calculations on minimized peptide models. One series of peptide
based models were used to examine carbonyl oxygen coordination to the Cu'! center. These
consisted of the peptide sequence (AcN-KH) with the C-terminal carboxylate removed from
the His residue. Cu'! was then ligated to the peptide sequence in one of two fashions: either 1)
through the imidazole-3-nitrogen and amide nitrogens from H and K ([Cu''(KH)NT*), or 2)
through the imidazole-3-nitrogen, the amide nitrogen from H, and the carbonyl oxygen from
the Ac-group ([Cu''(KH)OJ*). A Me,S group was then ligated to the Cu'! center. In the case
of CuN3S coordination the nitrogen of the K side-chain was protonated to assure charge balance
between the two peptides (+1 in both cases, Chart 3). In addition to these two models, a Cu'!
peptide with the sequence AcN-GKH was also investigated (Cu''(GKH)). Here the carboxylate
group was removed from the H residue, and then Cu'! was coordinated by three nitrogens (the
imidazole-8-nitrogen, and two backbone amide nitrogens) and a carbonyl oxygen from the Ac
group.

Geometry optimized structures (Table 4) for the four models were obtained using standard
DFT methods (BP/VWN functional; TZDP basis set) with the conductor like screening model
(COSMO) to approximate the influence of the effects of water as a solvent (¢ = 78.9; r = 1.3
A).[42,43] In all cases only the §-nitrogen of the imidazole ring was found to provide a stable
ligand environment for Cu!!. We found that highly unfavorable coordination geometries about
Cu'' were imposed by ligation of the imidazole e-nitrogen. Therefore such structures are at
considerably higher energies than those with imidazole &-nitrogen coordination.

The first two structures investigated were [Cu''(KH)N]* and [Cu!(KH)O]™ to determine the
likelihood of mono-([Cu'(KH)O]*) vs. bisamide ([Cu''(KH)N]*) coordination for Cu'! within
{Cu'(PrP(106-114))}. It has been reasoned that either of these two structures may be
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considered as reasonable for Cu'! coordination to the peptide at physiological pH.[15,24] The
DFT calculations on the other hand strongly argue against bis-amide coordination.

Comparing the DFT geometry optimized structures of [Cu!!(KH)N]* and [Cu'/(KH)O]* one
is struck by a profound difference between the two; the Cu-S bond in [Cu'l(KH)N]* is
lengthened by over 1.2 A (Cu-S bond length = 3.57 A) compared to [Cu'/(KH)O]* (Cu-S bond
length = 2.34 A). In [Cu!'(KH)N]* the Cu-S interaction can best be described as non-bonding
as the Cu-S distance is too long to be considered a bonding interaction. Therefore, the Cul!
center can be described as possessing a pseudo-T-shaped Cu(N)3 geometry. As most substantial
structural cis influences are steric in origin[53-55] we also performed the calculation on the
[Cu(KH)N]* derivative [Cu''(H-KH)N]*, which has the acetyl-methyl group replaced with a
hydrogen (Chart 3). We find that this structural modification had a minimal influence on the
structure of the Cu'! metallopeptide fragment of [Cu'!(KH)N]* vs. [Cu'/(H-KH)N]*; only a
0.06 A shortening of the Cu-S bond was obtained upon removal of the methyl group. This
lengthening of the Cu-S bond therefore appears to truly be an electronic effect. We speculate
the reason for this may be the increase in positive charge in the xy plane about the Cu'! center
of [Cu''(KH)O]* vs. [Cu''(KH)N]*. This would create a stronger interaction between the hard
Lewis acidic Cu'! center and the soft and weakly Lewis basic thioether in [Cu!!(KH)O]* vs.
[Cu(KH)NT*, thus leading to a shorter Cu-S bond in [Cu!(KH)O]".

Time dependent density functional theory (TD-DFT) was next used to gain insight into the
nature of the Cu-S interaction.[56] To verify the validity of these methods we probed the
electronic absorption spectra of two cationic transition metal complexes containing Cul! within
mixed N/O/S coordination environments: Karlin’s [(LSEP)Cu'!(H,0)(OCIO3)]* and Berreau’s
[(pbnap)Cu-OMe]* (Chart 3).[57,58] Both of these complexes are five coordinate, but Karlin’s
[(LSEP)Cu!(H,0)(OCIO3)]* contains the thioether ligand in the xy plane while Berreau’s
[(pbnap)Cu-OMe]* contains the thioether ligand along the z-axis. For both complexes the TD-
DFT calculations underestimate the energy of the low-energy ligand—field transitions by ~1500
cm™1 placing them between 650 — 750 nm as opposed to between 550 — 650 nm. In contrast,
the TD-DFT calculations slightly overestimate the energies of the Sthioether _, cy(3d)
transitions by ~800 cm™L. For [(pbnap)Cu-OMe]* the TD-DFT calculations place the main
gthioether _, cy(3d) transition at 320 nm (as opposed to 330 nm).[58] In the case of [(LSEP)
Cu'l(H,0)(0CI03)]* the two (vide infra) main Sthioether _, Cy(3d) transitions are found at 342
and 359 nm (as opposed to the centered band at 365 nm).[57] The inherent low errors and
apparent systematic derivations from experimental electronic absorption spectra therefore
support the use of these methods for aiding in band assignments from electronic absorption
and CD data for {Cu'!(PrP(106-114))} using our cationic computational models.

Fig. 6 displays the TD-DFT calculated absorption spectrum for [Cu'/(KH)O]* employing the
COSMO solvation model for water. As can be seen there is reasonable agreement between the
experimental electronic absorption spectrum for {Cu'/(PrP(106-114))} and the computational
electronic absorption data for [Cu!'(KH)O]*. Experimentally we find that all of the transitions
above 350 nm in wavelength observed for {Cul!(PrP(106-114))} can be best described as
ligand field transitions (e < 130 M~ cm™1), with the best resolved series of ligand-field
transitions found at ~600 nm. The TD-DFT calculations for [Cu'!(KH)O]* show all of the
ligand-field transitions taking place below 350 nm, with well resolved transitions taking place
at lower wavelengths (~670 nm). At higher wavelengths there is a relatively intense transition
at~320 nm (¢ = 4710 M~1 cm~1) and a shoulder at 340 nm in the experimental pH 7.4 electronic
absorption spectrum of {Cu''(PrP(106-114))} (Fig. 7). Based on the TD-DFT calculations and
the CD spectrum of {Cul!(PrP(106-114))} we assign these transition as the SMe!— CuLMCTs.
The TD-DFT calculations suggest that the major contribution to this band are two SMet(c) —
Cu(3d) transitions. Both of these transitions, which occur at 312 nm (f = 0.0126) and 329 nm
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(f=0.0133) (Fig. 7A), can be best described as S(c)/Cu(3d)/N(c)/O(c) — Cu(3dy2_y2)/S(c)/
N(c)/O(o)* in origin (Fig. 7).

The TD-DFT calculations show a completely different calculated electronic absorption
spectrum for the CuN3 T-shaped compound [Cu''(KH)N]*. The calculated spectrum obtained
for [Cu'(KH)N]* is entirely inconsistent with the experimental absorption spectrum for
{Cu'(PrP(106-114))}; it contains a series of low energy charge transfer bands due to a series
of low lying ligand based orbitals that are “within” the 3d-manifold. In addition, the calculated
S(c) — Cu(3d) transitions have virtually no intensity (f = 0.03 x 10~3) due to poor overlap
between the S(c) and Cu(3d) orbitals. It therefore appears unlikely that the [Cu''(KH)N]*
structure is physiologically relevant, which appears to rule out a “four” coordinate N3S Cu'!
center with bis-amide ligation.

It has been also been speculated that the coordination environment about Cu'! within
{Cu'(PrP(106-114))} could be a square planar bis-amide Cu''N30 coordination motif.[15,
59] Therefore the peptide [Cu''(GKH)]*, which contains Cu!! within a bis-amide N3O
coordination environment, was also investigated by TD-DFT. This metallopeptide yielded an
electronic absorption spectrum that contains its first series of ligand field bands approximately
3700 cm™1 higher in energy than found in [Cu'!(KH)O]*. This is consistent with what is
observed for the high pH spectrum of {Cul!(PrP(106-114))},[24] which depicts a blue shift in
the ligand-field transitions by 1442 cm™1, and likely does not contain a S-based ligand to
cull,

We next turned our attentions to simulating the EPR spectra of the three metallopeptide based
models. All EPR calculations utilized the B3LYP functional and the coupled-perturbed SCF
equations to account for spin-orbit coupling and magnetic field effects.[45,60] For square
planar Cu'' complexes the calculation of EPR parameters using such methods typically have
errors of less than 5% when employing the B3LYP functional.[45] As with the TD-DFT
calculations, we also explored Karlin’s [(LSEP)Cu!!(H,0)(OCIO3)]* and Berreau’s [(pbnap)
Cu-OMe]* Cul! complexes by these methods to determine if they are capable of accurately
reproducing experimental data for Cu'! within a mixed N/O/Sthicether coordination
environment. As can be seen in Table 3, these methods accurately reproduce the EPR spectra
of these transition metal compound with apparent systematic deviations. It appears that these
methods slightly overestimate g, and the magnitude of A, while underestimate g, This is
consistent with what has been previously observed with these methods for other systems.[45,
61]

All three metallopeptide complexes yield similar computational g-values (Table 3). When the
errors inherent in the computational vs. experimental data are considered [Cu'!(KH)O]* yielded
the g-values (g = 2.185, g ;= 2.046) that were more consistent with the data for {Cu'!(PrP
(106-114))} than [Cu''(KH)N]* (g;; = 2.114 and g ; = 2.034) or [Cu!'(GKH)]* (g, = 2.131 and
g = 2.038). We next turn our attention to the hyperfine coupling constant A;. For [Cu'/(KH)
O]* we calculate an A; = —491 MHz, with [Cu'(KH)N]* and [Cu'(GKH)]* yielding an A of
307 and —449 MHz, respectively. As stated, these methods have a tendency to overestimate
A and g, while they underestimate gy for Cu'' complexes. This implies that the calculated
data for [Cu'!(KH)O]™ is the best complement to the experimental data for {Cu'!(PrP(106—

114))}.

Examination of the EXAFS data clearly shows that there are short Cu-S interactions in all three
metallopeptides containing a Met residue. DFT calculations show that this is consistent with
a four coordinate Cu'! complex with equatorial SMét ligation and one anionic amide donor.
Furthermore, the EPR data, electronic transitions, and electronic-structure/excited-state
calculations are all consistent with {Cu'!(PrP(106-114))} having a N(imidazole)N(amide)O
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(carbonyl)S(Met) ligand environment. Therefore we favor this ligand environment for
{Cu'/(PrP(106-114))} at physiological pH with either M(109) or M(112) residues providing
thioether ligands to Cul'.

We note that in a recent study by Klewpatinond and Viles an N4Cu'! and N3OCu'! ligand
environment was predicted to be the preferred structure for Cu'! within the amyloidogenic PrP
fragment. At physiological pH the N3OCu'! coordination mode was predicted to be the
dominant structure based on EPR spectroscopy.[59] The structure for the proposed N3OCu!
coordination mode by Viles is similar to the computational model [Cu'(GKH)]* that was
explored above. As we have demonstrated the EPR parameters for the N3OCul! vs.
N,0SCul! coordination modes are similar to one another. It is therefore possible that Viles and
coworkers may have also been observing an N,OSCu'! center in their study as well.

Summary and Biological Implications

We have provided evidence that the human PrP fragment PrP(106-114), and by analogy PrP
(91-126), will utilize both M(109) and M(112) independently to coordinate Cu'! within an
N,OS square planar coordination environment. When either M(109) or M(112) are eliminated
from the PrP(106-114) the resulting peptide is still capable of coordinating Cu'! but with
diminished copper affinity. If both Met residues are eliminated the copper affinity of the peptide
is dramatically reduced. A survey of several mammalian PrP sequences (Fig. 8)[15,62,63]
reveals that H(111) is strictly conserved and M(109) is highly conserved. M(112), which is not
as heavily favored for Cu'! ligation in PrP(106-114) as M(109), is not conserved within
mammalian protein sequences. This would imply that the affinity for Cu!! at physiological pH
among other mammalian PrP(91-126) fragments would be similar, although slightly
decreased, when compared to human PrP(91-126).

In a previous study we found that {Cu'!(PrP(106-114))} (and {Cu'(PrP(91-126))}) was redox
active, and displayed a quasireversible Cu'' — Cu' reduction couple at —0.33 V vs. Ag/AgClI.
[17] Upon reduction to Cu' the copper center became ligated in a mixed S,(N/O), ligand
environment. It was reasoned that the two S ligands were derived from M(109) and M(112).
Here we find that when either M(109) or M(112) are removed from the primary sequence of
{Cu'(PrP(106-114))} the reduction of Cu'! is no longer reversible and it takes place a
substantially more negative potential (~ —0.7 V vs. Ag/AgCl; Table 1). It therefore seems
reasonable to conclude that in most mammalian species Cu'! coordination to this region of the
PrP would render it redox inactive, similar to what has been observed for the Cu!! adduct of
the octarepeat domain.[64] It would only be in a few species, such as humans and felines, that
redox active Cu'! would be produced by coordinating copper to this region of the PrP.

On first blush it may appear that this region of the PrP in many species may play a protective
role against oxidative damage by free Cu!!. Coordination of Cu'! to PrP(106-114) would render
it redox inactive, and therefore eliminate unwanted redox side-reactions facilitated by copper.
Only in a few unfortunate species, such as in humans, would Cu'! be redox active, and thus
promote oxidative damage. However, this supposition overlooks one important factor. For this
region of the PrP to produce a redox active copper ion (or sequester Cu'! in a redox inactive
state) copper would have to coordinate to this region in the first place. The Cu!! K4 values we
observe for PrP(106-114) and its derivatives are in the mid to high pM range. This is many
orders of magnitude higher than the octarepeat domain of the PrP,[12,15-18] which can
coordinate four Cu'! ions per protein in a redox inactive state. It therefore appears highly
unlikely that Cu!' would coordinate to this region of the PrP under physiologically relevant
conditions.
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Abbreviations

TSEs, transmissible spongiform encephalopathies
PrP, prion protein

PrP¢, cellular isoform of the prion protein

PrPSc, scrapie isoform of the prion protein

EPR, electron paramagnetic resonance

ENDOR, electron nuclear double resonance

CD, circular dichroism

EXAFS, extended X-ray absorption fine structure
XANES, X-ray absorption near edge structure
XAS, X-ray absorption spectroscopy

ESI-MS, electrospray ionization mass spectrometry
M*, parent ion (positive ion)

TFA, trifluoroacetic acid

rp-HPLC, reverse phase high performance liquid chromatography
LMCT, ligand to metal charge transfer

TD-DFT, time dependent density functional theory
COSMO, conductor-like screening model
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CD spectra obtained for Cu(M112l) (dotted spectrum), Cu(M1091) (dashed spectrum), and Cu
(M109/1121) (solid spectrum) highlighting the ligand field. For comparison the CD spectrum
of {Cu''(PrP(106-114))} has been included (dotted and dashed spectrum). Inset: Depicts and
expanded view of the CD spectrum Cu(M112l) (dotted spectrum), Cu(M109I) (dashed
spectrum), Cu(M109/112I) (solid spectrum), and {Cu'/(PrP(106-114))} (dotted and dashed

spectrum).
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Fig. 2.

Fluorescence intensity of the 350 nm W(99) emission from PrP(91-126) as a function of PrP
(106-114)(M(nnn)I) concentration. The titration data for PrP(106-114)(Cu(M112l)) are given
as circles, the data for PrP(106-114)(Cu(M109I)) are given as squares, and the data for PrP
(106-114)(Cu(M109/1121)) are given as triangles. The closed, open, and dotted shapes depict
individual trials. The lines (dotted: PrP(106-114)(Cu(M112l)); dashed: PrP(106-114)(Cu
(M2109l)); solid: PrP(106-114)(Cu(M109/1121))) depict the best fits to the titration data.
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Fig. 3.

A: Depicts the XANES region of the Cu K-edge X-ray absorption spectra of {Cu''(PrP(106—
114))} (dotted and dashed spectrum), Cu(M109I) (dashed), Cu(M112l) (dotted) and Cu
(M109/1121) (solid). The metrical parameters refined for in the imidazole phase and amplitude
function are also depicted in A. The magnitude FT k3 EXAFS and k3 EXAFS (insets) of Cu
(M109I) (B), Cu(M112I) (C), and Cu(M109/1121) (D) are also depicted. The experimental
data are depicted as the solid spectrum, the best fit to the data are the dashed spectrum, and the
difference spectrum are the dotted spectrum.
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Fig. 4.
X-band EPR spectra of {Cu!(PrP(106-114))}, Cu(M1091), Cu(M112l), and Cu(M109/1121)
obtained at 20 K in 1:1 buffer:glycerol glasses (buffer = 50 mM NEM; pH 7.4).

J Inorg Biochem. Author manuscript; available in PMC 2009 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shearer et al.

Page 19

T
£
(&]
z
x
w
4

300 400 500 600 700
Wavelength (nm)

Fig. 5.

Simulation (thick solid spectrum) of the spectrum of {Cu'!(PrP(106-114))} (thick dotted-
dashed spectrum) using a 5:3 ratio of the spectra of Cu(M112lI) (thin dotted spectrum) and Cu
(M209I) (thin dashed spectrum).
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The left hand figures depict the CD spectrum (top) and electronic absorption spectrum (bottom)
of {Cu''(PrP(106-114))} highlighting the SMet — Cu(3d) transition. The right hand figures
depict the calculated spectra for [Cu''(KH)O]* (A), [Cu'(GKH)]* (B), and [Cu''(KH)N]*
(C). For the simulated spectra a line-width at half-height of 2000 cm~1 was used for all

transitions.
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Fig. 7.

Isosurface plots of the MOs for [Cul!(KH)O]* that make up the leading configuration for the
ground states (A and B) and excited state (C) for the two S(c)/Cu(3d)/N(c)/O(c) — Cu
(3dx2_y2)/S(c)/N(c)/O(o)* transitions. The lysine side-chain has been removed for clarity.

J Inorg Biochem. Author manuscript; available in PMC 2009 December 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shearer et al.

Human PrP
Cattle PrP
Sheep PrP
Mouse PrP
Mink PrP
Feline PrP
Canine PrP

Fig. 8.

91
QGGGT
QGG-T
QGGGT
QGGGT
QGGGS
QGGGT
QGGGS

96

HSQWN
HSQWN
HSQWS
HSQWN
HSQWG
HSQWG
HSQWG

KPSKP
KPSKP
KPSKP
KPSKP
KPSKP

KPSKP
KPNKP

106 109
KTNMK
KTNMK
KTNMK
KTNLK
KTNMK
KTNMK
KTNMK

112
HMAGA

HVAGA
HVAGA
HVAGA
HVAGA

HMAGA
HVAGA

AAAGA
AAAGA
AAAGA
AAAGA
AAAGA

AAAGA
AAAGA

VVGGL
VVGGL
VVGGL
VVGGL
VVGGL

VVGGL
VVGGL

Page 22

OOOOOOON

o

Alignment of various mammalian PrP primary protein sequences corresponding to PrP(91—
126) from humans.
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Chart 1.
Proposed structure of Cu'! within the amyloidogenic PrP fragment of the human prion protein
based on an X-ray absorption spectroscopic analysis.
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cu'wmort  cuKH)NT

cul(GKH)T*

Chart 2.
DFT minimized structures of the computational metallopeptide models used in the study.
Selected metrical parameters for these models are presented in Table 4.
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[(pbnap)Cu-OMe]* [(ISECu(H,0)(0CI0,)T*

Chart 3.
Structures of [(pbnap)Cu-OMe]* and [(LSEP)Cu(H,0)(OCIO3)]*.
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UV-vis, CD, Cu'! dissociation constants, and electrochemical data for {Cu'(PrP(106-114))}, Cu(M109I), Cu(M112l),

and Cu(M109/1121).

Kq (M) Electronic Absorption CD Epa
A (hm) (Mt em™)) A (nm) V (Ag/AgCI)
(Ae (Mt ecm™)
{Cu"(PrP(106-114)}° 86(10) 604 (124) 644 (0.30) -0.33¢

529 (95)¢ 564 (0.14)
350 (2 200)¢ 484 (-0.19)
296 (4 710) 377 (-0.17)
388 (0.04)
324 (1.53)

Cu(M1091) 350(55) 611 (131) 648 (0.31) -0.7
351 (2 100)° 536 (0.13)
326 (4 700) 476 (-0.11)
328 (0.56)

Cu(M1121) 210(30) 613 (128) 652 (0.31) -0.7
342 (2 800)° 540 (0.19)
322 (5 200) 481 (-0.30)
376 (-0.39)
332 (3.56)

Cu(M109/1121) 560(40) 610 (117) 668 (0.17) -0.7
280 (29 000)° 577 (~0.05)
522 (0.19)
448 (-0.01)
372 (-0.34)

a . - .
)Apprommate peak position of the reduction wave.

b)The data for {CuI I(PrP(106—114))} are from reference 17.

c)sh: shoulder, and the subsequent ¢ at the energy indicated.

d)

This is for the redox potential of {Cu”(PrP(106—114))}, not the position of the irreversible reduction wave.
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Cu K-edge X-ray absorption data for {Cu(PrP(106-114))}, Cu(M1091), Cu(M112l), and Cu(M109/112l).
{CU"(prp(106_114))}a Cu(M1091) Cu(M1121) Cu(M109/1121)
Pre-edge Peak #1 8978.9(3) eV 8979.1(4) eV 8979.4(3) eV 8978.8(4) eV

Pre-edge Peak #2

(area = 0.035(7) eV)

8983.0(4)
(area = 0.07(2) eV)

(area=0.03(1)

eV)

8983.6(8) eV
(area = 0.09(3)

(area=0.02(1)

eV)

8983.5(6) eV
(area =0.08(2)

(area = 0.03(1) eV)

8985.1(1) eV
(area = 0.11(2) eV)

eV) eV)
Pre-edge Peak #3 8992.0(4) eV
(area = 0.09(2) eV)
EP 8989.6 eV 8989.1 eV 8988.2 eV 8990.3 eV
N-shell
nt 3 3 3 4
r(A) 1.964(3) 1.966(8) 1.959(14) 1.94(2)
o2 (A?) 0.002(1) 0.002(2) 0.002(1) 0.005(2)
S-shell
n¢ 1 1 1
r (A) 2.301(8) 2.32(1) 2.32(1)
6% (A% 0.008(2) 0.007(1) 0.004(1)
Im-shell
n 1 1 1 1
r (A 1.965 1.966 1.959 1.94
o2 (R?) 0.003(1) 0.0028 0.003(2) 0.009(8)
0 19(4) 34(11) 8(3) 18(7)
) 131(9) 134(2) 130(15) 127(11)
GOF 0.89 0.97 0.74 0.92

a . . . . .
)The data from reference 17 was re-refined to be consistent with the refinements from this study.

)The energy at which EXAFS starts. This was initially set as a free parameter for the first shell in the refinements, and then in all subsequent refinement
cycles was restrained to the value listed.

c)_, . - .
)ThIS parameter was initially a free variable and then set to the nearest whole number.

d)

The imidazole (Im) shell was restrained to the distance of the N-shell.

e . . - . . ] S . . .

)The value of o2 for this shell in Cu(M1091) kept yielding a negative number in the refinements, which is not physically possible. Therefore, this value
was restrained to that of the innersphere N-shell. We suspect this is a consequence of the large tilt angle, leading to weak outersphere scattering at moderate
r values. Therefore, other outersphere interactions not associated with the imidazole ring (i.e. from the peptide chelate) are being accounted for in the Im

function inducing a negative value for 2 in the refinement of this shell when this parameter is allowed to freely refine.
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Table 3
Experimentally derived EPR parameters for {Cu!'(PrP(106-114))}, Cu(M109l), and Cu(M1121), [(LSEP)Cu'(H,0)

(OCIO3)]*, [(pbnap)Cu-OMe]* and the computationally determined EPR parameters for [(LSEP)Cu'!(H,0)
(OCIO3)]*, [(pbnap)Cu-OMe]*, [Cu''(KH)OT*, [Cull(KH)N]*, and [Cu!'(GKH)]*.

G 91 Ay(MHz)
{Cu"(PrP(106-114))} 2.223 2.028 4592
Cu(M1091) 2221 2.014 4622
cu(M1121) 2.223 2.029 4562
[(L>)Cu'(H,0)(OCIO T
experimentalb 2.23 2.03 4762
calculated® 2.188 2.055 -503
[(pbnap)Cu-OMe]*
experimentald 2.244 2.060 4602
calculated® 2.183 2.055 —486
[Cu'(KH)OT* 2.185 2.046 401
[Cu"(KH)NT* 2.114 2.034 307
[Cu"(GKH)T* 2.1531 2.038 449
a)The sign of the hyperfine coupling constant was not determined.
b)The EPR data is taken from reference 57.
C)This study.
d)

The EPR data is taken from reference 58.
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Table 4
Selected metrical parameters for [Cu!'(KH)O]*, [Cu!'(KH)N]*, [Cu!'(H-KH)N]*, and [Cu'(GKH)]*.
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[cu'(KH)OT [Cu"(KH)NT* [Cu"(H-KH)NT* [Cu(GKH)]*

Cu-N'™ 1.948 A 1913 A 1.907 A 1.978 A

Cu-Nzamide 1.985 A 1.949 A 1.951 A 1.946 A

Cu-O/Cu-N 1.929 A 1.881A 1.879 A 1.928 A

Cu-S/Cu-0 2.344 A 3592 A 3.586 A 2078 A
S/0-Cuy-Namide 159.4° 153.9° 155.4° 170.7°
N'™.Cu-O/N 162.6° 172.6° 171.5° 168.0°
N'M._Cy-Namide 98.7° 97.1° 96.8° 92.6°
Na™i%_cy-N/O 98.3° 84.7° 84.8° 84.4°
N/O-Cu-S/O 72.4° 104.2° 102.7° 99.1°
SI0-Cu-N'™ 92.5° 77.3° 79.3% 85.6°
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