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Nickel superoxide dismutase (NiSOD) is a mononuclear nickel-containing metalloenzyme that catalyzes the
disproportionation of superoxide by cycling between Ni' and Ni'" oxidation states. In the reduced Ni" oxidation
state, the metal center is ligated by two cysteinate sulfurs, one amide nitrogen, and one amine nitrogen (from the
N-terminus), while in the oxidized Ni" state, an imidazole nitrogen coordinates to the metal center. Herein, we
expand on a previous report in which we described a functional metallopeptide-based NiSOD model compound
[Ni"(SODM1)] (SODM! = H,N-HCDLPCGVYDPA-COOQH) hy exploring how acylation of the N-terminus (producing
[Ni"(SODM*-Ac))) influences the properties of the metallopeptide. Titration results, GPC data, and mass-spectrometry
data demonstrate that Ni" coordinates to SODM!-Ac in a 1:1 ratio, while variable pH studies show that Ni" coordination
is strong at a pH of 7.5 and above but not observed below a pH of 6.2. This is higher than [Ni"(SOD")] by ~1.0
pH unit consistent with bisamide ligation. Ni K-edge XAS demonstrates that the Ni' center is coordinated in a
square-planar NiN,S, coordination environment with Ni-N distances of 1.846(4) A and Ni-S distances of 2.174(3)
A. Comparison of the electronic absorption and CD spectrum of [Ni'(SODY)] versus [Ni'(SODM1-Ac)] in conjunction
with time-dependent DFT calculations suggests a decrease in Ni covalency in the acylated versus unacylated
metallopeptide. This decrease in covalency was also supported by DFT calculations and Ni L-edge XAS. [Ni'(SODM!-
Ac)] has a quasireversible Ni"/Ni" redox couple of 0.49(1) V vs Ag/AgCl, which represents a —0.2 V shift compared
with [Ni'(SODMY)], while the peak separation suggests a change in the coordination environment upon oxidation
(i.e., axial imidazole ligation). Using the xanthine/xanthine oxidase assay, we determine that [Ni"(SODM!-Ac)] is
less active than [Ni'(SOD™Y)] by over 2 orders of magnitude (ICso = 3(1) x 1075 vs 2(1) x 10~7 M). Possible
reasons for the decrease in activity are discussed.
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organismt’ To destroy @~ before it can cause extensive
cellular damage aerobic organisms use metalloenzymes
capable of facilitating its rapid degradatid#1° The most
common Q@ detoxification pathways involve metallo-

enzymes called superoxide dismutases (SGIEFsY SODs ' - \
catalyze the disproportionation of;O by cycling between = b Vo
reduced and oxidized states ¥ /= / &
H,0 ' ~
-— + % N — —
0, +2H /2 2 \, NiSOD-red "\ NiSOD-ox
SODR! <5 = SOD* @ Figure 1. NiSOD structures of the reduced'NNiSOD-red) and oxidized
Ni"" (NiSOD-ox) forms highlighting the six-residue binding loop,{H-
0, 0," HCDLPC)25.26

These metalloenzymes fall into one of four classes basedNiSOD, there are a number of questions concerning both
on the transition metal cofactor(s) contained in their active the mechanism of @ disproportionation and how the
site. The three best known SODs are Cu/Zn-, Mn-, and unusual structure of NiSOD contributes to its reactivity.
FeSOD!* 21 The fourth and most recently discovered class  One feature of the NiSOD active site that is very unusual
of SOD contains a mononuclear nickel at its active site is the nitrogenous ligands that coordinate to Ni in the

(NiSOD) and is found in sever&treptomycespecies and
cyanobacterid 2

NiSOD is a homohexamer in solution and contains one
nickel center per monomét?¢ The nickel center is found

equatorial positions. The metaNa™de coordination motif
is only found in a handful of metalloenzym&s*while the
utilization of an N-terminal amine as a ligand is even less
well represented in biology. To our knowledge, the N-

at the N-terminus of each monomer, is ligated within a “Ni- terminal amine ligand is found in one other metalloenzyme,
binding hook” composed of the first six residues from the CooA 3°where the amine from an N-terminal proline residue

N-terminus, and cycles between the'ldind Ni"" oxidation is bound in the axial position of an Fe-porphyrin. In a recent
state during catalysis. X-ray crystallographic stu#fig¢chave spectroscopic and computational study, Brunold and co-
demonstrated that the reduced' Menter is contained in a  workers have suggested that anionic amide coordination in
square planar coordination geometry with ligands derived NiSOD lowers the degree of sulfur character in the redox-
from two cis-cysteinate sulfurs (€and C), an amide active orbitals, thus protecting the cysteinate sulfurs from

nitrogen from the peptide backbone (derived frof), @nd
the terminal amine nitrogen (fromH Upon oxidation to
Ni"', the imidazole moiety from Hcoordinates to the apical

oxidative damagé? Such a finding might seem to suggest
that a bisamide Nib&, motif would enhance the protection
of the cysteinate-sulfurs from oxidative dam#gsmpared

position affording Ni with a square-pyramidal coordination to the amine/amide motif since the oxidant would be more
geometry (see Figure 1). Despite the fact that a number oflikely to extract a Ni-centered electron over a S-centered
structuraP>-27 biochemicaPl?2327-2&pectroscopié’-2*%and electron because of decreased S-character in the redox active
computational studié$ 32 have been reported concerning orbital. Grapperhaus has recently readdressed this notion
using DFT calculations probing the influence of amide
coordination in NiNS, complexes$? In that study it was
suggested that amine/amide coordination may provide the
S-based ligands protection from oxidative damage by lower-
ing the inherent reactivity of the Ni/S-based HOMO toward
dioxygen compared with the bisamide coordination nofif.
Thus the bisamide motif should afford a less, not more, stable
NiN2S, Ni center than the amide/amine motif. These DFT
results are in line with synthetic studies examining pBN
reactivity toward dioxygen, which show that bisamine-ligated
complexes are more stable toward dioxygen than bisamide-
ligated complexes.
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This study probes how amine/amide versus bisamide SOD"-Ac in 50 mM N-ethylmorpholine (NEM) buffer (pH= 7.5),
coordination to Ni in functional NiSOD model compounds which produced a brownish-red solution. Gel permeation chroma-
influences their SOD activities. Recently, we communicated tography was performed on a Waters DeltPrep 60 equipped with a
the preparation and spectroscopic and reactivity propertiesProtein-Pak GPC column (7.8 300 mm, 60 A pore size) using
of a metallopeptide-based NiSOD mimic, [NSODY1)].39 an aque_ous_solutlon of NaHQ@at.) under a positive pressure of
SOD! is a peptide composed of the first 12-residues of He. Calibrations were made using a Waters poly(ethylene glycol)

. standard kit. Electronic absorption spectrigga,/nm (/M1 cm1)):
NiSOD (H,N-HCDLPCGVYDPA-COOH) fromStreptomy- 694 (110), 535 (512), 418 (1320), 304 (8760). tMEalcd:

ces coelicolorand will coordinate 1 equiv of Niinamanner 1389 4082 Found: 1386.9413. (M)Calcd: 694.7141. Found:
nearly identical to that of NiSOD. [N{SOD")] possess  g92.8316.

spectroscopic properties similar to NiSOD and will catalyti-  Electronic Absorption and CD Spectroscopic StudiesAll

cally disproportionate @ . Herein, we examine how the electronic absorption measurements were carried out on either a
physical and reactive properties of the metallopeptide are Varian Cary 50 or an OLISCARY 14 using quartz cuvettes with
altered upon acylation of the N-terminus (producing 1 cm path lengths. Experiments were performed in 50 mM NEM
[Ni"(SOD"-Ac)]; SODML-Ac = AcN-HCDLPCGVYDPA- solutions with the pH adjusted by the addition of dilute NaOH and
COOH). It will be demonstrated that this modification lowers HCI.- Peptide concentrations were quantified by the procedure of
the degree of sulfur character in the d-manifold, optimizes Elman-’ Ni' was added to solution as NiJh neutral water (pH

. . . = 7.0). The concentration of the NiC$olution was high relative
i
g]Ieaol\(l)irer rseggx potential for SOD catalysis, and yet, gives to that of the peptide so that addition of'Nb the peptide did not

significantly alter the pH of the peptide solution. SOD activity
Experimental Section assays were performed at pH 7.5 using the modified xanthine/
xanthine oxidase assay of TalBiln this assay the inhibition of
nitro blue tetrazolium (NBT) reduction by the SOD mimic is
monitored. CD spectroscopic measurements were performed on an
OLIS DSM 17 CD spectropolarimeter. In the visible region, cuvettes
with a 1 cmpath length were used, while in the UV region, we

General. All manipulations were performed under an atmosphere
of dinitrogen using glovebox and Schlenk line techniques unless
otherwise noted. Diethyl ether was purified by distilling it from
LiAIH 4 under dinitrogen, while water was purified by a Barnstead

E-pure water purification system to a resistance of at least 17.8 used peptide concentration of 1 mg mLand 1 mm path length

ME. All other reage_nts were of_the highest quality available and cuvettes. In the UV region, CD spectra were recorded in bufferless
were used as received. Chemicals were purchased from Acros . . : o

. . . solutions with the pH carefully adjusted with dilute NaOH and HCI.
Chemical Company, except Fmoc-protected amino acids and

coupling reagents (Advanced ChemTech), xanthine and xanthineAII speptroscopm meagurements were performgd atpH 7.5 unless
. . . . . . otherwise noted. The simultaneous deconvolutions of the CD and
oxidase (Sigma), and nitro blue tetrazolium (MP Biochemical).

SODMI-Ac Synthesis and Purification. SOD"-Ac (ACN- electronic absorption spectra were performed using an in-house-

HCDLPCGVYDPA-COOH) was prepared by both manual (in vggt)ten procedure for Igor Pro 5.0 (Wavemetrics, Lake Oswego,

solid-phase peptide reaction vessels) and automated synthesis (on Electrochemistry. Electrochemical measurements were per-

a protein Technologies PS3 automate_d peptide _synthesuzer). W.eformed on a Princeton Applied Research PARSTAT 2273 poten-
used standard Fmoc/tBu-based protection strategies on Wang resin.

with HBTU/HOBUDIEPA coupling method€ After the depro- iostat in a Faraday cage to minimize noise in the cyclic voltam-
) - . . mograms. A standard three-electrode cell (glassy carbon working
tection of the final Fmoc group, the free amine was capped with a

solution containing 5% A©, 89% DMF, and 6% diisopropyl- electrode, Pt disk auxiliary electr_ode, Ag/AgClI (aq) _referenc_e

. . . . electrode) was used. The cell solutions were sparged with Ar prior
ethylamine. The peptide was then cleaved from the resin using 815 measurement and consisted of 1.0 mM [NI(SBRBc)] and 100
mixture of 95% TFA, 2.5% ethanedithiol, and 2.5% triisopropy! )

. . . de NaCl buffered to a pH of 7.5 (50 mN\-ethylmorpholine).
silane. Once cleaved, the crude cleavage solution was filtered, an Ni K-Edae X-ray Absorotion Spectroscony.A 1.8 mM solution
the filtrate evaporated under vacuum to a glassy film. The film 9 y P P PY.A L.

. ML - - )
was washed several times with freshly distilled diethyl ether, and of ['.\“(SOD f\c)] (prepared by adding 0.8 equiv (.)f'NIQIO 1
- : - equiv of SOD"-Ac at a pH 7.5, 50 mM NEM) was injected into
the resulting tan crude peptides were subsequently purified by . .
i -7 an aluminum sample holder between windows made from Kapton
reverse-phase HPLC on a Waters DeltPrep 60 equipped with . . .
. . tape (3M, Minneapolis, MN, catalog no. 1205) and quickly frozen

Atlantis C-18 reverse-phase columngf; 50 x 100 mm). The AT .

. - . . in liquid nitrogen. Data were collected at the National Synchrotron
fractions containing the desired product were then lyophilized

yielding white powders. The purity of each peptide was assessed Light Source, Brookhaven National Laboratories (Upton, NY) on

. ' . a Beamline X9b. A focused Si(111) double monochromator was
by analytical reverse-phase HPLC (Atlantis C-18 reverse phase ; . !
column 5um; 4.6 x 100 mm) and mass spectrometry on a Waters u;ed for energy s_elec_ﬂoq and a low-angle (4.5 m_rad)' polished Ni
Micromass 20 ES| mass spectrometer (positive ion mode). The mirror for harmonic rejection. The sample was maintained at 20 K
following aradients. retention times. and parent ion peaks Were throughout data collection with a He Displex cryostat. All spectra
obtainegfgr ACN-HC’:DLPCGVYDPA-’COOI-?(SO\G-AC)'ng’adi- are reported as fluorescence data and recorded on a Canberra 13-

ent 10-G50 MeCN (0136 TEA) 1 HO (035 Toa)oer d5mn 2L Sl it O fureseenc getectr, T couttes wore
(preparative 40 mL/mis 11.3 min; analytical 1 mL/mifR; =15.3 P ' ge sp '

) Teld— 35 (1) Co 51103 o 5t sa, DI e M 0.4, ot e e
Preparation of [Ni' (SODM1-Ac)]. Metalated [N¥(SODY1-Ac)] P ’ P

. . . . pre-edge region (81318310 eV), 0.3 eV steps in the edge region
was prepared by the addition of 1 equiv of NiG 1 equiv of (8310-8350 eV), and 2.0 eV steps in the near-edge region. EXAFS

(39) Shearer, J.; Long, L. Mnorg. Chem 2006 45, 2358-2360.

(40) HOBt, 1-hydroxybenotriazole; HBTUN-[(1H-benzotriazol-1-yl)- (41) Ellman, G. L.Arch. Biochem Biophys 1958 74, 443—-450.
(dimethylamino)methylend§-methylmethanaminium hexaflurophos-  (42) Tabbi, G.; Driessen, W. L.; Reedijk, J.; Bonomo, R. P.; Veldman, N.;
phateN-oxide; DIPEA, N,N-diisopropylethylamine. Spek, A. L.Inorg. Chem 1997, 36, 1168-1175.
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data collection used a primary hutch aperture height of 0.8 mm, edges, respectively. We chose the peak maxima as inflection points.
and data were collected in 10 eV steps in the pre-edge region The calculated spectra were generated using the TT-Multiplets suite
(8131-8310 eV), 0.5 eV steps in the edge region (838850 eV), of programs'>~47 The atomic Hamiltonian for Niwas extended
2.0 eV steps in the near-edge region (838830 eV), and 5.0 eV to include perturbations resulting from both crystal-fi€ldnd
steps in the far-edge region (8631 eV to 15.5 keV). The spectra charge-transfer effecté4°Transition to two different configurations
represent the average of four data sets for the edge spectrum andvere examined: Ni2p3d— Ni2p3cP and Ni2p3dL — Ni2p3d°L,
eight data sets for the EXAFS spectrum. A blank recorded prior to where 2p represents a hole in a Ni 2p orbital and L represents a
data collection revealed that there was no observable signal abovehole in a previously filled ligand-based orbital. For the simulated
the baseline noise from the mirror, sample holder windows, or spectra we utilized ®,4, symmetry and refined the spectra by
frozen solutions. varying the parameters g, D, Dy, the energy difference between
Data analysis were performed using the XAS refinement and the two ground and excited-state configurations, and the strengths
graphing package EXAFS123 provided by Prof. R. C. Scarrow of the transfer integrals to the four sets of d-orbitals uridgy

(Haverford College, Haverford, PA}. We present refinements
based on unfilteredc-weighted data performed in a manner
analogous to that previously descrilf&eéxcept we note that glitches
had to be removed from the XAS prior to analysis. Although the

EXAFS data were collected to 15.5 keV, we analyzed the data out

symmetry. Spectral simulations were then produced by applying a
Lorentzian line shape, followed by a Gaussian line shape, to each
of the calculated transitions to approximate broadening caused by
lifetime and instrumental effects.

Electronic Structure Calculations. Geometry optimizations

to only 14.3 keV because of noise at higher energies. The goodnesgGOs) were performed using the Amsterdam Density Functional

of fit was judged using

= [Mige/(Nigp —

whereniy, is the number of independent data poingss the number
of refined parametersy is the estimated uncertainty in the data,
Ydata iS the experimentak® EXAFS spectrum, an@model is the
simulatedk® EXAFS spectrum.

Ni L-Edge X-ray Absorption Spectroscopy.Ni L-edge X-ray

)

ny)l x averageNyanm = Ymoge)/0]

(ADF) software package version 2005%1For the minimized
NiSOD active-site ((NiSOD")1™), all non-hydrogen atoms were
first positioned according to the crystal structure of reduced NiSOD,
followed by the addition of the appropriate number of hydrogen
atoms. The structure was first optimized with the positions of all
non-hydrogen atoms restrained to obtain a starting structure. To
simulate the constraints that may exist in the peptide, we then
performed a second GO with only with only two geometry
restraints: the N S—C bond angle (from NiCys’, 110.8) and

absorption spectra were collected at the National Synchrotron Light C—S—Ni—S dihedral angle (C§s-Ni—Cy<?, 30.6). This second

Source, Brookhaven National Laboratories (Upton, NY) on Beam-
line U4b#4 Thin metallopeptide films were prepared by applying
10 uL of a freshly prepared solution of either [Ni(S®B] or
[Ni(SODM1-Ac)] to a 7.0 x 5.0 mm silicon wafer (SPI Supplies,

GO used the conductorlike screening model to simulate solvation
effects € = 78.4,r = 1.3 A)5152The second geometry-optimized
structure is the one that is discussed (see Supporting Information
for coordinates of the optimized structure). For all calculations, the

West Chester, PA). The solutions were then allowed to slowly frozen-core approximation was used for the 1s orbital of all second
evaporate in an evaporation chamber under Ar. Silicon wafers wererow elements and the 1s, 2s, and 2p orbitals for Ni and S. The
then applied to the sample paddle using silver paste. Spectra werejalance orbitals were treated with the ADF TZDP basis set (tgple-
recorded in total electron-yield mode at ambient temperature underbasis set with double polarization). Calculations were performed
a vacuum of less than & 1079 mbar. The incident flux was  using the local density approximation of Vosko, Wilk, and Nu&&air
measured from the total electron yield of a gold-coated grid placed and the nonlocal gradient corrections of B&cké and Perdev§?:58
between the monochromator and focusing mirror. Data were Atomic orbital contributions to the corresponding molecular orbitals

recorded in 0.4 eV steps prior to thg-edge (836-850 eV), 0.1
eV steps between thes;land L, edges (856876 eV), and 0.4 eV
steps beyond the tedge (876-980 eV). Each spectrum reported

are reported as Mulliken populations. Calculations using acylated
(NiSODMn-Ac)2~ were performed in an identical manner except,
in addition to hydrogen atoms, an N-terminal acetyl group was also

represents the average of at least 10 data sets. Individual data setadded to the structure, and in the first GO, all non-hydrogen atoms
were calibrated against a simultaneously recorded spectrum of NiOexcept the acetyl group were restrained (see Supporting Information
(absorption maximum at 853.2 eV) and were inspected to ensurefor coordinates of the optimized structure). Time-dependent DFT

that sample decomposition was not occurring.

The background was removed from each spectrum by first fitting
the region before thetedge and after thekedge to a polynomial
function. We then subtracted this contribution to the background
from the intrinsic background resulting from the promotion of the
2p electrons to the vacuum using the function

lbckg=|3+|2 3
N E E_Ps)]
I3—H3[2+narctar( T2 (4)
N E E_Pz)]
I2—H2[2+ﬂarctar( 2 (5)

wherel is the width of the stefk is energyH is the height of the
step, andP, and P; are the inflection points for thet and Ls-
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Phenom 1992 58, 325-343.
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Gisbergen, S. J. A.; Snijders, J. G.; ZieglerJTComput Chem 2001
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structures using the TD-DFT implementation found in the ADF
2005.01 software package using the iterative Davidson method for
matrix diagonalization (as opposed to direct diagonalization of the
matrix to extract excitation energies and oscillator strengthispr

the TD-DFT calculations, we used identical computational methods,

as noted above, except the exchange and correlation functional of

Van Leeuwen and Baerends was u&tdnd we did not apply a
solvation model.

Results and Discussion

Peptide Synthesis and Ni Binding. The peptide SOP-
Ac (AcN-HCDLPCGVYDPA-COOH) was prepared by

standard solid-phase synthetic techniques and obtained in « 600

moderate yields following purification and lyophilization.
The anaerobic addition of 1 equiv of Nidb slightly basic
(pH 7.5) solutions of SO®'-Ac produces reddish-brown
solutions, which are in contrast to the light pinkish-beige
solutions of [NI'(SOD")]. Similar to [Ni'"(SOD")], solu-
tions of metalated SOf-Ac do not change color when
exposed to air, indicating that Nis not being oxidized to
Ni"" by dioxygen or immediately decomposing. The" Ni
oxidation state is also indicated by the fact that the addition
of the reductant sodium dithionite to aerobic solutions of
metalated SOM-Ac produces no change in the correspond-
ing electronic absorption spectrum of the metallopeptide.
We next sought to determine the stoichiometry of Ni
binding to SODM*-Ac and the influence that pH has on nickel
coordination. Upon addition of Nigto SOD"!-Ac, a ligand-
field band centered at 535 nm is produced in the electronic
absorption spectrumegss = 512 Mt cm™%, side infra).
Spectrophotometric titrations were therefore used to deter-
mine the Ni/SOD"-Ac Kg. It was observed that the addition
of ~1.3 equiv of NiC} affords complete coordination of Ni
to the peptide suggesting a 1:1 SWEAC/Ni" stoichiometry.
From the plots of [SOB!-Ac] versus [NiC}] added to
solution, an approximat&y = 34(1) uM (Figure 2) for
[Ni"(SOD"1-Ac)] was obtained. This indicates weaker'Ni
coordination to SOB!-Ac than SOD™, which has a Ni Ky
value of <1.0 uM.%! Two different scenarios can be
envisioned for the lower affinity of SOM-Ac for Ni"
compared to that of SOf3. One is that Ni binding to
SOD"-Ac is weak at the pH used (7.5) because of
incomplete amide-nitrogen deprotonation. If this were the
case, we would expect to observe an increase 'lFbiiding
affinities as the pH is further increased."Miinding studies
were therefore performed at elevated pH (9.0) with both
SOD" and SOD-Ac (Supporting Information). It was
determined that virtually no difference exists in the calculated
Kq values at pH 9.0 versus 7.5; tKg value that one obtains
for [Ni"(SOD"!-Ac)] at pH 9.0 is 32(2uM, while that for
[Ni"(SODY1)] remains at<1.0 uM. This seems to indicate
that the increased binding affinity of S®Bversus SOM*-
Ac toward NI' at physiological pH is the result of something

(59) van Gisbergen, S. J. A; Snijders, J. G.; Baerends,Eodput Phys
Comnun. 1999 118 119-138.

(60) van Leeuwen, R.; Baerends, EPhys Rev. A 1994 49, 2421-2431.

(61) This is the upper limit for &gy that could be obtained for the Wi
titration data with SOM*. The actuaKq may be considerably lower
than this value.
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Figure 2. Inset depicts the titration curves for NiGiddition to SOM1-

Ac, following the increase of the peak at 535 nm. For all curves, a 50 mM
NEM buffer (pH 7.5) was used. The main plot depicts the-tINs spectral
changes from a representative run.
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other than incomplete amide deprotonation since the maxi-
mum Ni' affinity appears to have been reached by pH 7.5.

Another possibility for the reduction in Ni-binding affini-
ties is that the bisamide/bisthiolate coordination miatifnd
in SOD"™-Ac has an inherently lower affinity for Nithan
the amine/amide bisthiolate coordination motif in SGD
This could result from an inherently lower 'Nbinding
affinity in the NiSN2m%versus NigNamnq\amideigand sets,
or it could be caused by the N-terminal acylation of the
peptide disrupting the microenvironment about the nickel
center, thus decreasing its affinity for'Necompared to the
“native” peptide. At this point, we cannot distinguish between
these or other possibilities. The observed decrease 'in Ni
affinities suggests one reason that NiSOD might use an amine
and an amide nitrogen-based ligand over two amide nitrogen-
based ligands; the amine/amide motif appears to more
strongly ligate Nfi in this peptide environment.

The influence that pH has on 'Ncoordination to SOB!-
Ac at lower pH (<7.5, Figure 3) was then determined. In
our original study, we mentioned that'Niinding to SOD'
is strong above a pH of 7.0 and not observed below 6.0,
however, a complete pH profile was not repori&éiere it
is demonstrated that Nicoordination is quantitative above
a pH of 6.5 and falls off quickly at lower pH. Virtually no
Ni" binding to SOD" is observed below a pH of5.5.
SOD"-Ac displays an equally sharp 'Nbinding pH profile,
however it is shifted to slightly higher pH. Nibinding is
virtually quantitative by a pH of 7.5, while no Ntoordina-
tion is observed below pH 6.2. The need for slightly more
basic conditions for Nito coordinate to SOP'-Ac can be
rationalized when one considers the two different nitrogen-
based ligand sets. For S®H only one amide must be



Amine »s Amide Coordination in NiSOD

-

0.8

0.6

0.4

0.8 1

Normalized Abs.

0.6 1

0.4

0.2

B L T T L T T T R L L T

| | | | | |
5.5 6.0 6.5 7.0 7.5 8.0

pH

Figure 3. Plots investigating the influence pH has on SGand SOM"-

Ac affinity toward Ni'. We monitored the decrease in intensity of the band
at 535 nm ([N¥(SODY1-Ac)]) or 458 nm ([NI'(SODV1)]) as a function of
pH. The top plot was obtained for [NiISOD"1-Ac)] and the bottom plot
was obtained for [Ni(SODY1)]. The individual data points are dis-
played as circles and boxes (open for '[{OD"1-Ac)] and closed for
[Ni'"(SOD¥Y)])). The solid (SOM1) and dashed (SOM-A°) vertical lines
highlight the mid-points of the pH profiles.

5.0

deprotonated to obtain Nicoordination (the amine ligand
remains neutral), while SOB-Ac requires the deprotonation
of two amide groups. Thus, the requirement for a slightly
elevated solution pH to obtain Ntoordination in SOM!-

Ac is consistent with bisamide ligation to 'Ni
[Ni"(SOD"1-Ac)] Spectroscopic Properties and Struc-
ture. Since the Ni titration data suggested that the Ni adduct

of SOD"-Ac is a monomer in solution gel-permeation
chromatography (GPC) was used to determine if this is
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Figure 4. Gel-permeation chromatogram for [N6ODV!-Ac)] using a
He-purged saturated NaHG@aq) mobile phase. The inset depicts the
calibration curve (black line), gives the molecular weight vs retention times
for the standards (black circles), and shows wherd (BDD"1-Ac)] falls

on the calibration curve (red square).
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Figure 5. Left plot depicts the XANES region of the Ni K-edge spectrum
for [Ni"(SOD"1-Ac)] and the two plots to the right depict thé EXAFS
(top) and magnitude FK® EXAFS regions of the XAS. Refinements used
for the EXAFS region include NiS n = 2.0 (restrained); = 2.174(3) A,
02 = 0.0013(8); Ni-N n = 2.0 (restrained), 1.864(4) A32 = 0.0040(3);
Ni—Cn=1.5(6), 2.519(11) Ag2 = 0.019(6):E, = 8344.6 V2 = 0.59.

[Ni"(SOD"-Ac)] in the region from 250 to 180 nm is
characteristic of a random coil with sonfleturn character
(Supporting Information§* This is consistent with what

indeed the case. GPC data were recorded at a wavelengtishould be observed for this metallopeptide; "[($OD"*-
of 350 nm, where the apopeptide does not absorb. Thus, weAc)] will possess somg-turn-like structure about the metal-

are only examining the signal from the Ni-bound pepfitle.
As seen in Figure 4, the GPC data indicates that the

metallopeptide has a mass of 1.8(2) kDa, which is consistent

with a monomef? Also consistent with the monomeric
formulation of [Ni'(SODY!-Ac)] is the ESI-MS data obtained
for the metallopeptide, which shows a peak for the parent
ion consistent with the metalated peptide mononmgz &
1386.9413; see the Supporting Information). Similar to the
CD spectrum for [NI(SOD")], the CD spectrum for

(62) We note that the chromatogram recorded at 254 nm is identical to
that recorded at 350 nm, indicating there was no free peptide solution.

(63) There is at least a 30% error associated with the experimental derived
mass from GPC.

binding domain (H—C®) and little or no ordered structure
beyond the metal-binding domain.

Ni K-edge X-ray absorption spectroscopy (XAS) demon-
strate that the coordination environment of the Ni center in
[Ni(SODM1-Ac)] is similar to that of [Ni(SOD'")]. The edge
displays a weak transition at 8331.9(3) eV (are®.02(1)
eV relative to the edge) assigned to the Ni-28d transition
and another more-intense transition at higher energy (8337.6(2)
eV; area= 0.38(1) eV relative to the edge) assigned to the
Ni 1s — 4p, transition (Figure 5, left). The presence of a

(64) Woody, R. W. InPeptides Polypeptides and Protein8lout, E. R.,
Bovey, F. A., Goodman, M., Lotan, N., Eds.; John Wiley: New York,
1974; pp 338-348.
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Figure 6. Electronic absorption (bottom) and CD spectra obtained for
[Ni'"(SOD"1-Ac)] (red) and [NI'(SOD")] (purple).
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resolved Ni 1s— 4p, transition and the energy of the edge
(8340 eV) is indicative of square-planar'NP Also con-
sistent with the square planar formulation for Ni is the best
fit to the EXAFS region (Figure 5, right). The EXAFS region
of [Ni"(SOD"-Ac)] was modeled using two NiN scatterers
at 1.846(4) A and two NiS scatterers at 2.174(3) A. This
compares well with [Ni(SOD"%)] (2 Ni—N scatterers at
1.93(2) A and 2 N+S scatterers at 2.180(2) A) and reduced
NiSOD (average NN = 1.89 A, average NiS = 2.18
A). The contraction of the NiN ligands by~0.05-0.1 A

for [Ni"(SOD"!-Ac)] compared to [NI(SODY1)]%° and
NiSOD?526 is consistent with the fact that an additional
anionic amide-nitrogen is utilized in the acylated metallo-

peptide (compared to one in the nonacylated metallopeptide

and the metalloenzyme), which should lead to a shortening
of the average NiN bond lengths. We note that the NG

bond lengths in the two metallopeptides are comparable when

one considers the error of the refined parameter.

The electronic absorption and CD spectra of [Ni(SGD
Ac)] obtained at pH 7.5 are depicted in Figure 6. The
electronic absorption spectrum is characterized by a broa
transition in the visible region of the spectrum with shoulders
at 14 400 cm* (694 nm,e = 110 Mt cm™%), 18 700 cm*
(535 nm,e =512 Mt cm™1), and 23 900 cm* (418 nm,e
= 1320 Mt cm™). At higher energy, there is a well-defined
peak at 32 900 cnt (304 nm) with an extinction coefficient
indicative of a LMCT bandd = 8760 Mt cm™). The UV
region of the electronic absorption spectrum is relatively
featureless marked by strong LMCT and ligand-based
charge-transfer bands. Similar to the CD spectrum for
[Ni"(SODY)], the CD spectrum of [Ni(SOD"-Ac)] is
characterized by a negative signed feature in the ligand-field
region, but it has shifted to lower energy 2000 cn1? in
energy (18 990 crt (Ae = —4.1 Mt cm™) [Ni"(SOD"!-

(65) Colpas, G. J.; Maroney, M. J.; Bagyinka, C.; Kumar, M.; Willis, W.
S.; Suib, S. L.; Mascharak, P. K.; Baidya, Morg. Chem 1991, 30,
920-928.
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Figure 7. NiL-edge spectra for [Ni(SOD"!-Ac)] (A) and [Ni"(SODY1)]
(B). The insets depicts an expanded view of the satellite features at higher
energy than the maingltransitions. The red lines depict the intensities of
the individual calculated transitions.

Ac)] vs 21 830 cm? (Ae = —2.2 M~ cm™) [Ni'(SOD"))).

In contrast, the low-energy positive signed feature in
[Ni"(SOD"-Ac)] has shifted to higher energy by2500
cm* compared to the same feature in[(80OD"%)] (13 700
cmt (Ae = 0.8 Mt cm™1) [Ni'"(SOD"!-Ac)] vs 11 200
cm ! (Ae = 1.8 ML cm ) [Ni"(SODMY)]; Figure 6). These
differences will be discussed in more detail below (see the
TD-DFT and CD/Electronic Absorption Spectral Deconvo-
lution section). We note that there is virtually no change in
the ligand-field regions in the electronic absorption spectra
of either [Ni'(SODY1)] or [Ni"(SOD"-Ac)] recorded at pH
9.0 (Supporting Information). Since the ligand-field region
is highly sensitive to changes in the coordination environment

T
850

dabout the Ni center, this seems to indicate that there is not

a significant change in the nature of the ligands about the
metal center at this elevated pH.

Ni L-Edge XAS. We probed the electronics of the Ni
centers of these two metallopeptides using Ni L-edge X-ray
absorption spectroscog$.Figure 7a and b depict the Ni
L-edge spectra for [N{(SOD"!-Ac)] and [Ni'(SODY)],
respectively. The centroid of the main transitions (853.1
eV for [Ni"(SOD")] and 853.4 eV for [NI(SOD"-Ac)])
and branching ratios (0.70 for [NISOD"')] and 0.67 for
[Ni"(SOD"*-Ac)]) are consistent with low-spin Nifé Both
L-edge spectra are similar in appearance, suggesting the
electronic structures of the two Ncenters are similar to

(66) Wang, H.; Ralston, C. Y.; Patil, D. S.; Jones, R. M.; Gu, W.; Verhagen,
M.; Adams, M.; Ge, P.; Riordan, C.; Marganian, C. A.; Mascharak,
P.; Kovacs, J.; Miller, C. G.; Collins, T. J.; Brooker, S.; Croucher, P.
D.; Wang, K.; Stiefel, E. I.; Cramer, S. B. Am Chem Soc 2000
122 10544-10552.
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Scheme 1
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one another. Simulations of the L-edge data were undertaken>cneme 2 v
using the TT-Multiplets software suit&,*’ in which we lsay R
el . . = |293d9>
modeled the spectra within an atomic multiplets framework g
with perturbations for crystal-field and charge-transiédé AI cl A,:{
infra) effects applied to the atomic Hamiltonian. Best fits to |2p3d10L )

the data employed a reduction of the relevant Staandon l3d%) ™y W
integrals to 85% of their calculated atomic values, followed
by a reduction of the symmetry about the' denters tdDqn
symmetry. As expected from the appearance of the two while the satellite peaks possess multiplet structure suggests
spectra, similar crystal-field parameters can be used for thesghat the bonding scheme in the final state is inverted (Scheme
data simulations. For [N{SOD"1)], the following crystal- 2). In other words, the satellite peaks arise from NiZp3d
field parameters were applied: Q= 2.4 eV,Ds = 0.10 Ni2p3d® transitions, while the main peaks come from
eV, andD; = 0.15 eV (Scheme 1, right). [N(SOD"*-Ac)], Ni2p3cPL — Ni2p3d'L transitions.
which contains an additional destabilizing anionic nitrogen  Typically transition metal L-edge spectra are calculated
ligand in the equatorial plane, requires the use of a slightly solely within the atomic multiplets framework with additional
stronger field strength (I, = 2.9 eV,Ds = 0.20 eV, and perturbation included by application of a crystal field. Any
D; = 0.25 eV; Scheme 1, left) to adequately simulate the Ni covalency effects would be accounted for with a reduction
L-edge data. We note that the crystal-field parameters usedin the relevant SlaterCondon integral§’ Our simulations
for the data simulations are all consistent with low-spit.Ni  employing this methodology did not give satisfactory fits to
As can be seen in Figure 7, the maindnd L, transitions the experimental data. We therefore used a valence-bond
obtained in both spectra are featureless, lacking the multipletconfiguration interaction (VBCI) model, in addition to the
structure typical of ionic Ni compounds. Also, one observes crystal-field model, to simulate our L-edge d&td? The
smaller satellite peaks at4—5 eV higher in energy than ~ VBCI model has been extensively described in the literature;
the main Iz and L, transitions. In contrast to the main peaks, therefore we will summarize the relevant points of this model
the satellite peaks in both spectra display some multiplet as it pertains to our analysi&.”® In the VBCI model applied
structure (see Figure 7, insets). This is indicative of a situation — — : :
in which a 2p transition is occurring to both thetzthd a ~ (/© gfrﬁgﬂ'ég‘ﬁfﬁ"gf"gbl%gﬁ”?’ﬁé'Aﬁ’ gﬁg%én'sovg'zgdék'lez%ma”'
3d°L state (where L represents a ligand-based H61#)%* 70 8286-8296.

A i (71) Gewirth, A. A.; Cohen, S. L. Schugar, H. J.; Solomon, Hnérg.
Furthermore, the fact that the main peaks are featureless, Chem 1087 26, 11331146,
(72) Kennepohl, P.; Solomon, E.lhorg. Chem2003 42, 679-688.

(67) van Elp, J.; Peng, G. Searle, B. G.; Mitra-Kirtley, S.; Huang, Y.-H.; (73) Hu, Z.; Kaindl, G,; Mller, B. G. Alloys Compd 1997, 246, 177—

Ground State Excited State

Johnson, M. K.; Zhou, Z. H.; Adams, M. W. W.; Maroney, M. J.; 185.

Cramer, S. PJ. Am Chem Soc 1994 116, 1918-1923. (74) Van der Laan, G.; Zaanen, J.; Sawatzky, G. A.; Karnatak, R.; Esteva,
(68) Hu, Z.; Kaindl, G,; Warda, S. A.; Reinen, D.; De Groot, F. M. F.; J. M. Phys Rev. B 1986 33, 4253-4263.

Miller, B. G. Chem Phys 1998 232 63—67. (75) Van der Laan, G.; Westra, C.; Haas, C.; Sawatzky, GPiys Rev.
(69) Wasinger, E. C.; deGroot, F. M. F.; Hedman, B.; Hodgson, K. O.; B 1981, 23 4369.

Solomon, E. I.J. Am Chem Soc 2003 125 12894-12906. (76) Eskes, H.; Sawatzky, G. Rhys Rev. B 1991, 43, 119-129.
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to our metallopeptides, we considered two different ground-
state configurations: one from the NBcbnfiguration and
the other from the Ni3W configuration separated by an
energy A (Scheme 2). The two states are coupled by a
configuration interaction represented by the transfer integral
T (T = Ni3d® H|Ni3d°L [}, which describes covalent overlap

between the metal and ligand orbitals. In the excited state,

the difference in energy between the Ni2padd Ni2p3d°L
state is defined by, which is related to the ground-state
term, A, along with the 3e-3d (U) and 2p-3d (Q) electron
correlation integrals/A: = A + U — Q), and are coupled by
the excited-state transfer integiial Therefore the value for
A¢ is typically 1-2 eV lower in energy tham. In VBCI
simulations, it is usually assumed thatis equal toT, and

Neupane and Shearer
Scheme 3

(NiSOD™")™- (NiSOD™"—Ac)?"

DFT calculations were performed on minimized structures
of the NiSOD active-site using the coordinates obtained from
the crystallographic data for reduced NiSOD as a starting

as such, we have set these two parameters equal to on@oint (Scheme 3). (NiSOD")!~ is a truncated peptide

another.

fragment that contains a Gly in place of,ta modified C

For our simulations to the L-edge data, we obtained a value (the carbonyl group is deleted), and an ethanethiolate used

of A = 0.24 eV andA; = —1.26 eV for [Ni'(SOD"!)] and
A = 0.48 eV and &\ = —1.52 eV for [Ni'(SOD"!-Ac)].
The negative values faks are consistent with the inverted
final state description (Scheme 2ide suprg. Since the

to mimic C°. Since the majority of the peptide scaffold has

been deleted in this computational model, which would have
imposed geometric constraints of the ligands about Ni, we
reasoned that the simplest way to mimic the influence of

symmetries of the Ni centers in these metallopeptides arethe peptide on the Ni-center geometry was to impose two

nonspherical, there will be a differeftvalue for each set
of 3d-orbitals reflecting differential covalency in the d-
manifold8%79.76\We used the following values fdfx in the
simulation of the [N1(SOD")] data: Teig = 2.2 €V and
TAlg = TBZg = TEg = 0.10 eV. For [NEI(SOD\M-AC)], we
reduced the value foFg,4 to 1.8 eV, increasetaig to 0.25
eV, and increased boffs,g and Teg to 0.15 eV. From these
parameters, we determine that the amoun8diL [character

in the ground state decreases from 40% in'[SODY)] to
31% in [Ni"(SOD"*-Ac)], suggesting a decrease in covalent
character in the d-manifold of the N-acylated metallopeptide.
This is consistent with the overall reduction df in
[Ni"(SOD"-Ac)] versus [NI'(SOD")]. It is noteworthy that
this reduction inT is exclusively caused by a reduction in
the Tg1g value. Such a situation is consistent with changing
from a relatively covalent-type Ne™ne—Ni bond to a more
ionic o-type Nemide—Nij bond along thex/y plane upon going
from amine/amide to bisamide coordination. Despite the
apparent reduction in covalency in [N\EOD"1)] versus that

in [Ni"(SODY1-Ac)], it is important to note that the values
obtained forT and the degree of charge-transfer character
in the ground states suggest significant Ni-ligand covalency
for both metallopeptides.

DFT Calculation of Minimized Metallopeptide Struc-
tures. The Ni L-edge results suggest that there is a significant
degree of covalent character in the Ni 3d manifold of both
[Ni'"(SOD"1)] and [Ni"(SOD"!-Ac)]. Furthermore, the L-
edge data also suggested that'[[SIOD"1)] displays a higher
degree of covalency than [NSOD'!-Ac)], which might be

conformational constraints. We constrained the angle about
the ethanethiolate €S—Ni bond angle to 11038 and
constrained the €S—Ni—S dihedral angle to 30°6C—S
from the ethanethiolate; the other S is frond).CThese
constraints provided a reasonably accurate reproduction of
the relevant atom positions about the Ni center when
compared to reduced NiSOD. The minimized acylated
fragment (NiSOD"-Ac)?>~ was formulated in a similar
manner except a hydrogen atom from the N-terminal amine
was replaced with an acetyl group. For both geometry-
optimized structures a conductorlike screening model was
used to mimic the influence of water about the metallo-
peptides.

There is a slight overestimation of the-N& and Ni-N
bond lengths in these DFT-calculated structures compared
with synthetic model compounds and our EXAFS refine-
ments. However, at less than 0.11 A longer than the
experimentally derived bond lengths, they are still in
reasonable agreement and should yield relative energies
within a few tenths of a kilocalorie per mole when compared
to geometrically improved model$.The calculated Nt
Namide hond length in (NiSODP")!~ is 1.913 A, while the
Ni—Namine hond length was determined to be 2.013 A. In
(NiSOD""2-, the bond lengths of the NiNamides ywere
calculated to be 1.919 A for the NN cis to G and 1.949

for the Ni—N trans to C. For comparison, the average
Ni—Namide hond length in the bisamide-ligated NiS
complex [NEf]x(Ni'(ema)) is 1.857(3) A8 and the Ni-N
distance for the bisamine-ligated Nif complex (bmmp-

expected because of the more anionic nature of the amidedmed)Ni ranges between 1.930¢3).950(3) A¥" Our

ligand compared to the amine ligand. The change in

EXAFS-derived average NiN bond lengths are 1.93 for

covalency could also be caused by a change in the nature ofNi"(SOD")] and 1.846 A for [Nf(SOD"'-Ac)] (vide

the Ni—thiolate bond upon going form the amide/amine to
the bisamide ligand environment. We therefore decided to
probe the electronic structure of these two metallopeptides
further by DFT methods.

10560 Inorganic Chemistry, Vol. 45, No. 26, 2006

suprg. Therefore, DFT overestimates the-NN bond lengths

(77) Siegbahn, P. E. Ml. Comput Chem 2001, 22, 1634-1645.
(78) Kriger, H., -J.; Peng, G.; Holm, R. Hhorg. Chem 1991, 30, 734~
742.
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Table 1. Orbital Composition Calculated for (NiSO®)*~ and
(NiSODMn-Ac)2~

(NiSODMiny1- (NiSODMn-Ac)2-
LUMO Ni 45.1% 46.2%
s 32.4% 30.3%
N 19.7% 12.8%
HOMO Ni 54.3% 67.3%
s 31.5% 23.2%
N 8.2% 1.6%
HOMO-1 Ni 64.3% 70.2%
s 27.8% 14.7%
N <0.1% 3.4%
HOMO-2 Ni 98.7% 99.0%
s <0.1% <0.1%
N <0.1% <0.1%
HOMO-3 Ni 47.6% 57.6%
s 30.9% 27.5%
N 4.7% 2.4%

by <0.11 A in both metallopeptides. In the bisamide-ligated
(NiSOD™n-Ac)?, the calculated N+ S bond lengths ranged
from 2.236 (trans from the N-terminal amide group) to 2.268
A (cis to the N-terminal amide group). The average-Bi
bond lengths in this metallopeptide are therefore over-
estimated by 0.078 A, based on both our EXAFS data for
[Ni"(SOD"1-Ac)] and crystallographic data for the Nifs
complex [NEf]x(Ni'"(ema)). The calculated NiS bond
lengths for (NiSO@")!~ are 2.190 (trans from the N-terminal
amine group) and 2.242 A (cis to the N-terminal amine
group). The average NiS bond length in (NiSOD")~

is therefore 0.036 A longer than our EXAFS-derived
average NS bond lengths in [N{SODY)] and 0.053 A
longer than the average N& bond length from [Ni(ema)]-
(NEty), and [Ni(bmmp-dmed)]. In both Grapperhatisand
Pelmenschikov® DFT studies, the calculated Nligand

bond lengths were overestimated when compared to synthetic

models and reduced NiSOD as well.
For both (NiSOD')!~ and (NiSOD""-Ac)?~, the LUMO

is derived fromo-type antibonding interactions from AOs
derived from all four nitrogen and sulfur atoms to the
Ni(3d.e—y2) orbital (Table 1). As predicted from the L-edge
data, these orbitals are both highly covalent with the LUMO
of (NiISOD™M™~ being the more covalent of the two. This is
almost exclusively because of the larger contribution from
the nitrogen-based ligands. The LUMO is composed of
19.7% N character in (NiSOM™)*~ versus 12.6% N character

(NiSOD™™-Ac)>

LUMO {?“

(NiSOD™")*-
»

HOMO-3

Figure 8. DFT-generated isosurface of the LUMO,

plots
HOMO, HOMO-1, HOMO-2, and HOMG-3 for (NiSOD"Mn)1- and
(NiSOD™n-Ac)?~.

nitrogen. The HOMG-1 of (NiSOD"")!~ derives its S
character from the orbital trans to the amine nitrogen, with
<1% N character comprising that orbital. Comparing the total
S-contribution to the HOMO of the two minimized metallo-
peptides, upon going from the amine/amide-ligated
(NiSOD"")!~ to the bisamide-ligated (NiSOM-Ac)?~, we

in (NiISOD""-Ac)?>". The degrees of S character observed see an~8% decrease in S character and an increase in the
in the LUMO of the two metallopeptide fragments are Ni character of~13%. We calculate an even larger differ-
comparable, differing by only 2.1%. This suggests that the ence in S character in the HOML of these two structures.
increase in covalency noted in the L-edge study betweenThe percentage of S character decreases~1$%% in
[Ni'"(SODY1)] and [Ni"(SOD"—Ac)] is the result of an  (NiSOD™"-Ac)?~ versus (NiSODM!~, while the percentage
increase in the NiN overlap in the LUMO of [Ni(SOD")]. of Ni character increases by only6%. These trends are in
The HOMO and HOMG-1 of both metallopeptide frag-  line with the study recently performed by Grapperh#&us.
ments are mostly composed of Nif§(@ntibonding interac- The HOMO-2 of both metallopeptides are almost entirely
tions. In (NiSOD'™-Ac)?~, these orbitals are virtually  Ni(3d2) in character, while the HOM©3 of both metallo-
degenerate in energAE ~ 100 cnt?). For (NiSOD"")~, peptides are mostly Ni(3J—S in character. The orbital
there is an energy difference of600 cnt! between the contributions from Ni and S are more evenly distributed in
HOMO and HOMG-1 because of the asymmetry of the (NiSOD™")!~ than in (NiSOD'"-Ac)?", suggesting a more
ligand set. In the HOMO of (NiSOM")!~, the S character  covalent HOMG-3 in the amine/amide-ligated (NiSOD)1~
is derived almost exclusively from the sulfur trans to the than in the bisamide-ligated (NiSOM-Ac)?-. The orbitals
amide nitrogen. Furthermore, this orbital contains a signifi- that are lower in energy than the HOM@ are composed
cant degree of N character (8.1%) exclusively from the amide of mostly ligand-based atomic orbitals. The most notable
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(NiSoD™)'" (NiSOD™"-Ac)*
NiBday)/ e _
S/N(O)*
‘l_
0 " Ni/s(my
3 Ni(3d,2)
B I —_
Ni(3d,,)/S -
S — ligand-based
ligand-based
Ni/Sg(m) ———-.___
2 ligand-based s
Ni/S, (1) ———-—=""""
Figure 9. Normalized MO energy diagram of minimized peptide fragments R e e e e
[NiISOD™M*~ and [NiSOD""-Ac]?~. MOs that can be correlated from one 30000 25000 20000 15000

metallopeptide to the other have been connected with dotted lines. The

-1
dashed line at 0 eV denotes the separation between filled and unfilled Energy (cm )

orbitals. Figure 10. Electronic absorption (bottom) and CD (top) spectra for
[Ni"(SOD"1-Ac)] recorded at pH 7.5. The experimental data are shown as
lower-energy orbitals are the HOM& and HOMG-6 in red circles, the individual Gaussian peaks used to deconvolute the spectra

are displayed as dashed lines, and the sum of the Gaussians are shown as

(NiSOD""-Ac)?~ and the HOMG-5 and HOMG-7 in solid blue lines.
(NiSOD"M1~, which are derived from NiS(r) bonding

interactions along thez and yz planes. Figure 8 displays To determine how the frontier orbitals change in energy
the isosurface plots of the LUMO to the HOMO-3 calculated relative to one another upon going from the amine/amide to
for these metallopeptide fragments. bisamide motif, the orbitals energies of (NiSTOD~ and

Theoretical studies performed by Brun¥ldnd Grapper-  (NiSOD™"-Ac)?~ were normalized by setting the HOMO of
haus? have also demonstrated a large degree of thiolate each metallopeptide fragment to 0 eV. The normalized orbital
character in the LUMO, HOMO, and HOMEL of Ni"N,S, energies have been diagramed in Figure 9. Upon normaliza-
complexes. Furthermore, they determined that increasing thetion, the LUMO is shifted lower in energy by800 cnitin
degree of amide coordination decreases the degree of thiolat¢NiSOD™"~ versus (NiSOD"-Ac)?~, which was suggested
character in both orbitals. Our electronic structure investiga- by the crystal-field splitting parameters derived in our L-edge
tions are in general agreement with these findings. We notestudies. As also noted, the two orbitals that are mostly Ni/
that there are differences in the AO contributions to the MOs S(t) antibonding in character (the HOMO and HOMQ)
we report compared with those reported in the two previous are separated by a greatAlE in (NiSOD™")!~ than in
studies. We attribute these differences to the fact our (NiISOD™"-Ac)?". This trend is also observed in the Ni
calculations used a different functional than those previous S(r) bonding pair. It was determined that the nonbonding
studies, and we also used a solvation model as opposed tdNi(3d,) orbitals calculated for both metallopeptides have
gas-phase calculations. However, the trends we observe invirtually the same energy when normalized to the HOMO;
orbital contributions and energies are consistent with their this orbital is only~20 cnt? higher in energy in (NiSOD"-
studies. Ac)?™ than in (NiISOD"")!~. The next highest-energy orbital

The energy of the frontier orbitals in (NiISOD-Ac)?~ are (the HOMO-3) is derived from the NiS(7) combination
all shifted higher in energy than in (NiSOD)!-, reflecting along thexy plane. This interaction produces an orbital that
the greater degree of anionic character about the Ni centeris more covalent and has greater bonding character in
This implies that bisamide-ligated [NSOD"-Ac)] should (NiSOD™M~ than in (NiISOD'-Ac)?~, thereby driving the
have a more negative one-electron redox potential thanenergy of this orbital down by1500 cmt in (NiISOD™")1~
amine/amide-ligated [N{SOD"1)], which will be demon- relative to that in (NiISOD™-Ac)?~. Lower in energy than
strated gide infra). This finding is also in line with synthetic =~ the HOMO-3 are orbitals that are mostly ligand in character.
modeling studies investigating the influence of bisamine The relative energy differences observed in the frontier MOs
versus bisamide ligation on the one-electrof/Ni"' redox should be observable in the electronic absorption and CD
potential of NiNS, complexes. In these studies, the bisamide spectra of [Ni(SOD")] and [Ni"(SODY-Ac)].
derivative of structurally similar Ni complexes have more-  TD-DFT and CD/Electronic Absorption Spectral De-
negative redox potentials by several hundred millivolts when covolution. The overall shapes of the electronic absorption
compared to their bisamine ligated analog(fes. and CD spectrum in the visible region of [N6OD"!-Ac)]
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extinction coefficients consistent with-d transitions, while
the higher-energy transitions 25 000 cn?) are most con-
sistent with transitions that are charge transfer in character.
As can be seen, the overall shapes of the spectra produced
by the two metallopeptides are similar; however, there are
differences in peak energies and extinction coefficients. To
better understand the physical basis for these changes, time-
dependent DFT (TD-DFT) calculations were performed using
the minimized computational models (NiSOD~! and
(NiSOD™-Ac)~2. Although TD-DFT methods are not ca-
pable of giving exact reproductions of experimental spectra,
1i using these methods in conjunction with spectroscopic data
71000 } can aid in band assignmerffsWe therefore calculated the
1 electronic absorption spectra resulting from the twenty
2 500 ke lowest-energy spin-allowed transitions for (NiSOD'~ and
1 (NiSOD™"-Ac)?~ (Supporting Information). From these
calculated spectra, tentative assignments concerning some
of the key ligand-field transitions in [N{SOD"!)] and
e [Ni"(SOD"-Ac)] can be made.
~500 e e e The lowest-energy bands are most likely caused by
30000 25000 20002 15000 10000 transitions from the Ni/Sf)* orbitals to the Ni(3¢-?)/S/
- 1 E o ab F"ergz (em ) 4 oo . N(o)* orbital. This transition occurs at+2500 cnt? higher
[N (SODH] recorded at 1 7.5. The experimental data are shown as red IN €NETY in bisacylated [N(SOD%)-Ac)] than in amine/
circles, the individual Gaussian peaks used to deconvolute the spectra aredmide [NI'(SOD")]. That can be largely rationalized by the
displayed as dashed lines, and the sum of the Gaussians are shown as solidestabilization of the unfilled Ni(&d_yz)/S/N(g)* orbital in

Ae (M em™)

blue lines. the bisamide metallopeptide relative to the amide/amine
Table 2. Spectroscopic Parameters Obtained from the Gaussian metallopeptide as noted above. The next band can be
Deconvolution of the Experimental CD and Electronic Absorption assigned to the nonbonding Ni@dto Ni(3dx27y2)/S/N(g)*
I 1
Spectra of [M(SOD™)] transition, which is also shifted higher in energy3000
energy € Ae o cml) in bisamide-ligated [Ni(SOD"!-Ac)] than in
peak (cm™) (M7rem) (M7Hem™) _transition identity [Ni"(SOD"1)]. This band was assigned on the basis of both
p e o0 e N'\i‘('éiﬁ))*:l\l’\i‘('gdf-v;) our TD-DFT studies and the weak negatite observed in
3 18260 230 0.8 o the CD spectrun! Brunold has shown that a similar feature
4 21510 460 —2.4 Ni(3dy)/S(r) — Ni(3de-y?) in the CD spectrum of reduced NiSOD corresponds to this
g gg ggg 538 j; m:;ggg:“:ggjfg transition®® Once again the difference in energy of this
7 29410 690 46 v transition can be rationalized on the basis of a the more
8 31760 960 3.9 destabilized Ni(3@-,2)/S/N(o)* orbital in the bisamide
Table 3. Spectroscopic Parameters Obtained from the Gaussian metallopeptldg. .
Deconvolution of the Experimental CD and Electronic Absorption The next highest-energy assignable bands (21 510 vs
Spectrum of [Ni(SOD"!-Ac)] 18 930 cm® in [Ni"(SOD")] versus [NI'(SOD"-Ac)],
energy € Ae respectively) result from the transition from the Ni(gbs
peak (cm™) (M~tcm™) (M~tcm™) transition identity orbital to the Ni(3¢-,2)/S/N(0)* orbital. Bands higher in
1 14370 60 11 Ni/S)* — Ni(3de-?) energy than these bands are observed that are due to
g i; ggg 238 :g-? m:gg))/;’(]';‘)'(id,ﬁ;(g)d 2 transitions from the Ni/Sf) orbitals to the Ni(3g_,2)/S/
4 21270 260 _0:5 Ni/S(7t)3 — Ni(3de_y?) ) N(O')* orbital, WhICh OCC.UI’ at~25 000 cntin [NI "(SOD\M)]
5 24240 1160 0.6 and~22 000 cmt in [Ni'"(SODY:-Ac)]. It therefore appears
? g; ggg 1322 gi that the most distinctive feature observed in the electronic
8 31460 3590 53 absorption spectrum of both metallopeptides (the broad peak

o ) ] ) in the electronic absorption spectrum appearing at 21 830
are similar to those in [N{SOD"™)] (Figures 10 and 11).  c¢m-1 for [Ni"(SOD'1)] and 18 990 cmt for [Ni'(SOD!-
To determine how the energies of these transitions changeac))) is largely the result of the transition from the

in these two metallopeptides, the CD and electronic absorp-Nj(3d,,)—S orbital to the LUMO with significant contributed
tions spectra were deconvoluted into Gaussian line Shapesintensity from the Ni/S¢) to LUMO transition. These
Simultaneous deconvolution of the CD and electronic

absorptions spectra required the use of a minimum of 9 (79) The asymmetry in the low-energy positive band in the CD spectrum
Gaussian peaks (one to simulate end absorbance) to obtain ~ for [Ni"(SOD"™)] is caused by the manual detector change on our
satisfactory fits to the data (Tables 2 and’3Yhe lower- instrument.

o . (80) Neese, FJ. Biol. Inorg. Chem 2006 11, 702-711.
energy transitions (lower than 21 500 chin energy) have (81) Chang, J. W.; Martin, R. Bl. Phys Chem 1969 73, 4277-4283.

Inorganic Chemistry, Vol. 45, No. 26, 2006 10563



Neupane and Shearer

assignments are based on both the deconvoluted CD spectra
and TD-DFT calculations. The CD spectra shows a negative
signed feature for both metallopeptides, which is the result
of a relatively intense negative signed transition. This
negative signed band can be correlated to a fairly intense
ligand-field band in the deconvoluted electronic absorption
spectrum. Our TD-DFT calculations suggest that the
Ni(3dy)—S to the LUMO transition should have greater
intensity in the electronic absorption spectrum than the
corresponding Ni/Sf) to LUMO transitions, which are
slightly higher in energy. Furthermore Brunold’s spectro-
scopic studies of the reduced NiSOD active site also suggests
that the similar feature in the electronic absorption and CD
spectrum of the metalloenzyme results from the Nig3t ! ' T T T '
. ) : 1.0 0.8 0.6 0.4 0.2 0.0

the LUMO transition®® An increase in the energy of these Potential (V vs. Ag/AgCl)
transitions in [N (SOD"1)] compared to [NI(SODY1-Ac)] _ ) ) 91 9
s observed, which i the opposite of what is observed with 94 12, Cycic uoammogram of ((SOD Aol ecorae at 2 o
the lower-energy bands. This can rationalized by consideringinset depicts the data with the background capacitance removed.
that in [Ni"(SODY1)] there is a higher degree of covalency
in the Ni/S¢r) bonding orbitals and more bonding character NaCl). As can be seen, the'MNi" couple is quasi-reversible
in the Ni(3d,)—S orbital relative to [NI(SOD"!-Ac)]. Since with anE;, = 0.49(3) V vs Ag/AgCl, while the peak widths
our DFT studies suggest that these orbitals are made ofat half-height AE, 15 we find aAEpc 12, = 101(2) mV and
mostly Ni—S interactions, it appears that the increase in the an AEa1.= 80(2) mV) are indicative of one electron redox
covalency of these orbitals is coming almost exclusively from processe® The Ni'/Ni"' redox couple is~0.2 V more
increased NS overlap. negative than that observed for [Ni(S®D)], which is

Transitions higher in energy than this feature become either consistent with the addition of an anionic amide ligand to
mostly LMCT in nature or are derived from transitions into the Ni center. Also, thés;,; value is typical of the redox
orbitals higher in energy than the LUMO. Since the TD- couples observed for naturally occurring SODs, suggesting
DFT calculations suggest that these transitions are close tothat [Ni(SOD"-Ac)] might be capable of displaying SOD
each other in energy, we are unable to make definitive activity. Similar to the electrochemical behavior displayed
conclusions concerning the identity of the transitions in this for [Ni(SODMY)], a large peak separation for the K"
region of the absorption spectrum. We also note that we arecouple for [Ni(SOD'-Ac)] of 0.34(2) V is observed. Such
unable to make a satisfactory band assignment to the low-large peak separations are indicative of a kinetic limitation
energy feature at 18 260 cin the [Ni'(SODYY)] electronic to electron transfer, suggesting that a relatively large
absorption and CD spectrum. However, the TD-DFT studies structural rearrangement is taking place upon reduction/
suggested that a Ni/8)* to LUMO +1 (mostly amine/amide  oxidation. This is consistent with the ligation upon oxidation
in character) transition occurs at this energy (see Supportingand subsequent bond breaking upon reduction of the axial
Information). imidazole moiety from H

Electrochemical Properties and SOD activity of Because the electrochemical data suggested that
[Ni(SODM!-Ac)]. The spectroscopic and computational data [Ni(SODM!-Ac)] should be capable of acting as an SOD,
all suggest that there are subtle differences in the electronicwe investigated its SOD activity using the xanthine/xanthine
structure of the nickel centers in [NBODY)] versus oxidase assa¥?.®* Here, the reduction of NBT to formazan
[Ni'"'(SOD"1-Ac)]. These differences should be manifested by O~ generated by xanthine oxidase from xanthine is
in the reactivity and electrochemical properties of the two monitored. The addition of [N{SOD"!-Ac)] to solutions
metallopeptides. [N{SOD"1)] displays a quasireversible 1le  of NBT xanthine and xanthine oxidase effect a decrease in
Ni"/Ni'"" couple at 0.70(2) V vs Ag/AgC¥ Although the the rate of NBT reduction to formazan. The concentration
redox couple is 0.20.4 V higher than that typically observed of [Ni(SODM!-Ac)] needed to produce a 50% reduction in
for SODs? the Ni'/Ni" couple for [Ni(SOD'M)] still lies the rate of formazan formation (the 4 is 3(1) x 1075 M.
between the ©@— O, reduction E = 0.04 V vs Ag/AgCI) For comparison, bovine erythrocyte SOD displays ag IC
and HO, — Oy~ + 2H" oxidation € = 1.09 V vs Ag/ of 4 x 108 M.#285|n a previous study, we reported that
AgCl) couples’! This suggested that [Ni(SOB)] should [Ni(SODMY)] prevented formazan production from NBT in
be capable of behaving as an SOD. This was demonstratedhe presence of £ (using KQ as the superoxide source);
to be the case using a qualitative assay observing the
reduction of nitro blue tetrazolium (NBT) to formazan. (83) Bard, A. J.; Faulkner, L. RElectrochemical MethodsFundamentals

. . . - and Applications2nd ed.; John Wiley & Sons: New York, 2001.
Figure 12 displays the cyclic voltammogram obtained for (84) Bielski, H. J.; shiuw, G. G.; Bajuk, S. J. Phys Chem 1980 84,

Current (UA)

[Ni(SODM!-Ac)] in solution (pH 7.5, 50 mM NEM, 100 mM 830.
(85) Pierre, J.-L.; Chautemps, P.; Refaif, S.; Beguin, C.; El Mazouki, A.;
(82) To our knowledge, the NiSOD Mi' redox couple has not been Serratrice, G.; Saint-Aman, E.; Rey,PAm. Chem. Sod 995 117,
reported. 1965.

10564 Inorganic Chemistry, Vol. 45, No. 26, 2006



Amine »s Amide Coordination in NiSOD

however, we did not quantify its SOD activityHere, we tational studies by Grapperhaus suggest the reason for this

report that the 16 value for [Ni(SODM)] is 2(1) x 1077 is the “activation” of the Ni-S(z)* orbitals upon successively

M, which demonstrates an activity that is over 2 orders of increasing the number of amide donors in BB com-

magnitude higher than that of [Ni(SOB-Ac)]. Several  pounds®3” A decrease in the stability of [N(SOD")]

possible reasons for the decrease in SOD activity of toward Q upon acylation of the N-terminus forming

[Ni(SOD"*-Ac)] will be discussed in the next section. [Ni"(SODY1-Ac)] is not observed; both metallopeptides are
The dismutation activities that we observe for the two reasonably stable in solution decomposing over the course

metallopeptides are both high. For [Ni(SOD), the activity  of several hours/days. It is possible that the decrease in

is consistent with the observed diffusion-limited rate constant activity comes from an increased susceptibility of '[Ni

for Oy~ disproportionation observed in NiISOD At first (SOD"-Ac)] toward oxidative damage by /9, (formed

glance, these data seem to be incompatible with the Iargeduring the dismutase reaction) compared witH [SOD3)].

structural rearrangement that takes place about the Ni center . :

The X-ray crystal structures show that théitidazole group We have b.‘?e” unable to obtain data_ concerning the rates of

decomposition of the two metallopeptides towargDki(both

comes on and off the Ni center as NiSOD cycles between q N idlv detailed vsis). If d .
reduced and oxidized states. Our electrochemical data also_ecompose oo rapidly for a detailed analysis). If decomposi-

suggests that both of these metallopeptides are undergoing}'On of t.he m_etgllopeptldes by ZEDZ_ _proceeds through a
similar structural rearrangements. However, it is possible that Mechanism similar to ©decomposition, then our compu-
the imidazole remains ligated to the Ni centeuring tational and spectroscopic studies suggest tha(BOD""-
catalysis This would significantly increase the rate of Ac)] should be less stable and hence less active. This is what
disproportionation allowing the metalloenzyme to display IS observed.

high activity because of the reduction in structural re-  We note that Brunold and co-workers have suggested that
arrangement about the metal center. Such a scenario ighe decrease in S character in the redox active orbitals might
supported by recent DFT studies that suggest that theprovide some protection of the S ligands against oxidative
imidazole most likely remains ligated during catalyighis  gamage® Since the amount of Ni character increases at the
event would have been missed in our electrochemical studiesgypense of S character as the amines are converted to amides,
which used relatively slow scan veIO(‘:‘mes wh”ere the elec'gron- the initial one-electron oxidation by-© is more likely to
transfer step was not allowed to “out-run” the chemical be the Ni center in [Ni(SOD! Ac)] than in [Ni'(SOD"1)].

rezérrangemr(]entfstep.h both the el hemical d dIf this were the important factor in dictating metal-site
espite the fact that both the electrochemical data and g i, - [Njl(SODY-Ac)], not [Ni'(SODY)], should be
xanthine/xanthine oxidase assay suggested that thedsiox . -
more stable and hence more active. Our activity data

couple should be accessible and stable, we are unable tond'rectl arques against this idea concerning increased
synthesize and isolate [N{SOD"'-Ac)] by chemical indirectly argu gal IS | ng |

([Fe(bipy)J®*, oxone, cerric ammonium nitrate, dilute®$), stability upon incrgasing the number of amiQe Iiganq§ 'to Ni.
and electrochemical (bulk electrolysis) means. This is similar However, ppnclusmns concerning the relative S.tab'“t'es or
to what we have previously observed for [Ni(S®J; the decompqsﬂmn pathways of the two metal!opept@gs toward
Ni"" form of [Ni(SODMY)] is also not isolable despite the these oxidants cannot be made since their stabilities appear
fact that it too displayed quasi-reversible electrochemical to be nearly identical toward £and HO,.

behavior. The inability to produce and isolate thd' Nbrm Another possibility for the observed decrease in activity
of our NiSOD mimics is not surprising since most"Ni  comes from the basis of electrostatic arguments. Aniogtic O
thiolates (produced via oxidation of the corresponding Ni - may have more trouble approaching the dianionic active site
thiolate) are unstable in solution and quickly decompose upon of [N;j!(SOD"!-Ac)], thus decreasing its activity relative to
accessing the Ni oxidation stat€8 These failed attempts at [Ni"'(SOD")].2032 Also, [Ni"(SOD'-Ac)] has a decreased
producing [NI'(SOD"!-Ac)] and [Ni"'(SOD")] seem to inity for Ni''. It may be that [NI(SOD"1-Ac)] appears to
suggest that the overall protein environment surrounding the be less active simply because there is less of it in solution
Ni center in NiSOD is somehow protecting it from decom- than [Ni'(SOD'1)] when equal molar solutions of the two

pos ition upon ac.cessllng the N?taﬁ since F‘a“"e NISOD peptides are prepared (i.e., moréd Nissociates from SOT3-
is isolated in a 1:1 mixture of NINi"" oxidation states. 1 .
. Ac than SOD'). Whatever the reason for the decrease in
Concluding Remarks. We have demonstrated that acyl- o )
activity, these data suggest why nature has chosen the amine/

. ) . 0 1 ; "
?gg%ﬁt A‘\[?)e] : c:ﬁgglsnﬁ gfo[g (ascg\[/)i\:y)]b:/mor?/g]rgz[l\c?rd ers amide over the bisamide motif in NiSOD; the amine/amide
motif appears to produce a far more-active SOD.

of magnitude. This seems to be at odds with our electro-
chemical studies, which suggests that'[fl$iOD"!-Ac)], not
[Ni"(SOD")], should be the superior SOD on the basis of Acknowledgment. We thank the University of Nevada,
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and the UV~vis spectra for [NI(SODY1)] and [Ni'(SOD"1-Ac)]

Supporting Information Available: Contains mass spectros- recorded at pH 9.0.
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