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ABSTRACT: Cobalt nitrile hydratases (Co-NHase) contain a
catalytic cobalt(III) ion coordinated in an N,S; first coordination
sphere composed of two amidate nitrogens and three cysteine-
derived sulfur donors: a thiolate (-SR), a sulfenate (-S(R)O~), and
a sulfinate (-S(R)O,”). The sequence of biosynthetic reactions
that leads to the post-translational oxidations of the metal and the sulfur ligands is unknown, but the process is believed to be
initiated directly by oxygen. Herein we utilize cobalt bound in an NS, first coordination sphere by a seven amino acid peptide
known as SODA (ACDLPCG) to model this oxidation process. Upon exposure to oxygen, Co-SODA is oxidized in two steps. In
the first fast step (seconds), magnetic susceptibility measurements demonstrated that the metallocenter remains paramagnetic,
that is, Co*", and sulfur K-edge X-ray absorption spectroscopy (XAS) is used to show that one of the thiolates is oxidized to
sulfinate. In a second process on a longer time scale (hours), magnetic susceptibility measurements and Co K-edge XAS show
that the metal is oxidized to Co**. Unlike other model complexes, additional slow oxidation of the second thiolate in Co-SODA is
not observed, and a catalytically active complex is never formed. The likely reason is the absence of the axial thiolate ligand. In
essence, the reactivity of Co-SODA can be described as between previously described models which either quickly convert to
final product or are stable in air, and it offers a first glimpse into a possible oxidation pathway for nitrile hydratase biosynthesis.

B INTRODUCTION

Post-translational modification of cysteinyl thiolates (RS™) to
such products as disulfide bonds (RS-SR’), sulfenates (RSO™),
or sulfinates (RSO, ") is relatively common in biology and has
been found to play roles in signal transduction, protein
structure, and enzyme functionality.' > Cysteine residues are
also commonly used in metalloenzymes to ligate metals or
metalloclusters. Nonetheless, the hydrolytic enzymes nitrile
hydratase (NHase) and thiocyanate hydrolase (SCNase) are
the only known examples of metalloenzymes requiring
sulfenate and sulfinate ligands for activity.* "> The active site
of NHase consists of a low spin Fe(III) or Co(IIl) ion in an
N,S; coordination environment provided by two amide
nitrogens from the protein backbone and three cysteines
found in a highly conserved CXXC(SO,H)SC(SOH) motif
(Figure 1). It is interesting to note that each of the three
coordinating cysteines is present in a different oxidation state:
one thiolate, one sulfenate, and one sulfinate. The oxidized
cysteines are found in equatorial coordination sites along with
the amides, and the thiolate ligand occupies an axial position
trans to the presumed substrate-binding site. A number of roles
have been proposed for the oxidized cysteines including
modulating the Lewis acidity of the metal site, serving as a
base during the catalytic cycle, and modifying substrate/
product binding affinity."?
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Conversion of nitriles to amides is an industrially important
reaction.'*'® To help elucidate the mechanistic details of the
enzymatic catalysis of these transformations, a number of small-
molecule mimics of NHase have been synthesized.'®™**
However, few of these have even modest nitrile hydrolysis
activity, and most of those that utilize oxidized sulfur contain
bis-sulfinate ligands since controlling the extent of oxidation of
the metal-bound thiolates has proven difficult.”® This has been
especially true for reactions of thiolates with oxygen, as
opposed to O-atom transfer reagents, which tend to yield
sulfinato complexes.'®**~** Nonetheless, oxygen is believed to
be the oxidant in vivo for modification of the sulfur atoms of
NHase.>'>*>7%” This stands in marked contrast to a wealth of
existing synthetic inorganic literature describing synthesis of
metal bound sulfinato species in which reactions with molecular
oxygen are seldom reported. Generally, Co(Ill) and other
metal sulfinato complexes have been prepared by one of three
routes: direct reaction of a sulfinate salt and Co(III), SO,
insertion into a Co(III)-C bond, or oxidation of a Co(III)
thiolate via hydrogen peroxide, a much stronger oxidant than
molecular oxygen.”® ** Biosynthetic studies have shown that
apo-NHase, that is, the metal-free protein with cysteine
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Figure 1. Heterodimeric cobalt nitrile hydratase and its metal active
site (PDB code: 1UGP, figure prepared using PyMOL software [The
PyMOL Molecular Graphics System, Version 0.99rc6, Schrodinger,
LLC]). The green color corresponds to the a chain and the blue color
to the f chain.

thiolates, can be activated by incubation with Co** and
appropriate activation mediating proteins via a novel
mechanism that has been referred to as “self-subunit
swapping”.>>~>’ First, the cobalt binding @-subunit is post-
translationally modified and loaded with cobalt while the
protein is part of a trimeric ae, complex with NhIE, a
maturation mediator. Then, the holo-a-subunit is exchanged
with an apo-a-subunit from the tetrameric apo-a,f5, NHase to
form the functional enzyme. Surprisingly, cobalt cannot be
directly incorporated into apo-a,3, NHase, and this swapping
of apo- and holo- proteins is an obligatory part of the
maturation. However, although this symphony of protein
subunits is now well documented, the chemical steps allowing
for specific cysteine modification, cobalt incorporation and
oxidation, and exchange of the two forms of the a-subunit are
unknown.

Recently, Shearer and co-workers demonstrated the first
functional metallopeptide mimic of Co-NHase.”” The peptide

coordinates Co in an N,S; coordination sphere, and, as for the
enzyme, two of the cysteines must be oxidized to observe
modest activity with acrylonitrile. In this work, we utilize a
related seven amino acid peptide known as SODA
(ACDLPCG) to coordinate Co(II) in a less sulfur-rich N,S,
environment. We show that, upon exposure of the Co(II)-
metallopeptide to air, the first oxidation occurs at the ligands
without a change in the oxidation state of the metal (Scheme
1). This ligand-oxidized, sulfur bound Co(II) system is then
further oxidized to Co(III) to produce a fully oxidized species
(Scheme 1). We propose that these differentially oxidized states
are relevant to understanding the biosynthesis of Co-NHase,
and possible mechanisms for metal incorporation into the
enzyme and the roles of the distinctively oxidized thiolates
present in the first coordination sphere during this process are
discussed (Supporting Information, Scheme S1).

B EXPERIMENTAL SECTION

All inorganic syntheses were performed under a nitrogen atmosphere
using a double-manifold Schlenk vacuum line. Unless otherwise
specified, all the chemicals and solvents, of highest available grades,
were obtained from Sigma-Aldrich (Milwaukee, WI) and were used as
received. Aqueous solutions were prepared using purified water
(resistivity = 18.2 MQ-cm).

B PHYSICAL MEASUREMENTS
Optical, FTIR, and CD Spectroscopy. UV-—visible

measurements were executed on a Hewlett-Packard 8453
spectrophotometer using quartz cuvettes with a 1 cm path
length. NMR spectra were recorded at 400 MHz ('H) using
Varian Liquid-State NMR instruments in D,0 (99.9%,
Cambridge Isotopes Laboratories Inc.). FTIR (Fourier-trans-
form infrared) spectra of the samples were recorded on a
Thermo Nicolet Avatar-360 spectrometer in KBr pellets. A KBr
pellet without sample was used as a reference for the
background. For the samples, each spectrum is an average of
512 scans at 1 cm ™ resolution. The KBr pellets for the reduced
samples were prepared in an anaerobic glovebox. Circular
dichroism (CD) spectroscopy was performed on a Jasco-815
spectropolarimeter using a rectangular quartz cell with a path
length of 0.1 cm.

EPR Spectroscopy. Electron paramagnetic resonance
(EPR) spectra were recorded between SK and 7K using a
Bruker ELEXSYS ES80 CW X-band spectrometer (Bruker,
Silberstreifen, Germany) equipped with an Oxford model 900
EPL liquid helium cryostat (Oxford instruments, Oxfordshire,
U.K.). The magnetic field modulation frequency was 100 kHz;
the amplitude was 1 mT; the microwave power was between 1
and 4 mW and the microwave frequency was 9.42 GHz; the

Scheme 1. Hypothesized Sequence for Oxidation of Co(II)-SODA in Air
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sweep time was 168 s. Samples for the EPR experiments were
prepared in a 1:1 mixture of aqueous 50 mM N-ethyl
morpholine (NEM) buffer (pH 7.5) and glycerol (BDH,
West Chester, PA) before transfer to a quartz EPR tube. EPR
spectra were simulated using EasySpin (v 3.1.1), a computa-
tional package developed by Stoll and Schweiger*® and based
on Matlab (The MathWorks, Natick, MA, U.S.A.). The model
used for the EPR simulations is based on a single high-spin
Co®" ion (S = 3/2). The variable parameters were the g values
(gw gy and g.), the line widths (AB,, AB,, and AB,), and the
zero-field splitting parameters D and E. The fitting procedure
was similar to the one previously described by Flores et al.*®

Magnetic Susceptibility. The molecular magnetic suscept-
ibility (ry), effective magnetic moment (y.g) for the partially
oxidized Co-SODA, and the time course measurement for the
oxidation of reduced Co-SODA after exposure to air were
measured via the Evans NMR method by monitoring shifts in
the water solvent peaks at either 400 or 500 MHz ("H) using a
Varian Liquid-State NMR instrument.*”*®

Mass Spectrometry. MALDI-MS (matrix assisted laser
desorption/ionization mass spectrometry) characterization of
apo-SODA was performed using a-cyano-4-hydroxycinnamic
acid as matrix on a Voyager DE STR. ESI-MS (electrospray
ionization mass spectrometry) was accomplished using a
Thermo Quantum Discovery Max triple-quadrupole mass
spectrometer. Measurements were conducted in positive (+)
and negative (—) ionization modes, using a methanol/water
(50:50 by volume) mobile phase at a flow rate of 10 yL min™*
and the following ionization conditions: spray voltage, 4000 (+,
—); capillary temperature, 270 °C; sheath gas pressures, 25 (+)
and 15 (—); auxiliary gas pressure, 2 (+, —). Isotope Pattern
Calculator v4.0, developed by Junhua Yan, was used for the
calculation of the molecular mass with isotopic abundances.

Co K-edge and S K-edge X-ray Absorption Data
Collection and Analysis. Solutions of Co-SODA were
prepared as 1:1 CoSODA (50 mM NEM buffer, pH
7.5):glycerol samples, injected in aluminum sample holders
between windows made from Kapton tape (3M; Minneapolis,
MN, catalog no. 1205) and quickly frozen in liquid nitrogen.
Co K-edge data were collected on beamline X3b at the
National Synchrotron Light Source (Brookhaven National
Laboratories; Upton, NY). The samples were maintained at 20
K throughout data collection in an evacuated He Displex
cryostat and collected in fluorescence mode on a Canberra 31
element solid-state Ge detector. Total count rates for all
channels were maintained under 30 kHz, and a deadtime
correction was not applied. The data were collected in 10 eV
steps below the edge (7609—7689 V), 0.5 eV steps in the edge
region (7689—7759 €V), 2 eV steps in the near-edge region
(7759—8009 eV), and S €V steps in the far edge region (8009
eV—14 keV). The spectra represent the averaged sum of three
independent data scans. The sulfur K-edge data were collected
as solution samples at room temperature on beamline X19a at
the National Synchrotron Light Source (Brookhaven National
Laboratories; Upton, NY). Solutions of CoSODA (50 mM
NEM buffer, pH 7.5) were injected into Lucite sample holders
between two polyester film windows (2.5 um thickness; SPI
Supplies; West Chester, PA, catalogue no. 01865-AB) adhered
to the sample holders using an epoxy resin. Data were collected
in a sample chamber that was continuously purged with He(g),
and data were recorded in fluorescence mode on a Canberra
passivated implanted planar silicon (PIPS) detector. Data were
collected from 200 eV below to 300 eV above the edge to
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obtain a good baseline for data analysis. In the pre-edge region,
data were collected in S eV steps (2270—2465 eV); in the edge
region, data were collected in 0.1 eV steps (2465—2475 eV); in
the far edge region, data were collected in 2 eV steps (2475—
2765 V). All data were calibrated to the white line of Na,SO,.
The spectra presented represent the summed average of five
scans.

All Co and S K-edge spectra were processed and analyzed as
previously described.”*** Briefly, S K-edge spectra were
obtained by averaging the data sets, applying a baseline, and
fitting the pre-edge region to a polynomial function. This
baseline was then subtracted from the whole spectrum. The
region above the edge jump was fit to a two knot cubic spline,
and the data normalized to the edge height. The pre-edge and
rising-edge features were modeled as pseudo-Voigt line shapes
(a 1:1 sum of Gaussian and Lorentzian line shapes). Co K-edge
spectra were processed and analyzed using the XAS data
analysis suit EXAFS123°° which operates in Igor Pro>' and
requires phase and amplitude functions generated within FEFF
8.20.°% All refinements are based on Fourier-filtered k*(y) data
over the energy range of k = 2.0—12.0 A™' and back-
transformed over the range of r = 1.0—3.0 A.

Peptide Synthesis and Purification. The seven amino
acid peptide referred to as SODA (ACDLPCG) was
synthesized, purified, and quantitated as described previously.**
The reaction yield was 60%, and the measured peptide mass
(678 m/z, MALDI-MS (positive ion) [M]*) agreed well with
the calculated peptide mass, 677.8 amu.

Synthesis and purification of NHasem1 (CCDLPCGVYD-
PA) and the subsequent preparation of Co-NHaseml were
performed as described by Shearer et al.**

Co-SODA Preparation in Reduced and Oxidized
Forms. Metallopeptide samples were prepared analogously to
the procedure described by Neupane et al. for the synthesis of
the corresponding Ni-metallopeptide.* One equivalent of an
aqueous solution of Co(II) (ten times concentrated compared
to SODA solution) was added dropwise to one equivalent of
SODA in SO0 mM NEM buffer (pH= 7.5) solution. The
concentration of the SODA solution was determined using
Ellman’s test.>®> Both solutions were degassed and saturated
with nitrogen prior to the reaction. The reaction mixture
immediately turned green upon addition of the cobalt solution.
If exposed to oxygen, the reduced Co-SODA solution rapidly
changes to brown.

Reduced Co-SODA. The electronic absorption spectrum
(in buffered aqueous solution, pH 7.5) had the following
features: A, nm (¢ M™' em™): 725 (210), 681 (230), 609
(225), 350 (shoulder); 303 (2250). The ESI-MS (negative ion
mode) yielded a [M-H]™ peak with an m/z of 731.01 that
corresponded well with the calculated mass of 731.1 amu for
this species.

Partially Oxidized Co-SODA. The features of the
electronic absorption spectrum (in buffered aqueous solution,
pH 7.5) are as follows: 4, nm (¢ M™' ecm™): 600 (shoulder),
460 (shoulder), 355 (1100). ESI-MS (positive ion mode)
yielded an [M+0O+3H]* molecular ion peak at 752.04 m/z; the
calculated mass was 752.17 amu. The measured effective
magnetic moment was f; = 4.38 B.M.

Fully Oxidized Co-SODA. The electronic absorption
spectrum features (in buffered aqueous solution, pH 7.5)
included: A, nm (¢ M™' cm™): 570 (shoulder), 450
(shoulder), 340 (1500). The ESI-MS (positive ion mode)
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yielded an [M+O+3H]* molecular ion peak at 752.06 m/z, and
the calculated mass was 752.17 amu.

B RESULTS AND DISCUSSION

Coordination of Co(ll) by SODA. The seven amino acid
peptide SODA (ACDLPCG) is derived from the nickel enzyme
superoxide dismutase and is known to coordinate a Ni(II) ion
via the two cysteines together with the amino terminus and a
backbone amide nitrogen.**"** Thus it seemed likely that a
similar coordination set could accommodate Co(II), and the
interactions between Co(Il) and SODA were investigated via
optical spectroscopy under both anaerobic and aerobic
conditions. First, an anaerobic aqueous Co(II) solution was
added dropwise to a buffered SODA solution (pH 7.5)
resulting in a green solution. As shown in Figure 2, the UV—vis
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Figure 2. Spectral changes in the UV—vis spectrum of SODA upon
stepwise addition under anaerobic conditions of an aqueous solution
(50 mM NEM buffer, pH 7.7) of Co(II). The inset shows the binding
curves extracted at three different wavelengths from the spectra
(squares 681 nm, circles 709 nm, and triangles 725 nm). The ratios of
Co(II):SODA for which spectra are shown are 0:1, 0.13:1, 0.26:1,
0.39:1, 0.52:1, 0.65:1, 0.78:1, 0.91:1, 1.04:1, 1.17:1, and 1.3:1.

absorbance spectrum of this reduced, cobalt-bound metal-
lopeptide includes three distinct ligand field (LF) bands in the
visible region at 725 nm (¢ =210 M~' cm™"), 681 nm (& = 230
M~ ecm™) and 609 nm (& = 225 M~ cm™). These bands have
the appropriate energies and extinction coefficients for the
*T,(P) <« “*A,(F) transitions expected to arise from a
tetrahedral Co(II) (d’) center (Table 1, Figure 2), and are
split, as expected, due to spin—orbit coupling.’® " The
stoichiometry of the interaction between Co(1l) and SODA
was determined by monitoring the absorbances at these three
wavelengths as a function of added Co(II) as shown in the inset
of Figure 2. Titrations at all three wavelengths are consistent
with a 1:1 interaction between Co(II) and SODA. Further
evidence for 1:1 binding was provided by mass spectrometry. A
[Co-SODA]™ molecular ion peak with the expected isotopic
pattern was observed in a negative-mode ESI-MS experiment
(Supporting Information, Figure S1). In addition to the LF
bands, two stronger bands at 350 nm (¢ = 1650 M~' cm™") and
303 nm (e = 2250 M™! cm™) were observed in the far UV
region of the optical spectrum for reduced Co-SODA (Figure
3). Based on comparison to other Co-substituted proteins such
as Co-rubredoxin, Co-metallothionein, and Co liver alcohol
dehydrogenase, these higher energy bands likely arise from
cysteinyl sulfur to Co(II) charge transfer (CT). > Compar-
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Table 1. Optical and CD Data for Various Co-SODA Species

electronic absorption

A (nm)
(e (M em™))

CD absorption 4

(nm
(Ae M em™))

sample
reduced Co-SODA 725 (210) 544 (-0.15)
681 (230) 404 (0.20)
609 (225) 312 (0.54)
350 (shoulder, 1700) 280 (—=2.58)
303 (2250)
partially oxidized Co-SODA 600 (shoulder, 140) 536 (—0.8)
460 (shoulder, 430) 420 (0.37)
355 (1100) 306 (2.18)
267 (—3.92)
fully oxidized Co-SODA 570 (shoulder, 195) 536 (0.7)
450 (shoulder, 480) 470 (0.96)
340 (1500) 414 (shoulder, 0.36)
328 (—5.88)
286 (—3.87)
2500 3001
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Figure 3. UV—vis spectrum of Co-SODA (solid line), partially
oxidized Co-SODA (dotted line, 30 min of air oxidation), completely
oxidized Co-SODA (dashed line, 24 h of air exposure). All solutions
are in aqueous 50 mM NEM buffer at pH 7.5. The inset shows an
enlargement of the region between 500 and 1000 nm featuring bands
associated with ligand field (LF) transitions for reduced Co-SODA.

ison of these proteins has demonstrated that each Co-thiolate
bond in a metalloprotein or peptide typically contributes £ =
900—1200 M~ cm™" to such a ligand to metal charge transfer
(LMCT) transition. Since &50; (Co-SODA) = 2250 M~ cm™,
it is likely that Co-SODA includes two Co-thiolate bonds.®®

The CD spectrum of reduced Co-SODA consists of four
transitions: a negative band at 280 nm, a positive band at 312
nm, a positive band at 404 nm, and a negative band at 544 nm
(Figure 4, Table 1). The two highest energy bands are likely
related to the S=>Co LMCT transitions, which are CD active
because the first coordination sphere of the cobalt is
noncentrosymmetric. The neighboring chiral amino acid
based transitions also induce chirality into the metal centered
chromophores resulting in the two lower energy features and
providing additional evidence that the peptide is involved in
coordination of the metal.>*%

To evaluate the possibility that the other two ligands to the
tetrahedral Co(II) in Co-SODA were nitrogenous, FTIR
spectra in the region 400—1000 cm™ were collected. Three
characteristic 9(Co—N) stretching frequencies were observed at
452, 475, and 602 cm™ for Co-SODA which are absent in the
spectrum of the SODA apo-peptide (Figure S). The two lower
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Figure 4. CD spectra for reduced Co-SODA (solid black line),
partially oxidized Co-SODA (dotted line), completely oxidized Co-
SODA (dashed line), and the SODA apo-peptide (solid gray line). All
metallopeptide samples were at pH 7.5 in aqueous SO mM NEW
buffer.
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Figure S. FTIR absorption spectra from the SODA apo-peptide (solid
line at the bottom), reduced Co-SODA (solid line in the middle), and
the partially oxidized Co-SODA (dash-dotted line) in the 400—700

cm™! region.

energy bands are consistent with symmetric and asymmetric
Co—N stretching vibrations for two cis-positioned M-N bonds,
for M = metal. The highest energy band likely arises from out
of plane bending of C=0O for a metal-bound amide, which is
affected by the M-N bond strength since the two bonds are
shared in a ring structure (Scheme 1).57%8 Thus, it is very likely
that the remaining two ligands of the primary coordination
sphere are the amino terminus and a backbone amide, as seen
already in the Ni-SODA peptide.

Aerobic Oxidation of Co-SODA. The effects of molecular
oxygen on the reduced Co-SODA sample were investigated by
exposing it to air. The green, reduced Co-SODA was found to
be oxygen sensitive. This was indicated by a color change to
reddish-brown within a few minutes when exposed to air. The
UV—vis spectrum recorded after 30 min of exposure to air
consists of a nearly featureless increase in absorption in the
visible region with broad shoulders at 600 and 460 nm (Figure
3, Table 1). In the far UV region, a sharp band is seen at 355
nm. The prominent LF bands observed for the reduced Co-
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SODA bleached immediately upon air oxidation, suggesting
changes in the tetrahedral coordination geometry around the
cobalt center. Additional subtle changes in the optical spectra
were observed on longer time scales (24—72 h). The bands of
the initially formed oxidized species were subtly shifted to 570
nm, 450 nm, and 340 nm, respectively (Figure 3, Table 1).
After this second oxidized species was formed, no additional
spectral changes were observed. These modifications of the
optical spectra upon exposure to air suggest a stepwise
oxidation of the reduced Co-SODA by oxygen; a partially
oxidized intermediate forms first followed later by the fully
oxidized product.

CD spectra were also recorded after exposure of the reduced
Co-SODA to oxygen. After exposure of the sample to air for 30
min, a new spectrum with bands at 267 nm (negative), 306 nm
(positive), 420 nm (positive), and 536 nm (negative) arose,
suggesting changes in the interactions between the peptide and
the cobalt ion. After 24 h of exposure to air, the CD spectrum
was further changed. In particular, both band positions and
elliptical polarization (positive or negative) were changed, and a
new positive feature appeared at 470 nm (Figure 4). This
suggests further rearrangements in the metal—ligand electronic
environment after extended interactions with oxygen. Thus CD
spectroscopy provides evidence complementary to UV—vis
absorption spectroscopy that two distinct species are
sequentially formed by air oxidation of Co-SODA.

Magnetic Susceptibility Changes upon Exposure of
Co-SODA to Oxygen. There are two distinct sites in Co-
SODA at which oxidation could easily occur: the cysteinyl
thiolates and the metal. Oxidation of the metal from Co(II) to
Co(1II) would result in a change from a paramagnetic (d’, S =
3/2) starting material to a diamagnetic (d% S = 0) product.
Thus we used the Evans NMR method to determine the effect
of air oxidation on the magnetic susceptibility of the sample. In
this experiment, the shift of a solvent NMR resonance in a
sample containing the complex of interest is monitored relative
to a pure solvent sample. The frequency difference between the
solvent signal in the presence and the absence of the metal
complex can be directly correlated to the magnetic suscepti-
bility of the sample. As shown in Figure 6, the reduced sample
is paramagnetic (0 min data), resulting in two distinct "H NMR
resonances for the pure H,O and the H,O in the presence of
Co-SODA (For a solution of ~1.9 mM metallopeptide in the
500 MHz NMR instrument, a shift of 30 Hz was observed.).
Figure 6 shows analogous H,O "H NMR spectra collected after
the Co-SODA sample was exposed to air for varying lengths of
time. The paramagnetism of the Co-SODA sample continued
to be observed for several hours after exposure to air. The
molecular magnetic susceptibility (yy) of the partially oxidized
sample was evaluated using the Evans NMR method.*”** The
calculated effective magnetic moment (y.;) was 4.38 Bohr
magnetons. Based on the relation: y = [n(n +2)]"/? in which
n = number of unpaired electrons, it is likely that the partially
oxidized sample contains at least three unpaired electrons (i.e.,
an S = 3/2 system), corresponding to Co(II). Finally, after 24
h, the solvent signal collapsed into a single peak indicating that
the system became diamagnetic. The persistence of para-
magnetism for several hours suggests that the initial oxidation
does not change the oxidation state of the cobalt. Instead, only
on longer time scales is a diamagnetic, Co(III) species formed.

To explore the hypothesis that the initial site of oxidation of
the metallopeptide is the cysteine ligands, attempts were made
to detect sulfinate or sulfenate groups via FTIR (see Supporting
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Figure 6. "H NMR resonances as a function of time exposed to air for
H,O in an aqueous sample of reduced Co-SODA [in an NMR tube
(O.D. ~ 3 mm)]. The sample was placed within another NMR tube
(OD. ~ § mm) containing pure H,O, and the resonances are
referenced such that the frequency of the signal of the blank H,O
(measured independently) is zero.

Information, Figure SS). Although upon oxidation of the
peptide extensive changes in the 1200—900 cm™" region of the
spectrum were observed, the bands could not be unambigu-
ously assigned, leaving interpretation relatively meaningless.

EPR Spectroscopy. NMR experiments demonstrated
paramagnetism in the reduced and partially oxidized Co-
SODA samples. EPR spectra were recorded for these
paramagnetic samples to gain insight into their electron spin
distributions and corresponding changes upon oxidation. Figure
7A shows the EPR spectrum of the reduced Co-SODA sample.
The spectrum was simulated using a spin Hamiltonian (see
materials and methods) for a high spin Co(II) (d” system, S =
3/2) system.*”’® The good agreement between the exper-
imental and the simulated data (6 = 0.94%) suggests, as
expected, that the spectrum arises from a high spin Co(II)
center. The parameters obtained from simulation, g values and
zero field splitting (ZFS) constraints for the reduced Co-SODA
species, are shown in Table 2. The small E/D value indicates
the presence of an effectively axial field around the para-
magnetic Co(II) center. The EPR spectrum of the partially
oxidized sample (Figure 7B, Table 2) was also simulated with
an S = 3/2 spin Hamiltonian (o = 1.20%). Although the spectra
are quite similar, the g-values for the two species were not
identical. This is most clearly seen from their rhombicity
parameters [(g, — g,/g.) X 100%], which have values of 18.102
and 12.170 for the reduced and partially oxidized samples,
respectively. The decrease in rhombicity after the partial
oxidation of the complex is consistent with a change in the
coordination geometry of the cobalt with no change in the
oxidation state of the metal.

X-ray Absorbance Spectroscopy. Cobalt X-ray absorb-
ance spectra (XAS) were obtained to confirm the oxidation
state and characterize the first coordination sphere of the cobalt
in the partially oxidized and completely oxidized samples. In the
XAS spectrum of the fully oxidized sample (Figure 8A), a weak
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Figure 7. Continuous wave (CW) EPR spectra of (A) reduced Co-
SODA (in aqueous SO0 mM NEM buffer at pH 7.5) at S K and (B)
partially oxidized Co-SODA sample (in aqueous S0 mM NEM buffer
at pH 7.5) at 7 K. The experimental data and the simulated data are
shown as black lines and dotted lines, respectively.

Table 2. Simulation Parameters for the EPR Spectra of
Reduced and Partially Oxidized Co-SODA

parameter® reduced Co-SODA  partially oxidized Co-SODA
g (£0.001) 2.527 2.476
% 2.111 2.199
% 2.298 2276
AB, (MHz) 3480 3695
AB, 5544 6096
AB, 2824 2491
D (MHz) >5 x 108 >5 x 10°
E/D 0.02 0.02
[(g: — g/g.) x 100%] 18.102 12.170

“The simulation parameters were the following: the principal g values
(g gy and g.), the line widths (AB,, AB,, and AB,), and the zero-field
splitting parameters, D and E.

(0.06(1) eV refined area relative to edge height) pre-edge
feature at ~7719 eV was observed that arises from the dipole
forbidden Co(1s—3d) transition. This transition is ordinarily
observed only for cobalt centers in a noncentrosymmetric
environment. The edge energy of ~7723 eV corresponds to the
presence of a Co(Ill) center in the fully oxidized metal-
lopeptide sample, consistent with the diamagnetism observed
vih. NMR. The extended X-ray absorbance fine structure
(EXAFS) region of the XAS data is best modeled as a pseudo-
octahedrally coordinated cobalt center (Figure 8D) in an S,(N/
0), coordination environment (Figure 8B, C). The two sulfur
scatterers are 2.24 A from the Co(III) ion. The N/O ligands
could be resolved into three shells: two N/O ligands at 2.13 A,
one N/O ligand at 1.97 A, and one nitrogen ligand at 1.84 A
from the cobalt center. The last one is likely to be a
deprotonated amide nitrogen ligand from the peptide back-
bone. The scatterer at 1.97 A could be the amino terminus of

dx.doi.org/10.1021/ic400171z | Inorg. Chem. 2013, 52, 52365245
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Figure 8. (A) XANES region of the Co K-edge X-ray absorption spectrum of fully oxidized Co-SODA. (B) FF k* data and (C) FT k* data
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respectively). (D) Primary coordination geometry around cobalt in oxidized Co-SODA and metal—ligand bond distances from EXAFS. Refinement
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2.50(2) A, 6 = 0.0016(2) A% E, = 7725.1 V.

the peptide, and the ligands at longer distances are likely
solvent molecules or other loosely bound amides.

As shown in Figure 9 changes in the oxidation state of the Co
and its first coordination sphere upon oxidation of Co-SODA
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Figure 9. Comparison of the XANES region of the X-ray absorption
spectrum of reduced (green), partially oxidized (red), and fully
oxidized Co-SODA (blue).

were investigated by comparison of the XANES regions of the
spectra for the fully oxidized, partially oxidized, and reduced
(literally unoxidized) metallopeptides. The edge energy of the
partially oxidized sample is 2.9(1) eV lower in energy than that
of the fully oxidized sample. These edge energies are consistent
with a change from Co(Il) in the partially oxidized sample to
Co(III) in the fully oxidized sample. The area under the pre-

edge feature for the partially oxidized sample is 0.04(1) eV
refined area/edge height, which is also consistent with a six
coordinate geometry in the partially oxidized sample as
observed in the fully oxidized sample. An EXAFS spectrum
from a partially oxidized sample obtained via an experiment
analogous to that shown in Figure 8 is shown in Supporting
Information, Figure S4. However, since the EXAFS data for the
partially oxidized sample were of relatively poor quality at high
k, the spectrum was only refined over the range 2—11 A™" and
BT. Like the completely oxidized sample, the partially oxidized
sample is best fit to a model including two sulfur ligands and
four N/O ligands in the first coordination sphere (Supporting
Information, Figure S4). The Co K-edge energy for the reduced
Co-SODA (7720.1 eV) is very similar to that of the partially
oxidized sample (Table 3), suggesting that both are in the
Co(Il) oxidation state (Figure 9). However, the pre-edge
feature is most prominent in the spectrum from the reduced
species (0.20(1) €V refined area/edge height (Figure 9)
suggesting that the reduced sample features cobalt in the
least centrosymmetric environment. Similarly, analysis of the
EXAFS region of the spectrum from the reduced sample
indicated that it consisted of Co in a four coordinate N,S, site
(Supporting Information, Figures S6 and S7). Although the
EXAFS data is relatively noisy so that it should be interpreted
with caution, this observation is consistent with the assignment
of the reduced species as a tetrahedral Co—N,S, species
predicted from the UV—vis and FTIR data above.

Although FTIR could, in principle, be used to detect the SO
stretches associated with oxidation of thiolates, as shown in
Supporting Information, Figure SS, in this case this approach
was inconclusive in determining the initial site of oxidation in
the peptide because a number of other vibrational modes of
similar energies (1200—900 cm™') were also impacted by

Table 3. Summary of K-edge Energies from Co and S XAS

Co K-edge energy (eV)

S K-edge energy (eV)

sample Co(1s—3d) Co edge S(1s)—Co(3d) S(1s)—>C=S (o*) S0,(1s)—Co(3d) S0,(1s)—>C—S(c*)
reduced Co-SODA 7719.3(2) 7720.1(3) 2470.9(2) 2472.6(2) N/A N/A
partially oxidized Co-SODA 7719.2(1) 7720.1(4) 2470.4(2) 2473.2(2) 2477.6(7) 2480(1)
fully oxidized Co-SODA 7719.4(1) 7723.2(3) 2470.1(2) 2473.2(2) 2477.8(6) 2480(1)
5242 dx.doi.org/10.1021/ic400171z | Inorg. Chem. 2013, 52, 52365245
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oxidation of the peptide. Definitively assigning all of the
observed changes simply proved untenable. On the other hand,
S K-edge X-ray absorbance spectroscopy (XAS) is very
sensitive to sulfur oxidation state, and a number of natural
proteins and model complexes related to nitrile hydratase have
been previously studied using this technique.”"”* Sulfur K-edge
X-ray absorbance spectra of the reduced, partially oxidized and
tully oxidized metallopeptides described herein were obtained
to unambiguously determine the oxidation states of the
cysteinate ligands in each sample. As shown in Figure 10, the

] S(1s) —-(_C—S(c )]
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Figure 10. S K-edge X-ray absorption spectra of fully reduced (green),
partially oxidized (red), and fully oxidized (blue) CoSODA.

reduced sample contained, as expected, only unoxygenated
cysteinate sulfurs; a pre-edge peak at 2470.9(1) eV was
observed corresponding to the S(1s) — Co(3d) transition. At
higher energy (2472.6(1) eV), the S(1s) — (C—S(c*))
transition is observed. In contrast, the S K-edge results suggest
the completely oxidized Co(III) complex contains one
unmodified cysteinate and one that has been oxidized to a
sulfinate (SO,") ligand. The S K-edge spectrum for this sample
includes a relatively small pre-edge feature at 2477.8(3) eV
together with a strong peak at 2480.8(3) eV. These correspond
to SO,(1s) — Co(3d) and SO,(1s) = C—S(o*) transitions,
respectively. In addition the S(1s) — Co(3d) transition is
observed at 2470.1(1) eV and the S(1s) — (C-S(c%*))
transition at 2473.3(2) eV indicating the presence of a reduced
thiolate sulfur ligand. The spectrum of the partially oxidized
sample is remarkably similar to that of the completely oxidized
metallopeptide and is also consistent with the sulfur being
present as thiolate and sulfinate species. These data provide
clear spectroscopic evidence that the first step in the oxidation
process is modification of one of the cysteines to form sulfinate.

B CONCLUDING REMARKS

As depicted in Scheme 1, the data presented herein suggest the
tetrahedral high spin d’ Co(II)-SODA is air oxidized in a two-
step process. The immediate changes in the UV—vis and CD
spectra upon exposure of Co-SODA to air suggest oxidation
occurs rapidly and results in formation of a pseudo-octahedral
species. However, perhaps surprisingly, NMR and EPR spectra
indicate that the first oxidation product formed is still
paramagnetic with three unpaired electrons. This indicates
Co cannot be the first species oxidized. Instead, the S K-edge
XAS spectrum of this intermediate shows that the first
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oxidation occurs at a single cysteine ligand to form a sulfinate.
Then, it is only on longer time scales that Co oxidizes to the 3+
oxidation state becoming a diamagnetic low spin d° system.
EXAFS data suggest this fully oxidized metallopeptide contains
a pseudo-octahedrally coordinated Co(IIl) ion ligated by an
unmodified cysteinate as well as an oxidized sulfinate ligand.
The remainder of the coordination sphere is four N/O donors
present in two pairs at different distances. Two of those are
likely to be the peptide ligands from the reduced peptide, and
the additional ones are expected to be solvent molecules. Thus
air oxidation of Co-SODA causes two sequential types of
changes. First oxidation of one of the cysteines occurs; then
oxidation of the metal follows.

Oxidation of cysteinyl thiolates can result in a number of
products including disulfide bonds, sulfinate and sulfenate.
Thus the question of how each cysteine in the active site of
nitrile hydratase achieves a unique oxidation state comes to the
fore, and Co-SODA, in which one cysteinate is modified and
the other remains reduced, is an interesting model. For these
metalloproteins/peptides, formation of disulfide bonds is likely
of little concern because of the relative inertness of Co(II) to
substitution reactions. On the other hand, in the case of Co-
SODA, a peptide originally designed to bind not Co but Nj,
oxidation of one of the cysteines likely provides more stable
bonding. This lowers the energies of the occupied Co d orbitals
and increases the driving force for oxidation of the metal to
form a low spin d® system. Furthermore, binding of S—O
ligands likely strains the tetrahedral geometry of Co(II)-SODA
toward a more favorable octahedral environment, again
providing ideal conditions for oxidation of the metal. We can
speculate that once the metal is oxidized in Co-SODA there is
relatively little energetic gain from oxidation of the second
thiolate so that it remains unmodified.

Comparison of Co-SODA to other model complexes for
nitrile hydratase suggests reasons for the unique reactivity of
this metallopeptide. Angelosante and co-workers reported the
synthesis of an unsymmetrical, square planar S = 1 Co(III)
complex in which the metal is coordinated in an N,S,
environment consisting of two thiolates and two amidates.”
Interestingly, this complex mimics the asymmetric equatorial
coordination environment of nitrile hydratase that consists of
two five-membered rings and a single six-membered ring.
However, in contrast to Co-SODA, the reported complex does
not undergo air oxidation of either the thiolates or the metal.”
In essence, the square planar complex appears to be too stable
to promote the oxidation. On the other hand, Shearer and co-
workers reported the reactivity of an N,S; coordinated Co-
metallopeptide known as Co-NHaseml.”* Like Co-SODA,
reduced Co-NHasem1 binds Co(II) in a tetrahedral environ-
ment consisting of two thiolates and two amidates. Upon
exposure to air, both the metal and two of the three thiolates
are oxidized. As shown in Supporting Information, Figure S3,
we undertook NMR experiments with Co-NHaseml to
compare its oxidation pathway to that of Co-SODA. Unlike
Co-SODA, upon oxidation Co-NHaseml rapidly forms a
diamagnetic Co(IlI) state. Furthermore, both equatorial
thiolates are likely oxidized. The increased rate of metal
oxidation in Co-NHasem1 is likely a result, in large part, of the
additional axial thiolate ligand and the replacement of an amine
with an amide ligand. As shown in Supporting Information,
Scheme S2, the strongly o-donating axial thiolate likely interacts
with the metal d: orbital, changing its character from
nonbonding to antibonding and significantly raising its energy.
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Inorganic Chemistry

Similarly, the amide of Co-NHaseml provides stronger -
bonding than the amine of Co-SODA further increasing the
ligand field stabilization energy of the N,S; peptide and
stabilizing the low spin d° oxidized state. Thus oxidation of Co-
NHaseml is considerably more favorable energetically than
oxidation of Co-SODA. Essentially, the reactivity of Co-SODA
is between the relatively inert complex of Angelosante and
coworkers and the highly reactive metallopeptide Co-
NHasem1. Furthermore, it is likely the tetrahedral geometry
of the reduced Co-SODA species and the lack of an axial
thiolate that allow it to occupy this unique niche of reactivity.
Nonetheless, more detailed computational investigation will be
necessary to confirm this hypothesis.

Finally, we end by speculating on the applicability of Co-
SODA to understanding the details of metal incorporation and
protein modification in the natural nitrile hydratase enzyme.
Cobalt is generally transported into microbes as Co(II) ion,
and it is likely that Co is incorporated into the apo-nitrile
hydratase @ subunit in this reduced oxidation state.”>”®
Biochemical evidence has arisen that, at least in vitro, post-
translational modification of the nitrile hydratase protein and
oxidation of the metal are autocatalytic.” The reactivity of Co-
SODA in air lends further credence to such a model. By
analogy to Co-SODA, we hypothesize that interaction of the
reduced NHase protein with air first results in oxidation of one
or both of the equatorial sulfur ligands. Initial binding of the
metal in a geometry that is more tetrahedral than square planar
geometry would likely promote the specific protein mod-
ifications. The modified bonding with the oxidized ligands
could then provide the driving force for a subtle change in
geometry and oxidation of the metal to the active form of the
enzyme. At the moment, these ideas are hypothetical, but
further investigation of both the enzyme and the relevant
metallopeptide models is expected to clarify the remaining
unknowns of this unique biosynthetic process. Moreover, we
anticipate that designed metalloproteins will prove to be an
exciting tool for exploring metallocenter biosynthesis in a
biologically relevant, in vitro, chemical context.
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