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ABSTRACT: Much progress has been made in understanding the
roles of the secondary coordination sphere (SCS) in tuning redox
potentials of metalloproteins. In contrast, the impact of SCS on
reactivity is much less understood. A primary example is how copper
proteins can promote S-nitrosylation (SNO), which is one of the
most important dynamic post-translational modifications, and is
crucial in regulating nitric oxide storage and transportation.
Specifically, the factors that instill Cu' with S-nitrosylating
capabilities and modulate activity are not well understood. To
address this issue, we investigated the influence of the primary and
secondary coordination sphere on Cu'-catalyzed S-nitrosylation by
developing a series of azurin variants with varying catalytic
capabilities. We have employed a multidimensional approach
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involving electronic absorption, S and Cu K-edge XAS, EPR, and resonance Raman spectroscopies together with QM/MM
computational analysis to examine the relationships between structure and molecular mechanism in this reaction. Our findings have
revealed that kinetic competency is correlated with three balancing factors, namely Cu—S bond strength, Cu spin localization, and
relative S(p,) vs S(p,) contributions to the ground state. Together, these results support a reaction pathway that proceeds through
the attack of the Cu—S bond rather than electrophilic addition to Cu" or radical attack of Scys- The insights gained from this work
provide not only a deeper understanding of SNO in biology but also a basis for designing artificial and tunable SNO enzymes to

regulate NO and prevent diseases due to SNO dysregulation.

1. INTRODUCTION

Metalloenzymes perform a stunning range of chemistry under
limited environmental conditions conducive to life with a
relatively small range of biologically available ligands and
metallocofactors. The properties of these metalloenzymes are
largely governed not only by the primary metal-coordinating
ligand sphere (PCS), but often complex secondary coordina-
tion sphere (SCS) environments that provide weak non-
covalent effects, such as electrostatic, hydrophobic, steric, and
hydrogen bonding interactions. Artificial metalloenzymes,
designed using both de novo and re-engineering approaches,
have provided an excellent basis for systematically under-
standin% how the SCS modulates the properties of metal
centers. ' In particular, extensive investigations of the
influence of the SCS on metal redox potentials have resulted
in the ability to rationally and precisely tune redox potentials
over wide ranges.lz_17 However, understanding the impact of
these effects on tuning the reactivity of metal centers still
remains at the frontier of metalloenzyme design.
S-Nitrosylation (SNO) provides an ideal reaction for
disentangling the correlations between reactivity and metal
coordination sphere due to both the relative simplicity of the
reaction itself and the consequences of its function (Scheme
1). S-Nitrosylation is a reversible post-translational protein
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Scheme 1. Metal Mediated S-Nitrosylation
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modification that serves as a significant route for cellular NO
signaling,"® controlling functions such as apoptosis,'” muscle
contraction,”® and vasodilation.”* As a result, dysregulation of
S-nitrosylation has been correlated with a plethora of
diseases,”” including cancer initiation,”*° Alzheimer’s dis-
ease,’*™>* Parkinson’s S)Indrome,34_38 and cardiovascular
disease.””~*" There is significant evidence that this process
relies on metalloproteins to catalyze the S-nitrosylation of
protein cysteine thiols, followed by transfer of NO by trans-S-
nitrosylation to other acceptor proteins or low molecular
weight thiols such as glutathione or coenzyme A.'®** While S-
nitrosylation has been shown to be catalyzed by Cu'’- and Fe'-
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Figure 1. (A) The Crystal structure of reduced wild-type azurin (WTAz) (PDB ID: 1E5Y**). (B) Highlight of the primary coordination sphere of
WTAz. (C) Schematic of the primary coordination environment of WT Az. (D) Isosurface of the S-LUMO (lowest unoccupied molecular orbital)
of WTAz. (E) QM/MM optimized structure of M121H/H46E azurin (HEAz) based on the X-ray diffraction structure (PDB ID: 4WKX>'). (F)
Highlight of the primary coordination sphere generated by the 1Cys, 2His, and 1Glu binding motif in HEAz, and the secondary coordination
sphere residues targeted in the present study. (G) Schematic of the primary coordination environment in HEAz. (H) Isosurface of the a-HOMO
(highest occupied molecular orbital) of HEAz. In B and E, atoms are colored as follows: Cu (orange), S (yellow), N (blue), and O (red). Primary
coordination sphere C atoms are shown in light gray, while targeted secondary coordination sphere C atoms are shown in dark gray. Calculations in
D and H were calculated at the TPSSh/def2-TZVP level and plotted with isovalues of 0.05.

containing enzymes, such as ceruloplasmin and hemoglo-
bin,"***~* thousands of potential S-nitrosylated proteins have
been identified using proteomics methods,””**~*" highlighting
the potential role of less well-characterized metalloenzymes in
the regulation or dysregulation of NO.

Despite the importance of the function and the large number
of metalloproteins involved in the function, little is known
regarding the electronic and geometric factors that define the
S-nitrosylating activity in metalloenzymes. To address this
issue, we and others reported the generation of reversible Cu'-
catalyzed S-nitrosylation in an engineered azurin (Az).*" Wild-
type azurin (WTAz) contains a blue copper site involving Cu"
coordinated to Cys112, His117, and His46 in a trigonal plane,
with additional weak axial interactions with Metl121 and the
carbonyl of Gly4S at 3.3 and 3.0 A, respectively (Figure 1).
Although WTAz has been shown to interact with NO to form
a photolabile {CuNO}'? species,””>” S-nitrosylation has not
been observed. However, mutations of His46 and Metl21 to
Glu and His, respectively, generated a red copper center,
transforming the trigonal planar geometry of WTAz to a
tetragonally distorted square planar geometry that closely
modeled that in nitrosocyanin and catalyzed rapid formation of
the Cu'-S¢;;,NO product. Further inclusion of an F114P
mutation to M121H/H46E azurin (HEAz), which lowered the
reduction potential of by ~107 mV at pH 8, resulted in a
further increase in the reaction rate.’’ Importantly, these
studies demonstrated that a broader array of Cu' enzymes

outside of ceruloplasmin have the capability of catalyzing
intramolecular S-nitrosylation.

Despite successes in conferring SNO reactivity in re-
engineered azurin, the factors that instill copper with S-
nitrosylating capabilities and further modulate activity are not
well understood. A detailed understanding of these factors will
provide not only deeper insight into native SNO enzymatic
function but also the further design of novel SNO enzymes to
prevent SNO dysregulation underlying many diseases. Toward
this goal, we present an investigation of the influence of the
PCS and SCS on the Cu"-promoted S-nitrosylation of cysteine
in Az. We begin by looking at the influence of the relative
positioning of Glu and His in the PCS of the Cu"(His),(Glu)-
(Cys) binding motif, and further explore the influence of H-
bonding and electrostatics in the SCS by varying residues at
positions 47 and 114 for the most active PCS variant, HEAz
(Figure 1F)."'**" To understand the underlying factors that
modulate S-nitrosylating reactivity, we employ a multifaceted
spectroscopic approach combined with DFT and ab initio-
based quantum mechanics/molecular mechanics (QM/MM)
calculations to characterize the electronic and geometric
structures of HEAz and corresponding SCS variants. Together,
these results highlight three factors, namely, S(p,)/S(p,)
mixing, Cu—S bond strength, and Cu" spin density, that
interplay to modulate S-nitrosylating activity. Our findings
further support that S-nitrosylation is promoted through the
attack of the Cu—S bond itself, rather than electrophilic attack
of Cu" or radical attack of S. These studies have led to a
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conclusion that the apparent requirement of red copper for S-
nitrosylation in the Az largely arises from steric effects, where
attack of the Cu—S bond in blue copper is likely hindered due
to the in-plane orientation of the Cu—S antibonding
interaction.”>*

2. EXPERIMENTAL METHODS

2.1. Site Directed Mutagenesis, Protein Expression. Plasmids
containing the MI121E (M121EAz), M121H/H46E (HEAz),
MI121H/H46E/N47S (HESAz), M121H/H46E/F114N (HENAz),
MI121H/H46E/F114N/N47S (HENSAz), and MI121H/H46E/
F114P (HEPAz) species were constructed by site-directed muta-
genesis using wild-type azurin (pET9a) as a template for the quick-
change polymerase chain reaction procedure. The mutations were
confirmed by sequencing. Proteins were expressed in BL21(DE3) E.
coli (Novagen, Madison, WI). Cultures were grown in LB media for 8
h at 37 °C and used to inoculate flasks containing 1.5 L of 2x YT
media containing S0 mg/L Kanamycin (held in a 4 L flask), which
were further grown at 25 °C while shaking at 210 rpm. Further details
regarding cell harvest and protein purification are provided in the SI.

2.2. Kinetic Assessment. Experiments were performed as
previously described for HEPAz>' Measurements were performed
using an Applied Photophysics Ltd. (Leatherhead, UK.) SX18.MV
stopped-flow spectrometer equipped with a 256-element photodiode
array detector. The instrument was prepared for anaerobic measure-
ments by rinsing the lines several times with a degassed buffer
solution.

50 mM MES buffer (pH 6.0) was used for all experiments. All
solutions of Cu'-Az (M121EAz, HEAz, HESAz, HENAz, HENSAz,
HEPAz) were degassed and equilibrated with Ar using a Schlenk line.
Two-syringe mixing was employed to mix equal volumes of S0 uM
Cu™-Az and NO saturated (2 mM) buffer solutions to obtain the
pseudo first-order rate kinetics.

2.3. UV/vis Spectroscopy. UV/vis spectroscopy was performed
by using a Cary 60 spectrometer. Samples were prepared at
approximately 100 uM [Az] based on &,5, = 8000 M~ cm™, and
metalated by the slow addition of subsequent 0.1 equiv of Cu"SO,
until 1 equiv was reached. Samples were passed through a PD10
column and reconcentrated to approximately 100 uM [Cu'-Az].
Quantification of Cu" in UV/vis samples was performed by spin
integration via X-band EPR at 85 K. These concentrations were
further used to determine the spectral molar extinction coeflicients.

2.4. Resonance Raman Spectroscopy. Resonance Raman
samples were excited at 379.5 nm using continuous wave excitation
from an Ar* ion (Innova Sabre 25/7) laser. The samples were
immersed in a liquid nitrogen cooled (77 K) EPR finger dewar
(Wilmad). Data were recorded for 10 min with an incident power of
~5 mW at the sample. To minimize photodecomposition, samples
were manually rotated (~10 rotations/min) during the measurement.
The spectra were recorded using a Spex 1877 CP triple
monochromator with 1200, 1800, and 2400 grooves/mm holographic
spectrograph gratings and detected by an Andor Newton CCD cooled
to —80 °C. Resonance Raman data were processed using
SpectraGryph software, version 1.2 (Dr. Friedrich Menges Software-
Entwicklung, Oberstdorf, Germany).

2.5. Electron Paramagnetic Resonance Spectroscopy.
Continuous wave (CW) electron paramagnetic resonance (EPR)
measurements were performed at X-band frequency (~9.65 GHz)
using a Bruker EMXplus spectrometer equipped with a Bruker high-
sensitivity cavity (ER4119HS) and a nitrogen-flow cryostat (ESR
900). A high-sensitivity Bruker Premium-X bridge with an integrated
microwave frequency counter was employed along with a magnetic
field controller (ERO83CS) that was calibrated using a Bruker NMR
field probe (ER035M). All measurements utilized a 4 G modulation
amplitude with a 100 kHz modulation frequency, an 80.92 ms time
constant, and a 1 mW microwave power. All spectra were recorded on
frozen solutions held at 85 K. All spectra were processed and analyzed
using the software package EasySpin (version 6.0.0),>> as imple-
mented in Matlab (version R2022b). Spin quantification of samples

presented for UV/vis measurements was performed using a 1 mM
CuSO, standard.

2.6. X-ray Absorption Spectroscopy. S K-edge X-ray
absorption spectroscopy (XAS) measurements were acquired at
wiggler side-state beamline 4-3 of the Stanford Synchrotron Radiation
Lightsource (SSRL). The SPEAR storage ring operated at 3 GeV in
top-off mode with an ~500 mA ring current. A liquid N,-cooled
double-crystal monochromator with Si(111) crystals at ¢ = 0° was
used to select the incoming X-ray energy with an intrinsic resolution
(AE/E) of ~1.4 X 107*. The X-ray beam size was 1 X 1.8 mm?* (v X
h) at the sample position. Samples were maintained at cryogenic
temperatures using a liquid He flow cryostream at the SSRL to
minimize radiation damage and maintain an inert sample environ-
ment. Fluorescence measurements were recorded using a 7-element
solid-state silicon drift detector. Prior to measurements, each sample
was checked for signs of radiation damage by performing subsequent
1.5 min scans over the same sample spot. These tests showed
significant sensitivity to irradiation at the S K-edge (~2472 eV), and
required detuning of the monochromator to ~2% of the initial flux in
order to enable X-ray irradiation times of up to 5 min. This rate of
damage was consistent across all measured protein samples in the
present study. All S K-edge XAS scans were collected by scanning the
incident energy from 2400 to 2761 eV using regional scanning:
2400—2460 eV (10 eV step, 0.5 s/pt), 2460—2465 eV (1 €V step, 0.5
s/pt), 2465—2475 eV (0.1 eV step, 1 s/pt), 2475—2761 eV (k = 0.05
A" step, 0.5 s/pt). Energy calibration was performed by intermittent
measurement of a Na,$,0;-5H,0 standard with the first inflection
point set to 2472 eV.

Cu K-edge XAS measurements were acquired at beamline 7-3 of
SSRL. A liquid N,-cooled double-crystal monochromator with
Si(220) crystals at ¢ = 0° was used to select the incoming X-ray
energy with an intrinsic resolution (AE/E) of ~0.6 X 107*. The X-ray
beam size was 1 X 6 mm® (v X h) at the sample position. Samples
were maintained at cryogenic temperatures using a liquid He flow
cryostat at SSRL (~20 K) to minimize radiation damage and maintain
an inert sample environment. Fluorescence measurements were
recorded using a Canberra 30-element Ge monolith solid-state
detector. Prior to measurements, each sample was checked for signs of
radiation damage by performing subsequent 1.5 min scans over the
same sample spot. Similar to S K-edge measurements and other
measurements of Cu", the pre-edge feature of measured samples
showed very high sensitivity to photoreduction. To enable beam
stability for up to 13 min (required for extended X-ray absorption fine
structure [EXAFS] scans), beam flux was reduced by 99.5% by a
combination of monochromator detuning and Al filters. Cu XAS
scans focused on the X-ray absorption near edge spectral region
(XANES) were collected by scanning the incident energy from 8800
to 9543 eV, while scans focused on the EXAFS from 8800 to 9904 eV
and calibrated by simultaneous measurement of a Cu foil, with the
first inflection point set to 8989 eV.

For both S K-edge and Cu K-edge measurements, individual scans
were normalized to the incident Sphoton flux, energy calibrated, and
merged using the program Larch.*® For $ K-edge spectra, background
subtraction and normalization were performed using a linear
regression for the pre-edge region from 2460 to 2466 eV, and a
quadratic polynomial regression for the postedge region from 2482 to
2572 eV. For Cu K-edge spectra, background subtraction and
normalization were performed using a linear regression for the
postedge region from 8840 to 8960 eV, and a quadratic polynomial
regression for the postedge region from 9040 to 9904 eV. Cu K-edge
XAS spectra were splined from k = 0—15 A™! using an R-background
of 1.0 and k-weight of 2. EXAFS fitting was performed using FEFF
8.0 via the software package Larch.*® Further details regarding
EXAFS data analysis are provided in SL

2.7. QM/MM Calculations. QM/MM models of each red copper
azurin protein were performed based on the available crystal structure
of M121H/H46E Az (PDB ID: 4KWX).*" All QM/MM calculations
were performed using ASH,® which provides an interface for the QM
program ORCA,°"®* version 5.0.3, with the MM program
OpenMM.*® Details regarding model setup, choice of QM space,
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Figure 2. (A) Comparison of the UV—vis spectra of WTAz with those of Glu-substituted M121EAz and M121H/H46EAz (HEAz). (B)
Comparison of UV/vis spectra of HEAz and corresponding secondary coordination sphere mutations. Extinction coefficients were determined by

X-band EPR-based spin quantification. All variants are Cu'-coordinated.

computational methodology, and additional ab initio calculations are
provided in SI.

3. RESULTS

3.1. UV/vis Spectroscopy and Measuring NO Reac-
tivity. The absorption spectrum of WTAz is dominated by a
feature at ~16 000 cm™" that has previously been assigned to
the S(p,) — Cu(3de 2) ligand-to-metal charge-transfer
(LMCT) transition (Flgure 2A).°* The intensity of this
transition increases with increasing antibonding S(p,)
character (Figure 1D) in the singly occupied molecular orbital
(SOMO), Cu(3d;.,?). The replacement of Met121 at the axial
position with Glu (MlZlEAz) provides an additional PCS
ligating residue® and results in a decrease in intensity and
increase in energy of the S(p,) — Cu(3dx2_y2) transition to
17700 cm™, as well as the appearance of a second feature
arising from the S(p,) — Cu(3d¢.,?) LMCT at ~24 000 cm™’,
consistent with previous observations.”® The Cu(3de.,2)/S(p,)
interaction is visualized in Figure 1H. Similar to the S(p,,) -
Cu(3d,. ») LMCT, the S(p,) — Cu(3dx ) LMCT gams
intensity through increased S(p,,) character in the SOMO.%”
By further effectively “rotating” the position of Glu relative to
the Cu—S bond by M121H/H46E substitutions (Figure 2A),
we observe both an increase in energy of the S(p,) —
Cu(3d,z.?) to 24600 cm™, and near complete elimination of
the S(p,) — Cu(3d).

Reaction of either M121EAZ or M121H/H46EAz (HEAz)
with a stoichiometric excess of NO leads to a significant
decrease in the intensities of both S(p,) — Cu(3d,.,?) and
S(p,) — Cu(3dX ») features, indicative of the reduction of
CuII - Cul. Srmultaneously, a new feature arises at 29 700
cm™!, which has previously been assigned to the formation of a
S- mtrosyl species (Figure $2).°"°® The assignment of this
feature to S-nitrosyl formation is further supported by mass-
spectrometric measurements, which display a clear +29 Da
feature above the anticipated protein mass (Figure S3), from
the formation of S-nitrosyl species. In the presence of 3 equiv
of NO (provided by 2 equiv of DEA-NONOate), S-
nitrosylation by M121EAz reaches 40%, while HEAz proceeds
by 95%. Additionally, M121EAz reacts 6 orders of magnitude
slower than HEAz under pseudo first-order rate conditions
(Figure S4, Table 1).

20613

Table 1. Reaction Rates and Corresponding Estimates of
AG* for M121EAz and HEAz Variants at 20 °C

AG*
k(s (kcal/mol)
MI121EAz 10 + 3 x 107 17.6
HEAz (M121H/H46E) 165 + 12 10.0
HESAz (M121H/H46E/N47S) 68 + 22 10.5
HENAz (M121H/H46E/F114N) 59+ 9 10.6
HENSAz (M121H/H46E/F114N/ 127 + 2 10.2
N47S)

HEPAz (M121H/H46E/F114P) 293 + 5 9.7

Due to the much higher reactivity toward S-nitrosylation
observed for HEAz, we further explored the influence of the
SCS on the S-nitrosylating capabilities of this variant. UV/vis
spectra of variants containing additional N47S (HESAz),
F114N (HENAz), F114N/N47S (HENSAz), and F114P
(HEPAz) mutations are presented in Figure 2B, with energetic
positions and extinction coefficients provided in Table S1. For
all of these HEAz-based variants, the S(p,) — Cu(3d.. Z)
LMCT feature remains dominant; however, a significant S(p,,)
— Cu(3dz,) feature is observed at ~18900 cm™' for
HENAz. This feature also appears in HENSAz ~19 200
cm™, although to a much lesser extent.

To better understand how the PCS and SCS modulate Cu-
catalyzed S-nitrosylation, the pseudo first-order reaction rates
were determined for the HEAz, HESAz, HENAz, HENSAz,
and HEPAz variants by measuring A, (24 100 cm™") changes
over time using stopped-flow UV/vis spectroscopy (Figure
S4). The pseudo first-order reaction rate of HEPAz (293 + S
s™') is consistent with our previous observations.”’ HEAz
appears somewhat slower, with a rate of 165 + 12 s™', followed
by HENSAz (127 + 2 s™"), HESAz (68 + 22 s™'), and HENAz
(59 + 9 s7'). Using the Arrhenius equation, a variation of ~1
kcal mol™ in AG* between the slowest (HENAz) and fastest
(HEPAz) variants was found. Assuming an invariant pre-
exponential factor A, AG* was estimated for each variant based
on the previously determined AG* of HEPAz of 9.7 kcal/mol
(Table 1).%!

3.2. Investigating the Cu—S Covalent Interaction. To
better understand the underlying factors contributing to the S-

https://doi.org/10.1021/jacs.3c07399
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Figure 3. Comparison of the S K-edge pre-edge features observed among the (A) Cu"-coordinated M121EAz, HEAz, and HENAz variants (Zn'-
coordinated M121EAz which lacks the pre-edge feature is included as a background) and (B) the HEAz SCS variants.

nitrosylating activity observed between PCS and SCS Az
variants containing the Cu"-(His),(Cys)(Glu) binding motif,
we first looked to characterize the S and Cu character of the
SOMO. To do so, two complementing approaches were taken.
Sulfur K-edge XAS provides one of the most direct
experimental probes of the covalency of the Cu-—S
interaction.”” A pre-edge feature of ~2469 eV is commonly
observed in S-coordinated metals with partially occupied
valence shells. The pre-edge intensity reflects the S(3p)
character of the ground state wave function, providing a direct
probe of the covalency of the metal—sulfur bond. Meanwhile,
CW EPR can provide insight into metal—ligand covalency,
where the Cu" character in the SOMO can be derived from the
parallel hyperfine interaction (A;) of the single unpaired
electron with the I = 3/, Cu nucleus.

3.2.1. 5 K-Edge XAS. The S K-edge XAS of M121EAz and
HEAz variants is displayed in Figure 3 (pre-edge region) and
Figure SS (full scale edge). The pre-edge feature observed
between 2469.5 and 2570.0 eV arises from the S(1s) —
w*(SOMO) transition, where the predominant Cu(3dx2_yz),
character of the SOMO makes this a formal LMCT-type
transition. The energy of this feature depends on the relative
energy of the SOMO to the S(1s), and the intensity is directly
dependent on the degree of S, mixing in the ground state wave
function. M121EAz, HEAz, and HENAz appear nearly
identical in pre-edge intensity and energetic position. Mean-
while, HESAz, HENSAz, and HEPAz all display a significant
decrease in pre-edge intensity accompanied by an increase in
energy to ~2469.7 eV, again consistent with the UV/vis
spectroscopic observations shown in Figure 2.

To quantify the relative covalency of the Cu—S interaction,
the pre-edge spectra were simulated by using a single Gaussian
band combined with a background spline to compensate for
the rising S(1s) — S(4p) edge. The S(p) contribution was
determined by integrated intensity, using WTAz as a reference
with 45 + 3% S, character."* The S, character for each variant
is summarized in Table 2 based on the integrated intensity of
the respective pre-edge features. Significantly lower S,
character is observed for all variants relative to reports for
WTAz (~45%'"), consistent with previous observations for the
red copper proteins nitrosocyanin and BSco.”””" The S,
character varies considerably among the HEAz variants,

20614

Table 2. Summary of S K-edge XAS Pre-edge Fitting

Variant Pre-edge Energy (eV) Covalency (% S,)
MI121EAz 2469.3 20+ 1
HEAz 2469.4 19+1
HESAz 2469.7 8+1
HENAz 2469.4 19+1
HENSAz 2469.6 15+1
HEPAz 2469.8 12 +1

ranging from as low as 8% in HESAz to as high as 19% for
HEAz and HENAz. We note that despite large differences in S-
nitrosylating activity and S(p,)/S(p,) contributions in the
UV—vis spectra, HEAz, HENAz, and M121EAz appear very
similar in terms of Cu—S covalency.

3.2.2. EPR Spectroscopy. While S K-edge provides a direct
measure of S, contributions to the ground state wave function,
determination of the degree of spin localization at Cu' and
other ligands requires an alternative approach. To further
probe the electronic ground state, CW X-band EPR measure-
ments were performed, as shown in Figure 4. A summary of
the fit spin Hamiltonian parameters is provided in Table 3.
These data reveal similar axial (g > g, > g.) signals for
MI121EAz and the HEAz variants, consistent with a Cu(3d,{2_yz)
SOMO in the ground state. Values of gj & 2.24 and a relatively
large Ay are indicative of a distorted-square-planar geometry at
Cu" in the M121EAz and HEAz variants. The larger values of
g for HESAz, HEPAz, and HENSAz are also consistent with
the reduced %S, contribution to the SOMO.

The Cu" hyperfine coupling A; can be calculated from the
equation:72

4, , 3
AH - Pd((_K - ;)a + ;(gl - ge) + (gH - ge)) (1)
where P; = 396 X 10™* cm™" and « is proportional to the Fermi
contact term Ay, (typically 0.23—0.32 for Cu"). Importantly,
this equation can be rearranged to estimate @ the percent
Cu(3dx2_y2) character in the ground state wave function, using
the experimentally determined values of A, g, and g,. Both k
and @* are dependent on the covalency of Cu with the
surrounding coordination environment; however, given the

relatively low variation of A;,, we can assume that x does not
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Figure 4. CW X-band EPR spectra of M121EAz and HEAz SCS
variants. Experimental spectra are provided as solid black lines, and
simulated spectra using the spin-Hamiltonian parameters summarized
in Table 3 are displayed as dashed, colored lines. Spectra were
collected at 85 K using 1 mW power.

Table 3. Summary of Fitting Parameters for X-Band EPR
Spectra of HEAz Variants”

Aiso
A (MHz) (MHz) o

Variant g

WTAz [2.262,2.056, [-177, =37 049
2.042] 33, 33]

MI121EAz [2.285,2.061, [-307, -71  0.65
2.059] 84, 10]

HEAz (M121H/H46E) [2.239,2.062, [—462, -99 074
2.034] 95, 70]

HESAz (M121H/H46E/ [2.250, 2.072, [—4S8, —-109  0.75
N47S) 2.025] 70, 60]

HENAz (M121H/H46E/ [2.232,2.058, [—414, —101  0.69
F114N) 2.040] 83, 31]

HENSAz (M121H/H46E/  [2.244, 2.057, [—420, -107 071
F114N/N47S) 2.045] 70, 28]

HEPAz (M121H/H46E/ [2.252, 2.056, [—482, —-120  0.78
F114P) 2.030] 70, 51]

“a* corresponds to the fractional metal character calculated by using x
= 0.30 for all variants. The assignment of signs was based on the
assumption of a Cu(3dxl,y2)-dominated SOMO, where the dipolar
hyperfine contribution (z, y, x) = (—=4/7, 2/7, 2/7)P,. Values for g and
A for WTAz are reproduced from ref 14.

vary significantly and further determine the relative differences
in o for each HEAz variant. Using k = 0.30, the fractional spin

residing at Cu'! varies between 0.66 (HENAz) and 0.80
(HEPAz).

3.3. Characterization of the Cu'" Binding Environ-
ment. To further understand the influence of the SCS in
modulating the strength of the Cu—S interaction and S-
nitrosylating activity in the HEAz series, Cu K-edge XAS and
resonance Raman spectroscopies were employed to probe the
primary coordination sphere of Cu". The Cu K-edge XANES
region provides information regarding local Cu" symmetry,
while the EXAFS region may be simulated to yield structural
insight regarding neighboring scattering atoms. Furthermore,
resonance Raman spectroscopy provides a selective probe of
the Cu—S vibrational modes. Combining the information
gained from EXAFS and resonance Raman spectroscopy
provides direct information regarding the strength of the
Cu—S bond.

3.3.1. Cu K-Edge XAS. The Cu K-edge XANES of the
MI121H/H46EAz variants is provided in Figure S. The pre-
edge feature appearing at ~8977.5 eV arises from the formally
parity forbidden Cu(1s) — Cu(3d,.) transition. Given the
constant Cu'' oxidation state between all samples, greater
intensities are anticipated to arise through lowering of the local
symmetry environment, enabling increased Cu 3d/4p mixing.
HENAz displays the most intense pre-edge feature, implying
an increased distortion in geometry, while HEAz, HESAz, and
HENSAz all appear comparable. Meanwhile, reduced intensity
is observed in HEPAz, implying greater local symmetry.

In addition to a pre-edge feature, Cu" can present
“shakedown” transitions, corresponding to an effective Cu(1s)
— Cu(4p) + LMCT excited state.”” These arise from the
increase in Z resulting from the 1s core-hole bond, shifting
the relative energy of the Cu(3d) shell below that of ligand p-
orbitals. As a result, a final state containing both Cu(4p) and
LMCT character is produced. Several features appear in the
rising edge between 8979 and 8987 eV in HENAz, HEAz,
HEPAz, HENSAz, and HESAz (with increasing intensity in
that order); a band deconvolution analysis of this region is
provided in Figure S6 and Table S2. Previous studies have
suggested that decreased shakedown intensity may be
indicative of increased covalency of the Cu® site.”*”* In the
present study, there is a good agreement between our S K-edge
measurements and the integrated intensities of the observed
shakedown transitions across the rising edge region of the Cu
K-edge XAS of the HEAz variants with HENAz < HEAz <
HENSAz < HESAz. Interestingly, HEPAz displays a lower
shakedown intensity than anticipated, between HEAz and
HENSAz; this may arise from a change in relative z vs x,y-
polarized contributions to the Cu(ls) — Cu(4p) main and
shakedown transitions resulting from a geometric change at
Cu, as hinted by the decreased pre-edge intensity observed for
HEPAz.

Cu K-edge EXAFS spectra were collected to further aid in
structurally characterizing the PCS of the HEAz variants. In the
Fourier-transformed R-space (Figure SB), all spectra are
dominated by a broad primary feature at R ~ 1.55 A, with a
higher R feature shoulder ~1.95 A. Weaker, broad scattering
features are also found at R &~ 2.55, 3.25, and 3.65 A. The
primary manifold changes significantly between different
mutants, indicating multiple overlapping scattering paths.

Based on the previously determined crystal structure of
HEAz (PDB 4WKX),”" the copper is coordinated by sulfur
(from C112), two nitrogens (N of H117 and H121), and one
oxygen (E46). Unlike nitrosocyanin, the copper-bound H,O is
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Figure S. (A) Cu K-edge XANES of HEAz variants. (B) Comparison
of Cu K-edge EXAFS spectra of HEAz variants as indicated by name.
Fits corresponding to the parameters provided in Table 4 are shown
as dashed colored lines. Spectra are k*-weighted, and FTs for all
spectra were performed across a k-range of 2—13 A™!. No phase shift
has been applied.

not observed.”® Although the shortest scattering Cu-ligand
distances reported for the HEAz crystal structure are 2.10 and
2.12 A (Cu—N4(H117) and Cu—O(E46), respectively), our
initial phase and amplitude parameters for HEAz determined
using FEFF-calculated scattering paths revealed that the lowest
R scattering paths appear at distances of <2.0 A. Previous
comparisons of crystallographic, EXAFS, and QM/MM
calculations of WTAz have demonstrated that the exact
geometry of the Cu'-coordinating site varies significantly
depending on methodology,77 which may be indicative of
partial (or complete) photoreduction to Cu' in reported
crystallographic structures. Here, we find that QM/MM
optimization of the Cu' state of HEAz appears to be consistent
with the reported crystal structure (see Figure SR-1 of the SI).
Therefore, the FEFF calculations used to model the scattering
paths of the HEAz variants were based on QM/MM optimized
geometries for the Cu" state. In these calculations, unique

single scattering paths include sulfur (from C112, 2.26—2.32
A), two nitrogens (N of H117 and H121 at 1.92—1.95 and
2.05—2.23 A), and two oxygens (E46, one at 2.02—2.08 A and
the second at 2.23—2.48 A). Importantly, compared to the
Cu-QM/MM and crystal structures of HEAz, these calcu-
lations show a contraction of the Cu"—N distances and a
change in denticity of E46, increasing the total coordination
number of Cu" to five. Additionally, a “short” Cu—C scatterer
(Cu—Cl) is calculated, corresponding to the Cs of E46 (2.42
A), as well as longer scatterers from C, and C, of the more
tightly coordinated His117. To minimize the number of
required model parameters, the four unique light atom (O/N)
scatterers were reduced to two groups with a total degeneracy
of 4, this degeneracy was varied between the two paths in
whole units. The least-squares refined EXAFS model
parameters for the HEAz variants are summarized in Table
4. Individual contributing scattering paths are provided in
Figures S7 and S8, while complementing fitting schemes are
presented in SI, Table S3.

The best models of the HEAz variants HESAz, HENAz,
HENSAz, and HEPAz support five-scattering paths with
degeneracies of 3 in the shorter Cu—(O/N)1 scattering path
(1.97-1.99 A), and 1 in the longer Cu—(O/N)2 path, which
varies from 2.35 to 2.55 A. The observation of a 3-fold
degenerate Cu—N/O scatterer at <2 A is consistent with
previous EXAFS models for both oxidized nitrosocyanin and
HEPAz>""° The Cu K-edge EXAFS of HEAz is best fit using a
degeneracy of 2 in each Cu—(O/N)l and Cu—(O/N)2
scattering paths—use of degeneracies 3 and 1, respectively,
leads to a drastically poorer fit. This poorer fit may be
indicative of a stronger bidentate interaction of Cu' with
Glu46.

3.3.2. Resonance Raman Spectroscopy. To further
investigate the Cu—Sc;;, interaction, resonance Raman
spectroscopy was performed for the HEAz variants by
excitation into the intense S(p,) — Cu(3d,.,?) band at 415
nm. Resulting spectra are listed in Figure 6. While blue copper
proteins, including variants of WTAz, typically display
resonance enhanced features in the 325—475 cm™! region,
with v(Cu—Sc,,) assigned ~400 em ™' 78790 geveral
enhanced resonance enhanced features of the HEAz variants
arise in the 265—365 cm™! region, consistent with previous
reports of resonance Raman spectra for red copper proteins
nitrosocyanin and BSco.”””" As all of these features contain
some Cu"—S,;, stretching character, the Cu—S bond strength
can be determined from the intensity-weighted average
energy:*’

2,- [(It)(vz)z]
Zi (Ii) (Vi) (2)

where I; and v; are the intensity and energy of the ith mode.
The resulting intensity-weighted (¢(Cu—Sc¢,y,)) for variants of
HEAz is summarized in Table 5. HESAz exhibits the lowest
energy at 306 cm™', and HEPAz exhibits the highest at 315
cm™,

These intensity weighted averages can be cross-correlated
with the EXAFS-determined Cu—S scattering distances using
Badger’s rule, which relates the vibrational frequency, v, to the
equilibrium internuclear distance r,:”"

(v(Cu - SC112)> =

_
=5 +dij

v, (3)

https://doi.org/10.1021/jacs.3c07399
J. Am. Chem. Soc. 2023, 145, 20610—20623


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c07399/suppl_file/ja3c07399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c07399/suppl_file/ja3c07399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c07399/suppl_file/ja3c07399_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c07399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c07399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c07399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c07399?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c07399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 4. Summary of Representative Cu K-Edge EXAFS Fitting Parameters of the HEAz Variants”

Variant Scattering Path N
HEAz Cu—(0/N)1
(M121H/H46E) Cu—(O/N)2
Cu-S$S
Cu—Cl1
Cu—-C2

(SN S )

HESAz Cu—(0/N)1

(M121H/H46E/N47S) Cu—(0O/N)2
Cu-S§
Cu—Cl1
Cu—-C2

N = = = W

HENAz Cu—(O/N)1

(M121H/H46E/F114N) Cu—(O/N)2
Cu-S
Cu—Cl1
Cu—-C2

[ S I )

HENSAz Cu—(O/N)1

(M121H/H46E/F114N/N47S) Cu—(O/N)2
Cu-S
Cu—Cl1
Cu—-C2

[

HEPAz Cu—(O/N)1

(M121H/H46E/F114P) Cu—(O/N)2
Cu-S§
Cu—Cl1
Cu—-C2 2

_— =W

R (A) o (1073 A?) E, (eV) Red. ¥ R-factor
2.00 + 0.02 2.1 + 0.7 8994 + 3 68 0.013
220 + 0.05 1.5+ 0.5
227 + 0.01 23+ 10
2.59 + 0.03 1.5+03
3.00 + 0.03 59 +£30
1.97 + 0.01 6.0 + 038 8991 + 2 103 0.011
2.49 + 0.07 10.0 + 3.0
2.30 + 0.01 9.0 +2.0
2.51 + 0.02 1.5 +0.1
2.95 + 0.03 4.1 + 0.6
1.99 + 0.01 6.7 £ 0.8 8992 + 1 100 0.008
2.44 + 0.01 1.8 +12
226 + 0.01 47 + 1.0
2.64 + 0.03 1.5 + 03
2.99 + 0.02 3.0 £ 02
1.98 + 0.01 31+06 8993 + 1 99 0.008
2.55 + 0.06 10.0 = 1.0
2.28 + 0.01 38+ 10
246 + 0.07 10.0 + 2.0
2.97 + 0.02 3.0+ 1.0
1.99 + 0.01 87 +0.8 8990 + 2 111 0.009
238 + 0.04 43 + 1.0
224 + 0.01 5.0 +2.0
2.68 + 0.01 10.0 + 2.0
2.96 + 0.03 6.7 £ 1.0

“Plots of individual scattering path contributions are provided in Figure S6.
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Figure 6. Resonance Raman spectra of HE Az variants: (i) HEAz, (ii)
HESAz, (iii) HENAz, (iv) HENSAz, and (v) HEPAz. The dominant
resonance-enhanced region is denoted by gray shading.

Table 5. Summary of Intensity Weighted Energies for
(¥(Cu=Scy1))

Variant (U(Cu=S¢1,)) (em™)
HEAz (M121H/H46E) 311
HESAz (M121H/HA46E/N47S) 306
HENAz (M121H/H46E/F114N) 312
HENSAz (M121H/H46E/F114N/N475) 309
HEPAz (M121H/H46E/F114P) 315

where C; and d;; are empirical constants for a pair of atoms i

and j which can be determined by fitting a series of r, and v,.””

From eq 3, R(Cu—S) should be linearly proportional to ——

v2/3

Using the intensity-weighted average (¢(Cu—Sc;;,)) from eq 2
as v, and Cu K-edge EXAFS determined Cu—S$ scattering
distances as r, the observed frequencies and distances indeed
follow Badger’s rule, with decreasing bond distance corre-
sponding to an increase in the vibrational frequency for all
HEAz variants (Figure 7).

Vibrational calculations using a numerical partial Hessian
approach were employed to examine the Cu—S$ stretching
frequencies. The results are summarized in SI, Table S4. All
HEAz variants display a wide series of modes involving Cu and
S displacement between ~260—350 cm™!, with clearer Cu—S
stretching modes at ~290 and ~310 cm™'. These computa-
tional results support the intensity-weighted average approach
employed to analyze our resonance Raman results.

4. DISCUSSION

4.1. Correlations of Spectroscopically Derived Prop-
erties with Reactivity. Collectively, three pathways have
been proposed for Cu"-mediated S-nitrosylation, as summar-
ized in Figure 8A: (i) Electrophilic attack of Cu" to form
{CuNO}" followed by intramolecular attack of S¢,;, by NO;
(ii) Radical attack of S¢;;, by NO®; (iii) Direct attack of the
Cu—S bond to form a Cu-(k'-N(O))-Sc,,, intermediate.”"”>
DFT-based calculations have favored the latter two mecha-
nisms, with the largest calculated barrier among the three
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Figure 7. Cu K-edge EXAFS determined Cu—S scattering distances vs
1/({(v(Cu—=Sc;12)))*>. The dashed line represents the linear least-
squares regression (R®> = 0.995). Error bars indicate the standard
deviation of fit R(Cu—Sc,;,) distances from Cu K-edge EXAFS.

involving coupling of Cu" to S = '/, NO® in the electrophilic
attack mechanism.>!

Importantly, each proposed mechanism of S-nitrosylation
carries its own implications of which factors may promote or
inhibit the forward S-nitrosylation reaction. The electrophilic
attack mechanism requires the effective oxidation of NO® to
NO* by Cu", which would be facilitated by a more electron
deficient Cu" site. The radical attack mechanism requires
significant spin density at S to directly couple with NO®;
therefore, we anticipate an enhanced reaction rate would be
correlate with increased spin density at S. Lastly, direct attack
of the Cu—S bond would rely on maximized overlap between
the partially occupied 7* of NO® and the antibonding SOMO
of the Cu"" active site, which would be optimized by increasing
the effective strength of the Cu—S bond. In Figure 9, we
compare the derived properties of S, character (from S K-edge
XAS measurements), both Cu—S distance (from Cu K-edge
EXAFS) and intensity weighted (v(Cu—Sc;;,)) (from
resonance Raman), and o (Cu® character, from CW X-band
EPR measurements) against the determined pseudo first-order
rate constants.”"”?

From Figure 9A and 9B, we can see that the reaction rate
correlates well with the Cu—S distance and (¢(Cu—Sc;;,)),
where a decreasing Cu—S distance (and correspondingly

increasing (v(Cu—Sc¢;,))) results in an increase in the rate of
S-nitrosylation. These results suggest that the Cu—S bond
strength and therefore degree of Cu—S antibonding character
are determining factors in S-nitrosylation. However, the
HENAz variant appears to deviate significantly from this
trend, where the observed rate of kf = 59 57! is far below the
anticipated value of ~200 s™* based on linear extrapolation.

To better understand the deviation observed in the reaction
rate of HENAz, we compared k with the S, character.
Inspection of Figure 9C reveals no clear correlations between
the total S, character and S-nitrosylation reaction rate. This
lack of correlation is perhaps most clearly highlighted by
comparing M121EAz, HEAz, and HENAz. While the total S
character of these three variants is virtually identical, the UV/
vis measurements presented in Figure S9 highlight that the
nature of this S, character varies significantly, specifically in
terms of S(p,) and S(p,;) contributions. Here, decreasing S(p,,)
character correlates with an increase in the S-nitrosylation
reaction rate. While HEAz, HESAz, HENSAz, and HEPAz
appear to have similar total S(p,) contributions to the SOMO
based on UV/vis, HENAz displays noticeably greater S(p,)
character. We propose that the deviation of HENAz from the
Cu—S bond strength/S-nitrosylating activity correlation can be
attributed to this increase in the S(p,) character. Furthermore,
the lack of correlation between total S, character and reaction
rate from those variants with similar S(p,) character (HEAz,
HESAz, HENSAz, and HEPAz) opposes the radical attack
mechanism.

Lastly, we can turn to the Cu" character of the SOMO based
on the derived parameter @’. A linear relationship is observed
among the HEAz variants, including HENAz, where an
increasing Cu" character leads to an enhanced reaction rate.
These results imply that coupling of NO® proceeds through
Cu! rather than direct radical attack of S. However, HESAz
now appears as an outlier, presenting a significantly lower rate
than anticipated based on the Cu" character. Notably, HESAz
also presents the lowest degree of S, character (~8%) and the
weakest Cu—S bond. Meanwhile HEPAz, for example, exhibits
the strongest Cu—S bond of the HE variants and nearly twice
the S, character of HESAz. These analyses support that
increased spin density at Cu" supports an increase in reaction
rate only in-so-far as sufficient Cu(3dx2_y2) /S(p,) antibonding
character is maintained.

B

Figure 8. (A) Comparison of the three proposed mechanisms of Cu"-catalyzed S-nitrosylation,
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Figure 9. Comparisons of the pseudo first-order rate constant for S-nitrosylation (k) with spectroscopically derived parameters, including (A) the
EXAFS-determined Cu—S$ scattering distance, (B) the resonance Raman determined intensity weighted average Cu—S stretching frequency
(v(Cu=S¢112)), (C) the S K-edge determined S, character, and (D) the CW X-band EPR derived metal character. Displayed error bars correspond
to 6. Dashed lines indicate linear least-squares regressions (R* = 0.979 in A, 0.994 in B, and 0.979 in D), with outliers excluded as follows: HENAz

in A and B, HESAz in D.

4.2, Influence of Secondary Coordination Sphere on
Blue vs Red Cu Az Variants. A detailed study on the
influence of the SCS on the electronic structure and reduction
potential of blue copper Az has previously been presented by
Hadt et al'* through a comparison of WTAz, F114PAz,
N47SAz, and F114NAz. This previous study allows a unique
opportunity to draw parallels between how these mutations
(F114P, N47S, F114N) modulate the electronic structure of
Cu" in red (HE) vs blue (WT) Az. The F114P mutation
eliminates an H-bonding interaction between the backbone
amide of residue 114, as well as modulates the flexibility of the
loop. The N47S mutation both removes a negative carbonyl
dipole in the vicinity of S, as well as disrupts a stabilizing H-
bonding interaction between the Asn47 side chain and Thr113
amide backbone. Additionally, the F114N mutation adds
positive amide/negative carbonyl dipoles in the vicinity of Cu
(each ~5 A away"”).

Similar to its effect on blue copper, the F114N mutation has
little impact on the covalency of the Cu—S bond in HEAz (19
vs 20% S, character as determined by S K-edge XAS, Table 2)
and a relatively small impact on bond strength (2.27 vs 2.26 A
Cu—S distance from Cu K-edge EXAFS, and 312 vs 311 cm™
(v(Cu—S¢;1,)) from resonance Raman analyses, Tables 4 and
S, respectively). Likewise, the N47S mutation results in a
decrease in covalency, with changes of —11% in HESAz
(relative to HE Az) and —8% in N47SAz (relative to WTAz),
and decreases in (¢(Cu—Sc;,)) by ~5 cm™'. However, this
trend deviates significantly in the F114P variants. While both
HEPAz and F114PAz display an increase in Cu—S bond
strength, as evidenced by increases in (¢(Cu—S¢,,)), HEPAz
displays a decrease in S, character (—7%) and increase in pre-

edge energy (+0.4 V), while F114PAz shows a significant
increase in S, character (+9%) and decrease in pre-edge energy
(0.2 eV). Additionally, a* (Cu" character) increases in
HEPAz, while it decreases in F114PAz.

The clearest difference between the WT'Az and HEAz series
is the change in the orientation of the S, orbital contributing to
the Cu(3dx2_y2)-dominated SOMO from S(p,) to S(p,). As a
result, the H-bonding interactions between S(C112) and the
backbone amides of residues 47 and 114 are shifted from
predominately active to predominately passive. Based on the
previous computational study of Hadt et al,, a shift to passive
H-bonding is expected to have the same, albeit dampened,
effect as active H-bonding.14 Furthermore, based on studies on
small molecules, deletion of a passive H-bond in HEPAz is
expected to give similar S, character and a decrease in the S K-
pre-edge energy with respect to the HEAz variant.”* Therefore,
elimination of an active vs passive H-bond alone is not
sufficient to explain the concomitant increase in Cu—S bond
strength and Cu character with a decrease in Cu—S bond
covalency observed for HEPAz. However, scans of the Cu—S—
C angle of simplified square planar and trigonal models reveal
an interesting trend (Figure S10). Specifically, as this angle
deviates below or above ~100° in square planar Cu", a
decrease in spin density at S is found together with an increase
in spin density at Cu. Meanwhile, deviation of the Cu—S—C
angle from ~100° in a trigonal Cu" geometry displays the
opposite trend, where the S spin density increases and the Cu
spin density decreases. The F114P mutation removes a
stabilizing H-bonding interaction with Sc,j,, allowing greater
conformational flexibility of the Cys112 side chain and feasibly
variations in ZCu—S¢;1,-Cf, resulting in opposite variations in
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the %S, character of F114PAz and HEPAz relative to WTAz
and HEAz, respectively.

4.3. Why Red Cu in Az? While the present study of
engineered Az supports that S-nitrosylation proceeds via NO*
attack of the Cu—S o* interaction, a previous study of the blue
copper model complex M*TpCu-SCPh; has demonstrated that
this process can still occur in systems where the SOMO is
dominated by the Cu—S$ 7* interaction.”> The juxtaposition of
these results demonstrates that a red Cu center is not an
intrinsic prerequisite for Cu-mediated S-nitrosylation.

To test whether *NO intrinsically favors attacking either the
Cu—S o* or the 7* pathway, we further calculated the reaction
coordinate of NO® with a simplified 3-coordinate planar T-
shaped (6 Cu—S) and trigonal (z Cu—S) geometries of Cu"
with S, N, and O ligation with minimal steric factors. Both
geometries form a bridging Cu-u-N(O)-S intermediate on a
broken symmetry singlet surface, where the trigonal geometry
actually appears several kcal/mol lower in energy than that for
the T-shaped (see Figure S11), demonstrating that there is not
necessarily an intrinsic electronic requirement for S-nitro-
sylation to proceed via attack of the Cu—S o* rather than z*
SOMO. Therefore, we propose that this disparity arises largely
from steric encumbrance of the Cu site. More specifically, the
Cu"-S(p,) interaction requires the attack by °*NO in the
Cu(3d;,?) plane. Meanwhile, the Cu"—S(p,) interaction is
isotropic with respect to the Cu—S bond, allowing for attack by
*NO from any available direction. Therefore, we hypothesize
that removing steric hindrance in the immediate vicinity of the
Cu(3dx2_yl) plane would activate Cu-Az variants with significant
S(p,) contributions to efficient S-nitrosylation.

5. CONCLUSIONS

In this work, we have employed a multifaceted approach to
investigate the factors influencing Cu"-catalyzed intramolecular
S-nitrosylation. To achieve the goal, we have examined the
influence of the primary and secondary coordination spheres
on the rate of Cu"-catalyzed S-nitrosylation for a series of Az
variants, targeting factors that influence S(p,) vs S(p,)
character in the SOMO and modulate Cu—S bond through
H-bonding and electrostatic interactions. Across this series, we
have elucidated that the rate of S-nitrosylation is positively
correlated with Cu" spin density and Cu—S bond strength
(rather than Cu—S bond covalency) and negatively correlated
with the degree of S(p,) contribution to the SOMO. Our
results support a reaction mechanism involving direct attack of
the Cu—S bond, rather than electrophilic attack of Cu" or
radical attack of S. We have also found that the negative rate
dependence of Cu''-catalyzed S-nitrosylation on S(p,)
character likely arises from steric hindrance imparted by the
Az scaffold and that removal of this steric hindrance may
enable S-nitrosylation at blue or green-type Cu' sites, greatly
expanding the breadth of potential Cu-containing enzymes
capable of this reaction.
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