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Metal-sulfenate centers are known to play important roles in bi-
ology and yet only limited examples are known due to their in-
stability and high reactivity. Herein we report a copper-sulfenate
complex characterized in a protein environment, formed at the ac-
tive site of a cavity mutant of an electron transfer protein, type 1
blue copper azurin. Reaction of hydrogen peroxide with Cu(l)}-
M121G azurin resulted in a species with strong visible absorptions
at 350 and 452 nm and a relatively low electron paramagnetic res-
onance g, value of 2.169 in comparison with other normal type 2
copper centers. The presence of a side-on copper—sulfenate species
is supported by resonance Raman spectroscopy, electrospray mass
spectrometry using isotopically enriched hydrogen peroxide, and
density functional theory calculations correlated to the experimental
data. In contrast, the reaction with Cu(ll)-M121G or Zn(ll-M121G
azurin under the same conditions did not result in Cys oxidation or
copper-sulfenate formation. Structural and computational studies
strongly suggest that the secondary coordination sphere noncova-
lent interactions are critical in stabilizing this highly reactive species,
which can further react with oxygen to form a sulfinate and then
a sulfonate species, as demonstrated by mass spectrometry. Engi-
neering the electron transfer protein azurin into an active copper
enzyme that forms a copper-sulfenate center and demonstrating
the importance of noncovalent secondary sphere interactions in sta-
bilizing it constitute important contributions toward the understand-
ing of metal-sulfenate species in biological systems.

bioinorganic chemistry | metalloprotein design | protein engineering |
blue copper proteins | posttranslational modification

he presence of cysteine sulfenic acid (Cys-SOH) as a product
of posttranslational oxidation of the cysteine thiol side chain
has been found to play important roles in biology (1-6) in the
context of metal coordination (7), enzyme—protein regulation (8,
9), redox signaling (1, 5), and gene regulation (10-13). Unlike its
higher oxidation state counterparts, i.e., sulfinic (Cys-SO,) and
sulfonic (Cys-SOs3) acids, the sulfenic acid is inherently unstable
and highly reactive and thus requires stabilization to operate in
a controlled context in biological systems (1-5). For example,
a crystal structure of a sulfenic acid form of SarZ, a redox active
global transcriptional regulator in Staphylococcus aureus, revealed
that cysteine sulfenic acid is stabilized through two hydrogen bonds
with surrounding residues, and its reversible oxidation-reduction
allows redox-mediated virulence regulation in S. aureus (13).
Because of the inherent instability and high reactivity, few
examples of cysteine sulfenic acid have been observed in metal-
binding sites in proteins (7, 14). Nature has evolved proteins to
allow metal ions to coordinate sulfenic acids, resulting in interesting
functions. For example, nitrile hydratase, a metalloenzyme which
has long found utility in the industrial synthesis of acrylamide (15),
employs a posttranslationally modified cysteine sulfenate and a
cysteine sulfinate in the active site, both coordinated to the metal
center (Fe or Co) (16). In a similar evolutionary context is thiocy-
anate hydrolase (7), which uses a similar Co coordination envi-
ronment to decompose thiocyanate to carbonyl sulfide, ammonia,
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and water. In both enzymes, the sulfenate and sulfinate groups are
unambiguously required for activity (7, 16). It is commonly postu-
lated that such oxidized forms of cysteine in a metal site encourage
and stabilize the more oxidized form of redox-active metals, sup-
pressing their potential toxicity in enzymes that do not require the
metal center to participate in electron transfer (17, 18). In a more
recent example, an iron-coordinated sulfenate was observed when
a thiolate-containing substrate analog in isopenicillin N-synthase
was unexpectedly oxidized to a coordinated sulfenato group in
crystallo, and a connection to the biogenesis of nitrile hydratases
and thiocyanate hydrolases was drawn (14).

Although Cys-SOH coordinated to cobalt and nonheme iron
has been observed in the enzymes described above (7, 14) and
the corresponding synthetic models reported (19), the Cys-SOH
has not been observed to stably bind other metals in a biological
context. Given the importance of the metal-coordinated sulfenic
acids in biological functions and the inherent requirement to
stabilize this form from further oxidation, it is important to ex-
plore the functional behavior of this group with tools that allow
for exquisite control of the metal center and protein function.
The creation of metal-binding sites within existing protein scaf-
folds by engineering the active sites has proven to be a powerful
method to design functional metalloproteins (20, 21). Here we
demonstrate generation of a copper-coordinated sulfenic acid
complex in the type 1 blue copper protein, Pseudomonas aeru-
ginosa azurin, which has shown to be an excellent scaffold for
designing novel copper sites (22-27). These results and their
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implication in our understanding of the metal-sulfenate centers
related to their biological functions are discussed.

Results and Discussion

Ultraviolet-Visible Absorption Spectroscopy and Crystallographic
Characterization of Cu(ll)-M121G Azurin. M121G azurin was puri-
fied in the metal-free (apo-) form. Treatment of apo-M121G
azurin with copper(II) sulfate resulted in a strong blue-colored
solution. This color remained associated with the protein after
size exclusion chromatography via a PD-10 column. The Ultra-
violet-visible absorption (UV-vis) spectrum of the protein exhibi-
ted a strong absorption at 614 nm, with a shoulder at 453 nm—
consistent with that of Cu(II)-M121G azurin reported previously
(28) and similar to those of other type 1 blue copper proteins (29,
30)—characterized by a trigonal planar His—His—Cys ligation and
a variable axial ligand with small hyperfine splittings in the parallel
region of the electron paramagnetic resonance (EPR) spectrum.

To elucidate the structural changes of the M121G mutation
on azurin, we solved its crystal structure. Analysis of the crystal
structure reveals that the geometry and the bond distances
around the copper-binding site are quite similar to those of wild-
type (WT) azurin (Fig. 1 A and B). In each of the two proteins,
an equatorial plane is established by two histidine imidazolyl
ligands and one cysteine thiolate ligand. The major difference
between the two structures is the presence of a crystallographi-
cally defined water molecule in the active site of M121G azurin,
located 2.92 A from the copper ion and occupying the Met-121
axial ligand position in WT azurin. This observation offers
structural support for previously described resonance Raman
(rR) spectroscopic data suggesting the presence of an axial water
ligand in M121G azurin (26). Interestingly, no crystallographi-
cally defined water in the axial position to the copper ion was
observed in M121A azurin (27), indicating that, in azurin, the
subtle differences in size and hydrophobicity between axial Ala
and Gly may dictate water access to the metal center.

It is noteworthy that a water channel is also observed in the
crystal structure of Cu(II)-M121G azurin, shown in Fig. 1C. This
channel contains four water molecules in a hydrogen-bonding

Fig. 1. X-ray crystal structures showing the active sites of WT azurin and
M121G azurin. (A) Cu(ll)-WT azurin [Protein Data Bank (PDB) code 4AZU]. (B)
Cu(I)-M121G azurin (1.54 A; PDB code 4MFH). (C) Surface accessibility maps
generated with a probe sphere radius of 65:00 PM to simulate O-atom ac-
cessibility from crystal structures of Cu(ll)-M121G azurin; the water channel
to the active site is highlighted. (D) Hydrogen bonding network around the
water channel to the active site. (Cu in orange, S in yellow, N in blue, Cin
cyan, and O in red).
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network with the protein backbone and side chains (Fig. 1D),
and is not present in the structure of WT azurin. We investigated
whether this channel may allow the Cu(]) site of reduced M121G
azurin to react with small molecules. Hydrogen peroxide (H,0,)
is a small molecule capable of oxidizing or reducing metal cen-
ters (31). Interestingly, addition of five equivalents of H,O, to
Cu(I)-M121G azurin in 50 mM potassium phosphate buffer (pH
7.0) resulted in formation of a green-colored solution, with
a visible electronic absorption spectrum dominated by spectral
features at 452 nm, 614 nm, and a shoulder peak around 350 nm
(Fig. 24). The color of the green solution persisted for several
hours at room temperature in the absence of air. In contrast,
upon addition of five equivalents of H,O, to apo-M121G azurin,
Zn(IT)-M121G azurin, or Cu(II)-M121G azurin under the same
conditions, no significant change in the UV-vis spectrum was
observed over 30 min (SI Appendix, Fig. S1 A-C). These results
suggest that the species in the green-colored solution was a result
of a process requiring the reduced Cu(I).When Cu(I)-WT azurin
was treated with the same amount of H,O,, we observed only
reappearance of the intense blue solution with absorbance
spectrum typical of Cu(II)-WT azurin (S Appendix, Fig. S1D).
This result indicated that whereas Cu(I)-WT azurin was oxidized
to Cu(II)-WT azurin without significant active site modification,
treatment of Cu(I)-M121G azurin with H,O, resulted in one or
more active site modifications. The requirement for a reduced
metal center and a small molecule access channel with a labile axial
ligand suggests that Cu(I)-coordinated hydrogen peroxide can at-
tack the S(thiolate) in a homolytic, heterolytic, or direct fashion.
Further experimental data would be needed to discriminate among
these possibilities.

Interestingly, exposing the above green-colored solution [gener-
ated by treatment of Cu(I)-M121G azurin with H,O;] to air
resulted in the rapid loss of the spectral features at 452 and 350
nm, whereas those at 614 nm were largely unaffected (Fig. 2B).
The final spectrum was nearly identical in shape to that of Cu(II)-
M121G azurin (Fig. 2C), albeit with significantly less intensity.
This result demonstrated that the green-colored solution was
a mixture of an air-sensitive yellow species and an air-stable
blue species, the latter of which resembled authentic Cu(II)-
M121G azurin.

EPR Investigation of the Air-Sensitive Species. To investigate the
nature of the copper-containing air-sensitive species, we col-
lected EPR spectra of frozen reaction solutions at various time
points after anaerobic addition of H,O, to Cu(I)-M121G azurin.
The EPR data revealed gradual formation of two major axial Cu
(IT) species besides Cu(I1)-M121G azurin (SI Appendix, Fig.
S3A4). The exposure to air of the H,O,-treated Cu(I)-M121G
azurin sample resulted in complete disappearance of one of the
major axial Cu(II) species (SI Appendix, Fig. S3B).

Simulation of the above EPR data suggests formation of three
different Cu(II) species from oxidation of Cu(I)-M121G azurin
with HyO,: Cu(I1)-M121G azurin, an air-sensitive Cu(II) species,
and a normal type 2 copper species—classified as having tetrag-
onal ligation with N- and O-donor ligands and large hyperfine
splittings in the parallel region of the EPR spectrum (Fig. 2D;
spectral parameters in SI Appendix, Table S1). The air-sensitive
Cu(Il) species associated with the 452-nm peak in the UV-vis
spectra had a lower g, value of 2.169 compared with normal type
2 copper, indicating a highly covalent interaction. The rest of the
type 2 copper signal is most likely due to overoxidation caused by
extra equivalents of hydrogen peroxide.

Characterization of the Air-Sensitive Species Using rR Spectroscopy.
In an effort to gain more information about the air-sensitive
species, the Cu(I)-M121G azurin solutions after reacting with
H,0O, were frozen in liquid N, and analyzed using rR spectroscopy.
rR data using laser excitation into the 452-nm charge-transfer
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Fig. 2. Time course of UV-vis spectra upon formation of the air-sensitive
species and its decomposition upon air exposure. (A) Addition of five
equivalents of H,O, to 0.9 mM Cu(l)-M121G azurin in 50 mM potassium
phosphate pH 7.0 under anaerobic condition. (B) Exposure of the resulting
green solution to air. (C) Comparison of UV-vis spectra of the green species
(in green), the product after air exposure (in red), and Cu(ll)-M121G azurin
(in blue). The absorbance was normalized to unchanging spectral contribu-
tion at 614 nm. (D) X-band EPR spectra of H,0,-treated Cu(l)-M121G azurin
in 50 mM TIP7 buffer pH 7.0 for 30 min (black), simulations of the air-sensitive
species (green), Cu(l)-M121G azurin (blue), and a type 2 copper site (red).

(CT) band of the species formed from the reaction of Cu(I)-
M121G azurin with H%602 and H%SOZ (pH 5.1) are given in Fig.
3 A and B (Aex = 457.9 nm). Analogous data have been obtained
at pH 7.0 and are given in SI Appendix, Fig. S4, but are of lower
resolution due to an intense fluorescence background (however,
no significant changes in frequencies or relative intensities were
observed between pH 5.1 and 7.0). For H*O,-treated Cu(I)-
M121G azurin, three well-resolved resonance-enhanced vibrations
were observed in the Cu-ligand stretching region at 374, 380, and
407 ecm™ (Fig. 34 and SI Appendix, Table S2), with the 407-cm™
feature (c) being the most intense. Several features are also res-
onance enhanced in the higher energy region of the spectrum
(~700-875 cm™'; Fig. 3B). For type 1 Cu proteins, this region is
known to contain the S(Cys)-C; stretch and overtone and com-
bination bands of the fundamentals observed in the lower energy
region. In particular, for the species formed from the reaction
of Cu(I)-M121G azurin with H}°O,, the feature observed at
837 cm~! is too high in energy to be related to the fundamental
vibrations observed in the lower energy region. No higher energy

vibrations are observed. When H%SOZ is used as the oxidant, the
lower energy vibrations are observed at 371, 380, and 395 cm™),
which correspond to A (16-18)’s = 3,0, and 12 cm™, respectively.
Also, the lower energy feature [labeled (a) in Fig. 34] becomes
the most intense. The experimental energies, intensities, and
isotopic shifts of features (a) and (c) are consistent with a Fermi
resonance. These values were used to determine the vibrational
energies in the absence of this interaction. For the reaction with
H1°0,, features (a) and (c) are predicted to be at 399 and
381 cm™, respectively, whereas for reaction with H}*0,, (a) and
(c) are predicted to be at 387 and 383 cm™', respectively. In the
higher energy region, the 837 cm™ feature shifts down in energy
to 807 cm™ (A = —30 cm ™) when H1*O; is used as the oxidant.
The rR-enhanced vibrations observed here, combined with the
EPR results, may either reflect an oxidized thiolate bound to
Cu(II) or a Cu(II)-OOH species. These possibilities, as well
as different Cu(II)-SO4Hy species and their binding modes,
are evaluated using density functional theory (DFT) and time-
dependent DFT (TDDFT) calculations (vide infra).

Lastly, the 614-nm absorption band was also investigated on
the same samples discussed above (Acx = 647.1 nm). Using this
excitation wavelength, identical rR data (only with variable total
intensities) were obtained upon reaction of Cu(I)-M121G azurin
with H%602 or H%soz, or upon further exposure of the reaction
mixture to air (Fig. 3C). These data are the same as those obtained
by laser excitation into the Cu(II)-M121G azurin CT transition,
and indicate that the electronic absorption contributions in the
610-630-nm region observed in the UV-vis experiments can be
assigned to variable concentrations of authentic Cu(II)-M121G
azurin, consistent with the EPR results above.

Capture of Sulfenic Acid with the Selective Labeling Agent, Dimedone.
Because the above results suggested the presence of an oxidized
sulfur at the active site of the air-sensitive species, we tested the
hypothesis that a sulfenic acid moiety coordinates a copper ion
using dimedone, a well-established agent for the selective de-
tection of sulfenic acid (32, 33). After reaction of sulfenic acids
with dimedone, the total mass should increase by +138 Da due to
irreversible and selective condensation, which can be observed via
mass spectrometry (34). Addition of dimedone to the air-sensitive
species under normal physiological conditions did not result in
any modification of the protein, probably due to a lack of access
by the dimedone to the sulfenic group in the folded protein. To
overcome this constraint, we added guanidine hydrochloride to
a final concentration of 6 M to the air-sensitive species in the
presence of an excess of dimedone. This procedure resulted in an
increase of +138 Da to the molecular mass of the M121G azurin
[Fig. 44, incubation time of Cu(I)-M121G azurin with H,O, of
30 s], consistent with a dimedonylated protein. When the incubation
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Fig. 3. rR spectroscopy of the air-sensitive species. (A) rR spectra of Cu(l) + H10,(red) and H}20, (blue) in the low-energy vibrational region (* indicates
Raman scattering feature of ice) and (B) the high-energy vibrational region (Aex = 457.9 nm). (C) Low-energy vibrational region using Aex = 647.1 nm.
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time of Cu(I)-M121G azurin with H,O, was increased from 30 s
to 30 min, significantly enhanced intensity of dimedone-labeled
product was observed (Fig. 4B), suggesting an increased yield of
sulfenic group formation with time. A control experiment using
Cu'~WT azurin after treatment with H,O, under the same con-
dition showed no labeling peak, and this result was critical in
demonstrating that the sulfenic moiety did not form through
processes involving unfolded protein (SI Appendix, Fig. S5).

As azurin contains three native cysteine residues (two of which
constitute a disulfide bond), we confirmed dimedone labeling on
Cys-112 via tryptic digest and tandem MS/MS analysis of the
dimedone-labeled material. The dimedone modified peptide NH,-
LKEGEQYMFFCgimedone IFPGHSALGK-COOH was robustly
detected, and was further analyzed via MS/MS. A 241.0105-Da
difference was observed between b'® and b'! ions, correspond-
ing to the molecular mass of dimedone-labeled cysteine after
dehydration (calculated: 241.0773 Da). This result confirms that
the sulfenic acid modification is isolated to the Cys-112 residue
of M121G azurin (SI Appendix, Fig. S6 and Table S3).

Isotopic Enrichment Study of Cys-SOsH Formation. To confirm that
the oxygen atom on the cysteine residue of M121G was derived
from H,0O,, we compared the isotope distribution of oxygen
found in the oxidized cysteine after treatment of Cu(I)-M121G
azurin with either H,O, or '80-labeled H,0, (H% 0;). We
exposed the green-colored solution to air before demetalla-
tion and tryptic digest. The peptide containing Cys112, NH,-
EGEQYMFFCTFPGHSALGK-COOH, was analyzed by high-
resolution MS. The data show that the peptide exhibited a mass
increase consistent with addition of three oxygen atoms, sug-
gesting formation of a cysteine sulfonic acid, the most oxidized
organic form of sulfur. After comparing the experimental data
with the calculated isotopic distribution, a nearly pure isotopic
spectrum of Cys-S'®0'°O,H is formed (Fig. 4C), suggesting
that under these conditions H,O,-mediated cysteine oxidation
stopped at sulfenic acid, and further oxidation was from air.
We note that higher equivalents of H,O, may produce sulfinic
and sulfonic acid directly by further oxidizing Cys-SOH pro-
duced in the reaction.

A‘IDD

DFT Calculations. Several potential structural models for the air-
sensitive species have been computationally evaluated; their struc-
tural and spectroscopic properties are compared with experiment.
As a starting point, a small model of Cu(II)-M121G azurin was
created from the X-ray crystal structure. This small computational
model is referred to as S-M121G-H,O in this section. Optimiza-
tion of this S-M121G-H,O with two N(Imidazole (Im)) and one S
(Ethyl (Et)) equatorial ligands and one axial H,O ligand resulted in
a structure in reasonable agreement with crystallography (SI Ap-
pendix, F1g S7 and Table S4). The axial H,O-Cu distance is ~0.4
too short in the DFT structure (2.5 vs. 2.9 A). This difference in
distance likely reflects the absence of several H-bonding partners to
the Cu—-OH, bond, which are present in the X-ray crystal structure.
For S- M121G H,0, the calculated Cu-S frequencies (408 and
413 cm™; ST Appendix, Table S5) are in good agreement with ex-
periment (Flg 3C). Note that the Cu-S vibration mixes with N
(Im) and S(Et) ligand modes at similar energy. Furthermore,
the TDDFT-calculated absorption spectrum of S-M121G-
H,O (8I Appendix, Fig. S9A4) agrees well with experiment, with
one intense CT band at ~560 nm (~17,850 cm™).

Several models of the air-sensitive species have been consid-
ered (1-7). All of these contain oxidized thiolate ligands. The
relevant optimized bond distances are given in SI Appendix,
Table S4 and Fig. S7. Mulliken spin densities are also given in S/
Appendix, Table S4 for comparison. Specifically, 1 is a pseudo-
side-on sulfenate (Cu(II)-SO™) species; 2—4 have protonated
sulfenates (Cu(II)-SOH) bound to Cu(II) in a pseudoside-on
fashion (2), through S (3) or OH (4); 5-7 contain a sulfinate
(SO3) group bound to Cu(II) via S (5), two Os (6), or one O (7).
To produce a structural model for the air-sensitive species, both
TDDFT and frequency calculations have been carried out on
1-7 for correlation to experimental data. The TDDFT-calculated
absorption spectra are shown in SI Appendix, Fig. S9 A and B
(divided for clarity). The best agreement between the experi-
mental and calculated absorption spectrum of the air-sensitive
species is given by 1 (red line, SI Appendix, Fig. S9A4), which
exhibits an intense CT transition at higher energy (~475 nm;
~21,050 cm™) than that predicted for S-M121G-H,0. How-
ever, 2 (blue line, SI Appendix, Fig. S94) and 3 (green line, S/
Appendix, Fig. S94) both exhibit higher-energy CT transitions
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Fig. 4. MS spectra of the air-sensitive species. Electrospray mass spectrum before (black) and after (red) dimedone labeling of the air-sensitive species. Cu(ll)-
sulfenate-M121G azurin is generated by treating Cu(l)-M121G azurin with 2 eq. H,0, in 50 mM potassium phosphate pH 7.0 for (A) 30 s and (B) 30 min. For
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experimental isotopic distributions for product EGEQYMFF(C-SOsH)TFPGHSALGK tryptic peptides [(pep) + 2H*]*? with progressive '®0 labeling. Experimental
spectra were obtained with 1 eq. additions of H 602 or H 802 to Cu(l)-M121G and an aerobic workup.
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and are therefore also potential candidates based on TDDFT
calculations alone.

The DFT-calculated frequencies and 160, and 80, shifts and
the vibrational assignments for 1-7 are given in SI Appendix,
Table S5. Out of these candidates, 1 gives the best agreement
with the experimental rR data on the air-sensitive species. For 1,
two Cu-SO-based vibrations are predicted at 442 and 418 cm ™!,
which shift down in energy to 431 and 412 cm™, respectively,
upon '®0 substitution. A S-O vibration is also predicted at
832 cm™', which shifts down in energy to 803 cm™! upon 0
substitution [A = 29 cm™; exp, 837 cm™' (A = 30 cm™)]. The
calculated v(*°0)/v(*®0) ratio for 1 is 1.037, in excellent agree-
ment with the harmonic value for **$'°0 and **S'®0 (1.039).

Although the air-sensitive species does not form upon addition
of H,0, to Cu(II)-M121G azurin, the experimental frequencies
and isotope shifts would also be reasonably consistent with a Cu
(I1)-OOH species (35). We therefore also considered this pos-
sibility computationally. Relevant geometric parameters of the
optimized Cu(II)-OOH structure are given in SI Appendix, Table
S4, and the calculated vibrations are given in SI Appendix, Table
S5. The Cu-ligand vibrations and their isotope shifts [Cu-S: 374
(1) em™; Cu-0: 459(12) cm™~!] are consistent with experiment;
however, the calculated O-OH frequency and isotope shift [891
(49) cm™'] are both too high. Furthermore, two intense CT
transitions, split in energy by ~4,000 cm™', are predicted by
TDDEFT (SI Appendix, Fig. S9B). This is not consistent with the
experimental absorption spectrum of the air-sensitive species in
Fig. 2C. On the basis of these discrepancies with experiment,
a Cu(II)-OOH species can be eliminated. Thus, 1, a pseudoside-
on bound Cu(II)-SO™ complex, can be considered a likely model
of the air-sensitive species.

Note that, in addition to 1 [Cu(II)-SO7], two other geometric
and electronic isomers exist as energetic minima for a Cu(Il)-
SO~ species. Instead of the pseudoside-on binding, the SO group
can bind through O or S in a monodentate fashion (8 and 9,
respectively; SI Appendix, Fig. S7 and Table S4). In both cases
the SO group reduces Cu to form a Cu(I)-SO*® species, in con-
trast with what is observed experimentally by EPR. Here 8 is
lower in energy than 1 by ~6 kcal/mol, whereas 9 is higher in
energy than 1 by ~3 kcal/mol. Clearly, 8 and 9 are not viable
candidates for the air-sensitive species due to reduction of the
Cu active site. However, SO binding through O with reduction of
Cu is favored in these small models. We have therefore con-
sidered the role of the protein environment in tuning the relative
energies of 1, 8, and 9, as well as the influence of the protein
matrix on their respective ground-state wave functions [i.e.,
Cu(I1)-SO~ vs. Cu(I)-SO°] (36).

To consider the second sphere coordination environment,
a large active site model of Cu(II)-M121G azurin was con-
structed. This large computational model is referred to as
L-M121G-H,O. The following second sphere interactions have
been included: (i) a negatively oriented dipole near Cu; (ii) two
amide backbone H bonds to S (or SO); and (iii) a negatively
oriented dipole near S (SI Appendix, Fig. S8). The calculated
geometric structure (SI Appendix, Table S4), Cu-S(Cys) vibra-
tional frequency (SI Appendix, Table S6), and absorption spec-
trum (SI Appendix, Fig. S9C) of L-M121G-H,0O are in good
agreement with experiment. We have therefore used this model
to consider the effects of S oxidation to sulfenate, and to eval-
uate the three binding modes of SO to Cu: pseudoside-on (10),
O-bound (11), or S-bound (12). Note that 10, 11, and 12 are
large model analogs of 1, 8, and 9, respectively, in the small
models. The relevant geometric parameters for 10, 11, and 12
are included in SI Appendix, Table S4. Their structures are given
in SI Appendix, Fig. S8. In the large models, both 10 and 11 are
found to have Cu(II)-SO~ ground states. For 12, the sulfenate
group reduces the Cu (as observed in the small model analog). In
the large models, 10 and 11 are isoenergetic within <0.5 kcal/mol,
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whereas 12 is ~6 kcal/mol higher in energy. We therefore focus on
10 and 11. The TDDFT-predicted UV-vis spectra for 10 and 11
are given in SI Appendix, Fig. S9C. From these calculations, the
spectrum of 10 (~430 nm; ~23,250 cm™') best represents the
experimental UV-vis data of the air-sensitive species and is con-
sistent with the calculated spectrum of 1. The TDDFT-calculated
UV-vis spectrum of 11 exhibits an intense CT transition
with a energy lower (~620 nm; 16,130 cm™") than that of the
L-M121G-H,0 model (~560 nm; ~17,850 cm™"). This is oppo-
site the trend observed experimentally.

The DFT-calculated vibrational energies and isotope shifts of
10 and 11 are given in SI Appendix, Table S6. Here, 10 gives the
best agreement with the experimental rR data on the air-sensi-
tive species. Specifically, the calculated Cu—O vibrational fre-
quency is estimated to be too high in energy for 11 (11: 387, 463,
and 477 cm™'; 10: 448 and 457 cm™'). The aggregate '°0/"%0
shift of the S—O vibration is also larger in 11 relative to 10 (34 vs.
28 cm™, respectively). Note that the S—O vibration in 11 is mixed
approximately equally into two modes, so the average value is
used here. Thus, 10 (and its small analog 1), a pseudoside-on
Cu(II)-SO™ species, best reproduces the experimental absorption
and rR data for the air-sensitive species formed in the reaction of
Cu(I)-M121G azurin and H,0O,.

It is interesting to note which second sphere interactions allow
for the stabilization of a Cu(I)-SO™ ground state. We systemati-
cally removed the second sphere interactions and carried out ad-
ditional geometry optimizations. The geometric parameters and
Mulliken spin densities are given in SI Appendix, Table S7. Re-
duction of Cu occurs upon removing both the negatively oriented
dipole near Cu and the H bonds to the sulfenate (SI Appendix, Fig.
S8). Therefore, the secondary protein environment plays an im-
portant role in tuning the relative redox couples of the Cu and the
sulfenate, allowing for the stabilization of a Cu(II)-SO™ species.

The ground-state wave functions [B-Lowest Unoccupied
Molecular Orbitals (LUMOs)] of both L-M121G-H,0O and 10
are compared in Fig. 5. The calculated Cu(d) and S(p) char-
acters (from Mulliken population analyses) of L-M121G-H,O
associated with the Cu(II)-S(thiolate) m-bond are 56% and
25%, respectively. For 10, binding SO~ in a pseudoside-on
fashion decreases the Cu(d) character to 48%, whereas the SO~
character increases to 35%. Thus, the Cu—-SO™ unit in 10 is
more covalent than the Cu-S(Cys) bond in L-M121G-H,O0.
This is due to the strong c-overlap associated with two bonding
interactions between the SO™ n*-donor and the unoccupied 3d
(x*~y?) orbital in the side-on structure (Fig. 5, Right). Fur-
thermore, the intense ~430-nm CT band of 10 is calculated to
be a transition between the bonding and antibonding pair of the
B-LUMO. Thus, the increased energy of this transition in 10
relative to the Sp(r) = Cu(d(x*~y?)) (~550 nm) CT transition

35% (S+0)

Fig. 5. Comparison of the ground-state wave functions (f-LUMOs) of
L-M121G-H,0 (Left) and 10 (Right). Results of Mulliken population analyses
are indicated.
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of L-M121G-H,O reflects the increase in the bonding-anti-
bonding interaction of the Cu—SO™ unit compared with the
Cu-S(Cys) bond.

In addition, in going from Cu(1I)-M121G azurin to the air-
sensitive complex, the g value decreases from 2.303 to 2.169,
and the A value increases in magnitude from ~20 x 10~ cm™
to 139 x 10™* cm™!. Note that A is negative. The deviation of
the g value from 2.0023 is inversely proportional to energy of the
d(xy) — d(x*-y?) ligand field transition. The TDDFT-calculated
energies of this transition in L-M121G-H,0 and 10 are ~12,400
and 16,900 cm™", respectively, consistent with the larger g in the
former. However, the energy difference between these two spe-
cies accounts for only ~60% of the difference in the g values.
This indicates that the Cu character in the ground state of 10
must be lower than in L-M121G-H,O, which is consistent with
the Mulliken population analyses (Fig. 5) and spin densities (S/
Appendix, Table S4). Finally, we note that the increase in the
magnitude of A has two contributions. First, Cu(II)-M121G
azurin has a rhombic EPR signal, which is generally associated
with dz*/4s mixing. This mixing will reduce the magnitude of A in
the reference [Cu(I1I)-M121G azurin]. Second, the decrease in g,
between Cu(II)-M121G azurin and the air-sensitive species
decreases the orbital dipolar contributions to the hyperfine, which
is positive and will also contribute to the larger |A|.

Conclusions

In summary, we have shown that anaerobic addition of H,O,
to Cu(I)-M121G azurin resulted in the formation of a side-on
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Cu(II)-sulfenate species in azurin, as supported by UV-vis, EPR,
and rR spectroscopies as well as mass spectrometry and elec-
tronic structure calculations correlated to the spectroscopic data.
The observation of a Cu(II)-sulfenate species is made possible
mainly due to stabilization of the species by noncovalent sec-
ondary sphere interactions. The stabilization and characteriza-
tion of a copper—sulfenate center in proteins opens an avenue for
the detection and exploration of other similarly reactive species
in metallobiochemistry.

Materials and Methods

Experimental details about protein purification, holo-protein preparation,
crystallization, capture and detection of sulfenate with dimedone, and
trypsin digest are described in the S/ Appendix. Analysis of EPR, rR spec-
troscopy, ESI-MS and HPLC MS/MS are available in S/ Appendix, Figs. S2-S6.
Parameters and results of DFT calculation are listed in S/ Appendix, Tables
S4-S7.
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