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Abstract

S-nitrosothiols are known as reagents for NO storage and transportation, and as regulators in many
physiological processes. While the S-nitrosylation catalyzed by heme proteins is well known, no
direct evidence of S-nitrosylation in copper proteins has been reported. Here we report reversible
insertion of NO into a copper-thiolate bond in an engineered copper center in Pseudomonas
aeruginosa azurin by rational design of the primary coordination sphere and tuning its reduction
potential via deleting a hydrogen bond in the secondary coordination sphere. The results not only
provide the first direct evidence of S-nitrosylation of Cu(ll)-bound cysteine within
metalloproteins, but also shed light on the reaction mechanism and structural features responsible
for stabilizing the elusive Cu(1)-S(Cys)NO species. The fast, efficient, and reversible S-
nitrosylation reaction is used to demonstrate its ability to prevent NO inhibition of cytochrome 603
oxidase activity by competing for NO binding with the native enzyme under physiologically
relevant conditions.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Correspondence to: Ninian J. Blackburn, bl ackbni @hsu. edu; Edward I. Solomon, Edwar d. Sol onon@t anf or d. edu; Yi
Lu,yi -lu@!linois. edu.

Author contributions: S.T., J.L., N.M.M,, and Y.L. conceived and designed experiments; S.T., J.L., P.H., Y.Y. and H.R. performed
experiments; S.T., R.E.C., P.H., MJ.N., N.J.B., E.l.S., and Y.L. analyzed the data; S.T., J.L., R.E.C., E.l.S. and Y.L. co-wrote the
paper. All the authors discussed the results and commented on the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tian et al.

Page 2

Introduction

S-nitrosylation, the covalent attachment of nitric oxide (NO) to the thiol side chain of
cysteine, has emerged as an important pathway for dynamic post-translational regulation of
many classes of proteins involved in important functions such as blood flow regulation,
muscle contraction,? cellular trafficking,3 and apoptosis regulation.# Dysregulated S-
nitrosylation has been implicated in a variety of diseases, including cancer, diabetes, and
neurodegenerative disorders.> Although it is widely accepted that the S-nitrosylation occurs
in vivo, the mechanisms by which nitrosothiols (RSNOs) are formed and removed are
unclear.® S-nitrosylation occurs via one-electron oxidation of the initial complex between
NO and a thiol. Thus, in the absence of an electron acceptor such as O, or a redox-active
metal ion, the nitrosothiol does not form. Because the S-nitrosylation that occurs in cells is
often enhanced under anaerobic conditions, O, is not absolutely required for the process.’
Therefore, redox-active metalloproteins likely play a key role in promoting the S-
nitrosylation reactions by using the metal ion as the electron acceptor. However, the current
chemical knowledge of this modification is largely limited to the cases associated with heme
proteins when the heme is in close proximity to the target thiol.8-12

While the S-nitrosylation catalyzed by heme proteins is well known, the same process
promoted by copper in proteins is rare in the literature, even though the latter can play
equally important roles in many redox processes in biology as heme proteins. Copper-zinc
superoxide dismutase (SOD) is reported to increase the yield of S-nitrosohemoglobin and
nitrosylated hemes by eliminating superoxide® or by facilitating the transfer of NO from S-
nitroso-glutathione (GSNO) to Cysp93 of oxyhemoglobin in concentrated solutions of the
protein.13 The Cu(l1)-containing protein ceruloplasmin is also shown to catalyze S-
nitrosylation of heparan-sulphate proteoglycan, glypican-1,14 as well as the formation of
GSNO from NO.1> However, a more recent study contradicted this finding and showed that
depletion or supplementation of ceruloplasmin in plasma failed to alter the levels of plasma
nitrosothiol.16 Instead, NO,~ was observed as the major product of the reaction between NO
and ceruloplasmin. It is thus proposed that the Cu(ll) in ceruloplasmin can oxidize NO to
NO*, which would immediately react with water to form NO,™. In addition, the S-
nitrosylation of bovine serum albumin and glutathione mediated by free copper ion has been
shown 7n vitro.l” Since the level of free copper ion is rigorously regulated 7 vivo, such a
free copper catalyzed S-nitrosylation observed /n vitro is unlikely to occur in vivo.18 In
contrast, copper ions are outstanding catalysts for RS-NO cleavage — this makes it inherently
challenging to observe RS-NO bond formation at Cu sites.19:20

It has been reported that type 1 blue copper (T1Cu) proteins and multicopper oxidases
(MCOs) can react with NO, with concomitant production of a reversible diamagnetic
charge-transfer complex.21-24 However, complete complex formation was only observed at
very low temperatures (77 K).23 At room temperature, only very low extent (~10 %) of
complex formation was observed, even in the presence of saturating concentrations of NO.23
As the physiological concentration of NO is in the nanomolar to sub-micromolar range,2>
the reaction between NO and either T1Cu proteins or MCOs are unlikely to be
physiologically relevant.
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To fill a major gap of our knowledge of the chemistry behind NO reaction with copper ions
and to explore if this type of chemistry can be physiologically relevant, we herein report the
first direct observation of S-nitrosylation of copper-bound cysteine in an engineered red
copper center in Pseudomonas aeruginosa azurin (Az), supported by UV-vis absorption (UV-
vis), electronic paramagnetic resonance (EPR) and extended X-ray absorption fine structure
(EXAFS) spectroscopic techniques. We have also elucidated the reaction mechanism and
structural features responsible for stabilizing the elusive Cu(l)-S(Cys)NO species by kinetic
studies and density functional theory (DFT) calculations. More importantly, we show that
such a S-nitrosylation can proceed in a fast (k = 6.7 x 10° M-1s'1) and efficient (> 90%
yield) way under physiological conditions in the presence of micromolar level concentration
of either protein or NO, capable of preventing NO inhibition of cytochrome 603 oxidase
activity by competing for NO binding with a native enzyme.

Design, Spectroscopic, Crystallographic and Redox Studies of an Engineered Red
Copper Protein in Azurin (Cu(l)-M121H/H46EAZ)

To obtain direct evidence of S-nitrosylation of copper-bound cysteine in proteins, we started
with wild type azurin (WTAZ) from Pseudomonas aeruginosa, which has shown to be an
excellent protein for both modeling other metalloproteins and designing novel ones,26-30 and
investigated its reaction with NO. It has been reported that WTAZ reacted with NO,
monitored by the decrease of the 625 nm band characteristic of the blue copper center in
WTAz, and a photolabile {CuNO}10 adduct was proposed to form in the process.23:24
However, such {CuNO}0 adduct was only fully formed at very low temperature (77 K).23
At room temperature, in contrast, the intensity of the 625 nm band decreased by only ~15%
under NO saturated conditions.23 We tested the reaction of 70 uM of Cu(ll)-WTAz with 5
equivalents of NO at pH 7 at room temperature and observed < 8% decrease of the 625 nm
band over two hours (Supplementary Fig. 1). These results suggest that the reaction between
the WTAz and NO is unlikely to be physiologically relevant.

To elucidate the structural features and reaction mechanisms that can promote S-
nitrosylation in T1Cu proteins under physiological conditions, we sought to re-design WTAz
to accommodate a mononuclear red copper center similar to that in nitrosocyanin,3! because
nitrosocyanin is the only member of native cupredoxins discovered to date that contains an
open binding site for potential NO binding and chemical transformation. Although the
biological function of nitrosocyanin has not yet been identified, preliminary evidence
suggests that it is likely involved in a denitrification process and may interact with NO.32-34
Nitrosocyanin has not been recombinantly expressed, and its expression from the native host
is cumbersome, and suffers from low yield. As a result, it requires several months of
continuous growth of the native host, Nitrosomonas europaea, to obtain enough protein for
biophysical studies. In contrast, azurin constructs are much easier to express in £. coliin a
short time (overnight) and with high yield (~100 mg purified protein/L), amenable to
spectroscopic studies and X-ray crystallography, providing us with an easily tractable model
system. Given previous observations of NO interaction with T1Cu centers under non-
physiological conditions, the engineered new azurins with the open binding site allow for
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deeper insight into the factors underlying the reactivity behind the T1Cu center and NO
under physiological conditions.

Both WTAz and nitrosocyanin share high structural homology.3! Similar to the blue copper
center in WTAZ, one Cys and two His ligands are found to coordinate to the copper in
nitrosocyanin. A comparison of the blue and red copper centers reveals a rearrangement of
the copper ligands. First, the thioether ligand in Az (Met121) is replaced with a histidine
imidazolyl in nitrosocyanin (His130). Furthermore, a glutamate (GIu60) is present in
nitrosocyanin in place of the His46 in Az. Based on these differences, we designed a new Az
variant, M121H/H46EAz.35 Construction, expression, and purification of apo-M121H/
H46EAz was carried out following a reported procedure.28 Titration of apo-M121H/
H46EAz with CuSQOy, saturated at 1 equivalent Cu(ll). The resulting Cu(l1)-M121H/H46EAz
showed a strong absorption band at 403 nm (e = 2300 M-1cm-1) and a weak and broad band
around 750 nm (Supplementary Figs 2 and 3) distinct from that of WTAz, but similar to that
of nitrosocyanin. The strong absorption band around 390 nm and the weak absorption band
around 720 nm in nitrosocyanin have been assigned as a py(cys)—Cu(ll) ligand to metal
charge transfer (LMCT) and a Cu(Il) d-d transition, respectively.31:34 The fact that the 600
nm band in WTAZ, assigned as py(cys)—Cu(ll) LMCT, completely disappeared in this
mutant suggests that the dxz_y2 ground state of Cu(ll) only overlaps with p, orbital of S(Cys)
with minimal  interaction, similar to that in nitrosocyanin.

To obtain 3D structure of Cu(l1)-M121H/H46EAz, we crystallized the protein and solved its
structure. As shown in Fig. 1c, the Cu(ll)-binding site adopted a more distorted tetrahedral
geometry compared to WTAz (Fig. 1a). While the Cu-N(His117) distance remained similar
to WTAz (2.10 A), the distance of Cu-N(His121) was 2.40 A, significantly shorter than the
~ 2.9 A distance of the original Cu-S(Met121) in blue copper proteins. Consequently, the
metal center is further away from the backbone carbonyl oxygen at Gly45 with a distance of
3.45 A, longer than the ~ 3 A in WTAZ.36 More importantly, the Cu-S(Cys112) distance is
2.28 A, longer than the ~ 2.1 A in blue copper proteins, but comparable to that in
nitrosocyanin (2.29 A, Fig. 1b).36:37 The Cu-S(Cys112) distance in Cu(I1)-M121HAz from
A. denitrificansis 2.16 A, and the elongation compared to Cu(l1)-WTAz was attributed to
the tighter binding of His121 to the Cu(ll) center compared to Met121.38 Therefore, the
further weakening of the Cu-S(Cys112) bond in the M121H/H46EAzZ variant may arise from
the H46E mutation and concomitant rearrangement of the first coordination sphere of the
metal center. This geometric rearrangement is further supported by the observation of an
exogenous water at 3.78 A from the Cu(l1) within hydrogen bonding distance of the
coordinating O of Glu46 (2.56 A) in Cu(I1)-M121H/H46EAz (Fig. 1c). The presence of
water and its associated hydrogen bonding network has not been observed in other
cupredoxins including Cu(11)-WTAz and Cu(I1)-M121HAz, but is present similarly in
nitrosocyanin (Fig.1b).37 These results suggest that we have engineered the WTAz into a red
copper center structurally and spectroscopically comparable to nitrosocyanin.

The Design, Spectroscopic, and Redox studies of Cu(ll)-M121H/H46E/F114PAz

Given the structural similarity between Cu(I1)-M121H/H46EAz and Cu(ll)-nitrosocyanin,
we used cyclic voltammetry to measure Ey, of Cu(l1)-M121H/H46EAz. Surprisingly, its Ep,
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=400 mV at pH 7 is much higher than nitrosocyanin (85 mV) and is even higher than WTAz
(310 mV) and M121HAz (310 mV) at pH 7.3 This large difference in E, prompted us to
search for other mutations in the secondary coordination sphere to lower the redox potential,
as demonstrated previously, and better mimic the red copper center.4041 Since an F114P
mutation has been shown to lower the E, of WTAZz by 85 mV through deletion of one of the
hydrogen bonds to Cys112 and a shift of the copper ion out of the equatorial plane,*2 we
introduced the F114P mutation to M121H/H46EAz. Upon titrating Cu(ll) into apo-M121H/
H46E/F114PAz, the S(Cys)—Cu(ll) LMCT band was observed to shift from 403 nm to 390
nm (Fig. 2a) with a higher extinction coefficient (from & = 2300 M-1cm-1 to 3500 M-tem-t,
Supplementary Fig. 5) compared to Cu(l1)-M121H/H46EAz, consistent with the increased o
donation from S(Cys) to the Cu(ll) as a result of the deletion of the hydrogen bond to
Cys112. More importantly, the Ey, of M121H/H46E/F114PAz was lowered to 163 mV at pH
7 and 107 mV at pH 8 (Supplementary Fig. 6), much closer to that of nitrosocyanin (85 mV
atpH 7).

To further investigate the electronic structure of the Cu(ll)-M121H/H46E/F114PAz, we
collected its X-band EPR spectrum (Supplementary Fig. 7), which displayed g values of
2.237,2.038 and 2.037 (Supplementary Table 2). Interestingly, the hyperfine coupling
constants in the parallel region (A;; = 163x10-4 cm1) are much larger than that of WTAz
(60x104 cm1),43 but similar to that of nitrosocyanin (144x104 cm™1).31 These results
suggest that the Cu center in M121H/H46E/F114PAz is similar to red copper center in
nitrosocyanin in both structural and electronic properties.

S-nitrosylation in the Engineered Red Copper Protein

To date, the function of nitrosocyanin is still unknown, but experimental evidence and
genomic information suggest that nitrosocyanin could be involved in the denitrification
process.32:33 Considering the similarities between Cu(l1)-M121H/H46E/F114PAz and
nitrosocyanin and the observed vacant site near the metal center indicated by the distal water
molecule, we treated Cu(l1)-M121H/H46E/F114PAz with NO, an intermediate in the
denitrification process. Upon addition of one equivalent of DEA NONOate, a NO donor
which releases 1.5 NO/molecule,** to 110 uM of Cu(11)-M121H/H46E/F114PAz under
anaerobic conditions at pH 6, immediate bleaching of the 390 nm peak was observed,
suggesting disruption of the S(Cys)—Cu(ll) LMCT band, which could result either from the
reduction of Cu(ll) to Cu(l) or modification of the coordinating S of Cys112. An isosbestic
point at 347 nm indicated clean conversion to the new species with absorption around 334
nm and 540 nm (Fig. 2b), which persisted for at least one hour under anaerobic conditions,
and then slowly decayed overnight at room temperature. The UV-Vis spectrum of the NO
addition product is strikingly similar to that characteristic of nitrosothiols, which typically
have an intense band in the 330 — 350 nm region (e ~ 1000 M-1ecm1, assigned as ng—n*
transition) and a weak band in the 550 — 600 nm region (g ~ 20 M-tcm-L, forbidden ny—m*
transition).19 Electrospray ionization mass spectrometry (ESI-MS) of the reaction mixture
revealed a new species in ~ 80% yield with a mass increase of +29 Da compared to apo-
M121H/H46E/F114PAz (Fig. 2¢), further supporting S-nitrosylation of the protein. To
further verify the S-nitrosylation of the protein, we performed high-resolution ESI-MS
using 1°NO as the reactant. As shown in Supplementary Fig. 8, the isotopic pattern was
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shifted to higher molecular weight compared to 14NO, confirming that NO was incorporated
into the protein.

To further probe the S-nitrosylation process in Cu(l1)-M121H/H46E/F114PAz, we collected
its EPR spectra in the presence of different equivalents of NO under anaerobic conditions.
The spectra showed decreasing signal intensity with increasing concentration of NO,
indicating the formation of an EPR silent species (Fig. 2d). Since S-nitrosylation requires a
formal one-electron oxidation of NO, the nearby Cu(ll) is likely the oxidant and forms an
EPR silent Cu(l)-(RSNO) product.

To obtain pseudo-first-order rate constant of this process, we measured the reaction between
50 uM of Cu(I1)-M121H/H46E/F114PAz and NO in an NO-saturated buffer using a stopped-
flow spectrometer (Supplementary Fig. 9). The LMCT band at 390 nm completely vanished
within 10 ms, with a pseudo-first-order rate constant of 293 s™1. To slow down the reaction
and obtain more data points for accurate kinetic fitting, we repeated this reaction in the
presence of 100 UM NO (Supplementary Fig. 9) and obtained a second-order rate constant of
6.7 x 10° M 1L,

Interestingly, when the freshly formed Cu(l)-S(Cys)NO species was exposed to the air at
room temperature, the original LMCT band at 390 nm was recovered with a yield of ~ 66%
after three hours (Supplementary Fig. 10), indicating that the S-nitrosylation is reversible. To
find out what other products were formed in this reaction, we investigated the reaction of the
S-nitrosylated protein with O, using ESI-MS and EPR. A peak with +32 Da shift was
observed in ESI-MS (Supplementary Fig. 11), suggesting that the protein was oxidized after
air exposure. The MS shift is consistent with the oxidation of cysteine (Cys-SH) to cysteine
sulfinic acid (Cys-SO,H). Based on ESI-MS result, ~ 30% of the cysteine was oxidized,
consistent with 66% LMCT recovery after air exposure. At the same time, a new type 2
copper signal (accounting for ~ 40% of overall Cu concentration) was observed in EPR,
which displayed g values of 2.298, 2.108 and 2.037 with Aj; = 159 x 104 ¢cm™!
(Supplementary Fig. 11). We propose that Cys112 is partially oxidized by the ROS
generated from the reaction between reduced Cu(l) and Oo, resulting the loss of LMCT and
the formation of a new Cu(ll) species. Partial recovery of the LMCT band was also
consistently observed when applying vacuum to the solution containing Cu(l)-S(Cys)NO
species (Supplementary Fig. 12). The slow recovery rate and low recovery ratio under air or
in vacuo indicate that the reaction equilibrium highly favors the formation of S-nitrosylation
product.

X-ray Absorption Spectroscopic (XAS) Studies of S-nitrosylation

Initial attempts to characterize the NO-treated Cu(I1)-M121H/H46E/F114PAz sample with
resonance Raman failed, probably due to the photosensitivity of the Cu-RSNO species, as S-
nitrosothiols are known to be photosensitive.20 Therefore, to further confirm the oxidation
state of the copper site after S-nitrosylation and to obtain information on the ligand
environment of the site, we collected Cu K-edge XAS of Cu(I1)-M121H/H46E/F114PAz,
Cu(l)-M121H/H46E/F114PAz, and NO-treated Cu(l1)-M121H/H46E/F114PAz. To ensure
the observed Cu(l) feature is not due to Cu(ll) reduction upon X-ray irradiation, only one
XAS spectrum was taken at each spot. As shown in Supplementary Fig. 13, an intense edge
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feature characteristic of Cu(l) was observed in the NO-treated Cu(I1)-M121H/H46E/
F114PAz sample (which was also observed in an authentic sample of Cu(l)-M121H/H46E/
F114PAz prepared by adding Cu(l) to the apo-protein), indicating that the metal center was
reduced to Cu(l) upon NO addition, consistent with the lack of an EPR signal (Fig. 2d).
Furthermore, an XAS edge energy of 8981.29 eV (value of the peak in the first derivative of
the XAS) was detected in the NO-treated Cu(l11)-M121H/H46E/F114PAz sample, which was
distinctly different from the edge energy of Cu(l)-M121H/H46E/F114PAz at 8980.48 eV
and Cu(I1)-M121H/H46E/F114PAz at 8981.54 eV (Supplementary Fig. 13).

The results of EXAFS fitting and corresponding Fourier transform are shown in Fig. 1d-f
and Supplementary Table 3. The initial values for ligands and their distances were adopted
from the crystal structure of Cu(11)-M121H/H46EAz. Having two His ligands at different
distances significantly improved the fittings for Cu(l1)-M121H/H46E/F114PAz and Cu(l)-
M121H/H46E/F114PAz, consistent with the observation that the two His residues are not
equivalent in the crystal structure of Cu(l1)-M121H/H46EAz (Fig. 1c). The Cu-S distances
of 2.21 A and 2.18 A were observed in Cu(ll)-M121H/H46E/F114PAz (Fig. 1d) and Cu(l)-
M121H/H64E/F114PAz (Fig. 1e) respectively. The NO treated Cu(ll)-M121H/H46E/
F114PAz was best fitted when 70% of the Cys ligand was moved to 3.98 A and a new N
ligand was added at 2.83 A (Fig. 1f), suggesting that the weak interaction between Cu(l) and
S-nitrosothiol is through the N-atom rather than the S-atom. Inclusion of O ligands in the
second and third shells from Glu, NO and a presumed water molecule was used to improve
the fitting. Only first shell ligands used for EXAFS fittings are shown in Supplementary
Table 3.

DFT Calculations and Mechanism of Nitrosylation

Density functional theory calculations (B3LYP/TZVP) were performed to understand the
mechanism of the cysteine nitrosylation using a model of the red copper site based on the
crystal structure of Cu(11)-M121H/H46EAz. Two local minima were located for the
optimized Cu(ll) site that differ in their core geometry and the orientation of the sulfur p
orbital interacting with the Cu dyp.y». The lowest energy isomer has an S, ground state
characteristic of red copper (Supplementary Fig. 14) that is observed experimentally by the
intense observed S; — Cu LMCT at ~390 nm.3445 A second isomer with a blue copper S
ground state (Supplementary Fig. 14) is higher in energy (AE = +2.1 kcal/mol). Similar to
the red copper protein nitrosocyanin,3* the S, ground state arises from two geometric
effects: (1) rotation of the S(Cys)-Cg bond into the Cu equatorial plane, which orients the S;
orbital into Cu dyp.y2, and (2) the open His-Cu-His angle (138°) which orients dy,.y, to
overlap with S;. Water coordination to give five-coordinate Cu(ll) was calculated to be
uphill (AG° = +6.6 kcal/mol), consistent with the crystallography that shows the localized
water adjacent to Cu(ll) does not form a strong Cu-OHs interaction.

Two possible mechanisms for S-NO bond formation were evaluated. In the first mechanism
(pathway 1 in Fig. 3), coordination of NO to Cu(ll) affords a singlet five-coordinate
{CuNO}O species, which is best described as Cu(1)/NO* due to the minor Cu character in
the two unoccupied NO 7> orbitals (< 20%, Supplementary Fig. 15). The Cu-NO species
was not stable on the triplet spin surface; optimization invariably led to NO* dissociation.
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Although NO coordination to Cu(ll) is calculated to be unfavorable (AG®° = +12.8 kcal/mol
to singlet Cu-NO), the resulting intramolecular electrophilic attack of NO* on S(Cys) occurs
with a low additional barrier (AG* = +5.5 kcal/mol) to give a total reaction barrier of AG¥ =
+18.3 kcal/mol with respect to separated Cu(ll) + NO reactants. The product of this
electrophilic NO™ attack is 1)2-(Cys)S-NO, in which the nitrosocysteine is coordinated side-
on to Cu(l) through both N and S atoms. However, this complex is thermodynamically
unstable with respect to loss of the coordinated S(Cys)-NO ligand (AG® = -16.6 kcal/mol) to
afford a trigonal Cu(l) site and free S(Cys)-NO.

An alternative mechanism was also evaluated (Fig. 3, pathway 2), in which NO reacts
directly with S(Cys) to avoid formation of the unfavorable {CuNO}1? intermediate. In this
mechanism, the high Cu-S(Cys) covalency places significant spin density (0.35 €7) on the
coordinated S in the ground state Cu(ll) site (Supplementary Fig. 14), providing a pathway
for direct radical coupling of S(Cys) with NO. This radical coupling reaction was evaluated
by scans of decreasing S---NO distance on both the triplet and broken-symmetry (BS)
singlet spin surfaces. The barrier is lowest on the BS singlet surface, proceeding with a
barrier of AG* = +10.0 kcal/mol, significantly lower than the above electrophilic mechanism
(AG* = +18.3 kcal/mol) and indicating that it is the favored pathway for S-NO bond
formation. The BS singlet transition state has significant spin polarization (<S%> = 0.88) and
along S---NO distance of 2.67 A, indicative of an early transition state. Inspection of
frontier molecular orbitals along this reaction coordinate (Supplementary Figs 16 and 17)
and spin density plots (Supplementary Fig. 18) show that as the NO approaches, the a-spin
NO 7* hole rotates to overlap with the occupied a Sy orbital, and the -spin Cu hole
polarizes towards S;; to overlap with the occupied p-spin NO ©*, which results in a doubly
occupied S-NO o interaction and reduction to Cu(l). Further along the reaction coordinate
(Supplementary Fig. 18), the BS wavefunction converges to an unpolarized singlet (<S2> =
0) at a S---NO distance of ~2.3 A, and optimizes to the S-bound product with (Cys)S-NO =
1.90 A. This species is also unstable with respect to loss of the coordinated S(Cys)-NO
ligand, leading to the final product with S(Cys)-NO no longer bound to Cu(l) (Fig. 3, lower
right). The alternative A~bound isomer was also calculated, but is higher energy than
trigonal Cu(l) and free S(Cys)-NO (AG® = +9.2 kcal/mol).

The loss of the S(Cys)-NO ligand predicted by the calculations is consistent with EXAFS
data that show very weak coordination of the nitrosocysteine product to Cu(l), since a
coordinated S(Cys)-NO product would feature short Cu-N or Cu-S bonds (Cu-N = 2.15 A
and Cu-S = 2.36 A for the 12-SNO isomer, Cu-N = 2.08 A for SNO-xN, and Cu-S =2.37 A
for SNO-«S) that are not observed by EXAFS. The very weak ~2.8 A Cu-N interaction
observed by EXAFS is likely a result of conformational constraints of the protein backbone
(which were not included in the calculations) that prevent rotation of the S(Cys)-NO away
from Cu and prevent full dissociation of S(Cys)-NO, even in the “free S(Cys)-NO” structure.

DFT calculations have thus identified the most plausible mechanism for S(Cys)-NO
formation is the direct radical reaction of NO with S(Cys) (Pathway 2 in Fig. 3) without
formation of a {CuNO}L0 intermediate. Therefore, rather than oxidizing NO (to NO*) for an
electrophilic attack on S(Cys), the role of Cu(ll) in this reaction is to activate S(Cys) for
radical coupling with NO, a result of the high covalency of the Cu(I1)-S(Cys) bond. The S-
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nitrosylation is calculated to be favorable (AG° = -11.0 kcal/mol) with a low barrier (AG* =
+10.0 kcal/mol) consistent with the observed reaction kinetics (AG* = +9.7 kcal/mol for 4,
~5 x 105 M1s'). The back reaction (NO release) is calculated to have a barrier of AG* =
+21.0 kcal/mol (half-life ~5 min), indicating that S-nitrosylation is slowly reversible at
room temperature consistent with the experimental observation.

Competition between the engineered red copper protein and cytochrome oxidase for NO
binding under physiologically relevant conditions

The high yield, fast kinetics, and preference of the S-nitrosylated product motivated us to
test if the engineered red copper protein could compete with native enzymes for NO. NO is
known to inhibit mitochondrial respiration by reacting with the heme-copper center in
cytochrome oxidase.*6 The effect of Cu(l1)-M121H/H46E/F114PAz on the NO inhibition of
E. coli cytochrome bosoxidase activity was investigated by measuring O, reduction rates
via a Clark-type O, electrode (Supplementary Fig. 19). In the presence of 5 uM NO, the O,
reduction rate of 10 nM cytochrome bo3 oxidase decreased by 75% (from O, consumption
rate of 79 umol/min to 20 pmol/min, Supplementary Fig. 19). The addition of Cu(ll)-
M121H/HA46E/F114PAz to the above solution rescued the NO inhibition through NO
sequestration (Fig. 4). 5 uM Cu(l1)-M121H/H46E/F114PAz was able to rescue the inhibition
of 5 UM NO on 10 nM cytochrome bo3oxidase by 46% (from O, consumption rate of 20
pmol/min to 56 pmol/min, Fig. 4 inset), recovering 71% activity of cytochrome 603 oxidase.
The negative control experiments showed that Cu(I1)-WTAz and Cu(Il)-M121H/H46/
F114PAz had no effect on O, reduction rates of cytochrome bozoxidase in the absence of
NO and Cu(Il)-WTAz had no effect on O, reduction rates of cytochrome bozoxidase in the
presence of NO (Supplementary Fig. 20). These results demonstrated that the engineered red
copper protein is capable of competing with native enzymes for NO binding.

Discussion

Cu ions are known to play important roles in regulation of NO-release from RSNOs.19:20
For example, Cu,Zn-superoxide dismutase catalyzed the decomposition of S-
nitrosoglutathione (GSNO) in the presence of GSH.4” Cu(11) thiolate model complexes have
been reported to react with S-nitrosothiols to generate NO, possibly via a RSNO-xN copper
complex suggested by DFT calculations.*® In addition, Cu(I1)-doped polymers
spontaneously generated NO from RSNOs, presumably via a Cu(l) intermediate.® Selected
RSNO-Cu(l) complexes have been investigated theoretically, and it was found that
coordination of the S atom to Cu(l) lengthens the S-N bond and concomitantly strengthens
the N-O bond, thus promoting decomposition.>% On the other hand, Cu(l) binding to N in the
-SNO group is found to dramatically shorten and thus strengthen the S-N bond with a
concomitant lengthening of the N-O bond, suggesting the stabilization of the RSNOs versus
NO release.>1 However, the barrier for interconversion of Cu(l) binding from N to S is
relatively small, which makes the control of the binding modes between nitrosothiols and
copper complexes difficult, and consequently Cu(l)-bound RSNO species are inherently
unstable.®! Based on the EXAFS fittings, the Cu-S distance increases from 2.18 A in Cu(1)-
M121H/H46E/F114PAz to 3.98 A in the corresponding S-nitrosylation species, while a new
N ligand was observed at 2.83 A in the primary shell of the copper center in the S-
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nitrosylated species. These results indicate that the Cu(l) ion weakly interacts with the N-
atom instead of S-atom of the Cys112-SNO species. This structural arrangement is
consistent with the DFT calculation results, which suggests that the binding between Cu(l)
and Cys112-SNO is energetically uphill. The weak Cu(1)-S(Cys)NO interaction prevents the
reverse NO-releasing reaction which requires a strong Cu-S(Cys)NO bond. Therefore, the
weak interaction between Cu(l) and Cys112-SNO species, together with the observed
interaction with N-atom rather than S-atom, provide reasonable explanations for the stability
of the RSNO species formed in our system near a Cu(l) center, allowing us to observe direct
S-nitrosylation in a copper protein for the first time.

Conclusions

In summary, we have converted a blue copper center in WTAz into a red copper center that
closely mimics that in nitrosocyanin first by rational design of the primary coordination
sphere (M121H/H46E), and then by tuning its reduction potential via deleting a hydrogen
bond in the secondary coordination sphere (F114P). The engineered red copper protein
exhibits a significantly longer Cu-S(Cys) bond distance (~2.28 A), lower reduction potential
(~107 mV at pH 8) and larger hyperfine splitting in the parallel region (~160x104 cm1) as
compared to blue copper proteins, and the electronic properties of the engineered protein are
comparable to those of the red copper center in nitrosocyanin. Stoichiometric titration of NO
to Cu(I1)-M121H/H46E/F114PAz yields nearly quantitative S-nitrosylation product with
concomitant reduction of the metal center with a second order rate constant of ~ 10° M-1s-1,
The resulting S(Cys)-NO containing species shows a strong absorbance at 334 nm and a
weak absorbance around 540 nm, similar to other reported RSNO species.1® Reduction of
the Cu(ll) site to Cu(l) during S-nitrosylation process is confirmed by a loss of over 90% of
Cu(ll) signal in EPR spectrum and a shift of the Cu K-edge to lower energy. Further EXAFS
fitting reveals that the Cu-S distance increases from 2.18 A in the reduced engineered red
copper protein to 3.98 A in the S-nitrosylated species, indicating that Cu(l) interacts with N
rather than S atom. DFT calculations have identified the most plausible mechanism for
S(Cys)-NO formation as the direct radical reaction of NO with Cu(ll)-coordinated S(Cys)
enabled by the high covalency of the Cu(I1)-S(Cys) bond. Our results provide the first direct
evidence of S-nitrosylation of copper-bound cysteine in a protein, and show that such a
reaction can prevent NO inhibition of cytochrome oxidase activity by competing for NO
binding with the native enzyme.

Nitrosothiols have been known as one of the two possible naturally occurring forms for
storage and delivery of NO in biological systems.52 In our engineered red copper protein, S-
nitrosylation could proceed in a fast (k = 6.7 x 105> M-1s'1) and efficient (> 90% yield) way
at room temperature at pH 7 even at micromolar protein or NO concentrations. The reaction
could occur reversibly when NO could be consumed from the system by either vacuum or
air. The results in Fig. 4 showed that this S-nitrosylation reaction of our engineered red
copper protein could be used to rescue NO-inhibition of cytochrome oxidase activity. Such a
fast, efficient and reversible S-nitrosylation under physiologically relevant conditions
discovered in the engineered azurin reported here suggests that it is possible that nature may
use such a reaction by copper proteins for biological functions such as NO delivery or
regulation.
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Materials and Methods

Crystallography

2 pL apo-M121H/H46EAz (1.2 mM) in 100 mM NaOAc pH 5.6 buffer was mixed with 2 puL
well buffer containing 25% PEG 4000, 100 mM LiNO3z, 10 mM CuSO4 and 100 mM Tris at
pH 8.0 on silica slides and equilibrated over 250 pL well buffer using hanging drop method
at 4 °C. Light green block crystals were obtained in 2-3 days. The crystals were dipped in
cryo-buffer containing 70% of well buffer and 30% of glycerol before mounting and were
frozen in liquid N, for diffraction analysis.

Collection and analysis of X-ray absorption spectra

Cu K-edge (8.9 keV) extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES) data were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL) operating at 3 GeV with currents between 100 and 80 mA.
All samples were measured on beamline 9-3 using a Si 220 monochromator with crystal
orientation ¢ = 90° and a Rh-coated mirror located upstream of the monochromator set to 13
keV to reject harmonics. A second Rh mirror downstream of the monochromator was used
to focus the beam. Data were collected in fluorescence mode using a high-count-rate
Canberra 100-element Ge array detector with maximum count rates below 120 kHz. A 6
Z-1 Ni oxide filter and Soller slit assembly were placed in front of the detector to reduce the
elastic scatter peak. Six scans of a sample containing only sample buffer were collected,
averaged, and subtracted from the averaged data for the protein samples to remove Z-1 Kj
fluorescence and produce a flat pre-edge baseline. The samples (80 pL) were measured as
aqueous glasses (20% ethylene glycol) at 8-10 K. Energy calibration was achieved by
reference to the first inflection point of a copper foil (8980.3 eV) placed between the second
and third ionization chamber. The data were carefully monitored for photoreduction, and
where evident, only the first spectrum of a series was included in the final average. In such
cases, a new sample spot was chosen for each spectrum included in the average.

Reaction of Cu(Il)-M121H/H46E/F114PAz with nitric oxide (prepared from nitric oxide
saturated buffer) monitored by stopped-flow

Experiments were performed on an Applied Photophysics Ltd. (Leatherhead, U.K.)
SX18.MV stopped-flow spectrometer equipped with a 256 element photodiode array
detector. The instrument was prepared for anaerobic stopped-flow by rinsing out its lines
several times with previously degassed buffer. Cu(I1)-M121H/H46E/F114PAz solution in 50
mM MES pH&6.0 buffer was degassed and equilibrated with argon on a Schlenk line. Two-
syringe mixing was employed to mix equal volumes of 50 uM Cu(I1)-M121H/H46E/
F114PAz solution with 2 mM NO in 50 mM MES pH®6.0 buffer (NO saturated) for pseudo
first-order kinetics or 70 uM Cu(l1)-M121H/H46E/F114PAz solution with 0.2 mM NO in 50
mM MES pH®6.0 buffer (diluted from NO saturated buffer) for second-order kinetics. All
reported data sets originally consisted of 200 spectra collected over 0.2 s. The integration
period and minimum sampling period were both 1 ms.
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Figure 1. Geometries of Cu(ll) binding sitesand Fourier transform of EXAFS data with fitting
a, WTAz (PDB: 4AZU), b, nitrosocyanin (PDB: 11BY) and ¢, M121H/H46EAz (PDB:

4WKX). The Cu(ll)-binding site in Cu(I1)-M121H/H46EAz adopted a more distorted
tetrahedral geometry compared to WTAz. The Cu-S(Cys112) distance in Cu(ll)-M121H/
H46EAZz was 2.28 A, longer than the ~ 2.1 A in blue copper proteins, but comparable to that
in nitrosocyanin (2.29 A). An exogenous water was at 3.78 A from the Cu(l1) within
hydrogen bonding distance of the coordinating O of Glu46 (2.56 A) in Cu(ll)-M121H/
H46EAz. Fourier transform and EXAFS (inset) for d, Cu(11)-M121H/H46E/F114PAz, e,
Cu(1)-M121H/H46E/F114PAz and f, NO treated Cu(ll)-M121H/H46E/F114PAz. The NO
treated Cu(l1)-M121H/H46E/F114PAz has different EXAFS pattern from Cu(l)-M121H/
H46E/F114PAz, indicating the process was not simple reduction from Cu(ll) to Cu(l). The
NO treated Cu(I1)-M121H/H46E/F114PAz was best fitted when the Cys ligand was moved
to 3.98 A and a new N ligand was added at 2.83 A, suggesting that the weak interaction
between Cu(l) and S-nitrosothiol is through the N-atom. Experimental data are shown as
solid black lines, and the simulationsas red lines. Copper atoms are green; oxygen atoms are
red; sulfur atoms are yellow; nitrogen atoms are blue; carbon atoms are cyan.
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Figure 2. UV-Vis absorption, M ass spectrometric and EPR spectroscopic characterization of S-
nitrosylation in engineered red copper protein

a, The UV-Vis spectra of Cu(Il)-WTAz, Cu(I1)-M121H/H46EAz and Cu(l1)-M121H/H46E/
F114PAz. The S(Cys)—Cu(ll) LMCT band of Cu(I1)-M121H/H46E/F114PAz was at 390
nm, blue shifted compared to WTAz, but identical to nitrosocyanin. b, Kinetic UV-Vis
spectra of 110 uM Cu(11)-M121H/H46E/F114PAz reacting with 1 equivalent of DEA
NONOate in 50 mM Mes buffer at pH 6. A spectrum was recorded every 10 s. Upon NO
addition, immediate bleaching of the 390 nm peak and an isosbestic point at 347 nm were
observed. ¢, ESI-MS before (black) and after (red) NONOQate addition. A mass increase of
+29 Da compared to apo-M121H/H46E/F114PAz supports S-nitrosylation of the protein. d,
X-band EPR spectra of Cu(I1)-M121H/H46E/F114PAz reacting with different amounts of
NO. Inset: EPR integration as a function of NO equivalents. Decreasing signal intensity with
increasing concentration of NO indicates the formation of an EPR silent species.
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Figure 3. Electrophilic and radical pathways for (Cys)S-NO bond formation and possible isomers
of the Cu(l)/(Cys)S-NO product
In pathway 1, coordination of NO to Cu(ll) affords a singlet five-coordinate {CuNO}10

species. The intramolecular electrophilic attack of NO™ on S(Cys) occurs and forms n2-
(Cys)S-NO product. In pathway 2, NO reacts directly with S(Cys) via radical coupling
without the formation of a {CuNO}0 intermediate. All energies are reported as free
energies (AG and AG¥) at 298 K relative to the Cu(I1) starting complex and free NO.
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Figure 4. Effect of Cu(l1)-M 121H/H46E/F114PAz on NO inhibition of E. coli cytochrome bog
oxidase

Time courses of O, reduction catalyzed by 10 nM cytochrome 603 oxidase, 100 uM
ubiquinol-1 and 5 mM DTT (A) in the absence of NO, (B) in the presence of 5 uM NO, (C)
5puM NO and 1 pM Cu(11)-M121H/H46E/F114PAz, (D) 5 uM NO and 2 pM Cu(ll)-
M121H/H46E/F114PAz, (E) 5 UM NO and 3 pM Cu(I1)-M121H/H46E/F114PAz, (F) 5 uM
NO and 4 uM Cu(l1)-M121H/H46E/F114PAz, or (G) 5 uM NO and 5 uM Cu(l1)-M121H/
H46E/F114PAz. Inset: O, consumption rates derived from the slopes of initial linear regions
in O, concentration curves. All the measurements were repeated three times and error bars
indicated standard deviation. In the presence of NO, the O, reduction rate of cytochrome bo3
oxidase decreased. The addition of Cu(l1)-M121H/H46E/F114PAz to the above solution
rescued the NO inhibition through NO sequestration, recovering 71% activity of cytochrome
bozoxidase.
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