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ABSTRACT: An intermediate 1-hole (i.e. 3Cu'Cu") form of the tetranuclear copper monosulfide (Cu,S) active site of nitrous oxide
reductase (N,OR), which differs from the resting 1-hole Cuz* state, has been observed in single turnover of fully reduced N,OR
with N,O. In this study, we show that this Cuz° intermediate can be reduced via electron transfer from Cua using a physiologically
relevant reductant, sodium ascorbate, and a lower limit on the rate of this intramolecular electron transfer (IET) that is >10* fast-
er than the unobserved IET for resting Cuz* is obtained. A combination of spectroscopic methods and density functional theory
(DFT) calculations are used to determine the geometric and electronic structure of Cuz°. Electron paramagnetic resonance (EPR),
absorption, and magnetic circular dichroism (MCD) spectroscopies show that there is a redistribution of spin density in the Cu,S
cluster from localized ~5:2 over Cu; and Cuy in resting 1-hole Cuz* to delocalized 1:1 over Cu, and Cuy in the Cuz® intermediate.
Two Cu-S vibrations are observed in the resonance Raman spectrum at 425 and 413 cm™, higher energy than in Cuz*. The latter
shows an O solvent isotope shift, indicating that Cuz° has an exchangeable hydroxide ligand. DFT calculations are used to corre-
late these spectral features to a model for the Cuz® intermediate having a terminal hydroxide ligand coordinated to Cuy, stabi-
lized by a hydrogen bond to a nearby lysine residue. Marcus theory is used to determine that the catalytically competent reduc-
tion of Cuz® in turnover is due to its being a higher energy metastable state relative to resting Cuz*. Terminal hydroxide coordina-
tion to Cuy in the Cuz® intermediate yields insight into the nature of N,O binding and reduction, specifying a molecular mecha-
nism in which N,O coordinates in a p-1,3 fashion to the fully reduced state, with hydrogen bonding from Lys397, and two elec-
trons are transferred from the fully reduced Cu,S cluster to N,O via a single Cu atom from the p,S* bridged tetranuclear copper
cluster to accomplish N-O bond cleavage.

1. Introduction. N,OR is a homodimeric metalloenzyme that contains two
The mitigation of man-made pollution of the global atmos- copper sites: a binuclear copper site known as Cua, which
phere is one of the most important scientific challenges of receives an electron _from cytochrome ¢ or cupredoxin a_nd
the 21% century. Nitrous oxide (N,O) emissions from anthro- transfers it to a unique tetranuclear copper monosulfide
pogenic sources are important contributors to global warm- (Cu,S) active site, where N.O binds and is reduced (Figure
ing, as N,O has 300 times the global warming potential of 1).#% The two copper sites are separated by a distance of 10
CO,,* and also contributes to the depletion of the ozone A across the dimer interface and a solvent-filled cavity lies
! . . . . .
layer.2 Two-thirds of anthropogenic N,O emissions arise from between them. CU/_\ I Ilgated equatorially by two brlc!glng
agricultural soils, 3 where N,O is formed as part of the bacte- Cys and two His residues and is structurally and electronically
rial denitrification pathway, in which soil and marine bacteria similar to an equ.|valent electron transf.er site in the enzyme
use oxidized nitrogen compounds as terminal electron accep- cytochrome c oxidase.*s The Cu,S active site is ligated by 7

tors for anaerobic respiration.5 Many bacterial denitrifiers His residues and contains three copper atoms (designated
contain the enzyme nitrous oxide reductase (N,OR), which Cuy, Cuy, and Cuy) that share a plane with the , sulfide ligand
catalyzes the two electron and two proton reduction of N,O and with a solvent-derived ligand that bridges the Cu--Cuw
to N, and H.,O, as the terminal step of denitrification, thus edge, while the fourth copper (Cun) bound to the ,S* is
preventing the environmental release of N,O.57 This reaction oriented out of this plane. The resting state of the Cu,S clus-

is exergonic by 81 kcal/mol but kinetically hindered by a high ter, known as Cuz*, has been extensively characterized by

barrier for N-O bond cleavage (+59 kcal/mol in the gas spectroscopic methods and has a mixed valent 3Cu'Cu" (-

phase), thus requiring enzymatic catalysis.® Understanding hole) electronic structure, where the hole is delocalized in a
! ) . .

the molecular mechanism by which N,OR catalyzes this ~5:2 ratio over two coppers in the cluster, Cui and Cuy, re-

reaction in vivo could contribute to efforts to mitigate the spectively.:** Studies of the pH dependence of the resting 1-

environmental release of N,O.3 hole Cuz* state show that in this state the solvent-
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Figure 1: A) X-ray crystallographic structure of the copper sites of
nitrous oxide reductase from Paracoccus denitrificans (aFWX,
resolution 1.7 A),*2 identifying important ligating and second
sphere residues.

exchangeable Cui-Cuy edge ligand is a hydroxide, which
changes position depending on the protonation state of the
second sphere residue Lys397 (Figure 1).2° An alternative two
sulfur (Cu,S,) form of the N,OR active site has been observed
when N,ORs from Pseudomonas stutzeri and Marinobacter
hydrocarbonoclasticus (MhN,OR, used in this study) are iso-
lated under low dioxygen conditions.>»2> However, single
turnover studies have shown that none of the accessible
redox states of the Cu,S, cluster react rapidly with N,O,
while the fully reduced (4Cu') state of the Cu,S cluster does
react with N,O at a sufficiently rapid rate to be catalytically
relevant.24 The 4Cu' state of the Cu,S cluster is also responsi-
ble for turnover in the standard steady-state assay for N,OR
activity, which uses the electron donor methyl viologen. 2325

Despite the evidence that the 4Cu' state of the Cu,S cluster is
the only form of the N,OR active site that can reduce N,O at
a rate that is catalytically competent for turnover,? im-
portant questions remain. Specifically, the putative reactive
4Cu' state can only be accessed in vitro from the resting 1-
hole Cuz* state via a slow reductive activation using dithio-
nite-reduced viologen reductants (methyl or benzyl vio-
logen), and not with physiologically relevant reductants, such
as cytochrome cg,, the physiological electron donor of
MhN,OR, or sodium ascorbate.?52® This calls into question
whether the reactive 4Cu' state of the Cu,S cluster can be
accessed in vivo; indeed, the reduction of resting 1-hole Cuz*
to the 4Cu' state is too slow to be part of the catalytic cycle.
However, an alternative oxidized state of the Cu,S cluster,
known as Cuz° has been observed as a transient intermedi-
ate in the single turnover reaction of fully reduced N,OR with
N,O.?” In contrast to resting 1-hole Cuz*, Cuz® is reduced
rapidly in steady-state experiments with methyl viologen.
The Cuz® intermediate shows an S=%2 EPR signal, indicating
that it is a 1-hole state of the Cu,S cluster, and an absorption
maximum at 680 nm, red-shifted from the absorption maxi-
mum of resting 1-hole Cuz*, which is at 640 nm.? Characteri-
zation of the Cuz® intermediate to determine its geometric
and electronic structure and reactivity with physiologically
relevant reductants is essential to elucidate how it differs
from the resting 1-hole form of Cuz* and understand its role
in the mechanism of N,O reduction.

In this study, EPR, absorption, MCD, and resonance Raman
spectroscopies are performed on freeze-trapped samples of
the Cuz® intermediate to characterize its electronic structure.
We then use DFT calculations to develop a structural model
for this intermediate that is consistent with this electronic
structure and with the differences in spectral features of Cuz°
relative to resting 1-hole Cuz*. We further determine that the
Cuz° intermediate can be rapidly reduced to the reactive 4Cu!
state via electron transfer from Cua using a physiologically
relevant reductant, sodium ascorbate, and use our computa-
tional model to elucidate the structural and energetic basis
for the rapid reduction of Cuz® but not of the resting 1-hole
Cuz* by Cua in turnover. This establishes that the Cuz® inter-
mediate is the relevant 1-hole oxidized form of the Cu,S
cluster in the turnover and reduction of N.O, bypassing the
inactive resting 1-hole Cuz* state. We further extend the
structural insight gained from the Cuz°® intermediate to ex-
amine the nature of N,O binding and reduction in the catalyt-
ic mechanism of N,OR.

2. Methodology.

2.1 Materials: All reagents were of the highest grade com-
mercially available and used without further purification.
Buffers and reductants were purchased from Sigma-Aldrich.
10% N, O in argon was obtained from Praxair. D,O (99.9% D),
deuterated glycerol (98% D), and H,0® (97% O*) were pur-
chased from Cambridge Isotopes.

2.2 Isolation of nitrous oxide reductase: Nitrous oxide re-
ductase was purified from Marinobacter hydrocarbonoclasti-
cus 617 (previously named Pseudomonas nautica) according
to previously published procedures.?> The cells were grown
anaerobically in the presence of nitrate, and MhN,OR was
purified under aerobic conditions without added reductant,
using a three step column procedure that has been shown to
result in MAN,OR that contains dominantly the monosulfide
Cu,S, resting 1-hole Cuz*, cluster, with the presence of a
minimal amount of the disulfide Cu,S, form.?%2 The amount
of the Cu,S cluster present in the purified MhN,OR used for
this study was determined by EPR spin quantitation before
and after methyl viologen reduction (which results in reduc-
tion of all copper sites except the 1-hole state of the Cu,S,
cluster). go+10% or 8o+10% of the total tetranuclear cluster
concentration was determined to be the Cu,S form and
10110% or 20+10% was determined to be the Cu,S, form of
the cluster. The purified enzyme was stored in 100 mM Tris-
HCl at a pH 7.6 in liquid nitrogen until further use. The two
enzyme preparations used in this study have specific activi-
ties of 180 £ 17 and 190 £ 20 pmol N20 min*mgfor the 80%
and 9o% Cu,S MhN,OR, respectively, at pH 7.6.

2.3 Spectroscopic sample preparation and instrumenta-
tion: Fully reduced Cu,S-containing MAN,OR samples were
prepared in a glove box under N, atmosphere. MAN,OR in
100 mM pH 7.6 phosphate buffer was reduced by incubation
with a 100-fold excess of sodium dithionite-reduced methyl
viologen. After 1-2 hours of reduction, the excess reductant
was removed by PD-10 Sephadex G-25 desalting column and
the protein-containing fractions were concentrated by cen-
trifugation. Fully reduced samples were transferred out of
the glove box in tightly capped absorption cuvettes, conical



vials, or EPR tubes and immediately used for spectroscopic
sample preparation.

The reaction of fully reduced MAN,OR with N,O was initiated
by adding a stoichiometric amount of N,O from a solution of
2.5 mM N,O in 200 mM pH 7.6 phosphate buffer, obtained by
saturation of the buffer with 10% N,O in argon at room tem-
perature. 10-15 pL of the 2.5 mM N,O solution were typically
added to ~250 pL of fully reduced MhN,OR for 0.10-0.30 mM
concentrations of Cuz®. Complete mixing was obtained by
vigorously shaking or vortexing the reaction mixture for 15-
30 seconds. Absorption spectra of Cuz® were obtained by
performing the N,O reaction in a quartz cuvette at room
temperature. The reaction progress was monitored with an
Agilent 8453 UV-vis spectrophotometer with deuterium and
tungsten sources. The first absorption spectrum of Cuz® was
obtained at 30 seconds after the initial addition of N,O.

Samples for electron paramagnetic resonance (EPR) and
resonance Raman spectroscopy of Cuz® were prepared by
carrying out the N,O reaction with 0.1-0.5 mM fully reduced
N,OR in a quartz EPR tube, which was vortexed for 15-30
seconds and immediately frozen in an acetone/dry ice bath.
After freezing, samples were transferred to liquid nitrogen
for storage and data collection. X band EPR spectra were
collected using a Bruker EMX spectrometer with an ER o041
XG microwave bridge and an ER4102ST sample cavity. X-
band samples were run at 77 K using a liquid nitrogen finger
dewar. EPR spectra were baseline corrected using the
WInEPR program (Bruker) and simulated using the XSophe
program (Bruker). Resonance Raman spectra were collected
using a series of lines from a Kr* ion laser (Coherent 190CK), a
Ti-sapphire laser (M-squared SolsTice, pumped by a 12 W
Lighthouse Photonics Sprout diode pumped solid state la-
ser), and a Dye laser (Rhodamine 6G, Coherent 699) with
incident power of 20-30 mW arranged in a 130° backscatter-
ing configuration. The scattered light was dispersed through
a triple monochromator (Spex 1877 CP, with 1200, 1800, and
2400 grooves mm™ gratings) and detected with a back-
illuminated CCD camera (Andor iDus model). Samples pre-
pared in EPR tubes were immersed in a liquid nitrogen finger
dewar at 77 K for resonance Raman experiments. The intensi-
ty of the ice peak at ~229 cm™ was used to normalize the
intensities of vibrations to obtain resonance Raman excita-
tion profiles. The spectrum of carbon black in an identical
quartz EPR tube was subtracted to remove the spectral con-
tribution from quartz scattering.

Samples for magnetic circular dichroism (MCD) spectroscopy
were prepared by premixing 0.1-0.3 mM fully reduced
MhN,OR with 50% deuterated glycerol and preparing a 2.5
mM N,O solution in 1:1 deuterated glycerol to 200 mM phos-
phate buffer at pD 7.6. Upon addition of a stoichiometric
amount of the N,O solution to fully reduced MAN,OR in 50%
glycerol, the reaction was mixed with a syringe for ~30 s, then
transferred to an MCD cell and frozen in an acetone/dry ice
bath at -80°C. Parallel MCD samples of fully reduced
MhN,OR were prepared by adding glycerol-buffer solutions
that did not contain N,O. These were used to determine the
spectral contribution of the residual unreduced 1-hole Cu,S,
cluster. MCD spectra were collected on CD spectro-
polarimeters (Jasco J810 with an S20 PMT detector for the

300-900 nm region and a Jasco J730 with an InSb detector for
the 600-2000 nm region) with sample compartments modi-
fied to insert a magnetocryostat (Oxford Instruments SMg-
77).

2.4 Reactivity and steady-state kinetics: Fully reduced
N,OR was prepared by incubation with 100 equivalents of
reduced methyl viologen in 100 mM Tris-HC| pH 7.6 for 3
hours. Reductants were removed in a NAP-5 column equili-
brated with 200 mM pH 7.6 phosphate buffer and the protein
concentration was determined by the Pierce Method. To
study the reduction of Cuz® by sodium ascorbate, typically 20
MM fully reduced N,OR was reacted with 36 uM N,O to form
Cuz® in a stirred absorption cell. After 37 seconds of reaction
with N.O, a solution containing sodium ascorbate was added
(final concentration of 7.29 mM, 366-fold molar excess) to
the cuvette under agitation. The reduction was followed by
absorption spectroscopy, using a TIDAS diode-array spectro-
photometer and spectra were collected for at least 1 hour
inside a Braun anaerobic box. A parallel experiment using
sodium ascorbate to reduce MhN,OR containing resting 1-
hole Cuz* and oxidized Cua was performed as above with
16.5 UM N,OR and 7.5 mM sodium ascorbate. An additional
experiment was performed in which fully reduced N,OR was
added to a stirred cell containing sodium ascorbate and N,O
(final concentrations: 20 pM N,OR, 10 mM ascorbate, and 0.2
mM N.O). Control experiments to monitor changes in fully
reduced N,OR in the absence and presence of sodium ascor-
bate were also performed (no absorbance changes was ob-
served over time, data not shown). All these experiments
were performed with a sample of MhN,OR containing 80% of
the Cu,S and 20% of the Cu,S, cluster.

The dependence of the steady-state activity of MAN,OR on
pH, pD, and temperature was determined. Steady-state
activity measurements were performed by monitoring the
oxidation of reduced methyl viologen, following published
procedures.> MhN,OR was activated at the optimum pH for
reduction by incubating with 5oo-fold excess of dithionite
reduced methyl viologen in the glove box at room tempera-
ture for at least an hour in 200 mM pH 7.3 phosphate buffer.
An aliquot of this solution was then added to an anaerobic
solution of excess methyl viologen and dithionite (in a cu-
vette under agitation) at the appropriate pH, pD, or tempera-
ture. N,O saturated water was immediately added to initiate
the steady-state turnover reaction. There is a 10% error in
activity measurements obtained by this method. Typically 3
replicates were performed at each pH and pD, while six repli-
cates were performed at each temperature. pH and pD activi-
ty values reported are the average of multiple replicates with
the appropriate propagation of errors. The log of the initial
rate of oxidation of reduced methyl viologen (k or k/T) was
plotted relative to 1/T to obtain thermodynamic parameters
for the rate determining step of steady-state turnover in
MhN,OR.

2.5 Computational Methods: A computational model of the
Cu,S active site was built from the atomic coordinates of the
crystal structure of PdN,OR (PDB ID 1FWX, residue numbers
from MhN,OR), as it is the highest resolution structure avail-
able of N,OR (resolution 1.6 A). The model included the ac-
tive site core (Cu,S), the edge hydroxide, 7 ligating histidines,



and the second sphere residues Lys3g97 and Glug3s (Figure 1).
All protein residues were included up to the o carbons, which
were constrained at their crystallographic positions. The
distal nitrogen of each His ligand, which is typically involved
in a hydrogen bond to a second sphere residue or the protein
backbone, was also fixed in place. Additionally, the distant
oxygen of Glug3s was constrained in its crystallographic
position. (In optimizations including an unconstrained
Glus3s, this residue moves significantly from its crystallo-
graphic position to form a hydrogen bond to His437, a Cun
ligand.) Calculations were performed using Gaussian og (ver-
sion do1).2® Molecular structures and frequencies were visual-
ized using Avogadro, an open source molecular builder and
visualization tool (Version 1.1.1).29 LUMO version 1.0.3* and
VMD 1.9.13* were used to visualize molecular orbitals and
QMForge was used to obtain Mulliken spin populations of
different orbitals.3> Geometry optimizations were performed
using B3LYP and BP86 with 10% Hartree-Fock exchange, the
TZVP basis set on all core atoms (Cu,S), the ligating His ni-
trogens, the edge ligand and atoms involved in the Lys397-
Glus3s hydrogen bonding network (NH;* or NH, of Lys3g7
and CO, of Glug3s), and the SV basis set on all remaining
atoms. Optimizations were performed in a PCM of 10 to
ensure that the proton involved in the Lys397-Glu43s hydro-
gen bond remains on Lys397 (PCM values less than 8 yield a
neutral Lys397 Glus3s5-H as the lowest energy structure).
Optimized structures were then used for frequency calcula-
tions. In the analysis of vibrational frequencies of the Cu-
OH,-Cuy and Cuy-OH models of Cuz®, significant mixing was
observed between high energy Cu-S stretching modes and
His methylene bending modes. To remove this computation-
al artifact, the a carbons of His residues involved in this
mixed were increased in mass until pure Cu-S vibrations were
obtained.:

The decay process of the Cun-OH model of Cuz° to resting 1-
hole Cuz*, with an OH bridged edge, was calculated by per-
forming a 1D potential energy scan with a constrained Cu-
OH and Cu-Cuy distance of 3.6 A (to reflect the larger Cu-
Cuy distance observed crystallographically for resting Cuz*)
and a transition state was obtained for this process. The
process is close to barrier-less when the Cui-Cuy distance is
not constrained.

To obtain a starting structure for the N-O bond cleavage
coordinate, N,O was positioned near an optimized fully re-
duced model of the cluster.®3# Initial geometries investigated
included p-1,3 coordination of N,O (with the O on both Cu,
and Cuy), p-1,2-O coordination, and terminal coordination of
a linear N,O molecule to Cu or Cuy through either the N or
O. Stationary points were only found for end-on N coordina-
tion to Cu, and for p-1,3 bent coordination with the O coordi-
nated to Cuy (using BP86 with 10% Hartree-Fock; B3LYP has
no stationary point for this structure). In the N-O bond elon-
gation coordinate for the terminal Cui-N,O structure, the
N,O molecule undergoes an early rearrangement with no
barrier to form a p-1,3 coordinated bent N,O that proceeds in
N-O bond cleavage as found for the p-1,3 structure obtained
with BP86 and 10% Hartree-Fock. The p-1,3 bound N,O
structure obtained with BP86 and 10% Hartree-Fock ex-
change was used as the starting point for a 1D potential en-

ergy scan of N-O bond elongation, leading to a transition
state for this process. The p-1,3 N,O structure was also used
to generate 2D and 3D potential energy surfaces for N-O
bond cleavage, proton transfer from Lys397 to O, and Cui-N
bond cleavage.

3. Results and Analysis.

3.1 Spectroscopy of Cuz®: The reaction of fully reduced
MAN,OR with stoichiometric N,O (in the absence of addi-
tional reductant) results in the rapid formation of the inter-
mediate Cuz°, concomitant with oxidation of Cua.?” The ki-
netics of formation (kf = 200 s)23 and decay (Kgecay = 0.005
s%)?, previously reported for the Cuz° intermediate, indicate
that samples trapped in less than two minutes will contain
mainly Cuz° (Figure S1). Accounting for all the species in the
reaction mixture, spectra of samples trapped in 50-60 s (Fig-
ure S2, black) contain contributions from three species: the
Cuz® intermediate (68%), oxidized Cua (68%), and residual 1-
hole Cu,S, Cuz (~10% present for the N,OR preparation used
here). The spectral features of Cuz® were cleanly distin-
guished from the mixtures by removing the spectral contri-
butions of 1-hole Cuz and oxidized Cua. The spectral contri-
bution of residual 1-hole Cu,S, Cuz was determined from
samples of the methyl viologen reduced protein (shown in
Ref. 23 to reduce all copper sites except the 1-hole Cu,S, Cuz
cluster) that were prepared in parallel with the intermediate
samples (Figure S2, blue). The spectral contribution of oxi-
dized Cua was determined by subtracting the spectrum of
oxidized resting MhAN,OR from that of ascorbate-reduced
MAN,OR (which from Ref. 2 reduces only Cua) and scaling
the resulting Cua spectrum to the appropriate concentration
(Figure S2, red). For the EPR and MCD spectra, fit versions of
the Cua spectra were used for these subtractions.

3.1.1 EPR: The X band EPR spectrum of Cuz° obtained using
this approach is axial with g; > gL > 2.0023, indicating a dy..y»
ground state. Six hyperfine features can be discerned, show-
ing that the unpaired spin is delocalized over more than one
Cu (Figure 2, black, with simulation shown in red).
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Figure 2: EPR spectrum of Cuz® at 77 K (black) after subtraction
of 1-hole Cuz and an equal spin integration of oxidized Cua, with
fit (red). MV, reduced methyl viologen.

The EPR spectrum of Cuz® was fit with similar g values to
those previously obtained for resting 1-hole Cuz* (Table 1),
consistent with the results obtained by Dell’Acqua et. al.7
However, we are additionally able to resolve the A hyperfine
features of Cuz°. Two equal A values are required to fit the
hyperfine pattern, reflecting an equal distribution of spin



Table 1: g and A values obtained from fitting the X band
EPR spectra of Cuz® and resting 1-hole Cuz* values from
Ref. 35,

CUZ0 CUz*
q 2.177 2.160
A 42x1074cm™ 61x10%4cm™
42x10%cm™ 23x107%cm™
gL ~2.03 2.042

over two coppers, while in resting Cuz* two unequal A values
are required, reflecting a spin distribution over two coppers
of ~5:2 in the resting state.35 This indicates that the unpaired
spin in the Cuz°® intermediate has shifted from being mostly
localized on Cu,, as in resting 1-hole Cuz*, to being more
equally delocalized over two different coppers.

3.1.2 Absorption and MCD: The absorption spectrum of
Cuz®, obtained after the subtraction of the contributions of
oxidized Cua and 1-hole Cuz shows an asymmetrically
shaped intense peak maximum at ~14,900 cm™ (€ = 2000 M
cm?, Figure 3A) with a shoulder to higher energy. This ab-
sorption maximum is lower in energy by ~700 cm™ than that
of resting 1-hole Cuz* (shown for comparison in Figure 3B).
The absorption maximum correlates to a derivative shaped
pseudo-A feature in the MCD spectrum of Cuz® comprised of
a negative band at 14,200 cm™ and a positive band at 15,900
cm™ (Figure 3A, bands 5 and 6 respectively, band numbers
taken from the fit of resting 1-hole Cuz* in Ref. 2°). Simulta-
neous fitting of the absorption and MCD spectra of Cuz°
yields 6 transitions that can be clearly identified, which are
assigned as d-d (band 3), ,5* to Cu charge transfer (CT,

bands 5, 6 and 7), and His to Cu CT transitions (bands 9-10)
based on their energies and C,/D, ratios following Ref. 2°
(Table S1). The transitions that contribute to the absorption
maximum and pseudo-A feature are p,S* to Cu CT transi-
tions that occur at very similar energies to the equivalent
transitions (5 and 6) in resting 1-hole Cuz* (Table S1). Thus,
while the absorption maximum of Cuz°® appears to be at lower
energy than in resting 1-hole Cuz*, this is due to a change in
the relative intensities of the pu,5* to Cu CT transitions, not a
shift in their energies. A recent study of the intensities of the
M,S* to Cu CT transitions in resting 1-hole Cuz* and 1-hole
Cu,S, Cuz has shown that these intensities reflect the overlap
of the three perpendicular S p orbitals with the B LUMO of
the cluster (Figure S3), such that a higher intensity for band 5
reflects more spin delocalization onto Cuy in the f LUMO
while band 6 reflects the spin on Cu,.3® Thus, the change in
relative intensities of the u,5* to Cu CT transitions in Cuz°
relative to resting 1-hole Cuz*, where band 6 decreases in
intensity while band 5 increases, indicates that there is less
spin on Cu; and more spin on Cuy in the Cuz® intermediate.
This confirms and provides insight into the observation from
the EPR Aj values that the spin density of the Cuz° intermedi-
ate cluster has shifted from being distributed ~5:2 on Cu, and
Cuy in resting 1-hole Cuz* to being more delocalized to a
second Cu (from MCD, Cuy) in Cuz®. A direct way to accom-
plish this shift in spin density is to change the nature or posi-
tion of the Cu-Cuy edge ligand in the Cuz° relative to the
M-OH ligand in resting 1-hole Cuz*, such that the ligand field
on Cu, is decreased and the ligand field on Cuy is increased,
leading to a shift of some of the spin density from Cu, onto
CU|\/.
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Figure 3: Absorption and MCD spectra of A) Cuz®, absorption at 273 K and MCD at 5K and 7 T, and B) resting Cuz*, absorption at 5 K and
MCD at 5 K, 7 T, showing the Gaussian bands obtained from a simultaneous fit, following the fit for Cuz* from Ref. 7.
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Figure 4: Resonance Raman spectrum and profile of Cuz°, obtained after 15 s of reaction with N,O. A) Spectrum at 77 K, excita-
tion energy 676 nm. Inset: 0*%/0O* isotope perturbation observed after formation of Cuz° in H,0%* or H,0* 100 mM phosphate at
pH 7.6. The 0¢/O*® isotope data were fit with two bands of identical width, where in the O* spectrum green band decreases in
energy by 3 cm™ and has 36% more intensity. B) Left scale: Room temperature absorption of Cuz° at 30 s (after subtraction of
oxidized Cua and 1-hole Cuz contributions). Right scale: Dependence of the normalized intensity of the vibrations of Cuz° on

excitation energy.

3.1.3 Resonance Raman: Upon laser excitation into the
absorption maximum of Cuz® two features are resonance
enhanced in the Raman spectrum, an intense vibration at 426
cm™ and a weaker shoulder at 413 cm™ (Figure 4A). These
vibrations profile in the most intense p,S* to Cu CT transition
(band 5), indicating that they are Cu-S stretching vibrations
(Figure 4B). These Cu-S stretching vibrations occur at higher
energy than those observed for resting 1-hole Cuz*, which
has an intense Cu-S stretch at 378 cm™ and a weaker Cu-S
stretch at 362 cm™ that profile similarly to the vibrations of
Cuz® (in band 6, the most intense S to Cu CT transition in
Cuz*, Figure Sg). This indicates that some of the Cu-S bonds
are stronger in the Cuz® intermediate relative to resting 1-
hole Cuz*. Resting 1-hole Cuz* shows an additional Cu-S
stretch at 412 cm™ that profiles differently (in the third sul-
fide to Cu CT transition, band 7), which is not observed in
Cuz° due to the low intensity of band 7 in Cuz°. When the Cuz°
intermediate is formed in H,0% buffer, the 413 cm™ vibration
shifts down in energy by 3 cm™ and increases in intensity by
~36%, while the 426 cm™ vibration remains unperturbed
(Figure 4A, inset). Resting 1-hole Cuz* also shows some
H,O™ isotope sensitivity in the Cu-S stretch at 412 cm™ (-9
cm™?) but only at high pH. This H,0* sensitivity in resting 1-
hole Cuz* has been previously assigned as coupling between
a Cu-S core stretch and the Cu-O stretch of a hydroxide lig-
and that bridges the Cu-Cuy edge.?° The position of the edge
hydroxide ligand is perturbed by the protonation state of
Lys397, such that the edge ligand stretch only shows kine-
matic coupling to the core stretch at high pH (the hydroxide
ligand is present in resting 1-hole Cuz* at both high and low
pH).?° The presence of a similar H,0* isotope shift in the 413
cm™ Cu-S stretch of the Cuz® intermediate at neutral pH
indicates that a solvent-exchangeable hydroxide edge ligand
is also present in Cuz° since only the Cu-O stretches of a
hydroxide will be high enough in energy to mix with the core
Cu-S stretches of the cluster. The possibility of either a water

or a hydroxide solvent-derived edge ligand is computational-
ly evaluated below, and only a hydroxide ligand predicts
H,O® isotope sensitivity in a high energy Cu-S vibration.
Thus, the presence of H,0 sensitivity in the 413 cm™ Cu-S
core vibration indicates that the Cuz® intermediate has a
hydroxide ligand on the Cui-Cuy edge, similar to resting 1-
hole Cuz* but differing in the position of the edge ligand
(from the change in spin density by EPR and MCD).

3.2 Kinetics.

3.2.1 Reduction of Cuz°® versus 1-hole Cuz*: It has been
reported previously that Cuz°® is competent to be involved in
rapid turnover, since the steady-state activity of MAN,OR
decays at the same rate as the decay of the Cuz°® intermedi-
ate to resting 1-hole Cuz*.# This suggests that the reduction
of Cuz® under steady-state turnover conditions occurs with a
rate equal to or faster than ket (32020 s for MAN,OR, used
in this study).2® However, the reductant used in these assays,
dithionite-reduced methyl viologen, is not physiologically
relevant. To resolve this issue, we investigated whether Cuz°
can be reduced by the milder, physiologically relevant re-
ductant sodium ascorbate. The reduction of Cuz° upon addi-
tion of sodium ascorbate could be confirmed by resonance
Raman spectroscopy, which shows that several minutes after
addition of sodium ascorbate the vibrations at 426 and 413
cm™ associated with Cuz° disappear (Figure Ss) indicating
that, unlike resting 1-hole Cuz*, the Cuz° intermediate can be
reduced by sodium ascorbate.

For kinetic studies using absorption spectroscopy on a faster
timescale, Cuz® was formed in situ through the reaction of
fully reduced N,OR with close to stoichiometric N,O, and a
~400-fold excess of sodium ascorbate was subsequently
added (e.g., 7.3 mM sodium ascorbate, 20 uM MAN,OR).
Addition of sodium ascorbate to Cuz° leads to rapid decay of
both the absorption maximum of Cuz° at 14,900 cm™ (Figure
5A and 5B, red) and the characteristic absorption features of
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Figure 5: Sodium ascorbate reduction of Cuz® and resting 1-hole Cuz*. A) Absorption spectra of the reduction of Cuz° (red arrow) and
oxidized Cua (blue arrow) by 7.3 mM (~400 equivalents) sodium ascorbate, added 37 seconds after the initial N,O addition to form Cuz°
in situ at 297 K. Spectra recorded every 0.5 minutes. *Indicates resting 1-hole Cuz*, formed by Cuz° decay during the first 37 seconds
before ascorbate addition. B) Normalized time dependence of the reduction of Cuz°® at 683 nm (red) and oxidized Cua at 482 nm (blue).
Kinetic fit using Scheme S2 given by dashed black lines. C) Absorption spectra of the reduction of resting Cuz* (green line) and oxidized
Cua (blue arrow) by 5 mM (250 equivalents) sodium ascorbate at 297 K, spectra recorded every 1 minute. D) Normalized time depend-
ence of the reduction of oxidized Cua at 482 nm (blue) and lack of reduction of resting 1-hole Cuz* at 653 nm (green). Kinetic fit using

Scheme S1 given by dashed black lines.

oxidized Cua (20,800, 18,800, and 12,200 cm™, Figure 5A and
5B, blue) in the first 800 seconds, with slightly faster reduc-
tion of Cuz° relative to Cua (Figure 5B). These data are con-
sistent with either the rapid reduction of Cuz° via electron
transfer from Cua or, less plausibly, rapid direct reduction of
Cuz° by sodium ascorbate at a very similar rate to the sodium
ascorbate reduction of Cua (despite differences between Cua
and Cuz° in accessibility to the reductant). Thus, these data
likely reflect reduction of Cuz® by sodium ascorbate via in-
tramolecular electron transfer (IET) from Cua. This contrasts
with the sodium ascorbate reduction of resting 1-hole Cuz*,
where the absorption features of oxidized Cua (Figure 5C and
5D, blue) immediately decay but those of resting 1-hole Cuz*
remain (Figure 5C and D, green). A kinetic model that in-
cludes two steps, the bimolecular reduction of Cua by sodium
ascorbate (kreq = 1.4 M s%) and potential IET from reduced
Cua to 1-hole Cuz* (Scheme S1), yields an upper limit for kier
of 1x1075 s for the unobserved reduction of 1-hole Cuz* by
Cua (Figure 5D, dashed lines). A more extended kinetic mod-
el, which also accounts for the possibility of the decay of Cuz°
to 1-hole Cuz* (Scheme S2), has been used to fit the reduc-
tion of Cua and Cuz® (Figure 5B, dashed lines). The data are
well fitted by this model with a bimolecular rate of sodium
ascorbate reduction of Cua of 1.1 M 5%, similar to the value

observed for Cua reduction in the presence of 1-hole Cuz*,
and a lower limit on ket of 0.1 s* for the possible reduction of
Cuz® by Cua (Figure 5B, dashed lines). The best fit requires
that the electron transfer step be reversible with a Kier of 3.3,
indicating that Cuz® and Cua have similar redox potentials.
The reduction of Cuz® by Cua using a physiologically relevant
reductant establishes that Cuz° can be the oxidized form of
the enzyme that participates in turnover in vivo, while resting
1-hole Cuz*, which cannot be reduced by Cua, is an inactive
state that does not participate in reactivity. The rate of con-
version of Cuz° to resting 1-hole Cuz*, previously established
from the decay of enzymatic activity, is ~5x103 52,2 two
orders of magnitude slower than the lower limit for IET from
Cua to Cuz®. Additionally, the rate of Cua reduction of Cuz° is
at least 104 faster than the reduction of 1-hole Cuz* by Cua.
The origin of this difference in electron transfer rates will be
considered below.

Note that the above analysis of reduction of Cua and Cuz®
together by sodium ascorbate reflect experimental results up
to 800 seconds, at which point complete reduction of Cua
and Cuz° is observed. After 800 seconds, a second phase of
reactivity is observed, in which there is slow growth of an
absorption feature at 16,000 cm™ (Figure S6A). This is con-
sistent with a slow one electron oxidation of the fully reduced



Cu,S cluster to resting 1-hole Cuz*. No comparable growth at
16,000 cm™ (i.e., oxidation to form resting 1-hole Cuz*) is
observed during turnover of MAN,OR with ascorbate, per-
formed by premixing fully reduced MAN,OR and ascorbate
before addition of N,O (Figure S6B). This indicates that the
slow one electron oxidation of the Cu,S cluster observed
after reduction of Cuz® and Cua by sodium ascorbate (Figure
S6A) is a side reaction that is not relevant to turnover.

3.2.2 Steady-state kinetics: The steady-state turnover of
MhN,OR was studied at different temperatures to obtain
thermodynamic parameters for the rate-determining step.
The initial rate of oxidation of methyl viologen was used to
obtain a plot of In(k) vs 1/T (Figure 6A) that was fit to the
Arrhenius equation using a linear regression analysis to ob-
tain a AEa of 10+2 kcal/mol. Similarly, In(k/T) vs 1/T was plot-
ted (Figure 6B) and fit to the Eyring equation to obtain a AH?*
of 10+1 kcal/mol and AS* of -13+1 cal mol* K. This yields a
AG* at room temperature of 13+2 kcal/mol, consistent with
the AG* predicted based on the ket of MAN,OR (kcat = 320 57
at 293 K, corresponding to a AG* of 13 kcal/mol). The small
value obtained for AS*indicates that the rate-limiting step of
turnover does not involve either binding of N,O or loss of N,.
The specific activity MhAN,OR shows a bell-shaped depend-
ence on pH and pD (Figure 7). The enzyme attains optimum
activity at pH ~8 and loses activity at lower and higher pH
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Figure 6: Temperature dependence of the initial rate of methyl
viologen consumption during steady-state turnover of N,OR. A)
Arrhenius plot, with linear fit (R> = 0.8298). B) Eyring plot, with
linear fit (R = 0.8119). Colors indicate temperature dependence
data at different pH values: pH 6.3 (red), pH 8.0 (green) and pH
9.4 (blue).

250 ~ ‘ = pH
T s pD
200 -
2
%1504
<
O
=
S 1004
2 :
‘n \
50
———

pH/pD

Figure 7: The pH and pD profiles of steady-state activity of
MhN,OR at 297 K in umol N,O min* mg, fit with a speciation
curve generated by pKa(H) values of 6.19+0.05 and 9.15+0.05
(blue) and pKa(D) values of 6.4+0.1 and 9.5+0.1, with a solvent
deuterium isotope effect of 1.12+0.06 (red).

with pKa values of 6.19+0.05 and 9.15+0.05. The lower value
is consistent with the pKa determined in a previous study of
the intermolecular rate constant between MAN,OR and re-
duced methyl viologen.?® The pKa values are shifted by o.2
and 0.3 log units, respectively, when the steady-state turno-
ver experiments are performed in deuterated buffer. A small
solvent kinetic isotope effect (SKIE) of 1.12+0.06 is observed
at optimum pH, indicating that a solvent exchangeable pro-
ton contributes to the transition state in the rate determining
step but is not significantly transferred. The temperature
dependence of the initial rate of N,O reduction shows no
significant variation outside of error when performed at three
different pH values (Figure 6), indicating that the same spe-
cies is responsible for activity at all pH’s. Thus, the bell-
shaped pH profile of activity reflects protonation equilibria
between three species, where only the species present at
intermediate pH is active. The inactive high pH species can
be assigned as having Lys397 deprotonated, since the pKa of
9.15 determined for loss of activity at high pH is identical to
that determined for Lys397 based on the pH dependence of
the spectral features of resting 1-hole Cuz* and its reduc-
tion.?° The pKa value of 6.19 corresponds to that expected for
the second protonation of a His sidechain but no changes in
the absorption features of oxidized Cua or resting 1-hole Cuz*
are observed between pH 7.6 and pH 5 (Figure Sy), indicating
that the protonation does not occur at one of the copper
sites in the resting state. It is possible that the residue being
protonated affects the conformation of the protein or that
the pKa is associated with a His in some reduced state in
turnover (e.g. reduced Cua or the fully reduced Cu,S cluster).

3.3 Calculations.

3.3.1 Model of Cuz° relative to Cuz*: spectral assignments.
DFT calculations were performed to assess possible structur-
al models for the Cuz® intermediate and evaluate their corre-
lation to the spectroscopic features observed experimentally.
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A viable model for Cuz® must reproduce the observed shift of
the unpaired spin density from dominantly on Cu, in resting
1-hole Cuz* to more on Cuy, the shift in the Cu-S vibrations
of the cluster to higher energy, and the presence of a solvent
02 isotope effect on a Cu-S vibration (indicating the pres-
ence of a solvent derived edge ligand). Possible models for
Cuz® were obtained by evaluating chemically reasonable
perturbations to a spectroscopically calibrated model of
resting 1-hole Cuz* (with protonated Lys397). Resting 1-hole
Cuz* was modeled well with a hydroxide ligand asymmetri-
cally bridging the Cu-Cuy edge, closer to Cu, than Cuy (2.00
and 2.09 A, Figure 8A). The model includes two second
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Figure 8: Optimized structures of 1-hole Cu,S models with dif-
ferent edge ligation. A) Hydroxide bridged model for resting 1-
hole Cuz*, B) water edge ligand, and C) hydroxide coordinated
terminally to Cuy and hydrogen bonded to Lys3g7. B) and C) are
assessed as possible models for the Cuz° intermediate. (B3LYP,
tzvp on Cu,SON;, NH;* and CO;", sv on remainder, PCM=10).

sphere residues, Lys397 and Glug3s, that are hydrogen-
bonded to each other and near to Cuy, such that Lys397 is
4.02 A from the p,OH. This is extended from our previous
computational model, which only included Lys397.2° When
Lys397 in the previous model was protonated, it moves sig-
nificantly from its crystallographic position to hydrogen bond
to the edge hydroxide, which then coordinates directly to Cu,
instead of bridging Cu; and Cuy.?° The present model repro-
duces the previously observed spectroscopic data for resting
1-hole Cuz*, including the minimal perturbation at high pH
when Lys397 is deprotonated,? without requiring Lys397 to
move from its crystallographically defined position (see Sup-
porting).

First, possible models of Cuz® resulting from protonation or
deprotonation of the edge hydroxide in resting 1-hole Cuz*
were considered. Protonation results in a model with a water
ligand on the Cu-Cuy edge, closer to Cuy than Cu, (Figure
8B), while deprotonation to form a bridging oxo leads to
proton transfer from Lys397 and results in a p,OH and depro-
tonated Lys. The latter is the same model as was developed

in Ref. 2° for the high pH form of resting 1-hole Cuz*, which is
not active in turnover, and excluded as a model for Cuz°. In
the protonated model, the water binds weakly on the Cu;-
Cuy edge, 2.26 A from Cuy and 3.39 A from Cu,. Lys3g7 re-
mains close to its crystallographic position and does not
interact with the water edge ligand (Table S2). An additional
model was evaluated resulting from a perturbation of the
position of the hydroxide ligand on the Cu-Cuy edge. By
positioning the hydroxide ligand near Cuy and protonated
Lys397, a structure was obtained with a terminal hydroxide
ligand coordinated to Cuy (Cu-O bond length of 1.93 A) and
directly hydrogen bonded to Lys397, which remains in its
crystallographic position and hydrogen bonded to Glus3s
(Figure 8C). The effects of these perturbations on the calcu-
lated spin distribution and vibrations were used to determine
which of these models is consistent with the spectral features
of Cuz° relative to those of resting 1-hole Cuz*.

The calculated Mulliken atomic spin density for the OH,
model and the Cuy-OH model, relative to our OH- bridged
model for resting 1-hole Cuz*, are given in Table 2. In the OH,

Table 2: Mulliken atomic spin density distribution for com-
putational 1-hole Cu,S models with different Cu)-Cuyy edge
ligation, given in Figure 8 (B3LYP, tzvp on Cu,SON,, NH;*
and CO,;, sv on remainder, PCM=10).

Edge Mulliken Atomic Spin Density

Ligand Cu Cuy Cun Cuy S (0]

OH-bridge | 0.26 | 0.12 | 0.07 | 0.12 | 0.26 | 0.08

OH, 0.08 | 0.26 | 0.13 | 0.12 | 0.24 | 0.00

Cu-OH 0.07 | 0.15 | 0.03 | 0.32 | 0.21 | 0.10

model, the spin density decreases on Cu, (from 26% to 8%)
and increases on Cuy (12% to 26%), while the spin on Cuy
remains constant. The Cuy-OH model shows a similar de-
crease in spin density on Cu, (26% to 7%) and a three-fold
increase in spin density on Cuyy (12% to 32%), with no signifi-
cant change on Cuy. Thus, only the Cuy-OH model repro-
duced the shift in spin density from Cu, to Cuy observed in
the absorption and MCD spectra. In this model the unpaired
spin is delocalized ~2:1 over Cuy and Cuy. This is more local-
ized than is observed for the Cuz° intermediate experimental-
ly based on the EPR hyperfine values, which indicate a 1:1
distribution of spin over two coppers. This suggests that the
Cuy-OH model, while reproducing the spin density shift,
overestimates the strength of the ligand field on Cuy. This
effect could arise from the hydrogen bond from Lys397 to the
hydroxide being weaker in the model than in the protein,
leading to a stronger hydroxide-Cuy interaction. This would
result from an overly strong interaction between the nega-
tively charged Glus3s and the Lys, since there are other hy-
drogen bonding interactions with Glug3s present in the crys-
tal structure (from a backbone amide and a localized water
molecule) that are not included in the computational model.

Experimentally, the Cuz® intermediate is characterized by
two vibrations at 426 and 413 cm™ (split by 13 cm™) where the
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lower energy vibration shows a -3 cm™ solvent O* isotope
shift. The highest energy Cu-S stretch in Cuz® is shifted up in
energy by 47 cm™ relative to resting 1-hole Cuz*. The ener-
gies of the predicted Cu-S and Cu-OH/OH, vibrations for the
possible models of Cuz° compared to the resting 1-hole Cuz*
model are given in Table S3. In the resting 1-hole Cuz* mod-
el, the highest energy core Cu-S vibration occurs at 340 cm™
(378 cm™ experimentally) and has dominant Cu;-p,S and
Cuw-p,S stretching character. In both possible models for
Cuz®, this vibration shifts up in energy due to a significant
decrease in the Cuy-p,S bond length (from 2.25 A to 2.19 Ain
both models). For the OH, model, a localized Cuy-S stretch is
predicted at 392 cm™, while in the Cuy-OH model this vibra-
tion occurs at 386 cm™ (52 and 44 cm™ higher in energy than
the Cuw-S vibration of resting 1-hole Cuz*, respectively).
While both models predict the increased energy of Cu-S
vibrations with Cu-S stretching character, only the Cuy-OH
model is consistent with the solvent O isotope shift present
in the Cuz® intermediate. In the OH, model the Cuy-S stretch
shows no predicted shift with O*%, while a -2 cm™ shift is
predicted in the Cuy-OH model. This difference results from
greater mixing between the Cuy-S and Cuy-OH modes in the
Cuw-OH model because the Cuy-OH stretch is higher in en-
ergy and thus closer in energy to the Cuy-S stretch (Cuy-O of
467 cm in the Cuy-OH model and 202 cm™ in the OH, mod-
el, both with O shifts of -16 cm™). This reflects the shorter
Cup-OH bond relative to the Cuy-OH, bond (1.93 A versus
2.26 A).

Thus, the correlations of the predicted spin density distribu-
tion and vibrations of OH, and Cuy-OH models with the
spectral features of Cuz® support modeling Cuz° as an inter-
mediate with a terminal hydroxide ligand coordinated to Cuy
and hydrogen bonding to a protonated Lys397. This is con-
sistent with the experimental pKa of Lys397 in resting 1-hole
Cuz* of 9.2, which would only be increased by an additional
hydrogen bond to the hydroxide in the Cun-OH model, indi-
cating that at the pH of 7.6, used for the spectroscopy of
Cuz®, Lys397 will be protonated. While the Cun-OH structure
is at a local minimum with all real vibrational frequencies
(aside from those resulting from the fixed atoms that model
the connections to the protein backbone), this Cuz° model is
6.4 kcal/mol higher in free energy than the OH bridged mod-
el of resting 1-hole Cuz*. Thus, the Cuz® intermediate is a
metastable 1-hole form of the cluster formed as the kinetic
product of turnover, which decays to the thermodynamically
favored resting 1-hole form of Cuz*. The rate of decay of Cuz°
to resting 1-hole Cuz* observed experimentally is 5x103 s,
which gives a AG* of ~20 kcal/mol. We calculate a transition
state with a AG* of 6 kcal/mol (Figure S8) for breaking the
hydrogen bond between Lys397 and the Cuy-OH to form the
hydroxide bridge interacting with Cu, (with a constrained Cu;-
Cuy distance). We expect this to be a lower limit as the hy-
drogen bond in this model appears to be weak relative to
experiment, due to an overly strong interaction between
Lys397 and Glu43s (see above).

3.3.2 Rapid reduction of Cuz° for catalysis: The sodium
ascorbate reduction kinetic results presented above demon-

strate that Cuz® is rapidly reduced, likely by intramolecular
electron transfer from Cua, while resting 1-hole Cuz* is not,
with at least a 104-fold greater kier to Cuz° relative to resting
1-hole Cuz*. Using the spectroscopically calibrated models
for the Cuz® intermediate and resting Cuz* in Figures 8C and
8A, respectively, it is possible to explore the origin of this
difference in intramolecular electron transfer rates, which is
the basis for the functional role of Cuz° in turnover. Our com-
putational results indicate that resting 1-hole Cuz°® is meta-
stable and +6.4 kcal/mol higher in energy than resting 1-hole
Cuz*, resulting in an increased driving force for the IET, com-
pared to resting 1-hole Cuz*. Three parameters in Marcus
Theory3” determine the rate of electron transfer: the free
energy difference, which provides the driving force for the
electron transfer (AG®); the reorganization energy, A (the
sum of inner sphere, A; (i.e. bond changes), and outer sphere,
Ao (i.e. solvation changes)); and the electronic coupling be-
tween the donor and acceptor sites in the electron transfer
process, given by the matrix element Hpa. To evaluate
whether the AAG® of +6.4 kcal/mol is sufficient to account for
the >104-fold faster electron transfer rate observed experi-
mentally, we determined a value for A using our computa-
tional models of Cuz® and resting Cuz*. The inner sphere
reorganization energy is given by Y4[Eq(red geom) - Eqx(0X
geom) + Er.q(ox geom) - Ereq(red geom)]. The reduction of 1-
hole Cuz° to fully reduced Cu,S and water is a proton-coupled
electron transfer (PCET) process. For a concerted PCET pro-
cess, following Refs 38 and 39, Eo«(red geom) is obtained by
calculating the oxidized energy at a reduced geometry with-
out the additional proton, and Er.q4(0x geom) is obtained by
calculating the reduced energy at an oxidized geometry with
the addition of the proton. These calculations yield A; values
of 0.32 eV for Cuz® and 0.37 eV for resting 1-hole Cuz*. These
values seem low relative to the inner sphere reorganization
energies observed for other multinuclear copper sites (e.g. A
= 1.1 eV for the one electron reduction of the 3Cu" NI inter-
mediate in the multicopper oxidases).« However, in Cuz® and
Cuz* the nuclear reorganization is distributed over four cop-
pers, with spin dominantly on two, which may contribute to
the lower calculated inner sphere reorganization energy.+* To
ensure that the effect of AAG® on Akger is chemically reason-
able, a range of A values from o0.4-1.1 eV was evaluated.
Together with a reasonable value for A, for Cuz° (0.24 eV) and
the experimentally determined Awtal for Cua (0.4 V) these
yield a Awtal range of 0.32-1 eV for electron transfer from Cua
to Cuz° or resting 1-hole Cuz* (see Supporting). Since there is
no experimental value for Hpa for electron transfer from Cua
to Cuz®, a wide range of possible values (0.001-0.5 cm™) was
considered based on estimates for related sites (see Support-
ing). Using these values, we calculate a range of AAG® values
in the limit where Hpa and A for ET from Cua to Cuz® and from
Cua to resting 1-hole Cuz* are equal. Given the above ranges
of Aotal and Hpa values, a AAGP of 5-10 kcal/mol is sufficient to
produce a 104-fold faster electron transfer rate from Cua to
Cuz®, which is consistent with the calculated AG of +6.4
kcal/mol of Cuz° relative to resting 1-hole Cuz*. Thus, the
origin of the >104-fold increase in the rate of electron transfer
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from Cua to Cuz® relative to resting 1-hole Cuz* is thermody-
namic, and the role of the hydrogen-bonded second sphere
Lys397 is to stabilize the metastable Cuz° intermediate to
provide the driving force required for rapid reduction of the 1-
hole oxidized state during catalysis.

3.3.3 Reaction Coordinate for N-O Bond Cleavage: Previous
computational studies of the reaction mechanism of N,OR,
starting with N,O binding to the fully reduced cluster, have
predicted a 2-hole intermediate with a p,-oxo or hydroxo
ligand bridging the Cui-Cuyv edge as the product of the N-O
bond cleavage step.®34 However, upon subsequent protona-
tion and reduction, these species yield inactive resting 1-hole
Cuz* (i.e., a 1-hole cluster with a p,-hydroxo edge ligand),
rather than the reactive 1-hole Cuy-OH Cuz® intermediate
identified above. Using the experimentally validated compu-
tational models of 1-hole Cuz® and resting 1-hole Cuz* from
Section 3.3.1, we have explored the reaction coordinate for
N-O bond cleavage, and subsequent protonation and reduc-
tion, to determine how a 1-hole Cuy-OH intermediate (i.e.
Cuz®) can arise from N-O bond cleavage.

N,O coordination to the fully reduced cluster results in a
linear N,O molecule terminally N-coordinated to Cu;. How-
ever, upon N-O bond elongation by 0.1-0.2 A to start the N-O
bond cleavage reaction, the structure rearranges to form a p-
1,3 coordination geometry, with the O of N,O coordinating to
Cuy and hydrogen-bonded to Lys397. This suggests that the
N-O bond cleavage reaction proceeds via the p-1,3 isomer.
To be able to study a system with a stable p-1,3 N,O isomer,
we performed additional calculations on the same structural
model with the functional BP86 with 10% Hartree-Fock ex-
change (hereafter called B1oHFP86). The lower amount of
Hartree-Fock (10% relative to 20% in B3LYP) increases the
covalency of the metal-ligand bonds, resulting in a cluster
with somewhat stronger backbonding to N,O from Cu, and
Cuy, enhancing the stability of the bent p-1,3 isomer and
producing stable reactant structures for both the terminal
Cui-N and p-1,3 N,O isomers (Figure Sg). The terminal Cu-N
isomer is lower in electronic energy by 1.7 kcal/mol and lower
in free energy by 6.8 kcal/mol, and again rearranges to the p-
1,3 during N-O bond elongation.

In the p-1,3 isomer, which is the reactant for N-O bond cleav-
age (Figure 9A), backbonding is evident from Cu; and Cuy
into the N,O mt* orbital that is in the Cu)/Cun/S/Cuy plane (ip),
at a lower energy due to the bent N-N-O angle of 135° (Fig-
ure 9B, Table Sg). This lowers the energy of the N,O 1* or-
bital that will receive the two electrons involved in N-O bond
cleavage. Upon N-O bond elongation (B1oHFP86), a transi-
tion state (TS) for N-O bond cleavage is obtained at an N-O
bond length of 1.81 A (Figure 9C, 1.68 A for B3LYP). This TS
occurs at a AG* of 17.7 kcal/mol and a AE* of 6.1 kcal/mol
(relative to fully reduced and free N,O; 17.3 kcal/mol and 10.3
kcal/mol, respectively, for B3LYP). These values are in the
range of the experimental values of AG* = 13+2 kcal/mol and
AH?* = 10%1 kcal/mol determined for the rate determining step
of N,O reduction. The TS is a broken symmetry singlet,
where the a LUMO, which for the reactant is dominantly ip
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Figure 9: Structures for fully reduced cluster with p-1,3 N,O (A)
and p-1,3 TS for N-O bond cleavage (C), giving N-O, O-H, and
Cur-N bond lengths in A and the N-N-O angle. Contours for the
LUMO of the fully reduced cluster with p-1,3 N,O (B) and «
LUMO of the p-1,3 TS (D), with percentage on N,O, Cu,, Cuy, and
Cuyy. BP86 with 10% Hartree-Fock exchange and PCM of 10.

N,O m* in character (52% N,O, with 30% Cu from backbond-
ing, Figure gB and Table Sg), is now dominantly Cu and S
based (48% Cu character, mostly delocalized over Cuy, 20%,
and Cuy, 16%, via the p,S*, Figure gD and Table S4), indicat-
ing that an o electron has been transferred from the fully
reduced cluster to N,O at the TS. This is supported by an
increase in the Mulliken charge on N,O from -0.28 in the
bound reactant to -o0.5 at the transition state (Table Sg). The
electron has been donated via Cuy, which has the best over-
lap with the N,O ip m* orbital at the TS, as elongation of the
N-O bond in bent N,O causes polarization of the ip * orbital
towards O with respect to the reactants (the dominantly O
based N,O o* orbital has come down in energy and mixes
with the ip m* orbital). Upon further N-O bond elongation
past the TS, the a hole becomes delocalized over all four
coppers in the cluster and the p,S* (Table S4), lowering the
energy of the first electron transfer. At the TS, the B LUMO
remains dominantly N,O ip m* in character (Table Sg), indi-
cating that, as in previous studies, only one electron is re-
quired to transfer at the TS to break the N-O bond. At the TS,
the distance between the N of Lys397 and the O of N,O has
decreased from 2.92 A to 2.63 A, indicating that the strength
of the Lys397-O hydrogen bond has increased, stabilizing the
TS. However, the Lys N-H bond length is still short (1.10 A at
the TS relative to 1.03 A for the reactants), indicating that the
transition state is early on the proton transfer coordinate,
consistent with the small positive SKIE observed experimen-
tally.
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After the TS, the reaction coordinate involves three discrete
bond cleavage and formation processes: N-O cleavage, pro-
ton transfer from Lys397 to form an OH ligand at Cuy, and
cleavage of the Cu-N bond to release N,. To investigate each
of these coordinates, we performed 3D potential energy
surface scans starting from the TS and scanning the N-O, O-
H, and Cu-N distances in 0.1 A steps (Figure S10, where the
different surfaces correspond to different Cui-N distances).
These surfaces show that further elongation of the N-O bond
past the TS (at 1.81 A) to 2.1 A is required before proton
transfer from Lys397 becomes downbhill. The proton transfer
is coupled with transfer of a B electron from Cuy to N,O,
which can be observed in changes in the B LUMO, which
reflects uncompensated occupied orbital changes (Figure 10
at right, from top to bottom). At the start of the proton trans-
fer (at N-O 2.1 A, O-H 1.6 A, and Cu\-N 2.0 A), the a LUMO is
delocalized over Cuy (20%) and Cuy (19%) while the B LUMO
is mainly oxyl in character (48% O, Figure 10A, Table S4, rows
4-5). As the proton transfers from Lys397 and N, is released,
the B LUMO shifts from the oxyl to Cuy to form a highly
covalent Cup(I1)-OH (24% O and 27% Cuyy, Figure 10B, Table
S4, rows 6-7) and the total Mulliken spin density reflects a
broken symmetry singlet with one hole (o) delocalized over
Cu; and Cuy and the other (B) over Cuy and Cuy (Table Sg,
row 3). Thus, the proton transfer drives the second electron
transfer required to complete N,O reduction.

After proton transfer occurs at an N-O distance of 2.1 A to
form a hydroxide at Cuy, cleavage of the Cui-N bond is still
required. A wider 2D potential energy scan of the N-O and
Cui-N bond lengths (over two different surfaces, one before
and one after the proton transfer, Figure 11) shows that after
further N-O elongation to 2.6 A, loss of N, become energeti-
cally feasible (costing <2 kcal/mol). However, at this point N,

before H* transfer

a LUMO B LUMO
Cu, 9% Cu, 5%
N,O '
12% N, 12%
cu S 20% O 48% ®  S* 5%
% 0 % Cu, 1%
20% Cun8% o 16% "

BT T QT

after H* transfer
B LUMO

a LUMO

Cu, 11%

N,O LG

10% N, 3%

c Sz 20% O 24% S% 14%
Uy 12%

16% Cun12% o o9

2Q

Figure 10: o and B LUMOs before (A) and after (B) proton trans-
fer from Lys397, N-O 2.1 A, Cu-N 2.0 A.

reactants

T N-O 1.29 A
O-H 2.00 A

l N-OTS " .CuN1.9A

favorable H* |
transfer = ke

(e Aaus

Figure 11: 2D potential energy surfaces for N-O bond cleavage
and N, loss (Cui-N elongation) before (blue) and after (red) pro-
ton transfer from Lys397 to Cuyn-OH. Red arrows track the low-
est energy path from reactants to products, and key points are
labeled in black. BP86 and 10% Hartree-Fock exchange, PCM =
10.

loss from Cu, is coupled to movement of the hydroxide ligand
from terminal coordination at Cuy to bridging Cuy and Cu,,
generating the undesired 2-hole p,OH precursor to resting 1-
hole Cuz*. However, these calculations neglect the possibility
of a rapid proton transfer from solvent and electron transfer
from Cua, both of which should take place after the proton
transfer from Lys397 to form the Cuy-OH product. When an
extra proton or electron is added to the model after proton
transfer from Lys397, intermediates are formed with a hy-
droxide ligand terminally coordinated to Cuy and hydrogen
bonded to Lys397 in either the 2-hole or 1-hole redox state
(respectively, Figure 12). Further reduction or protonation,
respectively, yields the 1-hole Cun-OH structure identified
above as Cuz°® from spectroscopy, with loss of N,. The total
proton and electron transfer process to form the 1-hole Cu-
OH with a protonated Lys is highly favorable, with AG = -51
kcal/mol and AE = -50 kcal/mol (Figure 12).

Thus, a terminally coordinated hydroxide is obtained as the
product of p-1,3 N-O bond cleavage, as long as proton up-
take from solvent is facile. This emphasizes the importance
of the hydrogen bond from Lys397 to the Cuy-OH and the
Lys397-Glus3s salt bridge, which anchors the position of
Lys397. The hydrogen bond stabilizes the higher energy Cuyy-
OH product of N-O cleavage, which is required for rapid
reduction of the catalytic site in turnover.

An alternative possibility to p-1,3 binding and cleavage of N-
O, proposed previously in two studies, is the coordination
and cleavage of N,O via a p-1,2-O or terminal Cu-O
isomer.3+42 While our computational model does not yield a
stable point for end-on N,O coordination via O to the fully
reduced cluster in either a terminal or p-1,2 mode, N,O can
be positioned near the Cu-Cuy edge with O oriented towards
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2-hole

+e
AE =-19
AG=-18

Figure 12: Scheme and energies for sequential protonation and
reduction of the transient species with N-O 2.1 A, O-H 1.02 A,
and Cu-N 2.0 A formed after proton transfer from Lys397.

Cu; and upon N-O elongation a TS is found for terminal N-O
bond cleavage which has an N-O bond length of 1.34 A, a Cur-
0 bond length of 2.07 and a Cuy-O distance of 2.42 A (Figure
S11). The terminal TS is ~g kcal/mol higher in energy than the
p-1,3 TS described above, with a AG* of 26.4 kcal/mol and a
AE* of 19.7 kcal/mol using the B3LYP functional. The higher
energy of the terminal TS arises from the absence of a hy-
drogen bond to the O of N,O, as Lys397 is 4.25 A away. A
prior computational study found the p-1,3 and terminal TS to
be at similar energies, utilizing H,O to hydrogen bond to the
O in both transition states.3* However, Lys397 is constrained
by the protein and is only available as a hydrogen bond donor
to N,O in the p-1,3 binding mode (to the O coordinated to
Cuy). Additionally, a terminal Cu-O or p-1,1-O-bridged struc-
ture would give a bridging oxo or hydroxo product after N-O
cleavage, which would result in resting 1-hole Cuz* rather
than 1-hole Cuz°, where only the latter is capable of turnover.

4. Discussion.

In this study, we have shown that the transient 1-hole Cuz°
intermediate that initially forms (kobs ~ 200 s%)23 upon N,O
reduction by fully reduced Cu,S-containing MhN,OR can be
rapidly reduced by the physiologically relevant electron do-
nor sodium ascorbate, likely by intramolecular electron trans-
fer from Cua. This reduction is faster than the decay of Cuz®
to the inactive resting 1-hole Cuz* state of the Cu,S cluster
(Scheme 1). This indicates that N,O reduction by the Cu,S
active site of N,OR bypasses the resting 1-hole Cuz* state,
which is not reduced by physiologically relevant reductants;
instead, the 1-hole Cuz° intermediate is the relevant 1-hole
oxidized state of the Cu,S cluster during turnover. Here, we
have defined the nature of this 1-hole Cuz° intermediate and

H,0 fully cu 12+

reduced |
kier <1x10°5 51 S,
ET . Cu e \ "ICuy,
e, H* LysH v Cuy
Glu H,0 N,O
HO—Cu T2+
kigr >0.1 871 Knzo ~ 300 s
+ Se, IET N20
Lys}? CuIV/ \ "Cum
Glu Cuy e, H+
T2+ N,

resting T“I
1-hole Cuz* H
z \ O _Soug
Ciy \ U

Lysl-ll*"
Kdecay ~ 5x103 571 : Cuy
Glu
1-hole Cuyz°
Scheme 1: Pathways of Cuz° formation, reduction, and
decay to resting 1-hole Cuz* with relevant rates, with blue
arrows showing steps involved in catalytic turnover.

elucidated how it differs from the resting 1-hole Cuz* state
and thus determined the origin of its rapid reduction via Cua.
Further, the nature of Cuz® produces an important insight
into the mechanism of N,O reduction by the Cu,S active site
of N,OR and the role of the tetranuclear (1,5* bridged cluster
in this process.

4.1 ldentification of 1-hole Cuz° and differences with rest-
ing 1-hole Cuz*. EPR, absorption, MCD and resonance Ra-
man spectroscopies correlated to DFT calculations have been
used to develop a model for the 1-hole Cuz® intermediate.
The EPR Ay values for Cuz® show that the spin is delocalized
over two coppers, differing from the ~5:2 distribution of spin
over Cu; and Cuy observed in resting 1-hole Cuz*.35 Differ-
ences in the relative intensities of the p,5* to Cu CT transi-
tions between Cuz°and resting 1-hole Cuz* indicate (from the
pseudo-A term MCD analysis) that this spin redistribution is
due to a decrease in spin density on Cu; and an increase in
spin density on Cuy. The resonance Raman spectrum of the
Cuz® intermediate shows two Cu-S stretching vibrations, an
intense mode at 426 cm™ and a weak mode at 413 cm™* which
exhibits a -3 cm™ shift when Cuz° is formed in O labeled
water. H,O® isotope sensitivity in a Cu-S stretching mode
indicates that there is a solvent-exchangeable hydroxide
ligand on the Cu-Cuy edge, as this leads to Cu-O stretches
that are high enough in energy to mix with the Cu-S vibra-
tions of the Cu,S core. Chemically reasonable models for the
Cuz® intermediate were investigated with DFT calculations,
and, from correlation to the spectral features of Cuz°, only a
Cun-OH model stabilized by hydrogen bonding to a proto-
nated second sphere Lys397 reproduces the shift of the spin
density from Cu to Cuy and the H,0% isotope shift in a high
energy Cu-S vibration. We thus identify the 1-hole Cuz® in-
termediate as having a hydroxide ligand bound terminally to
Cuy and hydrogen bonded to Lys397 (Figure 8C and Scheme
1).

This model elucidates the nature of the differences between
1-hole Cuz® (the transient intermediate formed from N,O
reduction) and 1-hole Cuz* (the stable resting form that re-
sults from Cuz® decay). Both of these 1-hole states of the
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Cu,S cluster have a hydroxide edge ligand, but in Cuz® the
hydroxide is terminally coordinated to Cuy (calculated Cu-
OH of 1.93 A) while in resting 1-hole Cuz* the hydroxide
asymmetrically bridges the Cui-Cuy edge, with a stronger
interaction with Cu, than with Cuyy (Cu-OH of 2.00 A, Cuy-OH
of 2.09 A). The barrier for decay of 1-hole Cuz° to the p,OH
bridged resting 1-hole Cuz* (Scheme 1, bottom) thus arises
from breaking the hydrogen bond to Lys397 before the bond
with Cu, is formed. This is consistent with the pH dependence
observed for steady-state turnover, which indicates that
Lys397 must be protonated for catalytic activity. It also pro-
vides an explanation for the reported pH dependence of the
turnover-dependent inactivation of MhN,OR, which suggests
that the decay of the Cuz® intermediate is more rapid at
higher pH,?” as deprotonation of Lys397 will lower the barrier
for decay of Cuz° to resting 1-hole Cuz*.

The key difference in reactivity between the 1-hole Cuz°
intermediate and resting 1-hole Cuz* is that Cuz° is rapidly
reduced in turnover while resting 1-hole Cuz* is not. Reduc-
tion studies with sodium ascorbate as the electron donor
show that 1-hole Cuz® is rapidly reduced, likely via intramo-
lecular electron transfer from Cua (with a lower limit on the
kier of 0.1 5% to be consistent with the steady-state activity of
MhN,OR, this intramolecular ET rate must be greater than
keat = 320 s%),2% while resting 1-hole Cuz* is not reduced by
electron transfer from Cua (with an upper limit on kegr of
1x1075 s%). The greater than 104-fold faster rate of reduction
of Cuz°® compared to resting 1-hole Cuz* reflects the higher
energy (calculated at +6.4 kcal/mol) of the metastable Cuz°
intermediate, which provides a greater driving force for elec-
tron transfer from Cua to Cuz° relative to resting 1-hole Cuz*.
Thus, in turnover the second sphere of the Cu,S cluster is
tuned to stabilize the higher energy Cuz® intermediate, a
kinetic product of turnover, so that it has a long enough life-
time that reduction by Cua can occur faster than the decay of
Cuz® to inactive resting 1-hole Cuz*. Importantly, second-
sphere stabilization of Cuz° reflects the effect of the Lys3g97
hydrogen bond to the terminal hydroxide coordinated at
CU|v.

4.2 Mechanistic insight into N.O reduction. The identifica-
tion of 1-hole Cuz° as a Cuy-OH intermediate formed from N-
O bond cleavage which can be rapidly reduced by Cua pro-
duces further insight into the mechanism of N,O reduction
by the Cu,S cluster in N,OR. First, it emphasizes the im-
portance of a key asymmetry in the N,OR active site. The
second sphere residue Lys397 is positioned to provide a hy-
drogen bond only to a ligand coordinated to the Cuy of the
open Cu-Cuy edge. This stabilizes the Cuz® intermediate by
creating a barrier to the decay of its terminal Cuy-OH to form
the p,OH bridged resting state. The presence of protonated
Lys397 near Cuy also influences the mechanism of N,O re-
duction at the Cu-Cuy edge to lead to a non-bridging prod-
uct. Previous computational descriptions of the reaction
coordinate for N-O bond cleavage by the 4Cu' state of the
Cu,S cluster included either no hydrogen bond donation or
hydrogen bond donation by a flexible donor molecule (water
or formate).®34 These studies proposed several possible

modes for N,O coordination at the Cui-Cuy edge, including
terminal O-Cu;, p-1,1-O bridging Cu; and Cuy, and p-1,3
bridging (Cuy-O and Cui-N). However, in these reaction co-
ordinate calculations, the product of N-O bond cleavage was
either a bridging oxo or hydroxo 2-hole intermediate. Upon
subsequent protonation and reduction by Cua, these would
produce the inactive resting 1-hole Cuz* state. In the present
study, the reaction coordinate developed in Section 3.3.3
includes the presence of protonated Lys397 and starts with
H-1,3 coordination of N,O to the fully reduced (Cu',S) cluster.
In this binding mode, the Cuy-O interaction and the Lys397
hydrogen bond is already formed before N-O bond cleavage,
precluding the interaction between the O of N,O and Cu.
Upon N-O bond cleavage, proton transfer from Lys397, and
proton coupled electron transfer from Cua, the 1-hole Cuz°
intermediate is formed with a terminal hydroxide coordinat-
ed to Cuy. The transition state obtained for this N-O bond
cleavage process is consistent with the experimental tem-
perature dependence of the reduction of N,O by N,OR under
steady-state turnover conditions, which gives the kinetic
parameters AEa=10+2 kcal/mol and AG¥=13+2 kcal/mol and a
small normal solvent kinetic isotope effect of 1.1 for the rate
limiting step. This mechanism is summarized in Scheme 2.
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NZN\ T2+
Cu,
Cu, 12+ /
0. S
U LS "cy
/S""”’Cum LysH* Cuyy \ 1
LysH* Cup \ : Cuy
Cuy Glu Cup” o
Glu H*,e'( )%
d
H,0 Cup'®
Cupred cu  12¢
QDI .
= Hoe oy
“N e Lyst? ey, \ O
Cuy
Glu
CUZO

Scheme 2: Mechanism of N,O reduction by the Cu,S active
site of N,OR.

4.3 Role of the Cu,S cluster in N,O reduction. The for-
mation of a terminal Cun-OH intermediate after N-O bond
cleavage indicates that the two electron transfer from the
4Cu' cluster required for N,O reduction proceeds by a signifi-
cantly different mechanism than previously proposed. Com-
putational studies of N-O bond cleavage with N,O coordinat-
ed between Cu, and Cuy indicated that one electron is trans-
ferred from Cuy at the transition state and the other trans-
fers from Cu, upon formation of the Cu-O* bond later in the
reaction coordinate.®3* However, the experimentally ob-
served Cuz® intermediate has a terminal hydroxide bound to
Cuy and lacks a Cui-O interaction, so in N-O bond cleavage
both electrons must be transferred to N,O via Cuy.
Examination of the electronic structure changes during N-O
bond cleavage (Figure 9 and 10) indicates that this two elec-
tron transfer process involves all four coppers in the cluster.
The first electron is transferred via Cuy to break the N-O
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N.O. A) The first electron transfer via Cuy, B) The second
electron transfer via Cuy with concerted protonation of
Lys397, and C) the a and B LUMOs of the product 2-hole
Cuy-OH state.

“Cuy,

bond at the transition state. The involvement of Cuyy is due to
the increased O character in the N,O LUMO upon N-O bond
elongation. The resulting first electron is delocalized over the
other three coppers in the Cu,S cluster via the pu,S* bridge,
which provides a good superexchange pathway, lowering the
energy of the first electron transfer (Scheme 3A). Subse-
quently, proton transfer from Lys397 to form the terminal
hydroxide ligand at Cuy results in the transfer of a second
electron, again via Cuy, which occurs after the N-O bond is
broken (Scheme 3B). Proton uptake from solvent and loss of
N, leads to a 2-hole intermediate where one hole is delocal-
ized over Cu; and Cuy and the other is delocalized over Cuy
and Cuy (Scheme 30).

This mechanism for two electron transfer via a single Cu
center elucidates the role of a tetranuclear copper cluster as
the active site for N,OR. In other systems, e.g. the zeolite Cu-
ZSM-5, N,O is reduced by a binuclear copper site with no
bridging ligands to provide a superexchange pathway be-
tween the copper centers.43 In the zeolite system, N,O must
coordinate in a p-1,12-O mode, so that one electron can trans-
fer from one Cu at the TS and the second electron from the
other, leading to an oxo bridged product that is active in the
zeolite but would be inactive in the N,OR enzymatic system.
To avoid this, the Cu,S cluster stabilizes the O at Cuy using
second sphere hydrogen bonding and thus has a very cova-
lent p,-bridging sulfide ligand, which provides sufficiently

good superexchange that both electrons can be transferred
to N,O via one copper center (Cuy). While this could poten-
tially be accomplished by a binuclear copper site with a bridg-
ing sulfide, our previous computational study of the Cu,S
cluster suggests that the sulfide in a Cu,S cluster would be
highly susceptible to protonation and the resulting p,SH
would not be an effective superexchange pathway.® The
presence of two additional coppers in the tetranuclear cluster
protects the p,S* from protonation, maintaining the good
superexchange that is necessary for two electron transfer via
a single copper center.

Thus, the Cu,S active site of N,OR is optimized to reduce
N,O asymmetrically, generating a 1-hole intermediate, Cuz®,
that has a hydroxide ligand terminally coordinated to Cuy.
Cuz° can be rapidly reduced in turnover via electron transfer
from Cua, providing a mechanism by which the Cu,S cluster
can reduce N,O using physiologically relevant electron do-
nors. This excludes the inactive resting 1-hole Cuz* state
from the catalytic cycle and shows that the Cu,S form of the
N,OR active site is competent for nitrous oxide reduction in
vivo.

5. Conclusions. EPR, absorption, MCD and resonance Raman
spectroscopies coupled to DFT calculations have defined the
nature of the Cuz° intermediate observed in the single turno-
ver reaction of fully reduced N,OR with N,O. The Cuz° inter-
mediate has a hydroxide ligand terminally coordinated to
Cuy, stabilized by a second sphere hydrogen bond to the
protonated Lys397. The decay of this intermediate, which
leads to inactivation of N,OR, involves breaking the hydro-
gen bond between Lys397 and the hydroxide to form the
M.OH bridged resting 1-hole Cuz* state. Unlike resting 1-hole
Cuz*, the 1-hole Cuz® intermediate can be rapidly reduced,
via electron transfer from Cua, by physiologically relevant
reductants. The higher energy of metastable Cuz° relative to
resting 1-hole Cuz* provides the additional driving force
necessary for the rapid reduction of Cuz° in turnover. The
terminal hydroxide coordination in Cuz® suggests a mecha-
nism for N,O reduction by the fully reduced Cu,S cluster, in
which N,O bridges in a p-1,3 Cuy-ON,-Cu structure and the
two electrons required for N-O bond cleavage are both trans-
ferred through the p,S* bridge via the Cuy center.
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