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Copper nitrite reductase (NiR) is a homotrimeric enzyme, 4.0
containing a T1 copper site, which transfers electrons to the T2 1
catalytic site, where nitrite is reduced by one electron to nitric oxide
(NO;~ + 2HT + e~ — NO + H,0).173 Recently a side-on bound
copper nitrosyl complex of NiR has been crystallized by reacting
the reduced enzyme with excess K@n the basis of the EPR
spectrum of the species generated by the reaction of reduced NiR
with saturated NO in solution, it has been assigned ag?a¥O -
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NiR with nitrite® and density functional theory (DFT) calculations g g
on any?NOCu speciesdescribe these complexes as™Gi®". In H |
this study, we define the species generated in solution by reacting § I §
reduced NiR with NO, using EPR, MCD, and ENDOR spectroscopy & @ |
and correlate these with that observed by crystallography. r g
Reduced NiR reacted with saturated NO solution generates the = ! 8.5 Mz
EPR spectrum in Figure 1A, red, which is equivalent to the spectrum . . . Frequency, MHz , , v ®, MHz
reported by Tocheva et &lThis species has an EPR signal . s , ‘°O ‘I” :" . * . :;'R 'tr;m "’NO( °d) d"’ - ‘b" .
ioti i — — lgure 1. verlay of reauce IR WIth excess red) and nitrite boun
cerectfio o o oed T2 CUC 230 ardh 117 6) (R ) E5% 91400 61 ERGER o 1 N i
' ! exchangeable features with 8.5 MHz coupling. Parts A and B have nitrite

also indicative of a T2 cupric complex. Both EPR and MCD spectra pound to T2 site with the T1 Cu reduced to remove intense overlaying T1
show a negligible T1 contribution indicating that this site is reduced features. ENDOR data are collected at 1.078 T where there is no contribution
(Figure S1, Supporting Information). from T1 Cu.

Nitrite binds to the T2 site of the resting WT enzyfiehut the
EPR and, in particular, the MCD features of the nitrite bound T2 T2 Cu Feature
site are obscured by the dominant T1 Cu signals. However under
these conditions (nitrite bound), the T1 Cu could be selectively
reduced with acsorbate. The EPR spectrum of the nitrite bound T2n_==
species (Figure 1A, blue) is identical to that produced above by &
reacting reduced NiR with excess NO. The MCD spectrum (Figure
1B, blue) of the T1-reduced, T2-nitrite-bound form is also identical LA
to that generated by the reduced enzyme with NO. The T2 EPR .
spectrum .afnd the.M.CD_.dd .bandsf of the resting WT enzyme are Figure 2. EPR spectra (A) following the reaction of reduced NiR with
very sensitive to nltl’lt? b!ndlng (Figure SlCP)- Thus the EPR and g pgtoichiometric NO solution (10:1 enzyme/NO) trappedl & (green), 4
MCD data strongly indicate that the species generated by the s (red), and 18 s (purple); (B) following the reaction of the resting oxidized
reaction of excess NO with reduced NiR has T1 reduced and T2 enzyme (black) with NO gastat s (red) and 90 s (purple). Letters
oxidized with nitrite bound. correspond to Scheme 1.

Further N* and H ENDOR data for this species generated by
the reaction of reduced NiR with an NO solution (Figure 1C,D, From the above results the reaction of reduced NiR with excess
red) and those for a form with T4 T2 oxidized and nitrite bound ~ NO gives T1 reduced T2 Ct-NO,". However, the reaction of
(collected atg = 2.266 where there is no contribution from T1, the reduced enzyme with limited NO has an EPR signal (Figure
Figure 1C,D, blue) have the same features. The nitrogen features2A, green), characteristic of a CNO specie$. This species lacks
(Figure 1C) from C&*NO,~ bound T2 are from its histidines, and  d—d bands in the MCD spectrum (Figure S3), further confirming
these features all show lower ENDOR frequencies and smaller that the Cu is reduced. Therefore, reduced NiR forms aNCh

hyperfine couplings owing to the change of the T2 axial ligand SPecies at low concentrations of NO. _
from aquo to nitrite The reaction of reduced NiR with excess NO involves two one-

electron oxidations; reduced T2 oxidized T2, and NGO~ NO,™.
t Stanford University. A similar reaction has been observed for the coupled binuclear Cu
* State University of New York, Albany. active sites in hemocyanits(Scheme S1). Deoxyhemocyanin
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Scheme 1. Proposed Mechanism for the Formation of Nitrite
Bound T2 NiR from Reduced Enzyme with Excess NO?

| INo@sy ON /N0
ot oot NO et ot Cu”® \Cu'
(T (T2) (T1) (T2 (T (T2)
B C
' cu?t
(T1y (T2)
NOy D
24 [T ety NC}%
-— (T (12)
E

a2 Red boxes= species observed.

(2Cu") reacts with NO generating &, and a met (2Cif) form,
which further reacts with NO to generate the half-met{@u")
nitrite-bound form. NO evolution is in fact detected during the
reaction of reduced NiR with excess NO, using nitrous oxide
reductase (3xmols N,O reduced min! mg! of enzyme), which
requires NO as its substrat®. Reaction of the resting WT NiR
(analogous to the met form of hemocyanin) with NO generates the
T1 reduced, T2 oxidized form of the enzymg, & 2.30, A, =
~130 G), which converts to the nitrite-bound T2 form (Figure 2B,D
— F — G, Scheme 1), indicating NO is oxidized to nitrite and
nitrite binding is slow.

To evaluate the entire reaction mechanism, reduced NiR was
reacted with limited NO solutions and intermediates were trapped
at different times. We were able to trap the'®iD* form at shorter
times, leading to the formation of the T1 reduced, T2 oxidized form,
and ultimately generating the T1 reduced, T2 oxidized nitrite-bound
form (Figure 2A, Scheme 1, A~ B — F — G) at longer times. A

reaction mechanism consistent with these results is presented in

>},Hz° side-on end-on
Cu-N(NO) 191 1.83
His2e7 [\ Cu-0 (NO) 2.04 275
Cu-N 195 1.98
apis Cu-N 201 207
Cu-N 2.21 2.1
N-O 1.22 1.18
Cu-N-O 75 131

Figure 3. Overlay of the DFT optimized side-on bound NO (red) and end-
on bound NO (blue) structures indicating the different orientations of the
aspartate residue.

the axial ligand. However, to form the more stable end-orf-Cu
NO-* adduct this aspartate residue has to rotatesdich can occur
in solution but may not be feasible in a crystal.

In summary, the species generated in solution during the reaction
of reduced NiR with excess NO is the T1 reduced, T2 oxidized
nitrite-bound form and not the side-on €ENO species observed
in the crystal structure. The latter is best described adNCurather
than Cd"™NO~. The mechanism for the reaction of reduced NiR
with excess NO involves its two electron oxidation, generatipg@.N
This oxidized form of the enzyme oxidizes NO generating nitrite
bound to the oxidized T2 site generated by ET from-F2T1.
DFT calculations provide insight into factors which favor tire
NO-Cu* complex in the crystal structure.
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Scheme 1. Note that in the scheme, intermediate E is not observedéferences

because of rapid ET from T2> T1.13 The experimental details
and kinetic rates are provided in the Supporting Information.
There is still one issue to resolve on correlating the spectroscopy
with crystallography. The CuNO species trapped in the crystal
structure has a side-on conformatib®FT calculations indicate
that this species is best described as a-QMO* specied.However
an end-on CtNO species is also trapped after limited exposure
to NO gas (B, in Scheme 1) which is equivalent to the species
generated by reacting reduced NiR with nitritg’-CuNO)$
Geometry optimized DFT calculatiolof both side-on (Figure 3,
red) and end-on (Figure 3, blue) ENO adducts indicate that both
forms have a CtiNO electronic configuration and that the end-on
structure is more stable by 7 kcal/mol. However the orientation of
the second-sphere aspartic acid residue (Asg228ppears to play
a key role in determining the geometry of the-€MO species. In
the side-on adduct this residue is perpendicular to the C"O
plane and H-bonds to the O of-ND (Figure 3, red) while in the
end-on structure the Asp129 residue H-bonds to the O of NO and
is parallel to the Ct-N—O plane (Figure 3, blue). Both orientations
of the Asp129 residue have been observed in crystal structures.
The Aspl129 residue exists in the perpendicular orientation in the
crystal structures of the oxidized and reduced NiR and H-bonds to
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