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Azide binding to a functional nitric oxide reductase (NOR)
model has been investigated in its mixed-valence (LFe"Fe!
and LFe!"Fe') and fully oxidized (LFeFe!) forms. FTIR and
EPR spectroscopic methods indicate that azide binds in a
bridging mode between the heme iron and the non-heme
iron sites. Terminal azide binding at both heme and non-
heme centers is also identified with the reactions of azide
and the dinuclear compounds LFe"/Zn'"" and LZn"/Fe: the
bound azide at the ferric heme center exhibits a vibrational

frequency at 2007 cm™! in the FTIR, while the bound azide
at the ferric non-heme site shows a band at 2055 cm™. The
reactivity of nitric oxide with the model compounds in the
presence of excess azide was investigated. It is demonstrated
that azide does not inhibit NO binding to the fully reduced
catalyst but binds the Feg tightly in both the mixed-valence
and the fully oxidized states. These results further support
the proposal that a bis-ferrous instead of a mixed-valence
state is the active form of NOR.

Introduction

Azide ions can interact with metals of enzyme active
sites, particularly cytochrome ¢ oxidase (CcO), as a potent
inhibitor.['l The investigation of azide binding properties at
metal centers can provide insight into the structure and
function of enzyme active sites. There have been several
studies about azide binding at the heme a;-Cu binuclear
site of CcO.?! Most information was obtained from Fourier
transform infrared (FTIR), electron paramagnetic reso-
nance (EPR), and resonance Raman (rR) techniques. How-
ever, it is generally a complicated scenario for azide binding
to an enzyme due to the presence of other metals and the
complex protein structure. Some controversial assignments
on the mode of azide binding to bovine cytochrome ¢ ox-
idase still remain in the literature.?*2¢! Synthetic biomime-
tic model complexes provide a more controlled and
straightforward platform to study the azide binding at
metal centers of a protein active site. One synthetic CcO
model has been used to model azide binding with EPR and
UV/Vis spectroscopy methods.’] Recently, we have investi-
gated azide binding to a functional CcO active site model
by using UV/Vis, EPR, and FTIR methods.™ It has been
demonstrated that azide can bind to both the resting and
the mixed-valence states of the CcO functional model as a
bridging ligand between heme and Cug.
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Nitric oxide reductase (NOR) is a membrane-bound en-
zyme that catalyzes the 2e reduction of nitric oxide (NO)
to nitrous oxide (N,O) which is involved in bacterial deni-
trification. The catalytic subunit of NOR has a very similar
structure to that of CcO except that the distal metal Cug in
CcO is replaced by a non-heme Fe metal in NOR.! Unlike
CcO, the mechanism of NOR function is still under debate.
Both the fully reduced (heme Fe'/Feg™)[®l and the mixed-
valence states (heme Fe'''/Feg™)["] have been proposed to be
the active form of the enzyme. Recently, we have reported
the first functional heme/non-heme functional nitric oxide
reductase model that can reduce nitric oxide to nitrous ox-
ide forming a bis-ferric product.®! We demonstrated that
the fully reduced bis-ferrous compound instead of the
mixed-valence state is active during the NO reduction. In
the present work, we investigate azide binding to this heme/
non-heme diiron compound. UV/Vis, FTIR, and EPR spec-
troscopy are used to characterize different modes of azide
binding to the diiron site in various oxidation states (LFe!'!/
Fe!, LFe"/Fe!', and LFe'/Fe!l). In addition, we studied
the competitive binding of nitric oxide and azide at the di-
iron site. It was found that azide does not inhibit the bis-
ferrous form, but does inhibit the mixed-valence form.

Results and Discussion

Synthesis of Model Compounds

Figure 1 shows the representation of the model com-
plexes of ligand L. The monometallic LFe™! complex was
synthesized by oxidizing the LFe! complex!®! with one
equivalent of ferrocenium tetrafluoborate (FcBF,) in THF
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as described previously. The bis-ferric compex LFe™!/Fe!!!
was generated by oxidation of LFe'/Fe' with two equiva-
lents of ferrocenium tetrafluoroborate. The mixed-valence
compound LFe"/Fe!! was obtained by oxidation of LFe!/
Fe!' with one equivalent of FcBF,. The mixed-valence com-
pound LFe!'/Fe'(Br) was made by the reaction of LFe!!
with one equivalent of FeBr;. With the triflate counterion,
Feg has a higher redox potential than the heme Fe. The
soft bromide ligand makes the redox potential of Feg more
negative, thus it becomes easier to oxidize than the heme
Fe. The dinuclear compounds LFe"/Zn'' and LZn'"/Fe!!
were synthesized by similar methods from the reactions of
LFe"™ with Zn(OTf), and LZn" with Fe(ClO,);, respec-
tively.

Figure 1. Representation of the model complexes of ligand L: LFe!!
(M = Fe?*, no Mp); LFe'" (M = Fe**, no My); LFe'"/Zn'' (M =
Fe’*, My = Zn?*); LZn"/Fe'"' (M = Zn?*, My = Fe’*); LFe"l/Fe!!
(M = Fe’*, My = Fe?*); LFe!'/Fe'' (M = Fe**, My = Fe’*) (Mg
has triflate counterions); LFe'/Fe!"'(Br) (M = Fe?*, My = Fe’*)
(M5 has Br~ counterions).

Spectroscopic Study of Azide Binding to the Model
Compounds

Binding of the azide ion to the monometallic LFe™ heme
complex in THF causes shifts of both Soret (from 421 nm
to 426 nm) and Q (from 544 nm to 550 nm) bands in UV/
Vis spectra (Figure 2, solid and dashed lines). For LFe!!/
Fe!!, the Soret band shifts from 421 nm to 425 nm and the
Q band shifts from 528 nm to 532 nm upon azide binding
(Figure 2, solid and dashed lines with triangle markers).
Similar UV/Vis shifts are seen for azide binding to LFe™Y/
Fe': the Soret band shifts from 419 nm to 426 nm and the
Q band shifts from 530 nm to 540 nm (Figure 2, solid and
dashed lines with square markers). Binding of azide to
LFe'!/Fe!"'(Br) does not cause any band shift, but the inten-
sity of both Soret and Q bands increases (Supporting Infor-
mation, Figure S1). The addition of azide to LFe'"/Zn
shifts the Soret band from 423 nm to 426 nm, and the Q
band shifts from 535nm to 540 nm with a shoulder at
562 nm (Supporting Information, Figure S2). For LZn'Y/
Fe'!, the Soret band shifts from 430 nm to 432 nm and the
Q band shifts from 562 nm to 563 nm upon azide binding
(Supporting Information, Figure S3). The above UV/Vis
changes indicate that the azide ligates to the iron centers in
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all cases. Generally, up to 4 equiv. of azide were added to
ensure the completion of the binding. Adding more azide
did not cause any other changes in the spectra (Figure 2).
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Figure 2. UV/Vis spectra of LFe'"!, LFe"/Fe!!, LFe!"/Fe'!, LFe!/
Fe''(Br), and their azide-bound forms in THF.

FTIR spectroscopy has been proved to be a powerful
tool to characterize the properties of azide as it is bound to
the metals. The vibrational frequency of bound azides can
provide further insight into the structure and function of
protein active sites. The FTIR of LFe-'“N5 and LFe'l-
ISN'N, show similar vibration frequencies to those pre-
viously reported. LFe-'¥N; exhibits a peak at
2007 cm™!, while LFe™-1’N!4N, shows two bands at
1999 cm™! and 1990 cm™! since azide could bind with either
the 1N or N atom of the azide (Figure 3, solid and dotted
lines). Azide bound to LFe''/Fe!' shows a band at
2057 cm™! in FTIR that shifts to 2044 cm™! when 'SN'#N,~
is used (Figure 3, solid and dotted lines with square
markers). This band is 50 cm™! blue shifted relative to that
of LFe™-Nj3. A similar shift was observed in FTIR spectra
for a bridging azide between a ferric heme and a distal cop-
per in a CcO model.™ Binding azide to LFe"/Fe"(Br) exhi-
bits similar bands in FTIR: 2057 cm ' for LFe'"/Fe'"'(Br)-
14N; and 2044 cm™' for LFe'/Fe''(Br)-'>N'*N, (Support-
ing Information, Figure S4). The azide bands in LFe/
Fe"-N; are further shifted to 2065cm™ and 2051 cm™!
when N5~ and NN, are used, respectively (Figure 3,
solid and dotted lines with triangle markers). This further
shift of the azide vibrations to higher energy is an indication
of its bridging between two oxidized metal sites. This pos-
sibility was evaluated using EPR spectroscopy (see below).
For all diiron complexes (mixed-valence or fully oxidized),
the bridging azide did not show any detectable splitting in
FTIR upon replacement of '*N5~ with NN, indicating
that the strengths of the two internal N=N bonds of azide
are very similar to each other.[**l This is consistent with the
azide bridging binding mode with both terminal nitrogen
atoms bound to metal centers, leading to the increased ef-
fective symmetry of the molecule and therefore less pertur-
bation of the N-N stretch when '“Nj is replaced with
4871
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ISN'N,. The azide bands in mixed-valence complex LFe!/

Fe!! are wider than those in the fully oxidized complex
LFe/Fe™, which implies a less rigid environment for the
azide ligand in the former case.[*!
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Figure 3. FTIR spectra of the '“N5 and 'N'#N, derivatives of
LFe'!, LFe"/Fe!, LFe!/Fe!.

When azide binds to LZn/Fe™!, FTIR shows a band at
2055 cm™!. The band shifts to 2043 cm~' when "N!¥N," is
used (Supporting Information, Figure S5). Since binding of
azide to the zinc porphyrin is weak,['” these data show the
spectroscopic features of the bound azide at the non-heme
distal iron. Binding of azide to LFe"/Zn exhibits mainly
the band of ferric heme iron azide in FTIR (Supporting
Information, Figure S6), suggesting that a distal Zn'" is not
a good binding site for azide.

EPR data at 5 K show that the fully oxidized complex
LFe"Fe™ has a high-spin ferric signal at 1150 G (g = 5.58)
and a low-spin ferric signal at 2500-3900 G (g = 2.6, 2.30,
1.98) (Figure 4, solid line). The low-spin signal arises from
the heme Fe''! (with its strong ligand field)!'?! and the high-
spin signal arises from the distal Feg!'!. This indicates that
the two ferric centers are magnetically uncoupled by ex-
change implying that there is no bridging ligand between
the two paramagnetic centers in the fully oxidized bis-ferric
state. When 0.5 equiv. of azide was added, half of the EPR
signals were lost (Figure4, dash-dot line). Binding of
1 equiv. of azide led to the complete disappearance of both
ferric EPR signals (Figure 4, dotted line). Thus, N3~ binds

g=5.58
——LFelllpelll
--- LFelllFelllsNg™ (0.5 eq)
----- LFellFelllsN5 (1.0 eq)

g=261,2.30,198

Figure 4. EPR spectra of LFe'""Fe!'! and its azide-bound forms col-
lected at 5 K in frozen THE.
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as a bridging ligand between the S = 1/2 heme ferric and S
= 5/2 non-heme ferric centers. This enables anti-ferromag-
netic coupling between these two sites, leading to an EPR-
silent ground state. Since azide is well known for its bridg-
ing ability between two metals with M---M distance of 4—
6 A,113-16] the bridging of the two metals with a single azide
implies that, even with the lack of crystallographic data, it
is safe to conclude that the distances between the two met-
als in this model must be ca. 6 A.[4

Competitive Binding of Azide and NO at Heme and Non-
Heme Iron Sites

We further investigated the competitive binding of nitric
oxide to the diiron compound in the presence of excess
azide. The reaction of NO with LFe'/Fe! in the presence of
excess azide gave a UV/Vis spectrum with bands at 427 nm
(Soret), 438 nm, and 550 nm (shoulder) (Figure 5, solid
line). Previously we have shown that this reaction, in the
absence of azide, generates a LFe™-NO/Feg"-OH spe-
cies.’) The reaction of NO with azide-bound LFe'!/Fe!l-
N3 showed the same UV/Vis spectrum (Figure 5, dotted
line). They are very similar to the UV/Vis spectrum of the
ferric heme nitrosyl LFe"-NO (Figure 5, dash-dot line).
The FTIR spectra of the samples from the reactions of NO
with LFe'/Fe"+N;~ and LFe/Fe-N; exhibit a band at
1925 cm™! (heme ferric nitrosyl) and a band at 2055 cm™!
(non-heme ferric azide) (Figure 6). Thus, in both cases the
resulting species is a LFe™-NO/Feg""-Nj; species, The reac-
tion of NO with the azide-bound mixed-valence compound
LFe'"Fe!l-N; afforded a UV/Vis spectrum with bands at
424 nm (Soret) and 550 nm (Figure 5, dashed line), which
are features of a ferrous heme nitrosyl species.!l EPR of
this sample shows signals featuring both a heme ferrous
nitrosyl and a ferric azide (Figure 7, dotted line). This is
consistent with the formation of a LFe-NO/Feg"-Nj; spe-
cies.
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Figure 5. UV/Vis spectra of the products from the reactions of NO
with LFe!'/Fel'+N;-, LFe!'/Fel"'-N;, LFe'"!/Fe!l-N;, and LFe!'! in
THE.
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Figure 6. FTIR spectra of the reaction of NO with LFe'"Fe"+N;~
and LFe'"Fel'l-Nj.
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Figure 7. EPR data of LFe"/Fe!' + NO + N; (blue line) and an
authentic LFe''-NO (red line). The unique signals for the heme
ferrous NO are observed in the data and is indicated by red lines.
The signals from the distal ferric azide are indicated with blue lines.

Discussion

In this study, it was shown that azide can bind as a bridg-
ing ligand between two iron centers of a functional NOR
active site model compound, either in its mixed-valence
[LFe/Fe!| LFe"/Fe"'(Br)] or fully oxidized states (LFe'/
Fe'™l). This bridging between the two iron metals leads to a
blue shift (50-55 cm™!) of azide bands in their FTIR spectra
compared to that of LFe-Nj;. This is caused by greater
electron density transfer from the N-N z*-type highest oc-
cupied molecular orbitals of the bridging azide to the d or-
bitals of two metals coordinated to azide at both sides com-
pared to the azide binding to metal at one side. In the fully
oxidized state this bridging interaction resulted in an EPR-
silent ground state, indicating anti-ferromagnetic coupling
between two iron centers.

We have demonstrated that a bis-ferrous instead of a
mixed-valence state is the active form of NOR for the reac-
tion of NO to N,O. The current investigation of competi-
tive binding of NO and Nj  at the diiron compound pro-
vided further evidence. NO can react quickly with LFe!/
Fe'' in the presence of excess azide, leading to a LFe-NO/
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Fe-Nj; species. Azide is not a good ligand to the bis-fer-
rous compound, so the reaction of NO with the bis-ferrous
compound is not inhibited by even a large excess of azide
and affords the bis-ferric product that can bind azide as a
bridging ligand. The bridging azide can be further displaced
by NO at the heme ferric site (Scheme 1, A). A controlled
experiment with the reaction of NO and the azide-bound
bis-ferric compound gave the product with the same spec-
troscopic features (UV/Vis, FTIR) (Scheme 1, B) as a
LFe"-NO/Fe"™-Nj; species. The reaction of NO with the
azide-bound mixed-valence form afforded the product with
a heme ferrous nitrosyl and a non-heme ferric azide
(Scheme 1, C). These results demonstrate that NO is a
much better ligand than azide for heme iron in its ferrous
state. NO, in equimolar amounts, can replace azide bound
to the heme iron in its ferric state as well. However, azide
has a much higher affinity to a ferric non-heme site than
NO. It was reported that azide is not an inhibitor for the
reduction of NO to N,O by NOR.['2l The NO reduction
activity of the bis-ferrous compound in the presence of a
large excess of azide is consistent with the lack of inhibition
by azide and indicates that it is the active form of NOR.
On the other hand, the mixed-valence state cannot be the
active form of NOR since its reaction with NO is inhibited
by azide leading to an LFe'-NO/Fe""-N; species which is
inconsistent with the inhibition data reported for the en-
zZyme.
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Scheme 1. The reactions of LFe''/Fe!!, LFe'/Fe!'!, and LFe!''Fe!!
with NO in the presence of excess azide.

Conclusions

In conclusion, we have shown that azide can bind as a
bridging ligand between heme and non-heme centers in a
functional NOR active site model, both in its mixed-valence
[LEe/Fel!, LFe'/Fe''(Br)] and fully oxidized states
(LFe'"/Fe'™). This bridging between the metals results in
an anti-ferromagnetically coupled ground state in the fully
4873
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oxidized state of the active site. Terminal azide binding at
both heme and non-heme centers was obtained from the
addition of azide to LFe!!, LFe'/Zn, and LZn/Fe'! com-
plexes. The bound azide at the ferric heme center exhibits a
vibration frequency at 2007 cm~' in FTIR, while the bound
azide at the ferric non-heme site shows a band at 2055 cm™!
in FTIR. The competitive binding of azide and NO on the
diiron center demonstrated that the bis-ferrous instead of
the mixed-valence state of the compound is the active form
for the reduction of NO to N,O by NOR.

Experimental Section

General: All reagents were obtained from commercial suppliers and
used without further purification unless otherwise indicated.
Fe(OTf),(MeCN), was prepared according to literature pro-
cedures.''l Heme compound LFe!" was synthesized as previously
reported.’l All air and moisture-sensitive reactions were carried out
under a nitrogen atmosphere in oven-dried glassware. Acetonitrile,
tetrahydrofuran, and dichloromethane were purified and dried by
passing reagent-grade solvent through a series of two activated alu-
mina columns under a nitrogen atmosphere. These solvents were
further deoxygenated by bubbling with nitrogen for 30 min in a
nitrogen glove box.

Azide samples for FTIR were made by adding a 1:4 methanol/
dichloromethane solution of NaN;5 or Na'>N!¥N, (95%, IKON iso-
topes). The amount of N3~ used varied between 1-2 equiv. between
experiments. For EPR, N3~ was added according to the stoichiome-
try determined from UV/Vis titrations. The UV/Vis samples were
placed in a glass cuvette (3 mL capacity) sealed with a 14/24 septum
with sample concentration of about 1X 107 m.

Infrared spectra were obtained with a Mattson Galaxy 4030 FT-
IR spectrometer. Solid samples were prepared by dissolving a sam-
ple in solution in a glovebox, spotting on a KBr or NaCl palate,
and allowing the solvent to evaporate, then covering it by another
palate and sealing the sides with Parafilm. The palates containing
the sample were sealed in a container and brought to the IR spec-
trometer for measurement. UV/Vis spectra were recorded with a
HP8452 diode array spectrophotometer.

EPR: Bruker EMX spectrometer; X-band; microwave power,
10.0 mW; microwave frequency: 9.38 GHz, modulation frequency:
100.0 kHz; modulation amplitude: 10.0 G, receiver gain:
5.02 X 103; resolution in X: 1024; 7= 77 K or 4.5 K. Sample: (0.5-
1.0 mm, 100 pL) in a 4-mm o.d. EPR tube sealed with a septum
(Kontes Stopper Sleeve, size 7, 774250-0007) and Parafilm.
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Supporting Information (see also the footnote on the first page of
this article): Additional UV/Vis and IR spectra for azide binding
compounds.
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