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Abstract

A conserved 2-His-1-Glu metal center, as found in natural non-heme iron-containing enzymes,
was engineered into sperm whale myoglobin by replacing Leu29 and Phe43 with Glu and His,
respectively (swMb L29E, F43H, H64, called FegMb(-His)). A high resolution (1.65 A) crystal
structure of Cu(11)-CN™ -FegMb(-His) was determined, demonstrating that the unique 2-His-1-Glu
metal center was successfully created within swMb. The FegMb(-His) can bind Cu, Fe or Zn ions,
with both Cu(l)-FegMb(-His) and Fe(ll)-FegMb(-His) exhibiting nitric oxide reductase (NOR)
activities. Cu dependent NOR activity was significantly higher than that of Fe in the same metal
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binding site. EPR studies showed that the reduction of NO to N,O catalyzed by these two enzymes
resulted in different intermediates; a five-coordinate heme-NO species was observed for Cu(l)-
FegMb(-His) due to the cleavage of the proximal heme Fe-His bond, while Fe(ll)-FegMb(-His)
remained six-coordinate. Therefore, both the metal ligand, Glu29, and the metal itself, Cu or Fe,
play crucial roles in NOR activity. This study presents a novel protein model of NOR and provides
insights into a newly discovered member of NOR family, gNOR.

Rational design of functional enzymes is a powerful strategy to gain deep insights into more
complex native enzymes, as it is an ultimate test of our knowledge about the enzyme
structure and function.! By conferring new activities, such an approach can reveal not only
necessary but also enough structural features for the function of the native enzymes. One
such example is bacterial nitric oxide reductase (NOR),2 which catalyzes two-electron
reduction of NO to N,0, a crucial step in denitrification pathway.3 Since no 3D structure is
available, bioinformatic studies suggest that NOR share similar structural features as heme-
copper oxidases (HCOs) whose structures are available.* Both NOR and HCO contain a
heme b3 and a 3-histidine (His) metal center, with the metal site occupied by a non-heme
iron in NOR (called Feg) and a copper in HCOs (called Cug). Computational modeling also
indicates one or two glutamates (Glu) are close to the Feg site,> which are essential for NOR
activity.5 However, whether the Glu serves as a ligand to Feg remains uncertain. Recently,
we have rationally designed a structural and functional NOR by construction of a 3-His-1-
Glu Feg center in sperm whale myoglobin (swMb), called FegMb (swMb L29H, F43H,
H64, V68E), and demonstrated that both His and Glu liagnds are essential for iron binding
and NO reduction activity.

While it is exciting to find that the 3-His-1-Glu Feg center can bind iron and confer NOR
activity, a recent sequence alignment has predicted that a unique quinone-oxidizing NOR,
gNOR, may exhibit a novel Feg site, with one of 3-His ligands replaced by an Asp residue,
although the exact structure is not available.” This finding is quite interesting, as an
inspection of the active site of non-heme iron containing enzymes in nature indicates that the
majority use a similar conserved 2-His-1-carboxylate (Asp/Glu) facial triad for iron binding
and substrate oxidation.? To test whether the unique 2-His-1-Asp/Glu non-heme metal
center could be utilized to mimic NOR for NO reduction, we herein report introduction of a
2-His-1-Glu metal center in swMb by replacing His29 in FegMb with a Glu residue while
keeping Val68 intact (FegMb H29E, E68V, or swMb L29E, F43H, H64, called FegMb(-
His)). As designed and demonstrated, FegMb(-His) can bind iron and copper, with both
proteins displaying NOR activity.

The FegMb(-His) was prepared using a protocol described previously.?: 9 As isolated, it
displays a red color, with a Soret band at 415 nm and visible absorptions at 535 and 570 nm
(Figure 1A), resembling those of metMb in the presence of imidazole.19 The EPR spectrum
exhibits signals at g = 2.97, 2.20, and 1.48 (Figure 1B), typical of a low-spin ferric heme and
similar to those of the heme b with bis-histidine ligation in NOR (g = 2.96, 2.26, and 1.46).
11 1n addition, minor high-spin heme signals at g = 5.89 and 1.98 were observed, in
agreement with the UV-vis spectrum that shows a small charge-transfer band at 628 nm.
Addition of Cu?* to oxidized protein that contains ferric heme, but no metal ion in the Feg
site (called ferric E-FegMb(-His)) resulted in a shift of the Soret band from 415 to 409 nm,
decrease of 535 nm absorption and concomitant increase of 495 and 618 nm bands. The
resultant new spectrum (409, 495 and 618 nm) is characteristic of a high-spin ferric heme,
suggesting that one of the ligands dissociates from the heme iron and coordinates to copper,
causing a low-spin to high-spin heme transition. This conclusion was further supported by
EPR spectroscopy (Figure 1B); the low-spin signal at g = 2.97 decreased upon Cu2*
addition. Instead of increase of the high-spin signal at g = 5.89, as predicted by UV-vis
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spectra, the high-spin signal decreased, most likely due to spin-coupling between heme-
Fe(l11) and Cu(l1).22 To support this interpretation, addition of Zn2*, a metal ion with no
unpaired electrons, produced an increase in the high-spin signals and a decrease in the low-
spin signals (Figure S1). Furthermore, titration of ferric E-FegMb(-His) with Cu(ll) in
presence of cyanide results in a shift in the Soret band to 421 nm (Figure S2) due to the
formation of a heme-Fe(111)-CN™ -Cu(ll) bridge, as evidenced by a high resolution crystal
structure (Figure 1C, Table S1). In the structure, two His and one Glu coordinate to Cu(ll)
(2.27 A to H43, 2.30 A to H64, and 2.25A to E29) with the N atom of CN (1.83 A) making
up the fourth coordination. A weak interaction with the other O atom of E29 (3.01 A) also
exists. These results demonstrate that a unique 2-His-1-Glu metal center was successfully
created in the swMb.

The UV-vis spectrum of deoxy E-FegMb(-His) (Soret, 432 nm; visible, 556 nm, Figure S3)
is characteristic of a five-coordinate ferrous heme, indicating a conformation change upon
heme reduction. In the presence of Cu(l), Fe(ll) or Zn(ll), the Soret and visible bands
decrease slightly in intensity, providing evidence of metal binding (Figure S3). Also, nitric
oxide readily binds to deoxy E-FegMb(-His), resulting in new peaks at 419, 545 and 578 nm
(Figure S4). The complex of deoxy E-FegMb(-His)-NO is stable without metal or with
Zn(1l) in the Feg site. However, the Soret band of Cu(l)-FegMb(-His)-NO was found to be
400 nm, which becomes more intense and is red-shifted to 416 nm after about 1 hr. This
observation is in contrast to Fe(l1)-FegMb(-His)-NO, in which the Soret band decreases and
is blue-shifted from 419 nm to 416 nm (Figure S5). Note that the resultant spectrum in both
cases is similar to that of ferric E-FegMb(-His) in presence of NO (Figure S4B). These
observations provide valuable evidence of NO reduction activity for both Cu(l)-FegMb(-
His) and Fe(l)-FegMb(-His). The two electrons required for the reduction of NO to N,O
come from the reduced heme iron and from either Cu(l) or Fe(Il). After NO reduction, the
heme returns to a ferric state, mimicking one turnover conditions. In addition, the
contrasting spectral changes observed suggest that different intermediates occur during NO
reduction, depending on which metal is in the non-heme Feg site (Cu(l) or Fe(ll)).

To provide more information about the intermediates, the NO reduction process was
monitored by EPR. As shown in Figure 2, the spectrum of E-FegMb(-His)-NO is typical of
a six-coordinate low-spin heme-NO species with 9-line hyperfine splitting resulting from
both the bound NO and the proximal histidine.13 In the presence of Cu(l), the hyperfine
splitting decreases after 1 min of incubation with NO, which is likely due to a weakening of
the proximal histidine bond to the heme iron.14 After 5 min, a 3-line hyperfine structure
appears that is characteristic of a five-coordinate heme-NO species, indicating that the
proximal heme Fe-His bond is broken.13 In contrast, this spectral change was not observed
for Cu(l)-CugMb-NO that has a 3-His metal center (H29, H43 and H64),14 indicating that
Glu29 plays a crucial role in forming a five-coordinate heme intermediate. At longer times,
the hyperfine splitting evolved into a broad peak, likely due to the reduction of NO and
oxidation of FegMb(-His). Note that both Cu(11)-NO*° and six-coordinate ferric heme-NO1P
complexes are EPR silent, probably due to antiferromagnetic coupling between the unpaired
electron on NO and that in Cu(ll) or ferric heme. On the other hand, for Fe(ll)-FegMb(-
His)-NO, only slight signal decreases were observed up to 5 min. At 15 min, similar to that
of Cu(l)-FegMb(-His)-NO at 1 min, the hyperfine splitting decreased, suggesting the heme
Fe-His bond was weakened, but not cleaved. In case of redox-inactive Zn(ll), no spectral
changes were observed for Zn(I1)-FegMb(-His)-NO. Interestingly, a five-coordinate heme-
NO species has been observed for both NOR1:16 and the member of the HCO family with
the highest NO reduction activity, cytochrome cbbs oxidases.1” However, in our cases, this
five-coordinate species was detected only for Cu(l)-FegMb(-His), not for Fe(ll)-FegMb(-
His) or Zn(11)-FegMb(-His). These observations suggest that not only the ligand, as in
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Glu29, but also the identity of the metal in the non-heme center play crucial roles in
determining the nature of the intermediate.

To confirm the product of NO reduction, GC/MS was carried out under single turnover
conditions by monitoring N,O formation in the head space of the solution (Figure S6).
When Cu(l)-FegMb(-His) was exposed to excess NO, N»O could be observed to form with
increased yield over time as estimated from the ratio of NoO:NO peaks (~32% at 20 hr).
N,O production was also observed for Fe(I1)-FegMb(-His) (~6% at 20 hr). In contrast, no
N,O formation was observed for Zn(I1)-FegMb(-His), metal alone, and wtMb with Cu(1)14
or with Fe(11)23, These results demonstrate that Cu(l) or Fe(ll) in the Feg site plays a vital
role in NO reduction. Note that because of the high solubility of NoO (~25 mM in water at
room temperature), GC/MS cannot be used to quantify the rates of NO reduction in the head
space under these conditions. The relative activities of Cu(l)-FegMb(-His) and Fe(l1)-
FegMb(-His) are likely closely associated with the intermediates formed during NO

reduction, with a five-coordinate heme intermediate leading to high NOR activity.2?: 10: 16,
17

In summary, the 2-His-1-Glu metal center commonly found in natural non-heme iron
enzymes was engineered into myoglobin, and this new protein is capable of binding both
Cu(l) or Fe(ll) in the designed non-heme Feg site and of reducing NO to N,O via different
intermediates. This study thus presents a novel structural and functional protein model of
NOR and provides insights into the newly discovered member of NOR family, gNOR.
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Figure 1.

(A) UV-vis titration of ferric E-FegMb(-His) with Cu(ll) in 25 mM KHyPQOy, 75 mM KClI,
pH 7.0, 25 °C; (B) X-band EPR spectra of ferric EFegMb(-His) (0.5 mM) in the same buffer
as in (A) and that in the presence of 1.0 or 3.0 eq Cu(ll). The spectra were collected at 20 K,
5 mW power, and 9.05 GHz; (C) Crystal structure of Cu(l1)-CN~ -FegMb(-His) at 1.65 A
resolution (PDB entry 3MNO).
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Figure 2.

EPR spectra of deoxy E-FegMb(-His) (0.5 mM) in the presence of NO after 5 min (top line),
with 2 eq Cu(l) (A), Fe(ll) (B) or Zn(Il) (C) incubated with NO for 1 min, 5 min, and 15
min. Spectra were collected in 50 mM Bis-Tris pH 7.0 at 30 K, 0.2 mW power, and 9.05
GHz.
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