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Mycobacterial hemerythrin-like proteins (HLPs) are important for the survival of pathogens in macrophages.
Their molecular mechanisms of function remain poorly defined but recent studies point to their possible
role in nitric oxide (NO) scavenging. Unlike any nonheme diiron protein studied so far, the diferric HLP
from Mycobacterium kansasii (Mka-HLP) reacts with NO in a multistep fashion to consume four NO
molecules per diiron center. HLPs are largely conserved across mycobacteria and we argued that
comparative studies of distant orthologs may illuminate the role of the protein scaffold in this reactivity
and yield intermediates with properties more favorable for detailed spectroscopic characterization.
Herein, we show that HLP from Azotobacter vinelandii (Avi-HLP) requires a single T47F point mutation in
the outer sphere of its diferric center to adopt a bridging p-oxo diferric structure as in Mka-HLP and

makes it reactive toward NO. Radical combination of NO with the p-oxo bridge yields nitrite and a mixed
Received 7th November 2024

Accepted 7th January 2025 valent Fe(nFe(n) cluster that further react with NO to produce a stable magnetically coupled Fe(in)

{FeNOY}’ cluster. We report characterization of this stable cluster by electronic absorption, EPR, FTIR and
DOI: 10.1039/d4sc07529¢ resonance Raman spectroscopies and suggest ways Phe 46 (Mka numbering) might control the Fe(in)

rsc.li/chemical-science reduction potential and the NO reactivity of HLPs.

subsequent spectroscopic characterization of diferric Mka-
HLP confirmed the presence of a tyrosinate ligand and
a bridging p-oxo group.®

1 Introduction

Mycobacterial hemerythrin-like proteins (HLPs) are known to
be transcriptionally upregulated upon internalization in
mammalian macrophages, but their functions remain
uncertain." As their name indicates, HLPs are structurally
related to hemerythrins (Hrs) with a helical-bundle fold that
arranges His and Glu sidechains for the anchoring of
anonheme diiron center.**® Hrs use five His, two bridging Glu
and a bridging solvent molecule to bind the diiron site and
tightly control the coordination of exogenous ligands and
confine the function of member of this family to O, transport
or O, sensing.” HLPs contain the same HxxxE sequence
motifs as Hrs, but they lack the HxxxH motif, potentially
offering open coordination sites on both iron centers for

2_6§1013f\

a wider range of chemical reactivity and functionality. A 17 Y5\4 E 33’2, B0
recent crystal structure of Mycobacterium kansasii HLP (Mka- pana ”f@{""%ﬁ““"”"
HLP) has revealed an endogenous Tyr sidechain within the iHT Ous ‘H:g__sz_9
coordination sphere of its diiron cluster (Fig. 1).* A F46/T H10/D

Fig. 1 Overlap of the X-ray structure of Mka-HLP (PDB ID: 6Q09,
green) with the structural model of Avi-HLP (brown) (left), inside view
of the diiron center showing the stacking of Phe46 (green) and His71
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(blue), cis to Tyr54 (red), and (top right), and schematic view of ex-
pected difference in residues in the vicinity of the diiron cluster (first
coordination sphere in red, second coordination sphere in green, and
outer sphere in blue) (bottom right).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc07529c&domain=pdf&date_stamp=2025-02-08
http://orcid.org/0000-0001-7248-0873
http://orcid.org/0000-0002-6096-4894
http://orcid.org/0000-0002-8168-6424
http://orcid.org/0000-0003-1380-2929
http://orcid.org/0000-0002-7684-7617
https://doi.org/10.1039/d4sc07529c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07529c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016007

Open Access Article. Published on 08 January 2025. Downloaded on 4/3/2026 7:49:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

While carboxylate bridged diiron proteins normally adopt ferric
high-spin electronic configurations that are unreactive toward
nitric oxide (NO), it is not the case for Mka-HLP. The diferric
protein binds NO with sub-micromolar binding affinity for NO
(Fig. S1t).° Titrating diferric Mka-HLP with NO showed the gradual
accumulation of EPR features characteristic of high-spin and low-
spin {FeNO} species as described in the Enemark and Feltham
nomenclature that counts valence electrons from the metal d and
NO m* orbitals.” Starting from the diferric protein, the overall
reaction requires the oxidation of two NO molecules to nitrite,
allowing reduction of the iron(m) center to iron(u) to bind one NO
at each metal center. These observations have led to a putative
reaction mechanism that involves an initial radical attack of NO at
the diferric p-oxo group to form a mixed valent Fe(u)-nitrite-Fe(u)
that reacts further with NO to consume a total of four NO mole-
cules and leaves the diiron site magnetically uncoupled with one
low-spin (LS) {FeNO}’ and one high-spin (HS) {FeNO} centers
(Scheme 1).° A different reaction initiation, involving a transient
{FeNO}® complex with a Fe(n)}-NO" resonance form prone to
nucleophilic attack by a water to produced nitrite, was proposed by
Davison, Caranto, and coworkers. Titrations of diferric Mka-HLP
with NO only show spectroscopic signatures from the starting
diferric and uncoupled {FeNO}” pair.® Pre-steady state studies of
Mka-HLP reaction with NO using stopped-flow and rapid-freeze-
quenched (RFQ) approaches were also used but failed to provide
evidence for any of the intermediate species proposed in Scheme 1.

Because mycobacterial HLPs are highly conserved, we
decided to look beyond the Mycobacteriaceae family. Herein, we
report results with variants of HLP from Azotobacter vinelandii
(Avi-HLP). Sequence alignments of Avi-HLP and Mka-HLP
(Fig. S2t) show only 30% identity for the two proteins but
predict an identical set of four His, two Glu and one Tyr coor-
dinating residues, and conserved second-sphere residues, with
the only difference of having one Asp-to-Glu and one His-to-Asp
substitutions for hydrogen-bond partners to coordinating
sidechains (Fig. S21 and 1).

Consistent with these alignments, our spectroscopic data
show that the wild-type protein (WT-Avi-HLP) anchors an
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Scheme 1 Proposed mechanism for the NO reaction of diferric Mka-
HLP.°
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asymmetric diferric cluster with one ligating tyrosine side-
chain, but in contrast to Mka-HLP, WT-Avi-HLP does not react
with NO. This lack of reactivity coincides with the absence of
a p-oxo group bridging the two ferric ions. However, stabili-
zation of a p-oxo bridge and reactivity toward NO is gained
upon a single Thr-to-Phe substitution of residue 47, corre-
sponding to Phe46 in Mka-HLP. The X-ray structure of Mka-
HLP shows Phe46 stacked against the coordinating His71 and
within <4 A from the bridging solvent molecule O,44.* The
product of the NO reaction in T47F-Avi-HLP is spectroscopi-
cally characterized as a stable magnetically coupled Fe(um)
{FeNO}’ cluster. We compare this reactivity with the one seen
in Mka-HLP and rationalize these results using reduction
potentials of the diferric/mixed valent and mixed valent/
diferrous pairs, and sidechain coordination malleability in
diiron cluster proteins.

2 Experimental section

2.1. Primers, plasmid constructs, and site-directed
mutagenesis

The sequence corresponding to the Avin_0300 gene was synthe-
sized and cloned into the pET-20b(+) vector by GenScript with
a Hise-tag and TEV cleavage site added at the C-terminus. Point
mutations were made using QuikChange kits (Agilent Technol-
ogies, Inc.) using primers synthesized by Invitrogen life tech-
nologies (USA) (Table S1t). Recombinant genes harboring the
mutations were transformed into XL1-Blue Competent cells
(Agilent Technologies, Inc). The DNA sequences of the plasmids
were verified by the Vollum DNA Sequencing Core at OHSU. The
plasmids were then transformed into E. coli BL21 (DE3) compe-
tent cells (Agilent Technologies. Inc.) for protein expression.

2.2. Expression and purification of Avi-HLP

The WT and T47F variant were expressed in E. coli BL21(DE3)
cells. Cells were grown overnight at 37 °C with continuous
shaking at 250 rpm in LB medium with 100 ug mL ™" ampicillin
and 100 mg L~ ferrous ammonium sulfate before induced with
0.25 mM isopropyl B-p-1-thiogalactopyranoside. Growth was
continued at 25 °C overnight before harvesting the cells at 4 °C.
Cells pellets were resuspended in a 50 mM Tris, buffer at pH 7.5
containing 150 mM NaCl and 10 mM imidazole. DNase and
phenylmethylsulfonyl fluoride (PMSF) protease inhibitor were
added, and cells were lysed using an emulsifier (Avestin
EmulsiFlex-C3, ATA Scientific Instruments). After removal of
cell debris by centrifugation of the lysate, the supernatant was
filtered using a 0.45 pum syringe filter and applied onto Ni-NTA
column and washed with a 50 mM Tris buffer at pH 7.5 con-
taining 150 mM NaCl and 20 mM imidazole. The Avi-HLP
proteins were eluted with a buffer containing 250 mM imid-
azole, concentrated using 10 kDa molecular weight cutoff
concentrators (Amicon), and dialyzed against a 50 mM Tris
buffer at pH 7.5 containing 150 mM NaCl before storing the
protein at —80 °C. The other Avi-HLP variants were produced
using the same protocol, except the induction was performed at
37 °C and cells were grown for 5 h.
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2.3. Protein analysis

The purity of Avi-HLP WT and T47F proteins was confirmed by
SDS-PAGE and total amino acid analyses (AAA Service Labora-
tory Inc., Damascus, Oregon). The protein concentration was
determined using the total amino acid analysis data and led to
a €380 = 21900 M * cm ™ for oxidized Avi-HLP WT and T47F.
The iron content was determined by ICP-OES with (PerkinElmer
Optima 2000DV) and confirmed the expected stoichiometry of
two irons per Avi-HLP protein. Size exclusion chromatography
performed using a BioSil SEC pre-packed column (Bio-Rad) with
a HPLC system (LaChrom Elite, Hitachi) showed Avi-HLP
eluting as a dimer at neutral pH when using uM protein
concentrations (Fig. S31).

2.4. Preparation of samples for spectroscopic
characterization

Except for the oxidized protein, all other sample preparations
were performed in an anaerobic glovebox containing <1 ppm of
O, (Omnilab System, Vacuum Atmosphere Co). The reactivities
of the diferric and mixed-valent or fully reduced proteins were
examined using either purified NO gases or NO donors. Dieth-
ylamine (DEA) NONOate (550 = 6500 M~" em™") and PROLI-
NONOate (e,50 = 8400 M~ ' cm ') were purchased from
Cayman Chemical. Stock solutions were prepared in 10 mM
NaOH and used or discarded within a few hours. NO gas (98.5%,
Aldrich) was further purified by incubation in a seal vessel with
1 M NaOH solution to remove N,O3; and NO, impurities. Isoto-
pically labeled NO gases (*°NO and >N'®0, Cambridge Isotope
Laboratory) were exclusively handled inside the glovebox and
used without further purification. Precise concentrations of NO
solutions were determined by titration against deoxymyoglobin
and monitored by electronic absorption spectroscopy.

2.5. Spectroscopic measurements

All UV-vis absorption measurement were performed on Cary 50
Varian spectrophotometers using quartz cuvettes, or measuring
spectra directly from Raman capillaries, FTIR films, or EPR
tubes. Typical protein concentrations for resonance Raman
(RR) and FTIR experiments ranged from 1 to 3 mM protein. RR,
FTIR and EPR spectra were collected as previously described.’

2.6. Quantification of nitrite production

Nitrite concentrations were determined using the Griess assay
(modified Griess reagent, Sigma-Aldrich). The entire procedure
was performed inside an anerobic glovebox containing <1 ppm
of O, (Omnilab System, Vacuum Atmosphere Co), as described
previously.’

3 Results

3.1. The magnetically coupled diferric cluster of WT-Avi-HLP
includes a tyrosinate ligand but it has no p-oxo bridge and it
does not react with NO

As-isolated Avi-HLP exhibits UV-vis absorption features at 497 (&
=2700 M' ecm™ ") and 353 nm (¢ = 8800 M~ ' cm ') (Fig. 2A)
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Fig. 2 Room-temperature UV-vis spectra of diferric WT-Avi-HLP (A)
and T47F-Avi-HLP (B) before (black) and after exposure to 2 mM NO
(red).

and is EPR silent as expected for an oxidized diiron protein with
a magnetically coupled diferric iron cluster (data not shown).
The RR spectra of diferric WT-Avi-HLP obtained with a 647 nm
laser excitation show prominent tyrosinate modes consistent
with the coordination of Tyr55, with ring C-C stretches at 1497
and 1595 cm ™, a tyrosinate C-O stretching doublet at 1274 and
1285 cm ™', a ring C-H bending vibration at 1168 cm™*, and
a 526 and 545 cm™ ' doublet with Fe-Oqy, stretching character
(Fig. 3A). These iron(m)-tyrosinate RR frequencies are nearly
identical to those observed previously with Mka-HLP.® However,
in contrast with what was seen with Mka-HLP, switching the
laser excitation to 514 nm does not results in the enhancement
of new RR bands that could be assigned to symmetric and
asymmetric diferric p-oxo vibration (i.e., v5(Fe-O-Fe) between
400 and 550 cm ' and wv.(Fe-O-Fe) between 700 and
850 cm™');*% such bands are also absent of the RR spectra of
diferric Avi-HLP obtained with a 407 nm excitation (Fig. 3A).

Anaerobic exposure of diferric WT-Avi-HLP to NO, even at
saturating NO concentrations, has minimal impact on its elec-
tronic absorption features (Fig. 2A) suggesting a lack of reac-
tivity toward NO.

3.2. Substitution of the outer-sphere residue Thr47 to a Phe
produces a Tyr-Fe(u)-O-Fe(u) cluster that reacts with NO

The electronic absorption spectrum of T47F-Avi-HLP is more
complex than that of WT-Avi-HLP and more alike to what is
observed with Mka-HLP.® Specifically, absorption features seen
as 497 and 353 nm for WT, are split in the mutant into doublets
at 492 and 650 nm, and 320 and 360 nm, respectively (Fig. 2B).

The RR spectra of diferric T47F-Avi-HLP obtained with
a 647 nm excitation show nearly identical tyrosinate modes as
seen with the WT protein, but switching the excitation to
514 nm results in the enhancement of bands at 430 and
859 cm ™" that are readily assigned to v4(Fe-O-Fe) and v,4(Fe-O-
Fe) modes, respectively (Fig. 3B).

Exposure of T47F-Avi-HLP to NO results in immediate
changes in the electronic absorption spectra, with loss of the
weak 650 nm tailing absorption feature in favor of a better
defined visible band at 510 nm (Fig. 2B). Degassing NO-treated
samples does not regenerate the spectrum of the diferric
species, suggesting formation of a high-affinity NO adduct.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Room-temperature RR spectra of diferric WT-Avi-HLP (A) and
T47F-Avi-HLP (B). All RR spectra are normalized on the non-resonant
Phe band at 1004 cm™™,

In contrast to previous findings with Mka-HLP,® EPR spectra
of NO-treated T47F-Avi-HLP did not show signals of either the
HS or LS {FeNO} species. Instead, at all NO concentrations
tested, the spectra are nearly featureless. Specifically, only a very
weak and broad derivative signal around g = 1.5 is observed in
the EPR spectra before being replaced by substoichiometric
{FeNO}’ signals in the samples exposed to NO saturation for
>1 h at room temperature before freezing (Fig. S4t). We tenta-
tively assigned the g = 1.5 signal to an S = 1 state arising from
antiferromagnetic coupling between the § = 5/2 Fe(m) and S =
3/5 {FeNO},” by analogy with signals seen with nitrenes and
other triplet species,’*™* and based on our vibrational analysis
below that supports an Fe(m){FeNO}’ mixed valent cluster
structure for the NO reaction product. Substoichiometric
{FeNO}’ signals are likely to represent degraded diiron cluster
states.

When DEA-NONOate which decays at neutral pH and room
temperature to produce NO with a half-life of 15 minutes was
used, FTIR spectra revealed the gradual build-up of a new
absorption band at 1699 cm™' supporting the formation of
a {FeNO}” species (Fig. 4A).** The bandwidth of this signal at
half-height is 17 cm™', suggesting some inhomogeneous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Room-temperature FTIR spectra of the reaction mixture of
diferric T47F-Avi-HLP with 10 mM DEA-NONOate (A) and 30 K
photolysis FTIR difference spectra of the NO adducts prepared with
unlabeled NO (black) and **NO (red) (B).

broadening. Low-temperature FTIR photolysis experiments
with samples prepared with unlabeled and "°N-labeled NO gas,
confirmed formation of the {FeNO}’ species. Dark minus illu-
minated difference spectra for product of the NO reaction show
a broad positive feature centered at 1699 cm™" which matches
the »(N-O) observed at room-temperature (Fig. 4B). This signal
shifts to 1669 cm ™ * with >NO, confirming its assignment to
a »(N-0) from a {FeNO}” species (Fig. 4B). A negative band at
1864 cm ™' that downshifts 33 cm™" with >NO is assigned to the
photolyzed NO docked within the protein matrix. The intense
differential signal centered at 1585 cm™ ' and sharp positive
features at 1651 and 1685 cm ™ are within the frequency range
of symmetric carboxylate COO stretching frequencies and are
accompanied by differential signals in the 1400 cm ™' region
were symmetric COO stretches counterparts are expected
(Fig. 4B). Similar differential signals seen previously in low-
temperature photolysis FTIR spectra of Hrs(NO) adduct were
assigned to carboxylate coordination rearrangement with
confirmation by isotope sensitivity to global '*C-labeling.'”
Annealing illuminated samples to 40 K confirms the revers-
ibility of the photolytic process as identical FTIR difference
spectra can be generated again at 30 K (Fig. S51).

The product of the NO reaction was also analyzed by RR
spectroscopy using a 457 nm laser excitation at room temper-
ature. In the high-frequency region a weak signal at 1700 cm ™"
downshifts to 1669 and 1636 cm ' with >NO and '>N™0
(Fig. 5). This 1700 cm™" frequency matches the »(NO) mode
detected at room temperature by FTIR, and its isotope sensi-
tivity is within expectation for an N-O diatomic oscillator.

Importantly, tyrosinate modes are also resonance-enhanced
in the NO adduct and marginally upshifted relative to the
spectra of the diferric protein, indicating that the Y55-Fe()
ligation at the diiron cluster is retained after formation of the
{FeNO}” complex.

The low-frequency region of the RR spectra for the NO
adducts shows an isotope-sensitive band at 434 cm™" (Fig. 5),

Chem. Sci., 2025, 16, 3238-3245 | 3241
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Fig. 5 Room-temperature RR spectra of the product of the reaction
of diferric T47F-Avi-HLP with NO. The excitation wavelength used was
457 nm and the protein concentration 3 mM.

which is assigned to a vibrational mode with Fe-NO stretching
and Fe-N-O bending contributions based on prior studies of
{FeNO}’ species.!*** Comparison of these RR spectra to those of
the diferric protein (gray trace in Fig. 5) reveals a complete loss
of the v4(Fe-O-Fe) and v,5(Fe-O-Fe) modes upon formation of
the {FeNO}’ complex, confirming full conversion of the diferric
cluster into what must be a mixed valent Fe(m){FeNO}’ cluster.

3.3. The T47F substitution in Avi-HLP stabilizes the mixed
valent state relative to the oxidized and fully reduced states

After exposure to 10 mM dithionite for 2 h, the electronic
absorption spectrum of WT-Avi-HLP is featureless in the visible
region, suggesting full reduction of the diferric Fe(u)Fe(u) to
the diferrous Fe(u)Fe(u) state (Fig. S61). In contrast, anaerobic
incubation of diferric WT-Avi-HLP with 10 mM ascorbate
minimally impacts the electronic absorption spectra (Fig. S67).

3242 | Chem. Sci., 2025, 16, 3238-3245
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The EPR analysis of these WT-Avi-HLP samples are nearly
featureless with only trace population of mixed valent signals
with characteristic resonances below g ~ 2 (data not shown).

Unlike the WT protein, T47F-Avi-HLP shows high accumu-
lation of a Fe(m)Fe(u) mixed valent state under either of these
conditions. The EPR signal is rhombic with g; =1.97, g, = 1.94,
and g; = 1.69 (Fig. 6), very similar to the EPR signal seen with
semi-methemerythrin,*® and with no evidence of heterogeneity,
in contrast to partly-reduced Mka-HLP for which at least two sets
of mixed-valent species were observed.® Full reduction of T47F-
Avi-HLP can be achieved after exposure for 2 h to 10 mM
dithionite and 0.2 mM methyl viologen (Fig. S77).

Exposing the mixed-valent state of T47F-Avi-HLP to NO
results in the appearance of the 510 nm absorption band as
seen with the ferric protein with NO although it is a less stable
complex as seen with the diferric protein (Fig. S81). Titrating the
mixed-valent state with NO shows the loss of its EPR signal at g <
2 concomitant with the appearance of the very weak and broad g
~ 1.5 signal assigned to the Fe(m){FeNO}” adduct (Fig. S97). As
with the diferric state, further exposure to excess NO leads to the
appearance of substoichiometric {FeNO} signals at g ~ 4 and g
~ 2 (Fig. S10t). The RR and low-temperature FTIR photolysis
spectra of the mixed-valent NO adduct are also similar to those
obtained for the NO-treated diferric protein (Fig. S10 and S117).

Filtrates of diferric and mixed valent proteins exposed to 1
atm NO for a few minutes before releasing the excess NO were
analyzed for nitrite content using the Griess assay. While
diferric T47F-Avi-HLP produced 1.1 equivalent of detectable
nitrite, the mixed-valent protein produced less than 0.15
equivalent nitrite, within the range measured with negative
controls.

+ 10 mM dithionite

+ 10 mM ascorbate

+ 10 mM dithionite
0.2 mM methyl viologen

diferric T47F-Avi-HLP

2400 3200 4000
Magnetic Field, G

Fig. 6 EPR spectra of diferric T47F-Avi-HLP before (bottom trace) and
after 2 h incubation with 10 mM dithionite (top trace), 2 h incubation
with 10 mM ascorbate (second trace from the top) and 10 mM
dithionite with 0.2 mM methyl viologen (third trace from the top).
Experimental conditions: temperature, 5 K: microwave power, 0.2
mW:; microwave frequency, 9.45 GHz; modulation frequency, 100
kHz; modulation amplitude, 10 G.

4800
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Fig.7 Room-temperature RR spectra of diferric WT-Avi-HLP (bottom
trace) and T47 variants obtained with a 514 nm excitation. All RR
spectra are normalized on the non-resonant Phe band at 1004 cm™1.

3.3.1 Substituting T47 with Y, W, L and V also stabilizes
a diferric p-oxo bridge and bring reactivity toward NO. Substi-
tution of Thr47 to Ala or Ser yields diferric proteins with elec-
tronic absorption spectra similar to that of WT-Avi-HLP
(Fig. S127). The RR spectra of these variants confirm the pres-
ence of an iron(m)-tyrosinate chromophore (Fig. S137), as well
as the absence of bridging p-oxo group (Fig. 7). In contrast,
substitution of Thr47 to Val, Leu, Tyr or Trp yields diferric
proteins with split absorption features in the near-UV and
visible regions, as seen with the T47F variant (Fig. S147), as well
as distinct v5(FeOFe) and v,5(FeOFe) in RR spectra obtained with
a 514 nm excitation (Fig. 7). These Fe-O-Fe frequencies are all
within a few wavenumbers from those of the T47F variant,
suggesting comparable Fe(ur)-O-Fe(in) geometries.

The electronic absorption spectra of the T47V, T47L, TA7TW
and T47Y diferric variants suggest that they are reactive toward
NO, but, in contrast to T47F-Avi-HLP, they do not accumulate
the 510 nm species corresponding to the mixed-valent Fe(i)
{FeNO}’ species (Fig. S14 and S157).

4 Discussion

Sequence alignments of Mka-HLP and Avi-HLP predict conser-
vation of the four His, two Glu, and one Tyr in the first coor-
dination sphere of the diiron clusters. Structural modeling
suggests that the hydrogen-bond partners to the sidechains of
iron ligands which comprise the second coordination sphere
are also conserved (Fig. S21). The most noticeable difference in
the vicinity of the active site is the substitution of residue Phe46
in Mka-HLP to Thr47 in Avi-HLP. In the X-ray structure of Mka-
HLP, the phenyl ring of Phe46 points toward the diferric p-oxo
bridge and stacks against the imidazole ring of the Fe2 ligand
His71.* Models of Avi-HLP position the hydroxy group of Thr47
away from the core of the helical bundle, toward the protein
surface. Our spectroscopic analysis shows that Avi-HLP anchors
a magnetically coupled diferric cluster with one tyrosinate
ligand in both WT and Thr47 variants. However, our data reveal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that a bulky hydrophobic residue is required at residue 47 to
stabilize a bridging p-oxo group as seen in Mka-HLP. In WT Avi-
HLP and the T47S and T47A variants, the diferric cluster is
magnetically coupled but the bridge is protonated, either to the
p-hydroxo or p-aqua forms.

To our knowledge, our study represents the first example of
a point mutation controlling the protonation state of a diferric
bridging solvent molecule in a metalloprotein. How this control
is executed, however, is not readily apparent. An increase in
local hydrophobicity may favor a p-oxo versus p-hydroxo form.
Steric interactions with His71 may also alter the coordination
geometry around the Fe2(m) and its Lewis acidity to change the
pK, of the bridge solvent molecule. Steric clashes could also
affect Fe—-O-Fe bond distance and bond angles. To gain further
insights on this issue, attempts were made to generate F46
variants of Mka-HLP, but so far they have not produced stable
holoproteins.

In contrast to Mka-HLP, diferric WT-Avi-HLP is unreactive
toward NO, but the stabilization of a p-oxo bridge in the T47F
variant coincides with a gain in NO reactivity. These results are
consistent with an initiation of the NO reaction through radical
attack by NO to form nitrite and a mixed-valent Fe(u)Fe(ui)
cluster (Schemes 1 and 2). Such radical combination between
NO and a p-oxo group was originally proposed by Blumberg and
Siegbahn in a theoretical study of the substrate inhibition
reaction of cytochrome-c dependent denitrifying NO reduc-
tases.?® Build-up of radical character at the p-oxo group bridging
the heme-nonheme diferric cluster in the oxidized enzyme
promotes radical attack by NO, leading to an inhibitory Fe(um)-
nitrito-Fe(n) complex. A similar reactivity toward NO has also
been observed in p-oxo bridged heme-Fe(m)-O-Cu(n) model
complexes.” Recent experimental work with two denitrifying
NO reductases brought further support to this inhibition
mechanism.*

The initial NO attack of the diferric HLP proteins converts
the p-oxo group to a nitrito group, presumably reducing the
Fe1(m) site since its reduction potential is expected to be higher
than that of the tyrosinate-ligated Fe2(u) center.*** Upon
reduction, the Fel(u) is expected to adopt a HS configuration
with an open coordination site and to present a high affinity site
for NO binding, yielding the Fe2(m){Fe1NO}’ species in T47F-
Avi-HLP we report here (Scheme 2).

1) NO attack at p-oxo bridge 2) NO binds at Fe1(ll)
Tyr Ty: Tyi ON
SFe2(lllFe(i) NO  “Fe2(iFe1(ll) NO.  “Fe2(ll Fe(ll
His = )_>His'. '5'“(-,0)/ ( )—>His'. '5"~(;o)/ o
Phe Phe N Phe N
3) Insufficient rearrangment at Fe2 site l\' NO:
to favor low-spin configuration and/or Tyr ON
lower reduction potential :Fez an Fo1 )
His -
Phe H

Scheme 2 Proposed mechanism for the NO reaction of diferric T47F-
Avi-HLP.
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Analysis of filtrates of this reaction with the Griess assay
show that the nitrite group is released to the aqueous solution
rather than remaining bound to the diiron cluster. Since the two
iron centers remain magnetically coupled after the NO reaction,
it is likely that the nitrito group is displaced by a solvent
molecule to form a bridging p-hydroxo group (Scheme 2). Such
nitrite-to-hydroxide ligand substitution does not change the
overall charge of the diiron cluster and can be expected to be
favored at low nitrite concentrations.>*>°

The T47F-Avi-HLP(NO) adduct reported here shows a »(N-O)
at 1699 cm ™' which is at the lower end of the frequency range
typically seen for nonheme {FeNO}~ species. Synthetic model
with strongly o-donating ancillary ligand, including phenolate
ligands, show similarly low »(N-O) frequencies.””** Thus, this
low »(N-O) frequency could suggest NO binding at the Tyr-
ligated Fe2 site. However, low »(N-O) frequencies have also
been reported for mononitrosyl adducts of Hrs and flavodiiron
proteins, and assigned to semi-bridging NO-binding geome-
tries.’” Perturbations of »,5(COO) and v4(COO) frequencies from
bridging carboxylates at the diiron clusters upon NO photo-
dissociation are also comparable in the Fe2(m)}{Fe1NO}
complex proposed for T47F-Avi-HLP(NO) and in the previously
characterized Fe(u){FeNO}’ species in Hr(NO) and
flavodiiron(NO)."”

For diferric Mka-HLP, the Fe2(m){Fe1NO} species is not
observed. Instead, two additional NO molecules are consumed
to reduce the Fe2(m) center and release of a second nitrite ion,
forming a second {FeNO}’ species. This latter {Fe2NO}” species
is readily observed along the {Fe1NO}’ species in the EPR
spectra, implying a sufficiently large Fe-Fe distance to prevent
strong dipole coupling between the two {FeNO}  species.’ In
contrast to Mka-HLP, the Fe2(m){FelNO}’ state observed in
T47F-Avi-HLP reacts further with NO, only after prolonged
exposure to saturating NO concentrations. This stabilization of
the Fe2(m){Fe1NO} state is likely to reflect a lower reduction
potential of the Fe2 () center and a lower propensity to increase
the Fe-Fe distance in T47F-Avi-HLP relative to that in Mka-HLP.
Chemical reduction of the diferric proteins supports this
hypothesis: reduction of the Fe2(m) center in T47F-Avi-HLP
requires a stronger reductant than in Mka-HLP and it is
reasonable to expect similar trends for the reduction of the
Fe2(m){Fe1NO}’ species. The RR spectra of the tyrosinate-Fe2 ()
chromophore in T47F-Avi-HLP and Mka-HLP do not support
differences in Oqy,-Fe2(m) bond strength or bond distance,
which leaves the His71-Fe2(m) interaction as the likely modu-
lator of the Fe2 reduction potential and of the malleability of the
diiron cluster.

5 Conclusions

In conclusion, the T47F-Avi-HLP variant reproduces the early
steps of the reaction of WT Mka-HLP with NO, correlating the
presence of a p-oxo bridge at the diferric cluster with NO reac-
tivity. Subsequent reaction steps observed in Mka-HLP corre-
sponding to the reduction of the Fe2 site by NO to form
a {Fe2NO}’ species do not occur in T47F-Avi-HLP. Steric inter-
actions between Tyr54, His71, and Phe46 around the Fe2 site of

3244 | Chem. Sci, 2025, 16, 3238-3245
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Mka-HLP may contribute to this extended reactivity to NO.
Analyses of other substitutions around the diiron site of Avi-
HLP and of other HLP orthologs are underway to decipher
structural properties controlling the uncoupling of the diiron
centers and the formation of the HS and LS {FeNO}’ species first
reported in mycobacterial HLPs.
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