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Structural basis of a 2-oxoglutarate-dependent
heme-oxygenase-like enzyme HamA in fragin
biosynthesis
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The fungicide fragin, which contains a diazeniumdiolate moiety, exhibits a broad spectrum of biological
activities. HamA, the key enzyme responsible for forming the nitrogen—nitrogen bond in this moiety, was
investigated in this study. We determined the crystal structure of HamA at 2.0 A resolution, revealing
a mononuclear iron center in the active site coordinated by both the "2His—1Glu" motif and an acetate
group. Notably, HamA adopts a heme oxygenase-like fold, forming a hydrophobic cavity within a helical
bundle that likely accommodates the substrate. Structural data confirmed the presence of an acetate
and a formate group near the active site and microscale thermophoresis (MST) experiments further
demonstrated HamA's ability to bind 2-oxoglutarate (20G) with a dissociation constant (Ky) of 208 +
142 uM. In summary, this study elucidates the 20G-dependent heme-oxygenase-like enzyme HamA
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Introduction

Heme oxygenases typically use heme as a substrate or cofactor
to catalyze the oxygenative cleavage of the a-methine bridge of
the heme porphyrin ring, producing non-toxic biliverdin, the
gaseous signalling molecule carbon monoxide (CO), and free
iron.”® This process confers physiological functions such as
anti-inflammatory, antioxidant, and anti-apoptotic effects.
Heme oxygenases exhibit a characteristic conserved 7-o-helical
structure that encapsulates the heme cofactor.*® However, this
multi-a-helical structure is also found in enzymes that are not
involved in heme degradation or even do not require metal
cofactors for catalysis. For example, AetD catalyzes the oxidative
rearrangement of brominated tryptophan to a nitrile in the
biosynthesis of aetokthonotoxin, while TenA participates in the
salvage pathway of thiamine (vitamin B,), catalyzing the recy-
cling of thiamine degradation products.®®

The natural product fragin, a member of the di-
azeniumdiolate family exhibits significant pharmaceutical
potential due to its antifungal, antibacterial, antiviral, and
antitumor activities.®*> Its biosynthetic gene cluster was
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identified from Burkholderia cenocepacia H111, which is
composed of HamA-F*. The initial substrate valine is tethered
to the non-ribosomal peptide synthetase HamD to start the N-N
bond formation. In this progress, HamA and HamC were
thought to play critical roles. HamC was reported to be
a tailoring enzyme that oxygenates the o-amine of r-valine
tethered to the thiolation domain (T, apoT) of the NRPS-like
enzyme HamD.''* It converts the valine amine to a hydroxyl-
amine (+16 Da) intermediate (HamC-holoT-valine) via two-
electron oxidations.'* HamA was predicted to be a heme-
oxygenase-like enzyme based on sequence similarity.
However, the structure, catalytic activity and the role for fragin
synthesis of HamA remain unknown." Due to the intriguing
chemical reactions it catalyzes and its key roles in the biosyn-
thesis of important natural products, HamaA is of great interest
for structural and mechanistic studies.

Here, we aim to elucidate the mechanism of HamA through
structural and functional studies. Our X-ray crystal structure
and inductively coupled plasma mass spectrometry (ICP-MS)
results established that HamA utilizes a mononuclear iron
and 2-oxoglutarate as cofactors, a feature unique among char-
acterized heme oxygenase-like domain-containing oxidases
(HDOs) to date. Nano-scale liquid chromatography coupled
with ultra-high resolution mass spectrometer (LC-HRMS)
revealed that HamA is a 2-oxoglutarate-dependent mono-
oxygenase capable of incorporating an oxygen atom into its
substrate, HamD-T-valine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
Protein expression and purification

The HamA gene was cloned into pET22b and transformed into
E. coli BL21(DE3). A single colony was inoculated into 10 mL LB
medium containing ampicillin and grown overnight, then
diluted 1:100 until reaching an ODgy, of 0.6-0.8. Protein
expression was induced with 0.5 mM IPTG at 16 °C for 16 h.
Cells were harvested by centrifugation (4000 rpm, 30 min),
resuspended in lysis buffer (20 mM Tris-HCI pH 8.0, 200 mM
NaCl; 10 mL per g pellet), and lysed by sonication. After
centrifugation (16 000 rpm, 30 min, 4 °C), the supernatant was
loaded onto a Ni**-charged Chelating Sepharose Fast Flow
column (GE Healthcare) pre-equilibrated with lysis buffer. The
protein was eluted with a stepwise imidazole gradient (20-500
mM) in lysis buffer, with the target eluting at 200 mM imid-
azole. Further purification was performed by size-exclusion
chromatography (Superdex 200 10/300 GL, GE Healthcare) in
20 mM Tris-HCI pH 8.0, 200 mM NaCl. Target fractions were
pooled, concentrated to 10 mg mL™", and their purity was
assessed by SDS-PAGE before crystallization trials.

Crystallization and data collection

Crystallization screening was performed at 16 °C using Hamp-
ton Research kits (Crystal Screen, Crystal Screen 2, Index, and
PEGRx 1,2) with the sitting-drop vapor-diffusion method.
Conditions were optimized via hanging-drop vapor diffusion. X-
ray diffraction data were collected at 100 K (cooled by liquid
nitrogen) on a Rigaku MicroMax-007HF generator equipped
with an Rigaku HyPix-Arc 150 detector (A = 1.54 A), without
additional cryo-buffer. Each image was collected with an oscil-
lation angle of 0.5 and an exposure time of 30 s. The distance
from crystal to the detector was set to 60 mm. Diffraction
images were processed using CrysAlisPro for indexing, inte-
gration, and scaling."”

Structure determination and refinement

The structure was solved by Molecular Replacement using
Phaser program in the CCP4 suite using the predicted structure
of HamA from Alphafold3 as the search model."** REFMAC5
was used for refinement, Coot was used for model building and
structural figures were prepared by using PyMOL.>**

UV-vis to assess diiron center

Absorption spectrum of 100 uM of either HamA or a diferric
azoxy synthase VImB were recorded using a MAPADA UV3100
spectrometer. Both proteins were recorded with a detection
range of 300-800 nm and a scanning interval of 1 nm.

Metal content analysis by inductively coupled plasma-mass
spectrometry (ICP-MS)

A sample of 100 nmols HamA was diluted in 10 mL of 10% nitric
acid and incubated at 200 °C for 2 hours until the digestate
volume was reduced to 1 mL. The digest was then diluted with
Ultra Trace Elemental Analysis Grade water to a final volume of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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10 mL. Amount of iron ion in the HamA digest was analyzed by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on
a Agilent 5800 spectrometer, calibrated by standard solutions
from Sigma.

Molecular docking

Molecular docking of HamA with 20G was performed using
ChemDraw 2019 and Autodock 4.0 (The Scripps Research
Institute).>®** The regularized protein served to identify key
amino acids in the predicted binding pocket. Autodock per-
formed interactive docking of all 20G conformers to the
selected active site following energy minimization. A binding
energy was assigned to the docked 20G according to its binding
mode on the binding site. Semi-flexible docking was performed
with protein rigid and ligand flexible, using Induced Fit method
and London dG scoring for 20 runs, with the top-ranked
conformation selected for analysis.

Microscale thermophoresis

The equilibrium dissociation constants (K4) were determined
using a Monolith NT.LabelFree instrument (NanoTemper
Technologies).”” HamA (2 uM) was incubated with 20G (0.6 uM
to 20 mM) for 10 min in running buffer (20 mM Tris-HCl,
200 mM NaCl, pH 8.0). The samples were loaded into the
NanoTemper glass capillaries and microthermophoresis was
carried out using 80% light emitting diode power and 80% MST.
The Ky values were calculated using the MO.Affinity Analysis
software from duplicate reads of measurements.

Modification of either holoT-Val or HamC-holoT-Val by HamA

The holoT-Val and HamC-%oloT-Val loading procedures were
performed using the same method as described in the previous
assay (SI Methods 1.2 and 1.3, Fig. S1)."* HamA (20 uM) was pre-
incubated with 40 uM ferrous ammonium sulfate and 1 mM
sodium ascorbate in 25 mM phosphate buffer (pH 7.4) for
20 min on ice. An equal volume of this mixture was added to the
holoT-valine or HamC-holoT-valine reaction and incubated for
additional 1 h at room temperature. Finally, the sample was
diluted to 10 uM apoT with water for LC-HRMS analysis.

LC-HRMS analysis of HamA reactions toward T-domain
protein substrates

The samples from holoT-valine with HamA reaction solution
were desalted with ZipTip (C4, 1000 A, Merck) before analyzed
by Vanquish Neo system (Thermo) followed by tandem MS,
a Thermo Fisher Orbitrap Eclipse spectrometer. Samples were
separated on a homemade C4 (1000 A) 100 mm x 100 pm
column with the flow rate of 600 pL min~". Solvent A consisted
of 0.1% (v/v) formic acid in water, and solvent B consisted of
0.1% (v/v) formic acid in 80% (v/v) acetonitrile. The samples
were eluted by 20% B for 2 minutes, followed by a linear
gradient of 20-85% B over 15 minutes, 85-100% B over 1
minute, maintained 100% B over 5 minutes, 100-20% for 1 min
and keep 20% B for another 1 minute. The mass spectrometer
worked under positive ion mode using the following nanoESI

RSC Adv, 2025, 15, 38502-38509 | 38503
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source parameters: spray voltage 2200 V, Ion transfer tube
temperature 320 °C, RF 40%. The full scan acquisition was
performed with MS1 resolution of 240 000, the full scan range is
between 500 and 2000m/z with max injection time of 50 ms
under AGC 4 x 10°.

Results and discussion
Overall structure of HamA

Single crystals grew in a solution containing 0.1 M sodium
acetate trihydrate pH 5.0, 2.85 M sodium formate and 5% (v/v)
glycerol. The crystal structure of HamA was determined and
refined to a resolution of 2.0 A. The final model exhibits good
geometry, with R-factor/Ry.. values of 0.170/0.219 (Table 1). The
crystal belongs to the space group P42,2, with one HamA
monomer in the asymmetric unit. The overall structure consists
of nine a-helices, seven of which form a super helical domain
bundle, displaying a structural conformation consistent with
heme dioxygenases-like enzymes (Fig. 1).>**° Among these, o-
helices 1, 2, 3, and 4 are the four primary o-helical bundles that
traverse the HamA structure, accompanied by three auxiliary a-
helical bundles, which enhance the stability of the core

Table 1 Crystallographic parameters of HamA

Diffraction data
Space group
Cell dimensions

P42,2

a, b, c(A) 101.6, 101.6, 46.9
a B, v (9 90, 90, 90
Resolution range (A) 28.5-2.00(2.08-2.00)
Number of unique reflections 16 979

Data completeness (%) 99.2(96.6)
Redundancy 11.7 (10.9)
Ijo() 12.1(5.5)
Rpim" 0.072(0.417)
Refinement

R-factor/Reee” 0.170(0.219)
r.m.s.d. bond length (A) 0.008
r.m.s.d. bond angles (°) 1.425

Mean B factor (A%

Protein main-chain atoms 19.528
Protein side-chain atoms 23.762
Water molecules 25.746

Fe 15.140

Na 30.730
Number of atoms

Protein 1977

Water molecules 144

Fe 1

Na 1
Ramachandran plot statistics

In preferred regions (%) 98.34

In allowed regions (%) 1.66
Outliers (%) 0.00

“ Rpim (precision-indicating R) = sum(sqrt(1/(N — 1))(|Ihl — (IR)]))/
Sum(<lh>)' ? R-factor = ZHFobs‘ - ‘Fcach/Z‘Fobs‘y where Fops and Feqle
are observed and calculated structure factors.
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Fig. 1 (A) Overall structure and (B) active center of HamA (PDB ID

9VWB).

structure. This also closely resembles the unique conserved 4-o-
helical bundle structure found in iron storage proteins.*®

The free R factor was calculated using 5% of reflections
omitted from the refinement.

A single metal binding site was observed in the electron
density map. Inductively coupled plasma mass spectrometry
(ICP-MS) confirmed the presence of iron ion, and the metal
analysis revealed a stoichiometric ratio of Fe: protein (1.5:1,
Table S1), consistent with the mononuclear iron center
observed in the structural data. Furthermore, the UV-visible
absorption spectroscopy of the purified HamA lacks a peak at
360 nm (Fig. 2), a typical spectral characteristic of diferric
centers further corroborating that HamA has a mono iron
center.

Putative binding of 2-oxoglutarate

In the iron center of the crystal structure, additional electron
density can be modeled as a formate and an acetate molecule,
possibly from the crystallization solutions (Fig. 3). Residues
Glu184 and His96 located in the o1 helix and His199, and Glu84
situated in the a3 helix of the 4-a-helical bundle, coordinate
with the iron center in a tetrahedral arrangement, while the
remaining two coordination sites are occupied by the carboxyl
group of acetate. The structural features resemble the facial
triad motif (2His-1Glu/Asp) observed in non-heme iron-20G-
dependent enzymes but exhibit a unique “meridional” struc-
tural characteristic. Interestingly, a clearly visible electron

144 HamA
— VImB

Absorbance (AU)

02 _k\

0.0 T f T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 2 UV-visible absorption spectrum of HamA and a diferric azoxy
synthase VImB.3*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electron density of formic acid and acetic acid at the active
center of HamA.
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density corresponding to a formate molecule is observed at
a distance of 3.8 A from the coordinated acetate. Together, the
formate and acetate molecules resemble 20G.

As is typical for 20G oxygenases, 20G serves as an essential
co-substrate that coordinates the mononuclear iron center in
the active site, facilitating both structural integrity and oxygen
activation. This binding is a prerequisite for oxygen activation
and subsequent substrate oxidation. Despite extensive co-
crystallization trials with 20G, no diffraction-quality crystals
of the complex were obtained. Therefore, we performed
molecular docking between HamA and 20G using Autodock
software, and the results are shown in Table 2. The top-ranked
conformation from the docking simulation exhibited the most
favorable estimated free energy of binding (—9.62 kcal mol %),
indicating a strong potential for 20G to bind within the active
pocket of HamA. This result was selected from multiple inde-
pendent runs based on its superior energetic profile and cluster
membership. The conformation underwent further local energy
refinement, resulting in a final intermolecular energy that
reflects the stability of the optimized complex. These results
collectively demonstrate that the active pocket of HamA can
stably accommodate the 20G molecule. The docking results
corresponding to the top-ranked molecular conformation were
further visualized, as shown in Fig. 4.

20G occupies the central cavity of HamA, engaging in crucial
interactions with three key residues: His40, Arg167, and Arg240.
Specifically, its y-carboxyl group coordinates with the Fe ion in

Table2 The binding energy of molecular docking between HamA and
20G

Binding energy
(kcal mol ™)

=~
&
=
=~

—9.62
—7.65
—-7.11
—7.93
—4.37
—3.12
—5.65
-1.97
—-4.79
—4.93

O 0 N O U WD R

-
(=)
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Fig. 4 Results of the molecular docking analysis between HamA and
20G.

the active center, while the a-carboxyl moiety participates in
multiple interactions - forming a salt bridge between its
carbonyl oxygen and the guanidinium group of Arg240. Its
hydroxyl oxygen establishes a 2.9 A hydrogen bond with the N°
of His40, with the ketone oxygen simultaneously forming
another 2.9 A hydrogen bond with the guanidinium group of
Arg167. Molecular docking results further confirm that six key
residues (H40, E84, H96, H199, R240, and R167) are essential
for 20G binding.

To test this hypothesis, we investigated the binding ability of
HamA to 20G using Microscale Thermophoresis. The results
demonstrated that HamA can effectively bind to 20G, and the
binding affinity exhibited varying response amplitudes at
different concentrations of 20G, consistent with a single-site
binding model. By plotting the binding curve with the loga-
rithm of protein concentration on the X-axis and AF, o, On the
Y-axis, as shown in Fig. 5, the dissociation equilibrium constant
(K4) of HamA for 20G was determined to be 208 + 1.42 uM.

Activity of HamA

To characterize the activity of HamA, we sought to reconstitute
its activity in vitro. However, HamA did not modify free valine.
Therefore, we propose that the amino group of 1-valine tethered
to the thiolation domain of the nonribosomal peptide
synthetase-like HamD, could be oxidized to a hydroxylated
product by HamA. To investigate this hypothesis, we performed
molecular docking of HamA with PPant-bound valine. The

5. , —s— HamA+20G
ol B +"" HamA RI67A+20G
8i 3 =% . HamA H96A+20G

TSa F ——HamA HI99A+20G

Ty —<—HamA R240A+20G
—e— HamA H40A+20G
HamA E84A+20G

6 e Yy 1 3
10 10 10 10 10
Ligand concentration (mol/L)

Fig. 5 The binding ability of HamA to 20G using Microscale
Thermophoresis.
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generated by HamA, and (F) reaction with HamA R240A mutant showing no product formation.

docking results revealed that PPant-bound valine fits well into
the iron active site, where it coordinates to the metal center
together with the residues His40, His96, and Glu84 (Fig. S2). To

38506 | RSC Adv, 2025, 15, 38502-38509

experimentally validate the binding, we expressed and purified
the thiolation domain of HambD as a truncated protein (HamD-
T, apoT, Fig. 6A). PPant-bound HamD-T (holoT, Fig. 6B) was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Structural comparison and sequence alignment of HamA and functionally diverse HDO proteins. SznF (PDB ID 6XCV), UndA (PDB ID
6P5Q), CADD ((PDB ID 1RCW) and FlcD (PDB ID 9B9M). (A) Overall structures. (B) Binding site structures. (C) Sequence alignment.

prepared by adding phosphopantetheinyl-AMP from coenzyme
A using the phosphotransferase Sfp.** After incubating PPant-
bound HamD-T with the truncated adenylation domain of
HamD (HamD-A), 1-valine, and ATP, a mass increase of 99 Da
was observed, corresponding to the addition of valine (holoT-
val, Fig. 6C). Further incubation of holoT-Val with HamC
resulted in a mass increase of 16 Da (Fig. 6D) and the resulting
product, when reacted with wild-type HamA (wtHamA) and
20G, showed a molecular weight increase of 32 Da (Fig. 6E),
consistent with the formation of HamD-T-Val-hydroxylamine
and holoT-dihydroxy-valine products. In contrast, the HamA
mutants R240A did not exhibit this phenomenon under the
same conditions (Fig. 6F). These results indicate that HamA can
oxidize HamD-T-Val and that its activity is 20G-dependent.
Using Foldseek, four heme oxygenase-like domain-
containing oxidases are found to be the most structurally
similar to HamA (Fig. 7), although they share low sequence

HamD(PCP domain) HamD(PCP domain)

Tt

(holoT-Valine)

HamC HamA
_> fo) —> o
NHoH 2

(holoT-Valine+16Da)

HamD(PCP domain)

homology (Fig. S$3).>* Three of them, SznF, UndA and CADD
contain a di-iron active center and catalyze two sequential N-
hydroxylations of N,-methyl-t-arginine (L-NMA) to form N-
hydroxy intermediates, the oxidative decarboxylation of
medium-chain fatty acids (C10-C14) into terminal alkenes (a-
alkenes), and utilizes its own tyrosine and lysine as synthons to
furnish the carboxylate, carbon backbone, and amine group of
PABA in a complex multistep mechanism, respectively.>*” FlcD,
a dioxygenase that catalyzes the excision of an oxime carbon in
the biosynthesis of the copper containing antibiotic fluopsin C,
contains a mononuclear iron coordinated with one aspartate
and two histidines as HamA.*® This binding site is conserved
among HDOs. The substitution of Glu206 for the His residue
that typically coordinates the second iron center in other HDOs,
combined with the substrate-induced conformational change in
the a3 helix, likely explains the lack of binding at the second
iron site.
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Fig. 8 Proposed mechanism of nitrogen—nitrogen bond formation by HamA, HamC and HamE.
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Our research reveals that HamA uniquely binds 20G,
a feature not commonly observed in its homologous proteins,
suggesting the evolutionary acquisition of a specialized 20G-
binding site that may support catalytic activity. This capability
is consistent with a role in oxidizing holoT-valine to a dihydroxy
derivative (holoT-valine + 32 Da), which could potentially serve
as a key intermediate in the proposed biosynthetic pathway of
fragin (Fig. 8). Meanwhile, HamC is hypothesized to oxidize
amino groups to hydroxylamine groups, implying a possible
functional overlap or synergy with HamA in nitrogen-nitrogen
(N-N) bond formation. However, the precise division of labor
and the potential collaborative mechanism between HamA and
HamC remain to be fully elucidated. For example, it is not yet
clear whether the hydroxylamine product generated by HamC
participates directly in N-N bond formation or requires further
oxidation by HamA, nor whether these enzymes operate within
a functional complex.

The unique catalytic activities of HamA and HamC suggest
promising potential for their application in biocatalysis,
particularly in the synthesis of diazeniumdiolate-based
compounds, which are of significant pharmaceutical interest
due to their diverse bioactivities. The ability of these enzymes to
catalyze unusual nitrogen-modifying reactions may enable the
efficient production of such molecules under mild and envi-
ronmentally friendly conditions. Furthermore, the engineering
of HamA and HamC—for instance, through directed evolution
or structure-based mutagenesis—could facilitate the generation
of novel analogs with enhanced antifungal or anticancer prop-
erties, offering new avenues for drug development. To fully
realize this potential, future studies should focus on elucidating
the complete mechanism of N-N bond formation, including
structural characterization of possible HamA-HamC functional
complexes and detailed in vivo metabolic profiling of interme-
diates. Such efforts would not only deepen our understanding
of the enzymology underlying fragin biosynthesis but also
provide a foundation for harnessing these enzymes for
biotechnological and therapeutic applications.

Conclusions

In summary, our work elucidates HamA, a 20G-dependent
heme-oxygenase-like enzyme featuring a monoiron active
center that catalyzes hydroxylation of the product from the
nitrogen-oxygenase HamC reaction with zoloT-valine, providing
critical structural insights into the mechanistic formation of the
diazeniumdiolate moiety in fragin.
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