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ABSTRACT: The radical S-adenosyl-L-methionine (SAM) en-
zyme HydG cleaves tyrosine to generate CO and CN™ ligands of
the [FeFe] hydrogenase H-cluster, accompanied by the formation
of a 4-oxidobenzyl radical (4-OB*®), which is the precursor to the
HydG p-cresol byproduct. Native HydG only generates a small
amount of 4-OB°, limiting detailed electron paramagnetic
resonance (EPR) spectral characterization beyond our initial
EPR lineshape study employing various tyrosine isotopologues.
Here, we show that the concentration of trapped 4-OB°® is
significantly increased in reactions using HydG variants, in which
the “dangler Fe” to which CO and CN~ bind is missing or
substituted by a redox-inert Zn** ion. This allows for the detailed
characterization of 4-OB°® using high-field EPR and electron
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nuclear double resonance spectroscopy to extract its g-values and 'H/"*C hyperfine couplings. These results are compared to density
functional theory-predicted values of several 4-OB® models with different sizes and protonation states, with a best fit to the
deprotonated radical anion configuration of 4-OB°®. Overall, our results depict a clearer electronic structure of the transient 4-OB*
radical and provide new insights into the radical SAM chemistry of HydG.

B INTRODUCTION

Enzymatic reactions involving radical intermediates are widely
present in metabolic and biosynthetic pathways. These radical
intermediates can perform unusual and difficult biochemical
reactions, oftentimes involving H-atom abstraction from inert
X—H bonds. Over the last 20 years, the radical S-adenosyl-L-
methionine (rSAM) family of enzymes has emerged, which
generate an active 5'-dAdo radical upon one-electron
reduction of SAM bound to a [4Fe—4S] cluster.”” This long
sought and elusive 5'-dAdo radical and the associated Fe—S§
cluster-bound organometallic species, €2, have recently been
trapped and characterized in a wide range of rSAM enzyme
systems,”” reinforcing the paradigm of rSAM enzyme catalysis
while providing new insights into the mechanistic details. In
most rSAM enzymes, the 5’-dAdo radical activates the
substrate by H-atom abstraction, leading to the formation of
a substrate-related organic radical, as detected in a number of
rSAM enzymes involved in amino acid metabolism and natural
product biosynthesis.""'> Research on these systems has
greatly advanced our understanding of radical enzyme catalysis
and provides a foundation for future application of engineered
rSAM enzymes as biocatalysts.”

HydG, an extensively studied member of the rfSAM enzyme
superfamily, carries out the first step in the biosynthesis of the
active-site H-cluster of the [FeFe] hydrogenase, a complex

© 2022 American Chemical Society

WACS Publications 107

Fe—S enzyme of great interest in cellular metabolism and
renewable energy. *”'® Studies on HydG from various
organisms have demonstrated that it is a bifunctional enzyme
that harbors two Fe—S$ clusters (Figure 1A) with two distinct
roles: (1) radical cleavage of its substrate Tyr leading to the
formation of CO and CN~ and (2) then forming an
[Fe(cysteinate) (CO),(CN)]~ organometallic “synthon” prod-
uct. This organometallic complex is the substrate for the next
radical SAM enzyme HydE, which we propose converts two of
these [Fe(cysteinate)(CO),(CN)]™ moieties into a dimeric
[Fe,S,(C0O),(CN),] precursor to the final H-cluster.>'"~*’
In more detail, rSAM chemistry is initiated at the [4Fe—
4S]gg cluster bound in the N-terminus of HydG, and the §'-
dAdo radical abstracts the amino hydrogen from Tyr, which
induces a homolytic Ca—Cfj cleavage (Figure 1B). This bond
cleavage leads to the formation of 4-OB®, along with a
dehydroglycine (DHG) fragment, which is then converted into
CO and CN. Our recent quantum computational study
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Figure 1. Structure and function of HydG. (A) Tyr is processed at the two Fe—S clusters sequentially to form the organometallic product. (B)

rSAM chemistry occurring at the N-terminal [4Fe—4S]gg cluster.

proposes that once formed, 4-OB*® abstracts an H atom from
the nitrogen of DHG, which fragments into HCN and a
COO™* radical, with the latter converted to CO via a redox
reaction at the “dangler” Fe site of the [SFe—4S],,, cluster
(Figure 1).** A second equivalent of the abovementioned steps
leads to the formation and release of the [Fe(cysteinate)-
(CO),(CN)] product of HydG.>>~*’

Interestingly, studies on the rfSAM chemistry of HydG have
demonstrated that a variety of radical intermediate species may
be generated depending on reaction conditions, showcasing
the rich chemistry that HydG may perform. In the native
reaction pathway, a small amount of 4-OB*® is observed and is
maximized approximately 2 s after reaction initiation (~3
uM).® The decay of 4-OB* at prolonged reaction time is
accompanied by the formation of the paramagnetic [4Fe—
4S]—[Fe(cysteinate) (CO)(CN)] species (complex A), which
has been characterized by electron paramagnetic resonance
(EPR) spectroscopy.”” HydG has been used as a conduit to
study the elusive 5’-dAdo radical. Sayler and co-workers were
able to trap and characterize the 5’-dAdo radical in HydG
using the substrate analogue cis-p-coumarate.’ The sp*> C—H
bonds in cis-p-coumarate have a higher bond dissociation
energy than native tyrosine, effectively stopping the H atom
abstraction process by the S5’-dAdo radical and thereby
trapping it for characterization. The Broderick and Hoffmann
groups have together utilized cryogenic photolysis as a means
for studying rSAM chemistry and trapping and characterizing a
number of radical species including the 5'-dAdo radical.**>” In
HydG, such experiments have found that SAM or its ethyl
analogue SEM undergoes alternative S—C homolytic bond
cleavage to generate methyl or ethyl radicals.”**’

Despite these discoveries, our understanding of 4-OB*® and
its role in HydG catalysis is incomplete. The low concentration
of 4-OB°® generated in previous studies has thus far limited its
detailed characterization. Although our QM/MM studies have
suggested that 4-OB® could react with DHG to generate CN™
and a carbon dioxide radical anion (COO™*), experimental
results reinforcing this computational proposal are lacking. It
was shown that when the C-terminal auxiliary Fe—S cluster or
the dangler Fe was compromised by mutagenesis (vide infra),
CO generation was abolished and the rate for CN™ formation
was significantly decreased.”*” These results indicate that the
reactions of CO/CN formation in HydG can be significantly
affected when the auxiliary cluster is modified, but the
formation of the associated radical intermediates in these
scenarios has yet to be investigated in more detail. In addition,
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4-OB°® is also the proposed intermediate in ThiH, a HydG
homologue used for the synthesis of the thiazole ring of
thiamine phosphate,”’ and in the glycyl radical enzyme p-
hydroxyphenylacetate decarboxylase (HpdB).*>** Insights into
4-OB°* obtained from HydG thus help deepen our under-
standing of the reaction mechanisms in these enzymes and
radical enzyme catalysis overall.

Here, we report that the removal of the dangler Fe atom in
HydG leads to the enhanced accumulation of 4-OB*®, which
provides new opportunities to address fundamental questions
in HydG rSAM chemistry.”* With enhanced signal intensity,
we can now perform a detailed EPR and electron nuclear
double resonance (ENDOR) characterization of this 4-OB*®
species, including the determination of its g-values and 'H and
3C hyperfine parameters. In addition, although previous work
has established the electronic structure of 4-OB*® as having
major spin density on the benzyl carbon, the question remains
regarding the protonation state of the phenolic hydroxyl
group.8 In the current work, our high-resolution EPR and
ENDOR data, combined with density functional theory (DFT)
calculations of different 4-OB*® models, favor a deprotonated
radical anion form of this radical situated in the hydrogen
bonding network of the protein pocket.

B EXPERIMENTAL DETAILS

General. Isotopically labeled tyrosines were purchased from
Cambridge Isotope Laboratories, Inc., MA. Protein purification
and EPR sample preparation were performed in an anaerobic
Coy box (Coy Laboratory Products, Inc, MI) with an H,
concentration of > 2% and O, concentration of < 5 ppm.

EPR Sample Preparation. Strep-II-tagged Shewanella
oneidensis HydG (UniPort) was recombinantly expressed in
the Escherichia coli DE3 AiscR strain and purified using a Strep-
column as previously described.”> The dangler Fe of HydG
was removed by incubation with EDTA followed by buffer
exchange as previously described.”® Briefly, to 50 uL of 300
uM HydG solution (50 mM HEPES, 100 mM KCl, pH = 8.0)
was added 3 mM SAM, 3 mM dithionite, and 300 uM EDTA.
The solution was diluted by 10-fold using the buffer and then
concentrated back to the original volume using a 30 kDa-cutoff
Amicon centrifugal filter (12 000 rpm for 4 min). HydG*" was
prepared by adding 2 equiv of Zn*" to the dangler Fe-free
HydG. To generate the 4-OB°®-harboring EPR samples, a 50
p#L mixture of 300 yuM HydG, 2 mM SAM, and S mM
dithionite was mixed with 10 uL of 10 mM tyrosine (labeled as
desired) and transferred into a Ka-band quartz EPR tube. The
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reaction mixture was freeze-quenched at 15 s using LN,. For
D-band EPR samples, the reaction mixture was prepared on a
glass slide and wicked into D-band capillary quartz tubes.

EPR Spectroscopy. EPR spectroscopy was performed in
the CalEPR center in the Department of Chemistry at the
University of California, Davis. Continuous-wave (CW) EPR
spectra were recorded on a Bruker Biospin EleXsys ES00
spectrometer with a superhigh-Q_resonator (ER4122SHQE),
together with an ESR900 liquid helium cryostat with a
temperature controller (Oxford Instrument ITCS503) and gas
flow controller. Spectrometer settings were as follows:
frequency = 9.39 GHz, conversion time = 40 ms, modulation
amplitude = 0.5 mT, and modulation frequency = 100 kHz.
Pulsed Q-band ENDOR experiments were performed on a
Bruker Biospin EleXsys S80 spectrometer equipped with an
RA. Isaacson cylindrical TEO11 resonator.” Pulse D-band
studies were performed on a home-built 130 GHz
spectrometer’® equipped with a TEq,;-mode cylindrical
resonant cavity designed and manufactured by HF EPR
Instruments, Inc (V. Krymov, New York), an 8 T cryogen-free
magnet (Cryogenic Limited, UK), an Oxford-CF935 LHe
cryostat, and an ITC-503 temperature controller. Spectrometer
control is achieved using SpecMan software.”” The magnetic
field for the D-band field-swept spectrum was calibrated using
MgO with an Mn*" impurity (95+% fused MgO, Aldrich) with
a gvalue of 2.00100(S) and a **Mn hyperfine couplin
constant of —243.6(5) MHz, as determined previously.”®’
The following pulse sequences were employed: electron spin-
echo-detected field-swept EPR (7/2—7—z—7—echo) and
Davies ENDOR (7—RF—7z/2—t—n—7—echo). Spectral simu-
lations were performed in Matlab 2018a with the EasySpin
5.2.28 toolbox.*

For nuclei with nuclear spin I = 1/2 (IH and 3C in this
study), the ENDOR transitions for the m; = +1/2 electron
manifold are observed at the frequencies v, = lvy + A/2l,
where vy is the nuclear Larmor frequency and A is the field-
dependent hyperfine coupling. In the weak coupling case (A <
2vy), the two ENDOR branches are centered at vy and
separated by A. For nuclei with I > 1/2 (*H in this study; I =
1), the two ENDOR branches are further split by the nuclear
quadrupole interaction (NQI, P), giving ENDOR peaks at
Vg = Iy £ A/2 + (3P/2)(2m; — 1)1. In the case of °H, P is
usually small compared to A, and the splitting is oftentimes not
observed, although the ENDOR lineshape could be affected
the small NQI. Occasionally, if IAl is close to 2vy (cancellation
limit), the low-frequency ENDOR branch is close to zero. In
this scenario, this ENDOR branch usually cannot be detected
since the RF coil has low response at low frequencies.

The intensity of Davies ENDOR response is modulated by a
factor determined by the hyperfine coupling (4, in MHz) and
the length of the first inversion z-pulse (tp, in ps). This factor

can be written as:*!

L4(At,)

ENDOR(4, £) & ———2—
(At,)” + 0.7 (1)

such that as A — 0, the ENDOR signal vanishes. The lineshape
of Davies ENDOR spectra can be significantly distorted,
especially when A is small. This modulation factor is taken into
consideration in the simulation of some of the ENDOR spectra
in this work in order to more accurately reproduce the
experimental ENDOR spectra (see the Supporting Information
for a script). In addition, for this reason, small hyperfine
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couplings (A < 3 MHz) are usually measured using the
complementary Mims ENDOR technique, which is much
more sensitive to smaller A values.”

Computational Details. The crystal structure 4WCX*°
was obtained from the Protein Databank, and missing residues
were modeled manually. The tyrosine ligand position was
modeled according to the tryptophan ligand position in the
experimental crystal structure of the tryptophan lyase NosL
(PDB ID: 4R34"’). Before the QM/MM simulations,
molecular mechanics—molecular dynamics (MM/MD) simu-
lations were carried out to obtain an appropriate equilibrium
structure. In MM/MD, the AMBER-FB15 force field™ and
TIP3P-FB model** were used for the protein and solvent
molecules, respectively, and both of the [4Fe—4S] and [SFe—
58] clusters were described using Fe—S cluster-specific
parameters.” In the MM/MD simulations, an added harmonic
restraint force with a force constant of 50 kcal/mol/A* was
added to maintain the coordination environment of the Fe—S
clusters. The SHAKE™ algorithm was applied to constrain the
covalent bond lengths involving hydrogen. The following steps
were used to heat up and equilibrate the system gradually:
energy minimization followed by a 200 ps heating process in
the NVT ensemble in which the temperature was gradually
ramped up to 300 K. A 200 ps MD simulation was carried out
in the NPT ensemble to equilibrate the volume of the
simulation box. Finally, a 50 ns MD simulation in the NVT
ensemble was carried out and the final structure was used as
the initial structure of the QM/MM simulations.

QM/MM Simulations. The Q-Chem®” and AMBER"**
software packages were applied to do the QM/MM
simulations. In the simulations, the QM region was the first
chosen as the SAM cofactor, the canonical [4Fe—4S] cluster,
and the tyrosine ligand to simulate the SAM decomposition
and the radical transfer to the tyrosine ligand. In later reaction
steps that did not involve the SAM cofactor and the canonical
Fe—S cluster, only the tyrosine ligand, the side chain of the
Arg303, and the side chain of the Glu57 were included in the
QM region to conserve computational resources. The QM
region was described using the B3LYP density functional with
the 6-31G* basis set for non-metal atoms and the LANL2DZ
basis set/effective core potential combination for the Fe atoms.
All the non-QM atoms were treated by the force field with 12
A cutoff for non-bonded interactions.

EPR Parameters. The DFT calculations of EPR parameters
were carried out using ORCA 5.0.2.°° The initial coordinates
of different 4-OB°® models were extracted from the structure
models generated as mentioned above and used without
further optimization. Single-point energy calculations were
carried out using the B3LYP density functional and the def2-
TZVP basis set in conjunction with the RIJCOSX approx-
imation for two-electron integrals and the def2/J auxiliary basis
set for all atoms.”' ~>* EPR calculations were performed using
the TPSSH density functional and the EPR-II basis set with the
RIJCOSX approximation and the def2/] auxiliary basis set for
all atoms.> The electrostatic effect of the protein environment
was crudely modeled using the conductor-like polarizable
continuum model (CPCM)*° with a dielectric constant of & =
4.0.> An empirical dispersion correction was included in all
calculations using the D3B]J keyword in ORCA.>’

The effect of basis sets on computational results is shown in
Table S1. Three basis sets for EPR parameter calculations,
EPR-IL,*® IGLO-IL,* and aug-cc-pVTZ-J,”’ all listed in the
manual of ORCA 5.0.2, were employed. EPR-II and IGLO-II
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gave very similar results, quite close to experimental data, while
aug-cc-pVTZ-] gave overestimated spin—orbit couplings. In
the current study, EPR-II appeared to be a good choice of basis
sets.

Calculation of pK, The pK, calculations of all the
molecules were done using the Terachem software package.’!
Geometry optimizations and vibrational analyses were done
using unrestricted B3LYP with the def-TZVP basis set.> At
the optimized geometry, a single-point energy calculation was
performed with the larger def2-TZVP basis set with f functions
removed, and the free energy difference between the two
protonation states was computed as AG ~ AE(B3LYP/def2-
TZVP-f) + AG,,,(B3LYP/def- TZVP). To compute the pK,,
the AG of the reaction (HA — A~ + H") was computed by
adding —11.803 eV to the base side of the reaction,
corresponding to the standard free energy of a proton in
solution.”® The pK, was then computed as pK, = AG(HA —
A~ + H")/2.303 RT, where R is the gas constant and T was set
to 298.15 K. In the calculation, the COSMO PCM implicit
solvent model was selected with a dielectric constant of 78.3
(that of water).®*

B RESULTS AND DISCUSSION

HydG mutants with the auxiliary Fe—S cluster knocked out
(C380S/C383S, with both Cys being ligands to the [SFe—
48], cluster) or the dangler Fe site compromised (H265N,
with H265 being an axial ligand to the dangler Fe®*) were
investigated for their catalytic activity.’® Here, we removed the
dangler Fe using stoichiometric EDTA followed by buffer
exchange without disturbing the protein backbone, a procedure
we applied in several previous studies.”® This approach also
allowed us to conveniently place different metal ions, such as
Ni**, Co*, or Zn**, in the dangler Fe site, while the peptide
backbone of HydG remains intact.”> As shown in Figure 2, the
dangler Fe-removed variant (HydG*¥®) and the Zn-substituted
variant (HydG”") both contain two S = 1/2 EPR signals in the
g ~ 2 region (black traces). The EPR species with g; = 2.01 in
both cases corresponds to the [4Fe—4S]zs—[SAM] species as
noted in HydG and other rSAM enzymes,”® whereas the EPR
species with g; = 2.06 in the case of HydG*™ corresponds to
[4Fe—4S],.,—[cysteinate] and the EPR species with g, = 2.07
in the case of HydG* corresponds to [4Fe—4S],,—[Zn-
(cysteinate)] (Figure S1). The S = 5/2 EPR signal for the
native HydG auxiliary cluster ([4Fe—4S],,,—[Fe(cysteinate)])
is not present in both samples, supporting complete removal of
the dangler Fe.

The reaction mixtures of both variants, which contain
HydG, SAM, Tyr, and dithionite, were freeze-quenched at 15 s
after reaction initiation and then examined by EPR.
Interestingly, both reaction mixtures contain substantial
amounts of organic radical at g = 2.004 (blue and purple
traces), corresponding to the previously assigned 4-OB° in
wild-type HydG. Simulations of the spectra obtained at 10 K
reveal four S = 1/2 EPR species in the g ~ 2 region in the
sample of HydG”: [4Fe—4S]ys—[SAM], [4Fe—4S],.,—[Zn-
(cysteinate)], a previously identified unknown [4Fe—4S]gq
species, and 4-OB*® (Figure 2). The concentration of 4-OB*
is estimated to be ~10 yM from spectral simulation (Figure
S2), which is ~10 times higher than that of the wild-type
HydG reaction sample prepared under the same reaction
conditions and still ~3 times higher than the maximum 4-OB*®
concentration produced in wild-type HydG (at 2 s reaction
time). Although the EPR spectra of the reaction mixtures
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Figure 2. X-band EPR spectra of HydG reaction mixtures freeze-
quenched at 15 s. Conditions: 10 K, 0.1 mW (black trace); 10 K,
0.002 mW (blue traces, normalized); and 40 K, 0.02 mW (purple
traces). 4-OB* is labeled as g = 2.004; [4Fe—4S],,—[cysteinate] is
labeled as g = 2.06; [4Fe—4S],,,—[Zn(cysteinate)] is labeled as g =
2.07; and [4Fe—4S]ps—[SAM] is labeled as g = 2.06; see text for
details. At 40 K, all signals of the [Fe—S] species relax too fast to be
observed, and only the EPR signal corresponding to 4-OB° is
recorded. The reaction mixture can be simulated with four S = 1/2
species: red, [4Fe—4S],,—[Zn(cysteinate)]; magenta, 4-OB°®; blue,
[4Fe—4S]rs—SAM; and green, unknown [4Fe—4S]ps species. See
Figures S1 and S2 for simulation details and the estimation of 4-OB*
concentration.

generated from HydG™ and HydG?" are slightly different at
10 K, probably due to the slight differences in the EPR features
arising from [4Fe—4S] species, the EPR signals corresponding
to 4-OB*® have nearly the same lineshape and intensity at 40 K,
where all signals corresponding to 4Fe—4S clusters are gone,
indicating that they have the same perturbation to the HydG
reaction. Indeed, the 4-OB* signals from both samples also
have the same spectral features in pulse EPR and ENDOR
experiments. Spectra shown in the following text are obtained
from the samples made from HydG*™, but they are equally
applicable to those made from HydG*".

The generation and accumulation of 4-OB® were further
confirmed by pulse Q-band echo-detected EPR spectra, which
reveal the characteristic 4-OB* EPR lineshape identical to that
obtained from previous Q-band CW EPR measurements
(Figure 3A).° At higher temperatures (25 K), the electron
spin-echo envelope is dominated by the 4-OB* signal (Figure
$3), allowing detailed EPR and ENDOR characterization of 4-
OB°® (vide infra).

The fact that 4-OB® is accumulated in the absence of the
dangler Fe (or with Fe replaced by Zn) supports the proposal
that 4-OB°® is involved in the on-path decomposition of
dehydroglycine into CO and CN~ instead of being quenched
by the protein environment independently. This observation is
consistent with our recent QM/MM study, which suggested a
radical relay mechanism from 5’-dAdo to 4-OB°® to the
dehydroglycine radical to COO™*, with the final formation of
the Fe—CO bond on the dangler Fe site.”* The reaction
between 4-OB*® and DHG to generate cyanide and COO™* is
calculated to be thermodynamically neutral,”* and thus, an
equilibrium could form. It is therefore reasonable to argue that
the absence of the dangler Fe eliminates the driving force of
this radical relay, such that the most stable radical on the
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Figure 3. (A) Pulse Q-band echo-detected EPR spectrum of 4-OB*
generated from natural abundance Tyr. (B) Pulse D-band echo-
detected EPR spectrum of 4-OB* generated from [*H,]-Tyr in D,0
buffer. Black traces: field-swept spectra. Blue traces: pseudomodulated
spectra. Red traces: spectral simulations. Simulation of Q-band
spectra: g = [2.00370, 2.00360, 2.00262], HStrain = 12 MHgz, two 'H
with A = [65.9, 20.0, 40.7] MHz, and two 'H with A = [18.2, 7.0,
14.9] MHz (panel A). Simulation of D-band spectra: g = [2.00370,
2.00360, 2.00262], HStrain = [0, 56, 35] MHz, two *H with A =
[10.1, 3.1, 6.3] MHz, and two *H with A = [2.8, 1.1, 2.3] MHz (panel
B). Conditions: (A) temperature = 25 K, 7/2 = 12 ns, 7 = 300 ns,
modulation amplitude = 0.1 mT; and (B) temperature = 25 K, 7/2 =
40 ns, 7 = 300 ns, and modulation amplitude = 0.5 mT.

pathway, 4-OB®, owing to its aromaticity, is accumulated at a
local energy minimum.

The ready accumulation of 4-OBe allows us to characterize
this radical in more detail using a combination of isotopically
labeled Tyr substrate and high-resolution EPR spectroscopy.
The g-tensor of 4-OB* has not been previously resolved in X-
band or Q-band measurements due to its very small g-
anisotropy. Using [*H,]-Tyr as the substrate and a D,0O
reaction buffer to minimize the hyperfine broadening of the
EPR spectrum, we were able to measure the g-tensor of 4-OB*
on a pulse 130 GHz (D-band) spectrometer as g = [2.00370,
2.00360, 2.00262] (Figure 3B), which is only marginally
resolved even at this frequency. The g5 value is fairly close to
the free electron g value (2.0023), consistent with 4-OB*® being
a p,-type radical and g (g,) pointing perpendicular to the
aromatic plane.

To understand the complex lineshape of the Q-band EPR
spectrum arising from multiple overlapping 'H hyperfine
couplings, it is necessary to extract the hyperfine parameters of
individual nuclei. To this end, we went on to prepare a series of
isotope-labeled 4-OB°-containing reaction mixtures using
different isotopologues of Tyr (Figure S4) and employed
ENDOR spectroscopy to probe the hyperfine couplings of the
magnetic nuclei (Figure 4).

We first measured the hyperfine couplings of all the 'H
atoms in 4-OB*. The 'H Davies ENDOR spectrum of natural
abundance (N.A.) 4-OB* collected at g = 2.004 is shown in
Figure 4A (black trace) and Figure SS. The spectrum is
centered at the vy('H) of 51.5 MHz. The outer region of the
spectrum contains two obvious sets of '"H ENDOR signals that
are just separated from each other. Because of the small g-
anisotropy, there is no orientation selection in the ENDOR
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Figure 4. Q-band Davies '"H ENDOR spectra of differently labeled 4-
OB®. Black and blue traces are experimental data and red traces are
simulations with 'H hyperfine couplings of (A) A 'H = [66, 20, 41]
MHz; (B) A 'H = [18.2, 7.0, 14.9] MHz; and (C) A 'H = [5.3, 1.5,
3.8] MHz. Conditions: frequency = 34 GHz, temperature = 25 K,
inversion pulse = 80 ns, and 7 = 300 ns. The asterisk feature in (A) is
the third-order harmonics of the '"H ENDOR response in the central
region.

spectra of 4-OB®, so that the spectra reveal the entire A tensor
as seen from the classic “Pake pattern” in the figures. The
ENDOR signal with larger "H hyperfine coupling, arising from
the two benzyl 'H atoms, has weak signal intensity due to its
breadth. This "H hyperfine tensor is simulated with A 'H =
[66, 20, 41] MHz (red trace, Figure 4A). The ENDOR signal
with smaller 'H hyperfine coupling, arising from ring-2,6-'H,,
is also nicely resolved in the narrower scan of the same sample
and is simulated with A 'H = [18.2, 7.0, 14.9] MHz (red trace,
Figure 4B). The ENDOR signal of the remaining group of 'H,
ring-3,5-'H,, is buried in the central region and is overlapped
with the signals arising from the remote/backbone and solvent
'"H with small hyperfine couplings. To extract this "H ENDOR
signal, we used [ring-3,5-D,]-Tyr to generate the correspond-
ing isotopologue of 4-OB* (Figure 4C). The Davies ENDOR
spectrum collected from this sample (blue trace) is overlapped
with that of N.A. 4-OB°® (black trace), and the difference
spectra reveal the ENDOR signal arising from ring-3,5-'H,
(green trace), which is simulated with A 'H = [5.3, 1.5, 3.8]
MHz (red trace). Notably, the 'H ENDOR lineshape is
significantly distorted due to the suppression effect of Davies
ENDOR, as A is close to zero. This ENDOR lineshape can be
reproduced in spectral simulation using an intensity factor to
account for the suppression effect (see the Experimental
Details and sample script in the Supporting Information).*'
To validate the assignments of 'H ENDOR signals and to
determine the hyperfine tensors more accurately, we prepared
a series of “H-substituted 4-OB* and recorded the correspond-
ing H ENDOR spectra. The Davies ENDOR spectrum of
[benzyl-D,]-4-OB*® is shown in Figure SA (black trace) and
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Figure 5. (A) Q-band Davies *H ENDOR spectra of [benzyl-D,]-4-
OB*. (B) Q-band Mims *H ENDOR spectra of [ring-3,5-D,]-4-OB".
(C) Q-band *C Davies ENDOR spectra of [ring-3,5-'*C,]-4-OB".
Black traces are experimental data, and color traces are simulations of
’H and "*C hyperfine coupling: (A) A *H = [10.2, 3.1, 6.3] MHz; (B)
A ?H = [0.23, 0.81, 0.60] MHz; and (C) A C = [22.8, 12.7, 13.9]
MHz. Conditions for Davies ENDOR (A,C) are the same as Figure 4.
Conditions for Mims ENDOR (B): = = 300 ns.

simulated with A *H = [10.2, 3.1, 6.3] MHz (red trace), which
agrees well with the 'H hyperfine coupling after scaling by the
nuclear gyromagnetic ratio of 'H and *H (gy 'H/gy *H =
6.51). Here, only the v, branch of the ENDOR signal is shown
since v_ is small and the ENDOR response in the low-RF
range is weak and obscured. Again, the Davies ENDOR
suppression effect also affects the ENDOR lineshape, and the
intensity of features with small A is diminished. For the ring-
3,5-D,, the Mims ENDOR technique was applied because of
the small *H hyperfine coupling (Figure SB), and the ENDOR
spectrum is centered at a vy(*H) of 7.91 MHz. The spectral
simulation used A *H = [0.23, 0.81, 0.60] MHz, consistent
with the corresponding 'H hyperfine parameters extracted
from the difference spectrum shown in Figure 4C. In addition,
to reproduce the lineshape in Figure 5B, a small *H nuclear
quadrupole interaction (P ~ [—0.05, —0.0S, 0.1] MHz) is
included in the simulation.

To probe the spin distribution on the carbon atoms, we
generated the '*C isotopologues of 4-OB®. Shown in Figure 5C
is the Davies ENDOR spectrum of [ring-3,5-°C,]-4-OB®,
simulated with A 3C = [22.8, 12.7, 13.9] MHz. Here, again,
only the v, branch of the ENDOR signal is shown since A is
close to 2vy (*C), 13.0 MHz, so that the v_ branch is weak
and not observed. We also generated 4-OB® isotopologues
using [ring-4-"*C]-Tyr and [benzyl-'>C]-Tyr. However, their
3C hyperfine couplings are largely dipolar and thus do not give
any detectable ENDOR signals.

Using the pulse ENDOR-derived 'H and “C hyperfine
parameters, we were able to reproduce the complex lineshape
of the Q-band EPR spectra of N.A. 4-OB* and the "*C-
substituted isotopologues with high precision (Figures 3A and
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S6), which further substantiates the hyperfine values extracted
from the ENDOR experiments. In the cases of [ring-4-'*C]-4-
OB* and [$-"*C]-4-OB?*, only the largest principal A values, A;,
are determined from the spectral simulations. The hyperfine
parameters used in the simulation of EPR and ENDOR spectra
of various 4-OB* are summarized in Table 1.

Table 1. Summary of 'H, >H, and *C Hyperfine Parameters
Used in the Simulation of EPR/ENDOR Spectra of 4-OB*

nuclei A (MHz) Euler angle (deg)

benzyl-'H [66, 20, 41] [33,5,0]
ring-2,6-'H [18.2, 7.0, 14.9] [31, 5, 0]
ring-3,5-'H [5.3, 1.5, 3.8] [30, 0, 0]
exchangeable 'H [3.5, 1.6, —=7.2]¢ [30, 5, 0]
benzyl-*H [10.2, 3.1, 6.3] [33, 5, 0]
ring-3,5-°H [0.23, 0.81, 0.60] [30, 0, 0]
benzyl-*C [~, ~, 160]°

ring-3,5-°C [22.8, 12.7, 13.9] [20, 0, 0]
ring-4-1C [~ ~, 50]°

“Simulated as one effective 'H. YA, and A, are small and not
determined.

The phenol in p-cresol (pK, = 10.3) or Tyr (pK, = 10.98) is
generally expected to be protonated under catalytic conditions;
however, in the 4-OB®, which has one less H-atom compared
to p-cresol, the deprotonated form could be stabilized by
resonating with the ketyl-like 4-benzoquinone methide radical
anion (Scheme 1A). To probe the protonation state of the
phenolic hydroxyl and other exchangeable hydrogens in the
vicinity of 4-OB®, we compared the 'H ENDOR spectra of the
reaction mixture prepared in H,O and D,O buffer. As shown
in Figure 6A, the difference spectrum shows ENDOR signals
predominantly at the central region, which can be effectively
simulated with A "H = [3.5, 1.6, —7.2] MHz. The magnitude
of this coupling thus supports that an exchangeable proton(s)
is present near the spin center. However, it should be noted
that this does not necessarily prove the presence of a
protonated phenolic hydroxyl because the hydroxyl groups
from protein residues that form hydrogen bonds to the
phenolic oxygen could give rise to 'H couplings of similar
magnitude, as demonstrated from the DFT calculations (vide
infra). Indeed, the modeled structures of 4-OB® or 4-OB*
docked in the protein pocket, obtained from our recent QM/
MM study,”* indicate that several polar residues and a water
molecule are within the range of polar contact and form a
hydrogen bonding network (Figure 6B,C).

Although the protonation state of 4-OB*® is not reflected in
the ENDOR results directly, it does affect the patterns of the
hydrogen bonding networks near the phenol hydroxyl, which
has been shown to be influential to the EPR and ENDOR
parameters of organic radicals. DFT calculations have proven
to be useful in dlscrlmmatmg between the possible structures
in such systems.”®” Given the rich EPR data—in terms of
high-resolution g tensor and a collection of different A
values—gleaned from our EPR and ENDOR experiments,
we sought to perform DFT calculations of different 4-OB*®
models to help clarify this issue (Figure S7 and Table 2). We
first considered the simplest 4-OB® models in two different
protonation states (4-OB®y and 4-OB°y). The calculated g-
values and A values of both models show relatively large
discrepancies to the experimental values. In general, the 4-
OB°®, model predicts hyperfine values too small, whereas the

https://doi.org/10.1021/acs.biochem.1c00619
Biochemistry 2022, 61, 107-116


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00619/suppl_file/bi1c00619_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00619/suppl_file/bi1c00619_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00619?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00619?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00619?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00619?fig=fig5&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

Scheme 1. (A) Resonance Structures of 4-OB*® between the Benzyl Radical and the Ketyl Radicals and (B) Formation of 4-OB*
in HpdB via a Kolbe-Type Decarboxylation, which is a Concerted Proton-Coupled Electron Transfer Reaction, as Opposed to

H Atom Abstraction in HydG

A ('H) =[3.5, 1.6, -7.2] MHz

/ W \ difference

5 0 5
Vee-v('H) (MHz)

-10 10

Figure 6. (A) Comparison of the '"H ENDOR spectra between 4-OB* generated in H,O and D,O. The largest A value in the difference spectrum is
indicated by the arrows. The difference spectrum is simulated with A 'H = [3.5, 1.6, —7.2] MHz. (B) QM/MM-modeled structure of 4-OB*}; (in
green) poised in the protein pocket showing polar contacts with nearby residues. (C) QM/MM-modeled structure of 4-OB®. Orange dot lines
indicate the polar contacts between the phenolic hydroxyl and nearby atoms (hydrogen atoms are omitted).

Table 2. Comparison of Experimental and DFT-Predicted EPR/ENDOR Parameters of Different 4-OB® Models”

model g pH 2,6-'H 3,5-'H
Experiment 2.00(37, 36, 26) [66, 20, 41] [7, 18, 15] [1.6, 5.3, 3.9]
4-0B°, 2.00(41, 37, 22) [62, 16, 40] (4, 15, 13] [-0.8, 1.6, —2.6]
4-OB*oy 2.00(32, 29, 22) [75, 20, 50] (7, 22, 18] [3.2, 8.6, 4.3]
4-0OB°,-1 2.00(35, 31, 22) [67, 16, 42] (5, 18, 15] [0.8, 4.7, 2.9]
4-OB*o-1 2.00(30, 28, 23) [72, 17, 47] (8, 21, 18] [3.6, 8.7, 4.6]
4-OB*,-DHG 2.00(43, 30, 17) [64, 16, 41] (5, 18, 15] [0.9, 4.6, 2.8]
4-OB*o;-DHG 2.00(32, 29, 18) [73, 17, 48] (9, 21, 18] [3.7, 8.8, 4.6]

3,5-3C pBC 4-8¢ exchangeable HY
Experiment [23, 13, 14] [~, ~, 160] [~, ~, 50] [~, ~7]
4-OB°, [-10, =9, —10] [7, 8, 139] [-5, -8, 20]
4-OB°oy (35, 13, 15] [10, 11, 169] [4, 5, 62] (4, —6, —8]
4-OB°,-1 (19, 10, 11] [16, 16, 161] [-1, =3, 33] [-2, -3, 5]
4-OB°qy-1 (34, 13, 14] [33, 34, 195] [4, 5, 58] [0, =2, 9]
4-OB*,-DHG (20, 10, 10] [18, 18, 157] [-2, -3, 31] [1, =2, —6]
4-OB°o,-DHG (34, 13, 15] [32, 33, 191] [4, 5, 58] [0, -1, 9]

“All hyperfine values are in MHz. “Only the largest one is listed.

4-OB° oy model predicts hyperfine values a bit too large. We
then constructed two larger models (4-OB®o-1 and 4-OB*yy-
1) based on the QM/MM-predicted structures (Figure 6B,C)
to include the nearby residues and water that have the closest
polar contact to 4-OB®. The 4-OB°-1 model appears to agree
quite well with the experimental results overall except for the
4-3C hyperfine coupling, whereas a bigger model of the
protonated 4-OB°gy-1 does not improve the prediction
accuracy significantly.

It is shown from the QM/MM models that the DHG
fragment is situated near the benzyl end of 4-OB®, but there is
not any direct electrostatic interaction between them. To
evaluate the effect of DHG on the computational results, we
further constructed two larger models, 4-OB*-DHG and 4-
OB*,y-DHG, to include the DHG fragment along with more
residues that are linked to DHG through polar interactions
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(Figure S7). In both cases, the extended networks form dome-
like frameworks surrounding 4-OB®, which should suffice to
account for the primary protein environment of 4-OB°®. As
shown in Table 1, these two models give similar predicted
hyperfine couplings compared to 4-OB°y-1 and 4-OB°gy-1,
respectively, indicating that the contribution of the DHG
fragment to the electronic structure of 4-OB?® is not significant
and that even bigger models are probably not necessary.
Overall, the computed g and A values of the deprotonated
models 4-OB°y-1 and 4-OB°®5-DHG match the experimental
results quite well, except for the hyperfine coupling of 4-"*C,
which is better produced in the protonated models. In short,
the survey of various DFT models supports that the 4-OB*
trapped in the HydG reaction adopts the deprotonated state
embedded into the hydrogen bonding network of the protein
pocket.
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Since the formation of 4-OB® has been investigated by
mutagenesis and computational studies in the glycyl radical
enzyme 4-hydroxyphenylacetate decarboxylase (HpdB) which
is involved in the fermentative production of p-cresol from
tyrosine in Clostridia,”””’ it is interesting to compare it with
HydG. In the latter case, 4-OB® is generated from a Kolbe-type
decarboxylation of the 4-hydroxyphenylacetate radical anion
facilitated by the parallel orbital alignment of the aromatic
system, and a radical anion form of 4-OB* has been proposed
in this mechanism. The X-ray structure of HpdB and QM/
MM-optimized geometry of the substrate-bound state indicate
that a glutamate residue is in close proximity to the substrate
phenolic hydroxyl group. This glutamate has been proposed to
be crucial as a proton donor/acceptor during substrate
activation and decarboxylation. In the case of HydG, a similar
glutamate or aspartate is not identified near the hydroxyl side
of the pocket. It is possible that the proton is transferred
through the hydrogen bonding relay to nearby water
molecules. This difference may be attributed to the fact that
in HpdB, the glycyl radical abstracts only one electron from the
substrate (4-hydroxyphenylacetate anion) at the carboxylate
group; therefore, the deprotonation at the phenolic hydroxyl
group, assisted by a glutamate residue, is necessary to facilitate
a concerted proton-coupled electron transfer process, which
effectively abstracts an electron and a proton, that is, de facto an
H atom from the substrate (Scheme 1B). In contrast, in the
case of HydG, the 5'-dAdo radical directly abstracts an H atom
from tyrosine to initiate the radical bond scission, and
deprotonation of the substrate at the initial step is not
required.

Our results imply that the pK, of the 4-oxidobenzyl radical is
lower than the pH of the buffer (pH = 8.0) used in the assay.
We attempted to calculate the pK, of the 4-hydroxylbenzyl
radical using the calculated pK, of p-cresol as a reference
(experimental pK, = 10.3 for p-cresol). The computed pK, for
free 4-OB®; and p-cresol is 8.6 and 9.2, respectively (Table
S2). The lowered pK, for 4-OB*y compared to that of p-cresol
is consistent with our analysis. Moreover, when poised in a
protein pocket such as the models used for DFT calculations,
the pK, of 4-OB®y is further decreased to ~4. While caution
must be used to apply these computed pK, values, these results
are in support of a deprotonated form of 4-OB® in HydG,
consistent with the EPR and DFT results discussed above.

B CONCLUSIONS

Our biochemical and EPR spectroscopic studies together with
quantum chemical calculations reveal that the 4-OB°®
intermediate in HydG catalysis is accumulated in HydG
variants lacking the fifth Fe in the auxiliary Fe—S cluster,
supporting a role of 4-OB*® in the catalytic pathway to cleave
the DHG fragment into CO and CN~ ligands relevant to this
Fe site. This observation also provided us the opportunity to
investigate the electronic structure of 4-OB* in greater detail
using advanced paramagnetic resonance techniques. Specifi-
cally, we determined the g-tensor of 4-OB*® with 130 GHz EPR
and the 'H and “C hyperfine couplings in a suite of 4-OB*
isotopologues by 34 GHz ENDOR spectroscopy, all of which
allowed us to reproduce the complex EPR lineshapes of these
species. In addition, DFT calculations of the hyperfine
couplings of 4-OB® in different protonation states in
comparison with experiment led us to propose a radical
anion configuration of 4-OB*® in the HydG pocket, which helps
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finalize the reaction mechanism of HydG and provides a
method to clarify similar issues in other enzyme systems.
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