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Abstract

Radical S-adenosyl-L-methionine (SAM) enzymes employ a [4Fe-4S] cluster and SAM to initiate
diverse radical reactions via either H-atom abstraction or substrate adenosylation. Here we use
freeze-quench techniques together with electron paramagnetic resonance (EPR) spectroscopy

to provide snapshots of the reaction pathway in an adenosylation reaction catalyzed by the

radical SAM enzyme pyruvate formate-lyase activating enzyme on a peptide substrate containing
a dehydroalanine residue in place of the target glycine. The reaction proceeds via the initial
formation of the organometallic intermediate Q, as evidenced by the characteristic EPR signal
with gy = 2.035 and g, = 2.004 observed when the reaction is freeze-quenched at 500 ms.
Thermal annealing of frozen Q converts it into a second paramagnetic species centered at gigo =
2.004; this second species was generated directly using freeze-quench at intermediate times (~8
s) and unequivocally identified via isotopic labeling and EPR spectroscopy as the tertiary peptide
radical resulting from adenosylation of the peptide substrate. An additional paramagnetic species
observed in samples quenched at intermediate times was revealed through thermal annealing while
frozen and spectral subtraction as the SAM-derived 5’-deoxyadenosyl radical (5”-dAdoe). The
time course of the 5"-dAdoe and tertiary peptide radical EPR signals reveals that the former
generates the latter. These results thus support a mechanism in which Q liberates 5" -dAdoe by
Fe-C5’ bond homolysis, and the 5”-dAdo- attacks the dehydroalanine residue of the peptide
substrate to form the adenosylated peptide radical species. The results thus provide a picture of a
catalytically competent 5’ -dAdoe intermediate trapped just prior to reaction with the substrate.
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INTRODUCTION

Radical S-adenosyl-L-methionine (SAM) enzymes are found in all domains of life and
catalyze an astounding array of reactions, some of which have potential applications in the
biosynthesis of pharmaceutically or technologically useful compounds, such as antibiotics or
biofuels.1~7 Radical SAM (RS) enzymes have a partial or full TIM barrel fold structure8 and
bind a site-differentiated [4Fe—4S] cluster with three cysteines from a conserved CX3CX,C
motif.9 The unique iron of the [4Fe—4S] cluster is coordinated by the amino and carboxylate
moieties of SAM to form a coordination complex central to the catalytic mechanism.10-13
Catalysis by RS enzymes is initiated via electron transfer from the reduced [4Fe-4S]1*
cluster to the sulfonium of SAM,14:15 resulting in reductive cleavage of the S-C5” bond of
SAM;16-18 this reductive cleavage leads to the formation of an organometallic intermediate
Q in which the 5'-C of the 5’-deoxyadenosyl fragment is directly bound to the unique iron
of the [4Fe-4S] cluster.19:20 While initially surprising, Q has been observed in a wide range
of RS enzymes?0-22 and is proposed to be a key intermediate across the RS superfamily.2°
Synthetic models of Q developed by Suess and coworkers have provided further insight

into this species.23-2 In the reaction of the RS enzyme pyruvate formate-lyase activating
enzyme (PFL-AE) with its substrate pyruvate formate-lyase (PFL), Q is shown to convert
cleanly to the product glycyl radical upon thermal annealing, demonstrating the catalytic
competence of Q.19 In RS reactions, it is proposed that homolysis of the Q Fe-C5” bond
yields the 5’-deoxyadenosy! radical (5’ -dAdoe) that subsequently abstracts a hydrogen atom
from the substrate to initiate catalysis in the majority of characterized RS enzymes (Figure
1a).26

In rarer cases, the 5"-dAdos instead directly adds to an sp? carbon of a substrate double
bond to yield an adenosylated product (Figure 1b). RS adenosylation plays key roles in
important natural product biosynthetic pathways.® For example, RS adenosylation catalyzed
by aminofutilosine synthase (MgnE) is central to the biosynthetic aminofutilosine pathway
to produce menaquinone (vitamin K5). This pathway is essential for several pathogenic
bacteria but not for those in the human gut microbiome,27-2% making the aminofutilosine
pathway a target for antibiotic discovery.?8 In another example, the RS enzyme HpnH
catalyzes adenosylation of hopene in the biosynthetic pathway for bacteriohopanepolyol
production.39:31 Undoubtedly additional natural adenosylation reactions will be uncovered
as more RS enzyme reactivities are characterized.

Evidence for the 5"-dAdoe intermediate central to RS reactions includes label transfer from
substrate to the 5"-dAdoH formed from SAM during turnover,16:17:32.33 35 well as the
characterization of an allylically stabilized anhydroadenosy! radical analog;34-3¢ 5’-dAdos
itself, however, eluded direct detection for decades. A major breakthrough came with the
recognition that the [4Fe-4S]*/SAM complex is photochemically active, allowing reductive
cleavage to be induced by cryogenic irradiation with blue light;37 in the RS enzyme PFL-AE
such irradiation cleanly generated the 5"-dAdos in the absence of substrate, which allowed
its full and detailed characterization through electron paramagnetic resonance (EPR) and
electron-nuclear double resonance (ENDOR) spectroscopies.3” Subsequent studies showed
that other RS enzymes also undergo photolysis of the active site [4Fe-4S]*/SAM complex,
with some generating 5" -dAdos and others generating an SAM-derived *CHj radical via

JAm Chem Soc. Author manuscript; available in PMC 2023 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lundahl et al.

Page 4

regioselective cleavage of the S—-CH5 bond of SAM.38:39 These alternative photochemical
outcomes led to a new understanding of the basis for regioselective reductive C-S bond
cleavage of SAM in RS enzymes.39 An alternative strategy for the capture of the 5”-dAdoe
involved the use of a non-native substrate with HydG; c¢/s-p-coumaric acid used in place
of tyrosine was found to initiate reductive cleavage of SAM but prevented substrate
H-atom abstraction, 0 yielding a mixture of paramagnetic species, one of which was
characterized by EPR spectroscopy as the 5'-dAdo=.%0 However, under enzyme catalytic
turnover conditions, the 5”-dAdos radical has yet to be observed, and it has been suggested
that the 5”-dAdoe may never be free, and 5’-dAdoe formation may be concerted with
H-atom abstraction,536.41

The 5"-dAdoe has also been “captured’ via its propensity for addition to olefinic groups.#2-49
For example, PFL-AE normally catalyzes H-atom abstraction from the G734 residue of PFL
to generate the catalytically essential glycyl radical of PFL.50:51 This reactivity was modeled
using an heptamer peptide substrate analog (RVSGYAV),52 which mimics the G734 loop

of PFL and binds such that the G734 pro-S hydrogen is positioned 3.9 A away from

the 5’-C of coordinated SAM.53 However, using a similar peptide (Suc-RVP(Dha) YAVR-
NH,; Suc, succinyl) in which Ser733 is replaced by proline and Gly734 is replaced

with dehydroalanine (Dha), Knappe and coworkers observed adenosylation at the olefinic
B-carbon of Dha rather than H-atom abstraction of the pro-S G734 H-atom.*3 Similarly,

the RS enzyme QueE normally catalyzes a heterocyclic ring condensation initiated by
H-atom abstraction, but when presented with 6-carboxypterin (6-CP) as a substrate analog

it instead catalyzes adenosylation at a double bond of 6-CP to yield an adenosylated

6-CP radical species.?® In the case of B1, enzymes, Banerjee and coworkers showed that

in methylmalonyl-CoA mutase, a substrate analog presenting a double bond in place of

the abstractable H-atom underwent adenosylation, resulting in a stable bi-radical species
consisting of the adenosylation-product tertiary carbon radical plus Co(I1)-cobalamin.*2
Despite the ability to generate 5”-dAdos in the absence of a competent substrate, and the
evidence for 5”-dAdoe involvement in RS enzymes, key questions remain. Among the most
central: is the 5”-dAdos radical a true intermediate that is observable during RS enzymatic
reactions?

Here we examine the mechanistic details of a radical SAM adenosylation reaction catalyzed
by PFL-AE on a model octamer peptide substrate (RVS(Dha) YAVR) in which the only
change from the wild-type sequence is the replacement of the target Gly734 residue by

Dha (Figure 2). We show that PFL-AE catalyzes the adenosylation of this Dha peptide (Dha-
pep). Upon freeze-quench trapping, the reaction of reduced PFL-AE with SAM and Dha-pep
gives the central RS paramagnetic organometallic intermediate Q. Upon thermal annealing,
Q converts to a subsequent paramagnetic species with EPR parameters consistent with

an adenosylated tertiary peptide radical intermediate, demonstrating that Q is catalytically
competent. The adenosylated peptide radical intermediate (Ado-Dha-pepe) was directly
freeze trapped at intermediate reaction times and unequivocally identified and characterized
as containing the adenosylation-product tertiary carbon radical by EPR spectroscopy
combined with isotopic labeling and density functional theory (DFT) calculations. Closer
examination of intermediate reaction time freeze-quench samples revealed a second
paramagnetic species that we identify as the elusive 5’ -dAdoe radical intermediate. We
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further show that this 5'-dAdoe intermediate is catalytically involved, being captured in the
act of substrate adenosylation.

EXPERIMENTAL SECTION

Materials.
All reagents were purchased from MilliporeSigma at the highest available purity unless
otherwise noted. Fmoc-amino acids with appropriate side-chain protecting groups were
purchased from Chem-Impex Intl. and used without further purification. D,-cysteine was
purchased from Cambridge Isotope Laboratories, Inc. Sodium dithionite, D,O, and sodium
sulfide were obtained from Acros Organics. Tris (hydroxymethyl) aminomethane (Tris) was
purchased from Research Products International. All spectroscopy samples were prepared
under an anaerobic atmosphere in a mBraun glove box (O, < 8 ppm) or in a COY chamber
(O, < 10 ppm).

Synthesis of Peptides.

The syntheses of the Dha-containing peptides, RVS(Dha) YAVR and RVS(D,-Dha) YAVR,
were carried out using modifications of published procedures,>*2° with D-Cys serving as
the precursor for D,-Dha in the latter. Detailed procedures are provided in the SI.

Expression and Purification of PFL-AE.

Expression and purification PFL-AE was carried out following a published protocol with no
modification.20

Enzymatic SAM Synthesis.

Natural abundant and isotopically labeled SAM were synthesized as previously
described.18:56 The purification of SAM was carried out following a previously published
protocol.>6

NMR Spectroscopy.

IH NMR spectroscopy was recorded at 500 MHz, and 13C NMR was recorded at 126 MHz
on a Bruker 500 MHz spectrometer. NMR spectra were referenced to residual chloroform

(*H, 7.26 ppm; 13C, 77.2 ppm). Chemical shifts are reported in parts per million (ppm), and
multiplicities are indicated for observed splitting. Coupling constants are indicated in Hertz.

MALDI-TOF MS.

MALDI-TOF MS data (Figures S1 and S2) were acquired on a Bruker UltrafleXtreme
MALDI-TOF/TOF mass spectrometer. Samples were desalted using C18 ZipTips and co-
spotted with Super-DHB as the matrix.

Preparation of LC-MS Samples.

A 45 L solution of 385 xM RVS(Dha) YAVR peptide, 225 (M PFL-AE, 6.75 mM sodium
dithionite, and 2.25 mM SAM in a 50 mM Tris—Cl pH 8.5, 100 mM KCI, 10% glycerol
buffer was allowed to react for 10 min. The solution was then quenched with 5 gL of 400
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mM acetic acid pH 4.5 and incubated on ice for 30 min prior to centrifugation for 10 min
at 13,000 rpm at 4 °C to remove precipitated protein. A control sample was made using the
same method excluding SAM.

All LC-MS experiments were performed at the Montana State University Proteomics,
Metabolomics, and Mass Spectrometry Facility. An Agilent 1290 LC was coupled to an
Agilent 6538 quadrupole time-of-flight mass spectrometer. Liquid chromatography was
performed on a Waters Acquity C1g HSST3 column (1.8 um particle size, 2.1 x 100 mm)
maintained at 50 °C and operated at a flow rate of 0.4 mL/min. The mobile phase consisted
of water (0.1% formic acid) as solvent A and acetonitrile (0.1% formic acid) as solvent

B. The initial mobile phase conditions were 95% A and 5% B (held for 1 min). A linear
gradient profile was used over 8 min to 95% B, followed by a hold of 1 min at the original
conditions for column re-equilibration. The total run time per sample was 12 min.

The LC eluent was coupled to an electrospray ionization source operating in the positive-ion
mode. The mass spectrometer was operated at 1 Hz over a mass range of 100-1700 m/zat a
scan rate of 1 Hz.

EPR Sample Preparation.

At room temperature, a solution of PFL-AE was reduced with sodium dithionite for 8

min before it was added to a solution of Dha peptide and SAM in an X-band EPR tube
(Wilmad LabGlass, 4 mm OD). The resulting mixture of these solutions yielded a sample
with the following concentrations: 225 M PFL-AE, 385 1M Dha peptide, 6.75 mM sodium
dithionite, 2.25 mM SAM in buffer (50 mM Tris—Cl, pH 8.5, 100 mM KClI, 10% glycerol).
The samples were flash frozen in liquid nitrogen at times indicated.

RFQ Sample Preparation.

Rapid freeze-quench (RFQ) experiments were performed using a protocol previously
described in order to protect the protein from oxygen despite the RFQ instrument not

being placed in an anaerobic environment.19-20 A solution of PFL-AE was reduced with
sodium dithionite for 8 min before it was loaded into one loop while a Dha peptide, and
SAM mixture was loaded into the other loop, achieving a post-mixing ratio of 1:1.7 of
PFL-AE:Dha peptide. The mixing of these solutions yielded a sample with the following
concentrations: 225 (/M PFL-AE, 385 1M Dha peptide, 6.75 mM sodium dithionite, 2.25
mM SAM in buffer (50 mM Tris—Cl pH 8.5, 100 mM KCI, 10% glycerol). The sample
loops were connected to a System 100 apparatus from Update Instrument and rapidly mixed.
The mixture was quenched by spraying onto two rotating aluminum-coated copper wheels
cooled in liquid nitrogen, at mixing times of 500 ms, 1 and 2 s. The frozen powder was
collected in a funnel and packed into precision Q-band tubes (2.5 mm OD) for X-band EPR
analysis. The variations in packing density precluded precise spin quantitations.

Continuous Wave EPR Spectroscopy.

X-band continuous wave (CW) spectroscopy on hand-quenched samples was conducted
at Montana State University using a Bruker EMX EPR spectrometer equipped with a
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Bruker/Cold Edge (Sumitomo Cryogenics) 10 K waveguide cryogen-free system with

an Oxford MercuryiTC controller unit and helium Stinger recirculating unit (Sumitomo
Cryogenics, ColdEdge Technologies). Spectra were recorded at 40-70 K at 9.38 GHz using
3.0 G modulation amplitude and 3 mW power. Quantification of the spin concentration
of 5"-dAdoe and Ado-Dha-peps was achieved by comparison of the double integral of the
EPR intensity to that of a standard curve made from solutions of 4.73-94.6 /M TEMPO
radical in DI H,O (see SI; Tables S2-S4). X-band CW EPR spectroscopy performed on
the RFQ samples was conducted at Northwestern University using a Bruker ESP 300
spectrometer equipped with an Oxford Instruments ESR 910 continuous helium flow
cryostat. Experimental parameters were 40 K, 9.37 GHz, 2 mW microwave power, 100
kHz modulation, and 5 G modulation amplitude. Simulations of experimental spectra
were performed using EasySpin 5.2.3057 within the Matlab R2020b software suite (The
Mathworks Inc.).

Models for Dha-pep Binding.

A model of the RVS(Dha) YAVR peptide in the active site of PFL-AE was generated from
the crystallographically determined structure of PFL-AE, SAM, and RVSGYAV peptide
(PDB: 3CB8)°3 by changing the central Gly residue (Gly734 of PFL) to a Dha residue.
This modified structure was optimized using the “molecular sculpting” plugin in PyMOL58
in order to avoid steric clashes and to provide reasonable molecular geometries. For the
model of the adenosylated peptide (Ado-Dha-pepe) in the active site of PFL-AE, the model
described above was used with the following modifications. SAM was manually cleaved at
the S-C5’ bond, and the Dha residue was changed to an alanine. Then, the dAdo moiety
was manually translated to be in close proximity to the alanine to create the C—C bond
between C5’ of dAdo and Cpof alanine. This structure was optimized using the “molecular
sculpting” plugin in PyMOL58 (The PyMOL Molecular Graphics System, Version 2.3.4,
Schrédinger, LLC).

DFT Calculations.

All DFT computations were carried out with the ORCA 4.2.1 software package.>%-61 A
simplified model for the Ado-Dha-pepe was generated by truncating the peptide between
the C, and N of Ser733 and between N and C,, of Tyr735 (Figure S3). The geometry
around the Gly734 C_, was changed to a planar sp? radical configuration, a CH,—~CH3

was added to approximate the Dha C g and the adenosyl moiety, and hydrogen atoms

were added to the truncated ends. The initial geometry for this simplified model was

taken from the crystallographically determined structure of the RVSGYAV peptide bound to
PFL-AE (PDB 3CB8).%3 Input coordinates for the geometry optimizations were generated
using Avogadro,%2:63 and both unconstrained and constrained geometry optimizations were
calculated. In the constrained geometry, the nonhydrogen atoms in the peptide fragment
were fixed to the crystallographically determined geometry, while the Ado-Dha Cgand the
5’-C were allowed to find their lowest energy geometry. The constrained geometry held

the dihedral angle between the C,—N and the Cg-Hy, at 20° and yielded a better match to
experiment, implying the dihedral angle between the C,—N and the 2pr orbital of the C -
Hy, is 70°. Geometry optimization calculations utilized the B3LYP/G hybrid functional54-66
and the Ahlrichs’ valence triple-£ with a polarization function basis set.67:68 These input
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coordinates were also used in calculations using Becke’s functional for exchange along with
Perdew’s functional for correlation (BP86) for comparison.84:66 Hyperfine and g-tensors
were calculated for all the input geometries by the coupled-perturbed self-consistent field
approach using the B3LYP and BP86 hybrid functionals and EPR-I11 basis set®:70 and in
combination with an accurate spin—orbit coupling operator [RI-SOMF(1X)].7}

Synthesis of a Dehydroalanine Peptide Substrate.

To probe the mechanistic details of RS adenosylation using PFL-AE, a PFL substrate
analog presenting a double bond rather than an abstractable hydrogen was needed to enable
adenosylation reactivity. An 8-mer peptide corresponding to the sequence surrounding the
target Gly734 of PFL was synthesized, with the only modification from the wild-type
sequence being the substitution of Dha for Gly734: RVS(Dha) YAVR (Figure 2), referred to
hereafter as Dha-pep. Dha-pep differed from the Suc-RVP(Dha) YAVR-NH, peptide used by
Knappe and coworkers,*3 which included a proline in place of the serine adjacent to Dha
because it was necessary to prevent side reactions with the native Ser during the introduction
of the Dha;*3 improvements in peptide synthesis methodology since the time of Knappe’s
report allowed us to synthesize Dha-pep with the exact sequence of the G734 loop in

PFL 5455

Adenosylation of Dha-pep by PFL-AE.

Upon reaction of reduced PFL-AE with SAM and Dha-pep, the addition of an adenosyl
moiety to Dha-pep was observed by LCMS (Figure S4). This result demonstrates that PFL-
AE, when presented with the double bond of Dha-pep rather than an abstractable hydrogen,
can catalyze an RS adenosylation as an alternative to its natural H-atom abstraction reaction.
The rest of this report describes studies of the mechanism of this reaction.

Reaction of PFL-AE with SAM when Dha-pep Is Bound Yields the Organometallic
Intermediate Q.

Time-dependent RFQ EPR measurements were performed to probe the reaction course of
PFL-AE with Dha-pep and SAM. Freeze-quench at 500 ms shows an EPR signal with g
=2.035and g; = 2.004, associated with the organometallic intermediate Q, in which C5’
of a SAM-derived adenosyl moiety is covalently bound to the unique iron of the [4Fe—4S]
active site cluster (Figure 3A).1° Q is a key intermediate in a wide range of RS catalyzed
reactions.20-22.72.73 The formation of Q is initiated by electron transfer from the [4Fe—4S]1*
cluster to SAM. This cleaves the S-C5’ bond, producing 5’-dAdoe, which rapidly forms a
covalent bond between C5” and the unique Fe of [4Fe-4S]3* (Scheme 1). In the reaction
with Dha-pep, the EPR intensity of Q as measured at 40 K grows with quench time until it
maximizes at 2 s (Figure 3A).

To examine the fate of Q in this reaction, a 2 s RFQ sample exhibiting a strong Q EPR signal
was annealed while frozen at progressively higher temperatures, with re-cooling to 40 K for
examination by EPR spectroscopy at each stage (Figure 3B). The Q EPR signal is stable

when warmed for 1 min at 180 K; however, it substantially diminishes during a few minutes
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of annealing at 220 K and is fully lost upon annealing for a few minutes at 240 K. As the Q
signal disappears, it is replaced by a hyperfine-split radical signal, indicating the progression
from Q to a subsequent radical intermediate in the reaction.

Capture of a Tertiary Carbon Radical Intermediate.

The observation of Q formation during the adenosylation reaction leads to a proposed
mechanism of RS adenosylation that, like RS H-atom abstraction, involves the liberation

of 5'-dAdo+ by homolysis of the Fe~C5” bond of Q. In the present case, this is followed

by an attack of the 5"-dAdo on the terminal sp? carbon of the Dha double bond to yield

an adenosylated tertiary substrate radical intermediate, Ado-Dha-pepe, with the odd electron
located in a 2p orbital on C,, of Dha, Scheme 1. The Ado-Dha-pepe is presumably
quenched by solvent, with the electron being provided by dithionite. To trap the Ado-Dha-
pepe intermediate, the reaction of PFL-AE with SAM and Dha-pep was freeze-quenched ~8
s after mixing and examined by EPR spectroscopy at 70 K. The resulting sample exhibited
an EPR signal with a symmetric triplet formed from overlapping doublets, centered at giso
=2.004 (Figure 4A). A simulation including isotropic 1H hyperfine couplings of 45 and 30
MHz provides an excellent fit to the experimental spectrum.

The same experiment carried out with Cs-[D,]-Dha-pep shows that the gso(H) = 45 MHz
coupling is lost upon deuteration of the C g protons, leaving only the smaller 30 MHz
splitting (Figure 4B). Thus, we attribute the 45 MHz coupling to one of the two Cs-H atoms
of Dha. The reaction of reduced PFL-AE with Dha peptide and [adenosyl-13C1,1°N5]-SAM
results in an EPR spectrum with a large additional splitting (Figure 4C), ajsq = 48 MHz,
which is assigned as the Btype coupling of 13C5” to the spin on C,, of the former Dha in the
Ado-Dha-pepe intermediate.

Given that reaction of PFL-AE with SAM and Cz-[D;]-Dha-pep gives a radical intermediate
that retains the 30 MHz splitting (Figure 4B), the 1H giving this hyperfine coupling cannot
be either of the Cz protons. To determine whether the 30 MHz coupling is due to the
adjacent amide N-H, the reaction of reduced PFL-AE with SAM and Dha peptide was
carried out in 95% D50, leading to loss of the a&so(H) = 30 MHz coupling and leaving

a doublet with agj5o(H) = 45 MHz (Figure 4D). Peptide backbone amide hydrogen atoms
readily undergo H/D exchange when incubated in D50, and thus the 30 MHz coupling lost
upon reaction in D,O can be assigned to the amide hydrogen adjacent to the Dha C,—carbon
radical site. This assignment is further supported by the observation of a singlet EPR signal
when the reaction with Cs-[D,]-Dha-pep is carried out in D0, leading to a peptide radical
with no Cs-H or N-H protons (Figure 4E).

These results show that the two hyperfine couplings observed for the unlabeled Dha-pep
in H20 arise from one of the Cs-H protons and the exchangeable amide N-H proton;

the second Cz-H proton must have a hyperfine coupling that is too small to be resolved.
Together, these observations establish that the EPR signal observed for the ~8 s freeze-
quenched reaction indeed arises from the radical product of catalytic adenosylation, Ado-
Dha-pepe (Scheme 1).
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Structure of the Tertiary Carbon Radical Intermediate.

The finding that the resolved hyperfine splitting of Ado-Dha-pepe arises from one of the
Cp-H protons and the amide N-H proton provides insight into the conformation of the
adenosylated Dha peptide radical in these experiments, which we have evaluated by using
DFT to compute hyperfine couplings. A simplified model of Ado-Dha-pepe (Figure S3),
truncated at the C, of Ser733 and the amide nitrogen of Tyr735, and using CHs to model
the adenosy! group on Ado-Dha C, was given a fixed peptide backbone conformation based
on the structure of the wild-type PFL peptide (RVSG734YAV) bound in the PFL-AE active
site (PDB: 3CB8), except that the geometry around the C, of Gly734 was changed to a
planar sp? radical configuration. This fixed conformation imposes a dihedral angle of ~50°
between the C, radical 2pr orbital and the adjacent N-H bond (Figure 5). The C,~Czbond
was rotated to find the orientation providing the best match to the experimentally determined
hyperfine couplings (SI), both the observed coupling to one of the Cs-H protons and the
absence of a resolved coupling to the other, and led to the dihedral angles shown in Figure 5.
Calculations were also carried out for a fully energy-minimized C,—N-H structure, a planar
conformation allowing for greater delocalization and thus stabilization of the 2p r unpaired
electron; however, the resulting hyperfine couplings did not match the experimental results
(Table 1 and Figures S5, S6, SI). The DFT calculations in conjunction with the experimental
data thus support an adenosylated peptide radical intermediate that is constrained in the
active site of PFL-AE with a conformation similar to that observed for the wild-type peptide
bound to the PFL-AE active site.

5’-dAdoe as an Adenosylation Intermediate.

During the course of trapping and characterizing the tertiary Ado-Dha-pepe intermediate,
we observed a second, quench-time-dependent EPR signal at 40 K overlapping that of

the Ado-Dha-pepe, as evidenced by the additional features apparent just outside the strong
Ado-Dha-pepe signal (Figure 6A, top). This signal is suppressed at higher temperatures,
which explains its absence in the 70 K spectra of Figure 4. To evaluate this additional

signal in more detail, a sample freeze-quenched after 10 s (Figure 6A, top) was annealed

at 125 K for 15 min; its EPR spectrum was recorded at 40 K (Figure 6A, bottom) revealed
significant loss of this additional signal. The annealed spectrum was scaled by a factor of
0.93 (since the Ado-Dha-pepe signal increased upon annealing) and then subtracted from the
unannealed sample, revealing the additional signal (Figure 6B) to be nearly identical to the
previously reported 5’-dAdoe EPR signal generated by photolysis of reduced PFL-AE with
SAM bound.37 The simulation parameters for the 5’-dAdoe obtained here and from our prior
report (Table S1) are identical except for the coupling to C4’, which indicates a slightly
different torsion angle around the C4’-C5” bond.3’

Analysis of the 40 K EPR spectra before and after annealing shows that the 5" -dAdoe

EPR signal decreases from ~30 to 15% of total spin intensity with annealing, while the
Ado-Dha-pepe signal increases from ~70 to 85% of total spin intensity (Table S2), consistent
with conversion of the 5”-dAdos to the product Ado-Dha-pepe; this result suggests that the
observed 5’-dAdos is a trapped catalytically competent intermediate.
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To test the mechanistic role of this 5”-dAdos, we evaluated the time progression of the
formation of the Ado-Dha-pepe and loss of 5”'-dAdoe through a series of experiments

with freeze-quench delay times of 8 to 18 s (Figure 7A). The quench-time dependence

of the intensities in these spectra (Figure 7B) reveals that 5'-dAdoe EPR signal is lost
concomitantly with an increase in the Ado-Dha-pepe signal. Together, the annealing of
5’-dAdoe to Ado-Dha-peps (Figure 6) and of the time course of the conversion of 5’ -dAdoe
to Ado-Dha-peps (Figure 7) establish that the 5"-dAdoe observed in these experiments
indeed is a catalytically competent intermediate that is formed by liberation from Q and
caught in the act of adenosylating the Dha peptide.

In both freeze-quench time course and annealing experiments, there is some overall loss
of the Ado-Dha-pepe EPR signal with time, which we attribute to solvent quenching of
the Ado-Dha-pepe. This explanation is consistent with the observation that Ado-Dha-pepe
signals are more intense when experiments are carried out in D,O (Figure S7), where

a solvent kinetic isotope effect would be expected to slow solvent quenching. Solvent
quenching is not an important factor in H-atom abstraction from the native substrate PFL,"*
because the Gly734 radical thus formed is on a protein loop of PFL that becomes buried
in the interior of the 170 kDa PFL protein subsequent to its activation by PFL-AE.”>76 |n
contrast, the C, tertiary carbon Ado-Dha-pepe on the smaller Dha-pep peptide substrate is
solvent exposed when bound to PFL-AE and therefore susceptible to quenching and more
difficult to capture, except with short reaction times.

DISCUSSION

RS enzymes catalyze diverse radical reactions through a key organometallic intermediate

Q that is formed upon the reductive cleavage of SAM.1920 The long-implicated 5" -dAdoe
intermediate has also been observed, but to date its trapping has required either cryogenic
photoinduced electron transfer in the RS enzyme/[4Fe-4S]*/SAM complex in the absence of
substrate37:39 or SAM reductive cleavage induced by use of a substrate analog that cannot
undergo turnover.*® Here we tie both Q and 5’-dAdoe to RS catalytic turnover, providing
evidence for the catalytic competence of both species in a reaction sequence that has been
proposed but has not been observed until now and establishing the structure of the 5" -dAdos
engaged in catalysis.

We show that the RS adenosylation of a dehydroalanine-containing peptide substrate
catalyzed by PFL-AE proceeds via the Q organometallic intermediate in which C5” of a
SAM-derived adenosyl moiety is covalently bound to the unique iron of the PFL-AE [4Fe—
4S] cluster. The Q intermediate is observed by EPR spectroscopy after cryogenic trapping
at short reaction times (Figure 3) and has an EPR spectrum identical to that of Q formed
upon reaction with the native substrate PFL. Evidence that Q is a catalytically competent
intermediate during adenosylation is provided by the observation of the conversion of Q

to the tertiary C,, radical of the adenosylation product (Ado-Dha-pepe) during cryogenic
annealing (Figure 3). This product-radical species was identified by rapid freeze quenching
the reaction at longer time points ranging from 8 to 18 s; EPR spectroscopy of these samples
showed a clear doublet of doublets signal, consistent with expectations for the tertiary
carbon radical that would be formed upon adenosylation of the C 4 of the dehydroalanine
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residue of Dha-pep (Figure 7). Inspection shows this EPR signal to be the same as that
observed upon annealing Q. Use of SAM and Dha-pep isotopologs provides unequivocal
identification of the tertiary C,, radical formed upon addition of 5"-dAdos to the Cpof Dha
(Figure 4).

An adenosylation-product radical has also been characterized for the RS enzyme QueE upon
reaction with a substrate analog harboring a double bond at the normal site of H-atom
abstraction,® suggesting that re-direction of RS H-atom abstraction to adenosylation may be
generally achievable by the introduction of double bonds or other reactive groups at the site
of RS H-atom abstraction. The RS maturase HydE has been shown to catalyze adenosylation
of non-native 1,3-thiazolidine substrates in a reaction that has been structurally dissected.4!
Radical By, enzymes, which show remarkable similarities to RS enzymes, 2% also have

a propensity for adenosylation of reactive substrate analogs, as demonstrated by the
observation of an adenosylation-product radical formed by methylmalonyl-CoA mutase with
the nonnative substrate itaconyl-CoA.42

These adenosylation results parallel those observed in the H-atom abstraction reaction of
PFL-AE with SAM and PFL, where annealing of Q produced the product PFL glycyl
radical.1? In both cases, the thermal energy provided by annealing in the frozen state
promotes Q Fe-C bond homolysis to produce a 5’ -dAdoe intermediate, which either
abstracts the G734 pro-Shydrogen atom to generate G734+ when PFL is the substrate, or
adenosylates the dehydroalanine residue yielding the tertiary Ado-Dha-pepe when Dha-pep
is the substrate in the present study. It is interesting to note that an Q species precedes an
organic substrate-based radical upon freeze quenching the reaction of the RS enzyme SuiB
at 20 s,21 suggesting a similar organometallic radical mechanism in this enzyme. Moreover,
an Q species was implicated in the RS enzyme viperin.22

An additional EPR signal was observed along with the Ado-Dha-pepes EPR signal over a
range of freeze-quench time points from ~8 to ~18 s (Figure 7). It is most prominent at the 8
s freeze-quench time and is most clearly seen by the features outside the high-field and low-
field edges of the Ado-Dha-pepe signal, and it can be observed in isolation by subtraction

of the Ado-Dha-pepe signal from the experimental spectra (Figure 6). The signal is centered
at g =2, and its TH hyperfine coupling parameters are essentially equivalent to those of
photolysis-generated 5’-dAdoe.37 This result, together with annealing and time course data,
in which the radical disappears with a concomitant increase in the product-radical signal,
establish that this species indeed is a catalytically competent 5" -dAdoe formed by liberation
from Q and caught in the act of adenosylating the Dha peptide.

This observation of 5’-dAdoe during a catalytic reaction may seem surprising, even
remarkable, given that 5”-dAdos has been thought to be too high in energy to be observed
during enzyme turnover.18 Indeed non-turnover conditions were used to trap the 5”-dAdoe
radical in recent reports: cryogenic photolysis in the absence of substrate,3739 and radical
initiation induced by a non-reactive substrate.40 In fact, the dearth of direct evidence for
the 5”-dAdo- radical has led to a considerable discussion as to whether 5”-dAdoe is a true
intermediate species in enzymatic reactions or is instead unobserved during catalysis due to
concerted reductive cleavage/H-atom abstraction.®36:41 The results reported herein provide
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an answer insofar as RS adenosylation reactions are concerned: the 5’ -dAdoe radical is a
catalytically competent intermediate during RS adenosylation.

To illustrate the adenosylation reaction, a model of the RVS(Dha) YAVR peptide in the
active site of PFL-AE was generated from the crystallographically determined structure of
PFL-AE, SAM, and RVSGYAV peptide (PDB: 3CB8)°3 by changing the central Gly residue
(Gly734 of PFL) to a Dha residue. This model places the olefin of the Dha residue such

that radical addition by the 5”-dAdos would occur on one face of the olefin (Figure 8A).
The predicted distance between 5’-C of SAM and C of the dehydroalanine (3.7 A)is
comparable to the predicted distance from C5” to the C, in the native peptide (3.9 A),
which has the target H-atom of the latter pointing toward and considerably closer to the
C5’.53 Thus, while the adenosylation reaction is thermodynamically more favorable than
H-atom abstraction, the reactive 5"-dAdoe must travel further to complete the nucleophilic
addition to Dha-pep. Further modeling shows that, once the C—C bond is formed between
the peptide and 5”-dAdos, only a slight change in the active site is required to accommodate
the resulting adenosylated product peptide, with the hydrogen bonding interactions between
the Tyr35, His37, His202 residues, and the adenosine moiety retained (Figure 8B). The
modeling supports the experimental observations that substitution of a dehydroalanine group
at the Gly734 position results in facile PFL-AE catalyzed radical SAM adenosylation of the
Dha peptide.

CONCLUSIONS

The results presented here demonstrate the sequential formation of three distinct radical
intermediates during the PFL-AE catalyzed radical SAM adenosylation reaction: the
organometallic intermediate Q is observed at short freeze-quench times, while intermediate
freeze-quench times reveal a mixture of 5”-dAdos and the product-radical intermediate Ado-
Dha-pepe, with only Ado-Dha-pepe observed at the longest freeze-quench times. The loss

of 5'-dAdoe with a concomitant gain of Ado-Dha-peps as the freeze-quench time increases
shows that the 5'-dAdo- is a reaction intermediate that converts to Ado-Dha-peps as the
reaction progresses. Thermal annealing of samples containing 5’ -dAdos demonstrates that
this species is a catalytically competent intermediate caught in the act of forming the product
Ado-Dha-pepe, the first direct observation of 5"-dAdoe as a reaction intermediate.

These results provide the clearest visualization to date of the progression of steps during
radical initiation in radical SAM reactions, with Q undergoing homolytic Fe-C5” bond
cleavage to release 5"-dAdos, which then reacts with the substrate. They further show
that radical SAM adenosylation reactions proceed by the same initiation steps as the more
extensively studied H-atom abstraction reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RS radical SAM
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Dha dehydroalanine
EPR electron paramagnetic resonance
ENDOR electron-nuclear double resonance
Dha-pep dehydroalanine-containing peptide substrate
Ado-Dha-pepe adenosylated Dha peptide radical
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Figure 1.
5’-Deoxyadenosyl radical (5”-dAdoe) generated from reductive cleavage by RS enzyme and

subsequent reactivity. Pathway (a) hydrogen atom abstraction from the substrate resulting
in substrate radical. Pathway (b) adenosylation of a substrate via 5’-dAdoe addition to s¢°
carbon.
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Figure 2.
Structure of the 8-mer Dha-pep.
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Figure 3.
RFQ and annealing of the PFL-AE/SAM/Dha-pep reaction. (A) RFQ of the reaction of

PFL-AE with SAM and Dha-pep at 500 ms, 1, and 2 s shows the increasing intensity of

an EPR signal characteristic of the organometallic intermediate Q. (B) Cryogenic annealing
of the 2 s RFQ sample at the temperatures and times shown results in conversion of Q to a
new radical species. The signal from this species is saturation broadened at the observation
temperature of 40 K, chosen because Q is not observable at the higher temperatures optimal
for the radical. EPR conditions: microwave frequency, 9.375 GHz; modulation amplitude, 5
G, T=40K.
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Figure 4.
Normalized 70 K X-band EPR spectra (black) and simulations (red) of the Ado-Dha-pepe

generated from the reaction of reduced PFL-AE, SAM, and Dha-pep at RT then freeze-
guenched at ~8 s. (A) Reaction using natural abundance (N.A.) SAM and Dha-pep. (B)
Reaction was carried out using D,-Dha-pep. (C) Reaction using [adenosyl-13C4(,15Ns]-
SAM. (D) Reaction using natural abundance SAM and Dha-pep was carried out in 95%
D,0. (E) Reaction using natural abundance SAM and D,-Dha-pep was carried out in
95% D,0. Total spin quantitations in (A—E) range from 11 to 20 xM. EPR conditions:
microwave frequency, 9.38 GHz; modulation, 3 G, 7= 70 K. Simulations were generated
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with Easyspin®* with g-tensor = [2.0047 2.0039 2.0025] and hyperfine tensors ggso(Ha) = 45
MHz, aso(N-H) = 30 MHz, and 4,5,(13C(5")) = 48 MHz.
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Figure 5.

Structure considered for the Ado-Dha-pepe. Left, depiction of the fixed geometry of the
Ado-Dha-pepe. Center, illustration of the dihedral angle between the 2p s orbital on C, and
the amide N—H bond for the fixed geometry observed in the PFL-AE crystal structure, as
viewed down the C,—Namide bond. Right, illustration of the dihedral angles between the 2pz
orbital on C, and the Cs-H and Cﬁ—C5' bonds, viewed down the C,~Czhbond. The plane of
the sp2 C, Namide, and Cpis represented by a dashed line.
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Figure 6.

EPR spectra at 40 K of a 10 s freeze-quench sample before and after annealing reveal the
presence of 5"-dAdoe. (A) The CW X-band EPR spectra were recorded at 40 K of the 10 s
freeze-quench reaction of PFL-AE, SAM, and Dha-pep before and after annealing at 125 K
for 15 min. (B) The difference spectrum generated by subtracting the post-anneal spectrum
from the pre-anneal spectrum is shown in black, with the simulation in red. For spin
quantitation, see Table S2. EPR conditions: microwave frequency, 9.38 GHz; modulation
amplitude, 3G, 7=40 K.
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Figure 7.

EPR spectra of freeze-quench time course samples from 8 to 18 s. (A) The CW X-band EPR
spectra recorded at 40 K of reactions of PFL-AE, SAM, and Dha-pep freeze-quenched at
times from 8 to 18 s. (B) Spectra in panel A were simulated to estimate contributions from
the 5"-dAdoe- and the Ado-Dha-pepe at each time point. For spin quantitation, see Table S4.
EPR conditions: microwave frequency, 9.38 GHz; modulation amplitude, 3 G, 7= 40 K.
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Figure 8.
Models of the Dha peptide and its adenosylated product in the PFL-AE active site from PDB

3CBS8. The 4Fe—4S cluster (orange and yellow), sodium ion (purple), SAM (cyan carbons),
and peptide (green carbons) are depicted in sticks with oxygen atoms colored red and
nitrogen atoms colored blue. Hydrogen bonding interactions of PFL-AE to the adenosine
of SAM are yellow dashed lines. (A) Representation of the Dha-pep in the active site of
PFL-AE where the black dashed line indicates the 3.7 A distance from 5’-C to Cp (B)
Representation of the Ado-Dha-pepe in the active site of PFL-AE showing the H-bonding
from the protein active site to the adenosine is retained.
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Scheme 1.

Capture of a Tertiary Carbon Radical Intermediate

JAm Chem Soc. Author manuscript; available in PMC 2023 March 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lundahl et al.

Table 1.

Page 29

Hyperfine Tensors (in MHz) from Experimental Simulations and DFT Calculations Using a Truncated Ado-

Dha-pepe Model

exptl sims
CpHa 45
CpHp 10
N-H 30
5'-13C 48

calc fixed geometry  calc planar conformation

50 32
10 15
35 8

57 53
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