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An Aminoimidazole Radical Intermediate in the Anaerobic
Biosynthesis of the 5,6-dimethylbenzimidazole Ligand to Vitamin
B12

Derek M. Gagnon', Troy A. Stich, Angad P. Mehta*, Sameh H. Abdelwahed*, Tadhg P.
Begley™#, and R. David Britt"'

TDepartment of Chemistry, University of California, Davis, California 95616, United States

*Department of Chemistry, Texas A&M University, College Station, Texas 77843, United States

Abstract

Organisms that perform the de novo biosynthesis of cobalamin (vitamin B12) do so via unique
pathways depending on the presence of oxygen in the environment. The anaerobic biosynthesis
pathway of 5,6-dimethylbenzimidazole, the so-called “lower ligand” to the cobalt center, has been
recently identified. This process begins with the conversion of 5-aminoimidazole ribotide (AIR) to
5-hydroxybenzimidazole (HBI) by the radical S-adenosyl-L-methionine (SAM) enzyme BzaF,
also known as HBI synthase. In this work we report the characterization of a radical intermediate
in the reaction of BzaF using electron paramagnetic resonance (EPR) spectroscopy. Using various
isotopologues of AIR, we extracted hyperfine parameters for a number of nuclei, allowing us to
propose plausible chemical compositions and structures for this intermediate. Specifically, we find
that an aminoimidazole radical is formed in close proximity to a fragment of the ribose ring. These
findings induce the revision of past proposed mechanisms and illustrate the ability of radical SAM
enzymes to tightly control the radical chemistry that they engender.
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Introduction.

Vitamin B12, or cobalamin, is a biological cofactor! used in radical-initiated
rearrangements,2~7 methyl transfers®-10 and dehalogenation reactions.}1-16 Organisms in all
domains of life have a requirement for B12, but animals, plants, and fungi are unable to
synthesize the vitamin and instead must acquire it from bacteria and archaea.l” The B12
cofactor consists of a hexacoordinate cobalt ion equatorially ligated by the four nitrogens of
the corrin macrocycle (Figure 1, right).1® A number of ligands can bind in the so-called
upper axial position designated R in Figure 1. For methyl-transfer reactions, this ligand is a
CHs group derived from either methyltetrahydrofolate or S-adenosyl-L -methionine (SAM).
For the radical rearrangement reactions, the “upper” ligand is an adenosine sourced from
ATP. In the isolated cobalamin cofactor, the “lower” axial position is often occupied by the
nitrogen of a 5,6-dimethylbenzimidazole (DMB, Figure 1, shown in red) that is tethered to
the corrin ring periphery by an intramolecular loop. In some B12-dependent enzymes, the
DMB ligand is retained when the cofactor binds to the protein. In others, DMB dissociates
from the cobalt center and is bound to a distinct pocket, anchoring the cofactor to the
enzyme. In these cases, DMB is replaced by either a histidine side chain, 1 a water
molecule,2° or nothing in which case the cobalt is five-coordinate.?!

The biosynthesis of the complete corrinoid—including DMB—occurs via distinct pathways
depending on the presence or absence of oxygen (Table S1).22:23 |n the aerobic pathway, the
enzyme BluB catalyzes the O,-dependent cleavage of reduced flavin mononucleotide to
form DMB and erythrose-4-phosphate.2® Under anaerobic conditions, 5-aminoimidazole
ribotide (AIR, Figure 1, center) is converted to DMB through reactions catalyzed by a set of
recently discovered enzymes.242° In Desulfuromonas acetoxidans, these enzymes include
BzaF, a radical SAM enzyme, which carries out the dramatic rearrangement of AIR to form
5-hydroxybenzimidazole (HBI, Figure 1, right).24 This HBI synthase reaction is initiated by
a single electron transfer from the [Fe,S,]* cluster in BzaF to a bound SAM molecule.?8
The resultant homolytic cleavage of the C(5’-adenosine)—S(methionine) bond generates a
fleeting 5’-deoxyadenosyl (5’-dAdo)?7-28 radical that abstracts the pro-Shydrogen atom
from 5’-C of AIR.2* Isotope tracing has shown that four of the five ribose carbons form the
benzyl portion of HBI. The 1’ carbon (where the ’ denotes a ribose carbon) is lost as
formate. The 2’ and 5’ carbons form bonds to the 4 and 5 carbons of the imidazole. HBI
synthase (BzaF) also bears 44% protein sequence identity (66% protein sequence similarity)
to ThiC from D. acetotoxidans (see Sl section I1), another radical SAM enzyme that converts
AIR to hydroxymethylpyrimidine phosphate (HMPP), a precursor towards vitamin B1
(thiamine) biosynthesis (Figure 1, left). That two radical SAM enzymes operate on the same
substrate molecule, AIR, yet deliver dramatically different products, presents a unique
opportunity to examine the role radical SAM enzymes play in orchestrating the substrate
radical rearrangement to yield the desired product after the initial H-atom abstraction.

In this paper we report an electron paramagnetic resonance (EPR) spectroscopic
characterization of a radical intermediate trapped during the HBI synthase-catalyzed
rearrangement of AIR. Using site-specific isotope labeling strategies, we measured
numerous hyperfine interactions that map out the spin density distribution and help us to
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construct a geometric model of the intermediate. These findings provide new constraints on
possible mechanisms for this complex rearrangement.

Experimental Section.

Aminoimidazole ribotide synthesis.

Synthesis of AIR and its isotopologues are described in references 24, 29, and 30.29:30
Synthesis and characterization of 2,3-2H,-AlIR is included in the supplementary information
section I11. Also included are the NMR data (Figures S1 and S2). A list of the various AIR
isotopologues in this study is provided in Table S2.

Protein Expression and Purification.

The nucleotide sequence of the Desulfuromonas acetoxidans ThiC homolog, BzaF (HBI
synthase),24 was synthesized and cloned into a THT vector (pET 28 vector that has a TEV
protease cleavage site for removing the His tag). HBI synthase was co-expressed in the
presence of a plasmid encoding the sufoperon for enhanced in vivo [FesS4] formation in £.
coliBL21 (DE3).31-34 An overnight 15 mL culture was grown in LB medium in the
presence of kanamycin (40 mg/L) and chloramphenicol (25 mg/L). This was then added to a
1.8 L minimal medium (M9 minimal salts 1X, 27 mL of 50% glucose, 7 mL of 1 M MgSQy,
200 L of 1 M CaCly, 72 mg kanamycin, and 45 mg chloramphenicol were added to 1.8 L
water). The cultures were incubated at 37°C with shaking (180 rpm) until the ODgg reached
0.6 to 0.65. The cultures were then incubated at 4°C without shaking for 3 hrs. Then 50 mg
of ferrous ammonium sulfate and 50 mg of cysteine were added. This was followed by
induction of the culture with 70 uM IPTG. The culture was then incubated at 15°C with
shaking (50 rpm) for 18 to 20 hours. The cultures were then incubated at 4°C for 3 hours
without shaking. The cells were then harvested and stored in liquid nitrogen overnight
before enzyme purification. For enzyme purification, the cell pellets were thawed at room
temperature in an anaerobic chamber and suspended in lysis buffer (100 mM Tris-HCI, pH
7.5) in the presence of 2 mM DTT, lysozyme (0.2 mg/mL), and benzonase (100 units). This
mixture was then cooled in an ice-bath for 2 hrs. The suspension of cells was then sonicated
and centrifuged to give the cell-free extract. The enzyme was purified using standard Ni-
NTA chromatography. The column was first incubated with the lysis buffer. The cell-free
extract was passed over the column, which was then washed with 8 to 9 column volumes of
wash buffer (100 mM Tris-HCI, 300 mM NaCl, 20 mM imidazole, 2 mM DTT, pH 7.5). The
enzyme was eluted using 100 mM Tris-HCI, 300 mM NacCl, 250 mM imidazole, 2 mM DTT,
pH 7.5 and desalted using an Econo-Pac 10 DG desalting column (commercially available
from Bio-Rad). The purified enzyme was stored in liquid nitrogen.

Deuterated buffer was prepared by first lyophilizing 20 mL of a 1 M K3POy solution, and
then redissolving the residue into 20 mL of 2H,0. This was repeated twice to give a 1 M
potassium phosphate stock solution that then was used to make deuterated buffer containing
100 mM potassium phosphate, 25% natural abundance glycerol, 2 mM DTT (pH 7.5). For
experiments in deuterated buffer, HBI synthase was buffer exchanged twice using Bio-Rad
centrifugal spin columns.

JAm Chem Soc. Author manuscript; available in PMC 2019 March 26.
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HPLC conditions for HBI synthase reaction time course experiments.

HPLC-1260 series Agilent equipped with a LC-18 column (SUPELCOSIL LC-18-T column
(15 cm x 3 mm x 3 um)) was used. The following solvents were used in the gradient: A.
water, B. 5 mM ammonium formate, C. methanol. The following gradient was used: 0 min,
100% B; 25 min 7% A, 70% B 23% C; 27 min, 25% A, 75% C; 29 min 25% A, 75% C; 30
min, 100% B.

Sample Preparation.

All procedures were carried out in an N»-atmosphere glove box. Samples were prepared in
1.5 mL Eppendorf tubes. An excess of dithionite was used, 3 to 4 mM in the final solution.
Final protein concentration was 700 uM. The final concentration of SAM and AIR were 1.6
mM and 1.1 mM, respectively. The protein was first allowed to incubate with dithionite for 2
minutes followed by the addition of SAM and another 2 min incubation time. AIR was
added to initiate the reaction. Samples were quickly transferred to quartz EPR tubes (clear
fused quartz 2.0 x 2.4 mm, 10 cm length, Vitrocom) using a 9 1/4” disposable glass pipette.
The sample was freeze-quenched in liquid nitrogen 4 min after the addition of AIR. All
reactant solutions were prepared in 200 mM potassium phosphate buffer, pH 7.5. All
samples were stored in liquid nitrogen.

EPR Experimental.

EPR Theory.

Continuous-wave (CW) experiments were carried out using a Bruker E500 EPR
spectrometer equipped with an Oxford Instruments ESR900 continuous-flow liquid helium
cryostat. A Bruker super high QE (SHQE) resonator was used with a cavity resonance
frequency of approximately 9.4 GHz. Spectra were collected under slow passage conditions
using a non-saturating 200 uW of microwave power with a sample temperature of 20 K.
Modulation frequency was 100 kHz with a 2 G amplitude (10 G = 1 mT). Data points were
collected in 0.5 G increments using 60 ms time constant resulting in a 24 s sweep time.

Pulse EPR experiments were carried out on a Bruker E580 pulse EPR spectrometer with X
(*9-10 GHz) and Q band (*33-35 GHz) capabilities. The E580 is equipped with an Oxford
Instruments CF935 continuous-flow liquid helium cryostat. A laboratory-built Q band
ENDOR probe was used with an approximate resonance frequency of 34.1 GHz.3° For RF
pulse amplification, an ENI A1000 (0.3-35 MHz) or ENI LP110 (10-86 MHz) amplifier
provided up to 1 kW peak pulse power. Pulse data were collected at temperature of 15 K
with a shot repetition time of 5.1 ms. Standard Davies3¢ and Mims37-38 ENDOR pulse
sequences were used. Davies ENDOR was collected utilizing a microwave mj,, pulse length
of 64 ns and detection pulse lengths being 12 ns for rt/2 and 24 ns for = pulses. The
microwave 1t/2 pulse lengths were 12 ns for Mims ENDOR. For nuclear excitation, the RF
m pulse lengths were 15 ps for 1H and 20 ps for 2H and 13C. The t value was 300 ns for
Davies ENDOR.

The results of an EPR experiment can be interpreted using the phenomenological spin
Hamiltonian.

JAm Chem Soc. Author manuscript; available in PMC 2019 March 26.
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H=pB-g-S/h+ Y (S-A-T,-B.g, B-T) (1)

The terms in order are the electron Zeeman interaction, electron-nuclear hyperfine
interaction, and nuclear Zeeman interaction. 5, is the Bohr magneton, B the static magnetic
field, g the electron g-value, Sthe electron spin, /is the Planck constant, A; the hyperfine
interaction for the 7th nucleus, I; the nuclear spin for the /th nucleus, 8, the nuclear
magneton, and g, the nuclear g-value for the 7th nucleus. Simulations of the ENDOR
spectra were carried out using the EasySpin toolbox for MATLAB (The Mathworks Inc.).3°

The electron-nuclear hyperfine tensor A consists of isotropic (o) and anisotropic (T)
components. The isotropic component arises from the Fermi contact interaction and is
proportional to the spin population at the nucleus. The anisotropy T of the hyperfine
interaction arises from a non-local through-space dipolar interaction (T ;;5-/00) Of the nuclear
magnetic dipole with the unpaired electron magnetic dipole and a local component (T 50
from asymmetric spin distribution in the p and d orbitals centered on the magnetic nucleus.
The simplest description of T ,,,,./0c for an S=1/2, | = 1/2 system is the point dipole-
approximation:

Ho 8PP 2
non — loc — m%(%os @ - 1)pi (2)

7

T

where £pis the magnetic vacuum permeability, 7 is the distance between the two magnetic
point dipoles, and 6 is the angle between the vector that connects the two point-dipoles and
the applied magnetic field. When nuclear and electron spins are well separated (7> 2.5 A),
this dipolar interaction is axial, T = [~ Ton-toc = Tnon-toc 72 Tnon-tod MHz. When the spin
density is distributed over several atoms, one must sum the 7;,.soc OVver all 7atoms with
each interaction weighted by pj, the spin density on the 7th atom.

If the magnetic nucleus is near (r< 2.5 A) to an electron spin-carrying center where the spin
is found in a 2p,, orbital, Thon-1oc IS NOt an axial tensor, and the following approximation is
used:

5o p —r? +24*

_ Ho  8ePe8nPn 2 2

Tnon_loc—pm(rz—i_dz)S/z —r —d (3)
+2r7 - d*

Here dis the distance from that nearby nucleus of the spin-center to the probabilistic center
of the lobes of its 2p,, orbital—typically taken to be about 0.68 A.40:41 p is the unpaired spin
density in the 2p, orbital.

A proton bound to such a 2p,, spin-center exhibits a 1H hyperfine coupling proportional to
the spin population of that 2p,-orbital via theory developed by McConnell et al 42:43
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a,=Q.p, (4

Where a,, is the measured isotropic hyperfine coupling for a proton on carbon n, Q,is
empirically derived to be 63 MHz for a carbon atom and =70 MHz for a 14N atom, and o, is
the unpaired spin density on atom 7. It is important to note that a small distribution of Q,
values has been used for carbon depending on the chemical bonding environment, and an
even larger distribution of values have been used for 14N.

Density Functional Theory.

Results.

Density functional theory (DFT) calculations were carried out using Orca 4.0.44 A variety of
molecular models based on an imidazole or aminoimidazole based were generated that had a
variety of protonation states and charges (summarized in Figure S8). Models were built
using Avogadro 1.1.1%° and pre-optimized using the universal force field for molecular
mechanics.*® Further optimization was done with Orca utilizing the BP86 functional and cc-
pVTZ basis set with appropriate atom polarization functions, and the resolution of identity
approximation.’-51 EPR calculations were done using the B3LYP functional and EPR-III
basis set.52-54 Examples of input files for geometry optimization and EPR property
calculations are included in the SI.

CW EPR of a Radical Intermediate.

Dithionite (DT)-treated BzaF gives rise to an EPR spectrum (Figure S3, cf. first and second
traces) assigned to the reduced [Fe4S4]" that binds and cleaves SAM. This [FesS4]* signal is
not dramatically affected by the addition of SAM (Figure S3, fourth trace). However, when a
solution is prepared containing BzaF, DT, SAM, and AIR and frozen approximately four
minutes after mixing, the [Fe,S4]* signal is replaced with a new organic radical signal
(Figure 2). The organic radical signal decays at a rate that is coincident with formation of 5-
hydroxybenzimidazole (HBI) formation (Figure S4). To establish the chemical identity of
this organic radical intermediate we performed CW EPR spectroscopy on reaction mixtures
made with various isotopologues of the AIR substrate (Figure 2A-D). When the reaction
with natural abundance (NA) AIR is run in buffer that is 75% enriched in 2H,0, the spectral
breadth narrows significantly (Figure 2B), indicating that there are one or more
exchangeable protons coupled to the unpaired electron spin. The magnitude of a hyperfine
interaction is proportional to the gyromagnetic ratio (y) of the magnetic nucleus, thus the
narrowing observed upon deuteration is caused by the approximately 6.5 fold smaller y of
2H (y = 6.54 MHz/T) compared to *H (y = 42.58 MHz/T). The remaining hyperfine
splittings (more easily seen in the numerical derivative, green trace, Figure 2B) result from
non-exchangeable H (e.g. C—H) and/or 14N (/= 1) couplings with the three nitrogens of
the aminoimidazole moiety. The most dramatic narrowing of the spectral shape comes from
selective deuteration of the 2 and 4 positions on the imidazole of AIR (Figure 2C). Labeling
the ribose with 13C at the 1°,2’,3",4’, and 5’ positions results in broadening of the CW EPR
(Figure 2D) spectrum and obscures the H/Y*N hyperfine structure in the numerical

JAm Chem Soc. Author manuscript; available in PMC 2019 March 26.
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derivative spectrum (green traces in Figure 2). Selectively labeling only the 2’ carbon
accounts for a large portion of the 13C-induced broadening (Figure S5). Thus, from the
continuous-wave EPR spectra of the radical intermediate generated with various AIR
isotopologues, we observe that the electron spin interacts strongly with nuclei from the
imidazole fragment and 2’-C of the ribose.

Proton and Deuterium ENDOR.

13Cc ENDOR.

To quantitatively assess these hyperfine interactions, we performed electron-nuclear double-
resonance (ENDOR) spectroscopic studies. The Q-band ENDOR spectrum of the radical
intermediate generated with NA AIR in H,O buffer contains five hyperfine-split doublets
centered at the proton Larmor frequency (¥51.1 MHz at 1.2 T, Figure 3A, doublets s, t, u, v,
and w; Table S3). The two most strongly coupled protons (doublet s with peaks at ~30 and
74 MHz and doublet t with peaks at #33 and 71 MHz) are assigned to protons bound to
carbons at the 2 and 4 positions of the imidazole as these features disappear when these
carbons are deuterated (Figure 3B). The corresponding deuterium ENDOR spectrum can be
compared directly to the proton ENDOR spectrum by multiplying the excitation-frequency
axis by the ratio of *H/2H gyromagnetic ratios (Figure 3D, blue). The deuterium ENDOR
spectrum allows for easier simulation as there is no overlap by other proton resonances. No
quadrupolar splitting of the 2H ENDOR peaks due to the /= 1 deuteron nucleus is resolved.
Notably these 1H hyperfine coupling constants (ajso(*H) = 38.2 MHz, and 33.1 MHz) are
very similar to those found for protons in equivalent positions of the imidazole radical
(ajso(*H) = 37 MHz and 30 MHz)? and histidine imidazole radical (ajs, = 33.9 and 29.8
MH?z);56 suggesting that the BzaF radical intermediate is also an imidazole rc-radical.

The next two most strongly coupled protons (Figure 3, doublet u with peaks at ~42 and 61
MHz, and doublet v with peaks at ~43.5 and 59.5 MHz) are solvent-exchangeable (cf.
Figure 3 traces A and C, difference spectrum is presented in Figure S6). The parallel turning
points in the ENDOR spectrum for these protons are not obvious, leading to a range of
possible values for the hyperfine interaction. We achieve acceptable simulations using &;s, =
11-13 MHz. Since these protons have a fairly large coupling, they must be located on or
near the imidazole r-radical—either bound to the two ring nitrogens, to the nitrogen of the
amine, to the two oxygens of the diol of the ribose, or to a nearby amino acid.

One last prominent doublet in the 1TH ENDOR spectrum (labeled ‘w’ in Figure 3, traces A-
C) is unaffected by preparing the radical in 2H,0 (cf. Figure 3 traces A and C); therefore the
corresponding proton must be covalently bound. Since all of the non-exchangeable protons
on the aminoimidazole moiety are accounted for, this proton is either of proteinaceous origin
or resides on the ribose moiety. Notably in the ENDOR spectra of the radical intermediate
prepared using 5°,5’-2H,-AlIR and 4’-2H-AIR, this doublet is not affected (Figure S7). AIR
isotopologues deuterated at the other ribose carbons were unavailable.

The proximity of the ribose fragment to the putative imidazole radical was tested using AIR
labeled with 13C at various positions on the ribose. The 13C ENDOR spectra of the radical
intermediate prepared using 1’,27,3’,4’,5’-13C5-AlIR have features corresponding to one

JAm Chem Soc. Author manuscript; available in PMC 2019 March 26.
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strongly coupled carbon (Figure 3 trace F, peak at ~24 MHz) and three weakly-coupled
carbons (Figure 3 traces H and I; peaks from ~12-14 MHz, doublets labeled x, y, and z).
The strongly coupled carbon signal appears in samples prepared from both 1°,2’,3°,4’,
5°-13C5-AlIR and 2°-13C-AlIR isotopologues, but not the natural abundance sample (1%
13C), verifying that it arises from a carbon nucleus and not a proton, nitrogen (99.6% 14N, /
= 1), or phosphorus (100% 3P, /= 1/2). The isotropic hyperfine interaction at 2’-C is large (|
ajso(13C)| = 20.9 MHz) compared to the anisotropic contribution (a5 = [-1.3 =0.7 2.1]
MHz) suggesting that the 2 carbon is not part of a r-radical (r-radicals typically exhibit a
ratio of ;s Tjoc = 1.5), but rather in close proximity to a spin center leading to o-radical
character (with @;sy: T7oc > 8).27:°8 This is an important distinction as in the final HBI
product, the 2’-C has formed a bond with the 5-C of imidazole and participates in the
bicyclic rt-system, meaning that the radical intermediate we observe has not yet
incorporated the ribose moiety into the conjugated ring.

The following hyperfine tensors were determined for the remaining three weakly coupled
13C ENDOR doublets (Figure 3, traces H-I, peaks from ~12-14 MHz): for doublet X, |
A(13C)| = [1.91 2.58 0.09] MHz; for doublet y, A(13C) = [1.25 1.35 0.80] MHz; and for
doublet z, A(13C) = [-0.2 -0.2 +0.4] MHz. The assignment of negative values to & and &
for doublet z is based on the point-dipole approximation (Equation 2). The other tensors are
reported as absolute values since these experiments are not reliably sensitive to the sign of
the hyperfine tensors. Running the reaction with 1’~13C-AIR reveals that doublet x arises
from the 1’-C (Figure 3, trace I; peaks at ~12 and 14 MHz), indicating that the formate
byproduct has not yet been formed (Figure 1). We do not have specifically 13C-labeled AIR
at the 3’, 4’, or 5’ positions that would unambiguously assign doublets y and z to specific
carbons on the ribose moiety. However, as stated earlier, using either the 5°,5’~2H, nor
4’-2H-AIR substrates did not alter the 1TH ENDOR spectrum or introduce new deuterium
resonances, implying that their bonding partners, the 5” and 4’ carbons, are also not strongly
interacting with the unpaired electron spin.

Density Functional Theory of Imidazole-Like Radicals

To aid in our analysis of the experimentally-determined HFI described above, we explored a
set of DFT-derived imidazole radical models. The predicted HFI for the most relevant of
these models (Figure S8) are summarized in Tables 1-3 (Tables S4-S8 contain predicted
HFI and spin populations for these models and others whose parameters matched those from
experiment much less well). We performed benchmark calculations for NH3 and CHsy
radicals as well as neutral and cation imidazole r-radicals (Tables 1 and S6).5%°% DFT
predicts, almost quantitatively, the experimental 1H HFI for protons bound to carbon in these
small molecule models. Interestingly, the predicted 1H HFI for nitrogen-bound protons is
much less accurate (underestimated by ~25%). Thus we expect calculated values for the
amino group protons of a putative aminoimidazole radical to be significantly less accurate.
Given these observations, in the Discussion section that follows, we arrive at our preferred
model of the observed paramagnetic intermediate by relying heavily on the predicted HFI
for protons bound to carbon and look more qualitatively at HFI for protons bound to
nitrogen.

JAm Chem Soc. Author manuscript; available in PMC 2019 March 26.
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Discussion.

Geometric and Electronic Structure of the Radical Intermediate

The two strongly coupled protons bound to carbons 2 and 4 of the imidazole ring are key in
identifying this paramagnetic intermediate of the HBI synthase reaction as an imidazole-
centered m-radical. For a rt-radical, the isotropic hyperfine coupling measured for the in-
plane protons arises from a spin polarization mechanism that is proportional to the spin in
the 2p, orbital of the carbon to which the proton is bound (via the McConnell relation,
Equation 4).42 Notably, however, the McConnell factor, Q4 can vary from 56-84 MHz
depending on the charge of the molecule and bonding environment for the carbon. Further,
the protonation state of the imidazole nitrogens and the presence of other functional groups
on the ring modulates these p, orbital populations. Therefore using DFT, we computed the
HFI for several imidazole-like radicals and used these results to put forward some structural
possibilities for the BzaF radical intermediate (Figure 4).

With these considerations in mind, we first judged the quality of the various protonated and
functionalized imidazole r-radical DFT models by how well they predicted the
experimentally-determined 1H HFI for protons bound to the 2- and 4-carbons. The models
we considered are illustrated in Figure S8. The predicted *H HFI are given in Table 1 for
selected structures. We found the most accurate predictions for the HFI of protons bound to
2- and 4-C to be for a neutral imidazole radical (model A), an imidazole cation radical
(model B, protonated at one of the nitrogens), 5-amino imidazole protonated at 1-N (model
D), 1-N-methyl imidazole (model F), 1-N-methyl-5-amino imidazole (model G), 1-N-
methyl-5-amonium imidazole cation (model H), and 1-N-methanol-5-amino imidazole
(model L). We note that 1-N-methyl-5-amino imidazole (model G) is predicted to have
essentially identical spin distribution as the 5-amino imidazole protonated at 1-N (model D),
and its corresponding methyl 13C HFI interaction is small, A = [0.51 1.09 1.85] MHz (s, =
1.15 MHz, azps0 = [-0.64 —0.06 0.70] MHz) (Table 3). This is consistent with the measured
ajso for 1’-C (1.5 MHz) of the BzaF radical, which is slightly larger and has a slightly more
rhombic agp;sp = [-0.38 —1.05 1.44] MHz. Alternatively, if a proton were bound to the
imidazole nitrogen (1-N) as in model F, the predicted 1H HFI = [-1.21 3.36 4.02] MHz. This
coupling would give rise to features in the 'H ENDOR spectrum that should be sensitive to
exchange into deuterated solvent. Though, no features corresponding to a modestly coupled
1H are lost in the spectrum of the BzaF radical made in 2H,0 (cf. Figure 3, traces A and C,
and Figure S6). Therefore, we favor a structure for the BzaF radical that maintains 1’-C
bound to 1-N (Figure 4).

From the above discussion and DFT models we can establish that the two strongly-coupled,
solvent-exchangeable protons (doublet u and v, Figure 3, trace C) are unlikely to be
coordinated to the imidazole nitrogens. In all cases we tested, except for the one in which
both methyl and amino groups are bound to 5-C (model S), there is a node in the spin
distribution at both nitrogens, leading to too small 1H hyperfine coupling for any protons
bound at these positions. The largest predicted a;s, for a proton bound to an imidazole
nitrogen is ~ 7 MHz for model E with the proton bound to 3-N. All the 5-aminoimidazole
models (C through E and G through U) are predicted to have Mulliken spin population in the
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amino nitrogen p, orbital between 0.18 and 0.29, which would correspond to isotropic
hyperfine couplings between 17 and 32 MHz for the amino protons (Table 2 and Table S5).
The az;so for these protons results from the dipolar interaction of the magnetic nucleus with
the unpaired spin housed in the two lobes of the nitrogen p, orbital (Equation 3) plus dipolar
interactions with the other spin bearing centers the w-radical (carbons 2, 4, and 5). The
ENDOR spectral features u and v are simulated to be very axial whereas in-plane protons
bound to a spin carrying nitrogen should give more rhombic HFI. For example, using a spin
population of p = 0.2 for the nitrogen p, orbital and Equation 3, we would predict 1H a5,
= [-8.76 —0.56 9.32] MHz (using d=0.68 A and /y_p = 1.01 A), with corresponding a;s, =
-13.4 to —15.0 MHz using @'y = —67 to =75 MHz. The precise fate of the 5-amino group
is not known except for that it can scramble with the 2-N of the imidazole, and that the
eliminated nitrogen is perhaps released as ammonia.2 If the BzaF radical represented a
species partway along this protonation pathway, the *H HFI of the corresponding amino
protons is predicted to become more axial as they move out of the nodal plane of the rt-
system. Up to this point, the BzaF radical intermediate is best described as an imidazole rt-
radical that likely retains 1’-C bound at 1-N and an amino group bound to 5-C that is
participating in a hydrogen bonding interaction. In what follows we will construct a model
of the positions of the other ribose carbons relative to this 1-N-methyl-5-amino imidazole
radical. Only those models that most closely predict the spectroscopic observables are
presented in the main text. Other, chemically possible, but unlikely based on spectroscopic
grounds are presented in the SI.

Recall that the measured HFI for 2’-13C is [19.6 20.3 23.0] MHz. This largely isotropic
hyperfine coupling is perhaps indicative of a covalent interaction with the imidazole radical.
However, computational model S, which illustrates a possible intermediate in which the 2°-C
has formed a bond to the 5 carbon as in the final product, yields H and 13C HFI values that
are inconsistent with what is measured due to the breaking of ring conjugation. Therefore,
we prefer a description that has the 2’-C in close enough proximity to 5-C to interact with
the magnetic orbital, but without formation of a bond. This is a similar mechanism to that
causing the transannular hyperfine interaction seen in Mo(V) complexes®® and hyperfine
induced by magnetic nuclei being in Van der Waals contact with a paramagnetic species.®!
The anisotropic hyperfine is the sum of local ( 715c) and non-local (inter-atom dipolar,
Thon-loc) contributions. The non-local term consists of the sum of all the through-space
dipolar interactions of the 2’-C with the four main spin-bearing centers on the imidazole
fragment—Ngm, 5-C, 4-C, and 2-C—uwhich are predicted by the McConnell relation and
deduction to possess approximately 0.18(+/-0.08), 0.20(-/+0.08), 0.29, and 0.33 spins in
their respective p, orbitals for a model resembling G, P, or L. If we assume that the observed
hyperfine anisotropy is wholly due to non-local contributions, we can calculate the closest
possible positions of the 2’-C about the imidazole radical (Figure S9). These calculations
use an eight point-dipole approximation in which each of the four spin-carrying p, orbitals
are approximated as two spin dipoles situated at +0.68 A away from the parent nucleus with
half of the corresponding spin population.#0:41:43.62 |n the final product of the HBI synthase
reaction, we know that the 2’-C forms a bond with the 5-C. A subset of the points are
between 2.0 and 3.5 A of 5-C (Figure S9B and S9C)—geometric solutions that are
consistent with all measured hyperfine interactions and illustrate how the radical
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intermediate could be structurally constrained by the BzaF enzyme to be pre-organized for
breaking the 1’-C—2’-C bond and forming subsequent bonds. Some of these positions for
the 2’-C are also within a normal C—C bond length (1.525+0.05 A) of the 1°-C bound to 1-
N (Figure S9C) leaving open the possibility that thel’-C—2’-C bond remains intact even
though 1’-C is ultimately lost as formate (Figure 1).24 A few examples of this possibility are
shown in Figure 4 structure A, C, and D. As noted above the McConnell Q¢cp value used to
estimate spin density on each carbon has some variance based on the angle of the other
bonds to the carbon-hydrogen bond in question. This variance in Quy is even larger for
estimating the spin density on the nitrogen. These small variations lead to the locations of
2’-C being an estimate of possibilities.

There are two remaining 13C hyperfine tensors that are unassigned to a specific atom in the
AIR substrate. The first tensor is simulated as having hyperfine components of [1.25 1.35
0.80] MHz. The non-zero a;5, of 1.1 MHz suggests that this hyperfine coupling tensor
belongs to a carbon that is in close proximity or covalently bound to a minor spin carrying
center for example 2°-C (o = 0.01). Based on this assumption we assign this tensor to 3’-C.
The second unassigned 13C hyperfine interaction is simulated with components of [-0.2
-0.2 +0.4] MHz. That this hyperfine interaction is axial and lacks an isotropic contribution
suggests it arises from a through-space point dipole—dipole interaction. Using Equation 2,
we can estimate a distance of 4.63 A separating this 13C nucleus from the geometrical
centroid of the spin distributed over the aminoimidazole. This distance is reasonable for an
atom at least three bonds away from the aminoimidazole and is thus consistent with the
coupling arising from either the 4’ or 5’ carbon. Since the proton region of the ENDOR
spectrum is not affected by deuteration at 5’-C or 4’-C and site specific 13C labeling was not
available at these positions, we cannot unambiguously assign this hyperfine interaction to
either carbon.

The aggregate of these observations allows us to propose a series of structures for the HBI
synthase radical intermediate (Figure 4). The non-exchangeable 1H HFI establish that the
radical character is mostly born by the w-system of the imidazole ring, a feature common to
each of the models. The 13C hyperfine coupling of 1’-C requires its being bound to 1-N and
the anisotropy of this interaction is best predicted using hydroxylpropanal or glycolaldehyde
functional groups at this position, akin to Radicals a and ¢ (DFT models N and M in Table
3). The strong, relatively isotropic 13C HFI observed for 2’-C points to its close proximity a
lobe of the spin-carrying orbital of the imidazole radical and the 2’-13C hyperfine
anisotropy confirms this close association as shown in Figure S9. The two remaining 13C
HF1 we measured could not be definitively assigned to a particular carbon center (they
belong to either the 3’-, 4’-, or 5’-C). Interestingly, these two tensors have nearly identical
13C hyperfine anisotropies meaning their corresponding carbon nuclei are the same effective
distance (r~ 4.6 A) from the imidazole radical. The models presented in Figure 4 are
flexible enough (owing to there being many single bonds and the potential for 1’-C—2’-C
bond cleavage) that the ribose carbons could adopt positions that satisfy the above structural
constraints imposed by the various 13C couplings.

To discriminate between the proposed radical structures in Figure 4, we have to rely on
mechanistic arguments. A reaction mechanism has been previously described for HBI
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synthase that was consistent with extensive labeling studies;24 however, the radical character
was presumed to stay on the ribose moiety throughout. Given that the current EPR results
unequivocally show that an imidazole radical intermediate is formed, this mechanistic
proposal must be updated and can be readily modified to incorporate the intermediacy of
Radical a, but not Radicals b, ¢ or d shown in Figure 4. In our revised mechanistic proposal
(Figure 5), hydrogen atom abstraction from 5’-C of AIR 1 gives the substrate radical 4. This
then undergoes a beta scission reaction to generate 5. Electron transfer from the electron rich
aminoimidazole to the enol phosphate radical cation of 5 gives 6, the proposed radical
observed in the EPR experiment. Radical facilitated cleavage of the aminal of 6 gives 7.
Addition to the resulting aminoimidazole radical to 5’-C of the enol phosphate of 7° gives 8.
Loss of phosphate, by a beta scission, gives the radical cation 9 which then tautomerizes to
10. Hydrogen atom abstraction (possibly from deoxyadenosine 3) gives 11. Imine hydrolysis
to 12, cyclization to 13 and sequential loss of ammonia and formic acid give 15. Cyclization
to 16, loss of water and two tautomerizations give 19. Loss of water from 19, followed by
two tautomerization reactions complete the formation of HBI 22. The fragmentation that
occurs going from 6 to 7 could be triggered by proton donation to 3-N of the imidazole, a
step that could be slow, allowing for build-up of the observed intermediate.

Conclusions.

The dizzying array of chemistries catalyzed by radical SAM enzymes is well illustrated by
the pair of radical SAM enzymes BzaF and ThiC that each employ the adenosyl radical to
abstract the pro-Satom from the 5’ carbon of the AIR substrate, but yield the dramatically
different products 5-hydroxybenzimidazole (HBI) and hydroxymethylpyrimidine phosphate
(HMPP), respectively.30.63.64 These two proteins are largely homologous with 44%
sequence identity and 66% sequence similarity in Desulfuromonas acetoxidans. This implies
that the precise identities of amino acids in the substrate-binding region are crucial in
dictating which pathway the initial substrate radical proceeds down. In a first step toward
unraveling this predestination, we have used freeze quench EPR techniques in combination
with DFT to trap and characterize a radical intermediate in the BzaF-catalyzed biosynthesis
of HBI. The measured 1H HFI point to its identity as an aminoimidazole rt—radical. 13C—
labeling of the ribose moiety reveals that the 2’-C is in Van der Waals contact with the r—
radical, and that the 1’-C is likely still bound to the 1-N of the aminoimidazole nitrogen.
Another carbon, likely the 5°-C, sits approximately 4.63 A from the center of the
aminoimidazole spin density. No 31P hyperfine interaction was detected, but that does not
preclude the phosphate group from still being bound to the ribose fragment if it is too distant
from the aminoimidazole to be detected. In the crystal structure of ThiC with AIR (PDB:
4S27), the 5’-C is 4.0 A from 2-C, 5.2 A from 5-C, and 6.0 A from 4-C of the
aminoimidazole moiety. If BzaF binds AIR similarly to ThiC, then these distances and the
distribution of the spin density are consistent with the estimate from the hyperfine
interaction.

One important difference of the ThiC mechanism from that for BzaF is that one equivalent
of SAM appears to be able to perform two H-atom abstractions from AIR in ThiC.30 The
first H-atom abstraction in ThiC is identical to BzaF where the pro-S hydrogen of the 5’
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carbon is targeted. Both enzymes direct AIR to lose the 2” hydroxyl group and to lose the 1’
carbon as a formate. We can speculate that both enzymes guide this portion of the reaction in
a similar manner to encourage these eliminations. In the crystal structure of ThiC, the
phosphate group is observed to be the primary anchor for the substrate; the rest of the
substrate participates in relatively few hydrogen bonds. One can speculate that the active
sites of both enzymes do not bind the ribose or aminoimidazole moieties too restrictively in
order to accommodate the large movements needed to form their respective final products. A
homology model of HBI synthase generated using the ThiC crystal structure notes only three
major differences in the hydrogen bonding network to AIR:24 the 3°-O contact Asn228 in
ThiC is replaced by Ser66 in BzaF; Thr320 that hydrogen bonds to Glu422 which in turns
bonds to 2’-0 is replaced with Alal61; Asp383 which possibly hydrogen bonds with 3-N is
replaced with Asn227. Somehow, these modest differences yield a dramatic effect on the
product outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AIR is converted to hydroxymethylpyrimidine phosphate (HMPP) by ThiC (left side) and to

hydroxybenzimidazole (HBI) by BzaF (right side), which are, respectfully, precursors of
thiamine (vitamin B1) and cobalamin (R = CN is vitamin B12).
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Figure 2.
X band CW EPR spectra of the HBI synthase reaction intermediate prepared using various

isotopologues of AIR. Traces are scaled such that the double integral of each spectrum is set
to 1. Green traces correspond to the derivative of the CW spectrum and accentuates
hyperfine-induced structure. A narrow radical signal centered at 335 mT was removed from
the traces of the numerical derivatives for clarity. A, natural abundance AIR in H,O buffer.
B, natural abundance AIR in 75% 2H,0 buffer. C, 2,4-2H,-AlIR in H,0 buffer. D, 17,2°,3",
4’ 5°-13C5-AlIR in H,0 buffer.
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Figure 3.

Left, 1H and frequency-scaled 2H Davies ENDOR. A, NA-AIR H,0. B, 2,4-2H,-AIR H,0.
C, NA-AIR 2H,0. D, blue trace is the frequency scaled 2H ENDOR of 2,4-2H,-AlIR H,0.
Instrument settings: microwave frequency = 34.1 GHz, mj,, = 64 ns, /2 = 12 ns, T = 300 ns,
nre = 15 ps, T = 15 K. Center, 13C Davies ENDOR. E, 2’-13C-AIR. F, 17,2°,3",4’ 5" -13C;-
AIR. G, NA-AIR. Right13C Mims ENDOR. H, 1°,2’,3’,4’ 5°-13C5-AlIR. |, 1’-13C-AIR.
Spectral simulations are shown in red.
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Figure 4.
Proposed structures for the radical intermediate.
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Figure 5.

Mechanistic proposal for the formation of HBI via a pathway that goes through a radical
intermediate corresponding to Structure a (Figure 4).
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Experimental and DFT-Predicted 1H HFI for Imidazole-Type Radicals

Table 1.

molecule model | a, 2-C H (MHz) | a0 4-C *H (MH2) | ajs, 5-C *H (MHz)
imidazole™ (exp)%° 37.0 30.0 30.5
imidazole A -40.3 -29.5 -29.5
imidazole* -37.4 -28.4 -35.6

BzaF radical (this work) -38.2 -33.1 n.a.
5-amino-Im C -29.5 -24.3 n.a.
5-amino-Im* 1-NH D -34.1 -30.1 n.a.
1-N-methyl-5-amino-Im G -34.4 -30.3 n.a.
1-N-glyceraldehyde-5-amino-Im J -32.0 -25.5 na.
1-N-methanol-5-amino-Im L -33.0 -29.6 na.
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Experimental and DFT-Predicted 1H HFI for Amino-Type Radicals

Table 2.

molecule model | a, *H (MHz)
NH, (exp)® 76.5
NH, (DFT) -61.3
BzaF radical ~ =12
5-amino-Im Cc -17.4
1-N-methyl-5-amino-Im G -20.0
1-N-glycoladehyde-5-amino-Im M -27.4
1-N-(B-hydroxylpropan-a.-al)-5-amino-Im N -27.1
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Experimental and DFT-Predicted 1’-13C HFI for 1-N Alkyl Imidazole Radicals

Table 3.

molecule model a; 13C (MH2)
BzaF radical [0.09, 1.91, 2.58]
1-N-methyl-Im F [-0.08, -0.40, -1.47]
1-N-methyl-5-amino-Im G [0.51, 1.09, 1.85]
1-N-formyl-5-ammonium-Im P [0.46, 1.30, 1.85]
1-N-methanol-5-amino-Im L [0.74, 0.34, 1.54]
1-N-acetyl-5-amino-Im (¢ = 0°) U [0.40, 1.32, 1.63]
1-N-(B-hydroxylpropan-a.-al)-5-amino-Im (¢ = 0°) N [0.85, 1.64, 2.61]
1-N-glycolaldehyde-5-amino-Im (¢ =0°) M [0.83, 1.62, 2.56]
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