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Thiamin pyrimidine synthase (ThiC) is a noncanonical radical SAM enzyme that catalyzes the complex radical
rearrangement of aminoimidazole ribonucleotide (AIR) to hydroxymethylpyrimidine phosphate (HMP-P) as
part of the thiamin biosynthetic pathway in bacteria and plants. In this work, we investigate the mechanism of
ThiC using advanced electron paramagnetic resonance (EPR) techniques. Freeze-quenching a reaction of
ThiC revealed the accumulation of a new radical species. By employing electron nuclear double resonance
(ENDOR) spectroscopy with various substrate isotopologues, we determined the hyperfine parameters of
several nuclei, allowing us to propose a structure for this intermediate. The accumulated species was
characterized as a dihydro-aminoimidazole centered radical attached to two ribose derived fragments. This
radical is sensitive to perturbations in the enzyme H-bonding network. In addition, mutagenesis of active site
residues results in the accumulation of two distinct intermediates, including a C5' ribonucleotide centered
radical and a ribose C2’ radical fragment. Identification of these early radical intermediates provides insights
into the initial steps of the ThiC mechanism. The ThiC-catalyzed reaction involves a 20-step radical cascade
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DOI 10.1035/d55c04563k and is the most complex rearrangement found in biosynthesis. This study highlights the pivotal role that EPR
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Introduction

Thiamin pyrophosphate (TPP) is required by all organisms as
a cofactor for enzymes involved in carbohydrate and amino acid
catabolism." In bacteria and plants, TPP is produced by separate
biosynthetic routes to the pyrimidine and thiazole moieties.® The
biosynthesis of the pyrimidine begins with the enzyme ThiC,
a radical S-adenosylmethionine (SAM) enzyme that catalyzes the
rearrangement of aminoimidazole ribonucleotide (AIR) to 4-
amino-5-hydroxymethyl-2-methyl pyrimidine phosphate (HMP-
P).” This remarkable reaction requires the most complicated
radical cascade discovered in biosynthesis. In vitro reconstitution
of this reaction has been achieved using recombinant ThiC, AIR,
SAM, and a reductant.” By employing a set of >H and '*C
labeled AIR isotopologues, the repositioning of each atom in AIR
to HMP-P has been determined (Fig. 1).”*° It was also shown that
C?’ is lost as formate and C3' is lost as carbon monoxide.

ThiC is a unique member of the radical SAM family, con-
taining a CX,CX,C cluster binding motif rather than the
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can play in elucidating the mechanism of highly complicated enzyme-catalyzed reactions.

canonical CX;CX,C motif.>"*** Typically, radical SAM enzymes
bind SAM at the unique iron of the cluster, cleaving it to yield r-
methionine and a 5’-deoxyadenosyl radical (5'-dA’).'*** This
radical is responsible for H-atom abstraction from the substrate
to initiate further radical reactivity. Crystal structures of ThiC,
however, show that the SAM analogue S-adenosylhomocysteine
(SAH) or cleavage product L-Met bind to an additional transi-
tion metal site located 7 A away from the cluster (Fig. S1A).'®
Interestingly, both 5'-H and 4’-H undergo H-atom abstraction,
and deuterium labeling at these positions indicate that a single
SAM molecule is used twice.' While other enzymes have been
shown to use two equivalents of SAM,"* ThiC is the only
example where the same molecule of SAM is used for two H-
atom abstractions from the same substrate molecule.
Recently, a detailed mechanistic study of ThiC based on the
trapping of five intermediates led to the mechanism proposed
in Fig. 1. An early intermediate, 3, is trapped as a shunt product
when using an AIR analogue (14, Table S1) where the ribose is
attached to imidazole at C4. A Caulobacter crescentus ThiC
(CcThiC) E413Q mutation facilitated the characterization of
intermediate 4. The trapping of intermediate 5 using an Arabi-
dopsis thaliana (AtThiC) D383A mutation suggests that cleavage
of the C1'-C2’ bond occurs before the ribose fragment reat-
taches to the imidazole (6) to form intermediate 7. Evidence for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The proposed mechanism of the ThiC-catalyzed rearrangement of AIR to HMP-P. For all the proposed steps, see ref. 8. Atoms derived
from the aminoimidazole group are colored dark blue while those of the ribose are individually colored to help show their repositioning
throughout the reaction. Intermediates 4 and 5 were trapped using the E413Q and D383A variants respectively.

the involvement of an active site Cys is provided by a CcThiC
C474S mutant. This residue plays an essential role in radical-
mediated H-atom transfer that initiates CO release. These
results have laid the groundwork for understanding the
complex 20-step ThiC mechanism, but many of the details
remain uncertain.

To expand on our understanding of the ThiC mechanism, we
aimed to trap and characterize radical intermediates using
freeze-quenching and electron paramagnetic resonance (EPR)
techniques. There have been a growing number of radical
intermediates trapped and characterized during catalysis by
radical SAM enzymes.>*® Of these, we recently identified an
aminoimidazole radical intermediate of the enzyme BzaF.>” A
paralog of ThiC, BzaF catalyzes the radical rearrangement of
AIR to 5-hydroxybenzimidazole (HBI) as part of the anaerobic
cobalamin biosynthetic pathway.*® Motivated by our success in
characterizing an intermediate in the BzaF catalyzed reaction,
we turned our attention to ThiC. Herein, we describe the char-
acterization of a distinct intermediate formed by ThiC. Equip-
ped with the ThiC mutants discussed above, we show the
critical role of active-site electrostatic interactions on the ThiC
mechanism.

Results and discussion

Accumulation of a substrate radical intermediate

Reducing ThiC with dithionite yields an S = 3/2 signal that
could either be attributed to a high-spin cluster or to an S = 1/2
[4Fe-4S]" cluster antiferromagnetically coupled to an S = 2 Fe"

© 2026 The Author(s). Published by the Royal Society of Chemistry

(Fig. S1B). While crystal structures show SAH binding to the
extra Fe site, its role in catalysis remains unknown and is the
subject of a future study. When reduced A¢ThiC is mixed with
the substrates AIR and SAM, the S = 3/2 signal disappears
concomitant with the formation of a new organic radical signal.
Disappearance of the S = 3/2 signal suggests that the cluster
becomes oxidized during catalysis. The radical signal is
centered near g = 2.004 and accumulates over 6 minutes with an
observed rate of 0.6 + 0.1 min ', after which it begins to decay
(Fig. S2A). While some fine structure is evident, there are likely
many nuclei contributing hyperfine interactions (HFI) resulting
in poorly resolved hyperfine features. The pulse Q-band echo-
detected spectrum is consistent with a nearly isotropic signal
centered at g = 2.004 (Fig. S2B).

In the absence of substrate AIR, a different radical species
forms with better resolved hyperfine structure (Fig. S3). This
radical signal has been observed previously and was attributed
to a peptide backbone radical, likely on an a-carbon.* The
backbone radical signal is not observed in the full reaction
mixture when AIR is allowed to incubate before SAM is added. If
instead SAM is added first for one minute followed by the
addition of AIR, a mixture of the two radical species is obtained
(Fig. S3). While the amino acid residue involved in backbone
radical formation has not been identified, this residue is likely
susceptible to off-pathway H-atom abstraction by 5'-dA" when
AIR is not bound in the active site. When AIR is allowed to bind
in the active site first, 5-dA’ reacts directly with AIR to initiate
the radical rearrangement.*

Chem. Sci., 2026, 17, 1624-1636 | 1625
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To obtain more information on the HFI, we repeated the
ThiC reaction using several ’H AIR isotopologues (Table S1).
Initial characterization by CW X-band EPR shows the most
significant effects are from samples made in *H,O or with
2,4-’H, AIR (Fig. 2). When a proton contributing to the hyper-
fine structure is substituted by a deuteron, the hyperfine
collapses by the proportion of their gyromagnetic ratios (y(*H)/
v(*H) = 6.5). The collapse of the large hyperfine contributions
when using the 2,4-°H, AIR isotopologue is consistent with
strong interactions (ca. 40 MHz and 60 MHz, see ENDOR
section below) between the imidazole protons and the radical
center, suggesting that the radical is located on or near the
imidazole moiety. In addition, the major differences when *H,0
was used can be attributed to large exchangeable proton
couplings (ca. 13 MHz and 25 MHz, see ENDOR). If the radical is
centered on the imidazole moiety, the amine protons or an
imidazole NH could be responsible for the observed couplings.
Alternatively, the exchangeable proton couplings could arise
from the ribose hydroxyl groups. We could also probe the
proximity of the ribose to the radical center using AIR iso-
topologues selectively labeled with **C on the ribose. If a carbon
carrying significant spin density is labeled with *C, the addi-
tional hyperfine interaction leads to broadening of the CW EPR
spectrum. Using a 1/,2',3/,4’,5'-">C AIR isotopologue results in
broadening by about 25 MHz (Fig. S4), suggesting that the
ribose is attached to the radical center.

We propose that the accumulated intermediate would most
likely be a radical centered on the electron-rich aminoimidazole
moiety, which would be stabilized by resonance delocalization.
A similar result was observed previously for BzaF, where
a radical intermediate analogous to 4 was trapped and charac-
terized by EPR techniques.”” ThiC and BzaF are proposed to
follow the same initial steps of AIR rearrangement, diverging
after intermediate 5 where ThiC and BzaF catalyze C2'-C2 and
C2/-C5 bond formation respectively.®*® It is possible that the
accumulated ThiC radical is the same as that of BzaF. Two other
aminoimidazole-centered radicals, intermediates 7 and 8, are

dy"IdB

335
Field (mT)

Fig. 2 CW X-band (9.4 GHz) EPR spectra obtained for reactions of
AtThiC with AIR and dithionite initiated by addition of SAM and frozen
after 6 minutes. Natural abundance (NA) AR in H,O and 2H,0, as well
as a 2,4-2H, AIR isotopologue were used. Conditions: temperature =
10 K, power = 0.2 mW, modulation amplitude = 2 G.
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proposed to form during ThiC catalysis. These intermediates
would have a similar stability to 4 and may therefore accumu-
late instead. To elucidate the structure of the trapped radical,
we next sought to obtain quantitative HFI using a combination
of selective isotope labeling and electron-nuclear double reso-
nance (ENDOR) spectroscopy.

'H and *H ENDOR of the radical intermediate

The CW EPR experiments discussed above clearly indicate the
presence of multiple protons coupled to the radical. The Q-band
'H Davies ENDOR spectrum for the natural abundance (NA)
substrate radical collected at g = 2.004 contains at least four
hyperfine-split doublets labeled a-d (Fig. 3A). When 2,4-°H, AIR
is used, the two doublets with the largest hyperfine couplings (c
and d) disappear. A corresponding *H Davies ENDOR spectrum
contains two signals that, when scaled to the frequency of 'H,
match doublets ¢ and d. Thus, these two signals can be attrib-
uted to the imidazole 2-H and 4-H. Spectral simulations of the
’H signals yield one dipolar hyperfine tensor with A’H = [3.7,
6.3, 7.4] MHz corresponding to signal ¢ and one more isotropic
tensor with A°H = [8.4, 9.0, 9.6] MHz corresponding to signal d.
Quadrupolar splitting arising from the I = 1 spin of the
deuteron is not resolved. Converting these tensors to the 'H
frequency gives A'H = [24.1, 41.0, 48.1] MHz and A'H = [54.7,
58.6, 62.4] MHz, respectively. The "H ENDOR spectrum is well
simulated using these values (Fig. S5). The *H ENDOR spectrum
more clearly shows the rhombicity of signal c, which overlaps
with doublet b in the "H ENDOR spectrum. Such significant
anisotropy is characteristic of through-space electron-nuclear
dipole interactions experienced by protons attached to a spin-
bearing sp® hybridized carbon (a-protons). Out-of-plane
protons on a nucleus adjacent to the radical center (B-
protons) tend to have more isotropic and conformation (dihe-
dral angle)-dependent hyperfine tensors through the spin
hyperconjugation mechanism.*"** Signal d is therefore consis-
tent with a B-proton.

These hyperfine parameters are reminiscent of other char-
acterized imidazole-centered radicals, including the BzaF
radical intermediate, but a key distinction lies in the assign-
ment of doublet d to a B-proton.>”**3* For the previously char-
acterized imidazole-centered radicals, both 2-H and 4-H are in-
plane with the 7-system. Delocalization of the spin density onto
their corresponding C-centers gives both of these protons
significant anisotropy. Attachment of the ribose fragment to
imidazole C2 for radicals 7 and 8 interrupts the m-system, where
C2 is now an sp’ center and 2-H is out-of-plane of the imidazole
ring. As a result, 2-H would have considerably less anisotropy
consistent with a B-proton. On this basis, we can narrow down
the accumulated radical to either 7 or 8, with doublet c assigned
to 4-H and doublet d assigned to 2-H.

Having established the identity of doublets ¢ and d, we next
sought to characterize the HFI arising from solvent-
exchangeable protons. When the reaction is prepared in *H,0
buffer, doublet a diminishes (Fig. 3B) and a corresponding *H
doublet is observed in the *H Mims ENDOR spectrum. The
Mims spectrum is best simulated using two *H HFI with A°H =

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A) 'H and 2H Davies ENDOR spectra for the AtThiC reaction quenched after 6 minutes using NA AIR or 2,4-2H, AIR. The 2H Davies ENDOR
spectrum for the 2,4-2H, AIR sample was scaled to the frequency of *H for easier comparison. (B) *H Davies and frequency-scaled 2H Davies and
Mims ENDOR spectra comparing the NA AIR samples made in H,O or 2H,0. Experimental data are shown in black or grey. Spectral simulations
are shown in blue. (C) The structure of proposed intermediate 7-H* with positions contributing to the observed HFI labeled in red and blue.
Conditions: frequency = 34 GHz, temperature = 15 K. *H and 2H Davies: 7t/2 = 12 ns, inversion pulse = 80 ns, T = 300 ns. 2H Mims: T = 260 ns.

Simulations: (A) A(2-2H) =
AH = [4.4, 6.8, 3.8] MHz.

[8.4,9.0,9.6] MHz, A(4-2H) =

[2.6, 0.7, 3.2] MHz and A®H = [2.2, 3.1, 1.0] MHz. The lineshape
of the "H Davies ENDOR signal for doublet a is slightly different
from that of the >H Mims signal, partially owing to the
suppression effect of Davies ENDOR close to 0 MHz. A simula-
tion of the "H ENDOR spectrum yields a hyperfine tensor that is
close to the scaled *H hyperfine tensor with A'H = [15.7, 5.0,
21.0] and A'H = [14.6, 19.9, 6.3] (Fig. S5). Given the large and
nearly equal magnitude of a;, (Table 1), they can be reasonably
assigned to the two amine protons.

Another signal is observed in the *H Davies ENDOR spec-
trum that is not well resolved in the Mims spectrum. While
Mims ENDOR is better suited for detecting small HFI, it is not
as sensitive to large anisotropic HFI and is subject to blind spots
called Mims holes. For this particular deuteron, Davies ENDOR
provides a better method for measuring the larger hyperfine
tensor due to the lack of Mims holes. The *H Davies ENDOR
signal is simulated with A’H = [4.4, 6.8, 3.8] MHz. Deuterium
exchange for this proton is also evident in the difference 'H
ENDOR spectrum when the signals are scaled to doublet
d (Fig. S5). Note that the central feature also loses intensity,
which arises from more distant protons like solvent or amino

Table 1 Experimental *H and 2H HFI for reactions using WT AtThiC®

A(*H) (MHz) A(*H) (MHz)

Position [A1, A, A5] Qiso [A1, Az, A3) Qiso
2H 8.4,9.0,9.6 9.0 54.7, 58.6, 62.4 58.6
4-H 3.7,6.3,7.4 5.8 24.1, 41.0, 48.1 37.7
NH, 2.6, 0.7, 3.2 2.2 15.7, 5.0, 21.0 13.9

2.2,3.1,1.0 2.1 14.6, 19.9, 6.3 13.6
N3-H 4.4,6.8,3.8 5.0 25.0, 25.0, 38.0 29.3
3-H — - 2.8,3.2, 5.4 3.8

“ Errors are estimated to be +0.1 MHz. For NH, the error of aj, is
estimated to be +0.4 MHz and for NH the error is estimated to be +3
MHz. The signs of experimental A tensors were not determined and
are reported as the positive values.

© 2026 The Author(s). Published by the Royal Society of Chemistry

[3.7, 6.3, 7.4] MHz. (B) Mims: A,°H =

[2.6,0.7, 3.2 MHz, A,°H = [2.2, 3.1, 1.0] MHz. Davies:

acid side-chains. A simulation of the 'H difference spectrum
yields A'H = [25.0, 25.0, 38.0] MHz. The most consistent posi-
tion with such a large HFI would be a proton on a di-
hydroimidazole nitrogen. For intermediate 7, the
dihydroimidazole N3 could be protonated to give a cationic
structure (denoted intermediate 7-H', Fig. 3C). Alternatively, if
the formyl group is lost to give intermediate 8, the di-
hydroimidazole N1 could be protonated.

Other deuterium isotopologues, including 2’->H, 4’-H, and
5',5'-"H,, do not yield any evident changes to the "H Davies
ENDOR spectrum (Fig. S6). A sample made with 3'-’H reveals
a small HFI with A'H = [2.8, 3.2, 5.4] (Fig. S7). The intensity of
doublet b appears to be a combination of the 4-H anisotropic
signal and the exchangeable proton assigned to an imidazole
NH. The only unaccounted for proton is 1’-H, for which we did
not have a deuterium isotopologue. Considering that the four
largest hyperfine doublets are assigned, the 1’-H contribution is
likely small.

Combining the 'H and >H ENDOR data, we have obtained
the hyperfine tensors of six protons summarized in Table 1. All
values are reported as the absolute magnitude. Using these
hyperfine values and an isotropic g-value of 2.004 produces
a reasonable simulation of the X-band spectrum (Fig. S2C).
These data are most consistent with a protonated imidazole-
centered radical such as intermediate 7-H" or 8.

13C ENDOR of the radical intermediate

While a picture of an aminoimidazole centered radical is
emerging, we next wanted to obtain quantitative HFI of the
ribose carbon atoms to probe the attachment to imidazole.
When the radical is generated using 1’,2/,3',4’,5'-"*C labeled
AIR, the *C ENDOR spectra contain features corresponding to
one strongly coupled carbon and two weakly coupled carbons
(Fig. 4). The strongly coupled signal is attributed to C2’ with
AC =[21.8, 20.1, 20.0] MHz. Only the v, branch of the ENDOR
signal is observed because the intensity of the »_ branch is

Chem. Sci., 2026, 17, 1624-1636 | 1627


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04563k

Open Access Article. Published on 18 de novembre 2025. Downloaded on 31/1/2026 15:38:41.

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

(cc)

Chemical Science

View Article Online

Edge Article

A — Experiment B — Experiment N NH2
— Simulation — Simulation ®
z 1,2,3.4,5-°C x =0
a ] 1
& z
g g
S |
& =z [Vse 0 Position [A,AyA]  ag
(MHz) (MHz)
1% c1 1.6,2.2,1.0 1.6
v
! ‘ ] | ‘ ‘ ! c2' 21.8,20.1,20.0 20.7
12 14 16 18 20 22 24 26 28 10 1" 12 13 14 15 16
MH; MHz)
o M Yo | c3  151.1,09 1.2

Fig.4 (A)¥3C Davies ENDOR spectra for the ThiC reaction using 1/,2/,3,4,5'-*C and 2'-1*C labeled AIR. (B) **C Mims ENDOR spectra for the ThiC
reaction using 1/,2",3',4',5'-1C and 1/-*C labeled AIR. (C) HFI obtained from spectral simulations with their positions shown for the proposed
intermediate 7-H™. Simulations are shown in blue. The *C Larmor frequency (13 MHz) is marked by a triangle. Conditions: frequency = 34 GHz,

temperature = 15 K. *C Davies: /2 = 12 ns, inversion pulse = 80 ns, t

=300 ns. 1*C Mims: © = 260 ns. Simulations: (A) A¥*C = [21.8, 20.1, 20.0]

MHz. (B) Top: ABC = [1.6, 2.2, 1.0] MHz, [1.5, 1.1, 0.9] MHz. Bottom: AY*C = [1.6, 2.2, 1.0] MHz.

suppressed by the low RF response close to 0 MHz. Nonetheless,
this signal is sufficient to obtain the hyperfine tensor. The
magnitude of the HFI suggests that this carbon is attached to
the radical center, consistent with either intermediate 7 or 8.
One of the weakly coupled signals arises from C1’ with A™C =
[1.6,2.2,1.0] MHz. The presence of an appreciable isotropic HFI
from C1’ indicates a chemical bond to the radical species, thus
narrowing down the possible intermediate to before the defor-
mylation step. The remaining hyperfine doublet with A*C =
[1.5, 1.1, 0.9] cannot be definitively assigned, but it is consistent
with a carbon that is attached to a minor spin-carrying center
like C2'. As such, we assign this doublet to C3'. The *C ENDOR
data, taken together with the 'H and *H ENDOR data, are best
explained by intermediate 7-H".

DFT calculated hyperfine parameters

To gain a better understanding of the structural features that
could give rise to the observed hyperfine parameters, we used
DFT to calculate the HFI of several possible structures (Table 2).
While we assigned the structure to intermediate 7-H" based on
the experimental HFI discussed above, we considered

intermediates 4 and 7 in our calculations as well. For these
calculations, we used a neutral phosphate group to avoid
intramolecular interactions with the positively charged imid-
azole group. This provides a similar effect to the interactions
observed in the crystal structure, where the phosphate group is
held in place by H-bonding with active-site residues.'® Some of
the biggest differences arise at 2-H and 4-H. For the radical
cation 4, both 2-H and 4-H are predicted to have large and
anisotropic HFI that can be attributed to significant spin
density on both C2 (0.274) and C4 (0.295) and the planar
orientation of both protons (Fig. 5). Intermediate 7, which is
a neutral dihydro-aminoimidazole radical, is predicted to have
large isotropic hyperfine coupling from 2-H, but a small
contribution from 4-H owing to minimal spin density at C4
(0.067). Thus, both intermediates 4 and 7 fail to explain the
observed HFI of 2-H and 4-H. These HFI are better explained by
7-H'. This species is predicted to have greater spin delocaliza-
tion onto C4 (0.251) similar to 4, and small spin density on C2.
In this case, the dihedral angle of 2-H allows for hyper-
conjugation with the radical center, which is delocalized over
the N3-C4-C5 bonds. The significant spin density on N3 (0.251)

Table 2 Comparison of the experimental and DFT-predicted HFI for structures 4, 7, and 7-H+*

Experimental Intermediate 4 Intermediate 7 Intermediate 7-H+
A (MHz) [41, A2, A3] |Gisol [41, Az, A3] |@isol [41, A2, A3] |@isol [41, A2, A3] |@isol
2-'H 54.7, 58.6, 62.4 58.6 —32.0, —45.5, —11.7 29.7 44.1, 46.5, 52.6 47.7 34.8, 43.6, 36.5 38.3
4-'H 24.1, 41.0, 48.1 37.7 —31.3, —13.0, —46.3 30.2 —7.4,-52,1.5 3.7 —25.9, —36.6, —7.8 23.4
N-'H, 15.7, 5.0, 21.0 13.9 —26.3, —38.0, —1.4 21.9 —7.6, —10.9, 6.0 4.2 —15.8, —0.2, —20.4 12.1

14.6, 19.9, 6.3 13.6 —21.8, —35.1, 4.9 17.3 9.1, 4.4, 22.4 12.0 —12.2, —20.8, 3.5 9.8
N3-'H 25.0, 25.0, 38.0 29.3 — — — — —26.9, —44.3,1.3 23.3
3-'H 2.8,3.2,5.4 3.8 —0.3, 0.2, 0.9 0.1 1.2, -1.7, —0.1 0.2 —0.7, -1.4,1.3 0.3
Bcy/ 1.6,2.2, 1.0 1.6 0.2,0.8, 1.4 0.8 16.1, —2.9, —1.2 4.0 —2.0, —0.6, 4.7 0.7
By 21.8, 20.1, 20.0 20.6 -1.5, -1.1, —0.5 1.0 40.0, 31.4, 31.6 34.3 36.0, 26.5, 26.5 29.7

“ Errors in experimental HFI are estimated to be 0.1 MHz. For NH, the error of a;s, is estimated to be +0.4 MHz and for NH the error is estimated
to be +3 MHz. The signs of experimental A tensors were not determined and are reported as the positive values. All a;, values are reported as

absolute magnitudes.
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Atom 4 7 7-H*
N1 -0.013 0.014 0.028
C2 0.274 0.019 0.017
N3 0.002 0.344 0.251
C4 0.295 0.067 0.251
C5 0.147 0.255 0.168
NH, 0.234 0.110 0.135
C1"  -0.002 0.065 0.023
C2' -0.001 0.018 0.019

Fig. 5 DFT predicted spin densities for intermediates 4, 7, and 7-H*. Spin density plots were generated using an isovalue of 0.003.

explains the large and isotropic hyperfine predicted for 2-H in
this model. While the magnitude of gy, is smaller than the
observed value, variations in the dihedral angle and active site
interactions could account for this difference.

Next, evaluating the exchangeable protons, the calculated
HFI for the amine protons of 7 and 7-H' are close to the
observed HFI, while those for 4 are calculated to be slightly
greater. For 7-H", the dihydroimidazole N3-H is predicted to
have a large HFI with A"H =[—26.9, —44.3, 1.3], which is similar
in magnitude to the experimental A tensor but has larger
anisotropy. The other proton HFI are all predicted to be less
than 4 MHz. It is interesting to note that 3’-H was observed to
have a;s, = 4 MHz, while DFT predicts a negligible a;s, of 0.3
MHez. This may be indicative of the ribose fragment being more
conformationally constrained in the active site such that 3'-H is
closer to the dihydroimidazole radical.

Another important distinction between intermediate 4 and
7-H" is the connection of the ribose fragment. For intermediate
4, C2' is farther from the radical and consequentially has
a predicted a;s, < 1 MHz. In contrast, intermediate 7-H" has C2/
covalently attached to the dihydroimidazole C2. Therefore, the
predicted HFI of C2' for this structure is much closer to the
experimental value with A"*C = [36.0, 26.5, 26.5] MHz. The
neutral intermediate 7 is predicted to have a slightly larger
magnitude HFI with A"*C = [40.0, 31.4, 31.6] MHz. While
structural distortions in the active site could significantly
impact the HFI of C2’, model 7-H" appears to be the most
consistent with experimental values. The predicted C1’ hyper-
fine tensor is also close to the observed HFI with A™*C = [-2.0,
—0.6, 4.7] MHz. Considering the DFT predicted *>C and 'H HFI,
model 7-H" is in good agreement with the detected radical.

Mechanistic implications

Most of the reactions involved in the conversion of the AIR
radical (2) to HMP-P (13) involve intrinsically fast radical frag-
mentation reactions that do not require enzymatic catalysis. It
is therefore possible that the detection of the protonated form
of intermediate 7 results from its accumulation due to a rela-
tively slow deformylation step.

This reaction is likely to follow the expected well-
characterized protease mechanism in which the amide

© 2026 The Author(s). Published by the Royal Society of Chemistry

carbonyl group is activated for nucleophilic attack by hydrogen
bonding. However, since the conversion of AIR 1 to 7 involves
a major rearrangement of the AIR atoms at the active site, it is
not possible to reliably predict the active residues involved in
the hydrolysis reaction. Another explanation could be that
a slow protein conformational change, needed for the conver-
sion of 7 to HMP-P (13), facilitates the detection of 7-H".

The accumulation of intermediate 7-H® is an important
distinction from the BzaF mechanism, where intermediate 4 is
observed instead.”” A homology model of BzaF based on the
structure of AtThiC predicts that the active sites are highly
conserved with only three differences affecting H-bonding to
AIR.”® Similarly, an AlphaFold2 predicted model of BzaF shows
a very similar active site structure to ThiC (Fig. S8).***® Despite
having similar active sites, these enzymes are able to direct the
high-energy intermediates to unique products. The accumula-
tion of distinct radical intermediates provides one example of
how the reactivity of these enzymes differ. Formation of 7-H" is
the first step that diverges from the BzaF mechanism, where the
C2’' radical adds to the imidazole C5 instead.*® Determining how
the active sites control radical addition to different positions of
the imidazole fragment will provide insights into how these
enzymes achieve their product selectivity.

DFT modeling of the mechanism

While the identification of 7-H" supports the proposed mech-
anism leading up to the loss of formate, we sought to investigate
the energetic feasibility using DFT calculations at the M06-2X-
D3/def2-SVP level of theory (see SI for details).*””** The AIR —
2 reaction (modeled using ethane as a hydrogen-atom donor)
was predicted to have a free energy barrier of approximately
15 keal mol ™", while fragmentation of 4 to form 5 and 6 was
predicted to be barrierless (from 4). Recombination to form 7
could occur before or after deprotonation, but both scenarios
were predicted to have low barriers: approximately 1 kcal mol "
for the former and 8 kcal mol " for the latter. Consistent with
previous studies,® the rate-determining step along the AIR
— — — 7 pathway is predicted to be the initial hydrogen-atom
transfer, and this step is predicted to have a low barrier. Thus,
the pathway shown in Fig. 1 for formation of 7 appears to be
feasible on energetic grounds. Following the formation of 7, we
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propose that a water molecule acts as a nucleophile attacking
the amide to form a geminal diol. The uncatalyzed loss of
formate from this intermediate was predicted to have a barrier
of 20 kecal mol™', which would be feasible but likely slow.
However, it is likely that this barrier could be greatly reduced by
the enzyme active site. We therefore cannot yet deduce the
factors contributing to the observed accumulation of 7-H*.

Identification of a C5’ radical using an E413Q mutant

With previous success in trapping several intermediates using
ThiC mutants,® we hypothesized that we would be able to trap
and characterize new radical intermediates using these same
mutants. Freeze-quenching a reaction using an E413Q CcThiC
mutant generates a new radical featuring a doublet centered
around g = 2.004 with a large splitting of a;s, = 74 MHz (Fig. 6A).
To characterize this new intermediate, we repeated measure-
ments using 2,4-°’H,, 3-’H, 4'-°H, and 5',5'-’H, labeled AIR.
Unlike the WT species, the 2,4->H, isotopologue does not affect
the CW X-band spectrum, indicating that the radical is located
on the ribose portion rather than the aminoimidazole. Minor
contributions to the hyperfine structure are observed using the
3'-’H and 4’-°H isotopologues.

A
NAAIR

2,4-’H, AIR

3.?HAIR

dy"IdB

5',5'H, AIR

5,5?H, AR + ’H, SAM

| T | T | | T I
328 330 332 334 336 338 340
Field (mT)

342
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Initial reactions using 5',5'-’H, labeled AIR resulted in a new
narrow feature centered within the doublet. Repeating this
experiment with 3/,4',5',5'-H,-labeled SAM results in complete
collapse of the doublet signal. This suggests that a proton
originating from the SAM molecule is contributing to the
observed hyperfine splitting (vide infra). Further characteriza-
tion of the radical generated with 5’,5'->’H, AIR and NA SAM by
’H Davies ENDOR reveals only one signal with A’H =[10.5, 11.3,
12.1] MHZ (Fig. 6B). This same signal is present when
3',4',5',5'-*H,-labeled SAM is used, and no additional signals are
observed. The corresponding "H HFI is not observed in the 'H
Davies ENDOR spectrum because it is larger than the range of
frequencies allowed by the RF amplifier used in the experiment.
A smaller "H HFI in the proton ENDOR can be assigned to 4'-H
with a;s0 = 12.5 MHz (Fig. 6C). We could not resolve the small
HFI arising from 3'-H, but this could be due to low intensity of
the ENDOR spectrum. The CW spectra could be reasonably
simulated using the HFI obtained by ENDOR and a;5, = 5 MHz
for 3’-H.

The large HFI of 5-H and moderate HFI from 4'-H are
consistent with a C5’' radical. Ribose radicals in DNA and RNA
have been well characterized using radiation to generate radical
species.***” Typical EPR spectra of C5’ radicals feature one large

B
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Fig. 6 EPR spectra for reactions using E413Q ThiC. Reactions used the same concentrations as the WT reactions and were frozen after 6
minutes. (A) CW X-band EPR spectra with AIR isotopologues. (B) °H Davies ENDOR spectra obtained at Q-band for reactions using 5',5'-2H, AIR.
(C) *H Davies ENDOR spectra obtained at Q-band for reactions using either NA or 4'-2H AIR. Experimental data is shown in black and spectral
simulations are shown in blue. Conditions: (A) temperature = 10 K, power = 0.2 K, modulation amplitude =2 G. (B and C) temperature = 15K, 7t/2
=12 ns, inversion pulse = 80 ns, T = 300 ns. Simulations were achieved using (A) A(5'-'H) = [68.3,73.5,78.7], aiso(4'-*H) = 12.5 MHz, ajso(3'-'H) =5

MHz or (B) A(5'-?H) = [10.5, 11.3, 12.1] MHZ.
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hyperfine contribution from 5-H around 60 MHz.***® The
hyperfine contribution from 4’-H can vary depending on the
conformation of the ring.*®* When 4'-H is in the nodal plane of
the C5' p-orbital, small hyperfine values are observed ranging
from 6-17 MHz. If the ring becomes distorted such that 4’-H is
no longer in this plane, much larger hyperfine values have been
observed close to 100 MHz. This corresponds well to the rela-
tionship between the dihedral angle and the isotropic hyperfine
of a B-proton. In our case, the small aj, of 12.5 MHz is
consistent with 4’-H being in the nodal position. To support our
assignment of the E413Q radical species we also used the
available '*C AIR isotopologues. Significant broadening is
observed using 1/,2',3/,4’,5'->C AIR (Fig. S9), consistent with
a radical centered on the AIR ribose. There is no broadening
effect from 2/-'>C AIR, while minimal broadening is observed
for 1-">C AIR. The larger "*C couplings can then be attributed to
the other C centers, likely C5' and C4’, consistent with the
assignment of a C5' radical.

In the proposed ThiC mechanism, a C5’ radical (2) is formed
by the initial H-atom abstraction. The accumulation of 2 could
indicate that the Glu side-chain provides important electro-
static interactions with the aminoimidazole early in the mech-
anism, consistent with previous LC-MS results.? As shown in the
crystal structure of AtThiC (Fig. 7), the Glu side-chain (E422,

Fig. 7 Crystal structure of the AtThiC active site with AIR bound.
Distances of E422 and D383 to the aminoimidazole group are labeled.
PDB 4527.1¢
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analogous to E413 in CcThiC) is only 3.3 A from the amino-
imidazole N1 of AIR.*® Removal of the negative side-chain could
result in destabilization of the radical cation 4, leading to the
accumulation of 2 rather than 7-H'. However, the assignment of
the detected radical to 2 cannot explain the HFI originating
from a proton on SAM. One possibility we considered was that 2
could undergo H/D exchange with 5’-dA. This scenario would
not be feasible owing to the irreversibility of the H-atom
abstraction and stereoselectivity for the 5-proS position.*®
These results necessitate a different mechanism for H/D
exchange, possibly involving an alternative C5' radical (e.g
structure 72 in ref. 8). The origin of this unusual result is
currently under investigation. Nonetheless, the detection of
a C5' radical when using the E413Q mutant shows that the
electrostatic interactions provided by the Glu side-chain
significantly influence the ThiC mechanism.

Influence of H-bonding by D383

We next investigated the D383A AtThiC mutant, which previ-
ously allowed the trapping and characterization of intermediate
5 by LC-MS.? Repeating the ThiC reaction using the D383A
mutant generates a radical signal unique from that of the WT
reaction (Fig. 8A). Notably, there is a clear triplet splitting
pattern consistent with two protons of similar hyperfine values
ca. 30 MHz. While the CW signal appears to be a new radical
species, the "H Davies ENDOR spectrum is similar to that of the
WT AtThiC reaction (Fig. S10). Doublets a, b, and d are all still
present with similar frequencies, while doublet ¢ is more
significantly influenced by the mutation. There is also an
additional doublet with a;s, = 7.4 MHz labeled as doublet e.
Using the 2,4->H, AIR isotopologue results in the disappearance
of doublets c and d, analogous to the WT sample. Extracting the
hyperfine tensor of doublet c yields A'H = [34.4, 40.0, 44.2]
MHz, corresponding to the dihydroimidazole 4-H as discussed
for the WT sample. ENDOR spectra obtained using *C iso-
topologues are also similar to the corresponding WT AtThiC
radical spectra (Fig. S10). The fully labeled ribose sample yields
a single large hyperfine signal that is assigned to C2'.

A B (o3
NA NA - WT
32H-WT
1] 1]
3 3
= = 2
5 S 2,4-H, - WT
Vv HOH OH
H,0 - WT
Position A, (MHz)
Y7 T 1°H 28
330 335 340 330 335 340
Field (mT) Field (mT) 3-H 32

Fig. 8 Characterization of the intermediate trapped using D383A AtThiC. (A) CW X-band EPR spectra for the reaction using NA, 3'-2H, 2,4-2H,
AIR and the reaction in 2H,O. (B) The same CW spectra after subtracting the corresponding WT spectra. Simulations are shown in blue. (C)
Structure of radical 5 showing the assigned 'H HFI. Conditions: temperature = 10 K, power = 0.2 mW, modulation amplitude = 2 G. Simulations
were obtained using two isotropic proton HFI of 32 MHz and 28 MHz for the triplet spectra, and one proton HFI of 28 MHz for the doublet

spectrum (3'-2H).
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Simulation of this spectrum gives a hyperfine tensor of A**C =
[21.3, 22.1, 20.2]. The isotropic component increased by 0.6
MHz compared to that of the WT A¢ThiC sample, indicating
a minor increase in spin density at C2'. Like the WT radical,
there are also two weakly coupled *C signals with ajs, = ca. 1.2
MHz and 2.0 MHz.

The similarity in the 'H and **C ENDOR spectra between
D383A and WT AtThiC led us to reason that these features arise
from the same intermediate 7-H'. These ENDOR features,
however, do not explain the triplet splitting pattern observed in
the CW spectrum. We could assign one of the protons
contributing to the triplet as 3'-H, evidenced by the collapse of
the triplet to a doublet when using the 3'-*H isotopologue. The
other proton could not be identified by any of the other avail-
able isotopologues and was not exchangeable. The only proton
we could not test was 1’-H, so we can tentatively assign the other
~30 MHz splitting to this proton. These hyperfine signals are
not apparent in the "H ENDOR spectrum, but if they arise from
a second radical species, they may be buried under the signals
attributed to 7-H'. Subtracting the CW spectrum of the WT
reaction from that of D383A shows the triplet splitting pattern
more clearly, which can be fit with two protons of a;s, = 32 MHz
and 28 MHz (Fig. 8B). In these spectra, the ratio of the new
radical to the WT radical was about 1.5 : 1. The spectrum using
3'-*H fits well to a single proton of a;,, = 28 MHz. If we assign
the 32 MHz signal to 3’-H and the 28 MHz signal to 1’-H, they
can reasonably be B-protons to a C2’ centered radical. Inter-
mediate 5 would be consistent with the proposed C2’ centered
radical signal if C1’ is still in close proximity to C2'. Considering
that the next step requires radical addition of C2’ to the imid-
azole C2, it is a good assumption that the radical of 5 remains
close to the imidazole moiety. We therefore tentatively assign
the triplet signal to radical 5.

Differences in the HFI of the 7-H" radical compared to the
WT sample, particularly the dihydroimidazole 4-H HFI, can be
explained by a change in the conformation within the active
site. The carboxylic group of D383 is only 2.8 A away from the
AIR imidazole N3 (Fig. 7). Removing the H-bonding interaction
would reasonably affect the conformation of intermediates.
Based on the accumulation of 5, it was previously proposed that
D383 is responsible for proton donation to the imidazole N3.
Our results suggest that D383 is not the source of this proton
because intermediate 7-H" can still accumulate. Consistent with
the LC-MS studies, the observation of a mixture of 5 and 7-H"' in
the EPR spectrum suggests that the D383A mutation slows
down the radical addition of 5 to the imidazole C2 of 6. For this
addition to occur, the aminoimidazole moiety would have to be
repositioned in the active site. An alternative role of D383 may
be to facilitate this repositioning through H-bonding. This Asp
residue is one of the few differences between the ThiC and BzaF
active sites, where it is replaced by an Asn in BzaF. The differ-
ence in H-bond interactions could aid in positioning the
imidazole group for addition to either C2 in ThiC or C5 in
BzaF.”® Further investigations into the D383A mutant, along
with other mutants, are currently underway. The influence of
the D383A ThiC mutation on the accumulated radical species
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shows the significant role that H-bonding within the active site
plays in facilitating the radical rearrangement of AIR.

Conclusions

We have detected and characterized a radical intermediate of
the ThiC catalyzed rearrangement of AIR. EPR data reveal that
this intermediate is the protonated form of structure 7, sug-
gesting that release of C1’ as formate is slow compared to the
other radical addition/fragmentation steps. The structure of 7-
H" is sensitive to disruptions in the H-bond network, exempli-
fied by the effect of the D383A mutation on the HFI. While this
residue is not responsible for proton donation to the imidazole
N3, it may facilitate radical addition of intermediate 5 to 6 by
positioning the aminoimidazole group. The aminoimidazole
radical intermediate 4 has also been shown to be sensitive to the
electrostatic interactions in the active site.® Using an E413Q
CcThiC mutant, we trapped a C5' radical that participates in
unexpected H/D exchange with 5-dA. This result demonstrates
that the negatively charged side-chain of E413 plays a signifi-
cant role during ThiC catalysis, likely by providing electrostatic
stabilization of intermediates and positioning the substrate. As
shown by these two mutants, interactions with active site resi-
dues play a critical role in guiding the ThiC mechanism. While
the identification of these radicals has provided us a glimpse
into the impressive control ThiC offers over the selective rear-
rangement of AIR, we are only beginning to understand all the
factors involved in this complicated mechanism.

Experimental methods
Overexpression and purification

Arabidopsis thaliana ThiC, Caulobacter crescentus ThiC, and
their variants were overexpressed and purified using the previ-
ously reported procedure.® The E413Q mutant of CcThiC was
used instead of the corresponding mutant in A¢tThiC because of
the low solubility of the A¢tThiC mutant. We note that CcThiC
and A¢ThiC have similar structures and nearly identical active
sites.’®*® We therefore expect that the E413Q mutation in
CcThiC is suitable to compare to the A¢ThiC reaction.?

Overexpression and purification of AIRs kinase

AIRs kinase from Salmonella enterica was overexpressed in E.
coli B834(DE3) and purified using Ni-NTA chromatography per
the published protocol.*®

Synthesis of 5-aminoimidazole riboside (AIRs) and its
isotopologues

AIRs and its isotopologues were synthesized according to the
published procedures.”'®*® Enzymatic phosphorylation of AIRs
(86) and its isotopologues was performed using the previously
reported procedure.?

EPR sample preparation and spectral simulations

All samples were prepared in an anaerobic chamber (Coy
Laboratories, 98% N,, 2% H,) with degassed buffers. For all

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reactions, a total volume of 60 puL was used in 100 mM Tris pH
7.5 buffer. Final concentrations were 400 uM ThiC with 20 mM
sodium dithionite, 1.5 mM AIR, and 3 mM SAM. A solution of
the enzyme was first reduced with the dithionite and allowed to
incubate for 10 minutes to ensure complete reduction. The
enzyme was then incubated with the AIR substrate for 1 minute
to allow for binding of the substrate. The reactions were initi-
ated by the addition of SAM, transferred to a quartz tube
(VitroCom; 2.4 mm outer diameter, 2.0 mm inner diameter),
and frozen in liquid nitrogen after 6 minutes, unless otherwise
noted. For samples prepared in *H,O, the enzyme was buffer
exchanged into a 100 mM Tris buffer in *H,O (pD 7.5) by four
rounds of washing with Amicon centrifugal filters. The reduced
enzyme was allowed to incubate with AIR for 10 minutes to
allow for deuterium exchange on the substrate. Spectral simu-
lations were performed using EasySpin 6.0.4 in Matlab.*

Continuous wave EPR experiments

Continuous wave EPR measurements were carried out at X-band
(~9.4 GHz) using a Bruker EleXsys E500 spectrometer equipped
with a superhigh Q resonator (SHQE). Samples were kept at 10 K
using an Oxford Instruments ESR900 continuous-flow liquid
helium cryostat. Spectra were collected using a conversion time
of 60 ms, modulation frequency of 100 kHz, modulation
amplitude of 2 G, and microwave power of 0.2 mW. Number of
scans was greater than 5 for all samples.

Pulse EPR experiments

All pulse EPR measurements were carried out at Q-band (34
GHz) using a Bruker ELEXSYS-E580 spectrometer equipped
with a 10 W amplifier and an Oxford Instruments CF935
continuous-flow liquid helium cryostat. Samples were main-
tained at 15 K for all measurements. Field-swept spectra were
obtained using the standard Hahn echo sequence (7t/2-1-7—1-
echo). ENDOR spectra were obtained using the standard
Davies® pulse sequence for larger hyperfine couplings or the
standard Mims* pulse sequence for smaller hyperfine
couplings. For most measurements, the RF pulse amplification
was applied using an ENI LPI10 (10-86 MHz) amplifier. For °H
ENDOR measurements, an ENI A1000 (0.3-35 MHz) amplifier
was used. All ENDOR spectra were collected at a field corre-
sponding to g = 2.004. The number of scans was greater than
500 for all samples.

Density functional theory for hyperfine parameters

All DFT calculations were performed using ORCA version
5.0.4.** Geometry optimized structures were calculated using
the BP86 functional. The def2-TZVPP basis set was used for all
atoms with a def2/] and decontractaux auxiliary basis sets.*>*®
For EPR parameter calculations, the TPSSH functional was used
in combination with the EPR-II and def2-TZVPP basis sets.>**
Becke-Johnson damping (D3BJ) was applied as a dispersion
correction.®®*® For all calculations, the RIJCOSX approxima-
tion®® was applied and solvation was modeled using the
conductor-like polarizable continuum model (CPCM)** with
acetone. Initial models for geometry optimizations were built

© 2026 The Author(s). Published by the Royal Society of Chemistry
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using Avogadro 1.2.0.°> Spin density plots were generated using
Chimera.*®
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