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ABSTRACT: TYW1 catalyzes the formation of 4-
demethylwyosine via the condensation of N-methylgua-
nosine (m1G) with carbons 2 and 3 of pyruvate. In this
study, labeled transfer ribonucleic acid (tRNA) and
pyruvate were utilized to determine the site of hydrogen
atom abstraction and regiochemistry of the pyruvate
addition. tRNA containing a 2H-labeled m1G methyl
group was used to identify the methyl group of m1G as the
site of hydrogen atom abstraction by 5′-deoxyadenosyl
radical. [2-13C1-3,3,3-

2H3]Pyruvate was used to demon-
strate retention of all the pyruvate protons, indicating that
C2 of pyruvate forms the bridging carbon of the
imidazoline ring and C3 the methyl.

In the 58 years since the discovery of transfer ribonucleic acid
(tRNA),1 more than 100 modifications of the four canonical

RNA bases that range in complexity from simple methylations
of heteroatoms to the hypermodified bases queosine and
wybutosine (yW) have been identified.2

yW and wyosine derivatives are modifications of a genetically
encoded guanosine at position 37 of Phe encoding tRNA in
eukaroytes and archaea.3 The unique tricyclic core of 4-
demethylwyosine (imG-14) is both an intermediate in the
biosynthesis of more complex wyosine derivatives in eukaryotes
and archaea and a RNA base in archaea.4 To date, eight
structural homologues of imG-14 have been identified.2

The biosynthesis of imG-14 requires the successive actions of
TRM5 and TYW1,5−7 as shown in Scheme 1. TRM5 is a class I

S-adenosyl-L-methionine (SAM)-dependent methyl transferase
that methylates N1 of guanosine 37 to produce N-
methylguanosine (m1G).8,9 The key step involved in the
formation of the tricyclic imG-14 core is catalyzed by TYW1,
which converts m1G to imG-14 by adding two carbons that are
derived from pyruvate, creating the imidazoline ring.10

Additional species-specific modifications tailor the core wyosine
base to form the known wyosine derivatives.4,6,11,12

TYW1 was identified as a member of the radical SAM
superfamily on the basis of a characteristic CxxxCxxC motif.13

The three Cys side chains of this motif in radical SAM enzymes
coordinate three irons of a cubane [4Fe-4S] cluster. SAM is
coordinated to the fourth, or unique, iron via its amino and
carboxylate groups.14,15 Upon reduction of the +2 resting state
of the cluster to the +1 state, the cluster reductively cleaves
SAM, forming the high-energy 5′-deoxyadenosyl radical
(dAdo•) and methionine. The dAdo• abstracts a hydrogen
atom from a substrate to produce an intermediate that
undergoes transformations culminating in products.16 In
some members of the radical SAM superfamily, the cofactor
re-forms at the end of the catalytic cycle, whereas in others,
SAM is used stoichiometrically.17

While two X-ray crystal structures of TYW1 are available,
neither shows electron density for the expected radical SAM
[4Fe-4S] cluster.18,19 In addition to the three Cys residues in
the CxxxCxxC motif, three additional Cys residues are also
found in the presumed active site clustered across from the
radical SAM cluster binding site. These residues have been
proposed to coordinate a second cluster. Electron paramagnetic
resonance studies have confirmed the presence of a second
[4Fe-4S] cluster.20

In a previous publication, we demonstrated that pyruvate is
the source of two carbons in the imidazoline ring, the third
being derived from the methyl of m1G.10 However, significant
gaps in our understanding of the mechanism of TYW1 remain.
Herein we utilize isotopically labeled substrates to demonstrate
that dAdo• is directly involved in abstraction of a H atom from
the substrate and that the source of C6 and the C6 methyl of
the imidazoline ring are derived from carbons 2 and 3 of
pyruvate, respectively (see Scheme 1 for numbering).
To examine if dAdo•, resulting from the reductive cleavage of

SAM, abstracts a H atom from m1G to initiate the catalytic
cycle, we synthesized tRNAPhe that contained either unlabeled
or deuterated m1G and followed the transfer of H to 5′-
deoxyadenosine (dAdo). The tRNAPhe substrate for these
experiments, encoded by the Methanocaldococcus jannaschii
gene (MJ-t16), was produced by in vitro transcription and
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Scheme 1. Biosynthesis of imG-14
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treated with TRM5 and SAM to introduce the m1G moiety.
Unlabeled (CH3-SAM) or SAM containing a deuterated methyl
group (C2H3-SAM) was used to modify the tRNA, producing
the corresponding protiated or deuterated m1G. The synthetic
tRNA substrates were incubated with TYW1 in the presence of
pyruvate, and dAdo produced under these conditions was
analyzed by liquid chromatography and mass spectrometry
(LC−MS). The ThermoFisher Orbitrap XL mass spectrometer
employed in these studies has a mass accuracy of <5 ppm and
sufficient resolution to differentiate the isotopic content of
dAdo. Under the conditions of the experiment, dAdo elutes at
43 min (Figure S1 of the Supporting Information) and is
readily assigned by comparison of retention time and mass
spectra to those of the commercially obtained dAdo. The mass
spectrum of dAdo obtained from this analysis is shown in
Figure 1. The peak at m/z 252.1087 corresponds to [M + H+]

of dAdo (C10H14N5O3), and the measured mass is within 4
ppm of the theoretical value (m/z 252.1097). The isotope
envelope at +1 m/z shows resolved peaks due to 15N, 13C, and
2H, which are present at 1.8, 10.8, and 0.1% of natural
abundance, respectively, relative to the molecular ion. The
black trace in Figure 1 shows the mass spectrum of the dAdo
standard and shows peaks corresponding to the 15N isotope at
m/z 253.1058, the 13C isotope at m/z 253.1141, and a barely
discernible 2H isotope peak at m/z 253.1149. Therefore, the
mass spectrum will readily allow the transfer of deuterium to
dAdo to be measured sensitively. The obvious advantage of the
Orbitrap detector over more traditional mass spectrometry
instrumentation is the isotopic resolution, which allows for
even small quantities of deuterium transfer to be detected.
The mass spectra of dAdo produced when TYW1 was

incubated in the presence of either protiated or deuterated
tRNA and substoichiometric SAM are shown in Figure 1, with
the traces normalized to the [M + H+] peak at m/z 252.1087.
The red and blue traces correspond to the reaction performed
with protiated or deuterated tRNA. At m/z 253.1149, there is a
large peak present in the dAdo produced in the presence of
deuterated tRNA that is not present when protiated tRNA is
used or in the standard. dAdo containing one deuterium
(C10H13N5O3

2H) has an expected peak at m/z 253.1159, which
corresponds to a difference of 4 ppm from the value of m/z
253.1149 obtained in the experiment. The dAdo produced in
the presence of deuterated tRNA has a 100-fold increase in the
intensity of the peak at m/z 253.1149 relative to that obtained
with unlabeled SAM and that in the control sample. This peak
corresponds to dAdo containing a single deuterium. In the
presence of deuterated m1G, the peak is 28% of the isotope
peak. These data are consistent with dAdo• directly abstracting

a hydrogen atom from the methyl group of m1G to initiate
catalysis.
One would expect that all of the dAdo produced in the

presence of deuterated substrate to have a peak at m/z
253.1149 with no species at m/z 252.1097 corresponding to
unlabeled dAdo. The large background of protiated dAdo is due
to the abortive cleavage of SAM, wherein dAdo• abstracts a
proton from a site other than the substrate. This phenomenon
has been observed in nearly all radical SAM enzymes studied to
date.21 We opted to conduct the experiment with substoichio-
metric SAM to reduce the background. There is no evidence of
transfer of multiple deuteriums to dAdo, as we see no peak at
m/z 254.1222.
We next probed the fate of the two remaining protons on the

methyl group of m1G. In these experiments, the modified tRNA
produced in the reaction was digested enzymatically to
nucleosides and analyzed by LC−MS. It was expected that
one of the hydrogen atoms from the m1G methyl group would
be retained in imG-14; surprisingly, however, the imG-14
produced with the labeled and unlabeled m1G gave rise to MS
spectra with a peak at m/z 322.1137, as shown in Figure 2,

indicating that a deuterium was exchanged with a proton during
the course of the experiment. To confirm that the starting
substrate was fully deuterated, the mass spectra of the m1G
digested to the nucleoside level from both the protiated and
deuterated tRNA substrates were examined. The MS data
clearly show that m1G is fully deuterated (see Figure S.2 and
S.3 of the Supporting Information), suggesting that the absence
of m1G deuteriums either is mechanistically relevant or occurs
as part of the workup.
To determine if protons in imG-14 were exchanging with

solvent, the TYW1 reaction was repeated in D2O. Figure 2
shows the mass spectrum of imG-14 produced in both D2O
and H2O with deuterated and protiated substrate but worked
up in H2O. The predominant peak in all four cases is at m/z
322.1137, corresponding to product with no deuterium.
Interestingly, when the reaction is performed with deuterated
substrate in D2O, we observe 30-fold enrichment of a species
with a single deuterium relative to that observed when protiated
tRNA is turned over in H2O. By contrast, when the reaction is
performed in D2O using protiated tRNA, there is a 22-fold
increase in the intensity of the peak at m/z 323.1196. These
observations support the notion that one of the protons from
the starting m1G is retained in imG-14, but that there is

Figure 1. Mass spectrum of dAdo produced in the presence of
deuterated substrate (blue), protiated substrate (red), and standard
dAdo (black).

Figure 2. Mass spectrum of imG-14 produced in the presence of
protiated substrate in H2O (red), deuterated substrate in H2O
(purple), protiated substrate in D2O (black), and deutertated substrate
in D2O (blue). The peak due to deuterium incorporation is labeled.
The natural abundance 13C peak is visible at m/z 323.1168.
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significant exchange during workup of the reaction. Indeed, in a
control experiment, in which the reactions were worked up in
D2O, the predominant imG-14 species has a peak at m/z
323.1194, which corresponds to C13H15N5O5

2H (expected
value of m/z 323.1215), indicating substantial proton exchange
with solvent (Figure S4 of the Supporting Information). To
pinpoint the site of exchange, we examined the mass spectrum
of guanosine from the same LC−MS runs. The guanosine in
the sample also shows an elevated level of monodeuteration.
However, the extent of exchange does not appear to be to the
same as with imG-14, as the predominant peak is that of
unlabeled guanosine. Our interpretation of this result is that the
substantial exchange observed in imG-14 occurs in the
imidazoline ring, and not in the guanine-like core of the
molecule. Taken together with the data presented in Figure 2,
our data suggest that one of the protons of m1G is retained in
the final product.
Isotope labeling experiments have demonstrated that C2 and

C3 of pyruvate are utilized to form the new carbons that are
required to form the imidazoline ring of imG-14. However,
these experiments did not provide insights into the
regiochemistry of incorporation. To address this, we have
conducted the TYW1-catalyzed reaction with [2-13C1-
3,3,3-2H3]- and [2-13C1]pyruvate and analyzed the base
produced in the incubation by LC−MS. As shown in Figure
2, unlabeled imG-14 has a peak at m/z 322. In the presence of
[2-13C1]pyruvate, the mass of the product shifts to m/z 323,
whereas when [2-13C-3,3,3-2H3]pyruvate is used, the mass shifts
to m/z 326. Figure 3 shows the extracted ion chromatograms at
m/z 323 and 326 in the presence of both substrates. When
[2-13C1-3,3,3-

2H3]pyruvate is used as the substrate, the
prominent peak is at m/z 326, which is consistent with
conservation of all of the three deuteriums that are in the
starting pyruvate. These data show that the methyl group of the
imidazoline ring is formed from C3 of pyruvate and that C2 of
pyruvate forms the bridging carbon, closing the imidazoline
ring.
A possible mechanism for the transformation of m1G to

imG-14 is shown in Scheme 2. Our data clearly show that
dAdo• abstracts a H atom from the methyl of m1G. The radical
intermediate combines with pyruvate, which has variously been
proposed to be activated by Schiff base formation to an
absolutely conserved Lys10 or by interaction with a second
[4Fe-4S] cluster, the presence of which has been inferred from
spectroscopic measurements.20 Oxidative or reductive cleavage

of the intermediate and transimination lead to an intermediate,
which eliminates the electrophilic center to form products.
In summary, this study has identified that hydrogen atom

abstraction by dAdo• occurs at the methyl of m1G and
established the regiochemistry of the pyruvate incorporation.
The role of the iron−sulfur clusters and the fate of C1 of
pyruvate remain to be determined.
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