A EUROPEAN JOURNAL OF CHEMICAL BIOLOGY

CHEM CHEM

SYNTHETIC BIOLOGY & BIO-NANOTECHNOLOGY

Accepted Article

Title: Mechanism of diol dehydration by a promiscuous radical-SAM
enzyme homologue of the antiviral enzyme viperin (RSAD2)

Authors: Kourosh Honarmand Ebrahimi, Jack Rowbotham, James
McCullagh, and William S James

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemBioChem 10.1002/cbic.201900776

Link to VoR: http://dx.doi.org/10.1002/cbic.201900776

A Journal of

>

:’I *
t
emPubSoc

WI LEY-VCH www.chembiochem.org EORE®




ChemBioChem

10.1002/cbic.201900776

WILEY-VCH

Mechanism of diol dehydration by a promiscuous radical-SAM enzyme
homologue of the antiviral enzyme viperin (RSAD2)

Kourosh Honarmand Ebrahimi*@l, Jack S. Rowbothaml@ James McCullaghl®, William S.

Jamesl®

[a] Dr Kourosh H. Ebrahimi, Dr Jack S. Rowbotham, Prof James McCullagh
Department of Chemistry
University of Oxford
Chemistry Research Laboratory, Mansfield Road, OX1 3TA, Oxford, UK
E-mail: Kourosh.honarmandebrahimi@chem.ox.ac.uk
[b] Prof William S. James
Sir William Dunn School of Pathology
University of Oxford
South Parks Road, OX1 3RE, Oxford, UK

Supporting information for this article is given via a link at the end of the document.((Please delete this text if not appropriate))

Abstract: 3’-deoxy nucleotides are an important class of drugs
because they interfere with the metabolism of nucleotides and their
incorporation into DNA or RNA terminates cell division and viral
replication. These compounds have largely been produced via
multistep chemical synthesis and an enzyme with the ability to
catalyse the removal of the 3"-deoxy group from different nucleotides
has yet to be described. Here, using a combination of HPLC, high-
resolution mass spectrometry, and NMR spectroscopy we
demonstrate  that a  thermostable fungal radical S-
adenosylmethionine (SAM) enzyme with similarity to the vertebrate
antiviral enzyme viperin (RSAD2) can catalyze transformation of
CTP, UTP, and 5-bromo-UTP to their 3'-deoxy-3',4'-didehydro
analogues. We show that unlike the fungal enzyme, human viperin
can only catalyse the transformation of CTP. Using electron
paramagnetic resonance (EPR) spectroscopy and molecular docking
and dynamics simulations in combination with mutagenesis studies
we provide insight into the origin of the unprecedented substrate
promiscuity of the enzyme and the mechanism of dehydration of a
nucleotide. Our findings highlight the evolution of substrate
specificity in a member of the radical-SAM enzymes. We predict that
our work will help in utilizing a new class of radical-SAM enzymes for
biocatalytic synthesis of 3'-deoxy nucleotide/nucleoside analogues.

Introduction

Currently there are more than 25 nucleotide/nucleoside
analogues approved as antiviral or anticancer medications and
there are several more at different stages of preclinical
development!'2. Additionally, new analogues with antibacterial
activity have been discovered®. Among different analogues,
those missing the 3'-hydroxyl group interfere with metabolism of
nucleotides, which are the building blocks of DNA and RNA, or
terminate activity of RNA or DNA polymerases. Consequently,
they halt reproduction of pathogens or cancer cells!®l. Examples
include the antiviral drug telbivudine, which is a uridine analogue
used to treat hepatitis B infection], and the nucleoside analogue
3'-deoxy-3',4'-didehydro-cytidine (ddhC), which is predicted to
have cytotoxic and anticancer propertiest®. While nucleoside
phosphorylases have been shown to catalyse synthesis of a
wide range of nucleotide/nucleoside analogues by transferring a
nitrogenous base mainly to ribose or 2"-modified ribosel®-®, an
enzymatic method for direct conversion of different nucleotides
to their 3'-deoxy form will present many new opportunities for
developing biobased medications. This is because chemical
synthesis methods consisting of multiple protection-deprotection
steps in organic solvents, are time consuming, need high

temperatures, and generate different side products and toxic
wastes!'011,

Members of the radical-SAM superfamily of enzymes
are emerging as important biocatalysts in biosynthetic routes to
sugar-containing natural products for treatment of infectious
diseases!'>". The radical-SAM addition reactions using NosL
are proposed as an effective way to synthesize nucleoside-
containing compounds!'®. More recently, it has been
demonstrated that the vertebrate antiviral radical-SAM enzyme
viperin (RSAD2) can catalyse modification of ribose moiety in
CTP and its conversion to 3’-deoxy-3",4’-didehydro-CTP
(ddhCTP)"L It is shown that Rattus norvegicus viperin has
substrate specificity and can only catalyse transformation of
CTP among other nucleotides!'”.

We have investigated a new member of the radical-
SAM superfamily of enzymes from the thermophilic fungus
Thielavia terrestris with similarity to the human antiviral enzyme
viperin (RSAD2). Thus, we named the enzyme TtRSAD2. We
demonstrate that this enzyme has substrate promiscuity unlike
human viperin. We show that while TtRSAD2 catalyses
transformation of CTP, UTP, and 5-bromo-UTP to their 3'-
deoxy-3',4"-didehydro analogues, human viperin can only
catalyse transformation of CTP to its 3"'-deoxy-3",4"-didehydro
analogue. Therefore, promiscuous activity of the fungal enzyme
is unique. Our spectroscopic studies using substrate analogues
and computational analysis combined with mutagenesis studies
revealed new insight into the origin of the substrate promiscuity
of TtRSAD2 and the mechanism of dehydration of a nucleotide
by the enzyme and its close homologues.

Results and Discussion

Amino acid sequence analysis. We chose to work with
TtRSAD2 because of its similarity with the human and mouse
antiviral enzyme viperin (RSAD2) (58% identity at the amino
acid level). We predicted that TtRSAD2 generates antiviral or
antibacterial natural products. Human viperin is shown to be a
member of the radical SAM superfamily of enzymes!'®-2%, which
catalyze transformation of a substrate using a common catalytic
step (Figure 1a)?'-23%: a highly conserved [4Fe-43] cluster, which
is coordinated to three cysteine residues of a conserved
CxxxCxxC motif, cleaves SAM in a one-electron reduction step
to generate a 5’-deoxyadenosyl radical (5°-dAdo radical)
intermediate?'?4l, The 5°-dAdo radical has recently been trapped
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and characterized 5281 and spectroscopic studies have provided
evidence for the formation of an organometallic intermediate
with Fe—[5'-C]-deoxyadenosyl bond (Figure 1a)?7-28],
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Figure 1. TtRSAD2 is a fungal radical-SAM enzyme with
similarity to vertebrate viperin (RSAD2) and has many close
relatives in bacteria, archaea, and fungi. (a) The common step in
the catalytic transformation of a substrate by most members of
the radical-SAM superfamily of enzymes. (b) A rooted
phylogenetic tree showing that TTRSAD2 and vertebrate viperin
are paralogs. The tree was prepared as explained in the
methods.

The organometallic or the 5°-dAdo radical intermediate initiates
catalytic transformation by abstracting a hydrogen atom from a
substrate, releasing 5°-deoxyadenosine (5°-dA), and generating
a substrate-radical intermediate, which undergoes complex
rearrangement reactions to form a producti?!242°30 Previously,
using EPR spectroscopy and biochemical studies we
demonstrated that TtRSAD2 is a radical-SAM enzymel3'32,
Multiple sequence alignment and phylogenetic analysis revealed
that homologues of the enzyme are present in different species
of fungi, bacteria, archaea, and green algae (Figure 1b). In all
species the CxxxCxxC motif and the GGE motif, which interacts
with SAM, are highly conserved (Supplementary Figure 1). The
tree shows that vertebrate viperin and TtRSAD2 are paralogs,
which have evolved by duplication events. In human viperin, the
N-terminus hydrophobic domain consists of approximately 45
amino acid residues, while in TtIRSAD?2 it is only 22 residues
long. The hydrophobic domain presumably anchors the protein
into a membrane, like that observed for human viperinf3334,

10.1002/cbic.201900776

WILEY-VCH

Unlike vertebrate viperin, TtRSAD2 has substrate
promiscuity. To identify substrates of the enzyme, we first
characterized the purified TtRSAD2 using UV-visible and EPR
spectroscopies. We confirmed that the enzyme has a [4Fe-4S]
cluster (approximately 60-70% of the purified protein as
demonstrated in Methods) and can reductively cleave SAM in
the absence of a substrate (Supplementary Figure 2). Then, we
used HPLC and mass spectrometry to identify different
substrates of the enzyme. We measured formation of a product
in the presence of a metabolite (Supplementary Figure 3) as
compared to four control samples, in each of which a component
of the reaction was missing (Methods). We initially screened 19
different metabolites (Supplementary Table 1). We found that
CTP, UTP, ATP, and UDP-galactose can all act as substrates
for TtRSAD2, as in each case formation of a product was
observed (Supplementary Figures 3-4) with concurrent
consumption of the substrate and formation of the 5°-dA by-
product (Supplementary Figure 4). In the case of CTP and UTP,
we used a combination of high-resolution mass spectrometry
(Figure 2) and NMR spectroscopy to investigate the molecular
structure of the products (Supplementary Figures 5-8). LC-MS
confirmed dehydration of CTP and UTP and formation of
products (Figure 2). We compared the '"H NMR peaks of the
products to those reported for ddhCTP, 3’-deoxy-3',4'-
didehydro-uridine (ddhU), and model compounds
(Supplementary Table 2). The data together revealed that in the
case of CTP and UTP the enzyme catalyses dehydration of the
ribose group, generating nucleotide analogues 3'-deoxy-3',4'-
didehydro-CTP (ddhCTP) (Figure 2a) and 3'-deoxy-3'4'-
didehydro-UTP (ddhUTP) (Figure 2b), respectively. Because the
structures of UTP and CTP are very similar, we tested if human
viperin, can also catalyse transformation of CTP and UTP.
Unlike TtRSAD2, human viperin could only catalyse
transformation of CTP to ddhCTP (Supplementary Figure 9).
Therefore, we conclude that TtRSAD2 has substrate promiscuity
unlike human viperin. Previous isotope labelling experiments
using rat viperin led to the conclusion that the 5°-dA radical
abstracts H4" of ribose to catalyze transformation of CTP to
ddhCTP'7l. Accordingly, we conclude that in the case of
TtRSAD2 the 5°-dA radical intermediate abstracts H4" of ribose
to catalyse transformation of CTP to ddhCTP or UTP to ddhUTP.
Between ATP and UDP-gal, conversion of ATP was
significantly higher. High-resolution mass spectrometry (Figure
2c) confirmed that in the case of ATP the product was not
formed from the dehydration of ribose. Instead, it was the result
of the addition of (SOy’) radical ion, present in reactions
containing sodium dithionite (S,04)%* as a reducing agent®, to a
radical-intermediate formed from ATP. To determine the position
at which the (SO;’) radical ion was added, we analysed the
fragmentation pattern of the product of catalytic transformation
of ATP (Supplementary Figure 10). This approach is an
important tool for structural analysis of small molecules®l. The
results narrowed down the position, at which the (SO;’) radical
ion was added, to the C5" of the ribose. Addition of (SO2)
radical ion to ATP can only occur via a radical-radical cross-
coupling mechanism involving a substrate-radical intermediate,
as described for other radical-SAM enzymesl®’l. Therefore, in the
case of ATP, a C5'-centered radical must have been formed by
the enzyme. To verify if formation of the radical-intermediate on
ATP is catalysed by TtRSAD2, we performed competition
studies. In the presence of UTP, CTP, and ATP only UTP was
converted to ddhUTP (Supplementary Figure 11). Therefore,
UTP is the preferred substrate and binding of ATP to the
catalytic pocket in TtRSAD2 is essential for its catalytic
transformation. We conclude that in the case of ATP, the 5'-
dAdo radical abstracts a hydrogen atom from the C5” position of
ribose generating a C5°-centred radical, which is scavenged by
the (SO2’) radical ion forming the previously undescribed sulfinic
acid derivative (Figure 2c).
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Figure 2. TtRSAD2 has substrate and catalytic promiscuity. (a) High-resolution LC-MS analysis of the formation of ddhCTP [M-H];, (b)
ddhUTP [M-HT], or (c) sulfinic acid derivative of ATP [M+H]*. On the top are the chromatograms showing formation of (a) ddhCTP, (b) ddhUTP,
or (c) sulfinic acid derivative of ATP. Products were only observed when all components of the reaction were present, i.e. the trace marked
‘reaction’. Dithionite, (S,04)*, was used as reducing agent to provide the electrons for reductive cleavage of SAM by the [4Fe-4S] cluster. The
accurate mass spectrum of the product and a simulation of the spectrum (< 5 ppm error) using the chemical formula of (a) ddhCTP, (b)
ddhUTP, or (c) sulfinic acid derivative of ATP are shown under the chromatograms. The structures of ddhCTP and ddhUTP was determined
using "H NMR spectroscopy as explained in the text, and that of the sulfinic acid derivative of ATP was predicted from the fragmentation
pattern of the mass spectrum of the product. Measurements were repeated at least two times with different batches of protein.

The difference in the reactivity of ATP compared to CTP or
UTP is likely due to the difference between purine and
pyrimidine groups. ATP has a bulkier nitrogenous base than
UTP or CTP and will consequently have a different orientation in
the substrate binding pocket. The difference in the orientation of
nucleotides would affect the accessibility of the 5°-dA radical to a
specific hydrogen atom resulting in formation of a C5’-centered
radical in ATP but C4’-centered radical in UTP and CTP.

Kinetics of ddhUTP and ddhCTP formation. Next, we used
HPLC in combination with LC-MS to determine the kinetics of
the catalytic transformation of CTP and UTP by TtRSAD2
(Supplementary Figure 12). The specific activity and the
apparent K, value for UTP were (1.5 + 0.2) x10 (U/mg, which is
pmol of substrate converted per min per mg of enzyme) and 73
+ 4 (uM), respectively, and those for CTP were (0.68 + 0.04)
x10 (U/mg) and 154 + 35 (uM), respectively. The kinetic
parameters revealed that UTP is the preferred substrate. The
finding that the Ky, value for UTP is 2-fold less than that for CTP
(the binding affinity of UTP is approximately 2-fold higher than
that of CTP) and that the specific activity of the enzyme (U/mg)
is circa 2.5-fold higher for UTP compared to CTP, is consistent
with competition studies (Supplementary Figure 11). Based on
competition studies, we found that in the presence of a mixture
of UTP, CTP, and ATP, only UTP is efficiently catalysed by the
enzyme (Supplementary Figure 11). Nucleoside forms of
ddhUTP and ddhCTP, i.e. ddhU and ddhC, have been

previously  synthesized using chemical  methodsf®.
Transformation of uridine (U) and cytidine (C) (about 50-90%) to
ddhU and ddhCP®, respectively, required multiple protection-
deprotection steps. However, using TtRSAD2 the transformation
of UTP or CTP (> 95%) to ddhUTP or ddhCTP, respectively,
was achieved in a single step.

Hydroxyl groups of ribose induce conformational changes
required for catalysis. We sought to test the importance of
different functional groups of a nucleotide triphosphate substrate
on its binding and reactivity. To this end, we used EPR
spectroscopy and probed whether a nucleotide triphosphate can
bind to the enzyme and affect the [4Fe-4S] cluster, like the effect
observed due to binding of SAM to the enzyme. We tested UTP
and ATP as two of the substrates identified by the screening,
and four analogues (Figure 3a), namely 5-bromo-UTP, 6-Aza-
UTP, ribavirin triphosphate, or zidovudine triphosphate. These
analogues were chosen to test the effect of substitution at
different positions of UTP on substrate binding. We measured
the interaction of a nucleotide in the absence of SAM or its
analogue S-adenosylhomocysteine (SAH). This is because
binding of SAM or SAH alone would significantly affect the EPR
spectrum of the [4Fe-4S]"™ cluster (Figure 3), reducing the
chance of observing possible changes due to nucleotide binding.
Addition of UTP or ATP changed the EPR spectrum of the [4Fe-
48]"™ cluster, suggesting structural changes due to their binding
(Figure 3b). While addition of 5-bromo-UTP, 6-Aza-UTP, or
ribavirin triphosphate in the absence of SAM changed the EPR
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spectrum of the [4Fe-4S]" cluster, addition of zidovudine
triphosphate (Figure 3c) did not affect the EPR spectrum of the
cluster. Zidovudine triphosphate does not have the hydroxyl
groups of ribose and instead has a bulky azido group at the C3’
position. While the presence of a bulky group like azido in
zidovudine triphosphate abolished substrate binding and the
change on the EPR spectrum of the [4Fe-4S]'* cluster, the
presence of a bulky nitrogenous base in ribavirin triphosphate or
ATP did not affect binding and the change on the EPR spectrum
of the cluster. Therefore, we conclude that the interaction of the
hydroxyl groups of ribose with the protein are essential for the
conformational changes induced by substrate binding.

Figure 3
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Figure 3. The hydroxyl groups of ribose induce protein
conformational changes affecting the EPR spectrum of the [4Fe-
48]"™ cluster. (a) Structure of four non-natural nucleotides used
to probe substrate binding. The positions that differ from UTP
are coloured. (b) Interaction of UTP or ATP in the absence of
SAM or (c) non-natural nucleotides (i) 6-Aza-UTP, (ii) 5-boromo-
UTP, (iii) ribavirin triphosphate, or (iv) zidovudine triphosphate
with TtTRSAD2 as measured by EPR spectroscopy. Addition of
(iv) zidovudine triphosphate does not alter the EPR spectrum of
the [4Fe-4S]" cluster.

Formation of a tyrosyl radical during reductive dehydration
of a nucleotide. In the case of CTP or UTP the C4’-centred
radical intermediate must be reduced by an electron to generate
the ddhCTP or ddhUTP product (Figure 4a). Transfer of this
electron is coupled to the removal of the 3 -hydroxyl group and it
most likely originates from a protein amino acid and not the
[4Fe-4S] cluster. This is because when H-atom abstraction
occurred at the C5” position of ribose in ATP, the C5’-centered
radical could not be reduced by an electron and was scavenged
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by the (SO;") radical ion generating the sulfinic acid derivative of
ATP (Figure 4a). Therefore, we tested if an amino acid-based
radical species was formed during the catalytic transformation of
UTP. We followed the reaction using EPR spectroscopy after
addition of UTP, ATP, 5-bromo-UTP, 6-Aza-UTP, ribavirin
triphosphate, or zidovudine triphosphate in the presence of SAM.
Addition of UTP but not ATP to the reduced enzyme led to
formation of a radical species (Figure 4b).

Figure 4 .
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Figure 4. Catalytic dehydration of a nucleotide proceeds via
formation of a tyrosyl radical. (a) In the case of UTP an electron
is added to the substrate-radical intermediate to form the
ddhUTP product, while in the case of ATP an electron cannot be
added, and the substrate-radical intermediate is scavenged by a
(SOy’y radical ion. (b) An amino acid-based radical is formed
during the catalytic transformation of UTP but not ATP. (c) The
same amino acid-based radical was observed in the presence of
5-bromo-UTP (ii). (b-c) A nucleotide was added in the presence
of SAM to the reduced enzyme. EPR spectra were corrected for
the background spectrum of the [4Fe-4S]™ cluster in the
presence of SAM only. For these experiments the concentration
of reducing agent was approximately 5-fold more than the
concentration of UTP to provide two electrons required for
reductive dehydration and to prevent rapid reduction of radical
intermediates. (d) Simulation of the EPR signal observed in the
presence of UTP or 5-bromo-UTP. The raw data is that recorded
for 5-bromo-UTP. Simulation was performed as explained in the
methods and parameters are shown in table 1. EPR conditions
are as explained in the methods. Uracil (U) and adenine (A).
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Among other nucleotide analogues we tested (Figure 3a), only
addition of 5-bromo-UTP led to formation of an EPR species
(Figure 4c) like that observed in the presence of UTP. Spin
quantification of the EPR signal of the radical (Methods)
revealed that the amount of radical species was about 23 uM,
which is about 30% of the amount of protein containing one
[4Fe-4S] cluster. If the radical we observed by EPR
spectroscopy was formed as a result of reductive dehydration of
a substrate, Tt(RSAD2 should have catalysed dehydration of 5-
bromo-UTP to the nucleotide analogue 3'-deoxy-3',4'-didehydro-
5-bromo-UTP (5-bromo-ddhUTP). Consistently, HPLC confirmed
catalytic conversion of 5-bromo-UTP by the enzyme and NMR
spectroscopy (Supplementary Figure 13 and Supplementary
Table 2) confirmed the formation of 5-bromo-ddhUTP. It is highly
unlikely that we could have trapped the short lived 5°-dAdo
radical or a substrate-radical intermediate under steady state
conditions. Thus, the most likely origin of the radical is a protein
amino acid residue. The EPR signal of the radical is very similar
to that of tyrosyl radical in other proteinst®®2. Additionally, we
could simulate (Figure 4d) the spectrum using g-values, line
widths, and hyperfine coupling constants similar to those
reported for tyrosyl radicals in other proteins (Table 1). It is
shown that the environment of tyrosyl radicals affects their EPR
parameters*3“%.  Thus, the small variations in the EPR
properties of the tyrosyl radical in different enzymes are
potentially due to the differences in the environment of the
tyrosine radical and hydrogen bonding. Therefore, we conclude
that the origin of the radical species we observed is a tyrosine
amino acid residue in the catalytic pocket of the enzyme.

Table 1. Comparison of the EPR parameters of the radical in
TtRSAD2 with those obtained experimentally or theoretically for
tyrosyl radicals in other proteins.

Tyrosyl radical in Jx, Gys 9z Wy, Wy, W* Ay, Ay, Az **
TtRSAD2 (this work)  2.021, 2.00, 2.00 72,77,75 55,7575
Solution!“! 2.01, 2.00, 2.00 - 6.4

6.6
E. coli RNR¥7] 2.01,2.00,200 -

7.3
Mouse RNR“?! 2.01, 2.00, 2.00 45,3544 9.1,44,6.6
B. cereus!* 2.01, 2.00, 2.00 3.4,3.1,3.0 9.1,4.9,79
B. anthracis®®™ 2.01, 2.00, 2.00 6.4,6.3,4.8 9.1,4.8,79

S. Typhimurium''l 2.001, 2.00, 2.00 11.5,25,7.1 58,53, 3.7

*Line widths (gauss); **Hyperfine coupling constants (gauss) of
two hydrogen atoms (I=1/2). The hyperfine coupling constants
are for H3 and H5. Only for E. coli RNR the hyperfine coupling
constants are for different H3 and H5. For Tyre in solution and in
E. coli RNR the data are for isotropic hyperfine coupling
constants. The signs of the hyperfine coupling constants were
not determined for TtRSAD2. For other tyrosyl radicals the signs
are negative.

Molecular docking and dynamics (MD) simulations.
Homology modelling in combination with molecular docking and
MD simulations are being exceedingly used to predict and
visualize substrate binding to a protein(®>53. Therefore, we used
the X-ray crystal structure of mouse viperin (> 58% identity with
TtRSAD2 at the amino acid level) and modelled the structure of

TtRSAD2 with more than 95% accuracy!®! (Figure 5a) (Methods).

As observed in the X-ray crystal structure of mouse RSAD2, the
predicted substrate-binding pocket of TtRSAD2 is connected to
the SAM binding site via a channel (Figure 5a). Amino acid
residues that form the channel in TtRSAD2 are Asn76, Val108,
Asn172, Phe199, Met248, and Tyr252. All these residues are
highly conserved (Supplementary Figure 1).
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Figure 5. Molecular docking and dynamics (MD) simulations
provide insight into substrate promiscuity and binding. (a) The
predicted (>95% confidence) structure of TIRSAD2 based on the
X-ray crystal structure of mouse RSAD2 (PDB Code: 5VSM). A
channel connects the SAM binding pocket to the putative
substrate binding pocket (orange oval). A highly conserved
tyrosine residue is present in the channel. (b-c) The region of the
protein consisting of Glu243 and Ser251, which form hydrogen
bonds with the hydroxyl groups of ribose, is very flexible. This
region extends to a C-terminal loop. The figure shows the
predicted binding pocket of UTP and a series of MD trajectories:
blue (100 ps), grey (400 ps), purple (700 ps), and green (1000
ps). The nitrogenous base of UTP is very flexible. The dashed
lines show potential hydrogen bonds (distances less than 3 A).

Tyr252 (Figure 5a) is the only potential amino acid residue in the
catalytic pocket that can participate in redox chemistry. It can
donate an electron to the substrate-radical intermediate leading
to formation of a product and the radical we observed by EPR
spectroscopy. Therefore, we sought to estimate the distance of
Tyr252 from a substrate. We first used the X-ray crystal structure
of mouse viperin and predicted the binding pocket of CTP using
molecular docking simulations (Methods). We chose two criteria
to identify the best model (Supplementary Figure 14a): (i) the
H4" of ribose in CTP should be pointed toward the SAM allowing
its abstraction by 5°-dA radical upon possible conformational
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changes as observed by EPR spectroscopy, and (ii) the
predicted binding constant should be close to the apparent Ky,
measured using biochemical studies. We then used molecular
docking simulations to predict the binding pocket of UTP in the
modelled structure of TtRSAD2 (Supplementary Figure 14b).
The results using the X-ray crystal structure of mouse viperin
and the modelled structure of TtRSAD2 are the same. The
distance of the tyrosine to the ribose group of UTP or CTP is
within 5-7 A and it is within 10 A from the [4Fe-4S] cluster.
Therefore, it is compelling to conclude that Tyr252 donates an
electron in a proton-coupled electron transfer step to the C4'-
centered radical intermediate to generate a 3'-deoxy-3'4'-
didehydro-nucleotide product, a water molecule, and a tyrosyl
radical as observed by EPR spectroscopy. After the [4Fe-4S]>*
cluster is re-reduced, this tyrosyl radical can then be reduced by
an electron from the [4Fe-4S]"™ cluster. Consistent with the
results of molecular docking simulations, a variant of the enzyme
in which Ser251 and Tyr252 were replaced by alanine and
phenylalanine, respectively, was fully inactive (Supplementary
Figure 15).

To further visualize initial events of substrate binding to
TtRSAD2, we performed molecular dynamics simulation using
UTP as the substrate (Methods) (Figure 5b-c). The results
revealed interesting insight into substrate binding and protein
conformational changes: (i) Throughout the course of simulation
the 2°-OH and 3"-OH groups of ribose form hydrogen bonds with
the highly conserved Glu243 and Ser251, respectively.
Additionally, the region of the protein encompassing Glu243 and
Ser251 and extending to the C-terminal loop is more flexible as
compared to other regions of the protein interacting with the
substrate (Figure 5c). During MD simulations, Glu243 and
Ser251 moved over a larger distance. This is consistent with
our EPR studies using different analogues of UTP showing that
the OH groups of ribose induce conformational changes in the
protein and thus, affect the EPR spectrum of the [4Fe-4S]
cluster. (ii) Ser29, Arn31, Lys170, and Lys197 form hydrogen
bonds with the phosphate groups of a nucleotide (Figure 5c).
Except, Ser29 all the other residues are highly conserved from
TtRSAD2 to the other species (Supplementary Figure 1). (iii)
The nitrogenous base of UTP is flexible in its binding pocket
(Figure 5b-c). This observation is consistent with our findings
based on biochemical studies that the enzyme has substrate
promiscuity and is, to some extent, insensitive to the nitrogenous
base of a nucleotide. It should be emphasized that our docking
and MD simulations are based on structures predicted in the
absence of a substrate and thus, the possible conformational

changes in the protein after substrate binding are not considered.

Therefore, our simulations potentially represent an early stage of
substrate binding showing that the interaction of OH groups with
the amino acid residues near the C-terminal, i.e. Ser251 and
Tyr252 in TtRSAD2, causes. the conformational changes
required for formation of the final enzyme-substrate complex and
catalysis.

Conclusions and mechanistic model

In summary, based on our findings we can draw three main
conclusions. (i) The fungal TtRSAD2 has substrate and catalytic
promiscuity unlike human viperin. TtTRSAD2 catalyses reductive
dehydration of UTP, CTP, and 5-bromo-UTP to the nucleotide
analogues ddhUTP, ddhCTP, and 5-bromo-ddhUTP via a
mechanism requiring a proton-coupled electron transfer step
from a tyrosine amino acid residue. The observation that 6-Aza-
UTP was not a substrate like UTP or CTP, clearly demonstrates
that it is not straightforward to predict a substrate based on
similarity of its structure with CTP or UTP. (ii) An amino acid-
based radical species is formed only during reductive
dehydration of a substrate and this radical most likely originates
from the highly conserved Tyr252 in the catalytic pocket. (iii)
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Substrate binding induces protein conformational changes,
which abolish the EPR spectrum of the [4Fe-4S]'* cluster. The
conformational changes are related to the interaction of the OH
groups of ribose to a flexible region of the protein consisting of
the highly conserved Glu243 and Ser251 and linked to a flexible
C-terminal loop. Accordingly, we put forward a working
hypothesis for the reductive dehydration of a nucleotide by
TtRSAD2. After the initial substrate binding events, which we
predicted using molecular docking and MD  simulations,
conformational changes near the C-terminal induce formation of
the final enzyme-substrate complex to initiate catalytic
dehydration of substrates (Figure 6). In the proposed
mechanism the highly conserved tyrosine provides the electron
for the reductive dehydration of a nucleotide in a proton-coupled
electron transfer step.

Figure 6 ddncTP
ddhUTP CTP
ddh-5-bromo-UTP UTP
Tyr252
. k\‘ Y,rOH 5-bromo-UTP
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Figure 6. The proposed mechanism of catalysis by TtRSAD2.
The 5°-dAdo radical abstracts the H atom (Red) at the C4’
position of ribose to generate a C4’-centered radical
intermediate. As a result of hyperconjugation, between a p
orbital on C4" and the o C3'-03' orbital, assisted by a protein
amino acid residue (AH), the 3-OH group of ribose forms a
water molecule. The proton to generate the water molecule is
provided by tyrosine either indirectly via a proton hopping
pathway (1) or directly (2). Spontaneously, an electron from
tyrosine reduces the substrate-radical intermediate. As a result,
the nucleotide analogue product and a protein tyrosyl radical are
formed. The [4Fe-4S]?* cluster is re-reduced and then, the
tyrosyl radical is reduced by an electron from the [4Fe-4S]"
cluster. Uracil (U), Cytosine (C), and adenine (A). The arrows
are based on the conventions used in organic synthesis. The
arrow tail is where the electron pair or a single electron starts
from. Single barbed arrows show movement of a single electron
and double-barbed arrows show movement of electron pairs.

The pathway for transfer of proton from tyrosine remains to be
further investigated in detail. Two possibilities can be considered
(Figure 6). A proton hopping pathway involving different amino
acid residues of the protein. Alternatively, if tyrosine acts as an
acid in catalysis, the proton will directly migrate to the OH group
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of ribose to form a water molecule (Figure 6). The radical-
mediated dehydration of ribose moiety of a nucleotide by
TtRSAD2 is not a 1,2-diol dehydration as described for Biz-
dependent diol dehydratases®® and the radical-SAM enzyme
AprD4!" which is involved in biosynthesis of amino glycoside
antibiotic paramycin. In the case of Bj,-dependent diol
dehydratases a tyrosine amino acid does not participate in
catalysis %%, In the case of AprD4, based on structural and
computational studies it is suggested that a tyrosine residue
provides an electron for the 1,2-diol dehydration of the sugar
moiety in paromaminel'®. We provide direct spectroscopic
evidence regarding a proton-coupled electron transfer step in
reductive dehydration of ribose by TtRSAD2. Our discovery that
TtRSAD2 has substrate promiscuity towards natural and non-
natural nucleotides, may suggest a potential role of a similar
radical-SAM enzyme in the catalytic transformation and
metabolism of antiviral and chemotherapeutic nucleoside
analogue  cordycepin  (3°-deoxyadenosine)®657l,  Because
synthesis of 3’-deoxy nucleotides using enzymatic methods has
clear advantages over synthetic methods, our discovery of
substrate promiscuity of a thermostable radical-SAM enzyme will
unlock the possibility of utilizing the enzyme for synthesis of

antiviral, antibacterial, or anticancer nucleotide/nucleoside
analogues.
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A new fungal radical-SAM enzyme homologue of the human antiviral enzyme can catalyse transformation of a range of natural or
non-natural nucleotides to their analogues via a proton-coupled electron transfer mechanism. The enzyme offers new biocatalytic
routes for synthesis of 3’-deoxy nucleotides/nucleosides as an important group of antivirals, antibacterial, or anticancer drugs.
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