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ABSTRACT:

Ado-CH,H

5-Thyminyl—S,6—dihydr0thymine (commonly called spore photoproduct or SP) is the exclusive DNA photodamage product in
bacterial endospores. It is generated in the bacterial sporulation phase and repaired by a radical SAM enzyme, spore photoproduct
lyase (SPL), at the early germination phase. SPL utilizes a special [4Fe-4S] cluster to reductively cleave S-adenosylmethionine
(SAM) to generate a reactive 5'-dA radical. The 5'-dA radical is proposed to abstract one of the two H-atoms at the C6 carbon of SP
to initiate the repair process. Via organic synthesis and DNA photochemistry, we selectively labeled the 6-Hj,;s or 6-Hy,;or position
with a deuterium in a dinucleotide SP TpT substrate. Monitoring the deuterium migration in enzyme catalysis (employing Bacillus
subtilis SPL) revealed that it is the 6-H,,,r atom of SP that is abstracted by the $'-dA radical. Surprisingly, the abstracted deuterium
was not returned to the resulting TpT after enzymatic catalysis; an H-atom from the aqueous buffer was incorporated into TpT
instead. This result questions the currently hypothesized SPL mechanism which excludes the involvement of protein residue(s) in
SPL reaction, suggesting that some protein residue(s), which is capable of exchanging a proton with the aqueous buffer, is involved in
the enzyme catalysis. Moreover, evidence has been obtained for a possible SAM regeneration after each catalytic cycle; however,
such a regeneration process is more complex than currently thought, with one or even more protein residues involved as well. These
observations have enabled us to propose a modified reaction mechanism for this intriguing DNA repair enzyme.

B INTRODUCTION

Spore-forming bacteria are responsible for a number of serious
diseases in humans, including botulism (Clostridium botulinum),
gas gangrene and food poisoning (C. perfringens), tetanus ( C. tetani),
and anthrax (Bacillus anthracis)." At the sporulation phase, these
bacteria are extremely resistant to normal sterilization means
such as heat, oxidizing chemicals, and UV or gamma irradiation.
For instance, some Bacillus spores can be 100-fold more resistant
to UV light than the corresponding vegetative cells.”> As spores
contain a minimum amount of proteins and a complete genomic
DNA, the ability to protect their DNA against external damage is
suggested to be the key for their survival. The spore DNA is

produces a different dimer, S-thyminyl-5,6-dihydrothymine
(commonly called spore photoproduct or SP) as the exclusive
UV damage product. Spores express a specific enzyme, spore
photoproduct lyase (SPL), to effectively reverse the SP dimer
at the early germination phase, allowing resumption of their
normal life cycle (Scheme 1). This unique DNA photochem-
istry and the associated efficient damage repair in spores are
suggested to be the keys for their extreme UV resistance;
however, the reaction mechanism of both processes is not
well-understood.” "

SP was first discovered about half a century ago;'* the
mechanism regarding its photoformation was largely unclear.>'®

bound by a group of DNA binding proteins named small acid-
soluble proteins (SASPs) that block the access of toxic chemicals
to the genomic DNA.* Furthermore, this SASP—DNA interac-
tion changes the DNA photoreaction pattern. Instead of generating
pyrimidine cyclobutane dimers, the spore DNA photoreaction
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As shown in Scheme 1, as a result of SP formation, the SP CS
carbon becomes chiral, and the C6 carbon becomes pro-chiral,
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possessing two hydrogen atoms with unknown origins. We hy-
pothesized that one of the C6 hydrogen atoms is transferred from
the methyl group of the 3'-T, while the other one is retained from
the original thymine at that position. To test this assumption, we
synthesized two TpT isotopologues: a d5-TpT dinucleotide con-
taining a CD3 moiety in the 3'-T and a d,-TpT dinucleotide with
the four carbon-bound protiums in the 5'-T replaced by deuteriums
(Scheme 2). After UV radiation, a deuterium was transferred
exclusively to the 6-H,,.s position when d5-TpT was used as the
starting material (Scheme 2A). The migrated atom was a protium
when d,-TpT was employed (Scheme 2B). These observations,
together with the previous NMR study whlch determined the R
configuration of the CS carbon at the §'-T, 'S enabled us to propose
a new mechanism for the SP photoreaction."”

SP is repaired by the spore photoproduct lyase (SPL) enzyme
at the early bacterial germination phase.”'®'? SPL is a member of
the so-called radical SAM superfamily, which was defined by the
characteristic CXXXCXXC motif,”® although recent evidence
suggests that other three-cysteine motifs still facilitate the same
radical chemistry."®*"** The three cysteine residues serve as
ligands for each of three irons in the [4Fe-4S] cluster, with the
fourth iron being coordinated by the S-adenosylmethionine
(SAM) in a bidentate manner, with its amino and carboxylate
moieties serving as the fourth and fifth ligands to the cluster.””
The cluster at its +1 oxidation state donates an electron to SAM
to cleave its C—S bond, generating a 5'-deoxyadenosyl radical
(5'-dAe) This $'-dA radical catalyzes highly diverse biochemical
reactions in animals, plants and microorganisms, including steps
in metabolism, DNA/RNA modification, and the biosynthesis of
vitamins, coenzymes, and many antibiotics.'® >+~

SPL catalyzes SP repair using a direct reversal strategy via a
radical mechanism. The currently hypothesized SPL mechanism
is shown in Scheme 3: the $'-dA radical generated via SAM
reductive cleavage first abstracts one of the two hydrogen atoms
on the C6 carbon of SP to form a C6 radical and 5'-dA. This C6
radical fragments into one thymine and a thymine radical, which
takes the hydrogen back from 5'-dA to yield the repaired T (The
thymine methyl radical in Scheme 3 is likely to delocalize to the
aromatic ring; the current drawing is a simplified model to
facilitate discussion). Such a hypothesis was ﬁrst suggested by
Begley and Mehl on the basis of a modeling study.'” By attaching
a phenylthiol moiety at the C6 position of a bipyrimidine
analogue, clean formation of dimethylthymine was observed
under radical-generating conditions, indicating that SPL initiates
the SP repair by abstracting one of the 6-H-atoms. Broderick
et al. later tritiated thymine at either the CH; (at CS) or the C6
position and introduced the labeled thymine into a pUC18
vector.'" After UV radiation to generate SP in the plasmid
DNA, the SP-containing plasmid was treated with SPL. Tritium
was found to be incorporated into SAM when the C6 position of
thymine was tritiated. In contrast, no tritium was found in SAM
when the CHj; group was labeled. Such observations supported a
proposal that the SPL abstracts the H-atom from the C6 carbon
to initiate the SP repair. The abstracted H-atom ended up in
SAM, leading to a hypothesis that SAM is regenerated after each
reaction cycle, as shown in Scheme 3.

A careful analysis of this experimental approach reveals that it
was based on the assumption that the 6-H-atom from thymine
remains at that position after SP formation, which is proved
correct from our recent photochemical studies.'” However, we
were intrigued by the fact that no tritium was detected in SAM
when the thymine methyl group was tritiated as an H-atom from
the CHj group of 3'-T migrates to the 6-H,,,os position of SP
after the photoreaction, as illustrated by Scheme 2. Additionally,
the C6 carbon in SP has two H-atoms and is pro-chiral. Given
that enzymatic reactions are usually highly stereoselective, then if
the reaction is initiated by H-abstraction at C6, which H-atom
is taken?

We therefore prepared several dinucleotide SP TpT substrates
with the two 6-H-atoms of SP selectively labeled via DNA
photochemistry.'” Using the resulting TpT isotopologs to probe
the SPL reaction, we are able not only to answer the questions
raised above, but also demonstrate that the currently hypothe-
sized SPL mechanism needs significant revision.

B EXPERIMENTAL SECTION

Materials and Methods. Unless otherwise stated all solvents and
chemicals used were of commercially available analytical grade. They
were purchased from Sigma, Fisher, or VWR and used without further
purification except the 3,5-bis(4-chlorobenzoyl)-2-deoxy-ot-p-ribofura-
nosyl chloride, which was purchased from ShangHai Hanhong Chemical
Co., Ltd. at Shanghai, P.R. China. All reactions were carried out
using oven or flame-dried glassware under a nitrogen atmosphere in
distilled solvents. Dichloromethane and pyridine were distilled over
calcium hydride. Purification of reaction products was carried out by
flash chromatography using silica gel (Dynamic Adsorbents Inc,, 32—63 um).
For TLC analysis, precoated plates (w/h F254, Dynamic Adsorbents
Inc., 0.25 mm thick) were used. The 'H and *C NMR spectra were
obtained on a Bruker 500 MHz NMR Fourier transform spectrometer.
NMR spectra were recorded in the following solvents: deuterated
chloroform (CDCls), with residual chloroform (8 77.2 ppm for *C
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Scheme 3

NMR) and TMS (6 0 ppm for "H NMR), deuterated methanol (6 3.31
ppm for "H NMR and 0 49.1 ppm for "*C NMR) or deuterated methyl
sulfoxide (DMSO-dg), with residual methyl sulfoxide (6 2.50 ppm for
"H NMR and 6 39.5 ppm for *C NMR) taken as the standard. The
chemical shifts in NMR spectra were reported in parts per million
(ppm). Mass spectrometry (MS) analysis was obtained using Agilent
1100 series LC—MSD system with electrospray ionization (ESI). The TpT
photoreaction was carried out using a Spectroline germicidal UV sterilizing
lamp (Dual-tube, 15 w, intensity: 1550 uw/cm>) with samples ~5 cm from
the lamp.

All DNA-modifying enzymes and reagents were purchased from
Fermentas Life Sciences (Glen Burnie, MD). B. subtilis strain 168
chromosomal DNA was purchased from the ATCC (ATCC
23857D). Oligonucleotide primers were obtained from Integrated
DNA Technologies (Coralville, IA). Escherichia coli BL21(DE3) and
expression vector pET-28a wevre purchased from Novagen (Madison,
WI). The construct containing the SPL gene was coexpressed with
plasmid pDB1282, which was a generous gift from Prof. Squire Booker at
the Pennsylvania State University. 5'-deoxyadenosine (5'-dA) and S-
adenosylmethionine (SAM) was purchased from Aldrich and used
directly without further purification. Five Prime Perfectpro* Nickel
nitrilotriacetic acid (Ni-NTA) resin was purchased from Fisher Scien-
tific. All other buffers and chemicals were of the highest grade available.

The protein purification as well as the enzyme reactions were carried
out under an inert atmosphere using a Coylab anaerobic chamber (Grass
Lake, MI) with the H, concentration around 3%. Product analysis was
conducted using a Waters (Milford, MA) breeze HPLC system with a
2489 UV/Visible detector and an Agilent 1100 LC—MS system under
both a positive and negative ionization mode. Sonic disruption of E. coli
cells was conducted by a Fisher Scientific* Model 500 Digital Sonic
Dismembrator. DNA sequencing was performed by the Indiana
University Nucleic Acid Core Facility at IU School of Medicine.

Construction of the of SPL Expression Vector. The splB gene was
cloned from the B. subtilis chromosomal DNA (strain 168) using the
synthetic oligonucleotide primers $'- GCAAGTGCGAATTCCA-
GAACCCATTTGTTCC-3’ (containing an EcoRI site) and §'- GCAA-
GCTCAAGCTTTTAAGTGAAATATTCAAT-S' (containing a HindII

site) and amplified by standard PCR techniques. The resulting PCR
product was digested by EcoRI/HindIII and ligated into the same sites in
pET-28a, which harbors an in-frame N-terminal hexahistidine tag to
facilitate protein purification. The construct was transformed into E. coli
10 G chemically competent cells purchased from Lucigen Corporation
(Middleton, WT) for isolation and amplification of the spIB gene-containing
plasmid DNA. The resulting vector was named SPL-pET28 and
cotransformed with a pDB 1282 vector into E. coli BL21(DE3) obtained
from Stratagene (La Jolla, CA) for protein overexpression. The
pDB 1282 vector confers ampicillin resistance and harbors an E. coli
operon that is involved in the biosynthesis of FeS clusters and is thus
believed to facilitate incorporation of the FeS clusters into the apopro-
tein of SPL.>"*7

Expression of SPL. A single colony of transformed cells was used to
inoculate 5 mL of LB medium containing the appropriate antibiotics to
maintain selection for the plasmid. The cultures were grown to satura-
tion at 37 °C with vigorous shaking and then used to inoculate 1 L of
antibiotics containing LB medium. Once the cells reached early log
phase (ODgp & 0.8), the temperature was decreased to 16 °C and the
expression of the genes induced by addition of isopropyl -p-thioga-
lactopyranoside (IPTG) to a final concentration of 0.1 mM. The
expression was allowed to proceed for 12 h and the cells harvested by
centrifugation (5000 rpm for 1S min at 4 °C). The medium was
decanted and the cell pellet stored at —20 °C.

Purification of SPL Protein. To purify SPL, the cell pellet from 1 L of
culture was resuspended in 30 mL of lysis buffer containing 25 mM Tris,
300 mM NaCl, 10 mM imidazole, S mM [-mercaptoethanol, 1 mM
PMSF and 10% glycerol (pH 7.0). The cells were lysed by sonication on
ice and centrifuged at 17000 rpm for 20 min at 4 °C. The supernatant
was loaded onto a 1.5 mL Ni-NTA-agarose column and moved into a
Coy anaerobic chamber. The rest of the protein purification steps were
carried out under an inert atmosphere. The column was washed with
10 volumes of the buffer containing S0 mM Tris, 300 mM NaCl, 20 mM
imidazole and 10% glycerol (pH 7.0). The tagged SPL protein was
eluted with the same buffer but containing 250 mM imidazole. The
eluted protein had a yellow-brown color and was determined to be
essentially homogeneous by SDS-PAGE gel stained with Coomassie
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blue. The proteins were dialyzed three times against a buffer containing
25 mM Tris, 300 mM NaCl and 10% glycerol (pH 7.0). The protein was
then aliquoted into 50 4L PCR tubes, flash-frozen in liquid N, and
stored at —80 °C.

Protein, Iron, and Sulfide Assays. Routine determinations of protein
concentrations were done by the method of Bradford,*® using bovine
serum albumin and bovine gamma globulin as protein standards. Protein
concentrations were calibrated on the basis of the absorption of aromatic
residues at 280 nm in the presence of 6 M guanidine hydrochloride using
the method of Gill and von Hippel.*® Iron content was determined using
o-bathophenanthroline (OBP) under reductive conditions after diges-
tion of the protein in 0.8% KMnO, and 1.2 M HCI as described by
Fish.** Iron standards were prepared from commercially available ferric
chloride and ferrous ammonium sulfate. Sulfide assays were carried out
using the method described by Beinert.*'

[4Fe-4S] Cluster Reconstitution. The as-isolated SPL (300 #L) was
taken out of the —80 °C freezer and allowed to thaw inside the Coy
chamber at ambient temperature. To this protein solution, S uL of
100 mM DTT was added followed by the addition of FeCl; and Na,S to
a final concentration of 100 uM each. The SPL was then incubated
anaerobically for 1 h at ambient temperature. In the presence of 10%
glycerol, the protein was fairly stable and little precipitate was observed
after these treatments. Under rare circumstances, centrifugation of the
resulting protein solution was needed to remove the precipitated
protein; otherwise, the protein can be used directly for the activity
assays. For the samples prepared for iron and sulfur content analyses,
desalting columns (Thermo Scientific Zeba spin desalting column from
Fisher Scientific) were applied to remove the unreacted small inorganic
ions before measurements were conducted.

Preparation of Deuterated SP TpT. As shown in Chart 1, four
different SP TpT's were prepared in this report with deuterium being
selectively incorporated into different positions. SPs were prepared in
two different ways: organic synthesis or DNA photochemistry.'”*
Among the four SPs shown in Chart 1, compound 1 was prepared via
organic synthesis, and compounds 2, 3, and 4 were prepared via
photochemistry using correspondent deuterated TpT dinucleotides as
the starting material. The experimental details in SP syntheses can be
found in either the Supporting Information or our previous
publication.'”* The formed SP TpTs were isolated by a Waters
semiprep HPLC column, characterized via NMR and ESI-MS spectro-
scopes and kept for enzyme activity studies.

SPL Activity Determination. The SPL protein after cluster reconstitu-
tion was used immediately to assay the SPL activity. Typically, a reaction

mixture contained 30 #M SPL, 3 mM correspondent SP TpT substrate,
300 uM SAM, and 2 mM DTT in a final volume of 400 uL of buffer
containing 25 mM Tris-HCI, 300 mM NaCl and 10% glycerol at pH 7.0.
Sodium dithionite (final concentration 1 mM) was added as a reductant
to initiate the enzyme reaction. The reactions were carried out under
anaerobic conditions at ambient temperature for various periods of time.
Under the conditions of the assay, the formation of TpT was linear with
time for up to 15 min. At each time point, 90 uL of the solution was taken
out to an Eppendorf tube and quenched by 10 #L of 3 M HCI. Other
quenching methods such as heating at 100 °C for S min or flash-freezing
by liquid N, were also tested and no difference on SPL activity was
observed by these quenching means. After removing the protein residues
via centrifugation at 15,000 rpm for 20 min, the resulting supernatants
were loaded onto HPLC. The yielded TpT from each sample was
integrated from HPLC chromatographs, calibrated and plotted against
reaction time to generate the reaction rate.

SPL Activity Examined in the Absence of External Reductant. The
SPL protein after cluster reconstitution as described above was reduced
by 1 mM sodium dithionite for 30 min. Excess inorganic ions were
removed via a Thermo Scientific Zeba spin desalting column. SP TpT
and SAM were then added to a final concentration of 3 mM and 100 M
(~ 3-fold of SPL) respectively to initiate the SP repair reaction. At
different time points, S0 #L of the solution was taken out and quenched
by S uL of 3 M HCl and the resulting solution analyzed by HPLC.

SPL Activity Examined in D;O. To investigate the involvement of the
water solvent in SPL reaction, the reconstituted SPL protein was
exchanged into a D,0 buffer containing 25 mM Tris-HCI, 300 mM
NaCl and 5% dg-glycerol at pH 7.0 via an Amicon Ultra-0.5 mL
centrifugal filter column (Millipore, MA). SP TpT (1), SAM and
DTT were subsequently added from the stock solution prepared using
the same D,O buffer and the reaction were quenched by HCl at various
reaction times. The resulting solution was analyzed by LC—MS.

Solvent Isotope Effect Determination. To minimize the impact of the
handling process on the enzyme activity, the SPL enzyme was exchanged
into a H,O buffer under identical conditions employed in D,0O experi-
ments. SP TpT (1), SAM, and dithionite were subsequently added to
initiate the SP repair reaction and the reaction quenched by HCI at
various reaction times and analyzed via HPLC. The solvent isotope
effect was determined by comparing the rate obtained in H,O with that
determined in D,O.

Reaction Isotope Effect Determination in D,0. The SPL enzyme was
exchanged into D,O buffer as described above followed by addition of
SAM and sodium dithionite. SP compound 1 or 4 was subsequently
added, the reaction was allowed to proceed for varying times and then
was quenched by HCI and analyzed by HPLC. The isotope effect was
calculated via comparing the reaction rates determined with compounds
1 and 4 as substrate, respectively.

Examination of Deuterium Incorporation into SAM. The incorpora-
tion of deuterium from d,-SP TpT (4) into SAM was examined via a
literature procedure with some modifications.” Briefly, the assay
employed 1 mM 4, 200 uM SAM, and 150 4uM SPL in a 300 uL bufter
which contained 25 mM Tris-HCI, 300 mM NaCl, 1 mM DTT and 10%
glycerol at pH 7.0. The reaction was initiated by addition of dithionite to
a final concentration of 1 mM and allowed to proceed at ambient
temperature for 3 h. All substrate added was consumed at this point as
proved by HPLC analysis, suggesting that the SPL enzyme catalyzed at
least 6 turnovers. 100 uL of the reaction solution was taken out and
quenched by one of several methods: addition of 10 uL 3 M HC;
addition of 10 #L 10% SDS; heating at 100 °C for 30 min. The SAM
released by the former two methods was analyzed by LC—MS. Thermal
decomposition of SAM by the last method leads to the formation of
5'-methylthioadenosine (MTA),** which was confirmed by coinjection
of an authentic sample bought from the Sigma-Aldrich Corporation with
the SAM decomposition product. Any deuterium incorporated into
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SAM is expected to be retained in the resulting MTA, which was
analyzed by LC—MS using the protocol developed previously in
mechanistic studies of lysine 2,3-aminomutase (LAM).*4¢

HPLC Assay for Product Analysis. Chromatography was performed at
room temperature with detection at 268 nm using an Agilent Zorbax
reverse-phase C-18 column (3.5 uM, 4.6 mm X S0 mm). The column
was equilibrated in S0 mM triethylammonium acetate (TEAA), pH 6.5,
and compounds were eluted with an ascending gradient (0—25%) of
buffer B which is composed of 50% buffer A and 50% acetonitrile at a
flow rate of 1 mL/min. Under this gradient, SP TpT was eluted at
6.0 min, 5'-dA at 7.8 min, and TpT at 10.2 min. The identity of the
products was confirmed by coinjection of respective authentic samples
as well as by LC—MS spectrometry. The area of the product peak was
determined after subtraction of the baseline from the ¢ = 0 chromato-
graph, and the amounts of 5'-dA and TpT formed were determined by
reference to standard curves constructed with authentic samples.

LC—MS Assay for Product Analysis. Low-resolution LC—MS analyses
were conducted via an Agilent 6130 Quadrupole LC—MS spectrometer
coupled to an Agilent 1100 series chromatography system. The high
resolution LC—MS analyses were conducted via an Agilent 6520 Accurate
Mass Q-TOF LC—MS coupled to an Agilent 1200 series capillary chroma-
tography system. The high-resolution mass data analysis and formula
assignments were conducted using Agilent MassHunter software. Due to
potential contamination to the LC—MS system, the TEAA buffer system
used above was aborted, and instead a 0.1% formic acid in H,O was utilized
as solvent A and 0.1% formic acid in acetonitrile as solvent B. The Waters
X-bridge OST C18 column (2.5 #M, 4.6 mm X SO mm) was used for the
low-resolution LC—MS analysis. The column was equilibrated in solvent A,
and compounds were eluted with an ascending gradient (0—17%) of solvent
B at a flow rate of 1 mL/min in 17 min. Under this gradient, SAM was eluted
at 2.1 min, SP TpT at 5.5 min, $'-dA at 7.1 min, and TpT at 8.2 min. The
mass signals in positive and negative jon mode were monitored simulta-
neously in the experiments. For the high-resolution mass analysis, an Agilent
Poroshell 300SB C18 (S #M, 1.0 mm X 75 mm) column with a flow rate of
0.25 mL/min using a gradient of 0 to 30% solvent B over 20 min was used,
and only mass signals under the negative ion mode were monitored.

UV—Visible Spectroscopy. UV—visible spectra were recorded using
UV-Mini 1240 spectrophotometer in combination with the associated data
manager software package. UV—visible spectroscopy was determined using
the same buffer described above, which contained 25 mM Tris-HC],
300 mM NaCl, and 10% glycerol at pH 7.0. A 300 uL portion of SPL
solution was transferred to a UV cuvette with a 1-cm length path (purchased
from Fisher Scientific and modified by the glass shop at IU Bloomington)
plugged with a rubber septum in the Coy chamber, and the UV spectra were
taken outside the glovebox using a Shimadzu UV-MINI-1240 spectrometer.
The cluster reduction was achieved by addition of sodium dithionite to a
final concentration of 2 mM in the anaerobic chamber.

EPR Experiments. Continuous wave (CW) EPR spectra were re-
corded on a modified Varian spectrometer at 35 GHz (“Q”-band) and 2
K.*” The as-isolated SPL (400 #M, 3.1 iron/protein) was reduced with
2 mM dithionite inside the anaerobic chamber for 60 min and placed
into the EPR tube and immediately frozen in liquid N,. The sample
remained frozen for EPR measurements. Under the experimental
conditions employed here, which lead to “rapid-passage” effects,*®
35 GHz EPR spectra are observed in the dispersion mode and appear
as absorption lineshapes, rather than the standard absorption mode
detection and first derivative presentation. Digital derivatives were taken
to allow conventional presentation. EPR simulations were performed
using the program QPOW,* as modified by J. Telser.

B RESULTS

SPL Protein Expression and Purification. The spIB gene was
cloned into a pET 28a vector which introduces a hexahistidine
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Figure 1. SDS-PAGE gel of the SPL protein overexpressed from E. coli
and purified via Ni-NTA chromatography.

tag to facilitate protein purification. Ni-NTA chromatography
afforded SPL as a dark-brown solution when purified under a
strictly inert atmosphere. The purity of the protein was checked
by SDS-PAGE gel to be >95%, and the purified SPL exhibited a
single band at ~40 kDa (Figure 1). A typical yield for such a SPL
purification process is ~40 mg protein per liter of LB media.

Iron—Sulfur Content in SPL. The presence of the [4Fe-4S]
cluster in SPL was confirmed by the iron—sulfur content analysis.
The as-isolated SPL was found to contain 3.1 iron and 2.9 sulfur
atoms per protein; these numbers increase to 3.8 iron and 3.7
sulfur atoms after cluster reconstitution. These numbers further
support the conclusion that SPL harbors a [4Fe-4S] cluster in its
holoenzyme form.

Spectroscopic Characterization of Purified SPL. The as-
isolated SPL protein exhibited a typical UV absorption of a
[4Fe-4S]*" species with a shoulder at 420 nm, suggesting that
the majority of the protein-harbored clusters survived during the
protein purification process (Figure 2). The UV absorption at
420 nm increased slightly after cluster reconstitution (~10%),
suggesting that more [4Fe-4S]*" cluster was restored back into
the protein. The absorption was bleached quickly upon addition
of sodium dithionite due to the formation of the [4Fe-4S]'"
cluster (Figure 2). As expected, the reduced cluster destabilizes
the protein; a prolonged (1 h) incubation at ambient tempera-
ture led to a partial precipitation of the SPL protein.>

EPR Characterization of the Reduced Cluster in SPL. After
dithionite reduction, the resulting [4Fe-4S]"" cluster in SPL is
EPR active and exhibits an § = 1/2 signal that is similar to that of
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Figure 2. UV—visible absorption spectra of the [4Fe-4S] cluster in SPL
at the as-isolated form (solid line) and the reduced form (dashed line).
For both spectra, S0 #M SPL protein was utilized in a 25 mM Tris buffer
containing 300 mM NaCl, 10% glycerol, at pH 7.0. For the reduced
protein, the reduction was conducted by 2 mM dithionite for 20 min
before the spectrum was taken. The spectra were recorded in a UV
cuvette with a 1 cm path length under anaerobic conditions at room
temperature.

other members of the radical SAM superfamily, such as pyruvate
formate lyase activating enzyme®" (Figure 3). Simulation yields
g = [2.030(5), 1.930(5), 1.895(5)], which is ec;uivalent to the g
values reported for this center by other workers.”~” Note that the
greater field dispersion of 35 GHz EPR allows resolution of slight
rhombic splitting that may not always be resolved in X-band
(~9 GHz) studies.’

Quantitation of the EPR signal of reduced SPL is complicated
by the nature of the rapid passage EPR phenomenon and the lack
of a suitable standard. A true S = 1/2 system such as Cu(Il),
commonly used as a spin standard, has totally different relaxation
behavior than an FeS cluster. The S = 1/2 ground states of
[Fe,S,]" and [Fe,S,]" are the result of intricate spin coupling
mechanisms that also result in many low-lying spin excited
states.”> >> We have therefore employed another FeS protein,
which was available to us, for EPR intensity comparison with
reduced SPL. The protein was Fd1 isolated from Aquifex aeolicus
by Meyer and co-workers.*® The relaxation behavior of this
protein, under identical experimental conditions, is similar to that
of reduced SPL, as evidence by the microwave power depen-
dence of their EPR spectra at 2 K.** At the lowest microwave
power for which signals could readily be observed (~10 uW),
where saturation effects are minimized, the integrated intensity of
a2 mM solution of A. aeolicus Fd1 was 10 times that of a solution
of reduced SPL. This would indicate that the concentration of
SPL-containing [4Fe-4S]" cluster was ~200 uM. Considering
the facts that the protein concentration was 400 #M and the as-
isolated SPL contained 3.1 Fe atoms/protein molecule, these
data indicate that the 1 h reduction by dithionite resulted in a
reduced [4Fe-4S]" cluster in ~70% of our SPL samples, in
contrast to the 20% [4Fe-4S]" cluster observed in PFL-AE.®’
Taking into account the partially precipitated protein during the
prolonged dithionite incubation, a close to quantitative reduction
of the SPL cluster could be obtained if proper conditions are
employed.

digital derivative

Expt.
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7
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Figure 3. The 35 GHz EPR spectrum of dithionite-reduced SPL
(~0.4 mM). Experimental spectrum (black trace): temperature, 2 K;
microwave frequency, 35.063 GHz; microwave power, 100 uW
(30 dBm); 100 kHz field modulation amplitude, 1.0 G; time constant,
8 ms; scan time, 30 s; average of 4 scans. Simulated spectrum (red trace):
S =1/2, g = [2.030, 1.930, 1.895]; single crystal Gaussian linewidths,
W =[200, 180, 300] MHz (half-width at half-maximum). The lower pair
of traces are present in the absorption line shape, experimentally
observed under “rapid passage” conditions; the upper pair of traces
are digital first derivatives to provide a more familiar EPR presentation.
The “tailing” seen at high field may be due to relaxation effects in passage
and not to actual spectral intensity.

d3-SP TpT (2) Repair by SPL. Under the currently hypothe-
sized mechanism, H-atom abstraction from either the 6-Hy,or or
6-H,,0s position of SP by the 5'-dA radical (Figure 4, pathway A
or B) leads to different reaction isotopologue products owing to
the fact that only 6-Hp.os is labeled by a deuterium in 2.
Therefore, analyzing the deuterium distribution in the resulting
products should subsequently shed light on the SPL mechanism.
5'-dA was isolated and found to exhibit a [M + H]™ signal of
2522 (calculated 252.15, Figure Sa), implying no deuterium
incorporation. The isolated TpT was found to possess a [M — H]
signal of 548.2 (Figure 6a), corresponding to the formation of ds-
TpT. These data suggest that reaction possibly occurred under
the pathway A shown in Figure 4; no deuterium was abstracted
by $'-dA radical, and all deuterium atoms in SP TpT were
retained in the repaired TpT.

d4-SP TpT (4) Repair by SPL. Enzyme repair of d,-SP (4)
resulted in a 5'-dA species which exhibited a major [M + H] ™"
signal at m/e = 253.2 (Figure Sb), implying that a deuterium was
taken from 4 during the enzyme reaction. The isolated 5'-dA also
exhibited a minor peak of 252.2 at roughly one-fourth the
intensity of the 253.2 signal in the mass spectroscopy, indicating
presence of some nondeuterated 5'-dA. However, surprisingly
the isolated TpT was found to possess a [M — H] ™ signal at
m/e=548.2 (Figure 6b), corresponding to the formation of d5-TpT.
This result could be reached via two possibilities: (1) A similar
reaction as shown in Figure 4 occurred here as well. However, a
large isotope effect was involved in the H-atom back-donation
step between the 5'-dA and the TpT radical, leading to the
formation of a small amount of d,-TpT and a majority of d5-TpT.
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Figure 4. Using d5-SP TpT (2) as the enzyme substrate to illustrate the expected reaction products according to the current SPL mechanism shown in
Scheme 3. (A) 5'-dA radical abstracts the protium at the 6-H,,or position to initiate the reaction. All three deuterium atoms in compound 2 should be
retained in the repair product TpT; thus, d3-TpT as well as regular $'-dA and SAM are expected after the reaction. (B) 5'-dA radical abstracts the
deuterium at the 6-Hy,.s position to initiate the reaction. Correspondingly, a deuterium is incorporated into the resulting 5'-dA and d,/d;-TpT and
d/dy-SAM mixtures are expected by the end of the reaction due to the H or D abstraction from the methyl group of 5'-dA by the TpT radical in the

H-atom back-donation step.
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Figure 5. (a) [M + H]" signal of the 5'-dA isolated out of the SPL
reaction with the d3-SP TpT (2) which contains a deuterium at the
6-Hy,,o position as the enzyme substrate, the 252.1 signal suggests that
no deuterium was incorporated into the 5'-dA. (b) [M + H]™ signal of
the §'-dA isolated with d,-SP TpT (4) which contains a deuterium at the
6-Hyor position as the enzyme substrate. The observed 253.1 signal
suggests that a deuterium atom was incorporated into the 5'-dA.

The ESI-MS signal of d-TpT was obscured by the second
isotopic peak of the d3-TpT and thus escaped detection. (2) A
different reaction occurred; the deuterium abstracted from 4 was
not returned to TpT after enzyme catalysis.

TpT Analysis by High Resolution ESI-MS. To test if a large
kinetic isotope effect (KIE) occurs in the H back-donation step, we
redetermined the mass of the resulting TpT out of the 4 repair by
high-resolution mass spectroscopy. As shown in Figure 6c, the first
two isotope peaks exhibit mass of 548.1482 and 549.1511 respec-
tively, corresponding to the first two peaks of d5-TpT species (Calc:
548.1479 and 549.1509, respectively). According to the Agilent
MassHunter software, such an isotopic distribution suggests the
presence of a single d3-TpT species with a 99% certainty, and
furthermore, the software was able to automatically calculate the
correct formula of the d5-TpT species with an error of 0.6 ppm. No
obvious mass peak was detected around m/e = 549.1536, the

calculated mass for the first isotope peak of dy-TpT compound.
Moreover, the observed abundance of the second isotope peak was
21.91% of the first one, which is only slightly lower than the
theoretical value (23.81%) for a ds-TpT compound. If d,-TpT
was produced and coeluted with d5-TpT on HPLC, then the ratio
between the second/first isotope peaks should be increased. We
therefore conclude that it is very unlikely that there was any
detectable dy-species present in the isolated d5-TpT.

SP TpT (1) Repair by SPL in D,0 Buffer. If a large KIE is not
involved, then the abstracted deuterium must be exchanged by a
protium during the catalysis. As the most likely protium source in
enzyme reaction is the aqueous buffer, we therefore tested if an
H-atom from the water was incorporated into the repaired TpT.
The SP TpT (1) repair was conducted in a buffer containing ~98%
of D,O. As expected, the isolated TpT was found to possess a
[M — H]  signal at m/e = 546.2 (Figure 6e), corresponding
to the formation of d;-TpT. In contrast, the reaction in H,O
resulted regular TpT, with a [M — H] ™ signal at m/e = 545.2
(Figure 6d). This observation suggests that a proton from the
original SP TpT was exchanged with solvent; thus the reaction
pathway represented by Figure 4 was not correct and a solvent
exchangeable proton must be involved in enzyme catalysis.

d3-SP TpT (3) Repair by SPL. As shown in Chart 1, the
differences between compounds 2 and 4 are: (1) A deuterium
occupies the 6-H,,,s position in 2 and the 6-Hy,;or position in
compound 4. (2) Compound 2 possesses a CD, linker and a
CHj; moiety, while 4 has a CH, linker and a CD; moiety. The
repair of d,-SP TpT (4) suggests that a deuterium was abstracted
by the 5'-dA radical during the SPL-mediated repair. To exclude
the possibility that the abstracted deuterium was from the CD;
moiety but not from the 6-Hy,or in 4, a d3-SP TpT (3) which
possesses a CD3 moiety but two protium atoms on the C6 carbon
(Chart 1) was utilized for the SPL reaction. After a 20-min
enzyme reaction, the LC—MS analyses of the products found
that the isolated 5'-dA showed m/e = 252.2 (from [M + H]")
and the repaired TpT m/e = 548.2 (from [M — H] "), with the
isotopic patterns identical to what were shown in Figures Sa and
64, respectively. This finding implies that, as expected, the methyl
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Figure 6. (a) [M — H] ™ signal of the TpT isolated in the d5-SP TpT (2)

reaction, the detected 548.2 signal suggests that all three deuterium atoms in SP

were transferred into the formed TpT. (b) The [M — H] ™ signal of the TpT isolated in the d-SP TpT (4) reaction. The detected 548.2 signal suggests

either a large isotope effect in the H-atom back-donation step or aloss of
generated from the enzyme repair of 4. The formation of a sole d;-Tp

one deuterium during the catalysis. (c) The high-resolution ESI-MS of the TpT
T species was suggested by the detected isotopic peak distributions. (d) The

[M — H]" signal of the TpT isolated with regular SP (1) as the enzyme substrate in H,O buffer. (e) The [M — H] ™ signal of the TpT isolated with 1 as
substrate in 98% D,O buffer. The +1 MS signal observed in (e) relative to that in (d) clearly suggests the incorporation of a deuterium from the D,O

buffer into the formed TpT.

min

Figure 7. HPLC chromatograph of the SP TpT (1) repair mediated by
SPL in the first 2 min of reaction. SP TpT was eluted at 6.0 min, 5'-dA at
7.8 min, and TpT at 10.2 min.

group did not participate in the enzyme reaction; all three
deuterium atoms were therefore retained in the resulting TpT.

Thus, the deuterium abstracted from 4 must be from the 6-H.or
position. The fact that no deuterium abstraction from the 6-H,os
position of 2 was observed also suggests that the SPL enzyme
abstracts the H-atom with an exclusive stereoselectivity.

Reaction Rate and Isotope Effect Determination. The SP
repair rates with substrates 1, 2 and 4 were determined based on
the appearance of TpT in the HPLC chromatographs as illu-
strated by Figure 7. The formation rate of 5'-dA was also
calculated. The SPL reactions were quenched by HCI within
the first 3 min for compound 1 and 2 and 10 min for compound 4
to ensure that both 5'-dA and TpT formation were within the
linear region. The resulting 5'-dA and TpT peaks in the HPLC
chromatographs were integrated and the integrations plotted
against reaction time. Using the HPLC calibration curve gener-
ated with authentic 5'-dA and TpT, the formation rates of these
two species were calculated and are shown in Table 1.

The K, for SP TpT is found to be below 30 uM although the
value was not accurately determined due to the slow reaction rate
and the instability of the enzyme during the elongated reactions.
The K,,, for SP TpT was reported to be 6 M by Fontecave and
co-workers,® which is in reasonable agreement with our finding.
To ensure that the rates reported in Table 1 reflect the V,,,,, the
substrate concentration was maintained at ~100-fold of the
enzyme concentration and at least 100-fold of K,,. Doubling
substrate concentration or decreasing its concentration by half
did not change the reaction rates, suggesting that the enzyme was
saturated and the rates determined truly represented the V..

Examination of Table 1 indicates that both TpT and 5'-dA
were formed at almost identical rates regardless of whether 1 or 2
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Table 1. Formation Rates of §'-dA and TpT in SPL-Catalyzed Reaction

substrate used SP TpT (1) d5-SP TpT (2) d,-SP TpT (4)
TpT formation rate in H,O buffer (min~") 0.35+0.03 0.35+0.03 0.12 £0.01
5'-dA formation rate (min~") in H,O buffer 0.20 £ 0.02 0.20 £ 0.02 0.09 £ 0.01
TpT formation rate in D,O buffer (min~") 0.34£0.03 N.D.“ 0.12£0.01
“N.D.: not determined.
1.00 1.00
(A) (8)
0.50 0.50 » W 4. SPTpT(2)
& dSPTpT(4)
0.25 0.25
o l. T Ll o Ly Ll
0 2 4 -] 0 2 4 6
min min

Figure 8. Determination of the V,,, based on the formation of TpT (A) and $'-dA (B) in SPL-catalyzed dinucleotide SP TpT repair. Enzyme reaction
rates were calculated via plotting the amount of TpT isolated versus reaction time. The primary kinetic isotope effect (KIE) for SPL reaction was
determined to be 2.9 % 0.3 by comparing the rates of TpT formation shown in plot A.

(d5-SP TpT) was used as the enzyme substrate, suggesting that
protium abstraction occurred in both cases. Such an observation
again suggests that it is the protium at the 6-Hy,,,r position of 2 that
was abstracted by SPL to initiate the repair reaction. The repair rate
of 2 was thus not examined in D, O reaction as a nearly identical rate
to that of 1 is expected. Both TpT and 5'-dA were found to form at
decreased reaction rates when dy-SP TpT (4) was utilized as the
enzyme substrate. Comparing the rates of TpT formation yields a
primary KIE of 2.9 =+ 0.3 (Figure 8). The formation of 5'-dA was
also slowed when 4 was used; however care has to be taken before
any conclusion can be drawn due to two reasons: (1) The §'-dAis a
di/dy mixture as indicated by the presence of 252.1 peak in
Figure Sb; (2) The S'-dA observed is likely to be a reaction
intermediate; its formation rate does not reflect the property of
the overall enzyme reaction (see Discussion below).

Changing the buffer from H,O to D,O has little effect on the
reaction rates, as shown in Table 1, suggesting no significant
solvent isotope effect is associated with the SPL reaction.
Furthermore, the primary KIE was unchanged in D,O as well.
Contrasting to the d3-TpT species ([M — H] ™ signal at 548.2)
obtained from the dy-SP TpT (4) repair in H,O buffer, LC—MS
analysis of the yielded TpT in D,O reaction revealed a dominant
[M — H]  signal at 549.2, suggesting a solvent deuterium was
incorporated into the TpT, making it a d, species.” This
observation complements the previous results in the repair of 1
in D,O buffer, confirming the involvement of an exchangeable
proton in SPL catalysis.

SPL Reaction in the Absence of Excess Reductant. The
observed 1:1.7 ratio between 5'-dA and TpT formed during the
first 2 min of 1 repair seems to suggest that SAM plays a catalytic
role, with SAM regenerated after each catalytic cycle.’® As
suggested by Scheme 3, regeneration of SAM returns an electron
to the iron—sulfur cluster, reducing it to the +1 oxidation state
and making it ready for the next catalytic cycle. This rationale

suggests that a SPL enzyme with an [Fe,S4]" cluster should be
able to catalyze multiple turnovers, similar to what was observed
for lysine 2,3-aminomutase (LAM).>® We therefore reduced the
iron—sulfur cluster in SPL by dithionite for 0.5 h and removed
the excess reductant via a desalting column. Upon addition of
2—3 times of SAM and substrate 1, the prereduced SPL
remained active for 3 h, catalyzing more than 10 turnovers
(Figure 9A). This observation is in line with that found in the
previous SPL studies,'' suggesting that SAM is truly catalytic.
The prereduced enzyme is only slightly less active than that in the
presence of excess dithionite especially in the first 15 min of the
reaction; a similar observation was also made in LAM studies.>
5'-dA Generation. As shown in Figures 7 and 8, a linear
formation of '-dA was observed in the first 2 min of the reaction. A
prolonged reaction however revealed that the 5'-dA formation
gradually slowed down and reached its maximum at about 15 min
(Figure 9B). Surprisingly, after 15 min, the amount of 5'-dA
observed in the acid-quenched reaction gradually decreased and
fell into the basal level in ~1 h. In radical SAM enzymes, S'-dA is
often observed as a side product from the abortive SAM cleavage
reaction.'”"*%*¢! Such a product should accumulate in the solu-
tion, resulting in an increase in the amount of $'-dA observed
during the course of the reaction. The observed increase-first-
followed-by-decrease pattern in Figure 9B is highly unusual in
radical SAM reactions, suggesting that the 5'-dA observed is not the
abortive product, but a true reaction intermediate. The fact that TpT
formation remains linear in the first 15 min of the reaction followed
by a gradual slow-down, with only a very small amount of TpT
being formed after 1 h, suggests that the formation of §'-dA and
TpT are concerted processes, further supporting this conclusion.
Furthermore, a lack of 5'-dA formation was often observed
when DTT was omitted in SPL reaction; formation of TpT,
however, was unaffected. This observation further supports the
conclusion that SAM is possibly regenerated in SPL reaction. It
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Figure 9. (A) Formation of TpT during a 3-h SP repair reaction. (Blue
#) Reaction was conducted under normal conditions. After cluster
reconstitution, the reaction was initiated by 1 mM dithionite. (Red H)
After cluster reconstitution, the enzyme was prereduced by 1 mM
dithionite for 0.5 h. The excess inorganic ions were then removed by
a desalting treatment. Dithionite was resupplemented to the resulting
protein solution and the reaction initiated by addition of SAM and SP.
(Pale green A) After cluster reconstitution, cluster prereduction by
dithionite and desalting treatment, SP and SAM were added to start the
reaction. (B) S'-dA formation observed in the acid-quenched SPL
reaction at various time. The reaction was carried out under normal
conditions as described above.

also appears to suggest that the presence of DTT may slow down
this regeneration process, enabling trapping of $'-dA as a reaction
intermediate. However, the SAM regeneration and/or §'-dA
formation seems to be controlled by other factors as well, which
we do not fully understand at this point. For instance, the protein
preparation seems also to affect the amount of 5'-dA generated in
the reaction; protein purified in air generated much more 5'-dA
than protein purified anaerobically. Further work is needed to
decipher this intriguing SAM regeneration process.

No Deuterium Incorporation into SAM. Although SAM
seems regenerated after each SPL catalytic cycle, LC—MS analysis
of the isolated SAM exhibits a MS signal at m/e = 399.2 (calculated
399.15) regardless of the SP TpT substrates employed.* Although
5'-dA radical is proved to abstract the deuterium from the 6- -Hpror
position of 4, after six enzyme turnovers in the presence of 1.5-fold
of SAM, there was still no obvious deuterium incorporation into
SAM. This result contradicts an observation in the previous
tritium-labeling experiment.'" Interestingly, in LAM where SAM
also appears regenerated after each catalytic cycle, no deuterium
transfer from lysine to SAM was observed either,** although a
more sensitive tritium transfer experiment revealed ~1—6% of
tritium incorporation from the Iysme substrate into SAM when
large excess of SAM was adopted. 6

B DISCUSSION

Protein Expression and Purification. It is known that
coexpression of iron—sulfur proteins with a pDB1282 plasmid
which encodes a set of E. coli proteins involved in iron—sulfur

cluster biogenesis increases the yield of the soluble protein by
facilitating cluster incorporation into the newly synthesized
apoprotein.*"*”%* The incorporated cluster serves as a structural
scaffold to help the protein fold correctly, therefore increasing
the yield of the soluble portion during expression. The pDB1282
was therefore introduced into SPL expression and the yield of
soluble SPL at least doubled.*’ The resulting SPL exhibits the
highest activity among the SPL enzymes purified to date when
dinucleotide SP is used as substrate,®® highlighting the impor-
tance of cluster incorporation to the enzyme activity.

Substrate Preparation and Enzyme Activity Assays. The
dinucleotide SP TpT substrate can be prepared via organic
synthesis as shown by Begley and co-workers.*> Among the four
SP TpTs shown in Chart 1, two of them, compounds 1 and 3, can
be readily synthesized via this route. However, such a method is
not suitable to synthesize the selectively labeled compounds 2
and 4, as the synthesis includes a hydrogenation step which is
catalyzed by Rh/AL O3, resulting in the addition of H, to the
C=C bond from either side of the thymine plane. Thus, if D, is
used in hydrogenation, the resulting SP will be a mixture of two
configurational isomers with deuterium occupying either the
6-Hy,or 0r 6-H,,;05 position. Such a mixture cannot be separated
via chromatographic means and, thus, cannot provide any useful
mechanistic information.

In contrast, photoreaction has proved a reliable means to prepare
SP substrate with exclusive stereoselectivity.'” Due to the nature of
this process, SP can be generated only via a solid-phase reaction
which restricts the thermal motion and conformational change of
TpT so that only thymine residues adopting the “right” conforma-
tion dimerize, while the vast majority of excited molecules are
thermally quenched.®® Thus, deuterated SP is obtained at only
0.1—0.4% yields, depending on whether a primary deuterium
isotope effect is encountered in photoreaction. However, despite
the low yields, the stereoselectively labeled SP compounds 2 and 4
can be readily produced by this photochemical means.

Although our pur]ﬁed SPL enzyme exhibits the highest act1v1ty
(0.35 & 0.03 min~ ') with 1 as the enzyme substrate,”® the
reaction is still slow, probably due to the weak binding affinity of
this minimally sized dinucleotide substrate to the enzyme. In
contrast, with an SP-containing GGTTGG hexamer or an SP-
containing plasmid DNA, the SP repair rate 1ncreased 50—500
times due to the improved substrate binding.”'' Our SPL
reaction rate is also comparable with other known radical SAM
enzymes characterized to date 7%

SPL Mechanism: H-Atom Abstraction by 5-dA Radical.
The reductive cleavage of SAM generates a 5'-dA radical, which
abstracts a 6-H-atom from SP to form 5'-dA. Analysis of the 5'-dA
isotopomers/isotopologues that result from use of selectively
labeled substrates 2 and 4 provides the most direct evidence to
reveal which of the C6 H-atoms is abstracted during the reaction.

As shown in Figure S, when 2, which contains a deuterium at
the 6-H,,.os position, was used for the SPL reaction, a protium
was abstracted by the 5'-dA radical. In contrast, the abstracted
atom was a deuterium when 4, which contains a deuterium at the
6-H,.or position, was used. The fact that a protium was again
abstracted when 3 (which contains a CD;3 group but two C6
protiums) was employed firmly supports the proposal that the
abstracted H-atom is from the C6 carbon. Taken together, these
results clearly demonstrate that SPL abstracts the 6-H, g atom,
leaving a C6 radical behind to initiate the SP repair process.

The equation shown in Scheme 1 is often used to illustrate the
reactions of SP formation and repair in literature.** Such an
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equation seems to imply that the SP repair catalyzed by SPL is a
simple reverse process of SP photoformation. Our observations
prove that this assumption is overly simplistic. As described in
Scheme 2, an H-atom from the CH; moiety of the 3'-T migrates
to the 6-H,,s position in the SP formation, and the original
H-atom at the C6 of §'-T remains on that carbon, becoming the
6-Hp,or atom of SP.'” In contrast, the migrated atom becomes
the 6-Hj,,r during the enzyme repair; while 6-H,s subse-
quently becomes the C6 proton in the repaired thymine.

Such a conclusion also rationalizes part of the observations
previously made by Broderick and co-workers.'" In their experi-
ments, tritium was incorporated into either the methyl or the C6
carbon of thymine. Our photochemical studies show that labeling
the —CH; moiety of thymine would result in tritium incorpora-
tion into the 6-H,,os position of SP, while labeling the thymine
C6 carbon would incorporate tritium into the 6-Hy,or position.
The SPL enzyme abstracts the 6-H,,,r atom, leaving behind the
6-H,,,s atom at the C6 carbon of repaired 5'-thymine. Therefore,
in the previous study, although the SP 6-H,,s could bear a
tritium originating from the —CHj moiety of thymine before the
photoreaction, that atom was not abstracted and had no chance
to enter the catalytic cycle of SP repair. In contrast, the tritium at
the thymine C6 carbon migrated to the 6-Hr position of SP
and was then abstracted by the 5'-dA radical to initiate the SP
repair process. Thus, the stereoselectivity in H-atom abstraction
was reflected in Broderick’s earlier work as well; however, it was
not recognized due to a lack of full understanding of SP
photochemistry at that time.

The primary KIE of 2.9 & 0.3 exhibited by the SPL reaction
suggests that the H-atom abstraction mediated by the S'-dA
radical is involved in the enzyme rate-determining steps. The
presence of this relatively large KIE further confirms the stereo
configuration assignment that the abstracted H-atom is from the
6-Hy,,or position. As expected, the formation of 5’-dA was slowed
down as well, owing to this KIE when 4 was employed for SPL
reaction.

SPL Mechanism: H-Atom Back-Donation. Comparing with
the radical initiation step, our results on the H-atom back-
donation step are quite surprising. The current reaction mechan-
ism predicts the H-atom abstracted by the 5’-dA radical would be
donated back to the repaired TpT, however the abstracted
deuterium from 4 was not returned. Carefully analyzing the
MS isotopic pattern of the resulting TpT excludes the possible
involvement of large KIE; while the deuterium incorporation
from the D,O buffer into TpT strongly suggests that the TpT
radical takes an H-atom from an unknown source which is able to
exchange proton with the buffer.

Although these results are inconsistent with an earlier work,"!
they do agree with an observation by Fontecave and co-
workers.'” By employing a SAM molecule with a deuterated
methylene moiety, they found no evidence for those deuterium
atoms to be transferred into the resulting TpT. This result,
together with ours, suggests that no direct H-atom exchange
occurs between the $'-dA and TpT radical.

Recently the cysteine 141 residue of the SPL from Bacillus
strains has drawn much attention due to its potential involve-
ment in SPL catalysis.'”%® Distinct from the cysteines in the
CXXXCXXC SAM motif, the C141 residue does not participate
in the [4Fe-4S] cluster formation and subsequent SAM redox
chemistry. However, mutation of this residue to alanine in
B. subtilis abolished the SPL activity, leading to cell death under
UV radiation with a similar efficiency as mutations of cysteine

residues involved in the SAM motif.*® Fontecave and co-workers
revisited this mutation in an in vitro enzymology study and found
that instead of forming TpT, the mutant yielded a TpT-SO,
molecule as the major repair product, which was generated
through a reaction between the TpT radical and dithionite, the
reductant added to reduce the [4Fe-4S]*" cluster to initiate the
SPL reaction.'® Although the role of C141 is not clearly defined
to date, the formation of TpT-SO, strongly indicates that this
residue is associated with the H-atom back-donation step of the
enzymatic reaction.

Using the cysteine residue as the H-atom donor (instead of the
5’-dA) is more reasonable, considering the different bond
strengths involved. A calculation predicts the C—H bond dis-
sociation energy (BDE) of 5'-dA to be 12.2 kcal/mol higher than
that for the methyl moiety of thymine (98.2 vs 86.0 kcal/mol); in
contrast, the BDE of the S—H bond in cysteine is suggested to be
around 82 keal/mol;*”®® which is line with other computational
results that indicate the allylic C—H bond to be ~3—4 kcal/mol
stronger than the S—H bond in a thiol compound like
methylthiol.*”® It is therefore logical for SPL to use the cysteine
S—H moiety instead of the C—H bond of 5'-dA as the direct
H-atom donor, greatly lowering the energy barrier for this
H-atom back-transfer step.

The involvement of the cysteine residue also solves the space
problem raised by the current mechanism.”” The current me-
chanism requires S'-dA to be associated with both H-atom
transfer steps. The first step involves the $'-dA radical and the
6-Hy,or On the §'-thymine residue of SP. Should the resulting 5’
dA donate the H-atom back to the thymine allyl radical at the 3’
end of the SP, it has to move down one nucleoside, roughly 3—4
A vertical distance. This movement requires a major protein
conformational change, which is unfavorable in energy.67 In
contrast, such a conformational change is no longer necessary
should the cysteine residue serve as the H-atom donor; all the
H-atom transfer steps involved in catalysis can be readily
accommodated within the protein framework.

The H-atom back-transfer step from the cysteine to the
thymine allyl radical is unlikely to be involved in the enzyme
rate-limiting steps, as indicated by the absence of a solvent
isotope effect. The unchanged KIE exhibited by SPL reaction
in D,0 buffer also supports this conclusion.

SPL Mechanism: SAM Regeneration. The results from the
SAM regeneration step are also surprising. In the previous
studies, the conclusion of SAM regeneration was drawn after
the tritrium label was found to be transferred from the SP into
SAM."! However, examining the isolated SAM from SPL reac-
tion with ~1.5-fold SAM and 6-fold deuterated substrate 4 found
no apparent deuterium incorporation even after all the SP
substrate was consumed. This result supports the hypothesis of
SAM regeneration, but SAM may not be regenerated via a simple
one-step reaction as shown in Scheme 3.

In radical SAM enzymes, the ratio of 5'-dA to product is of
significance. A 1: 1 ratio implies SAM serves as a cosubstrate as
one molecule of substrate-modified consumes one molecule of
SAM, while a 1:X (X >> 1) ratio suggests SAM serves as a cofactor
as only a catalytic amount is needed.*® As revealed in Figure 9B,
the ratio between 5’-dA and TpT produced after a 2-h reaction is
greater than 1:500. This observation further supports a catalytic
role for SAM, suggesting SAM to be regenerated at the end of
each catalytic cycle.

Careful examination of the SPL reaction reveals that, although
5’-dA was observed in the early stage of the reaction, these §'-dA
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Figure 10. Newly proposed reaction mechanism for SPL-catalyzed SP dimer repair. The 5'-dA radical generated from SAM reductive cleavage reaction
takes the 6-Hy,or atom to yield a C6 radical on SP; the SP methylene bridge subsequently undergoes a hemolytic cleavage to give a thymine methyl
radical. (Note: This allyl radical is likely to delocalize to the thymine aromatic ring; the current drawing as a methyl radical is a simplified model to
facilitate discussion) This radical abstracts an H-atom back from an unknown protein residue, presumably C141, to generate a thiyl radical, releasing the
repaired TpT. This thiyl radical either takes an H-atom back from the 5'-dA directly, or it reacts with other protein residues before the 5'-dA is reoxidized
to the radical form again. The resulting $'-dA radical recombines with methionine to regenerate SAM and finish one catalytic cycle.

molecules were not accumulating in the solution. This observa-
tion suggests that the 5'-dA observed in the quenched reaction is
actually a true reaction intermediate on the way to SAM
regeneration, not the abortive product of the uncoupled SAM
cleavage reaction as commonly observed in other radical SAM
enzymes.'”'*°*°! Furthermore, the amount of 5'-dA observed
appears to be coupled to the rate of TpT formation, further
supporting our conclusion. The observed 5'-dA formation rate is
always smaller than that of TpT formation, suggesting that the
assumption of §'-dA is the faster step in enzyme catalytic cycle.
Therefore, these $'-dA molecules are kinetically competent to
serve as reaction intermediate as well.

When a thiol-containing compound such as DTT is removed
from the reaction system, the TpT formation seems to be
relatively undisturbed; however, the amount of 5'-dA observed
often decreases into the basal level. The fact that 5'-dA formation
can be disturbed by other processes such as protein purification
clearly suggests that the 5'-dA formation/SAM regeneration is
likely to be more complex than currently thought, and more work
is needed before this process is understood.

The putative H-atom back-transfer from the C141 residue to
the thymine methyl radical yields a thiyl radical, which thus must
be involved in the SAM regeneration process. The simplest
model to accommodate it is to insert this cysteine residue
between the thymine allyl radical and $'-dA in the reaction
pathway. However, as rationalized above, the thiyl radical is more
stable than the allylic radical in thymine, which makes the direct
H-atom transfer from 5'-dA to the cysteine thiyl radical even
more unfavorable thermodynamically. Even so, a similar reaction
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was proposed in class II ribonucleotide reductase (RNR),”"
where the catalytic thiyl radical does abstract an H-atom back
from $'-dA to regenerate a S'-dA radical. This $'-dAe subse-
quently recombines with the Cob(II)alamin species to regener-
ate the adenosylcobalamin. Such a reaction is suggested to
proceed via a concerted mechanism: the unfavored H-atom
abstraction by the thiyl radical is coupled with the formation of
a stable C—Co bond in adenosylcobalamin, providing an energy
offset for the former process.”' As the SAM formation from 5'-dA
and methionine is also heavily favored thermodynamically,”>”>
coupling the H-atom abstraction by the thiyl radical with the
SAM regeneration process may provide a explanation for the SPL
reaction as well.

Although it is possible for the single cysteine residue to
regenerate SAM, if cysteine is the only protein residue involved,
then one should expect production of a significant amount of
abortive product 5'-dA under competition of DTT, should the
reaction site be ready accessible to this small molecule. The fact
that little abortive 5'-dA was generated in the presence of DTT
suggests that the enzyme possesses some kind of “error-preven-
tion” function. Such a function is difficult to achieve by a single
cysteine and is more likely to be realized via the involvement of
other amino acid residues. Taken together, our data suggest that
there may be a cysteine-containing electron-transfer pathway
involved in SAM regeneration, the possibility of which will be
tested in future studies.

Newly Hypothesized SPL Mechanism. All of these findings
imply that the original mechanistic hypothesis for SPL"" needs to
be refined by including protein residues in the enzyme catalysis.
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We therefore tentatively propose a modified mechanism as
shown in Figure 10. After the reductive SAM cleavage reaction
with an electron provided by the [4Fe-4S]" " cluster, the resulting
5’-dA radical abstracts the 6-Hy,or atom to yield the SP radical on
the C6 carbon. Subsequent fragmentation of SP leads to the
formation of a delocalized methyl radical on the 3'-T. Instead of
abstracting an H-atom back from the §'-dA, the TpT radical
draws an H-atom from an unidentified protein residue, with the
C141 the most likely candidate, to yield the repaired TpT. The
resulting thiyl radical on this cysteine could abstract an H-atom
back from $'-dA, or it may oxidize its neighboring residue(s) to
generate another protein radical species before it reacts with
§'-dA. Recombination of the 5'-dA radical and the methionine
regenerates SAM at the end of each catalytic cycle.

One problem posed by this mechanism is to explain the tritium
interchange between 5'-dA radical (SAM) and thymine substrate
observed by Broderick and co-workers.”'" A recent observation
made by Eguchi and co-workers in their studies of BtrN
suggested that the hydrogen atom abstraction step between the
§'-dA radical and the enzyme substrate is reversible.”® Such a
reversible H-atom interchange step was froposed by Liu and co-
workers in their studies of DeslI as well.”® If a similarly reversible
step is involved between S'-dA radical and the SP substrate as
shown in Figure 9, the tritium exchange observed between §'-dA
radical (SAM) and thymine can also be rationalized. Addition-
ally, no data were shown on how much tritium was exchanged
between the reaction partners in the radio-labeling exper-
iments.”'" As scintillation counting is a relatively sensitive
method, a rather low percentage of tritium incorporation can
be detected.

The immediate task to firmly establish the hypothesized
reaction mechanism is to confirm that the cysteine 141 indeed
functions as the H-atom donor. The radical intermediates
involved in the reaction pathway may also be trapped and
characterized via similar approaches conducted by Frey and co-
workers in their mechanistic studies of LAM.”* These experi-
ments as well as a search for possible protein residues that may
participate in the SAM regeneration process are currently in
progress.
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