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Iodine-induced cleavage at phosphorothioate DNA (PT-DNA) is characterized by
extremely high sensitivity (~1 phosphorothioate link per 10° nucleotides), which has
been used for detecting and sequencing PT-DNA in bacteria. Despite its foreseeable
potential for wide applications, the cleavage mechanism at the PT-modified site has not
been well established, and it remains unknown as to whether or not cleavage of the
bridging P-O occurs at every PT-modified site. In this work, we conducted accurate
®wB97X-D calculations and high-performance liquid chromatography-mass spectrome-
try to investigate the process of PT-DNA cleavage at the atomic and molecular levels.
We have found that iodine chemoselectively binds to the sulfur atom of the phosphoro-
thioate link via a strong halogen-chalcogen interaction (a type of halogen bond, with
binding affinity as high as 14.9 kcal/mol) and thus triggers P-O bond cleavage via
phosphotriester-like hydrolysis. Additionally, aside from cleavage of the bridging P-O
bond, the downstream hydrolyses lead to unwanted P-S/P-O conversions and a loss of
the phosphorothioate handle. The mechanism we outline helps to explain specific selec-
tivity at the PT-modified site but also predicts the dynamic stoichiometry of P-S and
P-O bond breaking. For instance, Tris is involved in the cascade derivation of S-iodo-
phosphorothioate to S-amino-phosphorothioate, suppressing the S-iodo-phosphorothioate
hydrolysis to a phosphate diester. However, hydrolysis of one-third of the Tris-O-grafting
phosphotriester results in unwanted P-S/P-O conversions. Our study suggests that bacte-
rial DNA phosphorothioation may more frequently occur than previous bioinformatic esti-
mations have predicted from iodine-induced deep sequencing data.

DNA phosphorothioation | DNA cleavage | halogen bond | mass spectroscopy analysis | computational
analysis

Bacterial DNA phosphorothioation is the replacement of a nonbridging oxygen atom
with a sulfur atom in the phosphodiester linkage of the DNA backbone by functional
gene clusters such as type I dndABCDE in Streptomyces lividans (1) and type II
sspABCD in Vibrio cyclitrophicus FF75 (2). The physiologically phosphorothioate DNA
(PT-DNA) constitutes a modification-restriction system with a partner gene cluster like
sspE or dndFGH to distinguish non-PT-modified foreign DNA (2, 3). The DNA
phosphorothioation is physically recognized by the molecular interaction of the sulfur
binding domain (SBD) in the Swzepromyces coelicolor type 1V restriction enzyme ScoM-
ctA (4, 5). Moreover, phosphorothioate chemistry confers PT-DNA antioxidant activ-
ity to repair oxidative damage caused by hydrogen peroxide and peracetic acid (6, 7)
and even peroxynitrious acid (8), in which PT-DNA is converted back to normal
DNA and forms sulfur oxide products. As shown in Fig. 1, compared with the compli-
cated gene-editing molecular machine ScoMcrA (4, 5), iodine (I) is able to selectively
cleave the P-O bridging bond at the PT-DNA phosphorothioate site and can thereby
potentially be used to detect, quantify, and map PT-containing bacterial genomes
(9-11).

The reaction mechanism for the iodine-induced PT-DNA cleavage (Fig. 1, path 4)
is illusive, in part because the P-S/P-O reversion usually dominates, and the P-O scis-
sion rarely occurs during most antioxidant reactions (Fig. 1, path 2) (6-8). For
instance, in the presence of hydrogen peroxide and peroxynitrite, the P-S/P-O rever-
sion converts the phosphorothioate diester to a normal phosphate DNA linkage (loss
of the PT handle) and provides multiple electrons to quench additional reactive oxygen
species (ROS). In the presence of hypochlorous acid, liquid chromatography-mass spec-
trometry (LC-MS) analysis was used to show that a considerable amount of P-S/P-O
transformation was observed, along with instability in the PT genome (12, 13). Even
though molecular iodine is able to act as an oxidant (as in Fig. 1, path 2), previous
studies of iodine-induced PT-DNA cleavage did not address the potential competition
between the P-S/P-O reversion and P-O scission; the bioinformatics analysis of these
studies assumed an equivalent (if not fully) P-O cleavage occurring at all the
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Significance

lodine-induced cleavage is widely
used for detecting bacterial DNA
phosphorothioation in gel
electrophoresis, deep sequencing,
and single-molecule optical
mapping. However, we lack
quantitative understanding of the
phosphorothioate DNA (PT-DNA)
cleavage efficiency and the
chemoselectivity of this method
for determination of
phosphorothioate vs. phosphate.
Computational explorations now
reveal why iodine selectively
attacks at sulfur in
phosphorothioate links but not at
normal phosphates. The active
role of Tris buffer in the PT-DNA
cleavage, and the factors
controlling cleavage efficiency,
were also revealed. Cleavage
efficiency is limited by competition
between the desired DNA
backbone cleavage and unwanted
P-S/P-O conversion. These
mechanistic studies will guide the
development of new methods for
iodine-induced specific PT-DNA
cleavage.
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Fig. 1. PT-DNA generation and its specific roles in biology and chemistry. Path 1 shows that gene clusters dndABCDE and sspABCD transform a phosphate
subunit in a particular sequence pattern to a phosphorothioate linkage. Path 2 shows the antioxidant chemistry of PT-DNA, which protects bacterial
genomes from oxidative damage of ROS species. Path 3 shows that gene clusters dndFGH and sspE constitute specific restriction-modification systems.
ScoMcrA is a type IV modification-dependent restriction endonuclease that consists of a SBD distinguishing the target PT-DNA and a phosphate diester

hydrolase (HNH). SRA is a methyl-DNA binding “SET and RING-associated” domain. Path 4 shows that iodine-induced cleavage directly breaks down the P-O

bridging bonds at the PT-modified site.

PT-modified sites (9-11). In order to accurately map the PT
genome, it is crucial to know the probability of the dissociation
of the bridging P-O bond in the iodine-induced PT
site—specific scission; consequently, it is necessary to distinguish
the detailed reaction mechanisms between iodine and phos-
phorothiate or iodine and phosphate.

Even though the iodine-induced phosphorothionucleotide
cleavage was first proposed more than three decades ago by
Eckstein and coworkers (14, 15), recent studies have failed to
explain the actual role of iodine in this process. It has been sug-
gested that iodine-induced cleavage stemmed from
2-iodoethanol-conjugated phosphorothioate alkylation (11),
but the simple mixture of iodine and ethanol under ambient
conditions cannot generate 2-iodoethanol, the so-called active
alkylating reagent in iodine-induced cleavage reactions. There-
fore, a more comprehensive understanding is required for the
purpose of developing the iodine-PT deep sequencing protocol
for biotechnology; otherwise, bioinformatic analysis based on
the assumption of breaking all-phosphorothioate linkages
would give misleading PT-modified information about bacterial
PT genomes.

Moreover, the rapid rupture of the bridging P-O bonds in
phosphorothioate diesters apparently violates phosphoryl-
transfer biochemistry (16, 17). In the absence of phosphodies-
terase, the bridging P-O bond in DNA is exceptionally stable,
with a theoretical half-life of 30 million y at 25°C (18). The
thio effect of phosphorothioate substitution further enhances
the antihydrolytic stability of this linkage by one or two orders
of magnitude, and this substitution is widely used in develop-
ing stable antisense RNA drugs (19, 20). Thus, revealing the
unique “click” chemistry of iodine-induced PT-DNA cleavage
at the hydrolysis-resistant PT site has significant implications
for both biotechnology and drug discovery.

We have performed density functional theory (DFT) calcula-
tions to 1) interrogate the extremely high chemoselectivity
between iodine-phosphorothioate and iodine-phosphate and 2)
determine the enhanced rate of bridging P-O bond scissions in
the iodine-phosphorothioate derivatives. We have discovered that
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iodine and phosphorothioate selectively form a significantly strong
halogen-chalcogen bond. After release of an iodide ion, the result-
ing iodine-phosphorothioate complex [PS™ el,] is able to convert
the hydrolysis-resistant phosphorothioate diester to a hydrolysis-
vulnerable phosphotriester-like structure. The hydrolytic dissocia-
tion of the bridging P-O bonds at the PT site is significanty pro-
moted in the downstream phosphotriester species, such as the
Tris-O-grafting phosphotriester and other S-amino-phosphoro-
thioates (PSNs), affording nucleophilic substitution by amine
groups from Tris buffer and DNA bases. The Tris-O-grafting
phosphorotriester dominates these conversions via internal cycliza-
tion of its hydroxyl branches. Our findings successfully illustrate
the comprehensive mechanistic cascade processes of iodine adduc-
tion, iodide elimination, nucleophilic substitution, and P-O/P-S
bond dissociation in iodine-induced PT-DNA cleavage.

Results

The Halogen-Chalcogen Interaction of Phosphorothioate and
iodine. In order to elucidate the mechanism of iodine’s prefer-
ential attack at the phosphorothioate site, we began by investi-
gating possible molecular interactions between the DNA
backbones and iodine. We calculated Gibbs free energies for
the 3-center-4-electron (3c-4e) halogen bonding (XB) interac-
tion of iodine with phosphorothioate, phosphate, and iodide in
aqueous solution. The complexes formed by phosphorothioate
diester (PS, 4) or phosphate diester (PO, 1) with I, were com-
pared at the ®B97X-D/cc-pVTZ/LanL2DZ(I)/SMD(water)
level of theory (SMD, solvation model based on density). The
free energy of complex formation for phosphorothioate and
iodine (5) was calculated to be —14.9 kcal/mol, while that of
phosphate and iodine (2) is unfavorable by +1.3 kcal/mol at
room temperature (Fig. 24). The large negative free energy of
the halogen-chalcogen interaction is much more significant
than that of the [I” oI,] interaction, which is the strongest halo-
gen bond reported in the literature to date (I” + I, = I37,
AH_,; = —8.5 kcal/mol and AG,; = +0.8 kcal/mol) (21, 22).
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Fig. 2. XB formation and the resulting cleavage selectivity of (4) the
halogen-chalcogen type of XB formation between iodine and phosphate
backbone (Top) and the halogen-chalcogen type of XB formation between
iodine and thiophosphate backbone (Bottom). Free energies (AGgq,) were
calculated at the wB97X-D/cc-pVTZ/LanL2DZ (1)/SMD(water) level of theory.
(B) Computed geometries of XB complexes, 2 and 5. (C) The theoretical par-
titions of PS-PSI and PO-POI conversion at variant concentrations of iodine,
where [PS]p = 0.115 pM and [PO]o = 76.5 pM in an ODyp = 0.5 PT-DNA
solution.

We calculated the highest-energy occupied molecular orbital
(HOMO) and the lowest-energy unoccupied molecular orbital
(LUMO) gaps to examine the origin of the unprecedented I,-
chalcogen interaction, which has an enthalpy change of —22.4
kcal/mol. For comparison, the I, — I™ interaction is computed
to be —8.5 kcal/mol for the strong halogen bond in I5™. In the
3c-4e sigma bond system, the higher-energy HOMO (—2.46
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eV) of phosphorothioate may donate electrons to the LUMO
(anti-6*, —4.95 €V) of iodine more efficiently than the lower-
energy HOMO (—3.31 eV) of phosphate; moreover, the high-
energy sulfur 3p lone pair electrons may also be involved in
n-bond interactions (S/ Appendix, Fig. S1). These interactions
were visualized by the typical representation of reduced density
gradient of ring and cloud regions in the spatial electron den-
sity gradient analysis for noncovalent interactions (87 Appendix,
Fig. $2).

The halogen-chalcogen complexes of phosphorothioate and
iodine can decompose into S-iodo-phosphorothioate (PSI, 6)
via release of an iodide anion. Although this process is com-
puted to be endothermic by 3.0 kcal/mol in enthalpy, it
benefited from an entropic gain; its Gibbs free energy is calcu-
lated to be exergonic at room temperature by —3.1 kcal/mol.
For comparison, the hypothetical decomposition of POel, (2)
to POI (3) was computed to be unfavorable in both enthalpy
(+10.9 kcal/mol) and free energy (+5.0 kcal/mol). Thus, the
strong halogen-chalcogen interaction between phosphoro-
thioate (PS, 4) and I, decreases the covalent I-I bond signifi-
cantly, leading to heterogeneous dissociation of the I-I bond
(the I-I bond length elongates by 0.5 A in the XB complex)
(Fig. 2B). We also employed COPASI (the Complex Pathway
Simulator package; see the details in the computational section
of Materials and Methods) to simulate the halogen-chalcogen
complex formation and consequent I-I dissociation using the
high-level quantum-mechanics (QM)-calculated Gibbs free
energies. The initial concentrations of PO (1) and PS (4) were
estimated using the iodine/PT-plasmid experiment, where [PS]
= ~0.115 pM and [PO] = ~76.5 pM for OD,¢, (absorbance
at 260 nm) = 0.5 plasmid solution (equivalently ~25 pg/mL
double-stranded DNA, assuming that 0.15% of PO linkages
were physiologically modified to PS by the dnd gene) (Fig. 1,
path 1). The phosphospecies response distinguished between
different iodine concentrations in the hypothetical equilibria
toward POI (3) and PSI (6). As shown in Fig. 2C, the
COPASI simulation indicates that PS (4) reacts with iodine
stoichiometrically, while PO (1) requires a much higher iodine
concentration to form POI (3). At the half-half transformation
(PX: PXI = 1:1, where X = § or O), the hypothetical iodine
concentrations were calculated to be 107% and 10> mM, respec-
tively. Thus, the chemoselectivity of iodine at the PT site
reaches about ~10° under experimental conditions ([I,] in the
millimolar range), by which the phosphorothioate at the
PT-modified site is fully converted to the PSI (6) species, and
the inert phosphate linkage in the DNA molecule was
unchanged. This result is consistent with the observed cleavage
taking place exclusively at the PT site. In the iodine-induced
experiment, however, 30 mM iodine was overdosed unless the
real PT-modification frequency was over 1,500/10° nt.

Nevertheless, the halogen-chalcogen interaction, a distinctive
type of halogen bond, conveys a chemoselective attack preferen-
tially at the PT site and converts the hydrolysis-resistant
phosphodiester PS (4) to a hydrolysis-vulnerable phospho-
triester-like PSI (6). Since P-O bond hydrolysis of the phos-
phate triester is much faster than that of the phosphodiester
(23), we next explored possible phosphotriester-like derivatives
from the active species PSI (6), which can transform the nucle-
ophilic sulfur in PS (4) to an electrophilic sulfur in PSI (6)

that is able to react with available nucleophiles.

Possible Triester-Like Structures Derived from Nucleophilic
Substitution at the Sulfur Site. PSI is activated and possesses
two electrophilic sites: S and P. Before investigating the

https://doi.org/10.1073/pnas.2119032119 3 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119032119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119032119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119032119/-/DCSupplemental

A oo/l Hy H

¢ - 5
?: H.N-R R’N;§1 rR-NE:
—~H= —_— ﬁ" I
MeO (I)M(g MeO~F=0 m Meo-F=o
OMe OMe
6 (PSI) 7 8 (PSN)
-2.9 kcal/mol -1.3 kcal/mol
*HO—R B
Q[
H )
R'9~‘.§./-
MeO-F=0
OMe
9

Fig. 3. Ay of amine to the sulfur atom of PSI. (4) The reaction AGg, of the
S-1 to S-N transformation (Top). S-1 to S-O formation does not give a stable
intermediate (Bottom). (B) Computed geometry of PSN (8). (C) Tris-N-grafting
PSN (10).

electrophilic phosphorus site, we computationally tested the
electrophilic sulfur region against a variety of nucleophiles avail-
able in the experiments. Two types of nucleophiles were acces-
sible: N-containing nucleophiles, such as DNA bases and Tris
buffer (amine group), or O-containing nucleophiles, such as
3/-hydroxyl ends of DNA, water, and Tris buffer (alcohol
branches). Both class of nucleophiles were tested for nucleo-
philic addition (Ay) to PSI using the methylamine and metha-
nol models. As shown in Fig. 3, the S-N coupling was validated
to be feasible between PSI and amine, while the hydroxyl
group was unreactive to PSI.

The formation of the S-N bond was nearly barrier free
between PSI and amine, with an activation energy of 0.94
kcal/mol (diffusion controlled owing to entropy loss of the
bimolecular reaction, ~36 JeK™!) (87 Appendix, Fig. S3). The
Ay was exothermic by —15.0 kcal/mol in enthalpy and —2.9
kcal/mol in Gibbs free energy. The zwitterionic adduct (7)
spontaneously transforms to PSN (8) via iodide elimination
(—1.3 kcal/mol in free energy) and deprotonation of phosphor-
osulfenylammonium in aqueous solution (24).

When methanol is used as a nucleophile, no theoretical
adduct was observed, though a similar hydrogen bond is formed
between the nonbridging oxygen and the hydroxyl group (87
Appendix, Fig. S3). One straightforward rationale for this obser-
vation is that alcohol is less nucleophilic and the conjugate acid
(phosphorosulfenyloxonium) formed by attack of the hydroxyl
group is much stronger than the conjugate acid (phosphorosul-
fenylammonium) formed by the attack of the amine (25).

Secondary amines can also lead to the formation of nucleo-
philic adducts, but they are higher in activation energy and free
energy. Thus, the PSN was likely formed via nucleophilic sub-
stitution by primary amines like Tris and the sp’-hybridized
nitrogen (-NH,) of the amine-containing DNA bases A, G,
and C. It should be noted that Tris possesses primary amine
substituents to form Tris-N-grafting PSN (10) (Fig. 30). In
the iodine-cleavage deep sequencing (ICDS), genomic DNA
was mixed with iodine and heated up to 65°C for 5 min to
maximize the cleavage (9). The temperature 65 °C is approxi-
mately the melting point of DNA primers of a 25-nt length,
which may unwind compact DNA molecules to expose the

4 of 9 https://doi.org/10.1073/pnas.2119032119

primary amine substituents of DNA bases in the previous
experiments (9). However, genomic/longer DNA won’t melt at
this temperature, and the heat-up effect might be negligible to
expose DNA bases. In addition, the amines of DNA bases are
usually solvent exposed in the major and minor grooves, which
may modify their base ionization constant values and nucleo-
philicity due to base-base hydrogen bonds.

Hypothetically, all three types of phosphotriester-like species
(6, 8, and 10) are susceptible to nucleophilic attack at the elec-
trophilic phosphorus, which can lead to competitive P-O and
P-S cleavage.

Competitive P-S and P-O Dissociations in the Phosphotriester-
Like Species. The P-O and P-S bond dissociations of the above
phosphotriesters were calculated at the ®B97X-D/6-314+G(d)/
I(LANL2DZ)/SMD(water) level of theory, as previously described
(26, 27). Both spontaneous and base-assisted transition structures
were extensively searched (28, 29). Since spontaneous phospho-
ryl transfers have high activation energies, in a range of 31.5 to
43.8 keal/mol (see the details in ST Appendix, Fig. S4), we chose
to focus on the base-catalyzed P-O and P-S dissociations of the
thiophosphotriester-like species (6, 8, and 10) due to the avail-
ability primary amines in either DNA bases or Tris buffer.
PsI. The spontaneous hydrolysis of PSI was calculated to be slow
due to the high activation free energy (A Gﬂf) of nucleophilic
association (41.4 kcal/mol). The resulting pentacoordinate phos-
phorane intermediate underwent either P-O dissociation (transi-
tion state TSp-PO, 38.7 kcal/mol) or P-S dissociation (transition
state TSp-PS, 26.2 keal/mol) (SI Appendix, Fig. S4).
Alternatively, in the presence of a primary amine, PSI under-
goes a relatively lower-energy and single-step nucleophilic
substitution (Sn2). As shown in Fig. 44, we carried out a model
calculation with methylamine to mimic the primary amine group
in either DNA bases or Tris buffer. Only the dissociation of the
P-S bond was observed in computation, because the SI™ anion is
a better leaving group than the alkoxide or hydroxide ions. The
calculated AGM# was estimated to be 28.4 kcal/mol at the
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Fig. 4. S\2 substitution of PSI. (A) The activation and reaction AGgq of the
PSI to PO transformation. The bridging P-O dissociation is not observed in
computational base-assisted hydrolysis. (B) Computed geometry of 11. The
activation energy was estimated with reference to a zwitterionic complex
because of the barrier-free association of PSI + CHzNH, — PSNH,CHz*el™ (7).
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®B97X-D/6-31+G(d)/I(LANL2DZ)/SMD (water) level of theory,
and the overall hydrolytic reaction was nearly thermoneutral.

It should be noted that the nucleophilic adduction of a
primary amine at the sulfur atom is competitive with the
base-assisted PSI hydrolysis and feasibly leads to the formation
of PSN (8), as in Fig. 3. Here, the primary amine is used as a
general base to enhance the nucleophilicity of a water molecule
for the hypothetical hydrolysis of PSI (8). If a primary amine is
replaced by a hydroxide (a strong base, [OH™] = 0.010 mM at
pH 9.0) (30), the activation energy for the hydroxide-assisted
PSI hydrolysis decreased to 11.4 kcal/mol under standard condi-
tions (temperature = 298.15 K, 1 atm) (SI Appendix, Fig. S5).

PSN. The spontancous hydroly51s of PSN is similar to that of
the PSI species. The A G for nucleophilic substitution is cal-
culated to be 43.8 kcal/mol The phosphorane intermediate
can dissociate by either P-O (TSp-PO, 36.1 kcal/mol) or P-S
(TSp-PS, 37.8 kcal/mol) scission (SI Appendix, Fig. S4).

Similarly, the association-dissociation process can be signifi-
cantly accelerated when a primary amlne is involved. Using the
methylamine base model, these AG,” decrease to 21.6 kcal/
mol (12, TSy, a transition state for assoc1at10n reaction), 11.7
kcal/mol (14, TSp-PO, a transition state for the bridging
P-Ome bond dissociation), and 17.2 kcal/mol (16, TSp-PS, a
transition state for the P-S bond dissociation) (Fig. 5A4).

In comparison to PSI hydrolysis, the P-S bond dissociation
of the PSN species is much exothermic when releasing sulfen-
amine, but this process required a higher activation energy
(5.5 kecal/mol) than the P-O bond dissociation (Fig. 5B).
Intriguingly, the bridging P-O bond dissociation was selectively
promoted in the PSN species; however, the rate-determining
step was Ay in the hydrolytic process, indicating the hydrolytic
reaction needs a stronger base to promote nucleophilic attack.
Tris-N-grafting PSN. The unimolecular cyclization of Tris-/V-
grafting PSN (10) provides a feasible route for Ay. Tris-/V-
grafting denotes a S-N covalent bond with the Tris amine

A _NHMe
s
MeOH  peoPso
MNHMe gNMe 4 (rsp-po) 15
§ ! B: H,O £T00M -5.0 kcal/mol
MeokR3o - MeOfRgTe
oMe 12(TSn) O, 16 (TSy-PS)
BH \ OMe
HSNHMe ~ MeO£p50
8 (PSN) 13 © e
10.1 kecal/mol 1 (PO)
-28.0 kcal/mol
B
\
\ N
A
12 (TSa) 14 (TSo-PO) 16 (TSo-PS)

+21.6 kcal/mol  +11.7 kcal/mol +17.2 kcal/mol

Fig. 5. The associative-dissociative (An-Dn) mechanisms of PSN hydrolysis.
(A) The reaction AG,q of PSN to PO dissociation (Top) and PS dissociation
(Bottom). (B) Computed geometries of transition states of 12, 14, and 16.
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Fig. 6. An-Dn mechanisms of Tris-N-grafting PSN. (A) The reaction AGgq of

PSN to P-O dissociation (Top) and P-S dissociation (Bottom). (B) Computed
geometries of 17, 19, and 21.

group in the PSN, allowing intramolecular attacks of Tris
hydroxyl groups to the PSN electrophilic phosphor center. The
activation energy for the spontaneous cyclization was calculated
to be 31.5 kcal/mol, which was lower by 12.3 kcal/mol than
PSN (8) for the less entropic loss in the unimolecular reaction.
However, the P-O and P-S bond dissociations of the cyclic
Tris-N,O-grafting phosphorane intermediate) (18) had higher

AG,, 7:34.2 and 34.7 kcal/mol in the absence of base catalysis,
respectlvely (ST Appendix, Fig. S4).

With this Tris, instead of a water molecule, the nucleophilic
cyclization involves a branching alcohol group for grafting to
Tris. The P-S and P-O bond dissociations of the cyclic phosphor-
ane did not break down the Tris-N-grafting triester-like species to
hydrolysis-inert diesters as in Fig. 5. Instead, this process generated
the second generation of hydrolysis-vulnerable triesters.

In the presence of primary amine such as the second Tris
molecule or a DNA base, the associative-dissociative (An-Dyy)
process was also accelerated Within the methylamine base
model, these AG decreased to 11.2 kcal/mol (17, TS,),
19.3 kcal/mol (19 TSp-PO, bridging P-Ome bond dissocia-
tion), and 16.3 kcal/mol (21, TSp-PS, P-S bond dissociation)
(Fig. 6A).

We found that the brldgmg P-O bond dissociation was
hlgher by 3.0 kcal/mol in AG‘z than the P-S bond dissocia-
tion, which was an unexpected result (Fig. 6B). Compared
transition state 19 with the geometry of transition state 14
(TSp-PO), it is likely that the equatorial hydroxyl group in
transition state 14 dramatically stabilized the leaving alkoxide
by about 7.6 kcal/mol, probably via a hydrogen-bonding inter-
action. Consequently, the P-S bond cleavage became a major
pathway for the Tris-NV-grafting PSN, which led to a typical
phosphotriester (22).

We also computed the cascade association-dissociation for
the derivative phosphotriester (22) based on the assumption of
a rapid disproportionation with another primary amine like
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Tris buffer (HSNHR + NH,R' — NH,R + HSNHR/, as
shown in SI Appendix, Fig. S6) (31-33). The AG,,” of the
base-assisted self-association with the terminal primary amine
was calculated to be 21.4 kcal/mol, while that of the conse-
quent P-O bond dissociation was 23.4 kcal/mol (SI Appendix,
Fig. §7). The cascade association-dissociation for the third
generation of phosphotriester was calculated to be 23.8 and
20.6 kcal/mol in AGaf, respectively. Therefore, the second-
generation phosphotriester (22) slowly decomposes to a
hydrolysis-inert phosphate diester under conditions typical for
DNA experiments (34). Because the three bridging P-O bonds
in the phosphotriester (22) are chemically equal in terms of cas-
cade hydrolysis, there are two chances to break down the three
P-O bridges into two DNA fragments.

In summary, our computational exploration of P-O bond disso-
ciation at the PT-modified site suggests the following: 1) straight-
forward hydrolysis for the original PSI (6) recovers the phosphate

6 of 9 https://doi.org/10.1073/pnas.2119032119

linkage and leads to the P-S/P-O conversion; 2) the amine-
derivative PSN (8) sclectively cleaves the bridging P-O bond,
which was favorable for the cleavage of iodine-induced PT-DNA,
but this step has a relatively high activation barrier for the forma-
tion of the pentaphosphorane intermediate; and 3) the Tris-/V-
grafting PSN (10) rapidly transforms to the next generation of
Tris-O-grafting phosphotriester (22), resulting in a two-thirds chance
for the dissociation of the bridging P-O bond. The overall diagram
for the iodine-induced PT-DNA dleavage is shown in Fig. 7.

Experimental Validation. We validated the speculative Tris
effects with modified conditions for iodine-induced treatments,
in which phosphate buffer was purposely replaced with Tris.
The plasmid agarose gel electrophoresis of PT-containing
plasmid was consistent with our earlier studies (S Appendix,
Figs. S8-S10, figure S2 in 7, and figure S3 in ref. 8). Two PT
dinucleotides (GpsG and GpsA, the most abundant PT-
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Fig. 8. lodine-induced cleavage in phosphate buffer (PB) and Tris-HCl
buffer (Tris). (A) Comparison of the products and their yields between the
GpsG and GpsA PT dinucleotides (intensity in height of MS signals). Red, 2.5
uM PT dinucleotide + 2.0 mM I, in 10.0 mM Tris (pH 9.0); blue, 2.5 pM PT
dinucleotide + 2.0 mM I, in 10.0 mM PB (pH 9.0); light orange, 2.5 uM PT
dinucleotide in 10.0 mM Tris (pH 9.0, control); light green, 2.5 uM PT dinu-
cleotide in 10.0 mM PB (pH 9.0, control). No A/pA/A-Tris-2Pi/Gp/G-Tris-Pi/G-
Tris-2Pi were observed in the Tris-assisted cleavage of GpsA. (B) The
extracted ion chromatograms of the iodine-induced products of GpsG and
GpsA in PB and Tris (red, the products of P-O cleavage; blue, the products
of P-S cleavage; CK, the control samples without adding iodine; the data-
sets used in B were noted in S/ Appendix, Figs. S11-S14). a.u., arbitrary unit.

modified sites in dnd gene-bioengineering S. lividans 1326 and
Escherichia coli B7A) were used as the PT model compounds for
iodine-induced reactions, and the iodine-induced product profiles
were measured using high-pressure liquid chromatography-mass
spectrometry (HPLC-MYS) (8).

As shown in Fig. 84, using the average mass spectrometry
(MS) intensities of non—iodine-phosphorothioate dinucleotide

PNAS 2022 Vol.119 No.17 2119032119

controls, the P-S/P-O conversion yields reached ~93% and
~62% for GpsG and GpsA in phosphate buffer, respectively,
while the yields decreased to ~25% and ~32% in Tris buffer
solution (see the raw HPLC-MS data, chromatograms in S/
Appendix, Figs. S11-S14, and detailed XCMS [various forms
(X) of chromatography mass spectrometry] analysis in S/
Appendix). The dramatic change of P-S/P-O conversion is in
good agreement with the calculated results that predict that
Tris is involved in the iodine-induced reactions of PT-DNA.
The yields of guanine nucleoside, the direct product of bridging
P-O cleavage, were ~71% and ~15% for GpsG and GpsA in
Tris solution, respectively, and ~24% for GpsG in phosphate
buffer, but nondetectable for GpgsA in phosphate buffer. A con-
siderable amount of guanine nucleotide (pG or Gp) was
observed in the case of GpsG iodine-induced cleavage in both
buffers. This result indicates that the P-O cleavage is highly
dependent on the chemical environment and DNA sequence
(see conformational analysis of GpsiG and GpgA in 87
Appendix, Fig. S15).

The evidence for Tris involvement in the P-O cleavage is
reflected by the MS signals of G-Tris-Pi ([M-H] ', mass-to-
charge ratio m/z 449.117)/(4+183.028, Tris-phosphate), G-Tris-
2Pi (IM-H] ™, m/z 529.073)/(+262.984, Tris-diphosphate), and
A-Tris-Pi(IM-H]~, m/z 433.121)/(+183.027, Tris-phosphate)
(see the plausible structures in S Appendix, Fig. S16). These m/z
shifts are in good agreement with the m/z values previously
reported in which Tris-phosphate (+183.1) and Tris-
diphosphate (+263.1) were measured by the matrix-assisted laser
desorption/Ionization time-of-flight (MALDI-TOF) MS (9). In
this work, Tris is characterized as a general base for the bridging
P-O cleavage, rather than an unwanted contaminant as described
in previous studies. More intriguingly, the formaton of the Tris-
diphosphate derivative implies that one molecule of Tris is
involved in two units of phosphorothioate cleavage, which may
provide insights into the degree of typical palindromic PT modi-
fications in the PT-DNA genome.

Discussion

Taken together, our results demonstrate that the strong halogen
bond between phosphorothioate and iodine conveys an excep-
tional chemoselectivity for iodine attack at the PT-modified
site. The I-I dissociation of the triiodide-like [(PS)-I-I]” XB
complex produces the reactive PSI species. Although hypoio-
dous acid can be formed via iodine hydrolysis under the experi-
mental condition, it cannot form a halogen bond with
phosphorothioate as strong as iodine does, and its contribution
to produce the reactive PSI species is negligible (S/ Appendix,
Fig. S17). Moreover, the iodine chemoselectivity for phosphor-
othioate and phosphate was calculated to be constant at 24.5
kcal/mol after adding polarization and diffuse functions into
the iodine LANL2DZ basis set; however, the XB energies
decrease by 8.1 and 1.9 kcal/mol, respectively (S Appendix,
Tables S1 and S2). In the presence of amines, i.e., DNA bases
and Tris, S-N coupling takes place via Ay and produces the
PSN species. The formation of the S-N bond significantly pro-
motes P-O bond breaking and suppresses the unwanted P-S
cleavage. If this were not the case, the hydrolytic P-S cleavage
of PSI would be overwhelming and no P-O cleavage would be
observed. The Tris effect reverses the noncyclic PSN preference
of P-S and P-O cleavage and leads to the formation of the
unstable phosphate triester due to the strain of the PSNCCO
six-membered ring in the transient pentacoordinate phosphor-
ane intermediate (see the PSNCCO definition in Fig. 7).
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We have discovered that Tris plays critical roles in PT-DNA
cleavage. The Tris adducts observed by HPLC-MS appear to
be precursors or by-products of terminal hydroxyl DNA frag-
ments, rather than the side products that have been described
in previous literature (figure 4 in ref. 9). Our results advocate
for the need for more reactive alcohol-amine catalysis. This
revelation is based on the observation that both the PT dinucle-
otide experiment and model calculation indicated that the
bridging P-O bond breaking in the iodine-induced PT-DNA
cleavage was dependent on neighboring DNA 3’ bases (e.g.
guanine C2-NH,) that might be accessible for the nascent PSI
species. Otherwise, the PSI species could hydrolyze to normal
phosphate diester as in Figs. 4 and 8 B (GpsA).

The less efficient P-O bond cleavage implied that the
PT-modified site was not fully broken with the iodine treat-
ment and that a considerable fraction of the P-S bonds is trans-
formed to the normal phosphate linkages. This suggests that
the bioinformatic analyses need to fully consider the unrealistic
assumption of highly efficient cleavage at the PT-modified site,
particularly for GpsA sites. On the other hand, the iodine-
induced P-S/P-O conversion (direct PSI hydrolysis) provides
an alternative two-electron antioxidative pathway accompanied
by multiple nucleophilic addition and eliminations, which is
complementary with the one-electron radical pathways pro-
posed in our previous work on anti-ROS function.

Iodine treatment can cleave bridging P-O bonds at the PT
site in the presence of nucleophiles like amines or convert the
PT modification to a normal phosphate linkage. These results
provide an insightful understanding that helps define PT-DNA
cleavage as a XB-guiding and amine-related process, which is
consistent with results observed in experiments. Our results
also suggest that it is desirable to develop more efficient auxil-
iary alcohol-amines or diamines to further decrease barriers at
the rate-determining step of pentacoordinate phosphorane
intermediates for iodine-induced deep sequencing of PT-
modified genomes.

Materials and Methods

Experiment. The Tris effect in the iodine-induced PT-DNA cleavage was vali-
dated by agarose gel electrophoresis. E. coli DH10B cells harboring pJTU1238,
which contained the dndB-E functional gene cluster from Salmonella enterica
and was reported to possess ~1,500 PT modifications per 10® nt (35), were
used for the validating experiment. The freshly extracted PT-DNA (OD,¢ = 0.5)
was treated with 3.0 mM I, (10% ethanol solution) in 50 mM (at pH 9.0) phos-
phate buffer with or without 0.1 mM Tris-HCI, and with or without a 5-min heat
shock at 65 °C (9). The reactant mixture was incubated for 15 min. Agarose gel
electrophoresis was performed on a 0.8% agarose gel in 1x MOPS electropho-
retic buffer (20 mM 3-(N-morpholino)propanesulfonic acid [MOPS], 5.0 mM
NaAc, and 1.0 mM ethylenediamine tetraacetic acid) at 65 V for 50 min. The
gels were stained with GelRed (Biotium) and visualized using the Alphalimager
HP gel imaging system.

For experimental validation, both the GpsG and GpsA linkages, which were
abundantly available in dnd-containing S. lividans 1326 and E. coli B7A (36),
were tested for iodine-induced cleavage. In detail, a mixture of 2.5 uM PT dinu-
cleotide and 2.0 mM I, was incubated for 15 min and then analyzed by HPLC-
MS on an Agilent HPLC 1290-MS 6230 ultra-performance liquid chromatogra-
phy (UPLC) time-of-flight mass spectrometry. A 10-uL volume of reaction sample
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was loaded on Agilent's C18 reversed phase column (150 x 4.6 mm, 3 pm),
and water and acetonitrile with 0.1% acetic acid were used as eluent A and elu-
ent B in HPLC, respectively. The flow rate was 0.4 mL/min with a gradient 1% to
13% buffer B for 6 min, 13% to 30% buffer B for another 14 min, and then 30%
to 99% buffer B for 2 min. MS was carried out with the 320 °C drying gas flow
of 8 L/min, nebulizer pressure of 35 psi, and capillary voltage of 3,500 V. (The
detailed materials are described in S/ Appendix.)

Computation. All stationary point structures were optimized with the empirical
dispersion-included ®B97X-D functional (37) in Gaussian 16 (38). The phosphor-
othioate diester model used in this work is consistent with that used in previous
work (39, 40). The prototype and methylamine models were fully optimized with
the basis sets of cc-pVTZ (41) for H, N, C, O, P, and S atoms and LanL2DZ for
iodine (42). In the hydrolytic steps, transition structures were optimized with the
6-314G(d) basis set (43) for H, N, C, O, P, and S atoms to allow for less intensive
computation in searching the lowest-energy pathways. All lowest-energy confor-
mations were first obtained with the conformer rotamer ensemble sampling
tool, using the semiempirical tight binding-based quantum chemistry method
GFN2-TB in the framework of metadynamics (44, 45). All calculations incorpo-
rate the SMD implicit solvation model for aqueous solutions (46). Vibrational fre-
quency analyses were performed at the same level of theory to ensure local
minima or first-order saddle points, and the free energies were calculated at 298
K. In addition, intrinsic reaction coordinate calculations (47) and relaxed poten-
tial surface scans were carried out to identify transition states and immediate
reactants and products. In the nucleophilic association-dissociation section, the
lowest-energy transition states and intermediates are discussed as representative
for each hydrolytic pathway.

The inter- and intramolecular interactions between iodine and phosphoro-
thioate/phosphodiester were interrogated by frontier molecular orbital analysis
(48), charge decomposition analysis (49), and independent gradient model anal-
ysis (50) in the Multiwfn 3.6 software package (51). The chemical iodine selectiv-
ity between the PT-modified site and normal phosphate linkages was simulated
by the COPASI 4.27, build 217, package (52), with the above QM-calculated
kinetic parameters at the experimental concentration. Isosurface maps were pro-
duced using the visual molecular dynamics 1.9.3 program (53) based on out-
puts from the Multiwfn calculations. Houk model representation was used in the
CYLview visualization of the calculated structures (54).

Data Availability. All study data are included in the article and/or Supporting
Information, such as the XYZ coordinates of calculated structures, agarose gel
image, and UPLC-MS chromatograms.
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