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Background:

Methylated nucleotides such as N-methyl adenine (N6mA) and 5-methyl cytosine (SmC) in DNA have been found
to profoundly relative to various genetical events such as transcription and embryogenesis without changing its
sequence. Nowadays, many types of modified nucleotides have been found from genomes of eukaryotes and
prokaryotes. Therefore, various methods for DNA sequencing have been developed to reveal where the modified
nucleotides are located in DNA sequence because their epigenetic behavior are important for understanding
biological events and genetic engineering.

our group have developed the N-methylated adenine (N6mA) selective DNA modification via C(sp3)—H activation
by photoredox catalyst (Figure 1). The reaction of the DNA oligomer containing NémA with photocatalyst
[Ru(phen)s]?*, quinuclidine and 3-nitropyridine derivative under photoirradiation conditions gave the N-hydroxy
formamidine structure bearing a pyridine ring to N6mA in the DNA oligomer. Therefore, the 3-nitropyridine baring
a functional group such as a terminal alkyne moiety can be used as a probe for the N6mA selective detection
through pull-down assay.
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Figure 1. Proposed reaction pathway for N-methyl selective functionalization of adenine (N6mA).




The plausible reaction pathway of N6mA selective functionalization was shown in Figure 1. This N6mA selective
DNA modification includes three redox cycle at least because the N6mA loses two hydrogen atoms and the
nitropyridine also loses one oxygen atom. The first redox process is a hydrogen atom transfer (HAT) between N6mA
and a quinuclidine radical cation generated by oxidation with photocatalyst. This process provides the a-amino
radical 1 and a nitropyridine radical anion. The second redox process is an oxygen abstract from the nitropyridine
radical anion by a quinuclidine radical cation. This process provides a nitrosopyridine and a quinuclidine N-oxide
which has been detected by LC-MS. And then, the coupling reaction between the a-amino radical | and the
nitrosopyridine gives the corresponding aminal Il bearing a N-oxide moiety. The third redox process is a HAT
between Il and quinuclidine radical cation to give the corresponding N-hydroxy formamidine V.
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Figure 2. Proposed reaction pathway for N-methyl selective functionalization of adenine (N6mA).
Part 1. DFT Calculation of reaction pathway of N-methyl adenine (N6mA) functionalization

At first, the hydrogen atom transfer (HAT) step between N6mA and quinuclidine radical cation was investigated
by the density functional theory (DFT) calculation (Figure 1-1). The activation energy barrier of this HAT was
reasonable to proceed at room temperature (AG* = +17.0 kcal/mol). And this HAT was slightly exothermic process
(AG = —3.2 kcal/mol). Furthermore, the calculated bond dissociation energy (BDE) of N6mA was lower than the
reported value of the protonated quinuclidine cation [BDEc-+: 93.4 kcal/mol (DFT); BDE-+): 100 kcal/mol
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Figure 1-1. Transition state (TS1) of hydrogen atom transfer (HAT) between N6mA and quinuclidine radical cation
at CAM-B3LYP-D3(BJ)/6-311++(2df,2p)/SMD(water)//CAM-B3LYP/6-31+(d,p) 298K level of theory.

Next, the radical coupling step between the a-amino radical I and 3-nitrosopyridine was calculated (Figure 1-2).
It has been known that the carbon radical and nitroso compound react at a nitrogen atom of the nitroso moiety to
form a new carbon—-nitrogen bond. In 2015, Alaniz and co-workers reported the copper(l)-catalyzed amination of
a-haloesters using nitroso compounds through the o-keto radicals (Figure 1-2a). To confirm the reaction mechanism
of this a-amination reaction, the DFT calculation of the transition state of the radical addition step (TS-N or TS-O)
was carried out. The transition state of C-N bond formation by a-keto radical I and nitrosobenzene (TS-N) was more
favorable than that of C—0 bond (TS-0) (TS-N: AG* = +6.0 kcal/mol; TS-O: AG* = +9.3 kcal/mol; AAG* = +3.3 kcal/mol).




This indicated that the N-adduct product was only obtained from this reaction system. Contrary, in the case of a-
amino radical, the activation energy of transition state (TS2-O) which is a reaction at an oxygen atom of the nitroso
moiety was more favorable compared to that of the transition state (TS2-N) which is a reaction at a nitrogen atoms
(Figure 1-2b, TS2-0: AG* = +5.0 kcal/mol; TS2-N: AG* = +7.4 kcal/mol; AAGF = +2.4 kcal/mol). Whereas, the
thermodynamic stability of the radical adducts indicated that the N-addition product HI-N was highly stabilized
compared to the O-addition product IlI-O in both cases. However, in the view of reaction reversibility, these radical

addition process should be controlled kinetically.

a. Reaction of nitroso-arene with a-keto radical b. Reaction of nitroso-arene with a-amino radical
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Figure 1-2. Transition state of radical coupling between carbon radical and nitroso compound. a. Coupling of a-keto
radical 1 and nitrosobenzene (TS) reported by Alaniz and co-workers. b. Coupling of a-amino radical Ii and 3-
nitrosopyridine (TS2). All calculation was conducted at CAM-B3LYP-D3(BJ)/6-311++(2df,2p)/SMD(water)//CAM-
B3LYP/6-31+(d,p) 298K level of theory.

To reveal the inversed reaction selective, the detailed analysis of the characters of a-amino radicals was
conducted (Figure 1-3). The Muliken charge and spin distribution of the transition state structures was calculated
to explain the radical species depended reaction selectivity. The a-keto radical should be an electrophilic radical
and a-amino radical should be a nucleophilic radical because the spin localized carbon of a-keto radical was positive
(TS-O: charge/spin: +0.67/-0.47; TS-N: charge/spin: +0.84/-0.55), in contrast, the spin localized carbon of a-amino
radical was negative (TS2-O: charge/spin: —0.36/+0.64; TS2-N: charge/spin: —0.54/+0.83). Therefore, the
nucleophilicity of a spin localized carbon would control the regioselectivity of radical addition to nitroso compounds.
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Figure 1-3. Detailed analysis of transition states of radical coupling between carbon radical and nitroso compound.

Although the computational study proposed the O-selective coupling of a-amino radical Il with 3-
nitrosopyridine, the detected coupling product V contained a C-N bond (Figure 2). Thus, it was expected that the
rearrangement pathway from C-O bond to C-N bond during the third redox process of I1I-O would exist. The DFT
calculation suggested that second HAT between II-O and quinuclidine radical cation (TS3-0) followed by formation
of an oxaziridine IV-O and a C-O bond cleavage would be a possible pathway to V from HlI-O (Figure 1-4). At first,
the activation energy barrier T$3-O [singlet] of the second HAT between II-O and quinuclidine radical cation was
higher than that of first HAT (TS1). However, the activation energy of TS3-0 [singlet] was reasonable to proceed at
room temperature (AG* = +21.3 kcal/mol). Furthermore, the intermediate 111-O showed non-radical character




because the singlet biradical structure would significantly be unstable compared to the closed shell structure 111-O.
Subsequently, the cyclization of the zwitterionic species Ill-O to give the oxaziridine IV-O via TS4-O also displayed
the reasonable activation energy barrier (AG* = +11.0 kcal/mol). Finally, the ring opening C-O bond cleavage
triggered by the deprotonatlon of the amine moiety of adenine would furnish the corresponding N-hydroxy
formamidine V through a low transition state TS5-O (AG* = +2.8 kcal/mol).
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Figure 1-4. Energetic analysis of proposed reaction pathway to V from I1l-O through C-N formation and C-O bond
cleavage at CAM-B3LYP-D3(BJ)/6-311++(2df,2p)/SMD(water)//CAM-B3LYP/6-31+(d,p) 298K level of theory.

Finally, a summary of energetic analysis of the N6mA functionalization by DFT calculation was shown in Figure
1-5. Basically, the functionalization was downhill-type pathway. The reaction pathway was branched at the radical
addition into C—N bond formation or C—O bond formation pathway. The DFT calculation study indicated the C-O
bond formation would prefer to the C—N bond formation in the radical coupling step (TS2). However, as mentioned
above, the reaction pathway from the C-O coupling intermediate 11-O to N-hydroxy formamidine V was highly
complicated. On the other hand, the reaction pathway via the C-N coupling intermediate II-N to V was simpler than
the pathway from llI-O. Furthermore, the calculated activation energy of the HAT between II-N and quinuclidine
radical cation was lower than that of the pathway via II-O (T$3-0: AG* = +21.3 kcal/mol; TS3-N: AG* =+14.0 kcal/mol).
Therefore, the other reaction pathways might potentially be hidden in the pathway from 1I-O because the other
possible pathways for any side products were not considered in this DFT calculation of the reaction pathway.
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Figure 1-5. Energetic analysis of proposed reaction pathway to V from llIl-O through C-N formation and C-O bond
cleavage at CAM-B3LYP-D3(BJ)/6-311++(2df,2p)/SMD(water)//CAM-B3 LYP/6-31+(d,p) 298K level of theory.




Part 2. DFT Calculation of reaction pathway of N-methyl adenine (N6mA) functionalization

In this part, the redox potential-depended reaction efficiency and selectivity of N-methyl selective modification
of DNA containing N6mA was investigated to improve the reaction efficiency and reveal the origin of reaction
selectivity. Reduction potentials of organic compounds are significantly important factors for development of
photoredox reactions. Although the redox potentials of photoredox catalysts have been reported, the redox

potentials of many organic molecules have not experimentally been measured.

In this work, at first, the reduction step of nitroarene compounds by [Ru(ll)] was focused on, because the
nitroarene is a key compound for this modification system (Figure 2-1). Therefore, it was hypothesized that the
nitropyridine showing higher redox potential should enhance the reactivity of this photoredox catalyst process.
Although the redox potentials of [Ru(phen)s]** complex [Ei> (M?/M*) = -0.87 V, Eiz2 (M*/M) = +1.26 V], the
potentials of almost all nitroarenes have been unreported. Therefore, the prediction of redox potential of nitro-
pyridine derivatives using density functional theory (DFT) calculation was carried out. The computational estimation
of redox potential would allow to obtain the corresponding redox potential readily. Furthermore, the design of new

nitroarene exhibiting higher reactivity based on the predicted redox potential was also anticipated.
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Figure 2-1. Proposed redox cycle of [Ru(phen)s]?* with quinuclidine and 3-nitropyridine and redox potentials.
The calculated redox potential (Ef'/czalc) can be obtained from equation (1) where AGf'/CZ‘”C is difference of
‘standard Gibbs energy of formation between the oxidation state and reduction state, n, isa number of electron

involving redox process and F is Faraday constant. The standard Gibbs energy AGf’fzalC can be obtained from the

corresponding DFT calculation. In the case of the calculation of redox potential against standard hydrogen electrode
(SHE), the value has to be corrected by Ef}SZHE = 4.281 V. Furthermore, in the case of the potential against

standard calomel electrode, the value has to be corrected by Ef'/iw

Bl = B s —Ey €y
nF
EyyF = 4281V
EYpy® = Epiy® +0.141V

Next, the screening of DFT calculation method was conducted to find a high accurate method for the redox
potential prediction by the comparison between the reported values and calculated values (Table 2-1). The
reductions of 4-nitro-pyridine and quinuclidine were employed as reference because these experimental redox
potentials have been reported. According to other papers regarding to DFT calculation of organic radical species,
CAM-B3LYP method often gives high accurate results. In our case, this CAM-B3LYP also showed higher accuracy
than the other method M06-2X and B3LYP. Whereas, the basis set of calculation was also important for accuracy.
The use of def2-SVP was not better than 6-31+G(d,p) for the calculation of 4-nitro-pyridine. That the accurate
calculation of anion state often requires a diffuse function in the basis set, but def2-SVP does not include a diffuse
function. The lack of a diffuse function in the basis set would be reason why the def2-SVP showed low accuracy.
The accuracy between the corresponding double zeta and triple zeta basis set was almost same. Therefore, in this

study, the double zeta basis set 6-31+G(d,p) was used because of the calculation cost.




Table 1. Screening of calculation method for high accuracy
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radical anion radical cation

4-nitro-pyridine (in water) Quinuclidine (in MeCN)
calculation method E(V) error (V) E(V) error (V)
experimental -0.191 - +1.10 -

MO06-2X/6-31+G(d,p)/SMD -0.309 -0.118 N.A. N.A.

B3LYP/6-31+G(d,p)/SMD -0.288 -0.097 +0.688 -0.412
CAM-B3LYP/6-31+G(d,p)/SMD -0.198 -0.007 +0.770 -0.33
CAM-B3LYP/6-311+G(d,p)/SMD -0.135 0.056 +0.836 -0.26
CAM-B3LYP/def2-SVP/SMD -0.762 -0.571 +0.732 -0.37

The highly accurate calculation method in hand, the exhaustive screening of redox potentials of more than 40
nitroarenes was carried out (Figure 2-2). This computational screening targeted not only nitropyridine derivatives
but also other nitroarenes. However, the screening results indicated that nitropyridines basically shows higher
redox potential than those of nitroarenes such as nitrobenzene and nitroindoles. The position of a nitro group on
the pyridine ring had an impact on the redox potential. 4-nitropyridines showed higher redox potentials than 2- or
3-nitropyridines. Furthermore, the substituents on the pyridine ring exerted an influence on the redox potentials.
The redox potential of a 3-nitropyridine derivative bearing a week electron-donating amide moiety on 5 position
(3-nitro-5-N-Ac pyridine) was similar to that of 3-nitropyrisine (-0.33 V). Whereas, a 3-nitropyridine derivative
bearing an electron-withdrawing group on 6-position (3-nitro-6-CONHMe-pyridine) showed higher redox potential
than those of the other 3-nitropyridine derivatives (—0.22 V). Furthermore, 4-nitropyridine derivatives basically
showed high redox potential (> —0.20 V). In particular, the 4-nitropyridine derivatives bearing an electron-
withdrawing group displayed significantly higher redox potential (> —0.13 V). Therefore, it was expected that these
4-nitropydirine would improve the reactivity for the N6mA selective DNA modification.

) o) O.- .U’
Calculated redox potential q ) H P N - \
for over 40 NO; arenes N @:} @ ) R A

N

MD{water), H 177
" 3-NOz-pyrole 7-NOz-indole 3-NOz-pyridine  4-NOz-pyridine [ 0 ~
Eyz=—0.69V Eyp=-049V Ey=-033V Eyp=-0.20V
-1.0 i 1 -051 i 3 0.0
[ 2vass — Ny
1 k 4 5 potential [V]
{Ru(phen)s]?+ 4-NOzpyrazole ~ NO-benzene 2-NO-pyridine quinuclidine (radical cation)
Eyz (M+/M') =-0.87 V Ep= -0;\89 v Ey;=-044V E,;;=-032V Ep=+1.10V
i - T X
e Vo Lo
N - [ > % .x' =
H (o]
= Selected examples for 3-NOz-pyridine derivatives = Selected examples for 4-NOz-pyridine derivatives
; ) 0.+.0 0.6

- Me. O e 0.4.0 d N

| B2 T// 'ii.’, a3 ’.:'r‘f l ‘/S .1\
///\‘/\ ) H"' ; \~VJ " o o t’»«[j ¢ =5 0 “E > (.l
CJ [ T $ ¥ A
Me ™ H - Me~ N H
3-NO;-pyridine 3-NOz-5-N-Ac-Pyridine 3-NQ2-6-CONHMe-Pyridine ' 4-NO:-pyndine 4-NO:-6-CONHMe-Pyridine 4-NO,-6-CN-pyridine
E,=-0.33V Eyz=-033V . Ez=-021V ' Eyp=-020V Ey; =-0.13V E,» =~0.04 V (highest)

Figure 2-2. Redoxpotential index of nitroarene derivatives by DFT calculation at CAM-B3LYP/6-31+G(d,p)/SMD
(water) at 298 K level of theory.

The 4-nitropyridine derivatives showing high redox potential were tested to the reactions of the DNA oligomer
including a N6mA (Figure 2-3). The modification using 4-nitropyridine bearing an amide moiety at 6-position 4-NO,-
6-CONHMe-pyridine resulted in high conversion. However, the only corresponding demethylated DNA oligomer
was obtained. Furthermore, the 4-nitropyridine bearing a nitrile group at 6-position 4-NO,-6-CN-pyridine showed
moderate conversion because the nitrile group would be reactive under photoirradiation conditions. Therefore,
highly oxidative nitro compounds toward the photocatalyst would enhance the reactivity. However, the reaction




selectivity between the N-methyl selective functionalization and the demethylation was inversed.

7

Houn P
H
‘N -Me N J H H
NN A A
¢ 7 =N {Ru(phen)s]CIz (2 mM) N ,U SN 25 N
N \N/) probe P(100 mM) . N/,-J % S~
| 5 > |
quinuclidine (2.0 M) 7 + - -
H20/MeCN (19:1), CFL 60 W, 6.5 min < N - a N N
5-CTTGACAG6MACTAG-3' maodified DNA demethylation
0,r.0 o g
Me (e} = a] .
e 2, 4 ﬁ o
N5 3_N. - ~ 6
. Xy o] \/L - 6
HTY] 0 ¥ A
P> ) 7
Me” H
3-NOz-5-N-Ac-Pyridine 4-NO;-6-CONHMe-Pyridine 4-NO2-6-CN-pyridine
E»=-0.33V Ep=-0.13V E;»=-0.04 V (highest)
low conversion and yield >80% conv. ca. 40% conv.
only demethylation product only demethylation product
detected detected

Figure 2-3. Experimental evaluation of 4-nitropyridine derivatives bearing an electron-withdrawing group.

The detail of the reaction between the a-amino radical species ([6-CH,-A]le) and nitrosopyridines was
investigated to discuss the reaction selectivity depending on nitropyridine (Figure 2-4). It was speculated that the
single electron transfer (SET) between N6mA radical and 3-nitrosopyridine would be the key of the reaction
selectivity because iminium cation should be unstable under basic aqueous conditions (Figure 2-4a). In the case of
3-nitro-pyridine, the calculated redox potentials of the N6mA iminium cation and 3-nitrosopyridine were almost
same (6-CHa-A: E1/,=—0.23 V, 3-nitrosopyridine: E1/»=—0.22 V). Furthermore, the thermodynamic stability of N6mA
radical species and 3-nitrosopyridine indicated that this SET should be an endothermic process. (AAG = +1.3
kcal/mol). Contrary, in the case of the 4-nitrosopyridine bearing an amide moiety, the redox potential was
sufficiently higher than those of N6mA iminium cation (Ey/2 = +0.05 V). Moreover, the DFT study suggested that the
SET between the a-amino radical and 4-nitroso derivative should be an exothermic process. Therefore, the redox
potential of nitroso compounds would be important for the reaction selectivity for the N6mA selective DNA
modification with a nitropyridine probe by photoredox catalyst as well as the redox potential of nitro compounds.
The redox potential index of nitro- and nitrosopyridine suggested that the 4-nitropydine bearing an amide moiety
can also oxidize the a-amino radical to the iminium cation due to its high redox potential (E1/> = —0.13) (Figure 2-
4b).




a. SET between a-amino radical and nitrosopyridines
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Figure 2-4. a. Energetic analysis of SET between a-amino radical and nitroso compounds at Redox potentials of
nitro-pyridine derivatives and Adenine at CAM-B3LYP-D3(BJ)/6-311++(2df,2p)/SMD(water)//CAM-B3LYP/6-
31+(d,p) 298K level of theory. b. redox potential: CAM-B3LYP/6-31+G(d,p)/SMD (water) at 298 K level of theory;

The mechanistic study using DFT calculation indicated the high redox potential of nitroso compounds would
accelerate the SET as a side reaction to demethylation. And then, the exhaustive screening of redox potentials of
nitroso compounds was conducted. In this screening, the nitroso compounds which show redox potential higher
than —0.33 V in the corresponding nitro compound from were targeted. The screening result was plotted in Figure
2-5. The plot displayed that the redox potentials of nitrosopyridines relatively higher than those of other
nitroarenes (yellow dots). The 4-nitro or nitrosopyrimidine derivatives also showed high redox potentials (green
dots) derilnterestingly, the redox potentials of nitroso-furans or thiophenes were relatively low (blue and gray dots).
Furthermore, the screening data was filtered by the redox potentials of nitro- and nitrosoarenes less than -0.23 V
(vellow area). Then, the following four nitroarenes satisfying the requirement were found: 1) 3-nitro-6-NAc-pyridine
(NO2: E1j2 =—0.33; NO: E1/2 =—0.31), 2) 2-MeO-5-nitropyrimidine (NO3: E1/» =—0.33; NO: E1/, =—0.26), 3) 2- nitrofuran
(NO2: Ey, = —=0.31; NO: Eij2 = —0.31), 4) 2-nitrothiophene (NO:: Eij2 = —0.32; NO: Ei» = —0.29). These nitro- or
nitrosoarenes were predicted as higher reactive and selective probes for the N6mA selective DNA modification.
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Figure 2-5. Plot of redox potentlals of nitro- and nitrosoarenes: CAM-B3LYP/6-31+G(d, p)/SMD (water) at 298 K level
of theory. N = NO or NO.

Next, the nitroarenes predicted by the computational study were tested to the N6mA selective DNA
modification (Figure 2-6). The reaction using 3-nitro-6-NAc-pyridine showed low conversion due to the insolubility
into the water and acetonitrile (19:1) solution. The use of 2-MeO-5-nitropyrimidine resulted in no reaction.
Furthermore, the reaction using 2-nitrofuran also showed no reaction. But the reaction color was turned to black
after reaction. This result would be caused by side reactions of 2-nitrofuran under photo irradiation conditions.
Finally, the corresponding MS signal of the modification product was detected when the DNA modification with 2-
nitrothiophene was conducted. Unfortunately, the MS signal was same to the quinuclidine adduct product.
However, at least, the same three MS signals were detected in the LC-MS analysis. Therefore, it is anticipated that
the 2-nitrothiophene is a first reactive nitroarene probe except for the nitropyridines.

H r}\‘ Me N H T -H
N AN X
B N [Ru(phen)sIClz (2 mM) <,N \]l SN i
T N7 probe P(100 mM) T - N{) \’?‘ N/)
7 . quinuclidine (2.0 M) oA : dA
H20/MeCN (19:1), CFL60 W, 6.5 min £ v =
5-CTTGACAGEMACTAG-3' modified DNA demethylation

0 o 3|\. Q : :\||/§ N O v‘
,0'.‘ Me . /2_},Me o \U o U
H
4-NO,-6-CONHMe-Pyridine 3-NO2-6-NAc-Pyridine 5-NO;-2-OMe-Pyrimidine 2-NOz-Furan 2-NOz-Thiophene
>80% conv. low conv. (insoluble) no reaction no reaction (ca. 80% purity)
only demethylation product only demethylation product (reaction colour was a trace amount of
detected detected turned to black) modified product??

Figure 2-6. Experimental evaluation of predicted probes by DFT calculation for N6mA selective DNA modification.

As a summary, a workflow of computational screening for nitroarenes is shown in Figure 2-7. A first step is an

exhaustive screening of more than 40 nitroarenes (Step 1). These nitroarenes should be commercially available or
synthesized within one step from the corresponding commercially available chemicals. The nitroarenes were then
filtered by whether their redox potentials are higher than that of 3-nitropyridine (—0.33 V) or not. After the first

filtering of nitroarenes, the 22 nitroarenes showing higher redox potentials than 3-nitropyridine were found. A




second step is a redox potential calculation of the corresponding the nitrosoarene forms of the 22 nitroarenes. The
nitrosoarenes were then filtered by whether their redox potentials are lower than that of the a-amino radical (—
0.23V) or not. Finally, the workflow proposed four nitro compounds and one of the four would show the reactivity
for the DNA modification. Therefore, it is anticipated that the expansion of nitroarene library for the screening or

the addition of other filter requirement for the output should be improve the accuracy.
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Flgure 2-7. Workflow for computational screening of nitroarenes in N6mA selective DNA modlflcatlon
Part 3. Investigation of derivatization pathway of N-hydroxy formamidine

The N6mA selective DNA modification with nitropyridine and photoredox catalyst gave the product bearing a N-
hydroxy formamidine moiety. Therefore, the nitropyridine bearing transformative moiety works as a probe for pull-
down assay of the modified DNA. The analysis methods such as pull-down assay sometimes requires high stability
of target molecules. However, the corresponding modified product was slightly unstable. The corresponding
decomposed species (N-formylated adenine N6fA) via hydrolysis was detected.
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Figure 3-1. Derivatization of modified adenine bearing a N-hydroxy formamidine structure and degradation via
hydrolysis.

The hydrolysis pathway of the N-hydroxy formamidine I was calculated to investigate the reaction selectivity
between N6fA and adenine A (demethylation product) (Figure 3-2). This calculation was carried out under anionic
conditions because the reaction was conducted under high concentration of quinuclidine. The addition of OH™
should proceed with reasonable energy barrier (TS1: AG* = +10.4 kcal/mol). And, the stability of the product Il
indicated this reaction should be reversible. Subsequently, the elimination steps generating the 6-formyl adenine
or adenine were calculated. The calculation suggested that the elimination of hydroxyamine (TS2: AGF = +1.8
kcal/mol) was significantly faster than the elimination of adenine (TS3: AG* = +8.4 kcal/mol). Whereas, the stability
of the products between a pair of 6-formyl-adenine N6fA and 3-hydroxyamine-pyridine V and a pair of adenine A
and N-formyl-3-hydroxyamine-pyridine VI was inversed. The pair of VI (=12.7 kcal/mol) was thermodynamically
more stable than that of V (-10.6 kcal/mol). Furthermore, although the reverse reaction from V to lll was lower
energetic barrier (+10.2 kcal/mol) compared to that from VI to IV (+18.4 kcal/mol). Therefore, the nucleophilic




addition of a hydroxy anion (TS1) is a rate-limiting step for the hydrolysis of I. The reaction selectivity would
kinetically be controlled at first stage. Whereas, the product would finally be converged to the demethylated
adenine VI by thermodynamic control because the reverse reaction from V would be possible.
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Figure 3-2. Energetic analysis of hydrolysis pathway of N-hydroxy formamidine 1 at B3LYP-D3(BJ)/6-
311++(2df,2p)/SMD(water)//BSLYP-D3(BJ)/6-31+(d,p)/SMD(water) 298K level of theory.

The various nucleophiles instead of hydroxy anion (OH") for the derivatization of the N-hydroxy formamidine |
were investigated (Figure 3-3). The thermodynamic stability between the adenine bearing a nucleophile V (desired)
and the demethylate adenine VI (undesired) was calculated respectively. The all cases displayed that the pair
including adenine VI was more stable than that of adenine bearing the nucleophile V. Thus, if the derivatization of
N-hydroxy formamidine using nucleophile would be reversible, the functionalized N6mA would be converted to the
the demethylated adenine gradually. Whereas, the difference of the thermodynamic stability between V and VI
was expected relatively small in the DFT calculation when the acyl hydrazine derivative was employed (AAG = +0.5
kcal/mol). Therefore, it would be anticipated that a partial amount of V would remain, even if the derivatization of
the N-hydroxy formamidine by the nucleophile would be reversible. Furthermore, in the case of barbituric acid, the
calculated thermodynamic stability of both V and VI compared to that of the N-hydroxy formamidine I was high (V:
AG =—16.5 kcal/mol; VI: AG =—19.2 kcal/mol). This indicated that the reaction of the N-hydroxy formamidine I using
barbituric acid would be irreversible. Consequently, it was expected that the reaction selectivity would kinetically
be controlled by the activation energy barriers of TS2 and TS3.
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Figure 3-3. Comparison of thermodynamic stability between N-hydroxy formamidine I, N-functionalized adenine V

and demethylated adenine VL.

The further computational study was conducted for mechanistic investigation of the reaction between the N- -
hydroxy formamidine 1 and barbituric acid (Figure 3-4). These calculation results indicated that the activation energy
values of TS2 for the N-functionalized product V was sufficiently lower than that of TS3 for the demethylated
product VI (AAGE = +3.0 kcal/mol). to proceed decomposition of the product (V and VI). Furthermore, the activation
energy barriers of the corresponding reversible reactions from V or VI was high. Therefore, the computation
analysis of the nucleophilic substitution of the N-hydroxy formamidine | by barbituric acid suggested that the
selectivity of reaction would be controlled kinetically. Furthermore, acyl hydrazine or barbituric acid would be good

nucleophiles for exchanging the functional group on the N-methyl moiety of N6mA to stabilize the N-functionalized

adenine.
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Figure 3-4. Energetic analysis of reaction of N-hydroxy formamidine using barbituric acid.
Part 4. Expansion of scope of N-methyl selective DNA modification using photoredox catalyst

5-Methylated cytosine (5mdC) is known as a major modified nucleotide in DNA. Furthermore, 4-
methylated cytosine (N4mdC) has also been found from the DNA of thermophilic or mesophilic bacteria.
Although bisulfite sequencing method converts cytosine, but not 5mdC, to uracil (dU), this method
cannot distinguish 5mdC and 4mdC. Recently, sequencing method (4mC-TAB-seq) for DNA including
N4mdC and 5mdC combined 5mC selective modification by Tet (ten-eleven translocation) protein and
bisulfite sequencing was reported. Whereas, bisulfite sequencing section of NAmC-TAB-seq not only
converts dC and modified 5mCd to thymine (dT), but also converts 4mdC to.T unselectively. Therefore, it
is anticipated that the 4mdC selective DNA modification would have an impact on the efficiency of the

DNA sequencing.
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Figure 4-1. Research concepts of N4mC selective DNA maodification.

At first, the NAmC selective modification of DNA oligomer contained a N4mC by photocatalyst was
conducted (Figure 4-2). In contrast to our expectation, no reaction was occurred under the optimized
conditions for the modification of N6mA. Therefore, it suggested that the characters of N-methylated




nucleotides would be different respectively.
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Figure 4-2. Initial research for N4mC selective DNA modification by photoredox catalyst.

To find the differences between N6mA and N4mC, the charge distribution and spin distribution of a-
amino radical intermediates (6mA and 4mC) were estimated (Figure 4-3). The charge distribution at the
a-carbon bearing an unpaired electron indicated that these intermediates were nucleophilic radical
species (6mA: —0.46; 4mC: —0.46). Furthermore, the spin distribution values displayed that spin of the
unpaired electron was localized at the a-carbon. Next, the single occupied molecular orbitals of these
radical species suggested that the radical character would be similar to each other because the nitrogen
atoms in five membered ring of adenine and the carbonyl moiety of cytosine were not included into their
SOMO. However, the SOMO levels of these intermediates indicated that the a-amino radical of adenine
would be more nucleophilic than that of cytosine [SOMO(6mA): =5.90 eV; SOMO(4mC): —6.03 eV].
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Figure 4-3. Comparison of a-amino radicals of N6mA and N4AmC.

Next, the HAT between N4mC and quinuclidine radical cation was calculated to compare with that of
N6mA (Figure 4-4). The activation energy of HAT of N4mC was slightly higher than that of N6mA (AAG* =
+1.9 kcal/mol). Furthermore, the BDE of N4mC was also slightly higher than that of N6mA. These
indicated that the no reaction in the DNA modification of NAmC would be caused by the slightly strong
C—H bond of N-methyl in NAmC Therefore, the long reaction time might be improve the reactivity.
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Figure 4-3. Computational analysis of HAT process and BDE of N6mA and N4mC.

Summary:
In summary, the computational study of the reaction pathway for the N-hydroxy formamidine

suggested another possible reaction pathway via C-O bond formation between the a-amino radical and
nitropyridine. Furthermore, the computational analysis suggested redox potentials of nitro- and
nitrosopyridines would involve the reactivity and reaction selectivity. And the acyl hydrazines or
barbituric acid would stabilize the N-functionalized adenine for further analysis of the modified DNA.




