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Aryl ketones as photolabile protecting group (PPG) to modify purine imines is a novel nucleic acid protec-
tion strategy. Especially, photoprotection of N7-guanosine is the first reported photoprotected nucleoside
that can affect the Hoogsteen recognition site of guanosine. However, the mechanism, which is pivotal
to high efficiency of photorelease and applications of PPGs in biological and medical systems, is unclear.
Here, a detailed deprotection mechanism of benzophenone protected guanosine (BP-Guo) at N7 position
is reported. Upon irradiation, BP-Guo populates to singlet state, which generates 3[BP]-Guo via intersys-
tem crossing process. Thereafter, triplet energy transfer competes with hydrogen atom transfer forming
BP-3[Guo] and ketyl-Guo, respectively. Both species break C-N bond to release guanosine. These results
provide deeper insights into exploiting improved strategies for photo-protecting nucleic acids. In partic-
ular, the TTET pathway could trigger well-known cyclization reactions that brings about DNA mutagenic
adducts. The latter should be avoided in developing improved strategies for photoprotecting nucleic acids.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Establishing the precise conditional control of biological func-
tion comparable to that of the natural system is an important
tool for elucidating the mechanisms of cellular processes [1,2]. One
of the most excellent strategies is photoregulation by introduc-
ing photolabile protecting group (PPG) to small molecules, pro-
teins, and nucleic acids [3-9]. After light irradiation at a suitable
wavelength, the protecting group is irreversibly cleaved whereby
the masked native functionality and biological activity of the
protected compound can be restored. Among the photoprotected
biomolecules, nucleic acids with PPGs that can modify at nucle-
obases, phosphate moieties, or sugar, open a particularly active
field and are extensively applied to light-regulation of gene expres-
sion, photomodulation of protein function, and synthesis of DNA or
RNA by polymerases [10-14].

Various PPGs toward protecting nucleic acids have been ex-
ploited that were mostly pioneered on the class of o-nitrobenzyl
and coumarin. For example, two-photon PPG nitrodibenzofu-
ran (NDBF) was discovered, via a Norrish type II photopro-
tecteion mechanism, enabling deeper tissue penetration and effi-
cient deprotection because of their higher extinction coefficient at
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deprotecting wavelength. Deiters applied NDBF in successful pro-
tecting of thymidine phosphoramidite at N3 [15]. And Heckel
developed NDBF-caged deoxycytidine and deoxyadenosine that
can be incorporated into an oligonucleotide [16]. Hocek reported
nitropiperonyl-caged 5-(hydroxymethyl)uracil derivative that is a
good substrate for DNA polymerases and is efficiently deprotected
under blue light [17]. In addition, diethylaminocoumarin (DEACM)
derivatives as PPGs exhibit superior photochemical properties with
high deprotecting efficiency at wavelengths over 400 nm. Utiliza-
tion of DEACM to protect deoxyguanosine in oligonucleotides [18],
deoxythymidine in DNA duplex [19], and 5 untranslated region
of an mRNA [20,21] have been reported. And to prevent occur-
rence of undesired recombination reactions, an optimized strategy
to the design of DEACM-caged thymidine was proposed using a
self-immolative spacer to separate the DEACM and thymidine [22].
Furthermore, the other distinct PPG on protecting specific nucleic
acids [23], is a thiochromone S,S-dioxide group installed on anti-
sense oligonucleotides at 04 of thymidine.

Unlike the typical protecting strategies of nucleobases, in which
PPG replaces a hydrogen atom with modifications and does not
change the charge distribution of the molecule, Rentmeister de-
veloped a novel strategy to protect nucleic acids by introducing
a positive charge on nucleobase [24]. Specifically, taking aryl ke-
tone derivatives as PPGs attached to guanosine N7 position or

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Guo, H. Bian, L. Yu et al.

»
@ S o o
®N it /N
«N]iuj\ HNH2 :GL» <NJ\)NK/)N\HNHQ+
:O:

HO (0]
O

OH OH OH OH
BP-Guo Guo

Scheme 1. Photorelease reaction of Guo from BP-Guo.

adenosine N1 position. And this strategy is extended to more com-
plex biomolecules dinucleotide and RNA, achieving to spatiotem-
porally control biologically relevant functions. Benzophenone pro-
tected guanosine at N7 position (denoted as BP-Guo) was se-
lected as the representative system to study the photodeprotect
mechanism (Scheme 1). Irradiation of BP-Guo in a buffer solu-
tion containing EDTA and glycerol (GI) releases guanosine and 4-
methylbenzophenone. And a possible photorelease reaction mech-
anism on benzophenone protected guanosine at N7 position was
proposed that the photorelease was triggered by the hydrogen
atom transfer between triplet state of BP chromophore and the sol-
vent (Scheme S1 in Supporting information) [24].

However, regarding the photorelease mechanism of BP-Guo, cer-
tain pivotal issues are still left to be addressed. The information of
key transient intermediates generated during photorelease of BP-
Guo, especially the spectroscopic and kinetic characterizations for
intermediates on the ultrafast time scale are absent. As well, as
a classical photosensitizer BP can cause damage to nucleic acids
or DNA through a variety of processes including triplet energy
transfer (TTET), hydrogen atom transfer (HAT), or electron transfer
[25,26]. It is noted that TTET plays an essential role in photophys-
ical photochemical reaction [27-31]. Will BP-Guo occur these reac-
tions between the two chromophores and further compete with
HAT reaction between BP-Guo and solvent molecules to trigger
photorelease? Furthermore, no theoretical investigation is done on
study of photoreaction paths of BP-Guo by now. Here BP-Guo was
selected as an example for aryl ketone protected nucleic acids, and
femtosecond transient absorption (fs-TA), nanosecond transient ab-
sorption (ns-TA), and nanosecond transient resonance Raman (ns-
TR?) spectroscopy coupling with density functional theory (DFT)
were employed to thoroughly investigate the photorelease mech-
anism.

The photorelease of BP-Guo in Gl-acetonitrile (ACN)-H,O0 was
monitored by UV-vis spectra under 266 nm irradiation (Fig. S1a
in Supporting information). As irradiation time increases, the ab-
sorption bands of BP-Guo decreased and subsequently shifted to
252 and 270nm, where the later agrees with the characteristic
bands of Guo (Fig. S1b in Supporting information). The TD-DFT
calculation on BP-Guo as shown in Table S1 (Supporting informa-
tion). The Sy — S; transition is predominantly contributed by the
HOMO-5— LUMO nr* excitation. It is noted that the most of
the charge is localized on the BP moiety with a locally excited
character. And the C=0 bond of the carbonyl group exhibits an
elongation from 1.22A to 1.29A upon excitation of ground state
of BP-Guo to its S; state. BP is known to have a high ISC quan-
tum yield after photoexciting to its S; (nz*) state [32,33]. fs-TA
experiments were performed for BP-Guo in GI-ACN-H,0 (3:4:16,
v:v:v). Upon irradiation, the fs-TA spectra displayed absorption fea-
tures that essentially coincided with the typical signals of BP chro-
mophore (Figs. 1a-c) [34], where the singlet state of BP moiety at
340 and 580 nm converted via an intersystem crossing (ISC) to the
triple state (labeled as 3[BP]-Guo) at 330 and 535nm. Thereafter,
the 330nm band decreased and red-shifted to 335 nm, as well as
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Fig. 1. (a-d) fs-TA spectra of BP-Guo at various delay times after photoexcitation at
266 nm in GI-ACN-H,0 (3:4:16, v:v:v).
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Fig. 2. ns-TA spectra of BP-Guo at various delay times after photoexcitation at
266 nm in GI-ACN-H,0 (3:4:16, v:v:v) under (a) air and (b) oxygen-saturated con-
ditions. The peak marked with asterisk (*) represents frequency-doubled signal.

the band at 535 nm attenuated, a signal with a shoulder band at
375 and 450 nm appeared.

Fig. 2 shows the ns-TA spectra of BP-Guo in GI-ACN-H,0
(3:4:16, v:v:v). The ns-TA spectra recorded under the open air con-
dition are resemble with the fs-TA spectra recorded in later delay
time, where predominate bands at 375 and 450 nm, and a sharp
band at 335nm and a broad signal at 545nm were detected. The
relative absorbance of 335 and 375 nm changes with the time de-
lay increase, indicating that the signals were contributed by the
overlapping signals from different intermediates.

By comparison with the reported transient absorption data on
BP [35], the intermediate at 335 and 545 nm was assigned to ketyl
radical that formed from HAT between BP moiety and C-H bond of
glycerol (denoted as ketyl-Guo). In the late delay time, the signals
of ketyl-Guo are more intense than the species at 375 and 450 nm.
Therefore, the characteristic spectrum of ketyl-Guo could be de-
duced by subtracting the Ons spectrum from the 0.6 ps spectrum
using a proper scale factor with the band at 375nm as the refer-
ence. The obtained spectrum reasonably agrees with the calculated
UV-vis spectrum of ketyl-Guo (Fig. S2 in Supporting information).
In an oxygen-purged solution, the signal of ketyl-Guo was reduced
evidently (Fig. 2b), which is consistent with previous reports that
organic radicals can be quenched by oxygen via addition reactions
[36-38]. This result further supports the above analysis on the at-
tribution of ketyl-Guo.

The decay time constants at 375 and 450nm were 2.1 and
2.3 ps, respectively, and decrease to 468 and 434ns in the pres-
ence of oxygen (Fig. 2b and Fig. S3 in Supporting information).
Both absorption bands have close decay time constants and could
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Fig. 3. (Left) Comparison of ns-TA spectra at 32.3ps and Ons with computed
UV—vis spectra of 3[BP]-Guo and BP-3[Guo], respectively. The calculations were per-
formed on level of TD-M062X/6-311G** (H,0) with a scale factor of 1.12 and a
half-width of 2000 cm~!. (Right) The spin densities (isovalue: 0.02) calculated for
the triplet states localized on the BP group (3[BP]-Guo) and Guo chromophore (BP-
3[Guo]).

be quenched by oxygen, suggesting that they probably arise from
one triplet species. According to previous studies, photosensitized
TTET occurs from BP to nucleobases [25]. Herein, the intramolec-
ular TTET between triple BP and Guo chromophore is tentatively
proposed, and thus the intermediate at 375 and 450 nm was as-
cribed to the triplet state of Guo (noted BP-3[Guo] hereafter). This
assignment is consistent with a related work, where triplet ace-
tone occurs TTET to give rise the triplet of guanosine monophos-
phates with a similar maximum absorption feature at 380 nm [39].
Furthermore, DFT and TD-DFT calculations (UM062X/6-311G**) are
conducted. The simulated UV-vis spectrum of 3[BP]-Guo and BP-
3[Guo] resembled well with the experiment spectra at 32.3ps
and Ons, respectively (Fig. 3), further validating the assignments
for TA data. Calculation results clearly demonstrate that the spin
density localized at benzophenone for 3[BP]-Guo, while localized
on guanosine for BP-3[Guo] (Fig. 3). The energy for 3[BP]-Guo is
3.0kcal/mol higher than BP-3[Guo], showing that the TTET from
3[BP]-Guo to BP-3[Guo] is energetically feasible.

Both experimental spectral data and energy calculations indi-
cate that the BP-Guo undergoes an intramolecular TTET process
from the BP moiety to the Guo moiety. This conclusion comes
as a bit of a surprise to us, as it is somewhat inconsistent with
the results reported in the literature. TTET between triplet state of
BP and guanine derivatives is a disfavored process because triplet
state of BP is not energetic enough to populate guanine [25,40,41].
In our work, it is still observed, which could be explained by the
fact that Guo moiety of BP-Guo exists as a cationic form with a
lower triple excited state energy (2.85eV) than that of the nor-
mal form of Guo (3.26eV) [42]. This is consistent with the trend
of calculation data as shown in Table S2 (Supporting information),
where the triplet energy value decreases from 3.48 eV to 3.10eV on
going from Guo to its cationic form.

After a clear attribution of the signals from the time-resolved
spectra, we conclude that by irradiating the BP-Guo with formation
of 3[BP]-Guo in GI-ACN-H,0, two pathways occurred. One is the
TTET process to give rise BP-3[Guo], and the other is the HAT to
form the ketyl-Guo.

The effect of the excitation wavelength and solvents on the
photoreaction pathways was fully characterized. On one hand, the
ns-TA experiment for BP-Guo was performed upon excitation by
355nm (Fig. S4 in Supporting information), where only the BP
chromophore could be excited. No significant difference in ns-TA
spectra was observed compared to the results excited by 266 nm.
These results indicated that the signal of BP-3[Guo] is generated by
the intramolecular TTET from 3[BP]-Guo, excluded the occurrence
of the ISC process form the excited singlet state of Guo. On the
other hand, the ns-TA experiments were performed for BP-Guo in
neat hydrogen donor and non-hydrogen donor solvents of MeOH
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Fig. 4. EADS of BP-Guo in GI-ACN-H,0 with fitted lifetimes indicated.
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Fig. 5. Comparison of (b) ns-TR? spectrum of BP-Guo in MeOH with (a) calculated
normal Raman spectrum of BP-3[Guo] (with a scale factor of 0.974 and a half-width
of 10 cm~1) and (c) ns-TR? for ketyl radical of BP.

and DMSO, respectively (Fig. S5 in Supporting information). Sim-
ilar ns-TA result was obtained for BP-Guo in MeOH with that in
GI-ACN-H,0, by detecting the signals of BP-3[Guo] and ketyl-Guo,
suggesting that BP-Guo also occurs both intermolecular HAT and
intramolecular TTET processes. In DMSO only the TTET process is
probed with the signal of BP-3[Guo], while no HAT is found.

To gain a more detailed insight, the fs-TA data of BP-Guo in
GI-ACN-H,0 was analyzed by a global fitting in terms of a se-
quential model that results in an evolution associated difference
spectra (EADS) as presented in Fig. 4. Three time constants, 14 ps,
306 ps and infinite, are required for global analysis. The first EADS
with absorption bands at 340 and 585nm is the singlet state of
BP-Guo. It evolves to 3[BP]-Guo in 14ps with signal around 330
and 535nm, which represents the process of ISC. Then, the evo-
lution from 3[BP]-Guo to the third EADS in 306 ps contains bands
335, 375 and 450 nm as the overlapping spectral features between
BP-3[Guo] and ketyl-Guo. The third EADS with time constant of in-
finite (>3 ns) represents decay of the residual absorption exceeds
our instrument detection window. The kinetic trace of BP-3[Guo]
absorption feature was fit at 380 nm yielding a rise time of 523 ps
assigned to BP-3[Guo] formation time constant (Fig. S6 in Sup-
porting information), which is slower than the decay of 3[BP]-Guo
(306 ps). This suggests that 3[BP]-Guo is at least partially deacti-
vated though other pathways than TTET, in line with an HAT pro-
cess occurring from 3[BP]-Guo. The observed decay rate constant
of 3[BP]-Guo (k=1/t) is the sum of the rates of TTET and HAT
processes (k= krrer + kyar)- Using T =306 ps and trrgr=523ps, a
HAT time constant tyap of 746 ps was obtained. And the deactiva-
tion percentage of 3[BP]-Guo is determined to be 59% by TTET and
41% by HAT.

The ns-TR? experiment was performed for BP-Guo in MeOH,
where transient species that appear during the duration of the
laser pulse (10ns) could readily be detected. Major Raman bands
were detected around 1515, 1589, 1625 and 1682 cm~! (Fig. 5).
Given the same detection time scale for ns-TR? spectrum with that
of the ns-TA spectra, it is proposed that BP-3[Guo] and ketyl-Guo
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Fig. 6. The free energy profiles of BP-Guo were mapped employing M062X/6-311G**/SMD (H,0) calculations. Paths a, b, and c represent photorelease of Guo from BP-3[Guo],
HAT between 3[BP]-Guo and GI, and photorelease of Guo from ketyl-Guo, respectively (free energy in kcal/mol).

were the intermediates probed here. The ns-TR? peaks at 1589 and
1515 cm~! closely resemble the Raman bands for ketyl radical of
BP. And the Raman signals at 1625 and 1682 cm~! (indicated with
black dash lines) agree well with the predicted DFT normal Ra-
man spectrum of BP-3[Guo]. Therefore, the structure information
obtained from ns-TR? here solidly demonstrated that the species
observed by ns-TA in MeOH could be ascribed to BP-3[Guo] and
ketyl-Guo respectively.

Herein, the free energy profiles for the reaction process starting
from 3[BP]-Guo were constructed at the M062X/6-311G** (H,0)
level (Fig. 6). The sum of the free energies of BP-3[Guo] and GI
is used as the zero point to obtain relative free energies of all
transition states (TS) and minima. In order to keep conservation
of electron and atom numbers in the system, the free energy of GI
is added to the free energies of a-TS, a-RC and a-PC, respectively. In
addition, the free energy for ketyl radical of GI is added to the free
energies of ¢-TS, c-RC and c-PC, respectively. On one hand, 3[BP]-
Guo underwent TTET to give rise BP-3[Guo] (a-RC), which would
conduct C-N bond cleavage through a-TS with a barrier height of
13.7 kcal/mol to release Guo and produce the cation species of BP.
And the free energy of the product (a-PC) lies 8.9 kcal/mol lower
with respect to the reactant (a-RC). The computed result revealed
that the photodeprotection from BP-3[Guo] is both kinetically and
thermodynamically feasible. On the other hand, 3[BP]-Guo could
proceed HAT with GI by overcoming a 14.3 kcal/mol barrier (b-TS)
and yielded to radical pair b-PC. After ketyl radical releasing from
b-PC, the generated ketyl-Guo (c-RC) might go through c-TS with a
rather high activation barrier of 25.0 kcal/mol to release Guo. Ad-
ditionally, the strongly endothermic nature of this ¢-PC generation

process (14.7 kcal/mol) implying the reaction equilibrium would fa-
vor the c-RC side. The relative lower barrier height for C-N bond
breaking from BP-3[Guo] suggesting which would be the primary
photodeprotection pathway.

The photodeprotection mechanism of BP-Guo is depicted
(Scheme 2). After generation of 3[BP]-Guo, two competing reac-
tion routes occurred to trigger the photodeprotection. One route
is the TTET to yield BP-3[Guo], which breaks C-N bond to re-
lease the Guo along with BP cation that finally trapped by sol-
vent to give the final product. The photolysis products of BP-
Guo were analyzed by GC-MS. The data revealed a product with
a mass of m/z 210, which was also detected during the irra-
diation of 4-(hydroxymethyl)BP and would correspond to oxida-
tion product 4-benzoylbenzaldehyde of the 4-(hydroxymethyl)BP.
Therefore, it is proposed that the BP cation was trapped by sol-
vent to give the 4-(hydroxymethyl)BP, which was further oxidizes
to 4-benzoylbenzaldehyde under irradiation of light. The other is
the HAT with formation of ketyl-Guo, followed by releasing Guo
and the BP radical cation. The later undergoes electron transfer and
further tautomerizes to 4-methylBP. The present results provide an
in-depth insight into the inactivation pathway for BP protected nu-
cleic acids after light irradiation. In particular, the photosensitized
TTET pathway from BP leads to the generation of nucleic acid in
their triplet states, which, in addition to potentially initiating pho-
todeprotection, may also trigger well-known cyclization reactions
that brings about DNA mutagenic adducts, commonly referred to
as triple photodamage [43,44]. The latter needs further investiga-
tion and should be avoided in developing improved strategies for
photoprotecting nucleic acids.

TTET i +H 0
'[BP]-Guo ] 23 )\L 2
340, 585 nm ps
Thv 3[BP]-Guo BP-3[Guo]
BP-Guo 330, 535 nm 375,450 nm
1625, 1682 cm™!
HO | HAT 746 ps

”14» 00

M1
33< 545 nm
1589, 1515 cm™!

transfer

Scheme 2. Proposed photodeprotection mechanisms of BP-Guo in GI-ACN-H,O0.
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