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ABSTRACT

The pyrimidine nucleobases contained in DNA undergo a
variety of photoinduced reactions in which two moieties become
joined to form a product (e.g. formation of cyclobutane dimers
and [6-4] adducts). Herein, we describe a new type of
photoconjugation reaction that has been shown to occur for 5-
methylcytosine (5-MeC), 1,5-dimethylcytosine (1,5-diMeC), 1-
methylthymine and thymidine; in this reaction the 5-methyl
group of one nucleobase (or nucleoside) becomes attached to the
4-position of the second moiety. For example, 5-MeC forms o-
4’-(5’-methylpyrimidin-2’-one)-5-methylcytosine. The various
(a-4) conjugates are produced upon irradiation of the parent
compound in frozen aqueous solution at —78.5°C. The UV
spectra of these compounds display a characteristic “double
humped” profile, similar to that expected from overlaying the
spectrum of parent nucleobase with that of a 2’-pyrimidone
moiety. Preliminary results suggest that thymine and S-methyl-
2’-deoxycytidine (5-MedCyd) form analogous photoproducts. A
variety of other previously unreported photoproducts are
described as well for the 5-MeC, 1,5-diMeC and 5-MedCyd
systems.

INTRODUCTION

The photochemistry of DNA pyrimidine nucleobases and
their nucleosides has received extensive study over the past
5 decades. A variety of types of products have been isolated
and characterized. Among these are cyclobutane pyrimidine
dimers (CBDs), the pyrimidine (6-4) pyrimidone photoprod-
ucts ([6-4]PPs), (and their Dewar valence isomers), photo-
hydrates and the so-called “‘spore’ photoproducts. (Extensive
reviews relevant to these products are available. For older
reviews see [1-6], whereas more recent reviews, including
information on the photochemistry of DNA at the cellular
level, are given in [7-9].) A number of these photoproducts
have been implicated as contributing factors to DNA photo-
damage, ultimately leading to mutagenesis, carcinogenesis and
cell death (10). In addition to photoreactions involving only
the nucleobase components of DNA, photoexcited nucleo-
bases contained within DNA can react with molecules
complexed with DNA in its chromosomal state (e.g. structural
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proteins, such as histones or enzymes involved in DNA
replication or transcription). Reviews of photoinduced nucleic
acid-protein cross-linking and the chemical nature of the
adducts responsible are given in (11-13).

During the course of studies of the photochemical
reactions occurring for a number of compounds related to
S5-methylcytosine (5-MeC) and thymine (T), we often noted
that a product containing a characteristic “double humped”
UV spectrum (termed a “dh” product below) was produced.
Herein, we report the isolation and characterization of a
number of dh nucleobase, nucleoside and related photo-
products. We have found that these compounds fall into a
class that can be termed as “‘(a-4) conjugates,” in analogy to
the terminology for (6-4) and (5-4) adducts. In particular, we
describe (2-4) conjugates resulting from UV iradiation of
S5-methylcytosine, 1,5-dimethylcytosine (1,5-diMeC), 1-meth-
ylthymine (1-MeT) and thymidine (Thd) in frozen aqueous
solution at —78.5°C and present suggestive evidence pointing
toward this type of compound being formed in the 5-methyl-
2’-deoxycytidine (5-MedCyd) and T systems. In these
(2-4) products, one nucleobase (or nucleoside) is joined to
a second via photoinduced linkage of the methyl group of
one nucleobase to the 4-position of the second, as shown in
the compounds displayed in Scheme 1. In addition, we describe
several other previously uncharacterized photoproducts formed
in the 5-MeC, 1,5-diMeC and 5-MedCyd systems.
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MATERIALS AND METHODS

General aspects. 5-Methyleytosine hydrochloride (5-MeC.HCI) and
1,5-diMeC were obtained from Sigma (St. Louis, MO), whereas
5-MedCyd was purchased from R. I. Chemical (Orange, CA); T,
1-MeT and Thd were from Sigma. HPLC solvents were purchased
from Fisher (Fair Lawn, NJ), whereas NMR solvents were from
Aldrich (Milwaukee, WI). Preparative HPLC separations were
carried out on a Shiseido Capcell UG120 10 x 250 mm reverse phase
column (5 um particle size [Yokohama, Japan]); hereafter, this
column is termed as Column A. Analytical HPLC was carried out
on Column B, a Capcell UG120 4.6 x 150 mm reverse phase column
(5 pm particle size). Column C, a Microsorb Phenyl column
(4.6 x 250 mm, 5 mm particle size; Varian, Walnut Creek, CA),
was used in some purifications. The HPLC system employed was a
Rainin binary gradient pumping system (Emeryville, CA) connected
to a Hewlett-Packard 1040A diode array HPLC detector (Palo Alto,
CA). Before injection, HPLC samples were subjected to spin filtration
using Costar Spin-X micro-centrifuge filter tubes containing a 0.2 ym
nylon filter (Corning Incorporated, Corning, NY). UV spectra were
obtained on a Hewlett-Packard 8452A diode array spectrometer or
using the “on the fly” spectral capture capability of the Hewlett-
Packard diode array HPLC detector.

NMR spectra were run at 600 MHz on a Varian INOVA NMR
spectrometer (Palo Alto, CA). Electrospray ionization (ESI) mass
spectra were run on either a Waters Micromass ZQ4000 instrument
(Beverly, MA) or Sciex API300 triple quadrupole -electrospray
instrument (Toronto, Canada).

Irradiation methods. Preparative irradiations were carried out with
light centered at 254 nm, which was provided by unfiltered Spectronics
BLE-1T155 15 watt lamps (Spectronics, Westbury, NY) housed in
Spectroline XX-15A lamp holders.

Irradiations in the frozen state at 254 nm were carried out on
250 mL portions of aqueous solution. Each batch was placed in a
13 X 9 inch nonstick baking pan (Bradshaw International, Rancho
Cucamonga, CA) and frozen on two 25X 25-cm dry ice slabs
(—78.5°C) placed side by side. During freezing the pan was covered
with a 15 x 10 inch Pyrex baking dish; this minimized frosting of the
surface of the solution during the freezing process. Four lamps,
contained in the two Spectroline X-Series lamp housings, were placed
across the top of the pan containing the solutions; irradiations were
carried out with the pan resting on top of the pair of dry ice slabs. The
surface exposure of the frozen aqueous layer in the pan averaged about
25 m~2 sec”!, as measured using a Spectronics DM-254N Ultraviolet
Meter (Westbury, NY).

In general, solutions to be irradiated were prepared by simple
dilution of 20 mm stock solutions of the parent compounds. In the case
of 5-MeC, the solutions for irradiation were prepared by a somewhat
more complex protocol, as described in Section Al in Appendix S1 in
the Supporting Information. Solutions were not deoxygenated prior to
irradiation.

Photochemical reactions in the 1,5-dimethylcytosine system: an exam-
ple protocol for photoproduct preparation, isolation and purification.
In the following, we provide a sample protocol used for preparation,
isolation and purification of the 1,5-diMeC photoproducts of interest
for structural study. As the corresponding procedures focusing on 5-
MeC, T, 1-MeT, Thd and 5-MedCyd photoproducts are similar in
design (but different in detail), they are not presented in the body of
this article, but are given in Appendix S1. The structural character-
izations of a number of these latter compounds, as well as the various
photoproducts of 1,5-diMeC, are discussed in Results and Discussion.
For those cases where less-complete characterization was accom-
plished, discussions of tentative photoproduct identifications are
provided in Appendix S1.

In a representative experiment, we irradiated 1250 mL of aqueous
0.2 mm 1,5-diMeC in the frozen state for 32 min in 250 mL batches
at 254 nm as described elsewhere in the text. Analytical HPLC
indicated that about 20% of the parent compound was consumed.
The resulting solution was concentrated to 1.5 mL by rotatory
evaporation at 40°C; samples to be injected were subjected to spin
filtration. Injections of 250 L samples on Column A were made,
using the following linear HPLC water/methanol gradient flowing at
4 mL min~": 0 min, 3% MeOH; 15 min, 20%; 15.3 min, 3%:; 20 min,
3%. Ten fractions were collected as follows: G1, 2.7-6.8 min; G2,
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6.8-7.1 min; G3. 7.1-8.7 min; G4, 8.7-9.1 min; G5, 9.1-9.9 min; G6,
9.9-10.8 min; G7, 10.8-13.4 min; G8, 13.4-14.0 min; G9,
14.0-18.4 min; G10, 18.4-19 min. After rotatory evaporation of each
of these fractions to 1 mL at 40°C, the analytical HPLC of each
fraction was run on Column B. For G1 and G2, 100% 10 mm sodium
phosphate, pH 7.5 was used, whereas for G3-G6, 96% (10 mm
sodium phosphate)/4% MeOH was the eluent. (In the remainder of
this article, sodium phosphate will be taken to imply sodium
phosphate buffer, pH 7.5.) For G7 and G8, the eluent was 94%
(10 mm sodium phosphate)/6% MeOH and for G9 and G10, 91%
(10 mm sodium phosphate)/9% MeOH was employed. Four fractions
(G2, G4, G8 and G10) contained compounds of particular interest;
Go6 contained most of the parent 1,5-diMeC, whereas G8 contained
the 1,5-diMeC dh of primary interest. The remaining fractions
contained a variety of other compounds, none present in dominating
amounts. Each of the fractions selected for further study was further
purified for purposes of mass spectrometry and NMR spectroscopy.
(The HPLC chromatogram resulting from injection of the above
concentrate is shown in Fig. 1, along with the correlation between
the various peaks and compounds described in the following
paragaraphs.)

Fraction G2: The 1 mL of G2 concentrate was injected in 500 uL
batches on Column B using 10 mm sodium phosphate, pH 7.5,
flowing at 2 mL min~" as eluent. The peak eluted as a doublet; the
latter component, centered at 1.85 min, was collected and is hereafter
termed as PG,. Reinjection showed it contained only a trace amount
of the early eluting component, which was shown to be 5-MeC via
coinjection and by identity of its UV spectrum with that of an
injected authentic sample of 5-MeC. This 5-MeC was probably due
to its presence as a trace impurity in the parent 1,5-diMeC used;
HPLC inspection of the unirradiated 1,5-diMeC solution showed a
very small peak eluting with the same retention time and UV
spectrum as 5-MeC.

Fraction G4: The 1.5 mL of G4 was purified by injection of one
500 uL batch and one 1000 L batch on the same column, using 96%
(10 mm sodium phosphate)/4% MeOH eluting at 2 mL min. The
material eluting between 2.5 and 3.0 min (PGy) was collected; a later
eluting small shoulder was not collected. Analytical HPLC indicated
that it was pure.

Fraction G8: One mL of concentrated G8 was injected in 500 puL
batches on Column B using 94% (10 mm sodium phosphate)/6%
MeOH flowing at 2 mL min~'. The desired product, 1,5-diMeC dh
(PGg), eluted as a large peak between 5.3 and 6.5 min; this material was
pure, as evidenced by analytical HPLC using the same conditions.

Fraction G10: The 1000 uL of concentrate of G10 was ejected as one
batch on Column B, using 91% (10 mm sodium phosphate)/9% MeOH
flowing at 2 mL min~" as eluent. The desired material (PG) eluted
between 6.5 and 7.5 min. Analytical HPLC indicated that it was pure.

The purified compounds listed above were stored in the frozen state
until samples were taken for mass spectral and NMR studies. Prior to
such studies, each of the compounds was repurified and then desalted
by running preparative HPLC of the purified compound on Column B,
using the solvent compositions described elsewhere in the text (but
using distilled water, rather than sodium phosphate). In these desalting
runs, the peaks in some cases were somewhat broader and misshapen,
as compared with those found when phosphate buffer was a
component of the eluent.

Photochemistry in the 5-MeC, 5-MedCyd, T, 1-MeT and Thd systems.
The reaction conditions and the isolation and purification protocols
used for these systems are similar to those described above for the 1,5-
diMeC system. Due to these similarities, we have placed the corre-
sponding detailed protocols in Appendix SI.

Elsewhere in the text, we denote the HPLC fractions and
photoproducts in the 1[,5-diMeC system using the nomenclature
Gx to signify fractions and PGy to represent products. In the remainder
of this article and Supporting Information, we designate HPLC
fractions and photoproducts for each system studied using similar
nomenclatures. In particular, we will use letter prefixes as follows: 5-
MeC: Fx, (PFy); 5-MedCyd: Mx (PMy); T: Jx (PJy); 1-MeT: Hx (PHy);
Thd: Lx, (PLy). A complete listing of the compounds isolated in this
study, along with the compound designation (e.g. PGy), structural
designation (e.g. Illa) and compound or compound type (e.g. 5-formyl-
I-methylcytosine) will be found in Table S1 in the Supporting
Information.
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Figure 1. The HPLC chromatogram resulting from injection of 250 uL of a solution (1250 mL) of 0.2 mm 1,5-diMeC that had been irradiated for
32 min on dry ice and concentrated 833-fold by rotatory evaporation. Detailed chromatographic conditions, using Column A, are described in the
Materials and Methods section. Panel (a) shows the chromatogram seen with detection at 310 nm, whereas panel (b) shows the same
chromatogram with detection at 262 nm. The compounds of interest in this study eluted in the peaks denoted by 2 (PG,), 4 (PGy), 9 (PGg) and 10
(PGyy). Probably, peaks 3, 5, 6 and 8 correspond to CBDs, based on the profiles of their absorption spectra, whereas the substances eluting in peaks
W and X have spectra characteristic of (6-4) adducts. Peak 7 corresponds to the parent 1,5-diMeC. The spectrum of material eluting in peak Z has a
“triple hump” profile, similar to that shown in the middle panel of Fig. S7.

RESULTS AND DISCUSSION

In the following, we discuss the characterization of the various
“dh” products from the relevant HPLC fractions for each
irradiated compound, collected and purified as described in the
Materials and Methods section or in Appendix S1. In partic-
ular, we present lines of evidence (from mass spectral, proton
NMR and UV spectroscopic studies) that convincingly iden-
tify four of these dh products (1,5-diMeC, 5-MeC, 1-MeT and
Thd) as (a-4) products; for two others (T, 5-MedCyd), the
corresponding evidence is strongly suggestive that this is the
case. In addition, for several of the compounds studied, we
isolated and characterized additional previously unreported
photoproducts. The characterizations of these compounds are
also discussed in the following paragraphs.

Photoproducts in the 1,5-dimethylcytosine (1,5-diMeC) system

Herein, we will discuss the identification of four photoprod-
ucts, termed as PG,, PGy, PGg and PG, that were isolated
after 1,5-diMeC was irradiated in the aqueous frozen state.
The details of the isolation and purification of these com-
pounds was described in the Materials and Methods section.

The (x-4) conjugate of 1,5 dimethylcytosine. We established
the structure of the product termed as PGg using UV
spectroscopy, ESI mass spectrometry and proton NMR. The
UV spectrum showed a ““‘double humped” appearance (see
Fig. S1 in the Supporting Information), although the long
wavelength “Z.,.,” at 306 nm is more like an extended
shoulder than a maximum. A short wavelength A.,,, occurred
at 286 nm and there was a Ay, at 253 nm. This spectrum

’

corresponds to that expected if one superimposed the spectrum
of 1,5-diMeC upon that of a 1,5-dimethylpyrimidin-2-one ring,
the latter being analogous to that seen in (6-4)PPs. This
suggests that the spectrum of PGg could result from two
independent sets of conjugated double bonds, as displayed in
the structure Ib in Scheme 1. The ESI mass spectrum indicated
that the molecular mass of [M + H ] is 262.1, which is that
expected for a protonated conjugate of two 1,5-diMeC
moieties in which the equivalent of an ammonia molecule
has been lost. The proton NMR, run in D,O (with TSP as
reference), shows proton peaks at 6 = 2.13 (C5CHs, 3),
0 = 3.38 and 3.56 (N; and N,” CH3, s, 3), 3.78 (C5CH,, s, 2)
and 7.46 and 7.93 (C6 and C6’ CH, each s, 1). (Here, and in the
following, all chemical shift values (J) are in ppm and all spin—
spin coupling constants [J] are in Hz.) The above data are
consistent with PGg having the structure shown by Ib in
Scheme 1; this compound can be named as «-4’-(1’,5-dimeth-
ylpyrimidin-2’-one)-1,5-dimethylcytosine.

The yield of purified Ib was estimated to be about 1.7% via
UV spectroscopy, using an estimated value for gy of
8000 L mol™! em™.

Identification of PG4 as S-formyl-1-methylcytosine (Illa) and
PG, as 5-hydroxymethyl-1-methylcytosine (IV). The product
PGy, purified as described elsewhere, displays a UV spectrum
with A,. at 251 nm and 285 nm and Z.;, at 242 nm and
266 nm. (The UV spectrum is shown in the top panel of
Fig. S2.) Although the UV spectrum for PG4 has multiple
humps, the profile is significantly different than that of the
1,5-diMeC (o-4) product. The ESI mass spectrum showed that
the mass of [M + H "] was 154.0, which is consistent with a
molecular formula of C4H;N30,. The proton NMR spectrum,
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run in D,O with TSP as reference, displays resonances at
0 = 3.53 (NICHsa;, s, 3), 8.49 (C6H, s, 1) and 9.49 (CHO, s, 1).
These latter two assignments are consistent with those given
for the corresponding protons in the NMR for S5-formyl-
2’-deoxycytidine (14), also run in D,O. Thus, PGy is assigned
to have the structure Illa in Scheme 2.

The purified compound PG, displayed a UV spectrum with
Amax at 275 nm and Z.;, at 251 nm. (The UV spectrum is
shown in the middle panel of Fig. S2.) The ESI mass spectrum
showed that the mass of [M + H'] was 156.0, which is
consistent with a compound with a molecular formula of
CgHoN3O,; the presence of an additional oxygen, as compared
to the parent formula CcHgNzO, suggests that a methyl group
has been converted to a CH,OH moiety. The proton NMR
spectrum, run in D,O, shows resonances at 0 = 3.40 (N;CH3,
S, 3), 0 = 4.43 (C5CH,, s, 2) and 6 = 7.65 (C6H, s, 1). The
above spectral data are consistent with identification of PG, as
5-hydroxymethyl-1-methylcytosine (IV), shown in Scheme 2.
This compound has been previously synthesized (15) and the
NMR chemical shifts for nonexchangeable hydrogens,
obtained in ds-DMSO, are consistent with those obtained
here in D,O (although, as would be expected, various
resonances differed somewhat in chemical shift value). Very
similar chemical shifts have been observed for C5CH, and
C6H in 5-hydroxymethyl-2’-deoxycytidine run in D,O (14).

Using assumed values of &75 (PGy) and egs (PGy) of
8000 L mol™! em™!, we employed UV spectroscopy to esti-
mate the yield of purified product to be about 0.5% for each of
these compounds.

Tentative assignment of PGy to be the o-N; conjugate of 1,5-
dimethylcytosine. The product corresponding to PGy, dis-
played a UV spectrum with 1., at 283 nm and A,;, at
253 nm. (The UV spectrum is shown in the bottom panel of
Fig. S2.) The ESI mass spectrum provided a value of 277.0 for
the mass of [M + H™'], consistent with the loss of two
hydrogen atoms from a dimeric form of 1,5-diMeC. The
proton NMR spectrum, run in D,O, showed proton peaks at
0 = 191 (C5CHj, s, 3), 0 = 3.37 and 3.39 (N; and N;” CH3,
each s, 3), 4.41 (C5'CH,, s, 2) and 7.40 and 7.65 (C6 and C6’
CH, each s, 1). The NMR data indicates that a 5-methyl group
of the parent compound has been converted to a methylene
linkage. However, as vinyl hydrogens at C6 and C6” and an
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intact methyl group at C5 are present in the product, the site of
attachment must be elsewhere. As two oxygens are still present
in PG/ (from the molecular mass measurement) and as the N1
methyl groups are intact (from proton NMR), the only
remaining site on the ring for attachment of the methylene
group is N3. A similar attachment site between 5’-methylene
and N3 has been observed in the compound 3-(z-thymidyl)thy-
midine, which is formed when thymidine in frozen aqueous
solution is irradiated with gamma rays (16); the chemical shift
for the corresponding methylene protons in this compound
was about 4.3 ppm. On the basis of above reasoning, we
tentatively identify PGy to be Va in Scheme 2. However,
another possible structure cannot be ruled out by the available
spectroscopic data, namely that shown in Scheme 2 as VIa. In
this structure, the methylene bridge is attached to the exocyclic
amino group, rather than to a ring nitrogen. Appropriate
NMR studies in an aprotic solvent could provide conclusive
evidence favoring either Va or VIa as the structure in best
agreement with the resulting experimental data.

It can be noted that Va may exist in aqueous solution near
neutral pH in a form that has the imino group protonated. The
iminium form of the related compound 1,3-dimethylcytosine
has a pK, of 9.3 (17); the 4., for the protonated form of this
compound was found to be 281 nm, whereas that of the
neutral species was 272 nm. Compound VIa would not be
predicted to have a functional group with a pK, having a
similar value; indeed the pK, of I-methylcytosine (1-MeC) is
about 4.6 (17). The Anax value for protonated 1-MeC is
282 nm and that of unprotonated form is 273 nm (17). If
similar correlations between A, and protonation state exist
for the corresponding 5-MeC derivatives, then studies of the
acid-base properties of PGy, could also yield evidence useful
for distinguishing between Va and VIa as potential structures
for this compound.

Using an assumed value for &g of 16000 L mol™' ecm™,
UV spectroscopy was used to estimate the yield of puified PG
to be about 0.4%. This roughly estimated ¢ value takes into
account that the proposed structure Va (as well as the alternate
structure VIa) contains two rings that would be expected to
have UV absorption properties similar to parent 1,5-diMeC.

One question that can be asked is whether each of the four
compounds identified above as photoproducts in the 1,5-diMeC
system are primary photoproducts. For example, it could be
possible that some of these compounds are formed during work-
up from other components of the original reaction mixture. To
answer this question, we irradiated parent 1,5-diMeC (0.2 mm)
on dry ice under the same conditions as described previously,
but with smaller sample volumes and times of irradiation. We
injected 200 uL of the various irradiated samples on Column B
immediately after thawing, using the following linear
water/methanol HPLC gradient flowing at 2 mL min™":
0 min, 3% MeOH; 7 min, 20%; 7.25 min, 3%; 10 min, 3%.
We found that PGg could be readily identified in freshly
irradiated and thawed solution after 4 min irradiation via its
retention time and characteristic UV spectral profile. Com-
pounds with the properties of PG, and PG, could be easily
detected after 8 min irradiation, based on their retention times
and on the shape of their UV absorption spectral profiles (as
measured “on the fly”” with the diode array detector). The
amounts of each compound increased with time of irradia-
tion. We confirmed the identifications of PG, and PGy by
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rotovaporating 2 mL portions of the 4 and 32 min samples to
200 pL and injecting the resulting volumes on the same column;
considerably larger HPLC peaks resulted for these compounds
after this procedure. Overlay of the UV spectral profiles
corresponding to these enhanced peaks with those of authentic
samples resulted, in each case, in a close match. It can be
concluded that both PG, and PGy, as well as PGg, are primary
photoproducts. As a result of overlapping of the retention time
of PG, with a considerably larger putative 1,5-diMeC CBD
peak, we were not able to draw conclusions about whether this
compound is a primary photoproduct.

Photochemistry in the S-MeC system

The formation of CBDs in the 5-MeC system has been
described previously (18). Herein, we discuss the characteriza-
tion of two new primary photoproducts and a secondary
product formed via thermal decomposition of one of the
primary photoproducts.

The product PFs of 5-MeC can be identified as an (o-4)
product. The preparation, isolation and purification protocols
for the three products of interest, termed as PF4, PF,; and PF»,,
are described in detail in Appendix S1. In this subsection, we
will discuss the identification of the product PF¢. The UV
spectrum of PFg in distilled water showed maxima at 278 and
310 nm and minima at 252 and 295 nm. The ESI mass spectrum
of PF, showed a strong [M + H ] peak at 234.1, correspond-
ing to the protonated molecular mass of a compound containing
two 5-MeC moieties from which the equivalent of one NH;3 has
been lost. Weaker peaks at 253.0 and 268.9 correspond to
[M + Na"] and [M + K"]. The proton NMR, run in dg-
DMSO with TMS as a standard, shows nonexchangeable
proton peaks at 6 = 1.98 (C’'SCH3, s, 3), 6 = 3.52 (C5CH,, s,
2), and overlapping broadened resonances centered at about
0 = 7.14 (CH, b, 2) corresponding to the vinyl protons at C5
and C5’. In addition, peaks at 6 = 7.05, 7.68 and 9.03 were
evident that disappeared upon addition of a small amount of
D,O. These must correspond to exchangeable protons attached
to nitrogen. The addition of D,O also led to separation of the
composite of overlapping peaks at 7.14 into two peaks, one at
0 = 7.13 and the second at o = 7.15. Taken as a whole, the UV
spectral, mass spectral and proton NMR spectral evidence are
consistent with PF¢ having the structure Ia in Scheme 1.

Other photoproducts of 5-MeC. As mentioned elsewhere in the
text, two additional 5-MeC products were isolated, namely
PF,; and PF,, (see Section Al in Appendix S1 for details).
Both of these compounds have UV absorption spectra that are
characteristic of (6-4) (or [5-4]) adducts. One of these (PF»,) is
produced via thermal decomposition of the other (PF,,). We
characterized both of these compounds by mass spectrometry.
We also obtained a reasonable proton NMR spectrum for
PF,;, but not for PF,,. Due to the thermal instability of the
latter compound, we were unable to obtain a sufficient amount
of pure sample to yield a high-quality NMR spectrum.

The product PF,, displayed /.. at 315 nm and A,;, at
272 nm. ESI mass spectrometry yielded a parent peak with a
mass value of 251.14 for[M + H™], which is consistent with the
PF,, being a dimeric form of 5-MeC; also present was a peak at
234.12, which is the value of the mass expected for [M + H ' ]if

the parent dimer had lost NH3. The product PF,; had /7.« at
316 nm and A, at 255 nm. Mass spectrometry gave a parent
peak witha value of[M + H ] = 252.1. Thisis consistent with
PF,; being a product arising from PF,, via replacement of an
equivalent of ammonia with an equivalent of water. The proton
NMR of PF,, displayed resonances at the following ¢ values in
dg-DMSO: 1.39 (C5CH3, s, 3), 2.06 (C5'CH3, s, 3), 4.18 (C6H, s,
1), 7.75 (C6'H, s, 1). In addition, there was a broad peak at
0 = 7.68 (b, 0.74) and a sharper peak at 6 = 9.94 (s, 0.5); both
of these peaks disappeared upon addition of a drop of D,O. The
lack of spin—spin splitting in the C6H peak suggests that this
proton is not located adjacent to OH in the structure of PF,;
this points toward this compound and its precursor being
identified as (6-4)PPs rather than (5-4) adducts, such as have
been recently observed as photoproducts when 1-methylthy-
mine (1-MeT) and thymidine (Thd) are irradiated in the frozen
aqueous state (19). Assuming this is true, PF,, can likely be
identified as VIIa and PF,, as either VIIb or VIlc, probably the
former (see Scheme 3). This latter statement is justified by the
observation that the UV absorption spectrum of PF,; greatly
resembles the corresponding spectrum of VIId, the thymine
(6-4) adduct; in particular, it does not display a shoulder of
absorption extending up to 270 nm, such is seen for the 5-MeC
CBDs (18), which contain a saturated 5,6 bond (and indeed,
PF,,, tentatively identified as VIIa).

Formation of (a-4) conjugates in the 1-MeT and T systems

In the following section, we discuss the detailed characteriza-
tion of the 1-MeT (2-4) conjugate and the evidence that
suggests, but does not prove, that a corresponding (u-4)
product is formed when T is irradiated in frozen aqueous
solution. The photochemistry of both of these systems has
been extensively reported in previous studies and will not be
discussed here in detail (reviews of the photochemistry of T,
including studies carried out in frozen solution, are provided
by [1,2,4], whereas previous work on the photoproducts
formed when 1-MeT is irradiated is described in [19,20]).

The (a-4) conjugate of 1-MeT. The production and isolation of
a 1-MeT photoproduct with a double-humped spectrum is
described in another study dealing with the isolation of (5-4) and
(6-4)PPs of this compound (19). This compound was termed as
“P9” in that article; for consistency of notation, it is termed as
PHgy here. A brief description of the isolation protocol for PHg
is given in Appendix S1. The UV spectrum, shown in the lower
panel of Fig. S1, displays maxima at A = 275 and 309 nm and
minima at 241 and 298 nm. The ESI mass spectrum displayed
peaks at 2632 [M + H'], 2851 [M + Na'] and 301.1
[M + K. This is consistent with PH, being a compound with
the formula C,H4N4O3, which is equivalent to a dimeric form

Vile R=H

Vila: R=H VIiIb: R=H Vild: R=H

Scheme 3.



of 1-MeT that has lost an equivalent of H,O. The proton NMR
spectrum in D,O showed peaks at é = 2.15 (5CCHs, s, 3), 3.38
and 3.54 (N1 and N1’CH3, each s and 3), 3.72 (C5’CHy, s, 2),
7.48 and 7.89 (C6H and C6'H, each s, 1). This spectral
information is consistent with PHy being o-4’-(1’,5’-dimethyl-
pyrimidin-2’-one)-1-methylthymine (ITb in Scheme 1).

UV spectroscopic and mass spectral evidence suggests that o-4'-
(5’-methylpyrimidin-2'-one )-thymine (Ila) is formed when T is
irradiated in ice. Isolation and purification of a compound
with a double-humped spectrum, from frozen aqueous solu-
tions that had been irradiated at 254 nm, was accomplished as
described in Section A3 of Appendix S1; this compound is
termed PJg, there. This compound displays a UV absorption
spectrum with maxima at 264 and 308 nm, whereas there are
absorption minima at 238 and 294 nm. The ratio of Ass4/Az0g
was 1.90. The spectrum of this compound differs from that of
the compound obtained by dehydrating the C5C6 bond of the
thymine (6-4) adduct, for which the observed /,.x occur at 257
and 319 nm (see table 7 in the review by Wang [3]). The mass
spectrum, run in the MALDI mode, gave a molecular mass for
[M + H'] of 235.09, whereas the ESI spectrum, run in the
negative ion mode, gave an [M — H]™ peak with a molecular
mass of 233.07. Both of these values suggest that this
compound corresponds to a dimer of thymine that has lost
one mole of water. Because only a very small amount of this
compound could be isolated from rather large preparative runs
(see Appendix S1), we were unable to obtain enough of PJg, to
obtain an NMR spectrum. The similarity of the UV absorp-
tion spectra to those of the various (o-4) adducts described
elsewhere in the text, along with the fact that the measured
values of the molecular mass are consistent with expectation,
provides strong suggestive evidence that this compound can be
identified as o-4’-(5-methylpyrimidin-2’-one)-thymine (Ila in
Scheme 1).

The (a-4) conjugate of thymidine

In a recent study of the (5-4) adducts of Thd (19), evidence was
presented for production of a compound that showed a double-
humped UV spectrum; as discussed in that article, this com-
pound eluted in a fraction termed F11” under HPLC conditions
used in that investigation. Herein, we term this compound PL;.
(An abbreviated description of the protocols used for isolation
of this product is included in Appendix S1.) Elsewhere in the
text, we discuss the structural characterization of this molecule.

Identification of PL;; as an (0-4) conjugate of Thd. The UV
spectrum of PL;; shows Ay, at 268 and 310 nm along with
Amin at 240 and 296 nm; the ratio A,s3/A3z19 was 1.53 (see the
bottom panel in Fig. S3). This spectrum suggests that PL;;
contains both a thymine ring and a 2-pyrimidone ring. The ESI
mass spectrum of PL,; showed peaks at 467.2 [M + H™],
4892 [M + Na'] and 5052 [M + K™]. The peak at 467.2
corresponds to the protonated form of a compound with the
molecular formula C,yH,sN4O9 and is thus consistent with
PL,; having the structure shown by Ilc in Scheme 1. The ¢ and
J values, obtained from detailed analysis of the proton NMR
spectrum (shown in Fig. S4), are given in Table 1. Of
particular interest is the observation that PL;; contains one
methyl and one methylene group, as well as two vinyl protons.
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Photochemistry in the 5-methyl-2’-deoxycytidine system

The HPLC of 5-MedCyd, after irradiation in frozen aqueous
solution, indicates that the resultant reaction mixture contains
a variety of products (see Fig. S5). One of these compounds as
been definitively identified as 5-formyl-2’-deoxycytidine (IIIb
in Scheme 2) via comparison of its UV, mass spectral and
proton NMR properties with those previously published for
this compound (14). This identification is discussed elsewhere
in the text.

The identification of the other compounds is more tentative.
One of the isolated photoproducts displays a “double
humped” spectrum analogous to those seen for 5-MeC and
1,5-diMeC. This material was isolated in a fraction (termed as
M7) and purified to yield a product labeled PM5; this
compound has been tentatively identified to be an (o-4)
product with the structure given by Ic in Scheme 1. Details
concerning methods, along with the data supporting this
identification, are given in Section A5 of Appendix S1.

Other compounds were also isolated and subjected to study.
One of these has been tentatively identified as being a o-Nj
adduct of 5-MedCyd (Vb). Two other products may be
analogs of the “spore” adducts of Thd (4, p. 96); because of
difficulties in obtaining stable pure samples of these photo-
products (possibly due to sugar isomerisation), these identifi-
cations are tentative. Details concerning these other 5-MedCyd
products are given in Section A6 in Appendix S1 and in
Figs. S6 and S7. In addition to these products, HPLC peaks
corresponding to CBDs and (6-4)PPs were identified. The
structural characterization of some of these products will be
given in another place.

Fraction M6 contains 5-formyl-2'-deoxycytidine. The fraction
M6 contained several photoproducts with one being of
particular interest, as its UV spectrum resembled that given
in Fig. S2 for 5-formyl-1-methylcytosine. After purification as
described in Appendix S1, this product, termed as PMg, was
studied by UV spectroscopy, ESI mass spectrometry and
proton NMR. The UV spectrum showed spectral maxima at
Amax at 223 and 283 nm. The ESI mass spectrum displayed
peaks at 256.4 [M + H']and 278.5[M + Na]. The former
mass corresponds to the mass of protonated S5-formyl-
2’-deoxycytidine with the molecular formula C;yH;3N30s.
Analysis of the NMR spectrum yielded chemical shifts and
spin—spin coupling parameters nearly identical to those previ-
ously published for 5-formyl-2’-deoxycytidine (14).

Speculations concerning the mechanism of (a-4) photoproduct
formation

The mechanism of conversion of, say, thymidine to its
corresponding (z-4) product is an intriguing topic to consider.
Studies made by Shaw and Cadet (16) on the mechanism of
formation of the Thd “‘spore” photoproduct (VIII) are,
perhaps, relevant to this problem. In this study, it was shown
that this reaction likely occurs by a concerted process when
Thd is irradiated with y-rays in frozen solution. (Because of the
chiral center at C5 in the saturated portion of the product
(denoted by an asterisk in VIII), the spore product is produced
in two diastereomeric forms.) As evidence of the concerted
nature of this reactive process, it was shown that reaction of
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Table 1. Proton chemical shifts () and coupling constants (J) for the (a-4) product (Ilc) of thymidine.

Proton SMe CH2 H6 H6' Ring I 2 27 3 4 5 5
1 2.17 3.75 7.68 8.21 A 6.31 243 2.37 443 4.03 3.78 3.69
B 6.22 2.34 2.60 4.44 4.15 3.91 3.80
J HI1’-H2 HI1’-H2” H2-H2” H2-H3 H2”-H3’ H3-H4 H4-H5 H4’-H5” H5-H5”
Ring A 6.7 6.6 13.9 42 6.0 43 3.6 4.9 12.3
Ring B 5.8 6.5 14.2 6.1 4.5 4.1 3.7 4.6 12.4

Proton NMR spectra were run in D,O, using TSP as a reference compound. Total correlation spectroscopy (TOCSY) was used to partition the
sugar protons of the («-4) product into two spin systems, designated as “A” and ““B.” Also, based on the TOCSY study, H6’ (8.21) and 5Me (2.17)
were found to be coupled; thus, the corresponding protons occur in the same ring system. The pyrimidine ring systems with which Rings A and B
are associated have not been determined. The chemical shifts in ppm () (upper table) and magnitudes of the coupling constants in Hz (J; lower
table) for the sugar protons were estimated with SPINWORKS (Version 3.1, 2009, Kirt Marat, University of Minnesota, Minneapolis, MN), using
the simulation module, NUMMRIT, with default parameters. (NUMMRIT algorithm reference: [21]. The simulated proton NMR spectrum
closely matched the experimental spectrum. Integrated areas were in reasonable agreement with expectation; in cases where signal overlap occurred,

the sums of the appropriate areas agreed with expected values.

Thd, fully deuterated on the C5 methyl group, led to transfer
of deuterium from one of the methyl groups to the 6-position
in the resulting spore product, making an alternative radical
recombination process unlikely. Both the a-methylene group
and the second methyl group were fully deuterated in the final
products. (It should be noted that there was evidence for
production of VIII by a radical combination process when
Thd, as a solid film, was irradiated with y-rays (16).) Possibly,
the simplest concerted mechanism that can be visualized is that
shown in the bottom panel of Scheme 4, in which the
photoreactive pair (A), presumably suitably oriented by the
surrounding ice matrix, takes part in a hydrogen transfer
process as shown. However, other more complex (and prob-
ably more likely) mechanisms can also be considered, one of
which is shown in Fig. S8 in the Supporting Information.

A similar simple mechanism can be drawn for the photoin-
duced conversion of Thd and related compounds to the (o-4)
product II (see Scheme 5). Againitisassumed that the ice matrix
suitably constrains a reactive pair, labeled B in the bottom part
of Scheme 5, to a configuration in which hydrogen transfer from
the methyl group of one reactant occurs to the carbonyl of the
second; this results in the intermediate Int-1. Loss of water then
leads to II, the observed (2-4) conjugate.

An analogous mechanism can be proposed for formation of
(2-4) conjugates of 5-MeC (Ia), 1,5-diMeC (Ib) and 5-MedCyd

yeu

HZO frozen
hv -78.5°C
R= 2—deoxyr1bose
H H
4,N3— 4 N>
0=C_5 & O0=C_5 ¢
0 /C_C (0] Ca
Me ‘5‘ Me CH H
% N
o N o R
A VIII

Scheme 4.

(Ic). In each of these cases, it would be postulated that the
photoexcited state exists as a tautomer with an imine group at
C4, rather than an amino group, and this group reacts
analogously to carbonyl in the mechanism shown in Scheme 5.
Such an imine functionality is likely to be involved in the
formation of the (6-4) photoproduct occurring when the
dinucleotide 2’-thymidylyl-(3’-5")-2’-deoxycytidine is irradiated
in aqueous solution (22). Such products contain an amino group
at the 5-position of the 5,6-dihydropyrimidine portion of the
adduct; this probably results from a ring-opening reaction of a
four-membered azetadine ring system produced by the putative
photoinduced cycloaddition of imine at the 4-position of the
cytosine ring to the alkene linkage in the thymine ring.

Unfortunately, in the mechanism outlined elsewhere in the
text, deuteration of the methyl group would not lead to useful
information as to the validity of this mechanism; any trans-
ferred deuterium would be lost in the reaction of Int-1 to form
final product. (However, observation of deuterium transfer
from a deuterated methyl group to another position [say, a
ring carbon] in high yield in the final product would tend to
provide evidence against the mechanism outlined in
Scheme 5.)

While the above mechanism has the virtue of simplicity,
there may be other mechanisms that can be proposed to
explain the conversion of, say, Thd to Ile. Definitive exper-

o) Me
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imental elucidation of the actual mechanism could provide a
challenge for future experimentalists.

It is unlikely that (2-4) conjugates, such as described
elsewhere in the text, would be formed in photoreactions of
double stranded DNA in the B form. However, it would be
interesting to determine if such products can be formed in the
context of denatured DNA or DNA in structural forms
alternative to the B form. In such cases, relaxation of
structural constraints could allow, say, T residues to take up
spatial relationships conducive to formation of (¢-4) products.
Such relaxed constraints on reactivity have been observed, for
example, in the photoreactions of T in A form DNA (23) or
human telomeric G-quadruplex DNA (24) to form CBDs with
an anti configuration.
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Appendix S1. Experimental details of the preparation and
purification protocols for various photoproducts and descrip-
tions of the partial characterizations of certain photoproducts
of 5-methyl-2’-deoxycytidine.

Figure S1. The UV spectra of the “dh” products of
1,5-dimethylcytosine (Ib) and 1-methylthymine (IIb).

Figure S2. The UV spectra of three other photoproducts of
1,5-dimethylcytosine.

Figure S3. The UV spectra of the “dh” products of
S5-methyl-2’-deoxycytidine (putatively I¢) and thymidine (Ilc).

Figure S4. The proton NMR spectrum of the “dh” product
of Thd (Ilc).

Figure SS. The chromatogram resulting from HPLC of
5-MedCyd, irradiated at 254 nm in frozen aqueous solution.

Figure S6. The proton NMR spectrum of the ““dh™ product
of 5-MedCyd.

Figure S7. The UV spectra of three 5-MedCyd photoprod-
ucts with either tentatively assigned or unassigned structures.

Figure S8. A possible mechanism leading to formation of
the “spore” photoproducts of Thd.

Table S1. Correlations between compound designations
(e.g. PHyy), structural assignments (e.g. Ilc) and compound
type (e.g. Thd (x-4) conjugate).
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