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Abstract. 2D NMR spectroscopy and J coupling
constant analysis are applied to resolve the structure
of two photoproducts of thymidylyl-(3’ — 5")-thymi-
dine. These products are cyclobutane type thymine
dimers possessing the cis-syn (the predominant one)
and trans-syn geometry. The cis-syn is formed in an
ANTI-ANTI conformation about the N-glycosyl
linkages and resembles the normal base-stacked con-
figuration. The glycosidic conformation in solution
of the 5 terminal fragment differs from the crystal
in which the less common SYN conformation is
observed. In this isomer only the sugar pucker of the
3’ terminal fragment is changed substantially with
respect to the dinucleotide. The trans-syn-isomer is
formed in a SYN-ANTT glycosidic conformation. In
this isomer the sugar puckers of both deoxyribose
rings are affected and a preference for a pure
2’-endo conformation is observed.

Key words: '"H NMR, 2D NOE spectroscopy, thymine
photodimer, cis-syn dTp[]dT, trans-syn dTp[}dT

1. Introduction

It is well known, that UV radiation can induce muta-
tions in DNA, the main effect being on the pyrimi-
dines (Beukers et al. 1960; Wacker et al. 1960; Wulff
1963). The main photoproduct of UV irradiated
DNA is the cyclobutane type photodimer of adjacent
thymine residues in two isomeric forms. As can be
expected on account of the base-stacked configura-
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Abbreviations: dTpdT, 2’-deoxythymidylyl-(3’ — 5')-2’-deoxy-
thymidine; dTp[]dT, cyclobutane type photodimers of dTpdT;
dTp- and dTp[]-, their 5 terminal fragments (fragment A);
-pdT and -[]pdT their 3’ terminal fragments (fragment B);
RP-HPLC, reversed-phase high-performance liquid chroma-
tography; COSY, two-dimensional correlated spectroscopy;
2D NOE, two-dimensional nuclear Overhauser spectroscopy

tion of DNA the predominant photoproduct posses-
ses the cis-syn geometry (Weinblum and Johns 1966;
Blackburn and Davies 1967; Weinblum 1967; Hollis
and Wang 1967, Camerman and Camerman 1970).
In heat-denatured DNA also the trams-syn photo-
isomer has been observed (Ben-Hur and Ben-Ishai
1968) (cis-syn and trans-syn refer to the geometry of
the cyclobutane junction). Repair enzymes recognize
these radiation defects (Wacker 1961; Wulff and
Rupert 1962). Little is known, however, about the
mechanism of binding of repair enzymes to UV-irra-
diated DNA. Knowledge about the structure of
these modified DNA molecules may therefore be
important. Elucidation of the three-dimensional
structure of small oligonucleotides containing a
thymine photodimer should give valuable informa-
tion on this point. Small model systems for radiation
defects are photoproducts from dTpdT. As reported
by Johns et al. (1964) four photoproducts are formed
by direct irradiation of dTpdT, while two isomeric
forms are present after acetophenone sensitized irra-
diation (Fig.1). It has been suggested on steric
grounds, that the predominant isomeric product
possesses an ANTI-ANTI cis-syn geometry and the
minor one a SYN-ANTI trans-syn geometry (Hruska
etal. 1975; Lui and Yang 1978) (ANTI and SYN
refer to the conformation about the N-glycosyl
linkages). A recent X-ray study of a cis-syn dTp[}dT
dimer (Cadet etal. 1985) has shown that in the
crystal the dTp[]- fragment has a SYN glycosidic
conformation, while the -[]pdT fragment has the
more common ANTI conformation. For the cis-syn
isomer our results indicate that the conformation in
solution is quite different from that in the crystal.
Structural information of oligonucleotides in
aqueous solution can be obtained from two-dimen-
sional NMR (Feigon et al. 1982; Scheek et al. 1983;
Hare etal. 1983). The two photodimers obtained
from an irradiated solution containing acetophenone
and dTpdT were separated by RP-HPLC and COSY
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Fig. 1A and B. Structure of cyclobutane type photodimers of
2’-deoxythymidylyl-(3’ — 5)-2’-deoxythymidine. A and B
refer to the 5 and 3’ terminal fragments respectively

and 2D NOE spectra of both photoisomers were
recorded. From specific NOE effects and analysis of
the J couplings it was possible to define the con-
formation of both isolated photoproducts.

2. Experimental

The photodimers were produced by irradiation of an
aqueous solution of 2 mM dTpdT (Sigma) contain-
ing 13 mM acetophenone with a 450 W Xenon lamp
(Osram) or with an excimer laser (Lambda Physik
EMG 101) at 308 nm. The reaction mixture was kept
at room temperature during irradiation by water
cooling; nitrogen was bubbled through the solution
in order to remove oxygen. Irradiation time was
typically 30 min. After removing the solvent by
lyophylization the crude reaction mixture was puri-
fied by RP-HPLC (Waters gradient system) (Demi-
dov and Potaman 1984). The sample was dissolved
in a 0.12M ammonium acetate in water buffer
(solvent system A). This solution was introduced into
a Nucleosil 10 C-18 column (Machery-Nagel). Ex-
posed to a linear gradient of 0.10 A/ ammonium
acetate in water-methanol (1:1) (solvent system B)
three absorbing compounds were detected at 230 nm.
The first two compounds could be identified by
'H NMR as the cis-syn and the trans-syn isomer of
dTpdT, which were formed in a ratio of 6:1. The
third originated from the starting compound dTpdT.
The buffer system was removed by evaporation of
the solvent by means of a Speed-Vac (Savent) and by

lyophilization. The samples were lyophilized from
H,0 once to remove the residual 'H,0.

'H NMR spectra were recorded at 360 MHz of
both photodimers dissolved in *H,O at 30 °C using a
Bruker HX-360 spectrometer equipped with an
ASPECT 2000 computer. Phase-sensitive 2D NOE
spectra were obtained as described elsewhere (Scheek
et al. 1984). 512 FID’s of 2,048 data points each were
collected with a spectral width of 5,000 Hz, the car-
rier on the left side of the spectrum and a mixing
period of 450 ms was used. The data were processed
on a VAX 11/750 computer with software written in
FORTRAN 77. In the ¢, dimension the data points
were multiplied with an exponential window func-
tion corresponding to 4 Hz line broadening before
Fourier transformation. In the #; dimension the data
points were multiplied by a squared sine bell shifted
90° before Fourier transformation. After two-dimen-
sional Fourier transformation the spectra were phase
and baseline corrected in both dimensions (Boelens
etal. 1985). The final resolution of the 2D NOE
spectrum (512x512) was 5 Hz/point. Absolute value
COSY spectra of both stereoisomers were recorded
in a similar way. The data points were multiplied by
a sine bell function before Fourier transformation in
both dimensions.

Pseudorotational analysis of the furanose ring
was carried out using a method developed by Haas-
noot etal. (1980, 1981). The vicinal spin-spin cou-
pling constants were simulated using an iterative
least-squares fit based on a Simplex algorithm.

3. Results and discussion
cisssyn dIp[]dT

The proton spectrum of the predominant photo-
product of dTpdT can be assigned almost completely
on the basis of the COSY and 2D NOE spectra
presented in Figs. 2 and 3. The distinction between
the 3’ and & terminal fragment was made on the
basis of the absence of a J coupling between the 5’
and 5” protons of dTp[]- and *'P (Rance et al. 1985).
The 5" and 5 protons were pairwise assigned to the
specific residues A and B. The other assignments for
the ribose and H6 protons all follow from COSY
cross peaks and intraresidue NOFE’s and are in agree-
ment with those given by Hruska et al. (1975) (cf.
Table 1).

To assign the methyl resonances cross-sections
through the spectrum (Fig. 4) were used. Assign-
ments of these methyl groups follow from the
observation of a strong NOE to their own H6 protons
and differ from those presented by Hruska (1975).
The observation of a 5.9 Hz coupling between the
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Fig. 2. 360 MHz COSY spectrum of
cis-syn dTp[]1dT in 2H,O at 30°C. In
the part above the diagonal the de-
oxyribose spin system of dTp{]- and
below the diagonal the deoxyribose
spin system -[ }pdT is indicated

Fig. 3. 360 MHz 2D NOE spectrum
of cis-syn dTp[]dT in H,O at 30°C.
Negative contour levels are shown
corresponding to the negative sign of
the NOE’s with respect to the diag-
onal for a molecule in the fast tum-
bling limit. In the part above the
diagonal NOE cross peaks for the
methyl groups 5, and 5p and the
ribose protons 2/ and 23 with the H6
(64 and 65) base protons are indi-
cated. Below the diagonal the ribose
1’, 2" and 2”” NOEFE’s are indicated
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Ty
A B
6 6,
6 Fig. 4A and B. Cross-sections through the
6, 8 2D NOE spectrum of Fig. 3. The region of
the H6 base protons are shown at the fre-
L J quencies of the C-5 methyl groups (A
L i 5 . and B)
4.5 40 ppm 45 40 ppm
0 0 Table 1. 'H chemical shifts? of cis-syn dTp[]dT and trans-syn
dTp[]dT in ppm relative to DDS at 30 °C
HC H H CH
3 N/ \N 3 cis-syn dTp[]dT trans-syn dTp[]1dT
/L J\ dTpl}- -{1pdT dTp[]- -[1pdT

0 0 N L7 He HI’ 5.71 6.01 5.28 5.71

H ’ HY 2.64 2.33 3.30 2.22

z , H2” 2.42 2.14 2.61 2.02

H H¥ 4.68 427 4.73 4,53

! H4 4.16 3.94 4.14 3.89

H H5'b 3.75 4.16 3.73 4.17

2" HS5”? 3.69 3.94 3.69 4,17

ANTI SYN H6 428 437 4.29 422

Me5 1.54 1.50 1.49 1.44

Fig. 5. Short deoxyribose-base proton distances in the case of
an ANTI and SYN N-glycosidic conformation, which results
in relatively strong NOE effects

H6 protons indicates a vicinal arrangement of these
protons and hence a syn geometry. In addition, the
comparable size of intra- and interresidue NOE’s
between the H6 and methyl protons is evidence for a
cis-syn isomer. The similarity of the two cross-sec-
tions shown in Fig. 4 indicates that there is no
preferred puckered conformation of the cyclobutane
ring-system.

As pointed out (Hruska et al. 1975) there are eight
different isomers possible for dTp[]dT. The two
cis-syn isomers, which can occur, differ with respect
to the conformation about the N-glycosyl linkages.
Inspection of Fig. 3 shows that very pronounced
H6-H2' NOE’s are present and that NOE’s between
H6 and H1” are weak or absent in both units. As can
be seen in Fig. 5 this is characteristic for ANTI con-
formations for both glycosidic bonds. This is in
striking contrast to the conformation in the crystal,
where the unusual SYN conformation was found for
the dTp[]- unit. Sugar conformations can be deter-
mined from an analysis of J coupling constants be-
tween ribose protons (Altona 1982). An extensive set

2 Estimated error ca. 0.002 ppm
> The HS and HS5” protons were assigned only pairwise

of coupling constants for dTpdT and cis-syn dTp[]dT
has been reported by Wood et al. (1974) and Hruska
et al. (1975) and was confirmed in the present work.
The results of a pseudorotational analysis of the
vicinal coupling constants measured in both deoxy-
ribose moieties of dTpdT and the cis-syn photodimer
are presented in Table 2. If a conformational equi-
librium between S and N type conformers (Altona
1982) is assumed, the system is completely described
by four pseudorotational parameters, viz. Py, ¢,
P, ¢s (P and ¢ represent the phase angle of pseudo-
rotation and the pucker amplitude respectively) and
the mole fraction of the § conformer Xs. Py and ¢y
were kept constant during the iterative process,
because the coupling constants are mainly deter-
mined by the S type conformer. In the case of the A
residue similar values for the pseudorotation param-
eters and mole fraction are found for dTp[]- and
dTp-. More important differences are observed be-
tween the -pdT and -[]pdT moieties. The pseudo-
rotational phase of the S type conformer is shifted
from about 180° (i.e. a 2’-endo-3’-exo conformation)
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Table 2. Observed and calculated ? coupling constants (in Hz) for both deoxyribose moieties of dTpdT, cis-syn dTp[]dT and trans-

syn dTp[]dT and pseudorotational parameters®

dTpdT*® cis-syn dTp[]dT¢ trans-syn dTp[]dTe

dTp- -pdT dTp(l- -[IpdT dTp[}- -[1pdT
Jyy 7.2 (1.5) 6.9 (6.5) 8.5 (8.8) 8.6 (8.5) 10.7 (10.6) 10.7 (10.6)
Jyo 6.1(6.4) 6.9 (6.6) 5.2(5.3) 5.6 (5.8) 49( 4.9 4.9 ( 4.9)
Ty 6.0 (6.0) 5.8 (5.6) 51(5.2) 76(7.2) 4.9( 49) .
Tyry 3.8 (4.0) 58 (5.4) 32 (3.4) 35(3.2) - 1.5( 1.6)
Tya 32 (33) 40 (4.1) 26 (27) 42 (4.5) - S
rmsf 0.2 0.3 0.2 0.2 0.1 0.1
Pg 164° 177° 158° 127° 158° - 162°
o5 370 43° 14 40° 420 42°
Xs 68% 55% 78% 77% 100% } 100%

2 Coupling constants calculated according to the optimized parameters are included in parentheses
b Optimized pseudorotation parameters (i.e. pseudorotational phase of the ribose ring P and the pucker amplitude ¢) for S type
conformer and the mole fraction of S type present (Xs). The parameters for the N type conformer were constrained to Py = 10°

and ¢y =35°

¢ Coupling constants were taken from Wood et al. (1974) and were measured at 18°

4 Coupling constants measured by Hruska et al. (1975) at 18°
¢ This work (measured at 65°); estimated error in J ca. 0.3 Hz

' Rms differences between calculated and experimental J-coupling constants given in Hz

observed in -pdT to 127° (i.e. a 1’-exo conforma-
tion) in -[]pdT. This corresponds to a dihedral angle
of 6 =117° about the C3'—C4’ bond (Haasnoot et al.
1981). This conformation was also found in one of
three structures of dTp[]dT calculated by molecular
mechanics methods (Rao et al. 1984) (6=118°). This
thymine dimer structure was generated from a pair
of neighbouring thymines in a double helical
dodecamer; however, it was not the lowest energy
conformation found by these authors. For the dTp[]-
fragment we find 6 = 141° (a more normal value for
S conformers), which is in agreement with the cal-
culated value of =136° (Rao et al. 1984).

trans-syn dTp[]dT

The 2D NOE spectrum of the minor photoproduct
of irradiated dTpdT is presented in Fig. 6 (COSY
spectrum is not shown). The procedure of assign-
ment is the same as outlined before. The assignment
of the spectrum confirms the previous one carried
out by Lui and Yang (1978) (cf. Table 1). Compari-
son of the 2D NOE spectra from the two photo-
products (Figs. 3 and 6) shows, that the minor
photoproduct can be identified as the trans-syn
isomer. The argument is as follows: Again a J
coupling (7.3 Hz) between the H6 protons indicates
a structure of the syn family. The cross-section in
Fig. 7 shows strong NOE’s between the C-5 methyl
groups and the H6 base proton residing on the same
fragment. In addition small inter-residue NOE’s be-
tween the C-5 methyl groups and the H6 base proton

residing on different fragments are now observed
indicating a rrans-syn isomer.

Hruska et al. (1975) predicted, that the glycosidic
bond conformation is SYN for dTp[]- and ANTI for
-[]pdT. The other trans-syn conformation is sup-
posed to be less favored, because of the repulsion
between the C-2 keto oxygen of the -[]pdT fragment
and the negatively charged phosphate. Evidence for
the conformation about the N-glycosidic bond is
provided by NOE analysis (Fig. 5). A strong intra-
nucleotide NOE is observed between H6 and H1’ of
dTpl]-, which is characteristic for a SYN conforma-
tion (cf. Fig. 6). A strong intra-nucleotide NOE be-
tween H6 and H2’ of -[]pdT indicates an ANTI con-
formation for this unit. This nicely confirms the
predictions of Hruska et al. (1975).

J coupling constants of the deoxyribose protons
were measured for this photodimer and are given in
Table 2. Pseudorotational analysis of these coupling
constants shows that both ring systems adopt ex-
clusively an S type conformation. Apparently there
is less conformational freedom in the trans-syn
isomer so that an S — N equilibrium for both ribose
rings becomes impossible. -

The NMR data of two isomeric photoproducts
of dTpdT are consistent with an ANTI-ANTI cis-syn
isomer as the predominant photoproduct and a
SYN-ANTI frans-syn isomer as the minor one. In
the cis-syn isomer only the sugar pucker of the 3
terminal fragment differs substantially from that
in dTpdT and is found to be predominantly in
a l’-exo conformation. Apparently "the solution
structure of this isomer differs considerably from



298

N (wdd) 'm

o
reeRA .

Fig. 6. 360 MHz 2D NOE spec-
trum of the frans-syn dTp[]dT in
2H,0 at 30°C. Negative contour
levels are shown corresponding to
the negative sign of the NOE’s
with respect to the diagonal for a
molecule in the fast tumbling limit.
Above the diagonal NOE connec-
tivities are indicated for the meth-
yl groups 5, and 55 and the ribose
proton 2% with the H6 base pro-
tons (6, and 6g). Below the diag-
onal part NOE connectivities for
the H1’ of fragment 4 with both
H6 base protons are indicated as
well as the connectivities for the 2’
and 2” ribose protons for both
units

-

L .

o

Fig. 7A and B. Cross-sections through the
2D NOE spectrum of Fig. 6. The region of
the H6 base protons are shown at the
frequencies of the C-5 methyl groups (A
and B)
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the crystal structure of a similar cis-syn thymine
dimer, in which the phosphate group was present
as a ftriester with a cyanoethyl group attached
(Cadet et al. 1985). In the latter case a SYN-ANTI
glycosidic conformation was found. In the trans-syn
isomer both sugar puckers differ markedly from the
parent dinucleotide and are fixed in a pure 2’-endo
conformation. Further investigations on the structure
of thymine dimers in oligonucleotides are in progress.
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