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Synopsis

Proton magnetic resonance data have been obtained for 6-methyl-2’-deoxyuridine (dT*),
its 3’- and 5’-monophosphates, and its 3’,5'-diphosphate, as well as for the corresponding
thymine derivatives. The synthesis of the dideoxynucleoside monophosphates—d(TpT),
d(T*pT), d(TpT*), and d(T*pT*)—was accomplished, and spectral data were obtained for
these four dimers. The data show that the 6-methyluracil base prefers the syn conformation
about the N-glycosyl bond at the monomer and dimer levels. The presence of the syn base
leads to increases in the cis couplings of the sugar ring, J1-9» and J .3, which indicate a trend
towards eclipsing of the substituents on the C1’-C2’ and C2'-C3’ fragments. This trend is
discussed in terms of changes in the pseudorotational parameters which describe the pucker
of the ring. The syn base destabilizes the g+ conformer about the C4’-C5’ bond, leading to
a preference for the ¢ conformer in all dT* residues at the monomer and dimer levels. Pre-
liminary work on the formation of cyclobutane-type photodimers in d(T*pT) and d(T*pT*)
is discussed and presented as evidence for the capability of the syn 6-methyluracil base to
form base-stacked complexes.

INTRODUCTION

An important feature of nucleosides is the relative orientation of the base
and sugar moieties, defined by the torsion angle x, which falls into the anti
and syn ranges. A new impetus to the study of the conformational con-
sequences of the less common syn form is provided by the discovery of syn
2’-deoxyguanosine residues in left-handed double-helical DNA.}2 Though
the syn conformation for pyrimidine residues is less favorable than for
purines, experimental®-!! and theoretical'>!3 data suggest that it might
be found in special biological environments. For example, 4-thiouridine
is found to crystallize in its syn form,? while a number of spectroscopic
studies*-1% have pointed to significant syn contributions to an anti = syn
interconversion for pyrimidines in solution, at the monomer and oligomer
levels. Hurd and Reid!! have suggested the possibility of a syn pseu-
douridine residue in crystalline tRNA.

The photochemical studies of Ben-Hur and Ben-Ishail4 may be providing
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indirect evidence for the presence of syn 2’-deoxythymidine residues in
natural DNA. These authors have isolated from uv-irradiated, denatured
DNA a minor thymine photodimer product in which the cyclobutane ring
possesses the TRANS-SYN configuration. (Fully capitalized CIS, SYN,
TRANS, and ANTI refer to the geometry of the cyclobutane ring!5;
lower-case syn and anti refer to the N -glycosyl conformation.) The major
photodimer product, with the CIS-SYN cyclobutane geometry, would be
formed most readily, it would seem,617 from a d(TpT) fragment in a
right-hand base-stacked conformation with both residues occupying their
preferred anti conformations. Model building suggests that the
TRANS-SYN photoproduct, on the other hand, would result from a
right-handed base-stacked fragment with the 3'-linked residue rotated into
its syn form, while the 5'-linked residue retains its anti form.

Useful model compounds for evaluating the conformational effects of
syn pyrimidine bases are the 6-methyluracil derivatives, such as 6-
methyl-2’-deoxyuridine (Fig. 1), since it is certain!8-25 that nucleosides S0
substituted are syn. Earlier we reported?4 the 'H-nmr data of 6-methyl-

- b
,’/ 0 \\
a 04/ Csl
- 0 t 9"
Hay ¢
(o4 3 5 H5 . H5”
H 3N-H H4
H5'_oH N1g\<o a+y)
o
H5% 7 5 / 041 gl c3'
. -
o ([) HZ" HN o] g 9
N o 3 5 HS' H5"
) 1
H5' C o N 5’
L Ty Gl t@
H4' HY'
OH H2" d
cal
g
H | CZI
"
(@)

Fig. 1. (a) Structure of d(TpT*), a dideoxynucleoside monophosphate with a 3/-linked
2’-deoxythymidine (dT) and a 5’-linked 6-methyl-2’-deoxyuridine (dT*). The 3'-linked
residue (Tp-) and the 5’-linked residue (-pT*) are shown in their anti and syn conformations,
respectively. (b-d) Newman projections viewed along (b) C4'-C5'(¥), (c) C5-05'(¢), and
(d) C3-03'(¢); g+, t, and g~ refer respectively to the conformation domain containing the
60°, 180° (—180°), and 300° (—60°) conformer. (b) g*() conformer shown; ¢, g~ give location
of 05" in t () and g~ (y), respectively. (c) t(¢) conformer shown; g+, g~ give location of P5’
in g*(¢) and g~(¢), respectively. (d) t(¢’) conformer shown; g+, g— give location of P3’ in
&%(¢') and g=(¢"), respectively.
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2’-deoxyuridine and 2’-deoxythymidine, and their 3’- and 5’-monophos-
phates, followed by a report?® of the 13C-3!P coupling constants of the
monophosphates and the 3',5-diphosphates. To further our understanding
of the conformational effects of syn pyrimidine bases, we extend here our
proton 'H-nmr study to the 3',5’-diphosphates of 2’-deoxythymidine and
6-methyl-2'-deoxyuridine and to the 3’,5’-dideoxynucleoside monophos-
phates, d(TpT), d(TpT*), d(T*pT), and d(T*pT*). For simplifying the
representation of these molecules, we shall use the following abbreviations:
dT*, 3’dT*MP, 5dT*MP, and dpT*p for 6-methyl-2’ -deoxyuridine, and
its 3’- and 5’-monophosphates and 8’,5’-diphosphates, respectively. The
corresponding thymine molecules are dT, 3'dTMP, 5dTMP, and dpTp.
A 3,5'-dideoxynucleoside monophosphate with a 8’-linked d'T and 5'-linked
dT* is d(TpT*), etc. (Fig. 1). The 3'- and 5'-linked fragments of d(TpT*)
are Tp- and -pT*, respectively.

EXPERIMENTAL

Materials

The monomers dT, 3’dTMP, and 5dTMP were purchased from the
Sigma Chemical Company. dT* was prepared according to Holy.2"28 Tn
our hands, however, condensation of the starting material, 2-amino-
B-D-arabinofuro (1’2:4,5) oxazoline, with ethyl-G-chlorocrotonate in place
of ethyl-2-butynoate?” gave better yields. We also found that the com-
pletion of the benzoylation step required 2.5 h, and that acid hydrolysis of
the anhydro linkage for 3 h increased the yield to 95% (58% reported?27-28
for 1-h hydrolysis). The monophosphates 8’dT*MP and 5dT*MP were
prepared according to George et al.24 The 3’,5'-diphosphates, dpTp and
dpT*p, were prepared by phosphorylating the unprotected nucleosides.

The dinucleoside monophosphates were prepared using the triester
approach. The 5-hydroxyl was protected by a monomethoxytrityl group
in the case of dT and the trityl group for dT*. The 3’-hydroxyls were
protected by the benzoyl group. Arylsulphonyltetrazoles were used as
condensing agents for the formation of the 3',5'-linkage, as suggested by
Stawinski et al.2?

NMR Spectral Data

All samples were examined in 5-mm (0.d.) tubes, at concentrations of
4 mg/ml in DO containing 0.1 mg sodium 3’-trimethylsilylpropionate-
2,2,3,3-d4 (T'SP) as internal reference. Paramagnetic ions were removed
by chromatography on Chelex-100 (Bio-Rad Laboratories) and by treat-
ment with dithizone (J.T. Baker Chemical Co.) as described by Cozzone
and Jardetzky.? The pH was adjusted by addition of dilute NaOD or DCl
and is given in the tables as the pH meter reading. (A correction of 0.4 units
should be added to the pH values to correct for the deuterium isotope ef-
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fect.31) The samples were freeze-dried three times and dissolved in 100%
D20 (Aldrich Chemical Co).

The proton spectra were obtained on a Nicolet NT 360 Fourier transform
spectrometer at the Purdue Biological Magnetic Resonance Laboratory
(West Lafayette, Indiana). Spectral widths were typically 2400 Hz, ac-
quired, with quadrature detection, into 32K data points of memory.
Temperatures were maintained within £1°C. Spectral analysis was carried
out using LAME,3Z and computer-simulated spectra were generated as a
final test of the data. All details of spectral acquisition (as well as synthesis)
have been described in the Ph.D. thesis of W.P.N.33 H-nmr spectra were
also obtained at 270 MHz (Biochemistry Department, University of Wis-
consin, Madison) and 600 MHz (The University of Pittsburgh). P spectra
at 36.4 MHz (Bruker WH-90DS, The University of Manitoba) were useful
for determining 3P-'H coupling constants. The uncertainties in the
chemical shifts (6) and coupling constants (J) are estimated to be about
+0.001 ppm and +0.1 Hz, respectively. A portion of the 600-MHz spec-
trum of d(T*pT*) is shown in Fig. 2 accompanied by a simulated
spectra.

Spectral Assignments

The assignment of the proton spectra has been provided for dT34 and
dT*24 and their monophosphates, facilitating the assignments of the
3',5-diphosphate spectra. The dimer assignments were initiated by
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Fig. 2. Bottom trace: Pmr spectrum (600 MHz) of 3.95-4.20-ppm region of d(T*pT*)
(relative to TSP). Conditions: 5 mg/ml, pH 6.5, 20°C. Impurity peaks at 4.11 and 4.13 ppm.
Top: Computer-simulated spectrum.
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comparison with the monomer spectra and with published assignments for
various oligonucleotides.3440 Consideration of phosphorylation effectst!
and the presence of 1H -31P couplings aided in distinguishing between the
H3’ protons of the 3’- and 5'-residues of the dimers. Proton-decoupling
experiments enabled assignments of the remaining bands to be made, to
one or the other of the residues. 'H-decoupling of the H3’ bands provided
assignments of the H2, H2”, and H4’ bands to a particular residue. 'H-
decoupling of the H2” and H2” bands provided assignments for the H1’
bands. The distinction between the H2” and H2” on the same residue was
based on coupling-constant arguments36:37 which follow from selective-
deuteration studies.*> The H5 and H5” assignments followed from
arguments by Remin and Shugar?3 and the selective-deuteration studies
of Ritchie and Perlin.4¢ When H2’ and H2” are isochronous, only the av-
erages (Jyo + J12v)/2 and (Jyg + Jor3:)/2 can be obtained from spectral
analysis.

RESULTS

Table I lists the 'H chemical shifts (ppm relative to internal TSP) of the
nonexchangeable base and sugar protons of the 8,5 -diphosphates and the
four dinucleoside monophosphates. Data for dpTp and dpT*p (20°C) were
obtained at pH values below and above the secondary phosphate ionization
constant (~6.2).30 Data for d(TpT*) and d(T*pT) were obtained at 20 and
60°C, but due to time limitations on the 360-MHz spectrometer use, only
20°C data could be obtained for d(TpT) and d(T*pT*).

Table II lists the couplings /1.9 through /34 required for the discussion
of the sugar pucker. The sums (J1o + J34) and (Jy:o + J19-) are also
given, the latter being useful when H2’ and H2” are isochronous and the
individual couplings unattainable.

Table III contains the couplings involving H4’, H5’, H5”, and P5’ required
for the analysis of the ¢ and ¢ conformer problem (Fig. 1). Also included
are the H3'-P3’ couplings related to the ¢’ bond orientation. The four-bond
couplings between the base methyl and H5 (or H6) protons are not listed
(~1.1 and ~0.8 Hz for the thymine and 6-methyluracil base, respec-
tively).

Our data for d(TpT) are in reasonable agreement with earlier studies
at lower fields (220 and 270 MHz, Refs. 36 and 39, respectively).

DISCUSSION

Conformation About the N-Glycosyl Bond

Birnbaum and coworkers!® have shown that crystalline dT* favors the
syn form in contrast with dT, which is anti.4> In solution, a qualitative
approach to the syn—anti problem is based on the magnetic deshielding
influence (0.5-0.6 ppm) of the 2-keto oxygen of a syn-pyrimidine base on
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TABLE 1I
'H-'H Coupling Constants (Hz) for a Series of T and dT* Derivatives in Aqueous
Solution, Required for Discussion of the Sugar Ring Puckerb

TRANS CIS
Temp. Jyor 1o Geminal,“
Molecule (°C) pH Jvy Jory Jyg +dze Jye Juy +d vor  Jogr
dT Residues
dT 30 6.5 6.8 4.1 4.1 10.9 6.8 6.6 13.6 14.0

3’dTMP 30 54 72 37 40 107 65 6.8 13.7 14.3
5dTMP 20 55 76 26 30 106 62 68 13.8 13.8

d(pTp) 20 45 82 24 24 106 60 6.1 14.2 14.1
20 73 82 24 24 1086 6.1 59 14.3 13.9
d(TpT) 20 65 67 36 36 103 65 7.0 13.4 14.1

d(T pT*) 20 65 70 38 42 112 68 7.1 138 14.2
60 65 71 37 36 108 68 7.3 139 14.2

d(TpT) 20 65 — — 35 — — 137 —
d(T*pT)d 20 65 — — 42 — — — 136 —
60 65 — — 37 _ — — 136 —

dT* Residues
dT* 30 6.5 5.3 5.5 5.9 11.2 84 8.3 13.7 13.9
3dT*MP 18 6.0 5.6 5.2 5.8 114 8.2 8.1 13.8 13.8
5dT*MP 25 6.0 4.7 6.1 6.1 10.8 8.5 8.4 13.2 13.9
d(pT*p) 20 3.7 49 5.6 6.1 10.5 8.7 8.4 13.6 14.0
20 75 54 5.6 5.8 11.2 8.5 8.3 13.9 13.8

d(T*pT) 20 65 54 56 55 109 84 85 13.8 14.0
60 65 57 51 53 110 83 79 14.0 13.9
d(T*pT*) 20 65 64 49 48 112 7.8 74 13.9 13.9
d(TpT*) 20 65 37 68 71 107 92 9.0 129 14.0
60 65 43 62 65 108 84 87 12.7 14.1
d(T*pT*)d 20 65 40 66 69 109 9.1 89 13.1 13.7

# Data at 360 MHz except T*p- of d(T*pT*) (600 MHz). Data for dT, dT*, 3'dTMP, 3'-
dT*MP, 5°dTMP (220 MHz), and 5’dT*MP (360 MHz) from Ref. 24.

b Estimated error, £0.2 Hz.

¢ Negative.

4 Dimer data refer to underlined residue.

H2’ of the sugar*® and has been applied to dT* and its monophosphates.24
To consider this problem for the 3,5'-diphosphates and the dinucleoside
monophosphates, we have calculated Ad for H2 as well as H2” and H3’
using the data in Table I (see Table IV). Aé is defined as the chemical shift
of a proton in a dT* residue relative to its resonant position in the corre-
sponding dT residue. For example, AS(H2) in Tp*- of d(T*pT) is the shift
of this proton relative to H2' in the Tp- residue of d(TpT). Thus, Adisa
measure of the shift change experienced when the base on the same residue
changes from anti tosyn. For comparison, Ad values for dT*, 3’dT*MP,
and 5’dT*MP have been included (Ref. 24).

The A6(H2) data reveal a similarity in the influence of the T* base on
the H2’ protons of the monomers, including the 3,5’-diphosphate at the
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TABLE III
Coupling Constants (Hz) for a Series of dT and dT* Derivatives Necessary for Discussion
of the Y(C4’-C5’), $(C5-05’), and ¢’(C3’-03’) Conformations?

Temp.
Molecule (° C) pH J4/5r J4'5" o J5’5”d J5/p J5~p e J4'p J3’p
dT Residues?
dT 30 6.5 3.6 5.0 8.6 124 — — — — -
3'dTMP 30 54 35 4.8 83 126 — —— — — 18
5dTMP 30 54 — —_ 7.6 — — — 100 16 -
d(pTp) 20 45 — — 5.8 — — — 91 24 179
20 73 — — 5.6 - — — 80 1.0 83
d(TpT) 20 6.5 3.7 4.2 79 126 — — — — 6.3
d(TpT*) 20 6.5 28 4.6 74 126 — — — — 176
60 6.5 3.3 4.7 8.0 126 — —_ — — 70
d(TpT) 20 6.5 23 3.7 6.0 119 41 3.6 7.7 15 —
d(T*pT) 20 65 29 44 73 115 39 40 79 19 —
60 6.5 3.1 4.7 78 115 44 5.1 95 14 —
dT* Residues?
dT* 30 6.5 3.4 6.5 9.9 121 — — —_ —_ -
3dT*MP 18 6.0 3.9 6.1 100 121 — — — — 71
5dT*MP 25 6.0 43 6.3 106 111 58 57 1156 ~0 —
d(pT*p) 20 3.7 34 7.5 109 114 63 63 126 ~0 179
20 75 3.3 7.9 11.2 116 58 57 115 ~0 938
d(T*pT) 20 65 3.2 6.8 10.0 121 — — — — 638
60 6.5 3.5 6.5 10.0 121 — — _— — 74
d(T*pT*) 20 6.5 3.6 6.6 10.1 12.1 — —_ — — 95
d(TpT*) 20 6.5 2.6 8.3 109 109 34 56 90 ~0 —

60 65 30 80 11.0 107 48 60 108 ~0 —
d(T*pT*) 20 6.5 27 6.6 9.3 113 49 438 9.7 ~0 —

2 Data for dT(T*), 3’dT(T*)MP, and 5'dT(T*)MP, from Ref. 24.
b For dimers, relevant residue is underlined.

cTZ=dyy+Jys; 2 =dJsp+Jsp

d Negative.

¢ Estimated error £0.2 Hz.

two pH values (deshielding, 0.57-0.62 ppm). H2” and H3’ experience much
smaller effects, 0.07-0.12 ppm (shielding) and 0.01-0.06 ppm (deshielding),
respectively. The general trends in Ad for the dimer residues parallel those
for the monomers, indicating that the preference for the syn conformation
is retained by the T* base at the dimer level.

There are, however, some differences in the trends of the monomer and
dimer levels. Thus, the A6(H2’) dimer data define a somewhat larger range
(0.50-0.70 ppm). Also, the values of A6(H2’) are larger for the 3’-linked
Tp*- residues (0.62-0.70 ppm) than for the 5-linked -pT* residues
(0.50-0.55 ppm). And noteworthy is the small, negative A6(H3’) for Tp*-
of d(T*pT*), which contrasts with the positive A6(H3’) observed for all
other entries in Table IV. These small differences in the general trends
may be due to differences in the x angle within the syn range of the T* bases
and to differences in the pucker of the sugars, but they are not easily con-
sidered on a quantitative basis.
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~ g3 ~ Jyy). Inthe literature one finds various methods for estimating
N and S percentages. Care must be taken in comparing such data for, in
particular, molecules in the syn series, on the one hand, and molecules in
the anti series, on the other, since the limiting «J values are certainly dif-
ferent for the two series. However, gross conformational ¢trends are un-
doubtedly well defined by the calculated populations, since they are simply
the trends in the couplings disguised by the arithmetical manipulation.

Dinucleoside Monophosphates

The general trends in the coupling constants of the Tp- and -pT residues
of the dimers parallel those of the 3'- and 5-monophosphates. The cis
couplings in the Tp- units of d(TpT) and d(TpT*) lie in the range 6.5-7.3
Hz (6.5-6.8 Hz in 3'*dTMP). The cis couplings in the -pT units could not
be determined since H2' and H2” are isochronous, even at 600.2 MHz. The
%S population, calculated from 54 by interpolation® (1 Hz in S; 10 Hz
in N), lies in the range 64-78% for 3'dTMP, 5’dTMP, and the Tp- and -pT
units. A slightly larger value (84%) is obtained for dpTp.

Like the T* monomers, the T*p- and -pT* units of the dimers show larger
cis couplings than the corresponding T units. o 12~ and J o3 are particularly
rge in the -pT* units of d(TpT*) and d(T*pT*) (8.9-9.2 Hz at 20°C). To
the best of our knowledge these are the largest cis couplings observed to
date in a 2’-deoxyribose ring, and they indicate the greatest restriction to
torsional motion about the C1’-C2’ and C2’-C3’ bonds. At 60°C the cis
couplings of d(TpT*) are reduced to 8.4 Hz (J 12») and 8.7 Hz (Jo3). The
cis couplings are somewhat smaller in the T*p- units of d(T*pT) and
d(T*pT*). They lie in the range 7.9-8.5 Hz, except for Joy (7.4 Hz) in T*p-
of d(T*pT*). This indicates that the trend towards eclipsing of the C1’-C2’
and C2’-C3’ substituents is not as pronounced in the 3'-linked units.
Following the reasoning in the previous section, we account for the larger
cis couplings with an N = S model in which both the N and S states have
pseudorotated towards O4’-endo, relative to the thymine derivatives. A
more pronounced shift to 04’-endo in the -pT* units is suggested by their
larger cis couplings.

The trans couplings of the Tp*- and -pT* units show the trends seen at
the monomer level, namely, decreases in J;o and comparable increases in
Jor3 and Jy4, relative to the thymine derivatives. These changes are larger
for the -pT* units than for the Tp*- units. For example in -pT* of d(TpT*)
the Jy.o coupling (3.7 Hz, 20°C) is the smallest such coupling observed in
a 2’-deoxyriboside, while the magnitudes of oJ. ov3 (6.8 Hz) and J 54 (7.1 Hz)
are the largest observed for these couplings. This pattern of changes in-
dicates a shift away from the S-type of pucker which dominates in the
thymidylyl residues. Overlooking any electronegativity corrections to the
couplings, the trans couplings indicate a near balance of the N- and S- types
of pucker in T*p- of d(T*pT) and a slight bias for S in T*p- of d(T*pT*).
For the -pT* units of d(TpT*) and d(T*pT*), a bias towards the N-type
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is evident (J19 < Jory = J34), with a 60-70% N population. Note also that
the trans as well as cis couplings of the Tp*- and -pT* units are similar to
those of 3’dT*MP and 5'dT*MP, respectively, indicating that no drastic
change in conformation occurs upon incorporation of the monomers into
the dimers. However, a greater preference for the N-pucker is apparent
in -pT* of d(TpT*), relative to 5'dT*MP (compare trans couplings).

Also interesting is the similarity in the magnitudes of the sum, 1o +
J 3.4, which lie in the range 10.4-11.2 Hz for the T derivatives (overall av-
erage, 10.7 Hz) and 10.5-11.4 Hz for the T* derivatives (overall average,
10.9 Hz), considering data for both the monomers and dimers. This would
suggest that major differences in 7., do not exist for the T and T* deriva-
tives.#” Note that in the crystal state the 7,, value of dT* is only 6.9° less
than that of dT.1°

Conformation About the C(4')-C(5') () Bond

The populations of the g*({), t(¥), and g~(¥) conformers (Fig. 1) can
be estimated from the J5 and J 45~ data (Table V). For our calculations
we have used the parameterization of Haasnoot et al.,5! which corrects for
electronegativity effects on the coupling constants. The calculated pop-
ulations will differ (<10%) from those of earlier methods,24 but the cong
formational trends predicted will be the same. In an earlier report on dT,
dT*, and their monophosphates,2 we noted that a syn base destabilizes
g¥({), particularly at the 5-monophosphate level. This destabilization
of g*(y) is manifest in an increase in Z(J 45 + Jy457). The prevailing trend
(Table III) is to larger Z values for the T*p- and -pT* units, relative to the
Tp- and -pT units, and thus destabilization of g*(y) by the syn base occurs
at the dimer level as well. Further trends in the ¥-bond conformations are
now discussed.

Monomers

For the various thymine monomers, the g* () conformer dominates,
whereas g7 ({) is least favored. The trend in %g*(¥) is dT ~ 3’dTMP <
5'dTMP < dpTp, with an overall change from 50 to 80% in the series. Thus,
a 5’-phosphate enhances %g*(y), which is further enhanced by the 3’-
phosphate in dpTp. This contrasts with the theoretical finding52 that a
3’-terminal phosphate stabilizes the ¢ () domain of the -pAp fragment of
d(ApAp).

For the T* monomers, ¢ () rather than g+(¥) is the favored conformer.
Now the %g*(y) follows the opposite trend, dT* ~ 3’d*TMP > 5 T*MP
> dpT*p, with an overall change from 35 to 21%. Ionization of the phos-
phate does not bring about large population changes in dpT*p or in dpTp.
(Compare data at high and low pH.) It is interesting to note that whereas
the 3’-phosphate stabilizes g*(y) in the anti series of molecules (compare
5’dTMP and dpTp), it stabilizes ¢ () in the syn series (compare 5dT*MP
and dpT*p).
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TABLE V
Calculated Populations (%)2 of the g+, t, g~ Conformers of the C(4)-C(5)(})) and
C(5')-0(5") (¢) Bonds

Temp. C¢)-CBYW) C(5)-0(5)(¢)
Molecule (°C) pH gt t g gt t g~
dT Residues

dT 30 6.5 50 36 14 — — —
3'dTMP 30 5.0 53 35 12 — — —
5dTMP 30 5.4 61 — — — 72 —
dpTp 20 4.5 79 — — — 76 —

20 7.3 81 — —_ — 82 —_
d(TpT) 20 6.5 57 27 16 — — —
d(TpT*) 20 6.5 61 35 4 — — —

60 6.5 56 34 10 — — —_
d(TpT) 20 6.5 75 27 -2 7 83 10
d(T*pD) 20 6.5 62 32 6 9 82 9

60 6.5 57 35 8 14 75 11

dT* Residues

daT* 30 6.5 35 54 11 — — _
3'dT*MP 18 6.0 35 47 18 — — —_
5dT*MP 25 6.0 30 48 22 17 65 18
dpT*p 20 3.7 25 64 11 20 60 20

20 7.5 21 69 10 17 65 18
d(T*pT) 20 6.5 34 57 9 — — —

60 6.5 35 53 11 — — —
d(T*pT*) 20 6.5 33 54 13 — —_ —
d(TpT*) 20 6.5 23 76 1 17 T 6

60 6.5 23 71 6 19 68 13
d(T*pT*) 20 6.5 41 57 2 13 74 13

@ Using J 5, J 457, J5p, and J5-p in Table III with parameterization of Ref. 51. Data for
dT,dT*, 3'dTMP, 3'dT*MP, 5’dTMP, and 5'dT*MP from Ref. 24. Dimer data refer to the
underlined residue.

Comparison of the data for corresponding monomers in the T and T*
series (Table V) reveals the extent of the reduction in %g*(y}) brought about
by the syn base. At the various levels the decreases are: deoxynucleoside
(15%) ~ &’-monophosphate (18%) < 5’-monophosphate (30%) < 3,5’-di-
phosphate (55-60%). One can attribute this destabilization of g+({) to
a repulsion between the 2-keto oxygen of the base and the 5’-oxygen that
lies over the sugar ring in the g*() conformer. This interpretation is
consistent with the greater decrease in %g*(y) at the 5’-monophosphate
and 3',5'-diphosphate levels, but it is not clear why the populations are not
affected by the ionization state of the phosphates (cf. data for the 3,5'-
diphosphates at the two pH values).

It is interesting to note that the decrease in %g*(y) is greatly enhanced
by the presence of the 3'-phosphate (cf. decreases at the 5-monophosphate
and 3',5’-diphosphate levels) even though this group is on the exo side of
the sugar ring. This must be a consequence of the apparent 3’-phos-
phate-5'-phosphate interaction, which in the case of the anti molecules
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leads to an increase in %g™* () (cf. ’dTMP and dpTp) and to a decrease
in %g*(y) in the case of the syn molecules (cf. dT*MP and dpT*p). We
think that this striking difference in the effect of 3’-phosphorylation is due
to the differences in ring puckering in the syn and anti series. As noted
above, the syn base brings about a shift towards the N-pucker, a conse-
quence of which is a reduction in the average separation of the negative
charges on the 3’- and 5’-phosphates. Should this reduction lead to a re-
pulsion between the groups, then rotation from g*(y) [and g~ (¢)] into ¢ ()
is expected, since this change increases the charge separation (Fig. 1).
Support for this argument comes from an earlier study28 of the 13C-31P
coupling constants of the mono- and diphosphates. There it was shown
that 5’-phosphorylation of 3'dT*MP (but not 3'dTMP) led to a shift from
the g~ to the t conformation of the C3’-03’ (¢) bond, another change which
increases the separation of the 3’- and 5’-phosphates.

Dinucleoside Monophosphates

In general the conformational trends at the monomer level are retained
at the dimer level (Table V). Thus, g+(y) and ¢ () dominate for the dT
and dT* residues, respectively, whereas g—(y) is least populated in all in-
stances. Incorporation of 3dTMP and 3'dT*MP in a dimer, as Tp- or T*p
units, respectively, has little effect (<10%) on ¥ conformer distribution.
This insensitivity is not surprising, since the terminal hydroxymethyl is
not involved in the internucleotide linkage. Larger population redistri-
butions are noted when 5dTMP and 5’dT*MP are incorporated as -pT and
-pT™* fragments, respectively. For example, a 15% increase in %g*(y/) oc-
curs when 5’dTMP is incorporated into d(TpT) [but not into d(T*pT)].
Incorporation of 5’dT*MP into d(TpT*) leads to a small (7%) decrease in
%g*(Y) and a large decrease in %g~(¥) (21%). Noteworthy in the -pT*
fragment of d(TpT*) is the large %t () (76%) and the vanishing small
%g= ().

Relative to the Tp- units, the Tp*- units experience a large decrease in
%g*(Y) (20-30%) and a comparable increase in %t (), with much smaller
changes in %g~(¥). The syn base effect is even larger for the -pT* unit of
d(TpT*) [52% decrease in %g*(}) and 49% increase in %t ({/)]. Free-energy
calculations based on a population change of 50% indicate that in the
presence of the syn base the g*(y) conformer is destabilized by about 1.3
kcal/mol relative to the energy of the ¢ (i) conformer. A smaller syn base
effect is noted for the -pT* unit of d(T*pT*) [21% increase in %g*(}); 25%
increase in %t (y)]. The reason for these differences in the -pT* units of
d(TpT*) and d(T*pT*) is not obvious.

Conformation of the C3'-03'(¢’) Bond

Limited information about the conformation of the C3'-03'(¢’) bond (Fig.
1) can be obtained from the P8’-H3’ couplings (Table IT). The g*(¢’) ro-
tamer, which has never been observed in the crystal state, is generally ex-
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TABLE V
Calculated Populations (%) of the g*, ¢, g~ Conformers of the C(4)-C(5")(¢) and
C(5)-0(5") (¢) Bonds

Temp. C4)-CBHWY) C(5)-0(5)(¢)
Molecule °C) pH gt t g~ gt t g~
dT Residues

dT 30 6.5 50 36 14 — — —
3'dTMP 30 5.0 53 35 12 — — —_
5dTMP 30 5.4 61 — — — 72 —
dpTp 20 45 79 — — — 76 —

20 7.3 81 — — —_ 82 —
d(TpT) 20 6.5 57 27 16 —_ — —
d(TpT*) 20 6.5 61 35 4 — — —

60 6.5 56 34 10 — — —
d(TpD) 20 6.5 75 27 -2 7 83 10
d(T*pT) 20 6.5 62 32 6 9 82 9

60 6.5 57 35 8 14 75 11

dT* Residues

daT* 30 6.5 35 54 11 — — —
3'dT*MP 18 6.0 35 47 18 — — —
5dT*MP 25 6.0 30 48 22 17 65 18
dpT*p 20 3.7 25 64 11 20 60 20

20 7.5 21 69 10 17 65 18
d(T*pT) 20 6.5 34 57 9 —_ — —

60 6.5 35 53 11 — — —
d(T*pT*) 20 6.5 33 54 13 —_ —_ —
d(TpT*) 20 6.5 23 76 1 17 77 6

60 6.5 23 71 6 19 68 13
d(T*pT*) 20 6.5 41 57 2 13 74 13

8 Using J y5/, J 457, J5p, and J5-p in Table III with parameterization of Ref. 51. Data for
dT,dT*, 3¥dTMP, 3'dT*MP, 5’'dTMP, and 5’dT*MP from Ref. 24. Dimer data refer to the
underlined residue.

Comparison of the data for corresponding monomers in the T and T*
series (Table V) reveals the extent of the reduction in %g*(i%) brought about
by the syn base. At the various levels the decreases are: deoxynucleoside
(15%) =~ 3’-monophosphate (18%) < 5 -monophosphate (30%) < 3’,5'-di-
phosphate (55-60%). One can attribute this destabilization of g+ to
a repulsion between the 2-keto oxygen of the base and the 5-oxygen that
lies over the sugar ring in the g*(y) conformer. This interpretation is
consistent with the greater decrease in %g*(y) at the 5-monophosphate
and 3',5'-diphosphate levels, but it is not clear why the populations are not
affected by the ionization state of the phosphates (cf. data for the 3',5'-
diphosphates at the two pH values).

It is interesting to note that the decrease in %g*(y) is greatly enhanced
by the presence of the 8’-phosphate (cf. decreases at the 5-monophosphate
and 3',5’-diphosphate levels) even though this group is on the exo side of
the sugar ring. This must be a consequence of the apparent 3’-phos-
phate-5'-phosphate interaction, which in the case of the anti molecules
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leads to an increase in %g* () (cf. ’dTMP and dpTp) and to a decrease
in %g*(Y) in the case of the syn molecules (cf. 5dT*MP and dpT*p). We
think that this striking difference in the effect of 3’-phosphorylation is due
to the differences in ring puckering in the syn and anti series. As noted
above, the syn base brings about a shift towards the N-pucker, a conse-
quence of which is a reduction in the average separation of the negative
charges on the 3’- and 5’-phosphates. Should this reduction lead to a re-
pulsion between the groups, then rotation from g+(y) [and g~ ()] into t (¥)
is expected, since this change increases the charge separation (Fig. 1).
Support for this argument comes from an earlier study?6 of the 13C-31p
coupling constants of the mono- and diphosphates. There it was shown
that 5-phosphorylation of 3'dT*MP (but not 8dTMP) led to a shift from
the g~ to the ¢ conformation of the C3’-03’ (¢) bond, another change which
increases the separation of the 3’- and 5'-phosphates.

Dinucleoside Monophosphates

In general the conformational trends at the monomer level are retained
at the dimer level (Table V). Thus, g*¥ (YY) and t(¥) dominate for the dT
and dT* residues, respectively, whereas g~ () is least populated in all in-
stances. Incorporation of 3’dTMP and 3'dT*MP in a dimer, as Tp- or T*p
units, respectively, has little effect (<10%) on Y conformer distribution.
This insensitivity is not surprising, since the terminal hydroxymethyl is
not involved in the internucleotide linkage. Larger population redistri-
butions are noted when 5’dTMP and 5'dT*MP are incorporated as -pT and
-pT* fragments, respectively. For example, a 15% increase in %g*(Y) oc-
curs when 5’dTMP is incorporated into d(TpT) [but not into d(T*pT)].
Incorporation of 5’dT*MP into d(TpT*) leads to a small (7%) decrease in
%g*(y) and a large decrease in %g~(y) (21%). Noteworthy in the -pT*
fragment of d(TpT*) is the large %t(y) (76%) and the vanishing small
%8~ ().

Relative to the Tp- units, the Tp*- units experience a large decrease in
%g*(¥) (20-30%) and a comparable increase in %t (), with much smaller
changes in %g~(y). The syn base effect is even larger for the -pT* unit of
d(TpT™) [52% decrease in %g*(y) and 49% increase in %t (/)]. Free-energy
calculations based on a population change of 50% indicate that in the
presence of the syn base the g*(y) conformer is destabilized by about 1.3
kcal/mol relative to the energy of the ¢() conformer. A smaller syn base
effect is noted for the -pT* unit of d(T*pT*) [21% increase in %8t (Y); 25%
increase in %t (y)]. The reason for these differences in the -pT™* units of
d(TpT*) and d(T*pT*) is not obvious.

Conformation of the C3'-03'(¢') Bond

Limited information about the conformation of the C3-03'(¢’) bond (Fig.
1) can be obtained from the P3’-H3’ couplings (Table IT). The g+(¢’) ro-
tamer, which has never been observed in the crystal state, is generally ex-
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cluded in any analysis. But no preference for either the ¢(¢’) or g~ (¢')
conformer can be determined from Jpg, since the coupled nuclei are gauche
in each. However, increases in Jps can be attributed to a trend towards
the ¢’ = —120° situation (P3’-H3’ eclipsed). A large coupling (9.8 Hz) is
observed for dpT*p (pH = 7.5). On the other hand, Jpy is relatively small
in Tp- of d(TpT), indicating a trend away from the eclipsed orientation.
The magnitudes of the other Jps entries are intermediate and show no clear
differences for the T and T* derivatives. [On occasion, dihedral angles
have been calculated from the Jps couplings and assigned to the g=(¢’) and
t(¢’) conformers; the works of Jardetzky53 and Wildman54 suggest that
these calculated angles may be devoid of meaning.]

The pair of 13C-3'P couplings involving P8’ and C2’ and C4’ provide more
information about the ¢’ conformational situation. The data for the 3'-
monophosphates and 3',5’-diphosphates have been discussed?8; a discussion
of the dimer data is in preparation. In summary, however, these mea-
surements indicate a preference for the ¢(¢’) conformation in all of our 3’-
nucleotidyl units, with some dependence on the nature of the base.

Conformation About the C(5')-0(5')(¢) Bond

Estimates of the populations of the g*(¢), t(¢), and g~ (¢) conformers
of a 5’-nucleotidyl unit can be obtained from the J5p and J5-p couplings
(Table V). The ¢-bond populations show smaller variation than those of
the Y bond. In all cases the t(¢) conformer dominates (60-82%), in line
with earlier studies on other 5-nucleotides and oligonucleotides.24:34-40
There are prevailing trends toward a decrease in %t (¢) with the anti-to-syn
base change. The reduction in %t (¢) in the syn units is probably not due
to a direct effect of the base, but is more likely a consequence of the re-
duction in the g*(y). This y-¢ interdependence has been discussed else-
where 3455

Base Stacking and Photodimer Formation

Molecular models reveal that each of the four dimers, d(TpT), d(T*pT),
d(TpT*), and d(T*pT*), with the T and T* bases in their favored anti and
syn conformations, respectively, can be folded into a right-hand base-
stacked conformation. Thus, there seems to be no reason to discount
stacking by a syn pyrimidine, whether it be on the 3’- or 5'-linked residue.
The isolation, from uv-irradiated DNA4 and d(TpT),5 of a minor thymine
photodimer product with the TRANS-SYN cyclobutane geometry!5 seems
to provide experimental evidence for a base stack involving a syn thymine
base. The CIS-SYN product undoubtedly arises from a right-handed
base-stacked d(TpT) fragment in which both bases are anti; rotation of
the thymine on the 3’-linked residue into the syn conformation would seem
to lead to the minor, TRANS-SYN product. However, it is conceivable
that the TRANS-SYN product could be generated from a d(TpT) fragment
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in which the P-03’(«’) and P-O5'(w) bonds are oriented g% rather than g—,
as in the right-hand stack. In this g*g+ orientation, partial overlap of the
thymine bases is possible, but their orientation is such that the TRANS—
SYN cyclobutane ring would be generated by irradiation. The presence
of the g*g* orientation in dinucleoside monophosphates has been inferred
from 'H-nmr data.5”

Since the formation of the cyclobutane photoproducts requires the ap-
proach of the C5-C6 bonds of the bases involved, studying this photo-
reaction provides information about the conformations accessible to a dimer
fragment. Thus, we have subjected d(TpT*), d(T*pT), and d(T*pT*) to
uv irradiation using the procedure of Johns et al.% Details of the experi-
ments will be published later. Preliminary !H-nmr studies at 360 MHz
revealed photodimer formation from d(T*pT) (at least one product) and
from d(T*pT*) (two products in a 5:4 ratio). None were obtained from
d(TpT*), even after 14 h of irradiation in the presence of photosensitizer
(acetophenone).1” In part, these observations seem consistent with model
building. Thus, both d(T*pT) and d(T*pT*), with their T and T* units
in the anti and syn conformations, respectively, can be folded into a
right-hand stack which brings their C5-C6 bonds into proximity. The
presence of multiple products will remain difficult to explain until we have
been able to separate the individual products. However, this observation
seems to suggest alternate conformations which bring the C5-C6 bonds into
proximity (involving perhaps a syn T or anti T* or a g*tgt folded
dimer).

The absence of d(TpT*) photoproducts also seems reasonable, since the
C5-C6 bonds are distant in a right-hand stack (and in the g*g* conformer
with partial base overlap) (Fig. 3).

Most likely the right-hand d(T*pT) stack is the precursor of a d(T* [p]T)
photoproduct (square brackets about p designate a cyclobutane ringl5)
having the TRANS-SYN geometry. Overlooking the positions of the
methyl groups, we predict that this product will be shown to resemble the
minor, TRANS-SYN d(T[p]T) product. On the other hand, the g g~
stacked conformation of d(T*pT*) leads most likely to a CIS-SYN
d(T*[p]T*) product. Again, overlooking the positions of the methyl groups,
we predict that this product will be shown to be configurationally distin-
guishable from the major, CIS-SYN d(T[p]T) product by the different
mode of attachment of the bases to their sugar residues (Fig. 3).

The formation of photodimers provides evidence that d(T*pT) and
d(T*pT*) can be folded into a conformation involving base overlap, while
the absence of photoproducts of d(TpT*) indicates, at most, that the C5-C6
bonds are not appropriately oriented for photoreaction in any folded form
accessible to this dimer. These studies, however, provide no information
about the extent to which the folded forms occur. It is also unfortunate
that the conventional nmr method of detecting base interaction (mea-
surements of the temperature dependence of the base-proton chemical
shifts) is seriously limited for our molecules, since only small ring currents
are induced in pyrimidine rings.
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Fig. 3. (a and b) Structure of the TRANS-SYN cyclobutane photoproducts expected to
result from uv-irradiation of d(T*pT) (a) and d(TpT) (b) folded into right-handed base-
stacked conformations, with their 3'-linked and 5'-linked residues in the syn and anti con-
formations about their N-glycosyl linkage, respectively. The fully capitalized TRANS-SYN
refers to the cyclobutane geometry (Ref. 15); the lower-case syn and anti refer to the N -gly-
cosyl conformation. (candd). The CIS-SYN cyclobutane photodimers expected from (c)
d(TpT) (right-hand stack, both residues anti) and (d) d(T*pT*) (right-hand stack, both
residues syn). (e) Overlap of the pyrimidine bases in a right-hand base-stacked conformation
of d(TpT*), viewed from the 5’-linked residue to the 3'-linked residue. The back base is anti;

the front base is syn. In (c)-(e) the sugar-phosphate backbone (not shown) is aligned as in
(a) and (b).

However, some of the chemical shift data (Table I) seem to point to base
stacking in d(TpT*). In space-filling models of this dimer folded into a
right-hand stack, the 2-keto oxygen of the syn T* base lies near to the HY
and H2” protons of the Tp- unit. (Folding of the dimers also alters the
disposition of this H2” relative to the ester 05’ and nonester O atoms on
the phosphorus). Hence, if the -pT unit of d(TpT) is replaced by a -pT*
unit, then H2" and H2” of the Tp- unit should experience chemical-shift
changes, provided that significant right-hand folding occurs. To test this
for the Tp- unit of d(TpT*), we calculate the Ad values, defined as the
chemical shift of a proton in this unit relative to its resonant position in Tp-
of d(TpT). At 20°C these are (in ppm): H1’ (0.06), HY (—0.10), H2”
(=0.13), H3 (0.01), H4’ (—0.03), H5’ (0.03), H5” (0.00), H6 (—0.11), and
CHj3 (0.02), with positive values indicating a downfield shift. Thus, sub-
stantial shifts are experienced by H2’ and H2” as well as by H6 and HY/,
which are near to the contact surfaces of the stacked bases. The remaining,
distant protons experience shifts of 0.03 ppm or less. If these Ad values
are related to base-stacking phenomena, then they are expected to decrease
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at elevated temperatures. Using the 65°C data for d(TpT)36 and the 60°C
data for d(TpT*), we find a reduction in Aé to 0.00 ppm (H1’), —0.04 ppm
(H2"), —0.09 ppm (H2”), and —0.07 ppm (H6), with the other Ad values at
<0.02 ppm.

Though these chemical-shift data and the photoproduct formation
provide very qualitative information, they do indicate that the question
of the stacking of syn pyrimidine bases warrants further investigation.

Syn Pyrimidines in Double Helices

The syn T* (or syn T) base cannot be incorporated into the conventional
double helix with Watson-Crick hydrogen bonding. However, to test
whether other double helices are accessible to this syn base, we have built
molecular models of self-complementary A(adenosine)-T* (and A-T) co-
polymers, such as AT*AT*AT*. With the purine and pyrimidine bases
in their anti and syn forms, respectively, an antiparallel right-handed
double helix can be assembled with Hoogsteen hydrogen bonds between
the A and T* (or T) bases. (This bonding scheme, which involves N6-H
and N7 of the A base and the 04 and N3-H atoms of T*, has been observed
in cocrystals of adenine and uracil derivatives.’8 The involvement of
Hoogsteen bonding, involving anti thymine bases, has been suggested?
for certain multistranded complexes.) We hope to test for such putative
duplexes with synthetic A-T* oligonucleotides; the dimer d(ApT*) is now
available. Encouraging are the theoretical calculations®® which indicate
that the energy of the Hoogsteen bonding is larger than that of the Wat-
son-Crick bonding. It is also interesting to note that our novel right-handed
helix resembles the left-handed Z-DNA! in that, relative to B-DNA, the
base pairs are more exposed and the phosphates are closer together. Also,
only one, shallow groove appears in Z-DNA and in our double helix.

SUMMARY

Proton magnetic resonance data have been obtained for a series of de-
rivatives of 2’-deoxythymidine (dT) and 6-methyl-2’-deoxyuridine (dT*),
including the 3’,5’-diphosphates, dpTp and dpT*p, and four dideoxynu-
cleoside monophosphates, d(TpT), d(TpT*), d(T*pT), and d(T*pT*).
The data are compared with earlier results on dT, dT*, and their 8- and
5-monophosphates. The results reveal that the dT* units prefer the syn
conformation about the N-glycosyl linkage, contrasting with the preference
for anti in the dT units. Coupling-constant data indicate a trend towards
eclipsing of the substituents on the C1'-C2’-C3’ fragment of the dT* resi-
dues. Using crystallographic data for dT and dT*, this trend is rationalized
in terms of an N = S model in which both modes of pucker are biased
towards O4’-endo in the dT* units relative to the dT units. The presence
of the syn base leads to a destabilization of the g* conformer about C4’-C¥/,
leading to an increase in the ¢ conformer. Photodimer formation and
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chemical-shift data indicate that base-stacked conformations are accessible
to dimers containing the syn dT* unit. Model building reveals that a syn
T* (or syn T) base can be incorporated into an antiparallel, right-handed
double helix with Hoogsteen hydrogen bonds between the A and T* (or T)
bases.
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