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Abstract: The thymidine stereoisotopomer;$2[2'-?H]thymidine, which incorporates deuterium in tBeonfiguration

at the furanosyl 2carbon, has been synthesized and its vibrational spectra have been recorded and compared with
those of normal thymidine. Infrared and Raman spectra were collected from crystalline powders, the latter using
1063- and 514.5-nm excitations; ultraviolet resonance-Raman spectra were collected from aqueous solutions using
244-nm excitation. The results show, remarkably, that virtually all normal modes of thymidine involve some degree
of vibrational coupling between the thymine base residue and the deoxyribose moiety. Nevertheless, systematic
assignments and correlation of the spectral frequencies of thymidine aBd[A22H]thymidine have been
accomplished. A finding of importance for nucleic acid structure applications is that many prominent Raman marker
bands of thymidine, assigned previously as thymine ring vibrations, in fact involve appreciable coupling with the
C2 methylene group of the attached sugar. Vibrational coupling between the base and sugar groups implies frequency
dependence upon sugar conformation and allows the bands in question to be exploited as markers of deoxyribose
ring pucker and glycosyl orientation in Raman spectra of DNA, antiviral drugs, and other thymine-containing nucleoside
analogues. The present results also enable unambiguous and novel assignment of spectral bands to specific vibrational
modes of the C2methylene group of thymidine as follows: EB antisymmetric stretching (2995 cr), symmetric
stretching (2956 crmt), scissoring (1404 cri), and wagging (1174 cmd). Additionally, probable assignments are
deduced for the CBI, twisting (1103 cml) and rocking modes (898 cry). Normal mode assignments are also
proposed for many other vibrational bands of thymidine.

Introduction 800-cnt! interval. These thymidine vibrational bands are

Thymidine, as one of the four nucleoside constituents of 2??2??:&;%2%@'6;2 tr?sscgg?rzmdagrﬁgrf‘ls:?a?é:juci:]urtil ?gir;lti?\)g-

DNA, is of fundamental importance in molecular biology. - ’ . . s y
containing mononucleotideand nucleic acid$:® Conversely,

Repeats of thymidine, which occur in the specialized sequences™ . . o L :
. . ” - : uridine and cytidine derivatives generate a single Raman marker
of telomeric DNA, fulfill additional functions in the supramo- 1 I : . _
near 780 cm!, which is largely insensitive to changes in

lecular organization of linear eukaryotic chromosorheBhy- f . : £ th leosid ot

midine is also an essential constituent of many pharmacological conformation or en\./lro.nme.nt of the nucleoside mofety.
agents, including the antiviral compounds azidothymidine (AZT) In order to .e>.<pI0|t V|br§1t.|onal speptrospopy asa structural
and dideoxythymidine (ddT. Vibrational spectroscopy serves probe (_)f thymidine-containing nu_clelc acids, it is of interest to
as a convenient and effective probe of thymidine structure and determine whether the conf_OfmatlonaI depe_nden_ce of thym|c_i|ne
interaction in these biological molecules, and the thymine base Raman marker bands originates fFOf." V|brat.|onal cogpllng
itself is an intriguing target for vibrational analysis. Raman between thg basp and sugar ”?O'e“es or 1S reﬂectwe of
studies have demonstrated a rather unique pattern of thyminemteractlons involving base exocyclic groups. For this purpose
vibrational bands in the spectral interval 64800 cnt?, clearly (3) Hartman, K. A.; Lord, R. C.; Thomas, G. J., Bhysico-Chemical
differentiating thymine nucleosides and nucleotides from those Properties of Nucleic AcidDuchesne, J., Ed.; Academic Press: New York,

of urac”. aﬂd .CytOSinéTS N . . _ 19{2); I\E/r?tljrt%%) ]é_.?%eticolas, W. LBiopolymersl975 14, 247-264.
Thymidine is alone among pyrimidine nucleosides in exhibit-  (5) pijkstra, S.; Benevides, J. M.; Thomas, G. J.,JJMol. Struct 1991,

ing multiple Raman markers of prominent intensity in the 640 242 283-301.
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Figure 1. Covalent structure of (8)-[2'-?H]thymidine [or thymidine-
(2°9-d], which incorporates deuterium (D) in tH&configuration at
the furanosyl 2carbon.

Tsuboi et al.

at low temperature, and finally (6) unmasking, yielded the desired
product. Further details of this synthesis are given elsewhelsntopic
purity of the product was assessed as 982BPby examination of the
400-MHz NMR spectrum, which also indicated®5% S configuration

at the 2 position.

Infrared and Raman (1063 nm excitation) spectra of thymidine and
(29-[2'-?H]thymidine were obtained from crystalline powders on a
Nicolet FTIR/FT-Raman spectrometer. Additional Raman spectra
(514.5-nm excitation) of the same crystalline powders were obtained
on a Jobin-Yvon ISA S3000 spectrometer equipped with an Olympus
microscope. Ultraviolet resonance Raman (UVRR) spectra were
obtained from aqueous solutions (0.5 mg/mL) in a rotating cell using
244-nm excitation. Further details of the Raman microscope and UVRR
spectrometer assemblies have been given elsewh&re.

Results

Infrared and Raman spectra (1063-nm excitation) of thymi-
dine and (2)-[2'-2H]thymidine [hereafter referred to as thy-

we have synthesized and examined the vibrational spectra ofmidine-(2S)-d] in the regions 18081300 and 1308650 cn*

deuterium isotopomers of thymidine, with the expectation that
vibrational coupling if present would be perturbed or eliminated

are compared in Figures 2 and 3, respectively. Corresponding
spectra were also obtained for the hydrogen stretching region

by the isotope substitutions. In the present paper, we report(2900-3020 cnt') and deuterium stretching region (2160

the results obtained on the thymidine stereoisotopomé&s)-(2
[2'-2H]thymidine, which incorporates deuteriurfH( or D) in
the Sconfiguration at the furanosyl 2Znethylene carbon. This
structure is depicted in Figure 1.

The strategy of site-specific furanose deuteration was ex-

ploited recently by Harada and co-workéfsyho investigated

the coupling of base and sugar vibrations in purine ribonucleo-

2300 cnt?) and are available as Supporting Information or by
request from the authors. Key bands assigned tbl@ad C2D
stretching modes are included in Table 1. Raman spectra for
the region 108-650 cnt! are presented in Figure 4. (Infrared
spectra below 650 cm were not obtained.) Comprehensive
Raman spectra (2683100-cnT?, 514.5-nm excitation) of thy-
midine and thymidine-(&)-d, and their digitally computed

sides. These authors synthesized and obtained vibrationaldifference spectrum, are presented in Figure 5. The very low
spectra of adenosine and guanosine incorporating deuterium afrequency region of the Raman spectrum (down to 509m

the CZI carbon, which is the site of attachment of the purine

was also recorded and is available as Supporting Information

base. Our results, obtained for a stereospecifically labeléd C2 or upon request from the authors.

deoxynucleoside, are discussed in relation to the model for

base-ribose vibrational coupling proposed by Toyama etal.
An additional objective of the present study is to improve

our understanding of the vibrational modes of thé @athylene

group in deoxyribonucleosides and DNA. Recent polarized

Raman studies of DNA single crystals and oriented fibers show

UVRR spectra (244-nm excitation) of thymidine and thymi-
dine-(29-d, and their computed difference spectrum, are given
in Figure 6.

Discussion

1. General Survey of the Vibrational Spectra. The

that measurably different vibrational frequencies and Raman thymidine molecule has 31 atoms and 87 normal modes of

tensors apply to the C2nd C5 methylene groups of the DNA
backboné?314 However, the previous studies do not establish

vibration, including 14 hydrogen stretching vibrations expected
to have frequencies above 2800 @m The remaining 73

which of the observed bands should be assigned to the respectivgiprations are expected with frequencies below 1800%ifhe

methylene groups. The direct deuteration of thé fGanosyl

thymidine crystal (space groiR2;2;2;)'" is subject to different

site accomplished in the present work enables direct and selection rules for infrared absorption and Raman scattering.
unambiguous assignment of the characteristic vibrational deesAccordineg, somewhat different vibrational frequencies may
of the C2 methylene group. By default, the corresponding occur in the infrared and Raman spectra of the crystalline

assignments are inferred for the '‘Gbethylene group.

Materials and Methods

Normal thymidine §-thymidine) was purchased from Sigma Chemi-
cal (St. Louis, MO) and used without further purification.

(29-[2'-?H]Thymidine (Figure 1) was synthesized using the fol-
lowing six-step procedure: (1)A+3,5-O-TPDSp-arabinofuranosyl)-
thymine was oxidized with a 1:1:2 complex of Gx@c,O:pyridine.
(2) The resulting 2o0xo derivative was deuterio-reduced stereoselec-
tively to the corresponding £-(3,5-O-TPDSb-[2-?H]arabinofurano-
syl)thymine using NaBH,, then (3) treated with trifluoromethanesulfo-
nyl chloride to yield 18-(2-O-Tf-3,5-O-TPDSb-[2'-?H]arabino-
furanosyl)thymine, and subsequently (4) brominated with LiBr to give
(2R)-2'-bromo-3,50-TPDS-[2-?H]thymidine. (5) Highly stereose-
lective reduction of the last intermediate with the;BnH-Et:B system

powder. A survey of Figures 2 and 3 confirms that this is indeed
the case for a few of the vibrational modes. For example, we
find no Raman counterpart to the strong infrared band of
thymidine-(29)-d at 1078 cml. However, most of the promi-
nent infrared bands have counterparts of nearly the same
frequencies in the Raman spectrum, afak versa For both
thymidine and thymidine-(8)-d, 60 non-redundant vibrational
frequencies are observed in the-71B00 cnt! region. The
very lowest frequency region of the crystal spectrum (Supporting
Information) reveals additional bands probably due to lattice
librational modes.

The data of Figures-26 demonstrate great sensitivity of the
vibrational signature of thymidine to CBeuteration. This is
especially evident in the difference spectrum shown in Figure

(12) Toyama, A.; Takino, Y.; Takeuchi, H.; Harada,Jl. Am. Chem.
Soc.1993 115 11092-11098.

(13) Benevides, J. M.; Tsuboi, M.; Wang, A. H.-J.; Thomas, G. JJ.Jr.
Am. Chem. Sod 993 115, 5351-5359.

(14) Thomas, G. J., Jr.; Benevides, J. M.; Overman, S. A.; Ueda, T;
Ushizawa, K.; Saitoh, M.; Tsuboi, MBiophys. J.1995 68, 1073-1088.

(15) Kawashima, E.; Aoyama, Y.; Miyahara, M.; Sekine, T.; Radwan,
M.; Ishido, Y. Nucleosides Nucleotidel995 14, 333—-336.

(16) Russell, M.; Vohtk, S.; Thomas, G. J., JBiophys. J.1995 68,
1607-1612.

(17) Young, D. W.; Tollin, P.; Wilson, H. RActa Crystallogr.1969
B25 1423-1432.
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Figure 2. Infrared spectra of crystalline powders of thymidine (trace a) and thymidiiS-¢Qtrace b) and Raman spectra (1063-nm excitation)
of crystalline powders of thymidine (trace c¢) and thymidin&S(i (trace d). Left panel: Region 188500 cnt!. Right panel: Region 1560
1300 cnT.
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Figure 3. Infrared spectra of thymidine (trace a) and thymidinkS(2l (trace b) and Raman spectra of thymidine (trace c) and thymidis:-¢2
(trace d). Other conditions are as given in Figure 2. Left panel: Region-18®D cnt?. Right panel: Region 950650 cnt?.

5. Remarkably, of the 70 or so vibrational bands observed in  In the UVRR spectrum (244-nm excitation, Figure 6) of
the interval 108-3000 cnT?, about 50 are clearly perturbed by thymidine only resonance-enhanced Raman bands of the thy-
C2 deuteration. Shifts to lower frequency as large as 12'cm  mine ring are expected. The UVRR frequencies observed for
are observed. The molecular vibrations giving rise to the shifted aqueous thymidine and thymidine*§d are listed in the first
bands involve some contribution from the'd2group. Some two columns of Table 2. Also included in Table 2 are the
bands, however, appear unique to either normal thymidine or frequencies of bands that are observed in off-resonance Raman
thymidine-(29-d, and are thus assignable respectively to spectra (1063 nm) and infrared absorption spectra of the
localized vibrations of either the @2, group of thymidine or crystalline powders and assigned to vibrations largely within
the C2HD group of thymidine-(2)-d. These bands are listed the thymine moiety. As seen here, the six prominent bands in
in Table 1 along with their proposed vibrational assignments. the interval 1196-1700 cnt! exhibit little or no deuteration
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Table 1. Vibrational Bands of the C2Methylene Group of
Thymidine
bands of the CH, species bands of the GAS)D species N
Thymidine-(2'S)-d
infrared Ramani assignmerfit infraredd Ramal assignmerit
2994 (m) 2996 (s) CH 2984 (w) 2984 (s) CHst
antisym st >~

2956 (w) 2956 (m) Chlsymst 2187 (w) 2187 (m) €D st =
1410 (w) 1404 (w) CHscissor 1078 (s) CPH def é Thymidine
1173 (s) 1174 (m) Chkwag 990 (s) 993 (m) CDH def z
1069 (s) 1103 (w) Chitwist 903 (m) 905(m) CDH def
896 (w) 898(s) CHrock 799 (m) 801 (m) CDH def

aBand frequencies are given in wavenumber units ¢¢rand relative Difference
intensities are indicated in parentheses. Abbreviations: s strong, m
medium, w weak® Detailed assignments and further discussion are
given in the text. Abbreviations antisym antisymmetric, st stretch, def
deformation.

500 1000 1500 2000 2500 3000

-1
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Figure 5. Raman spectra (514.5-nm excitation) of crystalline powders
of thymidine-(29-d (top) and thymidine (middle) in the region 260
3500 cnt! and their digitally computed difference spectrum (bottom).
(A complete tabulation of the spectral frequencies is available from
the authors upon request.)
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Figure 4. Raman spectra (1063-nm excitation) of crystalline powders
of thymidine (trace a) and thymidine‘@-d (trace b) in the region cm”!
650-100 cnr™. Figure 6. UV-resonance Raman spectra (244-nm excitation) of aqueous

solutions of thymidine-(&)-d (top) and thymidine (middle) in the 560
1800-cn! region and their computed difference spectrum (bottom).
Nucleoside concentration is 0.5 mg/mL (pH 7).

shifts, indicating no significant involvement of G& (or
C2HD) motions. However, the UVRR bands of lower fre-
guency (606-1190 cntl) show appreciable deuteration shifts.
Therefore, the latter are assignable to more highly delocalized 2 vibrational Assignments for the C2ZH, Group. a.
vibrations, extending into the deoxyribose moiety and exhibiting stretching Vibrations. Thymidine bands at 2956 and near
SensitiVity to C2 deuteration. The present Raman data are 2995 cntl disappear upon'@) deuteration and are assigned
complemented in Table 2 by recently published Raman spectrarespectively to symmetric and antisymmetrie-8 stretching
(488.0 nm) obtained on thymidinéCs, in which the furanose  yibrations of the C2H, group (Table 1). The replacement bands
carbons have been isotopically substituted wWitg.'® The of thymidine-(29)-d at 2984 and 2187 cmt are assigned
deuterium and®C shifts are generally consistent and indicative respectively to the CBR)—H and C2(S—D stretching modes
of the extent of vibrational coupling between thymine and of the C2HD group (Table 1). Each stretching vibration
deoxyribose moieties. exhibits essentailly the same frequency in Raman and infrared
On the basis of the foregoing results, detailed vibrational spectra.
characterizations can be proposed for many of the observed ', Scissoring Vibration. The weak Raman band of thy-
Raman and infrared bands of thymidine, as next discussed. mjidine at 1404 cm! (Figure 2) has been assigned to £H
(18) Tsuboi, M.; Ueda, T., Ushizawa, K.; Sasatake, Y. Ono, A; SCissoring on the basis of it8C isotope shift of—5 cn .18
Kainosho, M.; Ishido, YBull. Chem. Soc. Jpri994 67, 1483-1484. The intensity loss accompanying 'C® deuteration confirms
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Table 2. Vibrational Frequencies of the Thymine Base in Thymidine and Thymidif)-(

UVRR spectra (244 nm) Raman spectra (1063 nbn) infrared spectra
C2H, C2(SD O(2H)d C2H, C2(SD O(3H)d S(BC) C2H, C2(SD S(3H)e

1657(s) 1657(s) 0 1665(s) 1665(s) 0 0

1486(m) 1484(m) -2 1483(m) 1483(m) 0 -1 1478(s) 1476(s) -2

1416(w) 1416(w) 0 1390(m) 1390(m) 0 0 1402(m) 1401(m) -1

1377(s) 1378(s) +1 1365(s) 1365(s) 0 -1 1363(w) 1363(w) 0

1244(s) 1244(s) 0 1227(s) 1235(s) +2 -2

1233(s)

ﬁggg} 1194(m) -2 1199(s) 1194(s) -5 -3 1197(s) 1193(m) -4

961(w) 954(w) -7 960(w) 953(w) -7 971(s) 961(s) -10
870(m) 864(m) -6

875(w) 875(w) 0 853(s) 852(s) -1 -12 851(m) 850(s) -

789(m) 785(m) —4 772(s) 763(s) -9 -1 766(s) 767(m) +1
757(s) 757(s) 0

752(w) 750(w) -2 736(s) 733(s) -3 —10 734(s) 730(s) —4

668(w) 661(w) -7 675(s) 663(s) —12 -4 666(s) 664(w) -2

aData from Figure 6. Other notation as in Table’ Data from Figures 2 and 3 and ref 18. Other notation as in Tabl®ata from Figures
2 and 3. Other notation as in Table%Frequency shift with C2S) deuteration® Frequency shift witH3C substitution of deoxyribose carbotfs.

the earlier assignment and shows further that the band originatesare attributable to the G2, twisting mode. The weak infrared

primarily from the C2 methylene group. The likely infrared
counterpart is the weak band at 1411 ¢mwhich essentially
disappears with CgS) deuteration. In spectra of thymidine-
(29-d, a Raman band occurs near 1400émThis frequency
may be assigned to the &% scissoring mode. The corre-
sponding Raman band for the nondeuterated nucleoside
obscured by the stronger G® scissoring bands expected in
this region.

The medium intensity infrared band, which remains at
approximately 1402 cri upon C2(S) deuteration, presumably
corresponds to the Raman band near 13901¢cwwhich also
remains unchanged by Cg5) deuteration. Both are assigned

and Raman bands remaining near 1091 tmay be assigned
to the C5H, twisting mode.
e. Rocking Vibration. The strong Raman band at 898 tm

was assigned previously to a deoxyribose ring breathing
_vibration on the basis of it¥C-isotope shift of—17 cn11.18
ISThe present data show, however, that the 898icband is

sensitive to CZS) deuteration (Figure 3). Therefore, it is now

clear that the vibration in question involves a'B2 motion,

probably methylene rocking. Because no band in this region

of the thymidine spectrum exhibits the largé€ shift (—20

cm 1) expected for a pure methylene rocking mode, it is further

concluded that thymidine has no pure methylene rocking mode.

to the thymine ring (Table 2) and not to methylene scissoring The C2H, rocking mode is likely coupled with deoxyribose

modes.

c. Wagging Vibration. The strong infrared band at 1173
cm~t and medium-intensity Raman band at 1174 ¢iim the
spectra of undeuterated thymidine are both eliminated By C2
(S deuteration (Figure 3). Assignment to the £Wagging
vibration is supported by the fact that the 1174-érRaman
band is shifted by-13 cnT!to 1161 cn! upon®3C substitution
of the deoxyribose carbons.

According to Nakagawa and Mizushirkd,the diagonal
element of theG matrix for the C2H, wagging vibration is
given by

G(C2H, wag)= [(3/2)uy + 3udrey’ + (U2ucr e +
ud(@3) e+ 2repred (1)

whereuy anduc are reciprocals of the atomic masses of H and
C, respectively, andcy andrcc are bond lengths. Withey =

1.1 Aandrec = 1.5 A, eq 1 predicts the ratia(:2C2 H, wag)/
G(13C2H, wag) = 1.0227 and a corresponding vibrational
frequency ratio of 1.0113, which is identical to the observed
1174/1161 cm? ratio of Raman frequencies. (Similar calcula-
tion of the ratio ofG matrix elements for CH, twisting and
rocking vibrations leads to predictééC-isotope shifts of-6
and—20 cnT?, respectively.) Therefore, the 1174-chband
can be assigned confidently to the wagging vibration.

d. Twisting Vibration. This vibration is expected in the
1000-1300-cn! region. As seen in Figure 3, a weak Raman
band at 1102 cmt disappears on C@) deuteration and the
strong infrared band at 1096 cis weakened. These effects

(19) Nakagawa, |.; Mizushima, 8ull. Chem. Soc. Jpri955 28, 589~
594.

skeletal modes, and may contribute to several bands in the 700
1000 cnt! region. It is suggested, however, that the' K2
contribution is especially large for the 898-chwvibration.

3. Vibrational Assignments for the CZHD Group. a.
Stretching Vibrations. Assignments of the C2H and C2—-D
stretching vibrations of thymidine-(®-d are straightforward,
as given in Table 1. Interestingly, both the'€® and C2—D
stretching modes give rise to relatively intense Raman bands,
at 2984 and 2187 cm, respectively, whereas the corresponding
infrared bands are relatively weak.

b. Deformation Vibrations. In thymidine-(2S)-d, four
deformation vibrations of the CA(SD group are expected to
replace the CH, scissoring, wagging, twisting, and rocking
modes of thymidine. These are in-plane and out-of-plane CH
bending and in-plane and out-of-plane CD bending modes,
where the plane of reference contains the atoms H, D, ahd C2
The four prospective bands of the infrared spectrum are listed
in Table 1. The strong infrared band at 10783éns assigned
to the in-plane CH bending mode. The corresponding Raman
band, which is expected to be extremely weak, is not detected
in present spectra (Figure 3). The medium intensity infrared
band at 799 cm! may originate from coupling between GD
bending and a skeletal mode of the furanose ring. The
corresponding band in the Raman spectrum of thymiditg-(2
occurs at 801 cmmt. Such coupling would explain the shift of
the 793-cm? infrared (794-cm® Raman) band of thymidine
to 780 cntt in thymidine-(29-d (Figure 3).

4. Vibrational Assignments for the Thymine Ring. a.
Ring Modes Near 1199 and 1230 crif. Two strong Raman
bands, near 1199 and 1230 th have been assigned to
vibrations involving stretching of the exocyclic E&Hz; bond
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and are considered characteristic of the thymine resitiue.
the Raman spectrum of solid undeuterated thymidine (Figure

Tsuboi et al.

counterpart in the off-resonance Raman spectrum is observed
at nominally higher frequency, near 675 ¢ In each case a

3), the higher frequency marker occurs as a closely spacedsignificant C2-deuteration shift is observed;7 cnt? in the

doublet (1227/1233 cni) which merges into a singlet (1235
cm1) upon C2(S) deuteration. The 1227/1233-cfndoublet
may be ascribed to Fermi resonance involving the 67565
cm~! combination mode. Elimination of this Fermi interaction
and simultaneous introduction of another (doublet at 1194/1211
cmb) in the C2(S derivative can then be explained by the
lowering of the 675- and 565-cm frequencies to 663 and 547
cm™1, respectively (Figures 3 and 4). The Fermi interaction is
also eliminated by°C substitution of the five furanose carbdfis.

It is interesting to note that in the UVRR spectrum of
thymidine the thymine marker expected near 1199%otcurs
as a doublet at 1188/1198 cfnand is replaced by a singlet at
1194 cnt?! in thymidine-(29-d (Figure 6). The 1188/1198
cm~1 doublet could also be due to Fermi resonance involving
a combination of the 668-ctd UVRR mode with another
fundamental, presumably near 525 dnbut too weak to be
observed in the UVRR spectrum. However, an alternative
explanation for the 1188/1198-cth UVRR doublet is the
following. In aqueous thymidine, the G2 wagging vibration
and a thymine ring mode (both expected near 1200%:may
accidentally have the same vibrational frequency of approxi-
mately 1193 cm!. As a consequence of this accidental

degeneracy, the two modes may couple with one another anc\N

become split to yield coupled frequencies displaced about
equally from the uncoupled value. Upon elimination of the
wagging mode by CgS) deuteration, the coupling is eliminated
and the localized thymine ring mode is revealed at 1194'cm
(Figure 6).

b. Ring Mode Near 950-970 cnT!. The UVRR band of
thymidine at 961 cm! is shifted to 954 cm! upon C2(S
deuteration (Figure 6), a greater shift than expected for a
localized base vibration. On the basis of the off-resonance

UVRR and—12 cntt in the Raman. Thé3C-isotope shift is
also appreciable<{4 cnt™). This mode is assigned to a delocal-
ized thymine ring vibration in which the deoxyribose moiety
makes a significant contribution. (See section 6.d, below.)

f. Ring Modes Below 600 cm®. The strong Raman band
at 565 cn1t exhibits a peculiarly large C@5)-deuteration shift
of —18 cnt?, which is close to the expected limiting value for
a vibration localized in the CB, group?® In principle, the
observed shift implies that the 565-ciband originates from
a vibration in which only the C2, group is in motion, while
the remainder of the molecule is essentially fixed. This is
consistent with the absence of any band near 565'¢émthe
UVRR spectrum (Figure 6). However, assignment exclusively
to the sugar CH, group is contradicted by the rather small
13C-isotope shift of—5 cnT! observed previousli# Further
study is required to resolve the assignment of the 565lcm
band.

Another unexpectedly large G&)-deuteration shift may
occur for the Raman band at 474 ch{Figure 4). Upon C2
(S deuteration, Raman intensity increases at 447¢cimplying
a shift of —27 cnm?, well in excess of the expected limit for a
vibration localized in the CB, group. A definitive assignment
ill require further analysis.
5. Correlation with Vibrational Spectra of Thymine. A
detailed understanding of the vibrational coupling between
thymine and deoxyribose moieties of thymidine would require
complete vibrational analyses of both base and sugar residues.
Toward this end, Aida et &2recently completedb initio self-
consistent-field molecular orbital calculations of the vibrational
frequencies and intensities of thymine and thyminedk,and
compared their results with experimental data, including polar-

Raman spectra (Figures 3 and 5), the unexpectedly large Shift|zed Raman spectra of a thymine single cryd¥alUnequivocal

can be attributed to coupling of the thymine ring mode with a
deformation of the C2D group of thymidine-(Z)-d. Evidence
of the C2HD vibration is seen clearly near 990 chin the
infrared spectrum and 993 cthin the Raman spectrum of
Figure 3. The effect upon base vibrations in the vicinity of
960 cn1lis also apparent. For example, the 971=étymine
mode is lowered to 961 cm.

c. Ring Mode at 789 cnt!. The UVRR band of thymidine
at 789 cm! (Figure 6) probably corresponds to the off-
resonance Raman and infrared bands observed at 793 cm
(Figure 3). The band exhibits a remarkably lafg§é-isotope
shift of =10 cnm 128 The normal mode of vibration therefore
involves both a significant contribution from the deoxyribose
ring (to account for thé3C shift) and a dominant contribution
from the thymine base (to account for resonance at 244 nm).
The observed C2leuteration effect is caused partly by coupling
with the C2—D deformation mode, as noted above.

d. Ring Mode at 757 cnt!. This band is strong in the

assignments have been reached for most of the infrared and
Raman frequencies. Comparison of Raman spectra of thymine
and thymidine shows that 22 of the Raman bands of the
nucleoside correlate directly with those of the base. These are
listed in Table 3, along with assignments based upon the thymine
vibrational analysis of Aida et &2 Similar frequency cor-
relations can be tabulated for infrared spectra of thymidine and
thymine (data not shown). However, the infrared intensities
are more variable, presumably due to greater sensitivity of
infrared transition moments to effects of intermolecular interac-
tions which differ significantly in thymidine and thymine crystal
lattices.

6. Some Examples of Vibrational Coupling between
Thymine and Deoxyribose. a. Vibrational Modes Near
1430-1460 cnTl. The two infrared bands of thymidine at 1435
and 1456 cm?! exhibit nearly equal intensities. Conversely, in
thymidine-(29-d the lower frequency band is more intense than
the higher frequency band. A qualitatively similar deuteration

infrared (Figure 3), but has no apparent Raman counterpart. Sucteffect is observed for these band intensities in corresponding

an intensity pattern is typical for an-\H out-of-plane bending
vibration. Accordingly, the 757-cmdt band is assigned to a
vibration in which the thymine N3H proton is displaced

Raman spectra (Figure 2). One possible explanation for these
effects is intramolecular vibrational coupling. However, because
the 1435- and 1456-cmd bands are assigned to deformation

perpendicular to the plane of the base. This assignment is con-vibrations of the exocyclic C5¢igroup?°2 dependence upon

sistent with the absence of a significant (S2-deuteration effect.
e. Ring Mode at 668 cntl. The 668 cm! band is weak

but well resolved in the UVRR spectrum (Figure 6). Its

(20) (a) Aida, M.; Kaneko, M.; Dupuis, M.; Ueda, T.; Ushizawa, K.;
Ito, G.; Kumakura, A.; Tsuboi, MSpectrochim. Actan press (1997). (b)
Tsuboi, M.; Kumakura, A.; Aida, M.; Kaneko, M.; Dupuis, M.; Ushizawa,
K.; Ueda, T.Spectrochim. Actaln press (1997).

deuterium substitution at the very remote’'Cidte seems
unlikely. An alternative explanation imtermolecularvibra-
tional coupling, which can be rationalized as follows. The in-
plane bending mode of the thymine NBI group is expected

in this region of the spectrum and is known to generate a broad
infrared band near 1445 crhwhich underlies the above noted
bands due to C5kdeformations. The N3H group is also an
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Table 3. Raman Bands Common to Thymidine and Thymine

thymidine thymine
cm?t int.2 cm?t int.2 assigned vibrational moble
1692 w 1700 w C20 str
1665 s 1672 s C#0 and C5=C6 in-phase str
1643 m 1652 w C#£0 and C5=C6 out-of-phase str
1483 m 1489 m Ckldegenerate def
1458 w 1459 w CHdegenerate def
1437 w 1434 w CHsym def
1390 w 1408 m ring [similar to benzeng,enode (1595 cmt)]
1365 S 1368 S ring- C6—H in-plane bend
1233, 1227 s 1258, 1246 m €& H; stretch+ ring [benzene & (1308 cnl)]
1199 S 1214 m C5CHj stretch+ ring [benzene g (1595 cn?)]
1124 w 1156 m ring [similar to benzeng,enode (1485 cmt)]
1067 m 1048 w CHlout-of-plane rock
1016 m 983 m CHlin-plane rock
974 w 934 w C6-H out-of-plane bend
794 m 804 m ring [similar to benzengumode (1010 cmt)]
772 S 741 S pyrimidine ring breathing
675 s 616 s in-phase €2 and C4=0 in-plane bend
565 S 556 m ring [similar to benzeng,enode (605 cm?)]
495 s 478 m ring [similar to benzeng,enode (605 cm?)]
379, 397 m 320 w C5CHj; out-of-plane bend
297, 305 m 286 w C5CHsin-plane bend

aRelative Raman intensity (s strong, m medium, w weak) in the spectrum of crystalline p&wdireviations: st stretch, def deformation.

intermolecular hydrogen bond donor to the' €0 acceptor of C2(9-d, it is apparent that the shifts are caused by introduction
a neighboring molecule in the thymidine crystal lattiée. of the C2(S—D bending mode at 801 cth. Thus, the C2
Conceivably, 1S deuteration could alter intermolecular vi- (S§—D bending and thymine ring modes are vibrationally
brational coupling between the base of one thymidine molecule coupled. In this case, the intramolecular coupling involves
and the sugar of its neighboring molecule so as to lower the groups which are separated by two covalent bond$<{C2 —
N3—H bending frequency by about 10 cn(i.e. to ~1435 N1). The involvement of the deoxyribose moiety in the 794-
cm™1). This would have the effect of increasing the apparent cm~! marker has also been demonstrated by the shift b®
intensity of the superimposed Cbldeformation band in the ~ cm™ observed upo#°C substitution of the furanose carbdfis.
spectrum of the C29) derivative. d. Thymine In-Plane Ring Mode Near 600-700 cnt™.

b. The C2(S)—D Bending Mode at 993 cmi’. The Raman Thymine exhibits a strong band at 616 cththat has been
spectrum of thymidine exhibits two weak bands at 960 and 974 assigneéP?! to an in-plane bending mode in which the six-
cmL. Either or both of these bands can be assigned to amembered ring undergoes a skeletal deformation while the
vibration localized in the base residue of thymidine and C2=0 and C4=0O groups simultaneously bend in-phase with
specifically to a mode involving out-of-plane bending of the one another (a “windshield-wiper” motion). In thymidine, this
thymine C6-H group. The basis for this assignment is the fact vibration is elevated to 675 cm in the Raman spectrum and
that the C6-H out-of-plane bending mode of the free thymine to 668 cnT! in the UVRR spectrum (see section 4.e., above),
base occurs at 934 cth?° and no candidate other than the 960- possibly due to coupling with a deoxyribose mode at 632%cm
and 974-cm! bands exists for the corresponding mode in In thymidined',2',3',4',5'-13Cs, this mode is observed at 671
thymidine. As indicated in Section 4b., above, direct coupling cm™! in the Raman spectrufi. For thymidine-@'-d, the
occurs between the %) —D bending mode at 993 crh and corresponding mode occurs at 663¢rin the Raman spectrum
the thymidine vibration at 974 cm. For the same reasons (Figure 3) and at 661 cm in the UVRR spectrum (Figure 6).
noted in Section 4b., C&)—D bending is also coupled wth  The C2-deuteration shift of~12 cnT?! (675— 663 cn1?l) in
the thymidine 960-cm! mode. Thus, the 993 cmh band the Raman spectrum (ef7 cn in the UVRR spectrum, 668
represents another example of vibrational coupling involving — 661 cnt?) (Table 2) demonstates vibrational coupling with
sugar and base moieties of thymidine. It is interesting to note the deoxyribose moiety.
that in crystalline thymidine the C6 proton of one molecule is  e. In-Plane Ring Deformations of Thymine. Thymine
very close to the CRS proton of a neighboring molecule, modes at 478 and 556 cthhave been assigned by Aida et
involving a nonbonded H-H distance of 2.8 &7 This suggests  al2%2 to vibrations which are similar to the degeneratgy)(e
that the vibrational coupling of the 993-cthmode may be  skeletal deformations of benzene at 606 ¢éd% 24 The
mediated by an intermolecular-+D contact. corresponding modes occur in thymidine at 495 and 565'cm

c. The C2(S)—D Bending Mode Near 800 cm?'. The (Figure 4), although they are not elevated to prominence in the
pyrimidine ring of thymine is expected to exhibit strong and UVRR spectrum (Figure 6). The higher frequency mode
characteristic Raman bands near 750 and 800 criihe former involves a significant displacement of the N1 atom, whereas
is a quasisymmetrical ring breathing mode, while the latter is the lower frequency mode does #Bt.This explains the more
assignable to a triangle-like mode in which alternate pyrimidine dramatic C2 deuteration effect observed for the former (565
bonds extend and contract in a concerted manner, similar to T T Peticol —— 58
the b, mode (1010 cm) of the benzene ring. These thymine g%g \Ffvliﬂsso'nT'é'_DeBt,l;c%iiiL}g' 5].' cP:.;yé'rgss?nlll.g?Jl?egc)'u}:re;s/i?grla‘:io?ls'
markers are observed in the UVRR spectrum of thymidine mcGraw-Hill: New York, 1955; p 259.

(Figure 6) at 752 and 789 cmh respectively, and are shifted (23) Dollish, F. R.; Fateley, W. G.; Bentley, F. Eharacteristic Raman

i _ Frequencies of Organic Compound#iley: New York, 1994; p 165.
by CZ(S) demeratl.on to 750 and 785 ct In off-resonance (24) Tsuboi, M.; Nishimura, Y.; Hirakawa, A. Y.; Peticolas, W. L.
Raman spectra (Figure 3), where the markers occur at 772 andgjgjogical Applications of Raman SpectroscpBypiro, T. G., Ed.; Wiley:

794 cntt in thymidine and at 763 and 780 crin thymidine- New York, 1984; Vol. 2, pp 109179.
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— 547 cn?) than for the latter (495> 492 cn1?) (Figure 4). Table 4. Potential Markers of Thymidine and/or Furanose
Qualitatively similar results are observed upé@ substitutior8 Conformation and Comparison with Raman Conformation Markers
of Poly(dA-dT}
Summary and Conclusions poly(dA-dTy
The present study has advanced significantly the assignment C2H: C2(SD o(*H) Bform Aform
of bands in vibrational spectra of thymidine. In particular, 1230 1235 +5 1226 1239
definitive assignments have been reached for the methylene 1199 1194 -5
group vibrations of the deoxyribose moiety of thymidine. In 1174
combination with results from recent polarized Raman and 1102
ibrational analyse&2it h d possible to characteri 88 893 872
vibrational analyses;<°it has proved possible to characterize 794 780 —14 791 777
virtually all of the ~30 vibrational modes of thymidine that 772 763 -9
are expected in the 26A.800 cn1? interval. 675 663 -12 665 642
Remarkably, the vast majority of bands in the vibrational 632 626 —6
spectra of thymidine are altered with 'C9 deuteration. The 4512451 Zg :%g 564 552

observed changes in frequency and intensity indicate not only
the effects of deuteration on vibrations localized at théHz2 2 Notation as in Tables 1 and 2Data from ref 6.
site but also the extensive vibrational coupling which exists
between base and sugar moieties of thymidine. This is
particularly evident in the difference spectrum of Figure 5. Many
of the vibrational coupling interactions have been characterized
in detail.

In pioneering work, Toyama et &.demonstrated that UVRR
spectra of C'tdeuterated ribonucleosides of adenine and guanine
provide_d evidence of signifjcant vibrgtipnal coupling between N3-H, C4=0, C5-CH; and C6-H groups.
the purine bases and their ribosyl moieties. Although numerous In addition t iding insiaht into th ¢  vibrational
frequency shifts were reported, the effects were less extensive h addition to providing insight into e naiure of vibrationa

. S coupling between thymine and deoxyribose moieties of thymi-
than those observed here upor (SRdeuteration of thymidine. : ; . ;
This can be attributed to the fact that the UVRR spectrum is dine, the present results identify Raman bands which may be

informative only of resonance-enhanced vibrations (localized explq|ted as m.ar.kers of thymidine ponforma’uon in nucleic aC.IdS,
largely in the base), while the Raman and IR spectra are .thym|ne-conta|n|ng Qrugs, and thewcomplgxes. These are listed
informative of virtually all normal modes of the nucleosides. in Table 4. Interestingly, several of the listed bands undergo

The larger number of Ctleuteration shifts observed in the off- C2-deuteration shifts similar to those observed withEte A

resonance Raman than in the UV-resonance Raman spectrurﬁ: onformational transition qf poly(dA—d'I.ﬁ)? For e¥amp'e- th?
of thymidine (cf. Figures 5 and 6) is consistent with this band at 779 cm! was assigned tentatively to either thymine

conciusion residues or the sugaphosphate backbone of poly(dA-dTPn
Further comparison of Figure 6 with the results of Toyama gll?) t::zsr:sbc;f t:sesr)rr?:gn\fvirtilszlct)i}itc:]:nzzgt-gt;ﬁnriicr)1 fep?éi(igﬁés of
et all?2 shows that UVRR perturbations in the '‘@euterated g y

A~ : the polynucleotide. Interestingly, our results show that the
rimidine nucleoside are smaller than those reported for the : . : . )
?:yl’-deuterated purine nucleosides. This coulg be due to _correspondmg band in the thymine moiety (772 éyis brought

fundamental differences in coupling of thymine and purine into vibrational coupling with the C5—D sugar moiety by

moieties with the attached sugar. Alternatively, the data may wrtijle Oé&gtﬁrfﬁéﬁreé\g: ;?gjﬁ;isbjgld ;E%UTlﬁges?J dz?(e)sl to

reflect attenuation of the effects of deuterium substitution at correlate the counled mode with specific conformations of the
the more remote C3ite. Preliminary studies of G2leuterated ) oup o P
deoxyribose ring of thymidine.

purine nucleosides favor the latter explanation (unpublished
results of M. Tsuboi, M. P. Russell and G. J. Thomas, Jr.).
Accordingly, deuteration at the glycosidic carbon (Caf
thymidine would be expected to have an even greater effect on
the vibrational spectra.

It is surprising that virtually all vibrational bands, including
those above 1420 crhand below 700 cmt in the off-resonance . . . )
Raman spectrum of thymidine, are sensitive t6 @uteration. Supp.or'tlng Informgtlgn Available: IR and Rgman spectra}
Toyama et al? concluded, on the other hand, that bands outside .Of thyr_n_ldlne and a I_|st|ng of Raman frequencies and relative
the range 7081420 cnt! in adenosine and guanosine exhibited intensities of tl_1ym|d|ne (5 pages). Se(_e any current masthead
no coupling because they did not involve significant vibrational page for ordering and Internet access instructions.
motions of the N9 atom and its immediate neighbors. Of course, JA962676T

these authors were concerned only with UV-resonance-enhanced
vibrations of the bases. Our results show that vibrational
coupling between deoxyribose and thymine moieties of thymi-
dine extends to modes with vibrational frequencies greater than
1420 cnt! and less than 700 cm, and involves motions of
exocyclic substituents of the thymine base including=C®
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