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Abstract. The proposed valence force field allows us
to reproduce the vibration modes of 2’-deoxythymi-
dine and 2’-deoxyadenosine. The present calcula-
tions are based on the Wilson GF-method and a
non-redundant set of symmetrical coordinates. The
calculated wavenumbers have been compared to the
available Raman and infrared peak positions ob-
served in solid, amorphous or aqueous samples.
Moreover, the results obtained with the present
force field allow us to assign some of the character-
istic vibration modes for the thymidine and adeno-
sine residues involved in DNA double-helical
chains.
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Introduction

We have recently published the normal coordinate
analysis of 5-dGMP (Ghomi and Taillandier 1985)
and 2’-deoxycytidine (2'-dC) (Letellier et al. 1986).
The non-redundant force field obtained in these
calculations was also able to reproduce the vibra-
tional characteristics of the cytidine (dC) and
guanosine (dG) residues involved in DNA double
helical chains (Letellier et al. 1986).

New spectroscopic studies on oligonucleotides
and polynucleotides show that adenosine (dA) and
thymidine (dT) residues may exist in both right-
and left-handed conformations (Thomas and Peti-
colas 1983; Benevides et al. 1984; Thomas and Bene-
vides 1985; Jollés et al. 1985; Adam et al. 1986a,b).
Moreover, some of the characteristic vibration
modes of the dT and dA residues are found to be
altered by both right — right and right — left con-
formational transitions. It would therefore be help-
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ful to interpret these experimental phenomena by a
normal coordinate treatment.

In this paper, our purpose is to obtain a reliable
force field for 2’-deoxythymidine (2’-dT) and 2'-de-
oxyadenosine (2’-dA) for which recent Raman and
infrared data are available. Obviously, the present
calculations constitute the first step in the vibration
mode analysis of the dT and dA residues encoun-
tered in oligonucleotides and polynucleotides.

Calculations

The normal coordinate analysis detailed here has
been made using the Wilson GF-method (Wilson
et al. 1955). The calculation formalism and the nota-
tions have been described in our former papers
(Ghomi et al. 1985; Letellier et al. 1986).

To perform the numerical calculations, the origi-
nal NCTB program (Shimanouchi 1968) has been
vectorized in order to improve its run time on a
Cray-1s computer. The array processing consider-
ably accelerates the numerical calculations in com-
parison with the classical scalar computers.

As the out-of-plane modes of the pyrimidine and
purine bases, particularly those of the thymine and
adenine residues have been studied recently (Letel-
lier et al. 1987a,b), our attention in this paper was
especially focused on the planar modes of the bases.
On the basis of these considerations, one expects 78
vibration modes from 2’-dT and 75 from 2’-dA.
99 internal coordinates are numbered in both 2/-dT
(32 stretchings + 57 bendings + 10 torsions) and
2’-dA (33 stretchings + 57 bendings + 9 torsions).
So, there are 22 redundant coordinates in 2'-dT and
24 in 2’-dA. To preserve the harmonic approxima-
tion of the potential field, these redundant coordi-
nates have been removed by a standard B - B matrix-
product diagonalization procedure (Gusoni and
Zerbi 1968) in order to obtain as many internal co-
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ordinates as the expected vibration modes (normal
coordinates). As in the case of 5-dGMP, the local
symmetry of the different molecular sites has been
taken into consideration and the redundancies have
been resolved in the bases, sugars and C5'-tetra-
hedral sites separately (Ghomi and Taillandier
1985).

To construct B and G matrices the crystal struc-
ture of 2-dT (Young et al. 1969) and that of 2'-dA
(Watson et al. 1965) have been used. Both of the
nucleosides are in anti position and contain a C3'-
exo sugar pucker.

The elements of the interatomic interaction
matrix, F, have been evaluated by a valence force
field approximation. For the thymine-residue, we
have used the uracil force constants (Ghomi et al.
1986) as initial values and introduced the methyl-
group force field (Susi and Ard 1975) in the CS5-
position and also the supplementary force constants
which taken into account the H — C replacement in
the Nl-site. Then, the force constants have been
slightly refined around their initial values in order
to obtain a good agreement for 2’-dT and its N3-
deuterated analog wavenumbers (Table 1a). As far
as the adenine-residue is concerned, the stretching
and bending force constants; i.e. diagonal terms of
the F matrix, are those adopted by Majoube (1985)
in his recent normal coordinate analysis. Unfortu-
nately, non-diagonal valence force constants were
not available and our preliminary calculations with
only Majoube’s diagonal force constants gave a very
poor agreement with the experimental results espe-
cially with those arising from the C§-deuterated
analog of 2’-dA.

We have therefore introduced a reasonable set of
interaction force constants (Table 1b) and refined
them in order to improve the agreement between
the experimental and calculated results. Sugar force
constants are those used in our previous calculations
on 5-dGMP and 2’-dC (Ghomi and Taillandier
1985; Letellier et al. 1986).

Cartesian displacements of the vibrating atoms,
1.e. elements of the L, matrix, have been transferred
to a DPS 6/96 CII-Honeywell Bull computer con-
nected to a SE-293 BBC plotter in order to draw the
molecular deformations during the selected charac-
teristic vibration modes.

Results and discussion

FT-IR and off-resonance Raman spectra of 2'-dT
(Aexe. = 514.5 nm) in the solid state, have been per-
formed by Mathlouthi etal. (1984) and resonant
Raman spectra of 2’-dT and 2/-dA (Aexe = 257 nm) in
solution (pH 7) studied by Jollés etal. (1985). The

Table 1a. Force constants of the thymine-residue. Bond-
stretch and stretch-stretch interaction force constants are in
mdyne/A. Angular bending, bend-bend interaction and tor-
sion force constants in mdyne/A. Stretch-bend interaction
force constants are in mdyne. The notations and symbols are
those used by Susi and Ard (1975). (a) Values used in our
former calculations on uracil and its '80-derivatives (Ghomi
et al. 1986); (b) Present work; (c) Susi and Ard (1975)

Dlagonal force constants

Band-stretch F.C, Angular bending F.C.

>

Methy l~group force consiants
. A A : .
. tc) Y E i te) V)
11014 £ 0,078 1 1,014,
' . '

C5-CH3 st. 14,889 £ 0.178 5.189 ' C5-CH3
' '
¥

'
Symm. s1. 14.956 £ 0.034 1 4.956 + Symm. bend.:0.568 & 0:008 1 0.445;
: : : ' '

Asymm. str.i4.746 £ 0,032 5 4,746 sAsymm. bend.»0.538 £ 0.003 ; 0.405%
. . H :

. '
' .
: .
H :
: . . . :
' : (a) : ) 1 . (s 7Y
' ' ' H : . :
PCT-NT To3.9 o+ 1N i 1.909;
. ' ' ' i ' :
: : ' ' ' . '
LONH i 5588 . 5.588 1 N-H D 0.412 V0,403
i : : : ' : :
! ' : ' . ) .
L oM T 5292 . 5292 . C-H T 0.408 ) a.475.
: ' : . : ' '
. ' : ' ’ ' :
PooN . 638 i 628 1 =0 ' 1,213 P 1,213,
: ' ' ) . ; .
' . H . : : :
FE T 6.202 4 .37 4 . . .
i ' ' ' P ' '
. . . N 1,647 ) 1.857.
. c=0 T T < T . : .
. ' . i . . ;
' . : : ' . :
Vo i g0 Pose0 1 a1 o.621 i 0.821,
: : : : 7 : :
: i i : H : :
: . " . ¥ . :
P ] .
: . : . _
' ' ' ' R '|° ' 0.808 » 1,008,
1 Torslon F.C. ' ' ! :
. : '
VT C5cH3 0. 10 ' ' , :
: - ' ey
¢ Nen-dlagonal force constanis '
: : .
2 Sir. bend. interactlons 1 Sir. Sir. Interactlons ]
Sy v : ' . "
' : (a) HERY] : : (a) 7Y
. ' . : : , :
' Vet L gy boontm 1,044 V 1.200%
; . R ' ' ' |
. @ H H T mels . -0.356 1-0. 3561
. : . . .
H . ' T para ' 0.557 + 0.557;
' . ) 1 :
' @- P 0.421 1 0.421 . C=0,0=C : -0,226 1-0.225,
' . : : :
H ' ' V. C=0,ring 1.391 1 1.191:
H ' H . : . :
: H : i :
) V07 a 0.197 :
. . : . '
H i ) ' .
H . : ' H
. ' i
:
:
i
:
i
:
'
:
:
.
.
:
;
:
'
'
:
'
'
'
H

f
1
]
:
2
i
H
'
]
]
’
'
?
2
'
1
1

H

: } Rocklng 10.663  0.021 1 0,433

: oo st : : :

s A A 0.471 1" Symm. behdi  —0.485 1-0. 465,
H H

Ring str.a0.471 £ 0. 115
H

ey

Table 1b. Non-diagonal force constants of the adenine-residue.
The diagonal force constants are those used by Majoube
(1985) in his normal coordinate analysis of the adenine-
residue (py): pyrimidic ring; (im): imidazolic ring
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infrared spectra of the thin films of amorphous
2’-dT and 2-dA recorded in our laboratory are
shown in Fig. 1 for the spectral region between 1800
and 700 cm™.. The above experimental data together
with the 2-dT infrared spectrum in D,O (N3-
deuterated) and that for the 2’-dA: C8-deuterated
derivative (spectra not shown) have been utilized
for adjusting the force constants as well as for com-
parison with the calculated results (Tables 2, 3
and 4).

A. 2'-deoxyrhymidine and its N 3-deuterated analog

Table 2 compares the calculated and experimental
wavenumbers for 2’-deoxythymidine between 1800
and 650 cm™'. In Table 4, the comparison was made
between the experimental and cdlculated infrared
band-shifts (amorphous sample) upon N3-deutera-
tion.

The majority of the infrared and Raman bands
in the 1800—1270 cm™! region originate from the
thymidine-residue. It is obvious that because of the
crystalline field and Fermi-resonance effects the
number of peaks observed in solid samples is larger
than that predicted from the normal coordinate cal-
culations on an isolated molecule. So, we have made
our assignments on the basis of the experimental
results arising from aqueous or amorphous samples.
Between 1800 and 1600 cm™!, the vibrational spec-
tra mainly arise from the C=0 and C=C bond-
stretch modes. They give rise to an intense and non-
resolved infrared band situated at 1695 cm™!, not
affected by N3-deuteration. The intense infrared
band situated around 1475cm™! (Fig.2) is that
observed in poly d (A~T) - poly d (A-T) spectra for
both right- and left-handed conformations (Adam
etal. 1986a,b). In contrast, the vibration mode
around 1410 cm™! (Fig. 2) shifts from 1425 cm™! to

1628 1488 1200 12802 o
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Fig. 1. Infrared absorption spectra of the thin films of
amorphous 2’-deoxythymidine (up) and 2’-deoxyadeno-
sine (down)

1401 ecm™! in poly d(A—T)- poly d (A—T) infrared
spectra upon the B — Z transition. The sugar-pucker
CH2-scissoring mode situated around 1315cm™ in
2’-dT (Fig. 2) is found to be altered by the right —
right transition of poly d (A-T) - poly d (A-T) show-
ing an infrared band-shift from 1327 cm™! (B form)
to 1317 cm™! (A4 form). The intense infrared band
around 1275 cm™! (Fig. 2) arises from the thymine-
residue and is sensitive to N3-deuteration which
makes it shift toward higher wavenumbers (Table 4).

The good agreement between the experimental
and calculated wavenumbers situated below 1250
cm™!, corresponding mainly to the sugar vibration
modes, confirms the validity of the 2’-deoxyribose
force field. In Fig. 2 we have illustrated graphically
the sugar modes responsible for the two intense in-
frared bands situated at 1095 and 1055cm™!
(Table 2).

The infrared band at 765 cm™, also observed in
polynucleotide spectra (Adam etal. 1986a,b), has
been assigned to the thymine-residue out-of-plane
vibrations by our very recent calculations (Letellier
et al. 1987a).

B. 2-deoxyadenosine and its C8-deuterated analog

In Table 3, a comparison has been made between
the experimental and calculated wavenumbers of
2’-dA in the 1800—700cm™! spectral region. In
Table 4 the calculated wavenumber-shifts are com-
pared to the infrared band displacements upon C8-
deuteration in the adenine residue.

On the basis of the calculated results, the in-
frared bands situated at 1650, 1604, 1578 and
1510 cm™! involve mainly the pyrimidic ring vibra-
tions (Fig. 3). The last one gives rise to an intense
Raman peak observed in the 4 and B forms of
poly d (A-T) - poly d (A-T) (Thomas and Benevides
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Table 2. Comparison between the experimental and calculated results for 2’-deoxythymidine. (a) The wavenumbers (cm™!) of
2-dT neutral solution resonant Raman spectrum (g, = 257 nm) (Jollés et al. (1985); (b) Off-resonance Raman peak positions of
the crystalline 2-dT (Aex. = 514.5 nm) (Mathlouthi et al. 1984); (¢) FT-IR peak positions of the crystalline 2-dT (Aege, = 514.5 nm)
(Mathlouthi et al. 1984); (d) LR. wavenumbers of the thin films of amorphous 2’-dT (see also Fig. 1). The assignments are based
on the internal coordinates for which the potential energy distribution (PED in per cent) is reported
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1985). The 1480 cm™! infrared band has an imid-
azolic character and is sensitive to C8-deuteration.
In polynucleotide infrared spectra this mode is
superimposed on that arising from the thymine
residue (Table 2, Fig. 2). The vibration mode at
1,420 cm™! is also shifted by C8-deuteration and is
found to be altered by both the right — right and
right — left-handed conformational transitions (Adam
etal. 1986a,b). As in the case of polyd(G—-C)
-poly d(G—C) (Ghomi etal. 1984) the vibration
mode involving mainly the C1’-N9 bond-stretch
vibration is taken to be one of the most important
infrared markers for detecting the right — left-
handed transition of poly d(A-T) - poly d (A-T).
The present calculations assign this vibration mode
to the 2’-dA infrared band situated at 1,370 cm™
(Fig. 3, Table 3).

C27C17017 (933017017047 (722

Finally, the vibration mode at 1335 cm™! (Ra-
man and infrared spectra) altered by C8-deuteration
(Table 4) is found around 1340 cm™' in both right-
and left-handed forms of poly d (A—T) - poly d (A-T).

Below 1250 cm™!, the calculated results take ac-
count of the infrared modes arising from the sugar
vibration modes.

It should be mentioned that the narrow infrared
band situated at 796 cm™! is assigned to an adenine-
residue out-of-plane vibration mode by our recent
calculations (Letellier et al. 1987 b).

Conclusion

As shown above, our non-redundant valence force
field allows us to assign the most characteristic
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Table 3. Comparison between the experimental and calculated results for 2’-deoxyadenosine. (a) Resonant Raman peak positions
(Aexe. = 257 nm) from 2’-dA neutral solutions (Jollés et al. 1984); (b) LR. wavenumbers of the thin films of amorphous 2’-dA (see
also Fig. 1). The assignments are based on the internal coordinates for which the potential energy distribution (PED in per cent)

is reported
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Table4. Effect of deuteration in N3-site of the thymine
residue in 2-dT and in C8-site of the adenine-residue in
2'-dA. The calculated shift (in cm™") is reported in parenthesis
in front of each characteristic wavenumber. In the same
manner the LR. (amorphous samples) band shifts are indi-
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vibration modes of 2’-dT and 2’-dA. It is known that
the conformation of both these nucleosides are
modified when they are found in the right- and left-
handed DNA double-helical chains. Consequently,
the vibration modes associated with them will be
altered by the conformational changes involved with
the right — right or right — left-handed transitions.
In order to interpret this kind of spectral evolution
the presently proposed force field seems to be quite
promising.
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