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Abstract, Neutron inelastic scattering (NIS) spectra from
polycrystalline samples and ultraviolet resonance Raman
scattering (RRS) spectra from aqueous solutions of gua-
nine and C8-deuterated and (N9, N1, C2-amino)-deuter-
ated guanine are reported. These measurements allowed
theoretical simulations of the vibrational wavenumbers
and intensities of the NIS and RRS bands to be per-
formed. A valence force field enabled the normal mode
wavenumbers, as well as the atomic displacements, to be
calculated. The NIS intensities were simulated by consid-
ering multi-phonon interactions arising from the lattice
mode couplings with the internal molecular vibrational
modes. The RRS intensities were simulated within the
framework of the so-called “*small shift approximation”,
by using the molecular bond-order changes induced by
the electronic transition from the ground to the first elec-
tronic excited state. It is shown that NIS spectroscopy
mainly provides information on the guanine out-of-plane
modes of vibration, while RRS allows the in-plane
stretching vibrational motions to be analyzed.

Key words: Resonance Raman spectroscopy — Neutron
inelastic scattering — Vibrational spectroscopy — Guanine
— Nucleic acids

L. Introduction

Recently, a neutron inelastic scattering (NIS) spectrum
of a low-temperature polycrystalline guanine sample
(native species) was reported (Coulombeau et al. 1991).
The normal mode wavenumbers were calculated using
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an already existing in-plane force field (Majoube 1984)
and a new out-of-plane force field, along with a one-
phonon (first-order) NIS intensity simulation, in the
150-1800 cm ~ ! spectral region. This preliminary investi-
gation showed that the external- (lattice modes) and
molecular internal vibrational modes of guanine are lo-
cated in two distinct spectral regions. Since the spectral
features below 150 cm ™! are mainly constituted by the
lattice modes, the couplings between the internal and ex-
ternal modes were neglected in this first paper.

In the present work, we report new results on the low-
temperature NIS spectra from polycrystalline deuterated
guanine species. Although the NIS technique is a power-
ful tool for the analysis of the low-wavenumber modes,
located below 1000 cm ™ ! and assigned to the base out-of-
plane vibrations, the NIS intensities decrease consider-
ably above 1000 cm ™! (owing to reduced statistics arising
from a considerable decrease of scattered neutron flux,
as well as to an additional instrument effect in this spec-
tral region) where the base in-plane modes of vibration
contribute. Thus we also report here the UV-resonance
Raman scattering (RRS) spectra obtained from aqueous
solutions of the native and deuterated compounds, be-
cause RRS spectroscopy enables the in-plane modes of
vibration to be studied, especially those arising from dou-
ble-bond stretching motions (principally located above
1000 cm ™). In doing this, we show the complementary
capabilities of RRS and NIS measurements for obtaining
a reliable force field for the nucleic acid bases. A complete
force field can be obtained from the simultaneous analysis
of the RRS and NIS spectra, owing to their ability to
account for the observed spectral features in both the
high- and low-wavenumber vibrational regions.

The main reasons for using the present methodology
are related to the fact that the assignments of the vibra-
tional modes based only on classical methods such as IR
absorption and/or off-resonance Raman spectroscopies
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often lead to somewhat inaccurate results. The valance
force field based on the joint use of the NIS and RRS data
enables a better assignment of the molecular vibrational
modes to be obtained, reproducing the vibrational wave-
numbers (and their shifts upon selective deuterations) and
NIS band intensities. In addition, the RRS spectral inten-
sities can also be simulated, provided that the molecular
bond-order changes induced by the transition from the
ground to the electronic excited state are known. This
theoretical procedure accounts for a higher proportion of
the experimental data and consequently decreases the
uncertainty in the determination of the force constant
values, whose number is always greater than that of the
observed wavenumbers.

In addition to the NIS first-order spectral intensity
simulation, we also attempted to study the couplings be-
tween the external (lattice-modes) and internal molecular
modes observed in the NIS spectra. As will be shown, this
coupling gives rise to broadening of the first-order NIS
bands and to an increase of the spectral background. To
reproduce these effects in our simulation, we have taken
into account the additive combinations of the internal
molecular modes with the external modes, up to the third-
order.

I1. Experimental methods and results

In the following, we describe two different experimental
methods to prepare samples for NIS and RRS measure-
ments. In fact, there is a considerable difference in the
amount of sample needed for these two experimental ap-
proaches. The amount required for RRS measurements is
low (10 % M in 1 ml), while, owing to the weak scattered
neutron flux, a substantial amount of crystalline powder
(1-3 g) is necessary for the NIS measurements.

A. Sample preparation and NIS measurements

The guanine base (Fig. 1) was purchased from Aldrich
and was used as supplied. The guanine deuterated species,
hereafter designated as: G-d5 (N1-, N9-, C8- and C2-
amino-deuterated guanine), G-d4 (N1-, N9- and C2-
amino-deuterated guanine) and G-d1 (C8-deuterated
guanine) were prepared from guanine by deuterium sub-
stitution (Delabar and Majoube 1978), in the following
manner:

— G-d5 was obtained by dissolving and heating up to
100°C for four hours, 3 g of guanine base in 85 ml of 1 N,
NaOD/D,O solution. After cooling, the solution was
neutralized at pD7 by a 10 N D,50,/D,O solution to
precipitate G-d5.

— G-d4 was obtained by dissolving and heating up to
100°C for six hours, 3 g of guanine base in 100 m! of 1 N
D,SO,/D,0 solution. A long time is needed to get com-
plete dissolution of guanine. After cooling, the solution
was neutralized at pD7 by a 10 N NaOD/D, O solution
to precipitate G-d4.

- G-d1 was obtained by dissolving and heating up to
100°C for six hours, 3 g of G-d5 in 100 ml of 1 N H,SO,/

Guanine

Fig. 1. Chemuical structure and atom numbering of the guanine mol-
ecule

H,O solution. After cooling, the solution was neutralized
at pH S by a 2N NaOH/H,O solution to precipitate
G-d1.

The isotopic purity of the NIS samples was checked by
mass spectroscopy. The mass spectra indicated that the
average valus of deuteration were 79%, 81% and 83% for
the G-d5, G-d4 and G-d1 species, respectively.

The NIS spectra of guanine and its deuterated deriva-
tives (G-d1 and G-d4) were obtained at the Rutherford
Appleton Laboratory, UK. The technical details of the
experimental apparatus have been described elsewhere
(Penfold and Tomkinson 1988). The NIS spectra were
recorded from the polycrystalline powder of cach com-
pound at low temperature (7 =10 K) in order to sharpen
the fundamental lines by decreasing the Debye-Waller
factor (Jobic and Lauter 1988).

Traces a, b and ¢ of Fig. 2 show the NIS spectra of
guanine, G-d1 and G-d4 in the spectral region below
1800 cm ~1. On the basis of a previous normal coordinate
analysis (Coulombeau et al. 1991), we have shown that
the lattice modes of guanine (external modes) are located
below 150 cm L. Thus, all of the NIS bands located in the
150—1800 cm ~* can be assigned to the internal molecular
modes and their combinations with the lattice modes.
This will also be confirmed by the present normal mode
analysis.

B. Sample preparation and RRS measurements

Because the solubility of guanine in water is low, its
Raman spectrum in aqueous solution has never been
published. However, through heating and vortexing the
aqueous solutions, the solubility becomes sufficient for
resonance Raman measurements (with multiscans) in a
10~2 M phosphate buffer, pH 7. The C8-deuterium sub-
stitution was obtained by heating a guanine D,O solu-
tion at 80 °C for two hours, and recrystallizing from H,O.
This sample (G-d1) was then redissolved in an aqueous
phosphate buffer for Raman measurements. The G-d4
species was prepared by dissolving the guanine base in a
D,O phosphate buffer at pD7.

In all cases, it was necessary to subtract the appropri-
ate buffer contribution in the O —H (O — D) bending re-
gion, by taking as intensity standard the O—H (O—D)
stretching bands. The resonance Raman spectra of the
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Fig. 2. NIS spectra of guanine a, G-d1 b and G-d4 ¢ species, ob-
served from a polycrystalline sample at T =10 K, and RRS spectra
of the same species (guanine d, G-d1 e and G-d4 f observed in
aqueous solutions at room temperature with the 257 nm excitation
wavelength

various solutions of guanine and its deuterated species
were recorded using a 257 nm excitation wavelength, as
described before (Dhaouadi et al. 1993). Traces d, € and f
of Fig. 2 show the RRS spectra of the native guanine,
G-d1 and G-d4 species in the spectral region above
1000 cm ~*. Below 1000 cm ™!, the RRS information con-
tent is rather low and is hampered by a poor signal/noise
ratio. The strong and well resolved Raman peaks detected
above 1000 cm ™!, where the NIS spectra provide only
broad and weak bands, confirm the complementary mer-
its of the NIS and RRS techniques as regards the vibra-
tional mode analysis of this nucleic base.

IIL. Theoretical methods and results

The vibrational mode wavenumbers and the atomic dis-
placements were computed using a home-made calcula-
tion code (BORNS) developed within the framework of
the Wilson GF-method (Wilson et al. 1955). The redun-
dant internal coordinates were removed by a diagonaliza-
tion procedure of the G-matrix (Gusoni and Zerbi 1968).
The normalized atomic displacement amplitudes derived
from this calculation were further employed in our NIS
intensity simulations (Brunel etal. 1985; Jobic and
Lauter 1988; Dhaouadi et al. 1993). The additional input
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of the bond-order changes was necessary for simulating
the RRS intensities.

A. Empirical valence force field

The guanine base and its deuterated species (G-d1 and
G-d4) are supposed to be planar (Cs symmetry). Thus, 42
vibrational modes can be expected from these molecules,
of which 29 are in-plane (A’-symmetry) and 13 out-of-
plane (A”-symmetry). All of these modes are considered in
the present calculations.

In the present paper, the out-of-plane valence force
constants of guanine reported in our previous paper
(Coulombeau etal. 1991) have been used as input
parameters. Only slight changes have been made in the
interaction force constants (non-diagonal terms): this was
sufficient to successfully reproduce the NIS band shifts
and intensities observed upon selective deuteration of the
guanine molecule.

The in-plane force field we used in our previous work
was that proposed by Majoube (1984). In the present
work we found that only slight modifications in the non-
diagonal terms of this force field allowed the NIS and
RRS isotopic shifts and intensities for the whole set of
spectra to be very well reproduced.

Table 1 shows the values of all of the force constants
introduced in our present calculations. It should be men-
tioned that, to limit their number, only the force constants
of interaction between adjacent internal coordinates have
been considered. The simulation of 104 experimental
wavenumbers and 65 NIS and RRS band intensities, from
guanine and its deuterated species (Tables 2—5), has been
carried out by using 143 force constants and 12 bond-
order changes (Tsuboi et al. 1987) (see Sect. C for details).
The refinement of the interaction force constants has been
carried out by using a least squares method. For a given
vibrational mode, the square of the difference between
the experimental and calculated wavenumbers has been
weighted by the square of the difference between the ex-
perimental and calculated intensities of the same mode,
for all of the NIS and RRS spectra.

B. Calculated wavenumbers and assignments

The calculated wavenumbers of the in-plane modes, as
well as their assignments based on the Potential Energy
Distribution (PED) matrix, are given in the Tables 2, 3
and 4 for guanine, G-d1 and G-d4 species, respectively.
In these tables we also give the vibrational wavenumbers
obtained from IR and off-resonance Raman measure-
ments of polycrystalline samples (Majoube 1984). Table 5
contains the calculated and NIS results for the out-of-
plane vibrational modes.

C. NIS and RRS intensity simulations

For simulating the NIS and RRS intensities we have used
the theoretical formalisms and the mathematical expres-
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Table 1. Valence force constants for guanine in-plane and out-of-plane modes

In-Plane force constants

Out-of-plane force constants

Diagonal N7CS5, C8N7 0.69 Diagonal Torsion-Torsion

N7C5, C4C5 0.68
K(N9—H) 4.710 C4C5, C4N9 0.55 W(C8—H) 0.32 TO(C4N9), TO(INICB) 0.15
K(N9—-Cs8) 6.220 C2N3, N3C4 0.99 W(N9—H) 0.34 TO(C4N9), TO(C8N7) —0.05
K(N1-C6) 5.590 C2N3, C2N1 0.99 W(N1—-H) 0.35 TO(C4Cs5), TO(N3C4) 03
K(C2—-N2) 7.240 C5C4, C5C6 0.85 W(NH2) 0.048 TO(C5C6), TO(C2N1) —0.18
K(N7=C8) 7.550 C5C4, C4N3 0.85 W({C=0) 045 TO(C2N2), TO(C2N3) —-0.15
K(C2=N3) 7.600 C5C4, C2N3 0.6 W(C2—N2) 043 TO(C2N2), TO(C2N1) 0.03
K(C=0) 9810  C5C4, C8N7 —0.1 TO(C—N) (im) 0.49 TO(N9C8), TO(C8N7)  0.18
K({C=0) 6.600 TO(C=N) (im) 0.57 TO(C8N7), TO(NTC5) 0.2
K(C-C) 6.410 Bend-Bend TO(C=C) 0.52 TO(N7Cs), TO(CAC5) 0.25
K(N1—H) 4.070 TO(C—N) (py) 0.32 TO(C4C5), TO(C4N9) 0.3
K(C8—H) 5360  HNH, CN2H —0.013 TO(C=N) (py) 0629  TO(C2N1), TO(C2N3) —0.1
K(N2—H) 5.840 CN2H, N3C2N2  —0.05 TO(C—C) (py) 0.52 TO(C2N1), TO(N1C6) —0.25
K(N7-C5) 5.500 CN2H, N1C2N2  —0.05 TO(C2—N2) 0.08 TO(N1C¢), TO(C5C6)  —0.25
K(N9—C4) 6.400 C4N9H, C4N9C8 0.45 TO(C5C6), TO(C4C5)  —0.25
K(N1-C2) 6.310 C8N9H, C4N9IC8 045 Wag-Wag TO(N9C8), TO(N7CS5) 0.1
K(N3-C4) 6.480 C6N1H, C6N1C2 0.1 TO(C8N7), TO(C4CS5) 0.05
H(N3C4N9) 1.460 C2N1H, C6N1C2 0.1 W(NH2), W(C2N2) 0.007 TO(N9C8), TO(C4C5) —0.05
H(N3C2N2) 1.700 W (C8H), W(N9H) —0.03 TO(C4N9), TO(NTC5) 0.02
H(N1C2N2) 1.720 Stretch-Bend W(C8H), W(N1H) 0.03 TO(N1C6), TO(C2N3) —0.13
H(N7C8N9) 1.940 W(NI—H), W(C2-N2) —-0.16 TO(N1C6), TO(C4C5) —0.13
H(N3C2N1) 1.960 C=0, C5C=0 0.9 TO(C2N3), TO(C4AC5) —0.1
H(N-C=0) 1.256 C=0, NIC=0 0.9 Wag-Torsion TO(N3C4), TO(C2N1) —0.05
H(C-C=0) 0.672 C8N9, C8N9H 0.1 TO(N3C4), TO(C5C6) —0.07
H(N7-CC) 0.940 N3C4, C4N3C2 0.99 W(N9—H), TO(N9C8)  —0.095
H(N1-CC) 1.570 NIC8, N7C8N9  —0.3 W(C8—H), TO(N9CS8) 0.08
H(C-C=C) 1370 N9C8, CSN9C4  —0.3 W(C=0), TO(C6N1) 0.05
HN-C—H) 0.420 C5C6, C5C=0 0.300 W(N1-—-H), TO(N1C2) 0.24
H(N=C—H) 0.423 N1C6, N1C=0 0.500 W(C2—-N2), TO(C2N3) —0.037
H(C—-NI—-H) 0380 C8N9, N9CSH 0.990 W(C2—N2), TO(C2N2) —0.03
H(C—N2—-H) 0.641 C8N7, N7C8H 045 W{(N9—H), TO(N9C4) 0.13
HH-N—-H) 0.432 C6N1, C6N1H —0.07 W(C8—H), TO(C8N7)  —0.13
H(C8N9C4) 1.480 C2N2, CNH 0.35 W(C=0), TO(C6CS) 035
H(C6N1C2) 1.180 N7C5, C8N7C5 —0.05 W(N1—H), TON1C6) —0.14
H(C—N9-H) 0389 N7C5, N7C5C4 —0.05 W(C2—N2), TO(C2N1) 0.02
H(C5N7C8) 1.580 C4N9, C4N9C8 067
H(C4N3C2) 2.250 C8N7, C8N7C5 —-0.6
H(N3C4C5) 1.260 C8N7, N9C8N7  —0.6
H(N9C4C5) 1.270 C5C4, C5C4ANS 0.45
H(N7C5C4) 1.000 C5C4, N7C5C4 0.45

N1C2, N1C2N3 0.97
Stretch-Stretch N1C2, CoN1C2 0.97

C2N3, C2N3C4 0.99
N9C8, NoC4 0.99 C2N3, N3C2N1 0.99
C=0, C5C6 0.6 C6N1, C6N1C2 0.99
C=0, NIC6 0.6 C6N1, N1C6C5 0.99
C6N1, N1C2 0.75 C5C6, N1C6C5 0.99
C6N1, C5C6 0.75 C5C6, C6C5C4 0.99
C2N2, C2Ni 045 C5C4, N3C4Cs 0.35
C2N2, C2N3 045 C5C4, C6C5C4 0.35
N9C8, C8N7 0.9

Symbols: (py) =pyrimidine ning. (im) =imidazole ring. K =stretching
force constant (mdyn/A), H=bending force constant (mdyn A).
W =wagging force constant, TO =torsional force constant. Units
for interaction force constants: Stretch-Stretch force comnstants

sions described in our previous papers on NIS and RRS
spectral analysis (Brunel et al. 1985; Jobic and Lauter
1988; Dhaouadi et al. 1993). Thus, in the present paper,
we only mention the main approximations used and we
report the corresponding simulated spectra.

The NIS peak intensities for the first-order interac-
tions have been calculated by taking into account all

(mdyn/A) Bend-Bend force constants (mdyn - A), Stretch-Bend
force constants (mdyn), Wag-Wag force constants (mdyn - A), Wag-
Torsion force constants (mdyn + A) and Torsion-Torsion force con-
stants (mdyn - A). For atom numbering sec also Fig. 1

atom (i.e. H, C, N and O) coherent and incoherent contri-
butions. Obviously for the pure species the hydrogen
atom incoherent contribution is dominant, owing to its
large incoherent cross-section. The calculated first-order
intensities arising from internal molecular modes are
shown in the lower part of Figs. 3—5 for guanine and its
deuterated species.



Table 2. Comparison between experimental and calculated wave-
numbers (cm ™~ ') for the guanine in-plane modes. The assignments
are based on the internal coordinates for which the potential energy
distribution (PED) is reported in % (PED contributions lower than
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5% are not reported). IR and R stand for polycrystalline infrared
and Raman peaks, respectively (Majoube 1984). The experimental
wavenumbers arising from RRS and NIS spectra are also reported.
For atom numbering see also Fig. 1

Wavenumber (cm ™)

Assignments (PED)

IR R RRS NIS CALC.
3316 3309 N—H2 asym. St. (100%)
3180 3199 N—H2 sym. St. (100%)
3115 3151 C8—H (99%)
2908 2928 N9 —H (99%)
2996 2721 N1—H (99%)
1702 1703 C6=06 (45%); C5—C6 (15%)
1686 H—N—H (45%); C2N2H (26%); C6=06 (12%)
1675 1678 1667 C2—N2 (41%); H—N—H (12%); C4N3C2 (7%); N3C2N1 (6%);
N1—C2 (4%); C6NGH (5%)
1638 1635 1642 1619 C2=N3 (39%); N1—C2 (15%); N3C2N2 (6%); N1C2N2 (9%)
1604 1595 1603 N3—C4 (16%); C4—N9 (11%); C6=06 (8%); C5=C4 (7%);
H—N9C4 (7%); H—NIC8 (6%); N9C4=C5 (5%)
1550 1552 1557 N7—C5 (26%); C8=N7 (16%); C5—C6 (10%); C6C5C4 (6%)
1491 C8=N7 (22%); N9—C8 (16%); C4—N9 (10%); C5=C4 (9%);
C8NTCS (9%); N7—C5 (7%); C6=06 (6%)
1477 1480 1475 1480 C8=N7 (20%); C5=C4 (18%); C4—N9 (8%); C2—N2 (8%);
N3C4N9 (7%); N1—C2 (5%)
1375 1392 1400 1399 N3 —C4 (24%); C4—N9 (18%); N9—C8 (15%); C5—C6 (11%):
N7-C5 (8%)
1261 1266 1281 1288 C2N1—H (24%); C6N1—H (21%); C6—N1 (18%); C2—N2 (9%);
C6=06 (6%)
1216 1232 1226 N7C8—H (23%); N9C8—H (19%); C6=06 (13%); C5—C6 (12%);
C8NTCS5 (6%)
1174 1188 1189 1154 1156 H—N9C8 (40%); H—N9C4 (38%); N9C8 ~H (5%)
1118 1100 1131 CIN2—H (25%); N7C8—H (15%); N9C8 — H (13%); C2=N3 (11%);
N9—C8 (8%)
1081 CIN2—H (21%); N7C8 —H (12%); N9C8 ~ H (10%); N9 —C8 (8%);
C6—N1 (7%); C2=N3 (7%)
1052 1042 1033 1045 C6—N1 (34%); C6N1—H (12%); C2N1—H (7%); C5C606 (8%);
N1C606 (7%); N3—C4 (5%)
950 940 966 N1—C2 (30%); C2=N3 (15%); C2N1—H (10%); C4—N9 (6%)
850 850 865 N9—C8 (26%); NOC8—H (18%); CSNTC5 (7%); NOCENT (5%):
N7C8—H (5%); C5=C4 (5%)
791 C2—N2 (19%); CANICS (13%); N7—C5 (11%); NOCENT (9%):
NICACS (7%); C4N3C2 (6%); NIC2N1 (6%)
726 712 699 702 N1C2N2 (15%); N1C606 (14%); NIC2N2 (10%); C5C606 (9%)
645 651 664 N1C6C5 (14%); C2— N2 (13%); C4—N9 (8%); C2N1C6 (8%);
C6=06 (7%); N1—C2 (7%), N3 —C4 (5%)
557 547 592 577 C4—N9 (21%); N3C4C5 (13%); C2N1C6 (8%); CBNTCS (6%);
C4N3C2 (5%)
516 496 502 N7—C5 (19%); C2—N2 (12%); N3—C4 (7%); CAN3C2 (7%);
N1C6C5 (7%); C6C5C4 (6%)
348 343 358 353 N3C2N2 (16%); N1C2N2 (15%); N1—C2 (14%); C6—N1 (11%);
N3—C4 (10%); N1C606 (6%); C5C606 (6%); C2=N3 (5%)
329 C5C606 (17%); C5—C6 (17%); N1C606 (14%); NTCSC6 (13%);

N3C4N9 (8%); N7C5C4 (5%)
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Table 3. Same as Table 2, but for the G-d1 (C8-deuterated guanine) in-plane modes

Wavenumber (cm™?)

Assignments (PED)

IR R RRS NIS CALC.
3326 3309 N-H2 asym. St. (100%)
3179 3199 N—H2 sym. St. (100%)
2880 2928 N9—H (99%)
2664 2721 N1—H (99%)
2316 2368 C8—D (96%)
1698 1702 C6=06 (46%); C5—C6 (14%)
1673 1675 1675 1686 H-N-—H (45%), C2N2—H (26%); C6=06 (12%)
1633 1643 1667 C2—-N2 (41%); H—N—H (12%); C4N3C2 (7%); N3C2N1 (6%);
N1—C2 (6%); C2N2—H (5%)
1605 1599 1618 C2=N3 (41%); N1—C2 (17%); N1C2N2 (9%); N3C2N2 (6%);
C2N2—H (5%)
1589 N3—C4 (22%); C4—N9 (11%); C5=C4 (11%); N7—C5 (8%);
N9C4C5 (7%); H—N9C4 (6%)
1554 1557 1559 1538 N7—C5 (22%); C8=N7 (13%); C5—C6 (11%)
1477 C4—N9 (18%); C8=N7 (16%); N9 —C8 (12%); N7—C5 (9%);
C8N7C5 (8%); C5=C4 (7%)
1472 1475 1472 C8=N7 (30%); C5=C4 (14%); C4—N9 (9%); C2—N2 (6%);
N3C4N9 (6%)
1360 1360 1356 1361 N9—C8 (25%); N3 —C4 (16%); C5—C6 (14%); C4—N9 (8%)
1283 C2N1—H (26%); C6N1—H (24%); C6—N1 (15%); C6=06 (11%);
C2—N2 (9%)
1200 1211 1180 N3—C4 (14%); H—N9C8 (13%); H—N9C4 (12%); C5—C6 (12%);
C6=06 (11%); C8=N7 (6%)
1125 1139 H—N9C8 (19%); H—N9C4 (17%); C2N2—H (18%); N9~ C8 (13%);
C2=N3 (10%)
1097 C2N2—H (36%); C2—N3 (14%); H—N9C8 (9%); H—N9C4 (9%);
C6—N1 (5%)
1043 1050 1039 1045 C6—N1 (31%); C6N1—H (12%); C2N1—H (7%); C5C606 (8%);
N1C606 (6%); N3—C4 (6%)
988 985 N1—C2 (25%); N7C8-D (9%); N9C8—D (6%); C2N1—H (6%);
C2=N3 (6%)
944 942 960 930 N7C8—D (20%); N9C8—D (11%); N1—C2 (9%); C2=N3 (9%);
C6—N1 (6%); C2—N2 (5%)
838 838 817 814 NICS—D (41%); N7C8—D (21%); N9—C8 (17%)
786 C2—N2 (18%); N7—C5 (11%); C4NIC8 (10%); N7C8—D (8%);
NOICSN7 (7%); N3C2N1 (7%)
709 701 N1C2N2 (16%); N1C606 (14%); N3C2N2 (10%); C5C606 (9%)
645 646 650 661 N1C6C5 (14%); C2—N2 (13%); C2N1C6 (9%); N1—C2 (6%);
C6=06 (6%); C4—N9 (6%)
557 561 546 570 C4—N9 (20%); N3C4C5 (11%); N9C8—D (7%); N7C8—D (6%);
C8N7C5 (6%); C2ZN1C6 (6%)
494 494 498 498 N7—C5 (19%); C2—N2; (11%); N3—C4 (7%); N1C6CS5 (7%);
C6CS5C4 (6%); CAN3C2 (6%)
355 352 N3C2N2 (16%); N1C2N2 (15%); N1—C2 (14%); C6—N1 (11%);
N3 —C4 (9%); N1C606 (7%)
345 338 331 325 C5—C6 (17%); C5C606 (16%); N1C606 (13%); NTC506 (14%);

N3C4N9 (9%); N7C5C4 (6%)

Previously, it has been shown that the higher order
NIS spectra can be simulated by computing the convolu-
tion products of the first-order spectrum (arising from the
internal molecular modes) with the lattice spectrum
(Brunel et al. 1985; Jobic and Lauter 1988; Dhaouadi

et al. 1993). In the present work, the higher order (up to
the third-order) NIS intensities have been simulated. For
this multi-phonon simulation, only the additive contribu-
tions have been taken into account because at T=10 K,
the subtractive contributions are negligible. The different
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Table 4. Same as Table 2, but for the G-d4 (N9-, N1- and N2-deuterated guanine) mn-plane modes

Wavenumber (cm™1)

Assignments (PED)

IR R RRS NIS CALC.
3108 3151 C8—H (99%)
2516 2469 N2—D asym. St. (98%)
2320 N2—-D sym. St. (96%)
2114 2169 N9—D (96%)
2070 2014 N1-—-D (96%)
1695 C6=06 (54%); C5—C6 (16%)
1676 1660 1667 1656 C2—N2 (42%); C4AN3C2 (10%); N3IC2N1 (9%); N1—-C2 (8%);
C6=06 (5%); N3C2N2 (5%)
1610 1600 1590 C2=N3 (37%); N1—-C2 (11%); N1C2N2 (7%)
1564 1567 1575 1586 N3—-C4 (16%); C2=N3 (11%); C4—N9 (9%); N7—C5 (9%);
C5=C4 (7%); C6=06 (6%); C5—-C6 (6%); N9C4C5 (6%)
1529 1531 1550 C8=N7 (23%); N7—C5 (20%); C6=06 (8%); N1—C2 (7%);
C5—C6 (6%)
1486 C8=N7 (25%); N9 —C8 (18%); C4—N9 (10%); CE8NTC5 (9%);
N7—C5 (8%); C6=06 (5%)
1457 1466 1471 1468 C5=C4 (20%): C8=N7 (14%); C2—N2 (11%); C4—N9 (9%);
N1—-C2 (6%); N3C4N9 (6%)
1364 1368 1398 1384 N3—-C4 (21%); N9—C8 (17%); C4—N9 (17%); C5—C6 (9%);
N7—C5 (7%); N9C8—H (6%)
1280 1285 1262 D—-N-D (34%); C2N2—-D (21%); C6—N1 (10%); C2—N2 (9%)
1250 1230 N7C8—H (24%); N9C8—H (20%); D—N—D (11%); C5—C6 (11%);
C6—N1 (7%)
1168 1170 C6—N1 (27%); C6=06 (18%); N1 —C2 (11%); C2N1—-D (9%);
C6N1—D (7%)
1099 1100 N7C8—H (21%); N9C8—H (18%); N9 —C8 (12%)
987 990 1003 C2=N3 (18%); N3—C4 (12%); C4—N9 (9%); C6—N1 (8%);
N1C606 (6%), N1 —C2 (5%)
944 C2N2—D (17%); C6N1—D (10%); C2N1—D (8%); N1C606 (7%);
C5C606 (6%); C2=N3 (6%)
886 880 873 D —N9C8 (40%); D—~N9C4 (37%); N9—C8 (5%)
828 825 851 N9—C8 (22%), N9C8—H (15%); C2N2—D (7%)
817 788 C2N1—-D (16%); C6N1—D (11%); C2N2—D (12%); N1 —C2 (10%);
C4N9C8 (8%); NIC8N7T (8%)
761 C2—N2 (10%); C2N1—D (9%); C6N1—D (7%); C2N2—D (7%);
C4NI9C8 (7%); N9CACS5 (6%)
662 652 646 N1C6C5 (15%); C2—N2 (13%); C2N1C6 (9%); C6=06 (7%);
N1—-C2 (6%); C4—N9 (6%)
635 640 626 627 C6N1—D (16%); C2N1—D (9%); N1C2N2 (11%); C6 —NI (8%);
N1C606 (8%); C5C606 (7%)
547 551 548 C4—N9 (21%); N3C4C5 (12%); D—N9C4 (7%); N3C4N9 (5%);
C2N1C6 (5%)
500 489 490 N7—-C5 (17%); C2—N2 (13%), N3 —C4 (8%), CAN3C2 (7%);
N1C6C5 (6%); C6C5C4 (5%)
331 C5C606 (21%); N1C606 (18%); N1 —C2 (13%); C5~C6 (9%),
N3C2N2 (8%); N1C2N2 (7%)
337 340 320 N3—C4 (11%); N3C4N9 (11%); N3C2N2 (10%); N1C2N2 (9%);

N7C5C6 (10%); C5—C6 (8%)

steps of the NIS spectral simulation (in the case of pure
guanine) are shown in Fig. 6. The spectral shape of the
first-order spectrum (Fig. 6a) was simulated by Gaussians
whose maximum intensities are shown in the lower part
of Fig. 3. In order to account for the experimental resolu-

tion, which decreases rapidly in the high-wavenumber
region of the NIS spectra (above 1000 cm™!), the half-
width of the NIS Gaussian bands has been assumed to be
a quadratic function of the spectral wavenumber. The
second-order spectrum was evaluated by convolving the
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Table 5. Calculated wavenumbers (cm™?) for the guanine out-of-
plane modes. The assignments are based on the internal coordinates
for which the potential energy distribution (PED) is reported in %
(PED contributions lower than 5% are not reported). In front of
each calculated wavenumber, the first number in parentheses repre-
sents the shift observed upon C8-deuteration (G-d1 species), while
the second number corresponds to that observed upon deuteration
at the N9, N1 and N2 atoms (G-d4 species). W and TO stand for
wagging and torsion internal coordinates, respectively. For atom
numbering see also Fig. 1

Wavenumber (cm 1) Assignments (PED)

NIS CALC.

921 (-2, —193)  W(N9H) (38%); TO(N9CS) (17%);
W(CSH) (13%); W(C2N2) (10%);

TO(N3C4) (7%)

W(C8H) (51%); W(N1H) (19%);
TO(C8N7) (8%); W(N9H) (6%)

W(N9H) (38%); W(C2N2) (20%);
TO(NICS) (10%); TO(C4N9) (7%);
W(C8H) (7%); TO(C2N3) (6%)

W (N1H) (49%); W(C8H) (15%);
TO(N1C6) (13%); TO(C2N1) (6%);
W (C606) (5%)

W (NH2) (68%);
TO(C2N1) (6%)

W(C606) (32%); TO(C2N1) (21%);
TON1C6) (17%); TO(C2N3) (7%);
TO(N3C4) (7%)

TO(NICS) (36%); TO(CSN7) (33%);
W (N1H) (8%); TO(N7C5) (6%)

W (C2N2) (30%); W(N1H) (27%);
TO(C2N2) (12%); TO(C2N1) (8%);
TO(C8N7) (6%)

W(C606) (32%); W(N1H) (27%);
TO(C5C6) (11%); W (NOH) (7%);
TO(C2N2) (6%)

TO(C2N2) (25%); TO(N1C6) (16%);
W (NOH) (15%); TO(C5C6) (12%);
TO(C8N7) (9%); W(C606) (7%);
W(C2N2) (6%)

TO(NIC8) (22%); TO(C4NI) (20%);
W (N1H) (15%); TO(CACS) (10%);
W(C2N2) (9%); TO(C5C6) (8%)

W (C2N2) (25%); TO(C2N2) (14%);

TO(C2N1) (18%); W(N1H) (11%);

TO(N7CS) (10%); TO(N3C4) (7%)

TO(C2N2) (33%); TO(C2N3) (16%);

TO(C2N1) (15%); W(C2N2) (12%);
W (NTH) (11%)

880 899 (—176, —5)

833 845 (0, +31)

799 795 (+37, —94)

646 643 (—2, —118) W (N1H) (15%);

545 540 (—4, —69)

485 486 (—33, —28)

391 399 (—8, —55)

324 325(0, —16)

231 247 (0, —17)

197 199 (=5, —12)

157 169 (=4, —11)

148 (=2, —26)

experimental lattice spectrum (observed below 150 cm ™,

Fig. 6 b) with itself (giving rise to the second-order lattice
contribution, Fig. 6¢) and with the simulated first-order
molecular spectrum (Fig. 6d). The third-order NIS spec-
trum (Fig. 6¢€) was simulated by convolving the second-
order lattice contribution (Fig. 6¢c) with the simulated
first-order molecular spectrum (Fig. 6a). Each of these
simulated spectra (Figs. 6a—e) has been normalized to
its strongest band. The final simulated NIS spectrum
(Fig. 6f) was obtained by adding these spectra, taking into

Experimental

Simulated

NIS Intensity

First-order Intensities

'm i 1' |

I
00 200 300 40 500 500 700 HUO 900 1000 1100 1200 1300 140(] 1500 1600 1700 1800

Neutron Energy Transfer / cnr!

Fig. 3. Comparison of the experimental (top) and simulated (middle)
NIS spectra for guanine in the 100-1800 cm ~ * spectral region The
vertical lines (bottom) represent the calculated first-order peak inten-
sities (see text)
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NIS Intensity

First-order Intensities
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Fig. 4. Same as Fig. 2, but for G-d1

account the multiplying factors mentioned in Fig. 6. No
distinct side-band (due to phonon-wings) had been added
to the first-order NIS spectra (Figs. 3—5) by our multi-
phonon treatment. Only a global increase in the spectral
background and a little broadening of some NIS bands
can be noticed. The satisfactory agreement of experimen-
tal with simulated NIS spectra leads us to conclude that
the simulation containing the first- to third-order is quite
sufficient for the molecules of interest: in other words,
higher order (equal to or greater than 4) spectra would
also contribute to a global background increase. This
simulation allowed the hydrogen atom mean square
amplitude to be estimated as: 0.309 A? for the internal
modes and 0.803 A? for the external modes. In the middle
part of Figs. 3—5, we have compared the final simulated
NIS spectra with the experimental ones, in the spectral
region above 100 cm ™1,
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Fig. 5. Same as Fig. 2, but for G-d4
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Fig. 6. Different steps of the NIS spectral simulation in the case
of pure guanine. g First-order simulated spectrum (internal modes).
b Lattice modes as extracted from the NIS experimental spectrum
m the region below 150 cm ™! (see also Fig.2a). ¢ Convolution
product of lattice spectrum with itself. d Convolution product of the
first-order calculated spectrum with the lattice experimental spec-
trum. e Convolution product of the first-order calculated spectrum
with the second-order lattice spectrum. f Final reconstituted (sum)
spectrum by taking into account the multiplying factors mentioned
in the right corner of the a—e spectra (see also the text, Sect. ITI-C)

As far as the RRS intensities are concerned, the simpli-
fied theory previously employed, based on the “small shift
approximation” (Blazej and Peticolas 1977; Peticolas
et al. 1980), was used in considering only the electronic
transition between the ground- and the first molecular
excited states (which corresponds to the 257 nm excita-
tion wavelength). This theory is only valid for the in-plane
base modes involved in © — 7* transitions occurring in
the base planes. As mentioned above, it uses the chemical
bond-order changes induced by the proper electronic
transition: here we used the bond-order changes estimat-
ed by quantum chemical calculations (Tsuboi et al. 1987).
The experimental RRS spectra are compared with the
simulated spectra in Fig. 7 for guanine and its deuterated
specics. RRS band shapes have also been simulated by
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Fig. 7. Comparison of the experimental ¢ and simulated b RRS
spectra for guanine. The same kind of comparison is made for G-d1
(c and d traces), and G-d4 (e and f traces). The vertical lines repre-
sent the calculated first-order intensities (see text)

Gaussian curves. A constant 20 cm ~ ! half-width has been
considered for all of the simulated Raman bands. In all
cases, the calculated spectrum was normalized to the ex-
perimental one (from the strongest band), allowing the
relative intensities to be directly compared.

E. Normal mode graphical representation

The graphical representations of the guanine vibrational
modes are presented on Figs. 8 (in-plane modes) and 9
(out-of-plane modes). For each vibrational mode, the
equilibrium molecular configuration along with the most
distorted geometries are presented.

IV. Discussion

In the following discussion the spectral peaks observed,
their origin and their nature are discussed for three dis-
tinct spectral regions.

As shown in Tables 2 to 4, the modes located below
1000 cm ™' contain important contributions from the
angle bending coordinates. Consequently, the RRS inten-
sities of these modes cannot be correctly estimated by the
simplified RRS theory (only valid for in-plane stretching
modes) used in the pesent investigation (Blazej and
Peticolas 1977; Peticolas et al. 1980; Tsuboi et al. 1987).
Further corrections to this theory, accounting for the
angle bending contributions to the RRS intensities, would
be needed to reproduce the modes located in the spectral
region below 1000 cm™". In Fig. 7, our spectral shape
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Fig. 8. Graphical representation of the calculated in-plane vibra-
tional modes of guanme. The vibrational wavenumber (cm ™) of
each mode has been indicated. The assignment of these modes in
terms of internal coordinates is given in Table 2
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Fig. 9. Same as Fig. 8 but for the calculated out-of-plane vibrational
modes. The assignment of these modes in terms of internal coordi-
nates is given in Table 5

simulation is limited to the region above 1000 cm ™!, in
which the in-plane vibrational modes consist mainly of
the base bond-stretching motions.

A. 35002000 cm™ ! spectral region

The vibrational modes located in this region arise mainly
from the N —H and C — H stretching motions. The calcu-
lated wavenumbers and assignments are quite similar to
those previously published (Majoube 1984) on the basis
of classical Raman scattering or infrared absorption
measurements.

B. 18001000 cm ™! spectral region

No out-of-plane vibrational modes are located in this
spectral region. In addition, the low NIS spectral resolu-
tion in this region (Fig. 2a—c¢) is too poor to allow any
spectral assignments to be made. In contrast, the RRS
spectra (Fig. 2d—f) give rise to intense and well resolved
bands, allowing the frequency shifts of the in-plane mod-
es observed upon selective deuteration to be monitored:
this is also revealed by the very good agreement between
simulated and experimental data. Tables 2 to 4 show a
major contribution from double-bond stretching vibra-
tions to most of the modes located above 1400 cm™".



Our assignments for the in-plane vibrational modes
calculated at 1703 and 1686 cm™" are different from
those proposed by Majoube (1984) in the same region.
On the basis of the present calculation, the C= O stretch-
ing motion (calculated at 1703 cm™') is decoupled from
the NH2-scissoring mode. This new assignment accounts
for the RRS band shifts experimentally observed upon
deuteration of the C2-amino group. Between 1600 and
1680 cm ™!, our calculation predicts three vibrational
modes, while only two modes have been proposed in the
previous simulations (Majoube 1984). All of these three
calculated modes are needed to account for the spectral
intensities in this region (Fig. 7). The intense RRS band
peaking at 1475cm ™! is simulated by two calculated
modes located at 1491 and 1480 cm™?, arising mainly
from C8=N7, C4=C5 and C4—N09 stretching vibra-
tions. The calculated shifts of these bands upon C8-
deuteration are in good agreement with the experimental
observations.

The vibrational mode calculated at 1399 cm™?, due to
the guanine ring stretching modes, well reproduces the
RRS band peaking at 1400 cm ~'. Owing to the low solu-
bility of guanine (see experimental section), the RRS
spectral information is of rather poor quality in the
1400—1000 cm ~* spectral region, which makes it difficult
to compare the calculated and experimental data. How-
ever, our simulation yields low intensity RRS bands in
this region, whose calculated wavenumbers are in good
agreement with the IR and off-resonance Raman data
previously obtained by Majoube (1984) from polycrys-
talline samples (see Tables 2 to 4).

C. 1000~ 150 cm™" spectral region

As mentioned in our previous first-order simulation of
the guanine NIS spectrum (Coulombeau et al. 1991), as
well as in the paper dealing with adenine and its deuterat-
ed specics (Dhaouadi et al. 1993), the NIS intensities arise
mainly from the out-of-plane vibrational modes in this
spectral region. However, three NIS bands peaking at
699, 592 and 358 cm ~ ! are assignable to guanine in-plane
angular bending modes (Table 2). A total of nine in-plane
modes are calculated, among which is the 664 cm ™!
mode assigned to a guanine ring-breathing motion. No
observed RRS or NIS band can actually be correlated
with this vibrational mode. Nevertheless, on the basis of
the shifts observed upon deuteration, an off-resonance
Raman band observed at 651 cm ™! and a 645 cm ™! band
observed in the IR spectrum of the native species may
correspond to this calculated mode (Majoube 1984). This
guanine vibrational mode is worthy of mention, owing to
its role as a marker band of the DNA conformation, since
it is coupled with a sugar vibrational motion in the DNA
double helix (Thamann et al. 1981 ; Ghomi et al. 1988).
Out-of-plane N—H and C—H wagging modes give
rise to intense NIS bands above 600 cm ™! (Figs. 3—5 and
Table 5). Nevertheless, they are highly coupled with tor-
sional motions (Table 5 and Fig. 9). The intense NIS
bands peaking at 880 and 833 cm ™! include mainly
C8 —H and N9 — H wagging modes, while the 799 cm ™!
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band is assigned to the N1—H wagging motion. The
NH2 wagging motion gives rise to an intense peak at
646 cm ™ . Other wagging modes related to bonds involv-
ing heavy atoms, such as C2—N2 and C6=06, con-
tribute to the intense NIS bands located at 545, 391 and
324 cm™! (and to a shoulder on the high-wavenumber
side of the 157 cm ™! band).

Ring torsional modes are mainly located below
500 cm~'. Among them, the C2—N2 torsional mode
contributes to the intense NIS bands peaking at 231 and
157 cm~!. The latter band also includes ring torsional
motions and can be considered as the lowest wavenumber
mode of the internal vibrations of guanine.

V. Conclusion

Molecules such as the nucleic acid bases are of low point
symmetry. Consequently, their vibrational analysis be-
comes difficult since the number of force constants in a
general valence force field far exceeds the number of mea-
sured wavenumbers. Thus, several force ficlds can easily
be obtained so as to reproduce reasonably well all of the
observed vibrational wavenumbers. However, these force
fields may be quite different from each other and give rise
to different nuclear displacements. In the present paper,
our aim was to obtain a consistent force field which repro-
duces simultaneously the RRS and NIS wavenumbers
and intensities. It should be underlined that the NIS tech-
nique is a powerful method which allows valuable infor-
mation on the nuclear displacements to be obtained. In
addition the RRS intensities can be directly related to
vibrational normal coordinates. Thus, all of the informa-
tion obtainable from normal coordinate analysis (vibra-
tional wavenumbers, atomic displacement amplitudes)
can be tested by the combination of these two techniques.
Moreover, the complementary aspects of the RRS and
NIS techniques should be mentioned, as regards the spec-
tral regions and the nature of the vibrational modes ex-
plored by each method. The present investigation leads to
a better understanding of all of the molecular vibrational
motions in the 150 to 1800 cm ! range. In addition, the
reliability of the molecular force field is justified by its
ability to reproduce the frequency shifts experimentally
observed upon selective deuteration. The present force
field proposed for guanine, as well as that previously pro-
posed for adenine (Dhaouadi et al. 1993), constitute a
complete basis for studying the purine base vibrational
modes. The transferability of this force field to modified
purine compounds, such as 2-aminoadenine and hypo-
xanthine, has been successfully tested by us (unpublished
results). The same approach can also be extended to the
case of pyrimidine bases. Finally, this reliable force field,
which accounts for the low- and high-wavenumber vibra-
tions, can be employed in future studies on molecular
mechanics and dynamics.
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