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Abstract. The non-planar vibration modes of guanine
and adenine, and their C8-deuterated, N-deuterated
and perdeuterated analogs have been calculated
using a valence force field and a set of non-redun-
dant symmetrical coordinates. Moreover, the effect
of PN isotopic substitution in both pyrimidic and
imidazolic rings of guanine has been studied. The
calculated wavenumbers are in agreement with the
published Raman and infrared spectra. The exten-
sion of the force field to the N9-methylated deriva-
tives of guanine and adenine bases has also been
described. On the basis of these calculations one can
assign the guanine and adenine residue out-of-plane
modes observed in the 800 — 750 cm™! region in the
infrared spectra of the mononucleotides and poly-
nucleotides containing purine bases.

Key words: Guanine, adenine, vibration modes, nu-
cleic acids, normal coordinate analysis

Introduction

As mentioned in our first paper devoted to the out-
of-plane modes of pyrimidines (Letellier etal
1986 a), the 800—750 cm™! region in nucleic acid
infrared spectra results from the non-planar vibra-
tions of the base residues. In this work our aim is to
assign the previously published data concerning the
out-of-plane modes of guanine, adenine and their
deuterated derivatives. This investigation allows us
to obtain a reliable force field which will be ex-
tended to the N9-methylated derivatives. This final
approach confirms the experimental assignment of
the above-mentioned infrared bands to the base
residue out-of-plane modes.

* To whom offprint requests should be sent

Theoretical considerations

Numbering of the out-of-plane modes of the bases
and their methylated derivatives when the methyl
group is considered as a rigid unit has been ex-
plained previously (Letellier etal. 1986a). There-
fore, guanine as well as its deuterated and methylated
analogs present 13 non-planar vibration modes,
while one expects 12 similar modes for adenine and
its corresponding derivatives. 18 non-planar internal
coordinates (7 out-of-plane waggings (o.p.w.) and 11
torsions) are numbered in guanine and 17 similar
ones (6 o.p.w. and 11 torsions) in adenine. The 5
superfluous internal coordinates in each of these
bases have been removed by the numerical proce-
dures described in our previous work (Ghomi et al.
1985; Letellier et al. 1986b).

It is not simple to propose a force field for the
out-of-plane modes of purine bases because of their
complex and non-symmetric structures (Fig. 1). This
problem has been simplified by considering the fact
that each purine base is formed by rings of pyri-
midic and imidazolic nature. Therefore, a possible
force field can be proposed as a superposition of
pyrimidic and imidazolic force fields which have
been studied previously (Letellier etal. 1986a;
Cordes and Walter 1968). In fact, this procedure
1s only possible for the diagonal force constants. As
can be seen in Table la, by adjusting a small
number of cytosine and imidazolic force constants, a
set of acceptable diagonal force constants can be
proposed for pyrimidine bases. Unfortunately, this
procedure does not give a good result for the
interaction (off-diagonal) force constants which
should be different in monocyclic and bicyclic bases
because of their different distributions of ring elec-
trons. The development procedure of the potential
energy 1s similar to that proposed for the pyrimidine
bases (Letellier et al. 1986 a). The off-diagonal force
constants obtained by a least-squares method are
shown in Table 1b.
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Fig. 1. Representation and atom numbering

for

guanine adenine guanine and adenine molecules
Yable 1a = Table tb =
: N H H : adenine and its % suanine and its
Coordinates Values (mdyn.Al H : : der1vat ives : derivat ives
Ehabied ————1 ¢ Interactions H :
P oguanine ! adenine ¥ cvtosine : imidaczole 3 H : values deviations? values deviations
H (a) : (a) : (b} : () s ] H R H .
———————————— e it Chaleed - -2 H : (mdyn.A) : {(mdvn.A)
wags Inss H H B H ¥ [ R 2
************ : : 5 # ¢ wasgins,torsion f :
W(C~H) (py.): : 0.350 :  0.370 3 ER : :
: : : : T tW(NG-HY L TIN9-C8) & ~0.137 : -0.137
WON-H) (py.): 0.300 : :  D.300 @ TR : .07y = €0.01)
: : : : : TH(N9-H),T(C4-N9) &  0.187 ¥ 0.137
W(C=0) : 0.334 :  D.334 : : : :
: : : : 2 IM(CB-H)  T(N9-CB) ¢  0.153 : 0.153
WC-NH2) : 0.355 ¢ 0.430 ¢ 0.334 = FR : €0.014) : (0.0
: : s : : W(CB-H) ,T(N7=C8) ¢ -0.153 : -D.153
WNH2) : 0.055 : 0.065 *  0.035 = P : :
: : : : T EW(CZ-H), T(N3=C2) & -0.123 :
WN~Cm) i 0.3%4 @ 0.334 @ 0.334 = : e : (0.0) ¢
: : : : T BW(C2-H), T(N1-C2) & 0.123 :
W(C-H) (im.)3: O0.350 : 0.350 : : 0.350 = : :
: : : : T :W(C6-N&,T(N1=C4Y ¢ 0.056 :
WCN-H) (im.)3 0.330 = 0.330 : : 0.330 & : ¢0.0)
: : : : : W(CE-N&), T(LH-CéY:  ~D.056 :
torsions : s H : : tWIND-Cm) » T(N?-CB):  -0.D56 : -D.056
____________ ' H H H H H H (0.0) H (0.0
: : : : o W(N9-Cm), T(C4-N9):  0.056 : 0.056
T(C-L) : 0.520 : 0.520 :  0.520 = : :
: : : : B tW(C6=06), T(NI-Cé): : -0.056
T(C-N) (py.): 0,255 * D.255 @ 0.255 = PR : : (0.0
: : : : I IW(C6=06),T(CS-Cé)E : B.056
T(C=N) (pv.): D0.629 : 0.629 : D.629 : : x : :
: : : : T WONI-HD S T(NT-Cé) = : ~0.048
TCC-NH2) : 0.100 : 0.100 :  0.112 = C : : (0.022)
: : : : P BWONT-H) , TCNT-C2) & i D.048
T(C=0) T 0.520 f 0.520 :  0.520 :  0.520 = : :
: : : : P RW(C2-N2), T(NI~C2) & : 0.056
TCC-N) (im.): 0.520 = 0.520 = : 0.520 3 oz : : (0.0)
: : 3 : T HW(CR2-N2), T(C2=N3): : -0.056
TC=NY Cim.)2 0.570 = 0.570 = H 0.570 H H H H
= H fm—— -5 ———1t : torsionstorsion @ H
Table 1a. Diagonal force constants for the out-of-plane vibra-
tion modes of purine bases and their N9-methylated derivatives. :  orthe (pvy.? @ 0.014 (0.0 3 =0.075 (0.0
W designs an out-of-plane wagging coordinate and 7T a torsion * : :
S18 . p 8ging coore L : Orthe (im.> ¢ =-B.027  <0.0) = -0.029 (0.0
coordinate. Cm: methyl group. im: imidazolic ring. py: py- . : :
rimidic ring. a: this work, b: cytosine force constants (Letellier — s-m--—-oemmmmeana— H :
etal. 1986a), c: imidazole force constants (Cordes and Walter ¢ wagsins.,wassins *
1968) : : :
5 WCCB~H) ,WING-H) :  D.DiIB  (0.0) : 0.006 (0D.0)
Table 1b. Non-diagonal force constants for the out-of-plane * WCRHE b ComNG) 0.041 (0.0
modes of adenine. guanine and their N9-methylated derivatives. | " : . ) :
W designs an out-of-plane wagging coordinate and T a torsion & W(NH2},W(C2-N2) : :  0.028  (0.004)
coordinate. Cm: methyl group. im: imidazolic ring. py: py- °* e

rimidic ring
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The Wilson GF-method (Wilson etal. 1955)
has been used for the vibration mode calculations.
The computational details have been explained else-
where (Letellier et al. 1986 a).

Results
A. Guanine and its deuterated derivatives

The calculations on guanine and its deuterated
analogs are based on the geometrical data obtained
from the X-ray diffraction patterns of guanine
monohydrate crystals (Thewalt etal. 1971). Vibra-
tional spectra of guanine (Table2a) and its C8-
deuterated, N-deuterated and perdeuterated analogs
(Table 2b) have been studied previously (Delabar
1978; Delabar and Majoube 1978; Majoube 1984).
The proposed non-planar wavenumbers observed in
Raman and infrared spectra are compared to those
obtained by calculation (Table2a and b). The
proposed force field accounts satisfactorily for the
changes observed in the vibrational spectra upon
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Fig. 2. Graphic representation of the 13 out-of-plane vibration modes for guanine obtained by the present calculation. The base
plane initially perpendicular to the drawing plane has been titled about 10° in order to visualize the out-of-plane vibrations. All
the situations of the base ring during a period of a given vibration mode have been drawn. The calculated wavenumber (cm™!)
of each mode is also noted. See also Table 2
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C8- and N-deuteration. The calculated isotopic shifts
of the guanine vibration wavenumbers upon °N
substitution, as well as for the deuterated analogs,
have also been reported in Tables2a and b. The
comparison between the experimental and calculated
results (Majoube 1984) confirms the reliability of the
proposed force field. However, it should be men-
tioned that the calculation on an isolated molecule
would not be sufficient in order to explain all the
experimental data arising from the crystalline sam-
ples. It is well known that the molecular vibration
modes can be considerably altered by both hydrogen
bonding and the crystalline field. Therefore, the
present calculations should be considered as a first
step in studying the phonon dispersion of the
guanine crystals. Graphic representation of the cal-
culated modes for guanine is given in Fig. 2.

B. Adenine and its deuterated analogs

X-ray data for adenine crystals is not available but
the crystalline structure of 9-methyladenine has
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been published (Steward and Jensen 1964). Suppos-
ing that the geometrical difference between adenine
and its N9-methylated derivative can be neglected,
the unknown structure has been obtained by replac-
ing N—C by a standard N—H bond in the 9-posi-
tion.

Raman and infrared spectra of crystalline and
aqueous samples of adenine have been presented
previously (Lauti¢é and Novak 1974; Savoie and
Jutier 1982; Majoube 1985a). In Table 3 the calcu-
lated and experimental wavenumbers have been
compared. Adenine non-planar modes as well as

Table 2a. Comparison between the calculated and experi-
mental wavenumbers (cm~') for the out-of-plane modes of
guanine. Assignments are based on the potential energy distri-
bution (PED in %) described upon the internal coordinates.
Exp. Experimental Raman (R) and infrared (LR.) peak
positions of polycrystalline samples (Majoube 1984). Cal.
Calculated wavenumbers (this work). The vibration mode
wavenumber shifts due to the "N-substitution are also re-
ported in paranthesis. The first number indicates the isotopic
displacement v("*N-—""N) when N1, N2 and N3 are sub-
stituted. The second concerns the analog displacement but
upon the substitution on N7 and N9 atoms. W designs an out-
of-plane wagging coordinate and T a torsion coordinate

their changes upon C8- and N-deuterations have — ---=-=—=~------2-—- RO
been interpreted by the present calculation. The — ... S al- L hesionments (PEDA)
assignments based on the potential energy distribu- 65 R : :
tion (PED) are in good agreement with those sug- 884 IR (1,-) 3 BB& (0,2) : W(N9~HD(39)3 T(N9I~CB) (35
gested by Majoube (1985). Graphic representation : DTeCAeNTY G
of the calculated modes for adenine is given in : :
Flg 3. : 832 (0, 1) ; W(CB~H) (51)3 T(CB=N7)(24)
790 IR “ 791 (6,0) = WINT=-H) (8683 TINI-Cé&Y (12
H 2OTLCR-NDY I
C. 9-methyladenine and 9-methylguanine : :
778 1R (2,~) 2 772 (10.,0): W(C2-N23(24)F T(C2-N1>(18)
The calculated results concerning 9-methyladenine 775 R : }22?'32;5:3; TANS-C4) (14
and 9-methylguanine are shown in Table 4. The
calculated wavenumbers of 9-methyladenine have Y s4l (1a1ire WCCBoH) (4137 WCND=H) (241
been compared to previously published experimen- : POVANZ-CE) (16)F T(CB=NT) (16)
tal data (Kyogoku et al. 1967; Savoie et al. 1981). A
good agreement has been obtained. No experimen- 578 IR D76 4D E WCHIR) (OB
tal data is available for 9-methylguanine. However, : ’
the calculated results do allow us to follow the  *' If P00 e 0) 6ed
changes of adenine and guanine vibration modes ;o 5 ) ‘
upon N9-methylation. O TS (0] ricae (o)
3546 IR 342 (1,0 T{C2~N2)(84)
Discussion :
292 (0,5) t WCNTH)(B0)7 [ CNT~Ci) (19)
As in the case of pyrimidine bases, a considerable PorE=NTy (12
amount of theoretical work has been devoted to the : ;
study of the planar vibrations of purine bases FAI AR A3,y pLes (40 Lié;:;g;ﬁf;’i LE:?_E;’E%?)
(Tsuboi et al. 1973, 1986, Majoube 1984, 1985a, b; :
Ghomi et al. 1984, 1985; Letellier etal. 1986b,¢). In 204 & T 190 (0. 1> 3 FANI—CEICI93E TCCR-NT) (183
contrast, the out-of-plane modes of these bases have :
not been studied so intensively and the published D146 (1,00 : WCO2-ND) (20T TON7- G5 (16)

investigations are limited to the study of skeletal P UECe=0) (1)

vibrations in which the hydrogen motions are entire-

ly neglected (Eyster and Prohofsky 1974; Devi
Prasad and Prohofsky 1984; Ghomi et al. 1984).

The present calculations follow our recent work
on the non-planar modes of the pyrimidine bases
(Letellier et al. 1986a) and propose a similarly ex-
tended force field for the purine bases. As it is
detailed above, the quasi-whole diagonal force con-
stants are transferable from guanine to adenine and
are obtained by small corrections made on the
previously published cytosine and imidazole out-of-

plane force constants (Letellier et al. 1986a; Cordes
and Walter 1968). However some alterations should
be considered in the off-diagonal force constants
when the N9-methylated bases are taken into con-
sideration.

The present calculations take account of the
spectral changes of guanine and adenine bases that
occur upon selective deuterations and show the
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844 797 778

647 639

Fig. 3. Graphic representation of the 12 out-of-plane modes for adenine. The base plane imtially perpendicular to the drawing
plane has been titled about 10° in order to visualize the out-of-plane vibrations. All the situations of the base ring during a period
of a given vibration mode have been drawn. The calculated wavenumber (¢cm™!) of each mode is also noted. See also Table 3

D 776

9-methylguanine

D
D
799 [ 799

9 -methyladenine

Fig. 4. Representation of the calculated vibration modes allowing us to assign the characteristic infrared bands observed in the
800750 cm™! spectral region and correlated with the out-of-plane modes of guanine and adenine residues involved in mono-
nucleotides and polynucleotides. See also footnote of Fig. 2. Me: methyl group; D: deuterium. a Characteristic vibration modes
calculated in 9-methylguanine and its C8-deuterated, N-deuterated and perdeuterated (C8- and N-deuterated) analogs. See also
Table Sa. b Characteristic vibration modes calculated in 9-methyladenine and its C8-deuterated, N-deuterated and perdeuterated
(C8- and N-deuterated) analogs. See also Table 5b
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For assignments see also Table 4

TIN3-C4)(14)

iCal.: Assi ts (PEDX) - .
_aoalsd selanments Assignments based on the PED (in %) are also
: (S2y: TCN9-CB) (2S) L nedr UGB (S4r1 TIN9-CE) (20 described. Exp. Experimental data. a: Infrared
B42(c)? B4BZ W(CB-HI(S2)I -CB)(RS) * : —H) (S4)7 - ; .
841¢0) ¢ + T(CE=N7) (22) : : T(CB=N7)(22) spectrum of oriented single crystals of 9-methyl-
B40¢a): : = adenine (Kyogoku etal. 1967). b: Raman spec-
. trum of polycrystalline 9-methyladenine (Savoie
799(b): 799: T(L2-N1)(43); T(C2=N3)(30): : et al. 1981). ¢: Infrared spectrum of polycrystalline
794¢c)? s We2- a3 2 791 WINI-H)(B); T(N1-C6)(12) 94nethyladenine (Savoie et al 1981) Cal. Calcu-
795¢a): H H : T(C2-N1)(1D) A : . :
: : : : lated wavenumbers (this work). W designs an out-
: 7791 W(C2-H)(63); TINI=C&I(15) &+ = 3 ; : : g
B 2 T(C2-H11(13) 2 7741 W(C2-N2)(24)5 TLC2-H1){(19) Of plane wagging coordinate and T a torsion coor:
: : : i T(C2=N3)(19): T(n3-C4r14y  dinate. Cm: methyl group
: : H 2 T(N1-C&X (D)
; 653; T(C2=N3)(28)7 W(CE~N6I(2622 s
655(c): H H H
; 637; WCCB8~HI(29)5 T(LCB=N7)(22) = 438: W(CB8-HX(31); T(CH=N7){(23)
H 2 UINS-Cm)(19)5 T(N7-CS5)X(16)+% 3 WINP-CmI(23)5 T(N7-CSI{16) ., .
: : : Table 5a. Comparison between the experimental
450¢c) s 6341 HCNHR)(67) P and calculated results for the ch:a_{acterls‘uc infra-
: : : : red band located around 780 cm™! and correlated
: : 5763 W(NH2)(B8) to a guanine residue out-of-plane mode. 2’-deoxy-
: : . : guanosine 5-monophosphate (5-dGMP) infrared
: : ?521: W(C4=01(58) specira  (Ghomi and Taillandier 1985). poly
; ; : s d(G-C)  poly d(G-C) infrared spectra (Ta-
: : , s boury etal. 1985). poly d(A-C) - d(G-T) infra-
: 406 W(N9~Cm) (68 24031 UCND-Cw) (6123 W(CE=0) (10) red spectra (Taillandier etal. 1984). 4: 4 form
: : : : B: B form;, Z: Z form. The calculated wavenum-
: 365t T(N1=CE) (4613 T(CE~N&)(22)2 3822 w(Ca-N2Y(44): T(C2=N3)(13) bers of 9-methylguanine and its C8-deuterated,
355(b)* T W(C2-HI (LD : : T(C2-N2)¢10): T(N1-C4)(10) N-deuterated and perdeuterated analogs (this
354tch: : i work) are also reported. For assignment see also
i 3401 T(C6-N6)(84) T 3407 T(C2-N2)(86) Table 4 .
245(b); 233; T(CS5-CA)(22)3 T(C4-NPI(21)2 265; T(C5-C6)(29)7 TIN3-C4){17) eSh. 1 1
: L ) Wi tm 1 1E 280 L e a0t WeNT-H (117 Table Sb. Comparison between the e.xper}mental
: : : : and calculated results for the characteristic infrared
: : 2= and of adenine residue located around
205¢b): 219: T(C4=C5)(20); TIN9-CBY(17)3 249: T(C4-NP)I(26): TI(NP-C8) (22) band 1 th? re, du , ca
: 1 TCCS-C6)(14); T(CB=N7I(14)2 : TCCB=N7)(14)3 T(N1-C6)<13) 795 cm 2.-de0xyadenosme S—monop_hosphate
: ¢ W(C6-R6) (12) : £ WIN=C) (10D (5’-dAMP) infrared spectra (Taillandier etal.
;o s : 1985). poly d(A—T) - poly d(A—T) infrared spec-
: : F1s4s ;:gg—:g;:fg;g TeaNm 18 tra (Adam etal. 1985). poly d(A-C) - poly
M T T06eCS) (12) d(G-T) infrared spectra (Taillandier et al. 1984).
: : P A: A form: B: B form: D: D form; Z: Z form. The
: 1421 TUN7-CS5)(29)3 T(N9-CB)(19)z 1263 T(N7-LS)(26)5 U(L6%06)(15) calculated wavenumbers of 9-methyladenine and
3 H

Table 5a

Experimental ¢ Calculaled E H Calenlated
................. 8 e ottt e s s = ¢ 2 % . e 2 e o e ot e 8 e et
S ~dGMP tpoly{dB-d0) wpoly(dB-dCY trpiv(dA-dD) croly(dD- d1)19-methylsuaning ¢ poly (dBG-40) .poly (dBG~dE)  :9-methylsuanineiC8-deuterated

H i 3 B

in H20 in D20 = in HA0 in D20 ] in HRO in D20 isure N1,N2~ 1 in HR0 in D20 2 rure N1,N2~deuter aed
H H H [

..................... 8 o <t = ¢ o o s o e e & e e o e e e . i e o e 3 i i o 1 o b 2

778 778 = 778 (B) 778 (8) = 780 (M) 72 (A 2 778 (B> 778 (8) H 77% 7764
s o782 () 784 (2Z) 780 (B) 747 (8) ¥ 782 (Z) 782 (7) %
i 782 (2) 784 (Z) H

RSP, [ S SO R B e o e e e e g e e 8 o e it o 1 o e s 2 et e o et e e e 2 o i e

Table 5b
e o e o i i e o o o i e o B ammr e e e oo e B e o e e e o X e e ot e e e s
txperimental : Calculated ® Exrer imental % Calculated
57 ~dAMP tpaly(do-dT).poly(da~dT)tpoly(dA-dC).Poly(dG-dT) ¢ 9-methyladenineiroly(dDBA-dT).poly(dDBA-dT) :9-mcthyladenineiC8-deuterated

# t % ] ¥

n H20 1n D20 3 1n HRO n D20 t  in H2O in DPO t opure Né-- e in H20 in D20 H pure Né-deuteraed
] H] H deuterated? 2

795 795 & 7939 (A) 795 Ny 1 7946 (A) 7946 (A 1 799 799 i 798 (&) 795 (A) ] 799 799
s 799 (B) 79% (BY t 794 (B} 796 (B) J H 7e8 (B 795 (8> H

796 (D) 796 (DY ¥ 795 (D) 795 (L) H ]



ability of the force field to interpret the out-of-plane
modes of the purine base residues involved in
mononucleotides or polynucleotides.

Recent experimental results obtained by LR.
linear dichroism on polynucleotides showed that the
bands around 780 cm™! and 795 cm™! arise mainly
from the out-of-plane vibration modes of guanine
and adenine residues respectively (Ghomi et al
1984; Chinsky etal. 1984; Taboury etal. 19853;
Taillandier et al. 1984, 1985; Adam et al. 1986). It
should be mentioned that in the infrared spectrum
of B form poly d (G—C)- poly d (G-C) the guanine
and cytosine non-planar contributions are super-
imposed and give rise to a narrow and intense band
at 778 cm™!. In the Z form the guanine contribution
is shifted to the high frequency region and makes its
assignment easier.

Table 5a shows the position of the guanine non-
planar mode observed simultaneously in 5-dGMP,
polyd(G-C)-polyd(G-C) and poly d(A-C)
-poly d(G~—T) infrared spectra. This mode is not
sensitive to C8-deuteration and should, therefore,
arise from the pyrimidic ring of the guanine residue.
On an other hand, as the maximum shift upon N-
deuteration is not larger than 2 cm™!, the correspond-
ing mode should not involve the N—-H out-of-plane
wagging contribution. Similar behaviour has been
found for the adenine residue out-of-plane mode
located around 795 cm™! in the infrared spectra of
5-dAMP, poly d(A-C)-polyd(G-T) and poly
d(A-T) - poly d(A—T) (Table 5b).

These experimental results confirm the location
of the above-mentioned vibration modes in guanine
and adenine rings. 9-methylguanine and 9-methyl-
adenine can therefore be considered as reasonable
dynamic models for the interpretation of these out-
of-plane modes observed in mononucleotides or
polynucleotides containing guanine and adenine
bases (Table 5a and b; Fig. 4a and b).

In conclusion, the validity of the base out-of-
plane force field detailed here and in our recent
paper (Letellier 1986a) has been demonstrated by
assigning the non-planar modes of the pyrimidine
and purine residues observed in the 800—750 cm™!
region of the infrared spectra of mononucleosides
(tides) or polynucleotides. It will be interesting, in
the future, to use this force field in the vibration
mode calculations on the overall motions of oligo
and polynucleotides.
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