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Anharmonic Vibrations of Nucleobases: Ill, Structural Basis of One-
and Two-Dimensional Infrared Spectra for DNA Stacking Dimers
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Abstract In this work, DNA base monomers, 15 B-form stacking dimers and two G-quadruplex stacking
dimers were studied by quantum chemical computations. Detailed anharmonic vibrational analysis was car-
ried out to reveal vibrational signatures for structural aspect of the base monomers and dimers. It was found
that from isolated base monomers to stacking dimers, particularly those containing guanine, the interaction
between the C=0 stretching is very strong, as depicted by the significant changes of their vibrational fre-
quencies and anharmonicities. Such changes can be manifested well in simulated 1D IR and 2D IR spectra.
Delocalization degree of the C=0 vibrational modes in stacking dimers, represented by the potential energy
distribution and the contribution to the diagonal anharmonicity composition from the vibrators, was found to
have significant variations in comparison with isolated bases, which resulted from the influences of the C=
O stretching and the nearby vibrations of stacking bases.
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Figure 1 Molecular structures of A (adenine), C (cytosine), G
(guanine) and T (thymine) with atomic numbering
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Table 1 The calculated anharmonic frequency (v, in cm™"), IR intensity (IR;y, in km/mol) and PED (%) of the C=O stretching vibra-

tion in DNA bases C, Gand T

Species Mode v IR, PED*
C vC(2)O 19222 969.5 vC(2)0(19.5), eN(1)H(11.7), eN(1)C(2)N(3)(8.9), vN(1)C(2)(6.0), vN(3)C(2)(9.2)
G vC(6)0 19339 10468  vC(6)O(17.5), vC(5)C(6)(11.4), eC(S)C(6)N(1)(7.4), eN(1)H(9.6), vC(6)N(1)(4.1)
vC(2)0(15.2), vC(4)O(6.6), YN(3)C(2)(6.4), YWN(1)C(2)(6.9), eN(1)H(9.3), eN(3)H(6.9),
T vC(2)O  1941.6 751.6 EN(CNG)(7.3)
WO 19229 11713 VC(4)0(14.4), vC(2)0(5.2), vC(4)C(5)(6.9), VN(3)C(4)(5.6), eN(3)H(17.5),

eN(3)C(4)C(5)(6.6)

“v="T4dRs), o=1f N W ik3), e= AL,
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R2 6B TR C=0 MgHRA ARSI (v, B0 om™"), LLAMRIE (IR, FAT km/mol) Rl PED 41H(%)
Table 2 The calculated anharmonic frequency (v;, in cm™ "), IR intensity (IR;y, in km/mol), and PED composite (%) of C=0 stretching

vibration in 6 stacking dimers

Species® Mode v; IR, PED’

VC(6)0(9.4), SN(1)H(13.3), eC(5)C(6)N(1)(4.0), vC(5)C(6)(6.2), vC(6)N(1)(2.3), pC(6)-+

GinA-G
SN'H'(1.1)

GinG-G vC(6)O 19334 3377

pC(6)++C'(6)(2.2)

G"inG-G vC(6)0O 1962.8 1330.7

eC(5)C(6N(1)(4.1)

Gin G-G2 vC(6)0O 19204 1324.7

G"in G-G2 vC(6)O 1910.2 488.8
CinC-T

vC(2)O 1918.8 1217.0

VC(6)0 19214 953.1 N'(6)(3.0), pC(6)--H'(61)(4.3), pC(6)---H'(62)(3.4), pC(6)-+-C' (2)(2.7), pH(1)**-N'(6)(2.5),
VvC(6)0(9.6), vC(5)C(6)(6.3), vC'(6)0'(5.0), eC(5)C(6)N(1)(4.0), SN(1)H(7.1), SN'(1)H'(3.6),
VvC(6)0(9.8), vC(5)C(6)(6.1), vC'(6)0'(5.0), IN(1)H(7.2), pC'(6)--0(6)(4.5), SN'(1)H' (4.2),

VC(6)0(6.3), vC'(6)0'(5.9), vC(5)C(6)(4.0), vC'(5)C'(6)(3.7), IN(1)H(5.3), SN'(DHH' (5.2),
eC(5)C(6N(1)(2.5), pN'(7)-+-C(6)(2.3), pC'(5)--O(6)(1.8), pC'(4)---C(6)(1.4)
VC(6)0(5.7), vC'(6)0' (5.3), vC(5)C(6)(3.9), vC'(5)C'(6)(3.6), IN(1)H(4.8), SN'(1)H' (4.4),
eC(5)C(6N(1)(2.5), eC'(5)C'(6)N'(1)(2.3), pC(6)-+-H'(1)(3.5), pC'(6)-+-O(6)(1.6)
vC(2)0(6.3), vC(2)N(3)(3.1), yYN(1)C(2)(1.9), vC'(4)0' (6.0), vC'(2)0'(1.0), SN(1)H(5.7),
eN(1)C(2)N(3)(2.9), pC(2)-+-H'(3)(3.3), pC(4)+-C'(4)(1.9), pC(2)*--0'(4)(1.6)

vC(2)0(10.5), vC'(2)0'(2.5), vC(4)O(1.5), vC(2)N(3)(4.7), YN(1)C(2)(4.6), SN(1)H(9.8),

TinC-T vC(2)0O 19552

pC'(2)-0(2)(2:4)

vC(4)0 18964 1509 pC'(5)-+-C(4)(1.5)

TinT-C  vC20 19324 1085.2

1253.3 ON(3)H(8.2), eN(1)C(2)N(3)(5.0), pN'(4)---H(3)(3.2), pN'(1)--C(2)(3.0), pC'(4)-+-H(3)(2.7),
VC(4)0(5.7), vC'(2)0'(5.2), SN(3)H(6.6), vC(2)O(1.7), eN(3)C(4)C(5)(2.6), pN'(4)-+-H(3)(2.8),

VC(2)O(11.8), vC(2)N(3)(5.3), vC(2)N(1)(5.1), vC(4)O(3.0), v'(2)0'(2.3), IN(1)H(11.3),

SN(3)H(8.3), pC'(4)-+-C(2)(1.8), pN'(4)--H(3)(1.7), pC'(5)-*C(2)(1.7)

vC(4)O 19229 998.7

CinT-C  vC(2)O 1910.2 6457

vC'(4)0'(0.3)

GinG-C vC(6)O 1922.7 1006.8

PN'(3)-0(6)(2.7)

CinG-C vC(2)O 1888.2 1058.3

pCQ2)-H'(2)(4.0)

VC(4)0(10.7), vC(4)C(5)(5.0), vVC(4)N(3)(4.0), vC(2)O(1.9), vC'(2)0' (0.3), SN'H'»(2.1),
eN(3)C(4)C5(4.9), SN(3)H(11.2), pH'(41)-+-C(4)(3.5), pN'(4)---H(3)(2.6)

VvC(2)0(14.4), vC(2)N(3)(6.6), vC(2)N(1)(4.5), SN(1)H(13.4), eN(1)C(2)N(3)(6.5), vC'(2)0'(2.6),
VC(6)O(11.7), vN(1)C(6)(7.5), vC(5)C(6)(3.0), vC'(2)0'(0.4), eC(5)C(6)N(1)(5.0), eN(1)H(9.8),

VvC(2)0(9.2), SN(1)H(9.6), SN'H'5(3.4), eN(1)C(2)C(3)(4.3), vC'(6)0(0.6), yN(1)C(2)(3.0),

@RI TR T RBRAE, Cp= R ST IRREIAR S, <5 ANBRAEI ST, RN HR O ()R S ANEBAE IR b5 T R S A I

C(Q)O(T) 5K CQ)OC) ISR L LN, 435K
9.2 F112.0 cm™ .

1R 2 A PRI 43 A T SRR SR Ak
t C=0 443 1) #6853 41 (PED). PED 43T S A1 N
ARFR IR b, SR 5B R B0 A O 1 44 27 B 1 Ao
a4 A RS ARG A FE S, AR AR B4R,
DA A 1 51K PED 20 <<100%. % 1 (%) PED 4347
R, T IX ARG HE N I FTE T C=0 W4 SERR
AU EE C=0 ASMih4Eks), EaH® L
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Figure 2 (A) Perspective view of the optimized structures of six typical stacking dimers. (a) A-G, (b) G-G, (¢) G-G2, (d) C-T, (e) T-C,
() G-C. (B) Simulated 1D IR spectra of the C=0O stretching vibrations of the above stacking dimers. (C) Simulated 2D IR “dot” spectra

in the same frequency region
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ANPEEEN) C=0 MgarR & 59, (2 C th C=0 45
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M T 52 & INEIE T B C=0 MahiX)y, ik T
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KW G JER T-G F1 G-T &hE)5, T H C(2)0 Fil C(4)0
ARSI Be T KA T EE: C(2)0 (4Rl 14
FALT C@)O MgadeshminF. 44 G-G, G-Gl, G-G2
1 C=0 Mg E B, Mg i G fel
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%3 BIYDNA, G-PUfE (17 34 DNA BRI fhefs C=O IR HREN ORI E SR (v, G em ™), A0 AEIERE R (A, e
fir om ™), e ff AR KT S Y B R, S om ™) AL TURRA/ A PR 0%)

Table 3 Anharmonic frequency (v;, in cm "), diagonal anharmonicity (A;, in cm "), composition of diagonal anharmonicity from normal

mode (A"}, in cmfl) and its contribution (A'/A;, %) to the diagonal anharmonicity of the C=O stretching vibration in B form DNA,

G-quadruplex stacking dimers and DNA base monomers

System Mode Vi A; A'; A'/A; System Mode v A; A AN'/A;
A-G Veceo 19214 14.6 4.0 0.27 C-T VI.C(2)0 1955.2 6.4 5.0 0.78
G-G Viceo  1962.8 7.2 3.6 0.50 Vee)o 1918.8 13.8 —8.2
Vo0 19334 11.5 —34 VI.C4)0 1896.4 7.1 2.6 0.37
G-G1 Ve©)o 1970.5 21.2 3.1 0.15 T-C VI.c2)0 1932.4 14.8 4.5 0.30
Viego  1931.6 3.3 —8.2 Vec)0 1910.2 10.9 5.7 0.52
VI.C4)0 1922.9 23.6 6.7 0.28
G-G2 Viego  1920.4 232 1.5 0.06 G-C VG:C(6)0 1922.7 17.2 4.7 0.27
Ve©)o 1910.2 12.8 —8.2 Vec)0 1888.2 15.3 3.7 0.24
A-C vecpo  1902.0 16.6 6.7 0.40 C-A Vec)0 1893.0 18.3 6.1 0.33
A-T Ve@)o 1940.0 13.6 43 0.32 T-A Ve@)o 1936.5 13.5 43 0.32
Ve@o 1927.1 23.7 4.7 0.20 Ve@o 1916.4 26.0 4.1 0.16
C-C Vieeo 19257 26.0 4.5 0.17 C-G VG:C(6)0 1916.8 14.8 —2.4
Ve@)o 1911.2 12.7 1.3 0.10 Ve.c)o 1885.3 18.6 3.1 0.17
G-A VG:C(6)0 1920.8 16.7 39 0.23
T-G Voceo 1941.4 6.5 1.5 0.23 G-T VG:C(6)0 1941.6 11.9 34 0.29
vrcao 19328 7.9 32 0.41 VI.C@)0 1935.0 7.6 —7.2
vrceo  1890.5 3.0 —3.8 VI.c2)0 1925.2 25.0 —0.8
T-T Vo 1946.4 7.2 3.0 0.42 C Ve@)0 1922.2 153 6.7 0.44
Viewo 19408 9.5 0.26 0.03 G Ve(6)0 1933.9 18.0 5.0 0.28
Viceo  1938.6 8.4 —54 T Ve@)0 1941.6 12.2 4.2 0.34
Ve@o 1891.5 6.9 1.5 0.22 Voo 1922.9 12.0 2.6 0.22
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23.1 C=01Mh%#Kzhegxt A RALE 2D IR &L
ey R I
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Figure 3 (A) vibrational energies and transitions of two coupled anharmonic oscillators. (B) simulated 2D IR “dot” spectrum
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G R B) RS E 32 B X LR O .
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Table 4 Off-diagonal anharmonicity (A, in em™") between C=0 stretching vibrations in B-form DNA, G-quadruplex stacking dimers

and thymine, followed by their bond angle (6;;, in °) and distance (r;, in A)

System Mixed-mode A 0ylry System Mixed-mode Ay 0ylry
G-G VeooV'cw0 94  352/33 C-T V.0V —23 116.8/3.5
G-G1 VeooV'cw0 20.7  24.8/39 Vrc@o/Vecoo 18.0  140.6/4.3
G-G2 VeooV'cw0 249  78.0/3.4 T-C V@0V 49 117.4/3.5
A-T V@0V 139  115.83.5 Vrc@o/Vecoo 20  86.3/5.7
c-C Ve@oV'c@o 142 37.3/4.2 G-C Vec@oVa:ceo 0.3 100.2/5.3
C-G Vec@oVa:ceo 135 166.9/4.3 T-A V.0V 112 116.6/3.5
T-G V.0V 9.8 116.5/3.5 T-T VoV cwo 6.3 119.3/3.5
VG.c6)0/VT:c2)0 5.4 166.9/4.5 veo/V'cao 5.0 79.2/5.7
G-T VG.c6)0/VT:c4)0 162 23.0/42 Vieo/Veao 10.1 152.9/4.1
VI.c2)0/VT:Cc(4)0 134 115.9/3.5 T Veo/Ve@o 7.1 116.1/3.5
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