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Biosensors

Vibrational Spectra of Nucleotides in presence of the Au Cluster Enhancer in
MD Simulation of a SERS Sensor

Tatiana Zolotoukhina, Momoko Yamada and Shingo Iwakura

Detailed tables of the calculated vibrational frequencies with high intensities for the DNA
nucleobases and nucleotides, cytosine, thymine, adenine, and guanine, are collected in the
present supporting information. The Green-Kubo method is used to obtain transient

spectra in reaction coordinated in the molecular dynamics method.

The spectra of the bonds of atoms in the nucleotides reflect nucleobase structural
differences. The spectra of all bonds have been calculated simultaneously at the same
translocation through the graphene pore and arranged in the tables presented below. The
highest amplitude frequencies of a particular bond are numbered in the sequence of
decreasing intensities. They are collected into the spectral maps of molecular species and
can be used as a fingerprint for the identification of nucleotides. The first four tables
present frequencies for each bond between atoms that have numbers according to the Figs
in the text of the paper. Tables 1-4 show results for four nucleobases in the nucleotides. The
same frequencies that are present in spectra of many bonds belong to the cyclic ring modes

of the particular nucleobase.

The remaining four tables, Tables 5-8, show calculations for the corresponding four

nucleobases only, without the presence of the attached 2-deoxyribose.

All calculations of bond stretching in the adjacent tables were performed in the frequency
region 100 - 2000 cm™. The time step was 0.2 fs, calculations of spectra were done for 8192
time steps that correspond to approximately 16 ps duration, and to 40 cm™ resolution. All
spectra of nucleotides or bases were obtained from the single MD run. The interaction
interval with graphene during transient spectra sampling was sufficient to have intensities
of vibrational modes amplified in calculations. The sampling time corresponds to several
vibrational periods of bending and stretching modes that bring numerical errors in the

computation of frequencies by FFT to a sufficient level.
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The numbering of the nucleotide atoms used in tables 1~4 and 5-8. Base atoms order is

shown for each base, deoxyribose numbering is done consecutively after each base
numbering as shown below for cytosine example.
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Comparison of calculated frequencies with experimentally measured IR

spectra

(C. S. Peng, K. C. Jones, and A. Tokmakoff, "Anharmonic Vibrational Modes of Nucleic Acid
Bases Revealed by 2D IR Spectroscopy,” J. Am. Chem. Soc., 2011, 133, 15650-15660)

- CYT
CMP Cl 1651 9.2
C2 1614 15
C3 1583 17
C4 1524 6.1
Cs 1504 8.9
Calculated

1721cm~*(C-C, C-N)
1557cm~1(C-N)

- THY
TMP Tl 1690 11
7 1663 5.0
T3 1629 10
Calculated

1721ecm~1(C-C, N-C)
1762cm~1(N-C)

- ADE
AMP Al 1625 8.0
A2 1578 9.8
A Calculated

1639cm~1(C-C, C-N, N-C)

- GUA
GMP Gl 1665 11
G2 1579 4.0
G3 1565 7.8
G4 1539 18
Calculated

1639cm~1(C-N, N-C)
1557cm~1(C-C, N-C)

1.0 1690 v (C*=0), v (N'=C®), d (C®*~H)

0.55 v (N*=C*—~C*=C?), v (C*=0), d (C°~H), & (C°~H)

021

0.57 v (C*=C%), » (N'=C®), 8 (C°-H), d (C°~H), d (N*D,)

094 1483 v (N*=C*'-N*), » (C*=C°), 4 (C*~H), 6 (C°~H),  (N'D,)
Experimental

1624cm 1w 93~ difference
1503¢m =1 ) 5/~ difference

0.74 QerD v (C*=0), » (C*=0),  (N*~D)
1.0 Q6s7) v (C*=0), ¥ (C*=C%), & (N*~D), & (C*Hs), & (C°~H)

0.94 1627 v (C=C®), v (C*=0), § (C°H,), d (C°*—H)

Experimental

1657cm ™~ 1w  G4cm~' difference
1677¢cm ™1 mmmmmh  35.1-1 difference

1.0 v (C*=C5, C°-C® out-of-phase), & (C*~H), 6 (N°D,), Py
041 1565 v (C*=C®, C*~C® in-phase), » (N'-C°), v (N*-C*),
v (N—=C“), o (C*-H), Py + Im

Experimental

1588cm 'mmmmmdp  51cm~ ! difference

1.0 @ v (C*=0), 6 (N'-D), Py

063 (1556) v (C*=N?), v (C*=0), & (N*~H), d (N°D,), Py

0.62 1533 v (C*=N*-C*=C?), 6 (C*~H), Py + Im

029 1511 v (C*'=C%), v (N"=C"®), & (C°—H), Py + Im
Experimental

1692¢cm ~ L —) 54cm~1t difference
1556 ¢~ 1 m—) 1em™!  difference



"SUWIN]OD JO S} g Ul UMOUS 318 9POUI 39 ‘DPOU 3G ‘PO 3§ “QPOW PIg “OPOUl pUg ‘SPOu ST “WOje 2DUIIY “Wwoje Surpuog “wmnu 1 Wojy ‘aseq

SMO[[OF SB pue SjIun ;-u ut a1e sanuanbaiy (suwnjod 3ydir) Surpuaq pue (suwnod 339) SUMPaLs 10§ SIUIEU UWUNOD)

0'L8S1 £'E86 GLeL 9ELS 8'89¢ 1'D 819l 6'8E9L (A T14% 9ELS 6’18 1'D

81aLl 6'8E9L 9ELS 6’18 zl'o 1'o zl'o 09161 Z'88LL 9ges zl'o 1'o zl'o
0°L861 £'E86 GLeL 9ELS 8'89¢ ¥0 81aLl 6'8E9L 0'L561 Z'6ecl £'E86 oFl9 ¥0

81aLl 68891 9ELS 6’18 LI'H ¥0 LI'H 81aLl 09161 L'EGEL G069 9ges LI'H ¥0 LI'H
0°L861 £'E86 GLeL 9ELS 8'89¢ £ 81aLl 6'8E9L 0'L561 Z'6ecl £'E86 oFl9 £

81aLl 68891 9ELS 6’18 OL'H £ OL'H 81aLl 09161 L'gsel £90LL 106 97es OL'H £ OL'H
0°L861 £'E86 GLeL 9ELS 8'89¢ N 81aLl 6'8E9L 0'L561 Z'6ecl £'E86 oFl9 N

81aLl 68891 9ELS 6’18 6H N 6H 602LL L'gsel 2’881l V'Ev6 97es 6H N 6H
0°L861 £'E86 GLeL 9ELS 8'89¢ SN 81aLl 6'8E9L 0'L561 Z'6ecl £'E86 oFl9 SN

819l 68891 9ELS 6’18 gH N gH 602LL L'esel 2881l V'Ev6 97es gH N gH

WOJE Jay | WOJE SNSJap, |WNU 7§ Wole

puaq yoaals
[L —wWD] J0 }Un 3jeUIPI00) UONROEaY

* o Ut are sapuanbai ‘sansusiur 3s9Y31Y ‘Spuoq aseq auIso3A)) jo saruanbar] ‘g a[qer,



*SUWIN|OD JO S}3S 7 Ul UMOUS 1€ PO {39 ‘DPOW I ‘Opoul Y}y ‘OpoW PIg ‘DpOowl pug ‘@poul }ST “WI0Je 30UDISJIY] “W0je Jurpuog “wnu 1 wWojy ‘aseq

1SMOT[0] Se pue SIuN (.U Ul a1k sapuanbaiy (suwumnjod 1ydir) Surpuag pue (Suwnjod 33a]) SuIypialls 10y SaWeU Uwnjo))

L'LLEL Z'88LL vive 8'89¢ 9 21eLl 6'6L9L 09161 Ll6y 9

L'¥881 819l 6'LBSL L'EGEL 2'89¢ ¥l'o o ¥l'o 0GLYL L'gselL Z'88LL £¥e0L 9'G59 L8680 ¥l'o 9 ¥l'o
L'LLEL Z'88LL vive 8'89¢ 1'0 21eLl 6'6L9L 09161 Ll6y 1'0

L'¥881 819l 6'LBSL L'EGEL 2'89¢ tl'o 1'0 tl'o 60ELL £90LL tl'o 1's tl'o

L'¥881 81aLl 6'LBSL L'EGEL 2'89¢ OL'H 10 OL'H 00562 1'L28¢e 81aLl L'EGEL £'6901 L'0Sk OL'H 10 OL'H
ST 6'LBSL 0] ST 6'LBSL 0]

L'¥881 81aLl 6'LBSL L'EGEL 2'89¢ 6'H g0 6'H 00562 1'L28¢e 81aLl L'EGEL £'6901 L'0Sk 6'H g0 6'H
L'LLEL 2’881l vive 8'89¢ 0] ST 6'LBSL 0]

L'¥881 81aLl 6'LBSL L'EGEL 2'89¢ 8H g0 8H 00562 1'L28¢e 81aLl L'EGEL £'6901 L'0Sk 8H g0 8H
L'LLEL Z'88LL vive 8'89¢ ¥0 21eLl 6°LBSL ¥0

L'g5elL £'6901 9'6G59 L'H ¥0 LH L'gsel £'6901 9659 L'H ¥0 LH
L'LLEL 2’881l vive 8'89¢ ZLN ST 6'LBSL ZLN

L'¥881 8191 6'LBSL L'EGEL 8'89¢€ 9H ZL'N 9H 6'02LL L'¥EvL L'g5EL v'ive SLEL 9H ZL'N 9H

WOJE J@y | WOJE SNSJap |WNU g WojE

puaq — : : - = - ,_._umbm
[L — W] J0 Jun 8jBUIPI00) UORORAY

* - UT 3Tk $aULNbaI] *sanIsusiut 3sayS1 ‘Spuoq aseq sUrwAy, Jo sarusnbai *9 s[qer,



Head yig

“SUINTOD JO §}3S T UI UMOUS 1€ PO 39 ‘DPOoW 3G ‘@pou Uiy ‘DpOow PIg ‘OpOowW pug ‘Opow }ST “WI0)e 9dUSIJRY] “Woje Surpuog “wnu 2 Wojy ‘aseq

yead yiy

Head yig

Head yig | yead yi|

:SMO[[0] Se pue S)TUN (. Wd U a1e sakuanbaiy (suwunjod 3ydir) Surpuaq pue (Suwnjod 333[) SUnyd1aIls 10y SAWEU Unjo))

Wwole jay wnu g woje sead yig | yead yig | wead yip | yesad yig | yead yig | yead yi| | wole jay | wole snsiap | Wnuy wole

pusg

_ yoals

_”_' |E0”_ 40O llun 21eUIpi00) UOlOEdY

" -u ur are sapuanbai] “sansuajur 35931 ‘Spuoq aseq SUTUSPY JO sauanbar] */ a[qer,



*SUWIN|OD JO S}3S g UI UMOYS 31 9pOW Y}9 ‘DPOW YjG ‘DpOoul 3§ ‘@POoW pIE ‘@pOoW PuUg ‘DPOoul ST “WOje 3dUISJY ‘Wwoje Surpuog “wnu i Wwojy ‘aseq

SMOT[0] Se pue SIuN (W Ul a1k sapuanbaiy (suwumnod 1ydir) Surpuag pue (Suwnjod 33a]) SuIypialls 10y SaWweU Uwnjo)

wnugy wole

WO0lE SNEI3A | WNUG WIHE

puaq

yoans

_”_' |EO“_ 4O jiun ¥1BUIPJO0D UOIlOEIY

* -u ur are sapusnbaiy ‘sanIsuajuI 1S9y 31 ‘Spuoq aseq auruenc) jo sanusnbai] ‘g S[qer,



stretch [cm™] stretch [cm™]

base atom Versus Ref. 1st 2n 34 4 5 [ atom Versus Ref. 1t 2nd 34 4n 5 [
& atom atom peak peak peak peak peak peak & atom atom peak peak peak peak peak peak
num num

strech
[atom & rum| Versus atom | Ref atom [ 1th peak | 2th peak | 3th peak | 4th peak | Sth peak | 6th peak |




