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ABSTRACT

Density function M06 method has been used to guithie geometries of shikonin -thymine at 6-311+%&dsis.
Finally, fourteen stabilized complexes have bedninbd. Theories of atoms in molecules (AIM) antlired bond
orbital (NBO) have been utilized to investigate thalrogen bonds involved in all the systems. Tlheradntion
energies of all the complexes were corrected bysbset superposition error (BSSE). By the analysisraction
energy, charge density and second-order interactioargies E(2) of the complexes, it is found toatex 2 is the
most stable structure.
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INTRODUCTION

It is generally appreciated that thymine in natare the basic unit of DNA which plays an importaolke in
biotechnology and genetic variation and plays a@iatuole in the courses of the skin cancer caubingyVv damage
to DNA and other diseasds The interactions between anti-cancer drugs andh DN RNA, inhibitihg DNA
replication or transcription and other forms, are tisual function of anti-cancer drugs Hence, studying on the
function of anticancer drug molecules and cytosmeconductive to understand the mechanism of actibn
anti-tumor drugs and its carcinogen, by which valeanformation can be provided for the design @ranticancer
drug B!, Theoretical researches of the interaction betwssme anticancer drugs and DNA have been reported
previously®®?. Siavash!had a study of the mechanism of interaction betwteranticancer drug gatifloxacin and
DNA base by employing B3LYP method of density fuoichl theory. Lv and co-workers studied the mecsanof
interaction between the ethocaine and DNA base hey same way®. The interactions between the natural
anticancer drugs and DNA base, such as catechénlin and camptothecin have been researched BY'ds

Alkanna tinctoria, a traditional Chinese prescaptiin clinic, has activating blood, detoxificati@md outthrust
papules effects. Alkannin naphthoquinones, pherawlid, alkaloids etc were isolated from alkannattrid*®!. One
of the most compelling but also the kind of alkannaphthoquinones, showing many physiological fiomst has
two stereo isomers in nature, one is the R-isoraled shikonin, and the other is the S-isomer dadikannif.
According to research, shikonin can inhibit topoisrase I activity of DNA, and then prevents the growth of
tumor cell*. The research of hydrogen bonds between shikamirttaymine is vitally important for the formulation
of new anticancer drugs. Therefore, studying thepmexes formed by shikonin and DNA base by usingngum
chemistry method will be beneficial to the undemgiag of the interaction law of these active smadilecules and
biological molecules, and have a better clarifmatdbf its biological effect mechanism. Our team wasked on the
investigation of interaction between shikonin artiosine, and result shows that the hydroxyl grotigtokonin
plays the major role in promoting shikonin and cjte to form complexes®. This paper will study
shikonin-thymine complexes to know the microcosmiechanisms of the interaction of shikonin with tlyenat
the molecular level, which can provide a usefulotieéical basis for the design, modification, systheand
screening of shikonin.
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EXPERIMENTAL SECTION

The geometries of shikonin, thymine and shikoniyrime have been optimized at the M06/6-311++G*%] dime
computational results of the vibrational frequesbgw that there is no imaginary frequency, whidaidates that all
vibrational frequencies are attributed to possiystent structures. To acquire deeper insight the nature of
shikonin-thymine interactions, atoms in molecul&tV) analysis is performed by using AIM206%. In addition,
analyses of the charge distribution and chargestearprocesses are performed by using natural bdvital (NBO)
partitioning schemé&®. The interaction energies are corrected for theisbset superposition errors (BSSE). The
BSSE has been evaluated by using the counterp@B® tnethod proposed by Boys and Berndtdi The
uncorrected (De) and corrected (De BSSE) interaciwergies can be evaluated as follow:

AE=E - EA(B)_ L:B(A)

where theE,(B) stands for the energy of compleXAB; Ex(B) is the energy of monomer A acquiring from the
calculation of complexes when all the nucleus B seeas puppet atoms carrying virtual orbit; inirailar way,
Eg(A) is the energy of monomer B acquiring from tlacalation of complexes when all the nucleus Asatas
puppet atoms carrying virtual orbit. All calculat®are carried out by using the Gaussian 09 pro§fam

a b

Figure 1 the optimized geometrics of a) shikonin ahb) thymine

RESULTS AND DISCUSSION

1. Raman spectra analysis of thymine

Firstly, Gaussian 09 program were used to optirtiizestructure of thymine. And the frequency caltafawas

performed by the same way basing on optimized strac Two methods have been adopted; they are B3P
MO06, at the same level 6-311++G**. Table 1 is ligtitheoretical and experimental vibrational frequies of

thymine. These results indicated that the Ramaatspa by using B3LYP and M06 methods of quantunmuéy

calculation agrees with the experimental spectrilmere still are minute differences between thenis generally
thought that the difference mainly caused by withemy consideration for the relativity between thelecules as
doing theoretical calculation. However, the molecuhteractions have been considered during exettiahtesting.
It is generally known that thymine molecular midgiat linked by hydrogen bonds in its natural state,this factor
has never been contemplated during theoreticalilzdions, which may result in a negligible diffecenbetween
results of theoretical and experimental. A commarisetween Raman spectrum result of B3LYP methaidtizat of
MO6 shows the latter is more desirable, which isemeasonable comparing to the experimental resdltit reveals
the method presented in this paper is feasible.

2. Conformation analysis of shikonin—thymine complees

Table 1 Theoretical and experimental vibrational frequencies (cr) of thymine

Assignment B3LYP(cal) MO06(cal) NRS(exp)
Ring deformation, C18—H17 wag 398 427 426
Ring torsion, C19—06, C17—GHC20—07 wag 657 605 614
Ring deformation, N1—H18 wag 595 558 558
Ring deformation, N1—C19—N2 841 741 745
Ring deformation, C18—H17, N2—H19 asym bend 968 2105 982
Ring deformation, C18—H17, N1—H18 scissor 1203 1252 1243
C18—H17, N1—H18 asym bend, @Hend 1506 1376 1367
Ring deformation, C20—O7 stretch, N2—H19 bend 3194 3045 2932
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The geometries of shikonin —thymine complexes amdjuency calculations have been fully optimizecthet
M06/6-311++G** level, fourteen stabilized complexas with no imaginary frequency, which indicateatthll of
them are possibly existent structures have beeair@ut at last. The molecular structures of shikarid thymine
are shown in Figure 1. The fully optimized geomgiayameters of complexes are also shown in Figuae®2the
interaction energies of complexes have been obdernv&able 2 accordingly. From Figure 2, it is euidy to see
that there are various types of these hydrogen $andluding six-hydrogen, four-hydrogen, threedtogen and
double-hydrogen. Fourteen complexes cover follovyqgs of hydrogen bonds::@H—C, O---H—N, N-:--H—O,

0O:--H—O0, N---H—C. The bond distance and bond angle for eachdggr bond were analyzed within the range of

0.1727~0.2935nm and 105.6°171.6°. In order to deeply understand the bondiegacter of complexes, electron
density at the bond critical point (BCP) is usedatalyze the bonding situation. Among those cet¢oi establish
hydrogen bond proposed by Koch and Popéife?® “there is a BCP for the H...Y contact”, “the valag(r) at

BCP of H...Y lies within the range of 0.002-0.040 auid the value of Laplacia¥{p) is in the range of 0.0240

0.1390a.u.. Large(r) values represent shared interactions, chaiatitenf covalent bonds. In contrast, Igwr)

values are indicative of closed-shell interactitypscally found in ionic bonds and hydrogen bondsaell as in van
der Waals interactions. The values of charge depsit the bond critical point (BCP) for each compbme shown
in Figure 2, and all of those are within the valumeit of hydrogen bonds. It is well known that BGRused to
describe bond strength, and the value of that igroportion to bond strength. Furthermore, Laplacé the
hydrogen bond critical point are shown in Figuras2well, all of them are greater than zero, belmayacteristic of
the intermolecular weak interactiofg.
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Figure 2 the optimized geometrics of complexes at 06/6-311++G** level
a. bond length(nm); b. charge densitin the bond critical point(a.u.); c. bond angle{®Laplacian value(a.u.)

Table 2 Interaction energies without AE) and with the BSSE correction AE',kJ/mol) for all the complexes, calculated at the
MO06/6-311++G** level

Species E(a.u.) BSSE(a.u.) AE(kJ/mol) AE’'(kJ/mol)
2 -1448.7721754 -1448.765970 -129.31 -113.02
9 -1448.7632297 -1448.755488 -105.82 -85.50
11 -1448.7486033  -1448.747727 -67.42 -65.12
7 -1448.7479933  -1448.743834 -65.82 -54.90
4 -1448.7448543 -1448.743188 -57.58 -53.20
5 -1448.7434612 -1448.742748 -53.92 -52.05
14 -1448.7418267 -1448.739902 -49.63 -44.58
8 -1448.7402551 -1448.738370 -45.50 -40.55
15 -1448.7397947  -1448.738008 -44.29 -39.60
6 -1448.7389161 -1448.737226 -41.99 -37.55
13 -1448.7371258 -1448.736287 -37.29 -35.09
3 -1448.7357719  -1448.734260 -33.73 -29.76
12 -1448.7354519  -1448.734073 -32.89 -29.27
10 -1448.7352785 -1448.733975 -32.44 -29.01

3. Energy analysis of shikonin —thymine complexes

The energy analysis of all the complexes as shawFable 2, the total energies of complexes ardénrange of
-1448.772175--1448.734926 a.u.. Which are lower than that okahin -cytosine complexé¥’, indicating that
the new complexes are more stable than previoestgpd with larger interaction energies. The intéa energies
of them are listing in Table 2 and range from -828J/mol to -31.51 kJ/mol. The interaction energies in the
order: 2>9>11>7>4>5>13>14>6>12>11>3>9>1, after painrrected by the basis set superposition eriidrere
are two hydrogen bonds at least in the complexabua to six. The interaction energies of complérctuding six
hydrogen bonds is the largest, thus it is the raaile in those complexes, in this complex 6, tAgpmcontribution
dues to O(6)-H(1)—O(1) among six hydrogen bonds, which distance @®18m) is relatively short, the bond
angle (143.4°) and charge density in the bondcatifhoint (0.0352a.u.) are larger than five oth#hss, this bond is
the most stable in the complex 2. In interactiorergy, it is known that the complex 2 of shikonin
—thymine(@E=-129.31 kJ/mol ) is larger than that of the compleof shikonin—cytosinefE=-93.20 kJ/mol )which
is the most stable one among those complexes. €dhseabove phenomenon, is more hydrogen bondsein t
complex 2 of shikonin —thymine. From the order loé tinteraction energy, it shows that the top twothbof
complexes 2 and 8 are six-hydrogen bond compl&xes next seven orders are four-hydrogen bond compland
three-hydrogen bond complexes appearing in turd, taen followed three three-hydrogen bond complekes
final two are double-hydrogen bond complexes, theycomplex 10 and 1 respectively. There is noliiygrogen
bond complex in the whole experiment. The four-loggmn bond complexes and three-hydrogen bond coeglex
which are in the middle of the order and the engygy between them, is less than 25.83 kJ/mol. Tteenative
phenomenon of interaction energy, appearing intthe types complexes, indicates that the conclusibrthe
number of hydrogen bonds being in proportion to #rount of the interaction may not apply to all the
hydrogen-bond complexes. There are so many imgoidators in stability of complexes, such as stéii@rance,
the properties of bonded atom and binding site.r@tee two hydrogen bonds in complex 1, with theelst
interaction energy, which is the most unstable @ameng all the shikonin—thymine complexes, the bdisthnce of
O(6)-*H(19)—N(2) is 0.1976 nm and charge density in the bontical point is 0.0222 a.u.; while the bond
distance of O(6)-H(8)—C(12) is 0.2803nm , and charge density inktbed critical point is 0.0050 a.u., showing
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that the latter one is of smaller BCP and longertbdistance, so it is unstable.

Table 3 Electron donor orbitals, electron acceptoorbitals and their corresponding second-order inteaction energiestE (2) :( kJ/mol)

Species Bond Donori Acceptorj E(2)
1 O(6)-H(8) LP(2)O(6) BD*1)C(12)-H(8)  21.88
O(4)-H(19) LP(1)O(4) BD*(1)N(2)-H(19) 81.71
2 O(5)-H(17) LP(1)O(5) BD*(1)C(18)-H(17) 42.30
O(4)-H(17) LP(1)O(4) BD*(1)C(18)-H(17) 33.01
O(4)-H(18) LP(1)O(4) BD*(1)N(1)-H(18)  72.59
O(1)-H(18) LP(1)O(4) BD*(1)N(1)-H(18)  71.46
N(1)-H(1) LP(1)N(1) BD*(1)O(1)-H(1) 31.63
O(6)-H(1) LP(1)O(6) BD*(1)O(1)-H(1) 113.34
3 N(1)-H(8) LP(1)N(1) BD*(1)C(12)-H(8) 9.54
O(5)-H(18) LP(1)O(5) BD*(1)N(1)-H(18)  95.06
O(4)-H(17) LP(2)O(4) BD*(1)C(18)-H(17) 41.88
4 N(1)-H(B) LP(2)N(1) BD*(1)O(5)-H(5) 29.92
O(6)-H(5) LP(1)O(6) BD*1)O(5)-H(5) 82.80
O(5)-H(18) LP(1)O(5) BD*(1)N(1)-H(18)  79.20
5 O(6)-H(5) LP(1)O(6) BD*1)O(5)-H(5) 82.97
O(5)-H(19) LP(1)O(5) BD*(1)N(2)-H(19)  59.16
N(2)-H(5) LP(2)N(2) BD*(1)O(5)-H(5) 26.90
O(4)-H(19) LP(1)O(4) BD*(1)N(2)-H(19)  14.90
6 O(3)-H(19) LP(1)O(3) BD*(1)N(2)-H(19)  52.59
0O(2)-H(19) LP(1)O(2) BD*(1)N(2)-H(19) 65.14
N(2)-H(2) LP(1)N(2) BD*(1)O(2)-H(2) 13.51
0(2)-H(2) LP(1)O(6) BD*1)O(2)-H(2) 106.78
7 O(5)-H(19) LP(1)O(5) BD*(1)N(2)-H(19) 68.28
O(6)-H(6) LP(1)O(6) BD*(1)C(11)-H(6) 24.60
O(6)-H(7) LP(1)O(6) BD*(1)C(9)-H(7) 11.17
8 O(6)-H(11) LP(1)O(6) BD*(1)C(15)-H(11) 25.56
O(6)-H(10) LP(1)O(6) BD*(1)C(13)-H(10) 29.00
O(3)-H(19) LP(1)O(3) BD*(1)N(2)-H(19)  56.23
0O(2)-H(19) LP(1)O(2) BD*(1)N(2)-H(19) 53.26
N(2)-H(2) LP(1)N(2) BD*(1)O(2)-H(2) 15.15
O(7)-H(2) LP(1)O(7) BD*1)O(2)-H(2) 109.50
9 O(1)-H(19) LP(1)O(1) BD*(1)N(2)-H(19) 90.21
O(7)-H(4) LP(2)O(7) BD*(1)C(2)-H(4) 53.81
10 O(7)-H(2) LP(1)O(7) BD*1)O(2)-H(2) 112.84
N(2)-H(2) LP(1)N(2) BD*(1)O(2)-H(2) 20.17
O(1)-H(19) LP(2)0(2) BD*(1)N(2)-H(19) 50.84
O(3)-H(19) LP(1)O(3) BD*(1)N(2)-H(19)  57.91
11 O(7)-H(1) LP(1)O(7) BD*(1)O(1)-H(1) 49.45
N(1)-H(5) LP(1)N(1) BD*(1)O(5)-H(5) 13.01
12 O(5)-H(18) LP(2)O(5) BD*(1)N(1)-H(18) 7.74
O(4)-H(18) LP(1)O(4) BD*(1)N(1)-H(18)  95.27
O(6)-H(1) LP(1)O(6) BD*(1)O(4)-H(1) 62.13
13 O(5)-H(18) LP(2)0(5) BD*(1)N(1)-H(18)  99.37
N(1)-H(5) LP(1)N(1) BD*(1)O(6)-H(5) 17.28
O(6)-H(5) LP(1)O(6) BD*(1)O(6)-H(5) 66.99
14 O(7)-H(5) LP(1)O(7) BD*1)O(5)-H(5) 70.08
N(2)-H(5) LP(1)N(2) BD*(1)O(5)-H(5) 16.07
O(5)-H(19) LP(1)O(5) BD*(1)N(1)-H(19)  87.11

4. NBO analysis of shikonin—thymine complexes

NBO analysis is performed at the same level MOG/6+3-G**, in order to reveal the nature of the iaigion. The
role of hydrogen-bonding is to exert external e@lecfield on shikonin—thymine complexes, which ocauke
separation of charge within molecules and led tangles in the structure of molecules. Electron dambital (i),
electron acceptor orbital (j) and their correspagdiecond-order interaction enerdie€?) of the shikonin—thymine
are listed at Table 3. The higher ta€2) is, the stronger the interaction between i jaiight is, i is easier to provide
electron to j, the hydrogen-bonding interactiostimnger. In addition, the order of siln(2) is the same as that of
the interaction. In this study, most of electreemsfer occurs in lone pair electrons of atom O pahd among the
anti-bonding orbital, including BD*(N—H), BD*(O—H)r BD*(C—H). The complex 2, six- hydrogen bond
complex, has the largekt(2) of all, which formed by the anti-bonding orbhi2D*(1) O (1)—H (1) and the lone
pair electrons of O&;: (2) of which is 113.34kJ/mol, and the toEal2) of complex 2 is 364.34kJ/mol, it is larger
than the others. The results further demonstrate dbmplex 2 has the best stability. Followed bR)o(H(2)—
0(2) , and it€ (2) is 112.84kJ/mol; the third and fourth stabyelfogen-bonding appear in complexes 8 and 6, they
are O(7):*H(2)—0O(2) and O(6)-H(2)—0O(2), andE (2) of which are 109.50kJ/mol and 106.78kJ/mopeesively.
The hydrogen-bonding N(1)C(12)— H(7) of complex 3, an#& (2) is 9.54kJ/mol , having the worst stability.
Furthermore, O(6)-C(12)—H(7) of complex 7 is unstable either. Frorahsan analysis, we can conclude that the
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interaction between the one pair electrons of @ O(7) in the cytosine and the contacting O—H-lamihd
orbital of the shikonin are stronger, and atoms)Nf@d O(5) are electron donor of the excellentibtgbhowever,
the one pair electrons of N(1) and O(6) in the timgras the electron donor are difficult to dondexteon to the
other anti-bond orbital, such as< and N—H, indicating that the hydroxyl group of shikonitays an important
part in the interaction between shikonin and thyamin

CONCLUSION

Shikonin, thymine and shikonin-thymine complexesehheen studied by using quantum chemistry aboiritid
density function theory (DFT) calculations at MO&/B1++G** level and fourthteen stable complexes @rtained
along the potential energy surface. It shows thattbtal energies of this kind system are lowen thther similar
complexes, indicating shikonin-thymine complexess mwore stable than others we studied before. Tarerat least
two hydrogen-bonds in each complex, furthermorehgdrogen-bond complex 2 has the lowest energylangest
total E(2) is 364.34kJ/mol, with the strongest interactiamich is more stable than the best stable compfex
shikonin-cytosine complexes, so it is the most Istalmmplex in shikonin and basic group complexeshaee
worked out at present.
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