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1 Nucleic acid base monomers

The fundamental unit of a nucleic acid base pair is, of course, the nucleic acid base.
Consequently, results for the internal geometry and dipole moments for cytosine, guanine,
adenine, thymine and uracil nucleotide bases are briefly summarized. The geometries of
the semiempirical nucleic acid bases are compared to the DFT results of &halreAll
of the semiempirical methods perform reasonably well for the internal geometries of the
base monomers.

The root-mean-square errors (RMSES) of the semiempirical bond lengths (Table A-1)
from the DFT values range from 0.0ﬁs(the PM3;pr, MNDO and MNDO/H methods)
to 0.022 and 0.022 for AM1 and PM3, respectively. The RMSEs for bond angles
(Table A-Il) are all less than 3 degrees, the smallest values (2.0 degrees) for MNDO and
MNDO/H, and the largest (2.9 degrees) for PM3. The RMSE for the heavy-atom torsion
angles (Table A-1ll) are also quite reasonable, the largest value occurring for PM3 (2.7
degrees) and the smallest values for AM1 and BM®0.7 degrees). The origin of the
particularly large RMSE (and MAXE magnitude) of PM3 derives mainly from the uracil
structure that is predicted by PM3 to have considerable deviation from planarity for the
heavy-atom torsion angles involving nitrogen.

The semiempirical dipole moments for the nucleic acid bases are compared with the
density-functional calculations of Sheretral! and the high basis-set level (B3LYP/cc-

pVTZ) calculations of Liet al? in Table A-1IV and are illustrated in Figure A-1. The



PM3zp» method performs the best with respect to the high basis DFT results, with a mean
signed error of -0.002 D and an RMSE of 0.101 D. The MNDO/H method has the largest
RMSE (0.717 D) of the semiempirical methods. It is of interest to note that the DFT
dipole moments calculated with the smaller basis sd?\\WPW) have an RMSE (0.761

D) with respect to the higher basis-set (B3LYP/cc-pVTZ) values that is larger than any of

the semiempirical RMSE values.

2 Nucleic acid base dimers

2.1 Hydrogen bonds

Nucleic acid base pairs can form dimers in a variety of wa§/# detailed discussion of
nucleic acid base pairing derived from density-functional calculations has been presented
elsewheré. The fundamental intermolecular interactions that stabilize nucleic acid base
pairs are hydrogen bonding and base stackifdhe present work focuses on the prob-
lem of intermolecular hydrogen bonding between nucleic acid bases for which reasonably
reliableab initio data are available. Future work will address the problem of base stack-
ing, which will require the introduction of a dispersion energy correctiéh Tables A-
V and A-VI compare the density-functional and semiempirical hydrogen bond lengths
and angles, respectively, for 31 types of nucleic acid base pairs.

The standard MNDO method does not predict stable hydrogen bonding. This is a
well-known problem, and there has been considerable effort to develop new semiempir-

ical forms that correct this deficienéy!? It is not the purpose here to provide a com-



prehensive comparison of all the semiempirical methods. The methods compared here
all share a common ford?. The AM1 method predicts hydrogen bond lengths system-
atically too long compared with the density-functional values with a mean signed error
(MSE) of 0.571A and RMSE value of 0.66%. The PM3 method performs consider-
ably better for hydrogen bond lengths with MSE and RMSE values of 0.084 and 0.165
A, respectively. The MNDO method predicts unreasonably long hydrogen bond lengths,
whereas the MNDO/H method corrects this so that the MSE and RMSE values are -0.250
and 0.310A, respectively. The PM3pr method agrees most closely with the density-
functional results with MSE and RMSE values of 0.006 and Oﬁﬂbspectively.

Results for the hydrogen bond angles (Table A-VI) are qualitatively similar in that
errors are most significant for the MNDO and AM1 methods. The AM1 method pre-
dicts hydrogen bonds to be too bent, having large MSE and RMSE values of -18.5 and
23.3 degrees, respectively. The hydrogen bond angles are considerably improved with the
PM3, MNDO/H and PM3,» methods. The MSE and RMSE values for hydrogen bond
angles are -3.8 and 5.5 degrees, respectively, for PM3, -1.9 and 6.0 degrees, respectively,
for MNDO/H and -3.4 and 5.5 degrees, respectively, for the PMBethod. Overall,
for intermolecular hydrogen bond geometries, the PM3, MNDO/H and /2M8ethod
perform quite well, with the PMgpr method slightly better overall. As is demonstrated in
the next section, however, that the AM1, PM3 and MNDO methods all severely underes-
timate the binding enthalpies of the base pairs, and the MNDO/H method overestimates

the binding enthalpies.



2.2 Binding enthalpies

Table A-VII compares the binding enthalpies of 31 nucleic acid base pairs calculated with
density-functional theofyand semiempirical models. The binding enthalpies reflect not
only the number and stability of local hydrogen bonds, but also intermolecular dipole-
dipole interactions, and to a lesser extent dispersion effects. Dispersion effects are more
important for base stacking interactions and for proper folding of DNA and RNA in polar
environments? The most strongly bound dimer is the CG Watson-Crick base pair, which
is the only base pair with 3 strong hydrogen bonds and has a biPWPW) binding
enthalpy of -22.4 kcal/mol. All other base pairs have only 2 hydrogen bonds (with the ex-
ception of GG that has 2 strong and 2 very weak hydrogen bonds), and the DFT binding
enthalpies range from -7.5t0 -17.6 kcal/mol. The MNDO method performs very poorly as
discussed earlier. In general, the AM1 and PM3 methods underestimate the DFT binding
enthalpy by over 5 kcal/mol (MSE values of 5.1 and 5.5 kcal/mol, respectively) leading
to RMSE values of 5.7 and 5.8 kcal/mol, respectively. Relative errors for these meth-
ods are typically in the range of 30-60% corresponding to a factor of roughly 1.5-3. The
MNDO/H method, on the other hand, over-predicts the binding enthalpy (MSE value of
-6.2 kcal/mol) and leads to an RMSE value of 6.5 kcal/mol. The pMBiethod per-
forms significantly better (Figure A-2). The MSE is -0.7 kcal/mol, and the RMSE (1.3
kcal/mol) is reduced by over a factor of 4 with respect to AM1 and PM3 models. For

Watson-Crick base pairing, the PM3 method predicts -21.4, -12.4 and -12.6 kcal/mol



for CG, AT and AUy ¢ base pairs, respectively; these values compare well (and retain the
same trend in order of stability) with the DFT values of -22.4, -11.3 and -11.4 kcal/mal,
respectively. These results offer promise that semiempirical methods might be developed

that have predictive value for biological hydrogen bonded systems.

3 Transferability to molecules not in the parameteriza-
tion set

Tables A-VIII-A-X provide the complete set of dimerization enthalpies, dipole moments,
and hydrogen bond lengths for molecules not considered in the parameterization proce-

dure to examine the transferability of the PM3method.
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e Figure A-2: Regression of semiempirical binding enthalpies for nucleic acid base
dimers with DFTmPWPW (x-axis reference) values. A linear fit for each method
produces intercept (b), slope (m), and correlation coefficient (c) values of {PM3
b=-0.521 kcal/mol, m=0.983, ¢=0.963), (AM1: b=-0.970 kcal/mol, m=0.971, c=0.934),
(PM3: b=0.810 kcal/mol, m=0.615, ¢=0.670), (MNDO: b=1.013 kcal/mol, m=0.596,

c=0.892), (MNDO/H: b=1.833, m=0.273, c=0.734).

e Figure A-1: Regression of semiempirical and DEEPWPW dipole moments for
nucleic acid bases with B3LYP/cc-pVTZ4x-axis reference) values. A linear fit
for each method produces intercept (b), slope (m), and correlation coefficient (c)
values of (DFT: b=0.253 D, m=0.809, c=0.982), (PM3 b=0.081 D, m=0.981,
c=1.000), (AM1: b=0.116 D, m=0.918, c=0.996), (PM3: b=0.289 D, m=0.818,
¢=0.988), (MNDO: b=0.349 D, m=0.807, ¢c=0.985), (MNDO/H: b=0.367, m=0.805,

c=0.985).
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Figure A-1: Gieseet al, J. Chem. Theory Comput.
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Figure A-2: Gieseet al, J. Chem. Theory Comput.
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Table A-1: Comparison of the error in the semiempirical bond lengths relative to corre-
sponding DFT values for nucleic acid bases

Molecule PM%, AM1 PM3 MNDO MNDO/H

A 0.016 0.024 0.020 0.016 0.016
T 0.012 0.017 0.017 0.012 0.012
C 0.014 0.021 0.022 0.017 0.018
G 0.017 0.026 0.024 0.017 0.017
U 0.013 0.018 0.018 0.013 0.013
MSE 0.000 -0.003 -0.004 -0.003 -0.003
MUE 0.012 0.017 0.016 0.011 0.011
RMSE 0.015 0.022 0.021 0.015 0.015
MAXE -0.029 0.046 -0.043 -0.035 -0.035

@ Comparison of bond Iengthé\I for nucleic acid base (monomers) from semiempirical (RM3AML1,

PM3, MNDO and MNDO/H) and DFT/¢PWPW} calculations. Shown are the average errors for each
individual base, and summarized at the bottom are the error metrics (bold) for the semiempirical results
with respect to the corresponding DRFIPWPW results of Sheret al
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Table A-1l: Comparison of the error in the semiempirical bond angles relative to corre-
sponding DFT values for nucleic acid bases

Molecule PM%r, AM1 PM3 MNDO MNDO/H

A 2.6 21 25 2.0 1.9
T 2.5 25 3.0 2.0 2.0
C 2.1 29 22 2.2 2.2
G 2.8 25 2.8 1.9 1.9
U 2.9 30 35 2.1 2.1
MSE 0.3 04 01 0.0 0.0
MUE 2.2 19 23 1.6 1.6
RMSE 2.6 26 29 2.0 2.0
MAXE -6.4 76 -7.9 -6.0 -5.7

@ Comparison of bond angles (degrees) for nucleic acid base (monomers) from semiempiricglp(PM3
AM1, PM3, MNDO and MNDO/H) and DFnPWPW! calculations. Shown are the average errors for
each individual base, and summarized at the bottom are the error metrics (bold) for the semiempirical
results with respect to the corresponding DREPWPW results of Sheret al!
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Table A-11l: Comparison of the error in the semiempirical torsion angles relative to corre-
sponding DFT values for nucleic acid bases

Molecule PM3%, AM1 PM3 MNDO MNDO/H

A 0.7 0.9 1.0 1.3 1.2
T 0.1 0.3 0.5 0.6 0.6
C 11 0.5 11 15 15
G 0.9 0.9 11 1.1 1.1
U 0.2 0.1 6.8 0.1 0.1
MSE 0.0 -0.0 -0.1 0.0 0.0
MUE 0.5 0.4 1.3 0.7 0.7
RMSE 0.7 0.7 2.7 1.1 11
MAXE 2.3 -2.7 -12.0 3.4 3.2

@ Comparison of heavy atom (non-hydrogen) torsion angles (degrees) for nucleic acid base (monomers)
from semiempirical (PM3p, AM1, PM3, MNDO and MNDO/H) and DFTmPWPW calculations.

Shown are the average errors for each individual base, and summarized at the bottom are the error met-
rics (bold) for the semiempirical results with respect to the corresponding/BIFWPW results of Sherer

etall
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Table A-IV: Comparison of semiempirical and DFT dipole moments for nucleic acid
base$

Molecule B3LYP mPWPW PM3%, AM1 PM3 MNDO MNDO/H

A 2.520 2.397 2574 2206 2502 2.528 2.597
T 4.380 3.552 4445 4226 3.967 4.087 4.087
C 6.410 5.322 6.459 6.224 5.675 5.600 5.600
G 6.570 5.908 6.368 5.908 5.445 5.264 5.264
U 4.470 3.715 4496 4.285 3.895 4.128 4.128
MSE -0.691 -0.002 -0.300 -0.573 -0.548 -0.566
MUE 0.691 0.079 0.300 0.573 0.552 0.535
RMSE 0.761 0.101 0.355 0.680 0.716 0.717
MAXE -1.088 -0.202 -0.662 -1.125 -1.306 -1.306

@ Comparison of dipole moments (Debye) for nucleic acid base (monomers) from from semiempirical
(PM3gp, AM1, PM3, MNDO and MNDO/H) and DFTmPWPW (mPWPW) and B3LYP/cc-pVTZ
(B3LYP) calculations. Shown are the magnitude of the dipole moments for each individual base, and
summarized at the bottom are the error metrics (bold) for the semiempirical andEFNVPW) results of
Shereret al! with respect to the corresponding high basis-set level DFT (B3LYP) calculationsevll?
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Table A-V: Comparison of semiempirical and DFT hydrogen bond lengths for nucleic
acid base paifs

Molecule mPWPW PM%p AM1 PM3 MNDO MNDO/H

CGwc 1.624 1.723 2.060 1.805 3.209 1.446
CGwc 1.821 1761 2105 1.837 3.088 1.447
CGwce 1.761 1.719 2.073 1.778 3.284 1.565

CGy 1.734 1.720 2.799 1.796 3.642 1.403
cGy 1.829 1726 3.421 1815 4.019 1.432
CGy 2.002 1.792 2760 1.879 3.675 1.560
CGy 1.864 1.766 2.219 1.827 3.825 1.597
ATwe 1.631 1.695 2167 1781 3.287 1.414
ATwe 1.784 1.742 2101 1.823 3.719 1.493

ATpwe 1630  1.696 2.084 1.783 3.317 1.421
ATpwe — 1.827 1.741 2122 1.817 3.855 1.498

ATy 1.634 1.677 2056 1.766 3.190 1.443
ATy 1.852 1.748 2.145 1.828 3.897 1.527
ATry 1.631 1.681 2475 1767 3.159 1.449
ATry 1.894 1749 2134 1826 3.868 1.537
cc 1.783 1711 2353 1797 3.287 1.399
cc 1.782 1.711 2330 1.794 3.130 1.399
1T 1.718 1.729 2106 1.800 3.283 1.512
T 1.709 1738 2107 1805 3.361 1.519
1T, 1.692 1.735 2.092 1.805 3.251 1.501
1715 1.689 1735 2116 1.804 3.364 1.501
175 1.733 1.734 2111 1800 7.778 1.522
175 1.733 1.734 2111 1.800 7.683 1.523
UU; 1.712 1.732 2.099 1.807 6.977 1.521
Uy 1.722 1736 2118 1.799 7.038 1.512
UUs 1.689 1733 2104 1801 4.208 1.509
UU, 1.690 1.733 2101 1.805 3.724 1.509
UUs 1.743 1.734 2111 1801 7.425 1.518
UUs 1.742 1735 2117 1801 7.173 1.519
GU; 1.652 1726 2.038 1.794 3.658 1.500
GU; 1.656 1.730 2122 1.801 5.495 1.500
GU, 1.694 1.727 2.048 1.790 3.740 1.507
GU, 1.683 1732 2125 1.806 5.630 1.508
GGy 2.246 2977 2411 3.066 4.605 2.903
GGy 1.620 1.721 2109 1.802 3.287 1.486
GGy 1.621 1724 2.098 1790 3.323 1.482
GGy 2.245 2985 2534 2975 3.496 2.894
GG3 1.714 1738 2.480 1.816 3.330 1.519
GG3s 2.156 2448 2.138 2481 3.129 1.631
GGy 1.829 1.739 2583 1.818 3.692 1.419
GGy 1.830 1.743 2.603 1821 3.612 1.415
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Table A-V (continued)

Molecule mPWPW PM%r, AM1 PM3 MNDO MNDO/H

AG, 1.687 1.737 2106 1.819 3.534 1.491
AG, 1.793 1.710 2.385 1.774 3.519 1.446
AG, 1.818 1.719 2598 1.811 3.462 1.453
AG, 1.838 1.743 2.608 1.846 3.764 1.474
AGs 1.778 1.742 2136 1.821 3.524 1.537
AGs 1.710 1.705 2.335 1.789 3.155 1.458
AG, 1.785 1.728 2552 1.812 3.801 1.412
AG, 1.827 1.728 2.623 1.836 3.401 1.425
cty 1.707 1.732 2.091 1.810 3.986 1.483
ct, 1.738 1.721 2588 1.806 3.338 1.419
CU, 1.744 1.736 2.102 1.811 3.788 1.495
CU, 1.759 1.723 2589 1.808 3.371 1.429
AUwe 1.630 1.695 2.051 1.780 3.245 1.416
AUwe 1.777 1.743 2121 1.818 4.119 1.490
ACH 1.747 1.717 2.428 1.803 3.254 1.419
ACH 1.768 1.712 2585 1.805 3.518 1.408
ACy 1.779 1.742 2591 1.829 3.364 1.466
ACy 1.806 1.704 4237 1.802 3.471 1.447
AA, 1.783 1.722 2.608 1.817 3.458 1.425
AA, 1.783 1.722 2544 1.813 3.575 1.425
AA, 1.819 1.737 2553 1.828 3.691 1.471
AA, 1.807 1.713 2.626 1.807 3.308 1.460
AA; 1.849 1.736 2574 1.835 3.799 1.506
AA; 1.849 1.737 2.660 1.837 3.328 1.507
MSE 0.006 0.571 0.084 2.174 -0.250
MUE 0.084 0.571 0.095 2.174 0.290

RMSE 0.151 0.665 0.165 2.479 0.310
MAXE 0.738 2.431 0.820 6.044 0.657

@ Comparison of hydrogen bond Iengtbﬁs for nucleic acid base pairs from semiempirical (PM3 AM1,

PM3, MNDO and MNDO/H) and DFmPWPW (mPWPW) calculations. Shown are the hydrogen bond
lengths for each base pair, and summarized at the bottom are the error metrics (bold) for the semiempirical
values with respect to the corresponding DEPWPW results of Sheret al!
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Table A-VI: Comparison of semiempirical and DFT hydrogen bond angles for nucleic
acid bases

Molecule mPWPW PM%p AM1 PM3 MNDO MNDO/H

CGwc 176.3 1740 163.7 173.3 1415 176.9
CGwc 175.4 176.1 1755 176.6 1704 175.0
CGwc 176.0 177.8 1747 176.2 1733 173.2

CGy 177.8 174.3 93.1 1721 102.7 178.0
CGy 177.0 175.8 146.8 177.8 167.1 176.8
CGa 176.9 177.7 136.0 177.1 126.6 177.1
CGy 174.0 168.2 1385 168.0 112.8 167.7
ATweo 178.8 1v6.2 177.7 1757 1725 179.0
ATwe 178.4 175.0 1769 177.1 163.7 172.9

ATpwe  179.0 176.0 173.7 1747 1709 177.7
ATpwe 1772 175.6 170.0 177.2 159.0 173.2

ATy 173.6 175.8 1714 1756 169.0 175.7
ATy 168.8 165.4 153.1 164.8 150.8 173.3
ATry 174.2 176.2 1765 176.7 165.7 177.8
ATRry 169.5 164.7 1473 1639 157.0 173.3
cc 174.8 175.8 157.7 175.0 1485 177.8
cc 174.8 1758 160.5 175.3 146.1 177.8
T 178.7 171.7 160.4 170.9 155.9 171.3
1T 178.0 170.6 161.0 169.0 151.9 169.1
1T, 179.4 170.8 162.2 170.8 1554 172.6
1T, 180.0 170.8 1614 170.8 153.0 172.6
TT; 177.3 171.0 160.3 1694 1511 168.8
175 177.3 171.0 160.3 1694 1533 168.8
Ul 178.9 170.6 159.8 1712 575 170.4
UU, 178.0 170.6 1614 1693 421 169.3
UU, 179.9 170.3 160.9 170.7 113.7 170.7
UUs 179.9 170.3 160.9 170.5 129.0 170.7
UUs 177.0 170.6 1599 169.7 90.8 169.6
UUs 177.0 170.6 1599 1698 811 169.6
GU; 171.6 171.6 1488 1724 101.7 173.3
GU; 177.9 1717 1726 171.8 104.9 171.3
GU, 172.6 172.3 151.0 1717 1015 172.6
GU, 178.8 171.8 1745 170.8 106.7 170.0
GGy 137.9 1254 140.3 1264 1229 120.8
GGy 162.4 172.1 136.8 165.8 158.4 172.3
GGy 162.4 1715 1434 1634 958 172.3
GGy 137.9 125.4 140.2 128.4 1255 120.6
GG3s 169.7 1718 1243 1711 113.7 173.9
GG3s 164.7 169.0 153.7 166.8 157.8 174.0
GGy 175.9 173.7 1450 1739 1356 178.3
GGy 176.2 173.0 1604 1724 1615 178.6
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Table A-VI (continued)

Molecule mPWPW PM3pr, AM1 PM3 MNDO MNDO/H

AG, 178.8 1745 171.0 1752 166.7 170.3
AG, 177.6 1742 151.0 173.3 1475 174.9
AG, 174.1 169.4 148.1 167.0 128.6 173.4
AGs 170.4 164.5 1431 164.1 171.2 171.5
AGs; 168.5 166.4 146.6 166.6 1715 177.6
AGs 172.2 175.1 1505 1755 1764 176.6
AG, 177.9 1754 1439 175.0 139.2 179.4
AG, 176.7 175.1 159.2 178.7 174.0 176.9
ct, 178.3 170.7 157.3 170.6 151.8 172.9
ct, 174.3 169.7 152.6 169.3 165.0 174.4
CU, 179.6 1719 160.4 172.0 1455 172.6
CU, 172.8 169.9 1534 168.6 163.0 173.7
AUwe 178.8 175.7 1746 1754 162.6 178.3
AUwe 178.4 1749 170.7 176.5 165.0 173.4
ACH 175.7 1755 169.9 177.2 154.0 177.3
ACH 179.9 178.0 167.7 179.2 1404 179.5
ACy 169.4 166.0 115.0 165.3 145.1 169.3
ACy 175.4 172.4 154.1 1695 174.1 172.9
AA, 178.8 1776 166.2 178.0 171.1 178.7
AA, 178.8 1779 1695 178.0 1634 178.6
AA, 169.5 163.4 136.6 164.0 154.3 168.7
AA, 175.9 171.8 156.1 170.8 173.0 173.6
AAs 168.3 159.9 136.2 158.8 157.7 168.1
AA; 168.3 160.3 140.5 159.7 159.0 168.2
MSE -3.4 -185 -3.8 -30.3 -1.9
MUE 4.5 18.7 4.5 30.6 4.4
RMSE 5.5 233 55 42.5 6.0
MAXE -12.4 -847 -11.4 -136.0 -17.3

@ Comparison of hydrogen bond angles (degrees) for nucleic acid base pairs from semiempirigab(PM3
AM1, PM3, MNDO and MNDO/H) and DFTnPWPW (mPWPW) calculations. Shown are the hydrogen

bond angles for each base pair, and summarized at the bottom are the error metrics (bold) for the semiem-
pirical values with respect to the corresponding DRPWPW results of Sheret al
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Table A-VII: Comparison of semiempirical and DFT binding enthalpies for nucleic acid

base dimers

Molecule mPWPW PM3%p

AM1 PM3 MNDO MNDO/H

CGwe -22.4 214 -138 -11.8 -39 29.2
CGy -12.3 122 -88 58 2.8 -22.7
CG -8.4 86 98 -45 28 -12.8
ATwe 113 124 49 58 06 7.7
ATrwe -10.6 125 47 59 04 -17.1
ATy -11.2 136 -49 -68 -0.9 17.4
ATry -10.7 137 50 69 -1.0 17.2
cC -17.0 188 -75 -94 -34 -26.6
TT, 8.6 87 59 46 05 134
TT 9.4 84 60 -44 04 -13.8
TT; 7.9 89 59 -47 02 -13.0
U, -8.3 87 60 45 -18 134
UU, -9.4 -87 60 -43 -03 -13.8
UUs 7.5 88 59 -46 -0.2 -13.0
GU, 12,6 115 -84 6.4 -19 -16.1
GU, -10.8 11.0 -7.8 62 -1.8 -15.3
GGh 176 16,9 -147 -10.3 -3.3 205
GG -12.3 128 -88 -78 -34 -16.0
GG, -8.0 63 23 -21 04 -18.8
AG; 12,6 139 65 -72 09 -16.2
AGs -8.7 89 25 -29 -05 -16.2
AGs -11.7 133 56 6.7 -14 -17.3
AG, -10.1 97 34 -35 -06 -20.0
o, -10.6 10.6 52 49 04 -16.8
CU, 9.2 102 47 47 0.2 -15.9
AUy 11.4 126 49 58 04 -17.8
AC, -13.8 150 45 6.2 -15 22.7
AC, -11.8 146 55 60 -14 -18.8
AA, 118 125 -33 -40 05 20.2
AAs -10.5 120 -3.0 -39 -0.6 -16.6
AAs 9.0 102 27 32 0.7 -13.9
MSE 07 51 55 100 6.2
MUE 1.1 52 55  10.0 6.2
RMSE 1.3 57 58  10.3 6.5
MAXE 30 95 106 185 -10.8

@ Comparison of binding enthalpies (kcal/mol) for nucleic acid base dimers from semiempiricakPM3
AM1, PM3, MNDO and MNDO/H) and DFTnPWPW (mPWPW) calculations. Shown are the bind-

ing enthalpy values for each base pair, and summarized at the bottom are the error metrics (bold) for the
semiempirical values with respect to the corresponding BFPWPW results of Sheret alt
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Table A-VIII: Comparison of semiempirical and DFT dimerization energies of hydrogen
bonded complexés

Dimerl® B3LYP® PM3zp AM1 PM3 MNDO/H

H,0/H,0 3.01  -411 -5.47 -350 -4.59
H,CO/H,O 2.86  -3.38 -3.41 -2.74 -4.60
CH;0H/H,0 294  -375 -510 -3.21 -4.91
CH;CHO/H,O 405  -4.41 -473 -3.65 -4.90
CH;COCH;/H,0 416  -4.83 -527 -3.97 -4.85
CH;CONHCH;/H,0 737 596 -7.73 -4.01 -4.91
CH;CH,OH/H,O 261  -554 -6.65 -4.90 -4.26
CH;CONHy/H,0 274  -3.14 -3.85 -2.05 -4.25
(CH3)2CHOH/H,O 223  -5.37 -6.58 -4.70 -3.89
NH3/NH3 159  -1.34 -2.38 -0.94 -3.78
CH3NHCH3/NH; -1.12  -0.88 -2.07 -0.66 -4.32
NH5/H20 433  -4.83 -291 -3.04 -5.92
NH5/CH;OH 440  -465 -1.71 -2.88 -6.84
H,CO/NH; 116 -122 -2.69 -1.03 -2.82
CH;CHO/NH; -1.94 231 -355 -3.02 -3.04
CH;COCH;/NH; -1.48  -2.18 -3.46 -2.86 -3.02
H,CO/CH;OH 279 294 -3.17 -2.39 -4.84
CH;OH/CH;OH -3.30  -3.02 -3.71 -2.60 -3.83
CH;CHO/CH;OH 397 -3.96 -3.70 -3.30 -5.16
CH;COCH;/CH;0OH 413  -4.31 -3.80 -3.54 -5.10
CH;CONH,/CH3OH -3.03  -2.31 -356 -2.82 -3.32
CH;CONHCH;/CH;0OH -5.98  -5.13 -4.20 -3.84 -5.84
CHOOH/CHOOH -14.00 -11.26 -6.43 -8.64 -15.64
NH,CHO/NH,CHO 1122  -10.72 -8.14 -4.75 -12.67
CH;COOH/CH;NH, 9.06  -7.40 -3.78 -4.61 -8.51
CH;COOH/CH;NC(NHy), 1552 -11.42 -507 -6.86 -15.20
CH;CONH,/CH3;CONH; 452  -475 -472 -2.61 -5.30
CH;CONHCH;/CH;CONHCH; 701 -492 -4.48 -356 -5.81
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Table A-VIII (continued)

Dimer B3LYP¢® PM3zp AM1 PM3 MNDO/H
CHsNH3*/H20 -16.64  -14.07 -14.40 -12.80 -21.90
CH3NHC(NHy)2 T/CH3;OH -14.66  -10.18 -1255 -8.93 -14.30
CH3NHC(NHy)2/H20 -13.33  -11.54 -13.03 -10.20 -15.87
CH3O~/H20 -22.92  -21.26 -16.45 -19.13 -19.00
CH;COO /H,0 -14.13  -14.86 -15.91 -13.62 -16.28
CH3COO /CH30H -15.87  -15.04 -10.20 -13.77 -17.14
(CH3)2CHO™/H,0 -20.50 -20.72 -16.39 -18.45 -18.59
(CHs3)3CCOO /H0 -13.38  -14.30 -15.33 -13.07 -15.32
CsH;0~/H,O -1458 -13.83 -12.14 -12.19 -12.58
MSE 0.34 0.81 1.61 -0.93
MUE 1.11 2.37 2.04 1.63
RMSE 1.58 3.27 2.87 1.91
MAXE 4.47 10.45 8.65 -5.26

@ Comparison of semiempirical (PM3, PM3, AM1, and MNDO/H) and DFT (B3LYP) dimerization
enthalpies (kcal/mol).

’ The notationX /Y represents the dimer formed from monom&randY'.

¢ The DFT enthalpies were obtained from B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) energies cor-
rected for zero-point vibrational energy and thermal corrections to the enthalpy from a frequency analysis at
the B3LYP/6-31++G(d,p) level of theory. The dimerization enthalpy is defined as the difference in enthalpy
between the dimer and the sum of the isolated monomers.
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Table A-1X: Comparison of semiempirical and DFT dipole moments of neutral hydrogen
bonded complexes and their mononiers

Moleculé B3LYP® PM3zp AM1 PM3 MNDO/H

H2O/H,O 2.89 283 226 247 3.19
H,CO/H,O 1.46 284 0.68 2.63 3.39
CH3OH/H.O 2.87 265 219 2.23 3.04
CH3;CHO/H,O 2.69 3.37 273 3.07 3.73
CH3COCH;/H20 3.11 3.67 3.67 3.39 3.88
CH3;CONHCH;/H,0 3.47 3.26 3.80 351 2.48
CH3CHyOH/H,O 2.78 254 237 215 2.96
CH3CONH,y/H20 6.72 6.39 598 5.36 5.59
(CHs3)2CHOH/H,O 2.56 242 248 2.07 2.80
NH3/NH3 251 380 3.78 2.87 3.41
CH3NHCH3/NH;3 2.68 2.67 3.16 1.63 3.22
NHs3/H,O 3.59 405 3.80 3.48 3.68
NH3/CH;OH 3.54 3.87 3.08 3.28 3.61
H2CO/NH; 1.16 0.63 0.63 2.02 2.97
CH3CHO/NHs 1.60 350 269 276 3.19
CH3COCH;/NH;3 2.13 404 321 3.16 3.49
H,CO/CH;OH 1.61 282 093 254 3.27
CH3;OH/CH;OH 2.85 252 105 221 2.88
CH;CHO/CH;OH 2.93 3.37 123 3.00 3.61
CH3;COCH;/CH3;0OH 3.27 3.70 2.03 3.32 3.78
CH3CONH,/CH3OH 6.68 6.14 557 5.24 5.30
CH3;CONHCH;/CH3;0OH 5.05 514 313 4.10 4.78
CHOOH/CHOOH 0.00 0.00 0.00 0.00 0.00
NH;CHO/NH,CHO 0.01 0.73 0.02 1.26 0.90
CH3;COOH/CH;NH, 2.18 243 154 1.96 2.60
CH3COOH/CH;NC(NHz2)2 3.55 222 077 1.69 1.70
CH3CONH,/CH3;CONH, 9.13 898 791 7.24 7.33
CH3;CONHCH;/CH3CONHCH; 9.48 931 717 7.05 7.81
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Table A-IX (continued)

Moleculé B3LYP¢ PM3zp AM1 PM3 MNDO/H
H,O 191 190 186 1.74 1.78
H2CO 2.44 238 232 216 2.16
CH3;OH 1.69 163 162 149 1.48
CH3;CHO 2.83 275 2.60 246 2.34
CH3;COCH; 3.07 3.07r 285 273 2.48
CH3;CONHCH; 4.25 4.07 3.81 3.39 3.20
CH3CH,OH 1.61 161 155 145 1.40
CH3CONH; 3.95 3.90 3.70 3.27 3.11
(CHs3)2CHOH 1.65 1.70 162 153 1.43
NH; 1.49 1.89 185 1.55 1.75
CH3NHCH;3 0.97 140 1.23 1.27 1.17
H,CO 2.44 238 232 216 2.16
HCOOH 1.58 159 148 151 1.49
NH;CHO 4.02 380 370 311 3.10
CH;COOH 1.82 190 189 184 1.68
CH3NH2 1.28 162 149 140 1.48
CH3NC(NHz)2 2.39 228 192 1.96 1.56
MSE 0.17 -0.36 -0.25 0.01
MUE 040 0.63 0.61 0.69
RMSE 0.63 0.90 0.83 0.91
MAXE 191 -2.78 -2.43 1.93

@ Comparison of semiempirical (PM3, PM3, AM1, and MNDO/H) and DFT (B3LYP) dipole moments
(Debye).

b The notationX /Y represents the dimer formed from monom&randY’.

¢ The DFT dipole moments were obtained from B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) level of

theory.
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Table A-X: Comparison of semiempirical and DFT hydrogen-heavy atom hydrogen bond
distance$

Moleculé Type’ B3LYP? PM3zp AM1 PM3 MNDO/H

H,O/H,0 O-H--0 1.92 1.76 223 1.81 1.65
H,CO/H,O O-H-.0 1.98 1.77 220 1.82 1.67
CH3OH/H-0 O-H--0 1.93 1.77 230 1.81 1.63
CH3;CHO/H,O O --H-0 1.93 1.76 227 181 1.66
CH3;COCH;/H»0 O --H-0 1.90 1.76 224 1.81 1.67
CH3CONHCH;/H20 O --H-O 1.84 1.76 222 1.81 1.64
CH3;CONHCH;/H,0 N-H.--O 2.06 1.77 216 2.78 1.90
CH3CHyOH/H,0 O-H--0 1.94 1.77 232 1.82 1.64
CH3;CONHy/H-0 N-H--O 2.03 1.78 2.16 1.84 1.65
(CH3)2CHOH/H,O O-H--0 1.96 1.77 234 1.82 1.64
NHs/NH; N-H-: - N 2.23 299 283 284 1.63
CH3;NHCH3/NH; N-H- - -N 2.23 2.67 350 2.86 1.59
NH5/H,0 N- . -H-O 1.93 1.76 2.64 1.83 1.61
NH3/CH;OH N---H-O 1.93 1.77 258 1.83 1.57
HoCO/NH; O---H-N 2.34 267 222 270 1.72
CH3;CHO/NH; O---H-N 2.26 2.66 244 291 1.72
CH3;COCH;/NH; O---H-N 2.21 2.66 244 2.87 1.72
H,CO/CH;OH O --H-0 2.00 1.77 220 1.82 1.65
CH3;OH/CH;OH O-H--0 1.90 1.77 224 1.82 1.66
CH3;CHO/CH;OH O --H-0 1.94 1.77 219 1.82 1.64
CH3;COCH;/CH;0H O --H-0 1.91 1.77 215 1.82 1.65
CH3;CONH,/CH;OH O --H-O0 2.00 1.79 2.18 1.86 1.68
CH3;CONHCH;/CH;OH O --H-0 1.85 1.76 212 1.81 1.63
CHOOH/CHOOH O-H--O 1.66 1.73 210 1.78 1.54
CHOOH/CHOOH 0--H-0 1.66 1.73 210 1.78 1.54
NH,CHO/NH,CHO O-H--0 1.87 1.74 207 1.82 1.54
NH,CHO/NH,CHO O--H-O0 1.87 1.74 2.07 1.82 1.54
CH3;COOH/CH;NH O-H---N 1.69 1.73 258 1.79 1.53
CH3;COOH/CH;NC(NHs)- O---H-N 1.88 1.75 219 1.82 1.54
CH3;COOH/CH;NC(NHs)> O-H---N 1.56 1.71 251 1.78 1.48
CH3;CONH,/CH;CONH; N-H-. --O 1.99 1.77 219 1.84 1.65
CH3;CONHCH/CH;CONHCH;  N-H- -0 1.98 1.77 215 1.84 1.65
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Table A-X (continued)

Moleculé Typ&  B3LYP? PM3zr AM1 PM3 MNDO/H
CH3;NH;/H,0 N-H---O 1.70 1.74 226 1.78 1.45
CH3;NHC(NH,),*/CH;0H  N-H- --O 1.99 1.81 2.09 1.86 1.51
CH3;NHC(NH,),*/CH;0H  N-H- --O 2.00 1.80 2.09 1.85 2.90
CH3;NHC(NH,)2*/H,0 N-H.--O 2.03 1.80 2.09 1.85 1.50
CH3NHC(NH,)o* /H,0 N-H.--O 2.04 1.79 2.09 1.84 2.86
CH3;0~/H,0 O --H-0 1.43 1.66 2.04 1.69 1.48
CH3COO/H,0 O --H-0 1.72 1.72 274 175 1.53
CH3;COO~/CH3;0H O --H-0 1.62 1.69 1.99 1.72 1.47
(CH5)sCHO™/H,0 O --H-0 1.48 1.67 2.06 1.70 1.48
(CH3);CCOO /H,0 O --H-0 1.73 1.72 274 176 1.54
CgH50~/H,0 O --H-0 1.64 171 212 175 1.56
MSE -0.04 039 0.05 -0.24
MUE 0.19 0.39 0.19 0.32
RMSE 023 049 0.26 0.37
MAXE 0.76 127 0.72 0.90

@ Comparison of semiempirical (PM3, PM3, AM1, and MNDO/H) and DFT (B3LYP) hydrogen bond
distancesfé‘).

b The notationX /Y represents the dimer formed from monoma&randY . The hydrogen bond distance

is measured from the hydrogen to the heavy atom to which it hydrogen bonds.

¢ The hydrogen bond type (Type) indicates the monomeric hydrogen bond donor and acceptor and the heavy
atoms involved, e.g., D-H-A indicates that monomek donates a hydrogen bond through a hydrogen
bound toD and monomet” accepts the hydrogen bond to an atom of typpe

4 The DFT hydrogen bond lengths correspond to optimized geometries at the B3LYP/6-31++G(d,p) level
of theory.
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