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Abstract: An exploratory semiempirical Hamiltonian (PM3gp) is developed to model hydrogen
bonding in nucleic acid base pairs. The PM3gp Hamiltonian is a novel reparametrization of the
PM3 Hamiltonian designed to reproduce experimental base pair dimer enthalpies and high-
level density-functional results. The parametrization utilized a suite of integrated nonlinear
optimization algorithms interfaced with a d-orbital semiempirical program. Results are compared
with experimental values and with benchmark density-functional (mPWPW91/MIDI!) calculations
for hydrogen-bonded nucleic acid dimers and trimers. The PM3gp Hamiltonian is demonstrated
to outperform the AM1, PM3, MNDO, and MNDO/H Hamiltonians for dimer and trimer structures
and interaction enthalpies and is shown to reproduce experimental dimer interaction enthalpies
that rival density-functional results for an over 3 orders of magnitude reduction in computational
cost. The tradeoff between a high accuracy gain for hydrogen bonding at the expense of
sacrificing some generality is discussed. These results provide insight into the limits of
conventional semiempirical forms for accurate modeling of biological interactions.

1. Introduction Semiempirical quantum methods have traditionally not
The accurate calculation of the electronic structure and been considered to be of sufficient accuracy for biological
associated properties of biomolecules remains an importantchemistry, largely because their development has focused
challenge in computational biochemistrfiological pro- on more general ground-state thermochemical applica-
cesses are often mediated by a delicate balance of subtldions!***Because of their immense computational advantage,
and highly specific molecular interactions that allow the there has been a recent resurgence in interest to develop new
myriad of cellular events to proceed under physiological semiempirical quantum modés>!"8specifically designed
conditions. It is a goal of applied quantum chemistry to to provide high accuracy for biological reactidhand that
provide accurate, robust methods to model these interactionscan be used with linear-scaling electronic structtteand
that include specific binding and recognition events as well implicit solvent method82 as well as hybrid quantum
as complex catalytic reaction mechanisind.Unfortunately, mechanical/molecular mechanical (QM/MM) simulatiéh¥.
for many biological applications, accurate ab initio methods  The interaction of nucleic acid bases in DNA and RNA
are thwarted by the computational cost associated with thestructures plays an integral role in macromolecular structure
inherently large system size, broad temporal domain, or high and functior?®2” Nucleic acid bases can interact via specific
degree of phase-space sampling required by the problem. Ahydrogen-bonding arrangements and aromatic base stack-
pragmatic alternative is to take recourse into empirical or ing.?® These interactions have been an area of intense
semiempirical quantum methods that are able to provide investigation both experimentally and with electronic struc-
accuracy that often surpasses low-level ab initio metHods ture methodg® Hydrogen-bonding interactions between
for a fraction of the computational cost. nucleic acid base pairs is vital to the integrity of duplex DNA
and responsible for the transfer of genetic information. An
* Author to whom correspondence should be addressed. E-mail: accurate description of nucleic acid base pairs requires a
york@chem.umn.edu proper description of the dipole moments and delocalization
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of = bonds of the individual bases, and of intermolecular These terms considerably improve the description of
hydrogen bonding? These features are not adequately hydrogen bonds; although, they are, in general, still consider-
reproduced by any of the standard semiempirical mcdels. ably underbound. Alternatively, one could substitute the
In this paper, an exploratory PM3 Hamiltonian is Gaussian corecore terms by other functioffs'or introduce
developed specifically for hydrogen bonding in nucleic acid new functional forms to the Hamiltoniaf$!® A promising
base pairs. The purpose of this paper is to explore theapproach is to design new semiempirical methods based on
parametrizational limits of existing Hamiltonian forms in density-functional theory, such as the SCC-DFTB mettiod.
adequately modeling biologically relevant interactions. This  The MNDO/H Hamiltonian is a modification of the
is a key step toward the development of simple qguantum MNDO Hamiltonian, where nuclear repulsion in bonds of
Hamiltonian models that provide accuracy comparable to the the type A--H taking part in hydrogen bonds-AH—D (A,
highest feasible ab initio methods for biomolecules and, D = N, O, F) takes the form
therefore, can be readily extended to linear-scaling quantum
calculation.%f“36 or hybrid QM/MM simulatiqn§.7 v38Achievg— EMNCOM(A H) = 7', 78,54 ]S5 (1 + e Ry (4)
ment of this goal would represent a major advance in the
modeling. of_important biolqgica_l _reactions. W.ith gareful whereo. was proposedd to equal 2.0 A2 As part of the
parametrization of the semiempirical PM3Hamiltonian, MNDO/H modification to MNDO, the user must choose
accuracy comparable to density-functional theory results are,hich pairs A--H take part in the formation of hydrogen
obtained with over 3 orders of magnitude less computational ,5,4s. We have chosen to use the default settings as
cost. The results presented here demonstrate promise forth‘?mplemented in the MNDO97 prograf; that is, the
future development of extremely fast quantum modelS minimum and maximum A-H distances were chosen as 1.1

especially designed for biological systems. and 5.0 A, respectively, and a minimum-4—D angle of
90 degrees was selected.
2. Background Other successful Hamiltonian forms of note, although not

The formalism for the electronic part of the MNDO®  girectly compared against here, include the PDDG/PM3 and
AM1,% PM3242and MNDO/H? Hamiltonians is based on  pppG/MNDO Hamiltonians, which employ pairwise distance-
the neglect of the diatomic differential overlap (NDDO) dependent Gaussian cereore termg?5°the AM1/d model
approximation and is identical for all the methods (see ref o, molybdenum with bond-specific (i.e., pairwise) cere
44 for an overview). The four Hamiltonians differ only in  ~ge exponential repulsion terrfisa redefinition of core

the way core-core repulsions are treated. In the MNDO  (qre terms for hydrogen-bonded systéefféthe use of bond-
method, the repulsion between two nuclear cores (A and B) pased corrections for improving heats of formatidmnd

is calculated as potential energy scaling procedufés.
MNDO — —0aRaB 8RB
Ex (AB)=Z,Zg5 s Iss85H1 + € +e )1 3. Methods
(1) This section describes the methods used to develop the

whereZ's andZ's are the effective nuclear charges (nuclear semiempirical PMge model that is subsequently analyzed
charge minus number of core electron@,sa|sssslis a and tested. The first subsection describes the quantum data
Coulomb repulsion integral between asymmetry orbital set used as the reference data to fit the semiempiricaPM3
centered on A and amsymmetry orbital centered on B, and parameters for nucleic acid base pairs. The second subsection
ax andog are parameters in the exponential term that account describes the details of the paran"n_etriz_'cltion proce_dure itself.
for decreased screening of the nucleus by the electrons at 3.1. Quantum Dataset for Nucleic Acid Base PairsThe
small interatomic distances. For-® and N-H bonds, a guantum reference data set employed here to parametrize

modified form of the screening term is used the new semiempirical method has been described in detail
elsewhere! and is briefly summarized here. Geometries were
ENVPO(AH) = optimized with the Kohr-Sham density-functional theory

Z 27 Basalsysy (L + Ry g @R | g Ry () (DFT) method .using thenPWPV\_/Ql exchaqge-correlgtion
functionaf® ¢ with the MIDI! basis seb’ Stationary points
For many intermolecular interactions, particularly hydro- were verified to be minima through standard frequency
gen bonds, the MNDO model is problematic and often calculations (positive Hessian eigenvalues for all vibrational
incorrectly predicts essentially unbound hydrogen-bonded modes) that were also used (unscaled) to calculate zero-point
complexes. The PM3 and AM1 models include a set of and thermal contributions to the gas-phase enthalpy at 298.15
Gaussian corecore terms that alleviate excessive repulsion K and 1 atm. Basis set superposition errors were corrected
at close range and offer significant improvement for inter- using the procedure of Xanthe&sAll ab initio calculations
molecular interactions. The modified cereore term takes ~ were performed with the Gaussian 98 suite of progréins.

the form The quantum reference d&tacalculated at this level will
henceforth be designated asPWPW” in the tables and

ENPM(AB) = EN"PO(A,B) + text. The interaction enthalpies obtained from the quantum
Z,\Zg data set were previously demonstr&téd compare favorably

(ZakA g DR 0w | ZakB e PeRe—0e’) (3)  with available experiment®®tvalues for AT, GC, UU, CC,

Rag TT, and AU pairs and also with computatiéaor a large
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number of other base pairs carried out with larger basis setsTable 1. Reference Data Contained in the y? Merit
and more complete levels of electronic structure theory and Function?

were, thus, deemed to be an appropriate and convenient test description N o unit
set against which t_o pgrametrize the se.miempir.ical mo_del. bond lengths 999 0005 A
Formally, the contributions to the experimental interaction /.4 angles 1518  2.000 deg
enthalpies require sampling of all relevant conformations. p,nq torsion angles 1075  5.000

de
In the present work, calculated enthalpies are based on thegipole moments (mPWPW) 36 0040 D ’
single, lowest-energy ab initio configuration, as in other dipole moments (exptl) 5 0.040 D
work,%* or on a Boltzmann-weighted average. H-bond distances 65 0.020 A
3.2. Semiempirical Parametrization Procedure.This H-bond angles 65 0.040 deg
section describes the PMBparametrization procedure for ~ intermolecular heavy atom distances 65 0020 A
nucleic acid base pairs based on the density-functional dimerization enthalpies (mPWPW) 18 0500  keal/mol
quantum data set described in the previous section. The first dimerization enthalpies® (expt) - 110500  keal/mol
conformationally relative dimerization 30 0.250 kcal/mol

step is to construct an approprigt&A) merit function that
measures the goodness of fit of a set of molecular properties; TTho PR =yy= v P ——
. . P e terms exptl anda m reter to available experimental an
CaIC,UIated with a set (vector) of semiempirical parameters DFT data, respectively. If not explicitly specified, the reference data
A, with the corresponding reference values. The second stepefers to the use of DFT reference data. N is the number of reference
is to use nonlinear optimization methods to find a suitable data points for the given property, and o is the associated weight

enthalpies® (MPWPW)

set of parameters by minimization of tja%(l) merit function. within the 2 definition. » A dimerization enthalpy is defined as the
. ) . difference in enthalpy between a dimer and isolated monomers. Only

3.2.1. Construction of they?(4) Merit Function. The six unique experimental values were used in the parametrization but
form of thexz(j,) merit function used in this work is given appear more than once in the y2 definition since the experimental
by numbers are not orientationally distinguishable. ¢ The conformationally

relative dimerization enthalpies are defined here as the difference in
| dimerization enthalpies between base-pair arrangements, for ex-
mot prop ample, the difference in dimerization enthalpy between ATwc and

LR =3 > WY @) - YT’ 5)  ATewc

in a few semiempirical parameté¥sThis is not a productive
strategy in the present case. The large number of degrees of
] S freedom make it extremely difficult to lock down the norm
where the first sum with indexin eq 5 runs over molecules ot the gradient to a sufficient degree so that they accurately
(or complexes) and the second sum with indesuns over  reflect the energies and geometries associated with the fully

properties of the molecule (or complex). The argument  gptimized geometries, especially when kcal/mol accuracy is
represents a trial set of PM3 parameters that are the the primary goal.

variational degrees of freedomﬁlMSBP(/l) is the value of the

- i 3.2.2. Nonlinear Optimization of they?(4) Merit Func-
propertya. for molecule (complex) calculated with the trial - tjoy - Semiempirical parameters were obtained by optimiza-

parameter set, Y, is the corresponding reference value o of the y%(4) merit function of eq 5 with respect to the
(taken either from the experiment or calculated with DFT), get of semiempirical parameteisfor H, N, and O atoms
andwi, is the associated least-squares weight in the fitting. (parameters for C atoms were held fixed to the PM3 values).
The weightswi, are proportional to the inverse square of For this purpose, a suite of integrated nonlinear optimization
the i, values in eq 6. Thei, values have the same units as  methods for semiempirical parameter development has been
the molecular property to which they are associated andysed. The details of the integrated suite are forthcorffiiag;
control the sensitivity of the merit function to deviations of prief overview of the algorithms is provided here.
that property from the reference value. The properties Tphree nonlinear optimization methods working in concert
contained in the/? mgrlt function, the number of reference \\are applied in the present work: (1) genetic algorithm, (2)
data, and theo weight values for each property are \jonte Carlo simulated annealing, and (3) direction set
summarized in Table 1. minimization methods. Genetic algorithth& have been
For the semiempirical calculations, a modified version of demonstrated elsewhere to be useful in semiempirical
the MNDO97% program was used. The properties considered parameter optimizatiof.6367.68The implementation of the
include relative energies, optimized bond lengths, angles, genetic algorithm was loosely based on the description by
torsions, and dipole moments for neutral species. EachGoldberd® and tailored for the several issues encountered
structure of the data set is fully optimized at the semi- in the semiempirical optimization application. A new method
empirical level for a given set of parameters before calculat- of partitioning subsets of the population (referred to as
ing these properties and constructing tp#4) function. “tribes”) into different local minima on the?(4) surface
Previous work in the development of specific reaction calledfitness-weighted eigerctor nichingwas employed.
parameter Hamiltonians did not perform geometry optimiza- The fithess of members was determined from a Gaussian
tion but, instead, performed single-point calculations at a distribution of they? values of population members within
stationary point and penalized the norm of the gradient in a “tribe” with the Gaussian width proportional to thé
thex?(4) function. This procedure works well for very simple variance. The full details of the method are described
molecules and reactions with only small allowable variations elsewheré#

Wia = (O‘ionz)i1 (6)
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Table 2. Parameters in the PM3 and PM3gp Hamiltonians?
parameter H C N (0]
Uss (eV) —12.755 118 80 —47.270 320 00 —48.794 933 85 —87.387 093 24
—13.073 321 00 —47.270 320 00 —49.335 672 00 —86.993 002 00
Upp (eV) —36.266 918 00 —46.579 459 03 —71.702 685 70
—36.266 918 00 —47.509 736 00 —71.879 580 00
Bs (eV) —4.878 234 60 —11.910 015 00 —14.338 846 65 —46.877 410 23
—5.626 512 00 —11.910 015 00 —14.062 521 00 —45.202 651 00
Bp (€V) —9.802 755 00 —19.308 628 53 —24.742 325 18
—9.802 755 00 —20.043 848 00 —24.752 515 00
o (eV) 3.356 386 00 2.707 807 00 2.830 545 00 3.217 102 00
3.356 386 00 2.707 807 00 2.830 545 00 3.217 102 00
Hsp (eV) 2.290 980 00 1.136 713 00 0.593 883 00
2.290 980 00 1.136 713 00 0.593 883 00
Gss (eV) 15.023 337 45 11.200 708 00 12.415 221 41 15.261 643 45
14.794 208 00 11.200 708 00 11.904 787 00 15.755 760 00
Gpp (V) 10.796 292 00 13.966 114 12 13.659 300 75
10.796 292 00 11.754 672 00 13.654 016 00
Gsp (V) 10.265 027 00 7.345 402 26 10.413 326 25
10.265 027 00 7.348 565 00 10.621 160 00
Gpz (eV) 9.042 566 00 10.410 219 25 12.420 510 17
9.042 566 00 10.807 277 00 12.406 095 00
s (AY 0.967 807 00 1.565 085 00 2.028 094 00 3.796 544 00
0.967 807 00 1.565 085 00 2.028 094 00 3.796 544 00
&p (A 1.842 345 00 2.313 728 00 2.389 402 00
1.842 345 00 2.313 728 00 2.389 402 00
aj (unitless) 1.121 725 94 0.050 107 00 1.501 671 53 -1.131176 77
1.128 750 00 0.050 107 00 1.501 674 00 —1.131 128 00
by (A-2) 5.095 167 07 6.003 165 00 5.903 991 75 6.009 998 15
5.096 282 00 6.003 165 00 5.901 148 00 6.002 477 00
¢ (A) 1.536 937 00 1.642 214 00 1.710 426 69 1.607 311 00
1.537 465 00 1.642 214 00 1.710 740 00 1.607 311 00
a (unitless) —1.064 925 25 0.050 733 00 —1.515716 18 1.130 989 09
—1.060 329 00 0.050 733 00 —1.505 772 00 1.137 891 00
by (A-2) 6.023 153 66 6.002 979 00 5.975 794 98 5.872 165 45
6.003 788 00 6.002 979 00 6.004 658 00 5.950 512 00
¢ (A) 1.571 307 32 0.892 488 00 1.710935 13 1.603 474 21
1.570 189 00 0.892 488 00 1.716 149 00 1.598 395 00

a Standard notation for parameters taken from refs 42 and 70. The original PM3 parameters are shown in italics immediately below the
PM3gp values. Note: the parameters for C were held fixed to the standard PM3 values.

Several genetic algorithm runs were performed, with the acid base dimers and trimers. A detailed comparison and
number of generations ranging from 50 to 200 using a extended discussion of nucleic acid base monomer geom-
population of 64-128 members. The final population from etries and dipole moments are provided in the Supporting
the genetic algorithm optimization was then passed to aInformation. The semiempirical methods include the new
Monte Carlo simulated annealing procedure. The Monte PM3sp method of the present work and the conventional
Carlo procedur® used multidimensional simplex moves and semiempirical AM14* PM3,1242 MNDO,3%4% and MNDO/
variable exponentially decaying annealing schedules to H*® Hamiltonian models. The error metrics (errercalcu-
explore the local region of parameter space around the finallated — experimental/reference value) shown in the tables
population provided by the genetic algorithm. The resulting are the maximum (signed) error (MAXE), root-mean-square
parameters were then passed to a quadratically convergenérror (RMSE), mean unsigned error (MUE), and mean signed
direction set optimization meth&to arrive at the final error (MSE).
optimized PM3p parameter set (Table 2). Recently, these  4.1. Relationship between the PM3 and PM& Param-
methods have been extended and improved to make thegters.Overall, the PM3 parameters do not change dramati-
parametrization more (although not completely) automated cally from the PM3 parameters that were the starting point
and rObUSt, a detailed description of which is forthconﬁ‘i’lg. for optimization (Tab]e 2) Note that the parameters for

carbon in the PMg method were held fixed to the PM3
4, Results and Discussion values, as were théls, parameters for each atom. For
This section presents results and compares the performancéydrogen, the greatest change occurs for fheand Ggs
of semiempirical Hamiltonian models with respect to ex- parameters that were shifted from the PM3 values in the
perimental and density-functional calculations for nucleic positive direction by 0.75 and 0.21 eV, respectively. Similarly
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Figure 1. Regression of semiempirical and DFT mPWPW>*
dipole moments for nucleic acid bases with B3LYP/cc-pVTZ" : .

(x-axis reference) values. A linear fit for each method o — - T — T
produces intercept (b), slope (m), and correlation coefficient ATy ATy

(¢) values of DFT: b = 0.253 D, m = 0.809, ¢ = 0.982; ) ] ]
PM3ge: b=0.081D, m=0.981, c=1.000: AM1: b=0.116 Figure 2. Superimposed root-mean-squared fit of PM3gp

D, m= 0.918, ¢ = 0.996; PM3: b= 0.289 D, m = 0.818, ¢ (lighter colors) geometry optimized structures to DFT

= 0.988: MNDO: b = 0.349 D, m = 0.807, ¢ = 0.985; and mPWPW?>* structures (darker colors) for ATwc (upper left),

MNDO/H: b = 0.367, m = 0.805, ¢ = 0.985. CGwc (upper right), ATy (lower right), and ATgry (lower left).
Each pane shows the face-on view (upper) and side view

for nitrogen and oxygen, thfs and G parameters also  (lowen).

exhibited significant change; however, thgparameter was

shifted toward sllght!y more negative values, whereas the (MPWPW geometries) for a representative subset of hydrogen-
Gssparameter was shifted biy0.51 eV for oxygen anet0.49 bonded dimers (PM3 geometries are RMS overlaid onto
eV for nitrogen. For nitrogen, thg, and Gy, parameters  he DFT structures of Sherer et &.figures of the DFT
exhibited even more pronounced change from the PM3 gyryctures and their relation to the nomenclature are found
values than thgs and Gss parameters£0.74 and 2.21 eV,  yjthin the appendix of ref 54). Subsection 4.3.1 provides a
respectively). Aside from these parameters, the BM3  prief summary comparison of the semiempirical results for
parameters deviated from the PM3 values by typically only gas-phase intermolecular hydrogen-bonding and binding
a few percent or less. enthalpies with recent density-functional calculatiéte full

4.2. Nucleic Acid Base Monomersin this section, a  discussion of which is provided in the Supporting Informa-
comparison of the internal geometry and dipole moments tion. Subsection 4.3.2 compares density-functional and
for cytosine, guanine, adenine, thymine, and uracil nucleotide semiempirical hydrogen-bond lengths and dimerization en-
bases is briefly summarized. An extended discussion can bethalpies to experimental values. Subsection 4.3.3 examines
found in the Supporting Information. All of the semiempirical ~ an adiabatic binding potential energy curve for a representa-

methods perform reasonably well for the internal geometries tive hydrogen-bonded base pair and addresses potential
of the base monomers with respect to theWPW results  problems associated with the use of Gaussian-cooee

of Sherer et al® with the PM3p method performing best  fynctions.

overall. 4.3.1. Comparison with Density-Functional Calcula-
The semiempirical dipole moments for the nucleic acid tions. This subsection provides a brief summary of the
bases are compared with the density-functional calculationscomparison results for the set of 31 hydrogen-bonded nucleic
of Sherer et al} and the high basis-set level (B3LYP/cc- acid base dimers calculated with the semiempirical and
pVTZ) calculations of Li et al* are illustrated in Figure 1. density-functionalfiPWPW) quantum models. An extended
The PM3p method performs the best with respect to the discussion and presentation of data is provided in the
high basis DFT results, with a RMSE of 0.101 D. The Supporting Information and has also been discussed, in part,
MNDO/H method has the largest RMSE (0.717 D) of the elsewheré#
semiempirical methods. It is of interest to note that the  The MNDO Hamiltonian does not predict stable hydrogen
DFT dipole moments calculated with the smaller basis set bonds, MNDO/H forms hydrogen-bond lengths that are too
(MPWPW) have a RMSE (0.761 D), with respect to the short, AM1 predicts hydrogen-bond lengths that are too long,
higher basis-set (B3LYP/cc-pVTZ) values, that is larger than and PM3 and PMg predict hydrogen-bond lengths that
any of the semiempirical RMSE values. agree the most closely with thePWPW values of any of
4.3. Nucleic Acid Base DimersThe main focus of this  the other semiempirical models considered. Results for the
paper is on the structure and binding enthalpy of hydrogen- hydrogen-bond angles are qualitatively similar in that errors
bonded nucleic acid base pairs. A host of standard andare most significant for the MNDO and AM1 methods. A
nonstandard base-pairing interactions were considered, in-comparison of semiempirical anclPWPW dimerization
cluding Watsor-Crick (WC), reverse WatsorCrick (RWC), enthalpies shows that MNDO is critically underbound; AM1
Hoogstein (H), reverse Hoogstein (RH), and mismatched and PM3 are significantly underbound by over 5 kcal/mol
base pairs. Figure 2 illustrates various base pair geometrieson average, whereas MNDO/H predicts dimers that are
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Table 3. Comparison of Semiempirical and DFT Binding Enthalpies with Experimental Values for Nucleic Acid Base
Dimers?

molecule exptl mPWPW PM3gp AM1 PM3 MNDO MNDO/H
CGwc —21.0 —22.4 —-214 —13.8 -11.8 -3.9 —29.2
ATwc —-11.3 —12.4 —4.9 —5.8 —0.6 —-17.7
ATrwe —10.6 —12.5 —-4.7 -5.9 —0.4 -17.1
ATy -11.2 —13.6 —4.9 -6.8 -0.9 —17.4
ATgrn —10.7 -13.7 -5.0 -6.9 -1.0 -17.2
AT* —13.0 —-11.1 —13.5 —4.9 —6.7 —0.8 —17.4
cC —16.0 —17.0 —18.8 -7.5 -9.4 —-3.4 —26.6
T, —8.6 -8.7 -5.9 —4.6 -0.5 —13.4
T, —-9.4 -8.4 —6.0 —4.4 -0.4 —13.8
TTs -7.9 -8.9 -5.9 —-4.7 0.2 —13.0
TT* -9.0 —9.2 —-8.7 -5.9 —4.6 —0.4 —13.6
UU. -8.3 -8.7 —6.0 —45 -1.8 —13.4
Uu, —9.4 —8.7 —6.0 —4.3 -0.3 —13.8
UUs -7.5 —-8.8 -5.9 —4.6 -0.2 —13.0
Uu* —-9.5 —-9.2 -8.8 —6.0 —45 -1.6 —13.6
AUwc -14.5 -11.4 -12.6 —-4.9 -5.8 -0.4 -17.8
MSE 0.5 0.1 6.7 6.7 12.1 -5.9
MUE 1.3 1.1 6.7 6.7 12.1 5.9
RMSE 1.6 14 7.1 6.9 125 6.4
MAXE 3.1 -2.8 9.6 9.2 17.1 —10.6

2 Comparison of binding enthalpies (kcal/mol) for nucleic acid base dimers from semiempirical (PM3gp, AM1, PM3, MNDO, and MNDO/H)
and DFT mPWPW>3* (mPWPW) calculations with experimental values®°61 (exptl). An asterisk indicates that the value used in comparison to the
experimental value is a Boltzmann-weighted average of several structures (individually listed immediately above the averaged result) at 298.15
K. Summarized at the bottom are the error metrics (bold) for the semiempirical and DFT (mPWPW) values with corresponding experimental
results.

overbound by over 6 kcal/mol on average relative to the 0 ' v T

mPWPW results. The PM8 dimerization enthalpies, on the _5'_ LA W |

other hand, are in close agreement with tfl&VPW values vy =

with a RMSE or 1.3 kcal/mol. E-m- Y ]
4.3.2. Comparison with Experimental Values.Table 3 5 :l |

compares the calculated binding enthalpies with experimental ,_x"l_ sl 2 & |

values®®®! In some instances, a direct comparison cannot T | oy ® DFT

be made since the experimental values can often not 20| - s miﬂl’

distinguish between different binding orientations. In these H MR TN

instances, the computed value was used to compare with the . 4 . . |* MNDOH

255 20 45 0 -5 0

experiment result from a Boltzmann-weighted average of the
available minima at 298.15 K. Note that experimental _ S
measurements may contain fractions of very different binding Figure 3. Regression of semiempirical and DFT mPWPW>*
motifs, such as stacked base interactions, which are notbinding enthalplgs for nucleic acid base dl.mers Wlth experi-
accounted for within the scope of the currently selected Mental*®® (x-axis reference) values. A linear fit for each
geometries. Consequently, the “MSE” and “RMSE” values metf*;,ofi producels lntefrcept. (Z)'_Szloo%eg E(m)'l/an(li coirelegéoen
reported in Table 3 must be regarded as approximate,CO¢fficient (¢) values of DFT: b= 2.009 kcal/mol, m = 1.086,
. . ¢ =0.940; PM3gp: b=1.510 kcal/mol, m=1.117, c= 0.965;
Nonetheless, the DFT values appear to slightly underestimate, "~ " = B i .
- . AM1: b = —0.006 kcal/mol, m = 0.495, ¢ = 0.695; PM3: b
the binding enthalpy (the MSE is 0.5 kcal/mol), and the _ 1211 k _ _ . o
. =1 cal/mol, m = 0.598, ¢ = 0.944; MNDO: b= 1.211
overall RMSE is 1.6 kcal/mol. The MSE and RMSE values keal/mol. m = 0.598 ¢ = 0945 and MNDO/H: b = 2.865
for AM1 (6.7 and 7.1 kcal/mol, respectively) and PM3 (6.7 ooy 1 _ Zover € = 58 an T
: : /Mol, TESpECUively 12 (0.7 ycalimol, m = 0.308, ¢ = 0.850.
and 7.9 kcal/mol, respectively) relative to the experimental
binding enthalpies are slightly larger than the corresponding
MSE and RMSE values relative to the DFT results. The of —2.8 kcal/mol) and the Alc dimer (PM3;p error of 1.9
MNDO/H method is still overbound with respect to experi- kcal/mol). The error trends of the DFMPWPW) values
mental values, with a MSE value o6f5.9 kcal/mol and  with respect to those of the experiment have the same sign
RMSE of 6.4 kcal/mol. This underscores the inadequacy of for these dimers<{1.0 and 3.1 kcal/mol for CC and Al4,
these methods for biological applications where hydrogen respectively).
bonding is involved. The PM$3 method performs best The distance between the heavy atoms acting as hydrogen-
relative to the experimental binding enthalpies (Figure 3) bond acceptors and donors have been resolved for thg-AU
with a MSE of only 0.1 kcal/mol and a RMSE of 1.4 kcal/ and CGyc base pairs in sodium adenylyl-8-uridine (ApU)
mol. The largest errors occur for the CC dimer (RyM8rror and sodium guanylyl-¥'-cytidine nonahydrate (GpC) crys-

Expt. AH (kcal/mol)
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Table 4. Comparison of Experimental, Semiempirical, and DFT Hydrogen-Bond Heavy-Atom Acceptor—Donor Separations
for AU and CG Base Pairs?

AUWC CGWC

method Nj++*H—N3 Ng—H:+-O4 Ns—H---Og Nze-*H—N31 Oz:+*H—N3
exptl 2.82 2.95 291 2.95 2.86
mPWPW 2.73 (—0.09) 2.84 (—0.11) 2.71 (—0.20) 2.83 (—0.12) 2.87 (0.01)
PM3gp 2.77 (—0.05) 2.77 (—0.18) 2.76 (—0.15) 2.78 (—0.17) 2.80 (—0.06)
AM1 3.05 (0.23) 3.11 (0.16) 3.06 (0.15) 3.05 (0.10) 3.10 (0.24)
PM3 2.81(0.01) 2.82 (—0.13) 2.82 (—0.09) 2.80 (—0.15) 2.85 (—0.01)
MNDO 4.22 (1.40) 5.10 (2.15) 4.22 (1.31) 412 (1.17) 4.09 (1.23)
MNDO/H 2.55 (—0.27) 2.54 (—0.41) 2.52 (—0.39) 2.55 (—0.40) 2.60 (—0.26)

a Comparison of semiempirical (PM3gp, AM1, PM3, MNDO, and MNDO/H) and DFT mPWPW>* (mPWPW) calculated hydrogen-bond heavy-
atom acceptor—donor separations (A) with experimental (exptl) X-ray crystal structure analysis of ApU and GpC.26.7273 Errors relative to
experimental values are indicated in parentheses.

tals using X-ray diffractiort®’273 Table 4 compares the 20

experimental accepterdonor distances witmPWPW and 150

semiempirical methods. Reasonable agreement with experi- = 1or

mental values is found between DFT and RM®&ith errors g 5

ranging from 0.01 to 0.2 A. BotmPWPW and PMg are §

in reasonable agreement with crystallographic data with MUE < 8

values of 0.11 and 0.13 A, respectively. PM3 agrees best . 10k

with experimental values with a MUE error of 0.08 A, 151

however, an examination of the base pair geometries shows 20l . . .

considerably artificial nonplanarity. The MNDO/H method 55 6 65 7 75 8
(using the suggested paramete® of 2.0 A2 predicts
acceptor-donor separations that are systematically too short Figure 4. Binding energy of ATwc as a function of rigid base-

by 0.29 A pair separation. The potential energy curve is defined as the

4.3.3. Dimer Potential Energy Curve The use of core center of mass separation between each monomer along the
core functions can lead to artificial stationary points jn Vector joining their center of mass. The monomer geometries
potential energy surfaces. In this section, the adiabatic 2"d rélative orientation with respect to each other were held
binding energy potential energy curve for a hydrogen-bonded ffxed during the scan to those deter.m'ned from DFT optimiza-

S . . . tion of the energy minimum (see Figure 2). The DFT binding

base pair is explored to address this issue. Figure 4 displays . . : .
the adiabatic blndlng potential energy curve for \A{:T engrgles qre counterpmse (?orrected, but sms:e nonstatlonary
. ) oints are involved, zero-point energy corrections and thermal
(defined here as the C'entel.’ 9f mass separation between ADFEorrections to the enthalpy were not included. The zero of
and THY) for the semiempirical methods amPWPW. The  ¢nergy s defined as the energy of the two isolated monomers.
monomer geometries and relative orientation with respect gince the monomers are constrained to those found in the
to one another were taken from the DFT-optimizedwT AT, DFT optimized structure, the binding energy asymptoti-
structure (Figure 2). cally reaches a positive value at large center of mass

None of the semiempirical methods show artificial station- separations. The semiempirical geometries used were the
ary points in the potential energy curve. The minimum energy same as used in the ab initio single-point calculations.
separations and relative binding energies are qualitatively
similar to the dimer hydrogen bond lengths and dimer MM methods, it is likely best to avoid completely the use
binding enthalpies summarized in Section 4.3 and extensively of off-center Gaussian coteore terms.
discussed in the Supporting Information. At first glance, it 4.4. Nucleic Acid Base TrimersThe elementary next step
appears that the AM1 method has the best qualitatispe in evaluating the limits of semiempirical methods in studying
of the potential energy curve when compared to DFT, nucleic acid base interactions is to examine trimer interac-
although severely underbound, whereas the PM3 andsPM3  tions. This is an interesting test for the Pp43nethod, since
methods have a spuriously steep potential well near theno trimer data were used in the parametrization procedure.
minimum. A careful comparison of these three potential Base pair trimers (sometimes referred to as “triplexes”) have
energy curves beyah6 A reveals that their long-range been studied in the past with HartreBock™®, DFT (B3LYP
attractive tails are nearly parallel, suggesting that the steepandmPWPW)>* and MPZ576methods. In addition, Yanson
potential well near the minimum observed in the PM3 and et al®* have reported trimerization enthalpies by analysis of
PM3s» methods are due to coreore functions. A better  mass spectral peak intensities in multicomponent mixtures.
potential energy curve might be obtained with cecere Table 5 compares values for the nucleic acid base trimer
functions with smaller Gaussian exponents or having basedbinding enthalpies calculated with DFT MP2,6 PM3gp,
the parametrization off of AM1 as opposed to PM3. For the AM1, PM3, MNDO, and MNDO/H. The naming of the
design of new-generation semiempirical methods for QM/ trimers and illustrations of the DFT trimer geometries are



1282 J. Chem. Theory Comput., Vol. 1, No. 6, 2005 Giese et al.

Table 5. Comparison of the Semiempirical and DFT Binding Enthalpies with Experimental Values for Nucleic Acid Base
Trimers?

molecule exptl mPWPW PM3gp AM1 PM3 MNDO MNDO/H
CCCy —14.0 —16.8 -24.1 -85 -85 —17.4
CCC> —28.8 —33.4 —25.5 —-17.1 —8.3 —40.2
CCCy —33(—38)+4 —22.0 —28.9 —14.8 —13.5 —4.4 —29.1
UUA; —21.0 —25.2 -8.8 —12.0 -1.4 —33.9
UUA; —21.4 —25.1 -8.8 -11.9 -1.2 —34.1
UUA3 —17.0 —20.5 —11.5 —10.6 -1.3 —21.9
UUA, —17.4 —20.6 —12.2 -11.9 —-2.2 —25.0
UUA" =27 (-29)+ 4 -21.3 —25.2 -12.0 -11.9 -1.8 —34.0
UuuU, -8.5 -13.1 —10.0 -7.0 -2.6 —19.9
Uuu, —-11.3 —14.6 —10.3 —8.4 -0.7 —18.3
uuu” —20(—22)+ 4 —-11.3 —14.5 —10.2 —-8.3 —-25 —19.8
uuT —23(—25)+ 4 -7.1 —-12.7 -9.9 —6.6 -0.5 —18.6
TAT —23.8 (MP2) —21.3 —24.9 —-8.9 —11.9 -1.0 —34.1
CGC* —65.2 (MP2) —68.3 —65.2 —39.9 —46.0 —23.2 —79.8
GGG —36.8 —33.3 —28.5 —19.6 -8.7 —40.3

a Comparison of binding enthalpies (kcal/mol) for nucleic acid base trimers (triplexes) from semiempirical (PM3gp, AM1, PM3, MNDO, and
MNDO/H) and DFT mPWPW>* (mPWPW) calculations with experimental values®%:61 (exptl) or MP2/6-31G(d) calculations’® (MP2). The MP2
results’® involve geometry optimization, zero-point vibrational energy correction, and thermal contributions at the HF/6-31G(d) level followed by
BSSE correction and MP2/6-31G(d) calculation with all d polarization functions using an exponent of 0.25. The naming convention of the molecules
follows from Sherer et al.>* Of special note is the difference between CCC;, CCC,, and CCC4: CCC; and CCC, are unmethylated cytosine
triplex structures, whereas CCC, is a (N1,N4)-dimethylcytosine triplex structure. An asterisk indicates that the value is a Boltzmann-weighted
average of several structures (individually listed immediately above the averaged result) at 298.15 K.

presented in ref 54. As was done with the comparisons of In both cases, PMs3 agrees better with the MP2 enthalpies
dimer binding enthalpies with experimental values, Boltz- (—23.8 and—65.2 kcal/mol for TAT and CGC€, respec-
mann-weighted averages of the computed energies from thetively) than themPWPW?* enthalpies. Although the DFT
available geometries are used to compare to availablevalues are in good agreement with the MP2 enthalpies (errors
experimental trimer enthalpy results. The different experi- of 2.5 and 3.1 kcal/mol for TAT and CGCrespectively),
mental values reported in Table 5 result from different PM3gp agrees exceptionally well (errors of 1.1 and 0.0 kcal/
choices of the dimer equilibrium constants in the analysis mol for TAT and CGC, respectively).

of the spectral intensity ratics. 4.5. Transferability to Molecules not in the Parametri-

The AM1, PM3, and MNDO semiempirical methods zation Set.Although it is the purpose of the present work
considerably underestimate the binding enthalpy for all to focus on hydrogen bonding in nucleic acid bases, it is
trimers when compared to experimental values, MP2, or the instructive to test and compare the Pjd3nethod with a
Boltzmann-averaged DFT data. The smallest error of all of more general set of hydrogen-bonded complexes. Toward
the conventional (AM1, PM3, MNDO) semiempirical meth- this end, a test set of molecules was considered in order to
ods is with AM1, although closer inspection reveals an compare the ability of the PM3 method and other semi-
incorrect rank order of some of the binding enthalpies relative empirical methods to model intermolecular hydrogen bonding
to that of the DFT values. The MNDO/H method, in general, between neutral molecuf@sand some biologically relevant
is considerably overbound, but not in all cases, such as theions. A summary of the error metric results for the dimer-
CCG, trimer. The DFT values are underbound relative to ization enthalpies, dipole moments, and hydrogen-bond
those of the experiment and are typically just outside the lengths relative to theWPWPW values is provided in Table
lower bound of the experimental error. Pp3is also 6, the complete set of data being provided in the Supporting
underbound relative to experiment, but more bound than the Information. Overall, the PM3® method makes a consider-
DFT values by roughly 3 kcal/mol, which is consistent with  able improvement relative to the other semiempirical methods
the behavior observed with the dimers (see Supporting for all of these properties. For example, the RMSE values
Information). As pointed out previousfthe experimentally  for the dimerization enthalpy, dipole moment, and hydrogen-
determined binding enthalpy of (NNs)-dimethylcytosine  bond distances are 1.58 kcal/mol, 0.63 D, and 0.23 A,
(CCGy) is unjustifiably overbound; a binding enthalpy-e83 respectively, for PMg, whereas the next lowest RMSE
kcal/mol only seems plausible if hydrogen-bonding sites are values from any of the other semiempirical methods are 1.91
freed by demethylation of the monomers, the lowest enthalpy kcal/mol (MNDO/H), 0.83 D (PM3), and 0.26 A (PM3),
of which is the CCG structure. In fact, the PMs3 binding respectively. These results suggest that the strategy outlined
enthalpy of the unmethylated structure exactly reproduces ahere of careful, specific reparametrization, using some
binding enthalpy of-33 kcal/mol. consistency constraints (such as fixing the C parameters and

For structures where experimental binding enthalpies areallowing a relatively small deviation from the more general
unavailable (TAT and CGQ, a comparison is made to PMS3 parameter values) can assist in maintaining a significant
counterpoise corrected MP2 enthalpies with zero-point level of robustness and transferability for the properties
vibrational energy and thermal corrections to the enétgy. included in the parametrization procedure.
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Table 6. Comparison of Semiempirical Dimerization
Enthalpy, Dipole Moment, and Hydrogen-Bond Length
Error Metrics Relative to DFT for Hydrogen-Bonded
Complexes Not Contained in the Parameterization?

property metric  PM3gp AM1 PM3 MNDO/H
AH (kcal/mol)  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
u (D) MSE 017 -0.36 —0.25 0.01
MUE 0.40 0.63 0.61 0.69
RMSE 0.63 0.90 0.83 0.91
MAXE 1.91 —2.78 —2.43 1.93
H---X (A) MSE —-0.04 0.39 0.05 —-0.24
MUE 0.19 0.39 0.19 0.32
RMSE 0.23 0.49 0.26 0.37
MAXE 0.76 1.27 0.72 0.90

2The DFT reference values were obtained at the B3LYP/6-
311++G(3df,2p)//B3YLP/6-31++G(d,p) level of theory with zero-point
energy and thermal corrections to the enthalpy derived from a
frequency analysis at the B3YLP/6-31++G(d,p) level of theory. The
dimerization enthalpy (AH) error metrics involved the comparison of
37 dimers. The dimerization enthalpy is defined as the difference in
enthalpy between the dimer and the isolated monomers. From these
37 dimers, there were 43 hydrogen-bond lengths. The hydrogen-bond
lengths were measured from the hydrogen position to the heavy atom
to which it is hydrogen-bonding, denoted as H:--X. The dipole moment
(u) statistics involved a total of 45 neutral dimers and monomers. A
complete comparison of the data is tabulated in the Supporting
Information.

5. Conclusion

The present paper reports an exploratory semiempirical
Hamiltonian (PM3p) for modeling hydrogen-bonded nucleic
acid bases that significantly outperforms the AM1, PMS3,
MNDO, and MNDO/H Hamiltonians and accurately repro-
duces nucleic acid base pair interaction enthalpies and
optimized geometries when compared to experimental and
mPWPW calculations. The PMB model was applied to
hydrogen-bonded nucleic acid base trimers not contained in
the parametrization set and found to agree much better with
prior, higher-level calculations than the other tested semi-
empirical Hamiltonians.

Overparametrization of semiempirical methods to focused
chemical problems can distort the physical nature of the
model away from general applicability, which calls their very
usefulness into question and limits their general predictive
capability. On the other hand, the very broadly parametrized
semiempirical models are not of sufficient quantitative
accuracy to be useful in biological applications without
additional ad hoc corrections. This suggests that the forms
of current semiempirical models might be reaching their
inherent limits. Consequently, further progress needs to be
made in the development of new semiempirical methods
with treatments for those phenomena not described well with
current Hamiltonian forms, such as dispersive attraction and
proper polarization to electric fields while using a small basis
set.

Nonetheless, the present work takes a significant step
forward in testing the ability of the common semiempirical
Hamiltonian forms to accommodate and reliably reproduce
hydrogen-bonded nucleic acid base interactions. None of the

J. Chem. Theory Comput., Vol. 1, No. 6, 200283

tested Hamiltonians contain a term to properly account for
the long-range dispersion effects that play an important role
in stabilizing base-stacking interactions (or condensed phase
simulations, in general), and further refinement of the
methods to include such terms is likely to lead to more
accurate and robust semiempirical models for biomolecular
interactions.
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