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Abstract: This paper generalizes the MoD-QM/MM hybrid method, developed for ab initio 

computations of protein electrostatic potentials [Gasc6n, l.A.; Leung, S.S.F.; Batista, E.R.; Batista, 

V.S. J. Chem. Theory Comput. 2006,2, 175-186], as a practical algorithm for structural refinement of 

extended systems. The computational protocol involves a space-domain decomposition scheme 

for the formal fragmentation of extended systems into smaller, partially overlapping, molecular 

domains and the iterative self-consistent energy minimization of the constituent domains by 

relaxation of their geometry and electronic structure. The method accounts for mutual 

polarization of the molecular domains, modeled as Quantum-Mechanical (QM) layers 

embedded in the otherwise classical Molecular-Mechanics (MM) environment according to 

QM/MM hybrid methods. The method is applied to the description of benchmark models 

systems that allow for direct comparisons with full QM calculations, and subsequently applied to 

the structural characterization of the DNA Oxytricha nova Guanine quadruplex (G4). The 

resulting MoD-QM/MM structural model of the DNA G4 is compared to recently reported high

resolution X-ray diffraction and NMR models, and partially validated by direct comparisons 

between 1H NMR chemical shifts that are highly sensitive to hydrogen-bonding and stacking 

interactions and the corresponding theoretical values obtained at the density functional theory 

DFT QM/MM (BH&H/6-31 G*:Amber) level in conjunction with the gauge independent atomic 

orbital (GIAO) method for the ab initio self consistent-field (SCF) calculation of NMR chemical 

shifts. 
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1. Introduction 

Many biological processes are determined by electrostatic interactions and structural 

rearrangements, including proton transport,4-7 electron transfer,8,9 enzyme catalysis,10 and ligand 

binding. 11
-
15 Computational studies of structure/function relations in biological systems, 

therefore, rely upon accurate modeling of electrostatic interactions and geometry. Not 

surprisingly, computational methods to obtain molecular electrostatic potentials and relaxed 

16 41configurations of macromolecules have been investigated for many years. - However, 

rigorous and practical methods to obtain ab initio quality electrostatic potentials and molecular 

geometries of biological systems have yet to be established.42-49 This paper introduces one such 

method, as a natural generalization of the Moving-Domain (MoD) Quantum 

Mechanics/Molecular Mechanics (QM/MM) algorithm,50 and its application to the 

characterization of hydrogen bonding in the DNA Oxytricha nova Guanine quadruplex (G4}.51 

G-quadruplexes are a family of secondary DNA structures that consist of four stranded 

structures stabilized by consecutive stacks of four planar, 

hydrogen-bonded guanine nucleotides, called G-quartets 

(see Fig. 1). Guanine rich areas of DNA, as is seen in the 

3' overhang regions of telomeres52, are able to from 

these structures in the presence of monovalent 

...cations53,54 . The G4 structure, when present in 

telomeres, prevents the action of the enzyme telomerase 

on the DNA telomere. The length of telomeres is 
Figure 1. Representation of the G4 structUrE 

regulated by the telomerase enzyme, a reverse 	 Guanines and thymines are shown as ball and stick: 
potassium ions as purples balls and the suga 
phosphate backbone as wire-frames,transcriptase that is active in most types of cancer cells. 


However, telomerase activity is inhibited by folding the telomeric strand into G4 DNA, 55 since 


the G4 folded conformation can not be recognized, or extended by the enzyme56. Therefore, 


stabilization of G-quadruplexes is a viable strategy for antitumoractivity, 57-62 The potential role 
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of G4 as a chemotherapeutic target means that elucidating what is responsible for the stability 

of the structure as well as the specific role of the monovalent cations in this stability is important. 

In order to achieve these goals, an accurate representation of both the ElectroStatic Potential 

(ESP) and molecular geometry of the G4 molecule must be obtained. Many different methods 

for calculating ESP and molecular geometry of large biological molecules such as G4 have 

been developed with a great deal of success.[Ref.] 

[Here you should include a line of motivation having to do with the size of the system to 

simulate (too large for full "brute-force" ab-initio simulation). That will be a good opening for the 

scaling problem] Much effort to address the problem of obtaining an accurate representation of 

ESP and molecular geometry for large systems has been focused on linear scaling methods, 

which have proven to provide accurate energies and physical properties. There are two classes 

of linear scaling methods, and they differ in how they exploit the assumption of locality. In one 

class, the whole system is treated at once. This is done by ignoring 2-electron orbitals for atoms 

that are far away from each other, thereby reducing the Fock matrices. This circumvents the 

computationally expensive step of full diagonalization of the Fock matrices; correlation energies 

are then calculated by using localized orbitals63 or other computational inexpensive 

methods64
•
65

• The other class of linear scaling methods utilizes the "divide and conquer" 

method, where the electronic density of a computationally intractable system is broken down 

into computationally manageable pieces; each piece is then treated with conventional quantum 

mechanics methods. Partitioning the molecule in this manner and calculating each of the pieces 

separately makes the method scale linearly. The calculations of the constituent pieces have 

shown to give accurate energies and properties of the larger system. When partitioning a 

system in this manner, one often encounters the problem of dealing with covalent bonds that 

join two separate. Several methods have been developed to deal with this problem, among 

68 71them the method by Yang and coworkers66
• , the semi-empirical method by Merz et aI.69

• , the 
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adjustable density matrix scheme by Exner and Mezey72-74, the molecular fractionation with 

conjugated caps approach by Zhang et aI.47,75-77, the molecular tailoring approach by Gadre and 

80 84co-workers78- , the fragment molecular orbital scheme by Kitaura81 - , and the localized 

molecular orbital assembler approach by Li and co-workers49,85. 

Another approach to simulating large systems is the mixed quantum-mechanics 

(OM)/molecular-mechanics (MM) methods, which partition the molecule into a OM region and a 

MM region. This option is ideally suited to model the effects of a protein environment on a 

molecular domain of interest86. This method simulates the polarization effect of the MM region 

on the OM region, and therefore requires the use of MM force fields87
,88. However, MM force 

fields are not able to reproduce ab initio quality electrostatic potentials. Much current research 

interest has been focused on overcoming this problem by developing polarizable MM force 

fields1 7,21 ,22,29,32-35,37,38.40,89. Polarizable force fields, which are expected to become routine 

practice, are currently non-standardized and are limited to developmental groups. In part, this is 

due to the difficulty of the problem and the fact that, while polarization effects are important and 

should not be ignored, they are not the only missing perturbation to the charge density. Also, 

the computational cost and complexity added by these methods means that they have to offer a 

significant advantage in accuracy as opposed to static point charges in order to be considered 

worth pursuing. 

The MoD-OM/MM method developed by our group has been recently introduced as a 

practical, yet rigorous, approach to compute ab initio quality electrostatic potentials based on 

static pOint-charge model distributions of large biological systems (e.g., proteins). The method 

implements a simple space-domain decomposition scheme to fragment extended systems into 

many partially overlapping molecular domains. ESP atomic charges of the fragment are 

sequentially computed by using OM/MM hybrid methods, modeling each fragment as a 

4 
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Quantum-Mechanics (OM) layer polarized by the distribution of atomic charges in the 

surrounding molecular fragments. After updating the atomic charges of all fragments to account 

for mutual polarization, the entire cycle is iterated and repeated until reaching convergence. 

The calculation typically converges to a self-consistent distribution of ESP atomic charges within 

a few cycles (Nc = 3 or 4 cycles). The overall computational time 't is 't = Ncx 'to X n, where 'to is 

the average computational time required for a single point ESP calculation of a molecular 

domain (typically a few minutes), and n is the number of molecular domains in the system. At 

first sight the computational time seems to scale quadratically with the number of particles 

because the MM terms depend on the number of atoms. However, the MM terms can be 

considered a fixed overhead because they are minor part on the total cost of the calculation as 

the QM component is the more expensive one. Also, long distance electrostatic interactions 

can be switched off after a certain cut-off distance without affecting the accuracy of the 

calculation, leading to a computational time that scales linearly with the size of the molecule. 

The resulting computational protocol, thus, bypasses the enormous demands of memory and 

computational resources that would otherwise be required by 'brute-force' full QM calculations 

of the complete system. 

The accuracy and efficiency of the MoO-QM/MM method has been demonstrated in 

applications to benchmark calculations of small polypeptide model systems that allowed for full 

QM calculations, as well as being used in conjunction with the Poisson-Boltzmann equation in 

applications to the description of protein-protein electrostatic interactions44
•
9o

. However, there is 

the non-trivial question as to whether the MoO-QM/MM method could be extended to include 

geometry relaxation by QM/MM energy minimization of each domain along the cycle in order to 

obtain not only a self-consistent distribution of ESP atomic charges but also a self-consistent 

minimum energy configuration of the system. This paper shows that such an extension is 

indeed possible, although computationally more demanding, and provides relaxed electronic 
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and nuclear configurations of extended systems beyond the limitations of standard MM force 

fields. When applied to the description of G4, the MoO-QM/MM method provides a rigorous 

description of polarization of each molecular domain, due to the electrostatic influence of ions 

(e.g., monovalent cations) and polarized guanine moieties as well as a self-consistent 

configuration of hydrogen bonds and stacking interactions as influenced by the overall 

polarization of the molecular domains. In this paper, the novel extension to the MoO-QM/MM 

method will be shown to be accurate in calculating the structure and IR frequencies3 of a G

quartet as well as calculating the structure and NMR91 of a G4 molecule starting from the POB 

structure of oxytrichia nova G4 1. 

Methods: 

The Methodology described in the next section can be used with any QM/MM method that 

explicitly considers the polarization effect of the molecular mechanics partition on the quantum 

mechanics partition. The specific QM/MM method used in this study was the ONIOM-EE 

(BHandH/3-21g*:Amber and LSOA/3-21g*:AMBER) approach as implemented in Gaussian0388 
• 

The MoO-QM/MM calculations where carried out with the program modQ3M92
• 

QMlMM Methodology: 

In the ONIOM-EE methodology, the region of interest is treated with rigorous ab initio 

methods, herein called region X, while the rest of the molecule, herein called region Y, is treated 

with MM force fields. In molecules, where the regions X and Yare covalently bound, a boundary 

between the two regions is defined using the standard link hydrogen atom scheme. 

A property of interest (e.g. energy) is calculated via three separate calculations. 

EONIOM (X :Y) _ EQM + EMM _ EMM 
- X x+y x 

Equation 1 
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In this calculation, E:':y is the property of interest calculated for the whole molecule using 

MM force fields. E~M and E:M are the same property of interest calculated for the model 

system at the OM and MM levels of theory respectively. 

The Electrostatic interaction between regions X and Y is included in the calculation of both 

E~M and E:M . Specifically, the calculation of E~M includes the effect of point charges in 

region Y on the electron density of region X. The electrostatic interaction between regions X and 

Yare calculated using MM and are included in both E:':y and E:M and therefore cancel out. 

The outcome is a calculation that includes the effect of the polarization of the molecular 

environment on the model system calculated at the OM level. Van der waals interactions 

between regions X and Yare calculated using MM. 

Optimizations using this method are carried out using the microiteration scheme, where the 

energy gradient is defined as follows: 

aEONIOM(X:Y) aEQM aEMM aEMM _____ =_ _x _.J+ X+Y - __x _ . J 
aq aq aq aq 

Equation 2 

Where J is the Jacobian; the Jacobian is needed because the high level optimizations are 

carried out using internal coordinates, while low level calculations are conducted with Cartesian 

coordinates, and the Jacobian is used to transform between the two coordinate systems. 

In the microiteration scheme, there are two coordinate systems, qX (the coordinates for 

region X) and q Y (the coordinates for region V). These coordinates cannot be strictly separated 

when using the EE method because of the energy correlation between these two regions. 

Because q Y and qX cannot be separated, the calculation of the wavefunction of region X must be 

iterated with the optimization of region Y until self consistency is obtained. The optimization of 
7 
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region Y is conducted with qX frozen using a combination of the conjugate gradient (CG) method 

and geometry optimization using direct inversion in the iterative subspace(GOIIS). The details of 

the CG and GOIIS methods as well as their combination in this scheme can be found 

elsewhere93 
• Once self consistency between the wavefunction of region X and the optimization 

of region Y has been reached, the calculation of the geometry optimization of region X can then 

be conducted. Optimization of region X can be conducted with any high level method including 

full matrix quasi-Newton methods. The optimization of region X is then iterated with the previous 

microiteration. This iteration is done until self consistency is reached. 

Space Domain Decomposition Scheme: 

A molecule of interest is split into two regions, the quantum region, herein region X, and the 

MM region herein region Y as before. Region X contains the atoms involved in the reaction of 

interest as well as a sphere that includes the immediate vicinity. Ideally, all the atoms that have 

an effect, either electrostatic or spatially, on the reaction would be included in region X. 

However, one has to weigh the computational cost of an ever larger region X versus the 

accuracy achieved by increasing the size of this region. Once chosen, the quantum region is 

further partitioned into molecular domains usually consisting of one amino acid or one 

nucleotide depending on the type of molecule. The size of these molecular domains can be 

larger, up to 100 atoms. However one of the attributes of this method is its speed versus a 

"brute force" quantum calculation, making smaller 
1 QMlMM 2. OM/MM 
Calculation 01 R 1 calculation 01 R2molecular domains more desirable; although, W!Ih updated 

interactions such as pi-stacking and hydrogen bonding 

should be considered when portioning the OM region 

into molecular domains to avoid biasing towards certain 

chemical interactions. 

4. OMIMM 3 OMIMM 
Calculation 01 Rn; calculation of Rn-l 
Fwsl otera!ion with updated 
complete, cycle charges and nuclear 
contiruedUJTtil posillons in Rn-28 CO......ergeflCe moIec,*,< domains 

R charges and nocfear 
2 ~ posllionsfor R1 
~ i .L calculated ilStep 1. 

q ~J.. q .. . 

.(l. 

~~. r;, ¢:l •• • 

::::;r:
'-J 

Figure 2. Schematic of MoD-QM/MM methodology 
being applied to the G4 complex 
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An example of the application of the space domain decomposition scheme is shown in Figure 

2.ln this example, each molecular domain consists of one nucleotide, guanine (green in figure). 

A OM/MM hybrid calculation of the electrostatic potential and geometry optimization would be 

conducted where R1 (green region in upper left part of figure 4, balls and sticks) would be region 

X while the rest of the molecule would be region Y. Once this calculation converges, the 

coordinates of this region are updated as well as the point-charges used to represent the atoms 

of region X in the MM field. (For a full discussion of how the OM ESP is fitted to point charges 

which reproduce the OM ESP, see our previous paper44) The OM molecular domain would then 

be moved to R2 (upper right part of figure) , while R1 would now be a part of the MM layer. R2 

would then be calculated analogously to R1• After the calculation of R2 is complete, the 

molecular domain would move to R3 and so on to RN following the same procedure throughout. 

The molecular domain would then move back to R1 and this process would be continued 

iteratively. The calculation is considered converged when both the ESP and the molecular 

geometry have reached self consistency. 

Figure 3 shows typical convergence rates for 

MoD-QM/MM with an optimization step as applied to 

oxytrichia nova guanine quadruplex; molecular 

domains consisted of one nucleotide in this 

calculation. Convergence is shown as a function of 

maximum charge difference per nucleotide per cycle 

as well as maximum number of geometry 

20,------------,0.08 

v . 
§ 15 

~ 

2 
~IO 
~ 
c 
' .J 

C 

GeOlllell; Itt'l-alioIlS 
Charges '.J 

=t. 
O()(, ~ 

S 

- OD.! t 
S 

oo~ ::; 
~ 

optimizations steps per nucleotide per cycle. When 

the maximum charge difference is 0, and the 

maximum number of geometry iterations is one, 

suggesting the molecule has already reached its 

Figure 3. Shows typical convergence of MoO-QM/MM 
methodology as applied to G4. Maximum charge 
difference per nucleotide per cycle (green) and 
maximum number of geometry optimization steps per 
nucleotide per cycle (red) are plotted and the 
calculation is considered converged when the charge 
difference is 0 and the total number of geometry 
optimization steps is 1 for each nucleotide. 

preferred geometry, then the cycle has converged. This has been shown to take from 8-15 
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cycles depending on the size of the molecule and how close the · starting geometry is to the 

optimized configuration. 

In the following section we show the MoD-QM/MM-opt scheme applied to several optimization 


situations and tested against full OM optimization and experimental structures. 


Results 


Benchmark calculations using G-quartet 


The mod-QM/MM-opt methodology was tested using a guanine quartet as a model system. 

A traditional OM geometry optimization was conducted where the entire quartet was treated at 


the BHandH/3-21 g+ level of theory; the hydrogen bond distances, as 


shown in fig. 4., between the imino hydrogens and the carbonyl 


oxygens in this calculation served as the benchmark for the accuracy of 


the predicted geometry. 


Two calculations were completed using the mod-

Figure 4. Hydrogen bonds 
shown as dotted lines in the QM/MM-opt method; one calculation where each 

guanine nucleotide was treated as a separate molecular domain, and a 

second calculation where a pair of nucleotides was treated as a separate 

molecular domain as in fig. 5. The dimer calculation included molecular 

domains that overlapped; this was done to ensure that every hydrogen bond 

interaction was considered at the quantum mechanics level. Only the 

Figure 5. An example guan 
nucleotides with the hydrogens involved in the hydrogen bonds were allowed quartet plane showing the f 

separate dimers used 
to relax. Table 1 shows the percent error with regards to the imino hydrogen molecular domains for each pic 

of G4. 
bond distance for the two mod-QM/MM-opt calculations as compared to full 
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quantum mechanics calculations on the whole system. The hydrogen bond distance in the OM 

calculation is given as an absolute value. 

Table 1. Comparison of h-bond distances as designated in fig 4. between the full QM calculation, the 
MoO-QM/MM calculation with single nucleotide domains and the MoO-QM/MM calculation with two 
nucleotide molecular domains. 

H-Bond # Full-QM Distance 
(A) 

Single NT molecular domain 

Percent Error 

Dimer NT molecular domain 
Percent Error 

1 2.01 10.9% 1.5% 

2 1.87 10.9% 2.1% 

3 2.01 6.5% 4.5% 

4 1.90 15.8% 1.0% 

Benchmark Calculation of Guanine Quartet with Sodium Ion 

To further test the optimization extension of the MoD-OM/MM methodology, a benchmark 

test was conducted on a guanine quartet system with a 

sodium ion placed in the middle (figure 6). Two 

optimizations were conducted, one a full quantum 

calculation of the system at the B3L YP/6-31 g** level of 

theory, and the other a MoD-OM/MM calculation at the o 

same level of theory where each quartet was partitioned 

Figure 6. Numerbing scheme assigned to each 

11 
guanine (left). MoO-QM/MM optimized quaret with 
sodium ion. (right) 



Self Consistent QMlMM Structural Refinement: Characterization of the DNA G4 M. Newcomer et al. 

into molecular domains as in figure 5. Each optimized structure was then used in a frequency 

calculation at the B3L YP/6-31 G** level of theory. Table 2 shows the comparison between the IR 

frequencies of the full OM optimized structure, the MoD-OM/MM optimized structure and 

experimental values for these vibrational modes. 

Table 2. Comparison of IR frequencies (cm-1) in the 1800-1500 cm-1 between full OM calculations, MoD-OM/MM 
calculations and experimene. The atomic labels correspond to the ones shown in Figure 6. 

Mode vcalc-full QM3 v calc-MoD-QMIMM vcalc-exp3 
[/ don 't 

understand 
this notation, 

ERB] 

Assignment" 

1 1652 1650 1676 v (C6=06) + minor contributions 

v (C5-C6), G-ring 

2 1649 1648 1657 v (C6=06) + minor contributions 

v (C5-C6). v (C2-N3)' G-ring 

3 1624 1620 1639 v (C6=06)+ v (C5-C6)+ v (C2-N3)+ 

v (C4-C5). G-ring 

4 1587 1585 1588 v (C2-N3)+ v (C2-N2)+ v (C5-C6)+ 

v (C2-N1) + v (N3-C4)' G-ring 
Polarization Calculations in the Guanine Quartet 
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Figure 6 shows the OFT quantitative comparison of the polarization effect of the potassium 

ion on the guanine tetrad of 7.6 kOa G-quadruplex d(G4T4G4h, by comparing the atomic 

charges calculated with the mod-QM/MM methodology at the ON 10M-molecular embedding 

(ME) and ON 10M-electronic embedding (EE 

) level of theory. ONIOM-ME does not 

explicitly consider the effect of polarization 

of the surrounding environment, an effect 

accounted for in the ONIOM-EE method. 

Blue(red) colors indicate an 

increase(decrease) in electronic density due 
the difference in ESP with and without a 

to polarization effects. The polarized monovalent cation present as calculated at the 
ONIOM-EE (BHandH/3-21 g*) level of theory. 

charges are significantly different from the Blue(red) color indicates an increase (decrease) in 
electronic density due to the presence of the 
monovalent cation. (maximum differencesoriginal MM ones showing with changes of 
corresponding to bright coloring reflect a change 
of the order +1-20%. 

15 to 20% indicating 

the importance of in the 

inclusion of polarization 

~effects to account for E 12 a. .e.environment specific 
rr: 11 
~ 
Zeffects. 
:r: 10 
~ 

J1 T& ~ 
~ 
--- 9 

a 
~ 

...:. 8 

Guanine Quadruplex 

u. 

0 


A computational 


Experimental 1H NMR chemical shift [ppm] 
structural model of 

guanine quadruplex 

Calculations 

Figure Surface of a guanine quartet showing 

8 9 10 11 


Fi gure 7. Guanine number scheme used in NMR calculation (left, upper). Protons that 
were considered in the NMR calculation.. (left, bottom). Comparison between the 
experimental NMR values and those calculated using the DFT-mod-QM/MM method for tht 
imino and aromatic protons (right). 
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(G4) has been constructed using the novel mod-QM/MM-opt method at the ONIOM-EE 

(LSDA/3-21 g+:AMBER) starting with the X-ray crystal structure of G4 from Oxytrichia Nova 

(PDB code 1 JPQ) 1. The x-ray crystal structure had hydrogens added and a partial minimization 

was conducted with the alpha-carbons frozen to maintain the overall shape of the crystal 

structure. The chemical shifts of the optimized mod-QM/MM-opt structure were simulated using 

the ONIOM-EE(LSDA/3-21 g+:AMBER) with the GIAO-method as implemented in Gaussian. 

The chemical shifts for each guanine nucleotide were calculated in separate QM/MM 

calculations; QM layers for the chemical shift calculations were defined where the nucleotide 

whose chemical shifts were considered had two guanine nucleotides in the planes above and 

below it included in the quantum layer. For comparison purposes, a second model was 

constructed starting from the same crystal structure. The second model was optimized using the 

AMBER force field94 and chemical shifts for this optimized structure were calculated using the 

same method as the MoD-QM/MM structural model except with AMBER charges in the MM 

layers. 

The right hand side of fig. 7 shows the correlation between the chemical shifts calculated 

with both the MoD-QM/MM model and the AMBER model with experiment. The MoD-QM/MM 

model shows a one to one correlation with the experimental 

results, while the AMBER model has chemical shift values that 

are too high for imino hydrogens and too low for the aromatic 

ones. The imino and aromatic hydrogens are defined as 

shown in the bottom left of fig. 7. The numbering scheme for 

the guanine nucleotides corresponds to the scheme shown at 

the top left of fig. 7. 

Comparison of Structures 

The PDB structures 1JpQ1 and 2HBN2 as well as the 

mod-QM/MM-opt structure were compared in order to 

Figure 8. Upper panel shows the arom. 

14 hydrogen and distance used in evaluating 
differences between the two crystal structures ( 
the theoretical structures. The bottom panel she 
the hydrogen bonds used in evaluating 
differences between the two crystal structures ( 
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elucidate the differences seen between the simulated chemical shifts. The hydrogen bonding 

distance between the imino hydrogen and the carbonyl oxygen of the top two G-quartet planes 

of each G4 complex were examined; it is assumed that the corresponding bottom two planes 

would be equivalent due to symmetry. The hydrogen bonds that were considered can be seen 

in fig. 8. The distance between the aromatic hydrogen and the 5-membered ring above that 

hydrogen was also examined. The distance was calculated as the average difference in the Z-

coordinate of the 5 carbons making up the ring and the aromatic hydrogen. Table 3 shows the 

differences between the three structures in regards to these values. 

Table 3. Shows the difference in hydrogen bond distances (A) between the MoD-QM/MM-opt 
structure and the two crystal structures. The last row shows the average distance between the 
aromatic hydrogens of each guanine and the 5-membered ring directly above it. 

Donor:Acceptor H-bonds MoD-QMIMM 1JPQ' 2HBN2 

G1:G9 1.667 1.903 2.026 

G4:G1 1.670 1.984 2.068 

G12:G4 1.711 1.950 1.972 

G9:G12 1.660 1.888 1.996 

G11 :G10 1.626 1.900 1.923 

G10:G2 1.623 2.092 1.970 

G2:G3 1.663 1.896 1.907 

G3:G11 1.654 1.917 1.992 

Benzene Dimer inlersclion Enenl\" 
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important, the potential energy curve for the sandwich 

15 	 -=igure- g. Comparison of potential energy curves for 
a benzene-benzene sandwich configuration. The red 
curve was calculated using BHandH/3-21 g, while the 
black curve was calculated by David Sherrill's group 
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configuration of a benzene dimer was calculated using BHandH with 3-21 g on one monomer 

and the amber force field on the other monomer. These results were compared to work done by 

Sherrill's group calculating the same curve using a much more expensive level of theory, 

CCSD(T)/aug-cc-pVQZ*95. Figure 9 shows a comparison of the two curves generated at their 

respective levels of theory. 

Conclusions 

We have presented an extension to the MoD-QM/MM computational protocol to perform 

geometry optimizations. In this extension, molecular geometry is now calculated after each SCF 

calculation of MEP. The new protocol presented here uses the space domain decomposition 

scheme previously published along with QM/MM-EE hybrid methods that explicitly consider 

polarization effects due to the protein's electrostatics. During this procedure, the molecular 

geometry and MEP calculations are calculated sequentially and iterated until reaching 

convergence. Normally, convergence takes only a few iteration cycles regardless of the 

molecule size. This means that the calculations scale linearly with system size, allowing for the 

optimization of much larger systems that would not be possible by brute-force quantum 

calculations of an entire biological molecule. 

In this paper, we have demonstrated the ability of this computational protocol to reproduce 

ab initio calculations of a small nucleotide model system. Also, we have shown the ability of this 

protocol to be applied to larger biological systems, specifically the G4 system. In previously 

published work96, calculations of G4's geometry were attempted, however, convergence was 

not reached and an accurate structure was not obtained. With our methodology, we were able 

to not only optimize the G4 structure using DFT, but we were able to show that our structure 

closely mirrors the one seen in solution NMR. In contrast, the chemical shift values calculated 

for the PDB structure without application of a DFT geometry relaxation differed significantly from 

16 
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the experimental solution structure chemical shift values. The differences seen in chemical 

shifts between the crystal structure and the one calculated with MoD-QM/MM-opt are due to the 

difference in molecular environment around the aromatic and imino hydrogens. In the simulated 

chemical shifts of the crystal structure, the values obtained for the imino hydrogens are too low 

in comparison to the experimentally available solution structure chemical shifts. This suggests 

that the hydrogens are too well protected in the crystal structure. The mod-QM/MM-opt 

methodology corrects this by making stronger, shorter hydrogen bonds between the imino 

hydrogen and the carbonyl oxygen, which makes the hydrogen more like a proton and therefore 

less protected. This leads to a chemical shift values for the mod-QM/MM-opt structure that are 

higher than the ones obtained in for the PDB structure and in good agreement with the 

experimental values. In regards to the aromatic hydrogens, we see that the PDB structure 

chemical shift values are too high in comparison to the experimental values meaning that the 

aromatic hydrogens are too unprotected in this structure. The mod-QMlMM-opt structure 

provides more protection for the aromatic hydrogen by decreasing the distance between the 

hydrogen and the 5-membered ring directly above it. This provides additional shielding for the 

aromatic hydrogen causing the calculated chemical shift value to decrease and correlate nicely 

with experiment. We have also shown that there is a great deal of polarization in the center of 

the guanine quartet due to the presence of the monovalent cation; this suggest that this 

polarization may playa role in the stability of the G4 structure by mediating the accumulation of 

negative charge in the center of the structure due to the carbonyl oxygens. This might be the 

first step in elucidating the role of monovalent cations in G4. 

These results suggest as previously noted by others, that PDB structures are not perfect 

representations of biologically relevant structures as most biological molecules are found in 

solution or in a membrane. Further, this shows that although PDB structures are a good starting 

point and are of use in modeling biological processes that they are not sufficient in and of 
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themselves. Our methodology allows for further refinement of these structures and allows the 

researcher to obtain an accurate solution structure model of the biological system of interest. 

This is very important in exploring other biological properties including ligand binding, proton 

transfer, electron transfer etc. Therefore our methodology can be used as an important tool for 

the integral step of obtaining an accurate molecular geometry and electrostatic potential of any 

biological system of interest. 
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