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Abstract

The ability to perform ab initio electronic structure calculations that scales linearly with the
system size is one of the central aims in theoretical chemistry. In this study, the implementation of
the divide-and-conquer (DC) algorithm, an algorithm with the potential to aid the achievement of
true linear scaling within Hartree-Fock (HF) theory is revisited. Standard HF calculations solve
the Roothaan-Hall equations for the whole system; in the DC-HF approach, the diagonalization of
the Fock matrix is carried out on smaller subsystems. The DC algorithm for HF calculations was
validated on polyglycines, polyalanines and eleven real three-dimensional proteins of up to 608
atoms in this work. We also found that a fragment-based initial guess using molecular
fractionation with conjugated caps (MFCC) method significantly reduces the number of SCF
cycles and even is capable of achieving convergence for some globular proteins where the simple
superposition of atomic densities (SAD) initial guess fails.
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Introduction

Ab initio quantum mechanical methods have been developed over the past several decades
and successfully applied to the study of the chemical properties for small to moderate-sized
molecules. The routine application of these full quantum mechanical calculations on
macromolecules (molecules containing greater than 500 atoms) continues to pose a great
challenge for theoretical chemists. The major limitation of ab initio methods is the scaling
problem, since the computational cost of ab initio methods increases considerably as the size
of the molecule increases. For instance, Hartree-Fock (HF)! and Density Functional Theory
(DFT)2 scale as O(N#), post-Hartree-Fock MP23 scales as O(N®) and the coupled
cluster(CC)#-% method that includes single and double excitations (CCSD) scales as O(NS).
In modern HF calculations, the computational cost for the 2-electron integrals can be
reduced from O(N%) to O(N2) using a simple screening technique0. Hence, the dominant
step for large molecules becomes the matrix diagonalization, which scales as O(N3). In this
study, our goal was to reduce the computational cost of the diagonalization step in HF
calculations to linear with system size.

The state-of-the-art linear-scaling algorithms, which make the computational cost scale
linearly O(N) with the system size, have attracted the focus of many theorists during the past
decade.11721 Much effort has been devoted to the development of linear-scaling methods in
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order to compute the total energy of large molecular systems at the Hartree-Fock (HF) or
density functional theory (DFT) level.12:15:18,22-26 Qe of the challenges is to speed up the
calculation of long-range Coulomb interactions when assembling the Fock matrix elements.
Fast multipole based approaches have successfully reduced the scaling in system size to
linear14:16-18,25 and made HF and DFT calculations affordable for larger systems when
small to moderate sized basis sets are utilized. The more recently developed Fourier
Transform Coulomb method of Fusti and Pulay27+28 reduced the steep O(N%) scaling in basis
set size to quadratic and makes the calculations much more affordable with larger basis sets.
29 There is also a class of fragment-based methods for quantum calculation of protein
systems including the divide and conquer (D&C) method of Yang?2, Yang and Lee,2% Dixon
and Merz,30 Gogonea et al.=31 Shaw and St-Amant,32 and Nakai and co-workers,33-36 the
adjustable density matrix assembler (ADMA) approach method of Exner and Mezey,26:37-39
the fragment molecular orbital (FMO) method of Kitaura and co-workers,13:40:41 and the
molecular fractionation with conjugate caps (MFCC) approach developed by Zhang and co-
workers.42:43 Most applications of these methods to protein systems have been largely
limited to semiempirical, HF and DFT calculations. Among these approaches, FMO has
been applied to higher level ab initio calculations such as second-order Mgller-Plesset
perturbation theory (MP2)** and coupled cluster theory (CC).4> Nakai and co-workers have
recently proposed DC-MP233:36:46 and DC-CCSD*#/ approaches; however, only systems of
linear chains or near-linear chains have been tested so far for the divide-and-conquer
algorithm for ab initio calculations.

In the DC algorithm, the total system is divided into small fragments. Atoms within
adjustable buffer regions surrounding each fragment are included in the calculations to
preserve the chemical environment of the divided subsystem. A set of local Roothaan-Hall
equations is then solved for each subsystem and an approximate full density matrix of the
entire molecular system is built up from subsystem contributions. By solving the HF self-
consistent field (SCF) equation iteratively, the final converged full density matrix is used to
obtain the total energy of the entire system. In this manner, linear scaling of the Fock matrix
diagonalization step is achieved as a result of the fact that a set of smaller subsystem Fock
matrices is diagonalized in the DC-HF approach rather than the global Fock matrix
diagonalization for traditional HF calculations. Furthermore, divide-and-conquer
calculations may be efficiently parallelized because the individual subsystem calculations
are solved separately. In the DC-HF approach, the memory usage will increase linearly as
the size of the system increases, which is also an important feature of this approach.

The aim of our current research is to further develop and validate the divide-and-conquer
(DC)?22:23,30,32,46-48 methodology to aid in the application of ab initio methods to
biomacromolecules. In this study, our goal is to validate divide-and-conquer algorithm for
Hartree-Fock calculations on globular proteins. Moreover, we propose a fragment-based
initial guess using molecular fractionation with conjugated caps (MFCC) method to reduce
the number of SCF cycles, and different division schemes are compared.

Computational Approaches

Divide-and-Conquer Approach on the Hartree-Fock calculations

In protein systems, the divide-conquer approach is based on the chemical locality; this
assumes that local regions of a protein are only weakly influenced by the atoms that are far
away from the region of interest. The whole system is divided into fragments called core
regions (Core®). A buffer region (Buffer®) is assigned for each core region to account for the
environmental effects. The combination of every core region and its buffer region
constitutes each individual subsystem (R%) as illustrated in Figure 1. Local MOs of each
subsystem are solved by the Roothaan-Hall equation
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where F* and S* are local Fock matrix and local overlap matrix, respectively.
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After the local MO coefficient matrices C* are obtained, the total density matrix of the
whole system is given by

Noup Nsup

P= D Fr= 2 Vil

where Dj,, is the partition matrix,

1 ¢y € Core” and ¢, € Core”
Dy,=1 1/2 ¢, €Core” and ¢, € Buffer” or ¢,€Buffer” and ¢, € Core”
0 ¢, & Core” and ¢, ¢ Core”

and p,,, is the local density matrix defined by
LMOs
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where #{ is a smooth approximation to the Heaviside step function:
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e is determined through the normalization of the total number of electrons of the whole
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After the density matrix is converged, the total HF energy is given as
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where Hy,, is the local one-electron core Hamiltonian matrix similar to the definition of local

Fock matrix in equation 2.
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For HF calculations on large systems, the construction of the Coulomb matrix and exchange
matrix along with the diagonalization of the Fock matrix constitute the three most time-
consuming steps. The Hamiltonian matrix diagonalization intrinsically scales as O(N3). In
the divide-and-conquer scheme the diagonalization calculation is performed on each
submatrix, which will naturally make the SCF diagonalization step scale linearly with the
number of subsystems. However, it is important to realize that the divide-and-conquer
algorithm does not help to reduce the scale of computation of the Coulomb matrix and
exchange matrix. The continuous fast multipole method (CFMM)14:16-18,25,49-51 g the
linear exchange K approach (LinK)%2:53 provide ways in which the Coulomb matrix and
exchange matrix can be made linear-scaling, respectively.

MFCC Initial Guess

Here we introduce a fragment-based initial guess for ab initio calculations using the
molecular fractionation with conjugate caps (MFCC) algorithm as described
elsewhere?2:54:55  |n the spirit of the MFCC approach, the full density matrix of the protein
can be assembled by a linear combination of fragment density matrices

Ny Ne
Pu= Phy (D= > P ())
i=1 =1 9

where P}jv (1) is the density matrix element of the ith protein fragment, Py, (j) is the density
matrix element of the jth conjugate cap. Nf and N are the total number of the protein
fragments and conjugate caps, respectively. The MFCC partition scheme to cut a protein
into amino-acid fragments and conjugate caps is shown in Figure 2. First, a series of single
point HF calculations on all the fragments and conjugate caps are performed, then the full
density matrix of the protein obtained using the converged fragment density matrices based
on equation 9 is taken as the initial guess for the subsequent divide-and-conquer HF
calculations. All the ab initio calculations were implemented in an in-house developed
quantum chemistry package QUICK .56

Results and Discussion

Accuracy and Timing Comparisons

In this section we assess the DC-HF approach performance by performing calculations on
two types of simple systems: extended polyglycine (gly), and an alpha-helix of polyalanine
(o — (ala)y, see Figure 3). All the calculations discussed here use the 6-31G* basis set. A
buffer radius of R, = 5.0 A was adopted for all DC-HF calculations. Within this definition
we include all the residues that contain any atoms within 5A from the core region as part of
the buffer region. A comparison of the CPU time required to solve the SCF equations on the
extended polyglycine (gly), (n=6~40) using the standard HF and DC-HF approaches is
shown in Figure 4. As expected, the computational scale for the DC-HF diagonalization
calculation is O(N), in contrast to O(N29) for the traditional HF SCF diagonalization on the
full Fock matrix of the entire system. Moreover, since the polyglycine is extended, the basis
set crossover point is between 485 and 749. Figure 5 shows the deviation of DC-HF energy
compared to the full system calculation on extended polyglycine systems. The error
becomes larger as the size of the system increases; however, all of the deviations are within
0.04 kcal mol™L. This good accuracy suggests that we can employ the divide-and-conquer
scheme to study large, 3-dimensional systems. The computational cost and accuracy of DC-
HF for a — (ala), (n=10~40) systems are illustrated in Figures 6 and 7, respectively. Because
of the helix structure, each subsystem contains a larger number of residues than in the
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extended system using the same buffer size. As illustrated in Figure 6, the crossover point is
around 1789, which is over 2-times larger than for the polyglycine example. Each DC-HF
diagonalization SCF cycle in this example scales as O(N-1), in contrast to O(N%7) for the
traditional HF diagonalization cost. Furthermore, the total energy errors for the o -helical
polyalanines are slightly larger than those for the extended polyglycine systems (see Figure
7), but theay are still in a good agreement with the full system calculations since the largest
error is less than 0.7 kcal mol™1 for a — (ala) 40.

In the current DC-HF approach, the scale for the computation of the Coulomb matrix is still
O(N?) after prescreening the two-electron integrals'®. When we apply equation 2 to
construct the subsystem Fock matrix, the long-range Coulomb interactions between the local
subsystem and distant atoms cannot be circumvented, thus, it should be emphasized that the
D&C algorithm itself does not reduce the scale of Coulomb and exchange matrix
evaluations and other approaches are necessary to achieve this result (e.g.,

CFM M)l4,16,17,49'

MFCC Initial Guess for Div&Con HF calculations

Next we compare the number of SCF cycles necessary to reach convergence when the SAD
(superposition of atomic densities) and MFCC initial guesses are used in the divide and
conquer scheme using the 6-31G* basis set (see Table 1). The convergence criterion in all
examples was set to 1076 a.u. on the root-mean-squared change of the density matrix
elements and 10~ a.u. for the maximum change of the density matrix elements. Nakai and
co-workers3® and Shaw and St-Amant32 have noted that DI1S causes SCF calculations to
oscillate at the final stage of the SCF convergence process due to the slight errors introduced
by the DC approximation for assembling the density matrix (see equation 3). In our HF DC
calculations, the DIIS technique was turned off when the root-mean-squared change of the
density matrix elements reaches 10™* a.u.. We also found that although DIIS works in the
early stages of the SCF procedure, we get the best performance when only two previous
Fock matrices were stored in the DIIS calculations. One can see from Table 1 that the HF
DC calculations usually requires more SCF cycles than the non-DC runs, however, for the
polyglycine and polyalanine systems, the MFCC initial guess helps to reduce the number of
SCF cycles in both DC and non-DC cases.

Residue-centric Core Region versus Atom-centric Core Region

Previously, all the calculations used a residue based definition for the core region. We have
also examined an atom based subsetting strategy for the core region in polyglycines and
polyalanines. One can see from Table 2, the converged total energies using atom-centric
core region were almost identical to those using a residue-based cutoff. Indeed, the overall
mean unsigned deviation is as low as 0.054 kcal mol™L. This is an attractive aspect of the
divide and conquer approach since it allows for parallelization at the atom level rather than
at the much larger reside based cutoff scheme.

Validation on Three-dimensional Protein Systems

No previous studies have utilized the divide-and-conquer HF approach on three-dimensional
globular proteins. In order to address this point, we have validated the accuracy of divide-
and-conquer HF/6-31G™* calculations on eleven real proteins. The systems ranged from 304
atoms to 608 atoms and are listed in Table 3. The proteins consisted of « — helical structures
(see Figure 8a) or are mixed « — 8 — structures (see Figure 8b). As shown in Table 3, the
largest deviation is 2.25 kcal mol™ and the overall mean unsigned deviation is only 0.97
kcal mol~1 compared to standard full system calculations. Importantly, the observed error is
large than what was observed for the One-dimensional examples, but is still within
acceptable limits. This study sets the stage for the wide application of divide-and-conquer
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calculations on real protein systems. Furthermore, we have found that for five proteins, the
divide-and-conquer HF calculations are not able to reach convergence using the simple SAD
initial guess, while all the cases converged using the MFCC initial guess. Therefore, we
conclude that the quality of initial guess plays an important role in insuring the convergence
of divide-and-conquer calculations. Fragment-based electron density provides a much better
quality initial guess with linear-scaling computational cost and, ultimately, much less
computational time when compared to full system calculations.

Conclusions

In this study, the divide-and-conquer HF theory was revisited in order to examine its
potential to study three-dimensional constructs and a new and effective initial guess scheme
was introduced. We first validated the accuracy of the divide-and-conquer HF/6-31G*
calculations on eleven three-dimensional globular proteins. The overall mean unsigned error
was within 1 kcal mol~! when compared to standard full system calculations. Furthermore,
we found that the fragment-based initial guess using the MFCC approach reduces the
number of SCF cycles for polyglycine and polyalanine systems. Moreover, the MFCC initial
guess facilitated SCF convergence for several of the globular proteins, where the SAD initial
guess was unable to yield a converged wavefunction.
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Figure 1.
Graphical representation of the subsetting scheme used in divide-and-conquer calculations.
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Figure 2.

The MFCC scheme in which the peptide bond is cut (a) and the fragments are capped with
Ccap and its conjugate Ceap* (b). The atomic structure of the concap is shown in (c). The
concap is defined as the fused molecular species of Cgap* —Ceap.
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Figure 3.
The subsetting schemes for divide-and-conquer calculations on the extended polyglycine
(Gly),, (upper) and polyalanine in an o — helical structure (a — (Ala)y, bottom).
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Figure 4.

The average computational time to diagonalize the Fock matrix in each SCF cycle using
traditional HF and DC-HF for a series of extended polyglycines at the HF/6-31G* level.
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The accuracy of the total energy calculated by the DC-HF approach on extended polyglycine

systems compared to full system calculations.
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Similar to Figure 5, but for the polyalanine systems in an a — helix structure a — (Ala)p.

J Chem Theory Comput. Author manuscript; available in PMC 2011 January 7.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

He and Merz

Page 15

a) PDB id: 2PPZ

b) PDB id: 1BHI

Figure 8.
Two representative three-dimensional protein structures studied in this work. a) PDB id:
2PPZ
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Table 1
Number of SCF cycles needed to reach convergence for the SAD and MFCC initial guess at the HF/6-31G*
level.
Div&Con Non-Div&Cond)
System SAD initial guess | MFCC initial guess | SAD initial guess | MFCC initial guess
Glyg 18 10 12 7
Glyyo 18 11 12 7
Glyzo 18 10 12 6
Glys 18 10 12 6
Glyso 18 8 12 7
o-(Ala)g 18 15 12 9
o-(Ala)g 16 12 12 9
o-(Ala)g 16 12 12 8
o-(Ala)4g 15 12 12 8
a)

In the SCF procedure of non-Div&Con case, every 10 previous Fock matrices were stored in the DIIS calculations; while for the Div&Con case,

every 2 previous Fock matrices were stored in the DIIS calculations until the root-mean-squared change of the density matrix elements reaches
1074 a.u., after that, the DIIS technique was turned off.
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The converged total energies (a.u.) (at the HF/6-31G* level) using two different subsetting schemes: residue-

based with buffer of 5A and atom-based with a buffer of 7A. (MUD: mean unsigned deviation)

System Residue-centric Core Region | Atom-centric Core Region | Deviation (kcal mol=1)
Glyyg —2314.783296 —2314.783272 —-0.015

Glyyo —4382.595749 —4382.595726 -0.014

Glyzo —6450.407962 —6450.407938 —-0.015

Glygo —8518.221662 —8518.221679 0.011
a-(Ala)zo —5164.086850 -5164.086911 0.038
a-(Ala)zg —7622.660188 —7622.660373 0.116
a-(Ala)g —10081.238571 —10081.238839 0.168

MUD 0.054
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