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Mixed ab initio/empirical force-field simulation studies, calculations in which one part of the system

is treated using a fullyab initio description and another part is treated using an empirical
description, are becoming increasingly popular. Here, the ability of the commonly used, plane
wave-based generalized gradient approximation to density functional theory is extended to model
systems in which the electrons are assumed to be localized in a single small region of space, that is,
itself, embedded within a large chemically inert bath. This is accomplished by introducing two
length scales, so that the rapidly varying, short range, electron—electron and electron—atom
interactions, arising from the region where the electrons are localized, can be treated using an
appropriately large plane wave basis, while the corresponding, slowly varying, long range
interactions of the electrons with the full system or bath, can be treated using a small basis. Briefly,
a novel Cardinal B-spline based formalism is employed to derive a smooth, differentiable, and
rapidly convergentwith respect to the small bagisxpression for the total electronic energy, which
explicitly contains the two length scales. The method allows reciprocal space based techniques
designed to treat clusters, wires, surfaces and solids/ligldden, and 1-D and 2-D periodic
boundary conditions, respectiveljo be utilized. Other plane wave-based “mixed” methods are
restricted to clusters. The new methodology, which scaléélag N at fixed size of the chemically
active region, has been implemented for parallel computing platforms and tested through
applications to both model and realistic problems including an enzyme, human carbonic anhydrase
Il solvated in an explicit bath of water molecules. Z01 American Institute of Physics.

[DOI: 10.1063/1.1383795

I. INTRODUCTION and methods required to treat mixal initio/empirical force

. . field descriptions of chemical and biological systems accu-
Chemical systems are often characterized by a set of P g 4

electronically active constituents localized in a small regionrme'y and efficiently. . .

of space, surrounded by and interacting with, a large bath of I .has been demonstrated that a W'.de varlgty Of. c.o-mplex
electronically inert components. The division of a large Sys_chem|cal systems can be treated effectively u5|_r1glam|t_|o
tem into chemically interesting and chemically uninteresting_meth_OdOIO,gy that emplqys a plape-wave ba.13|s _Set in-con-
regions is both an intuitively appealing and a practically useju,nCtlon V.V'th the generalized gracil_elrgt approxmapon to'den-
ful description that can be fruitfully applied to many differ- SItY functional theor( GGA-DFT).”"Of course, in realis-

ent problems of chemical and biological interest. For extic calculations, many basis fungtlons or equivalently, a large
ample, in the study of solution phase chemical reactions, it iplane wave energy cutoffi€|g|?/2me=<E~70 Ry). must
advantageous to consider, explicitly, the electronic degrees &€ e€mployed to ensure accuracy. The large basis set size,
freedom of the reactants/products and perhaps, a first solvgoupled with the fact that plane waves, naturally, admit only
tion shell, while the remainder of the solvent is modeled2 single length scale, has made it difficult to employ plane-
more approximately.Similarly, in studies of enzyme cataly- Wave-based GGA-DFT to study hybrid model systems.

sis, the valence electrons of the amino acids and the water Consider, for example, a small simulation cell containing
molecules near the active site, as well as those of the sufihe electron density embedded within a large simulation cell
strate, must be modeled using a high level of theory, whilecontaining the rest of the systefie., the bath In order to

the remainder of these large and complex systems can lsietermine the long range interaction of the electron density,
modeled more approximately® Thus, simulation studies Wwith the atoms outside the small simulation cell within the
based on hybrid model descriptions promise to yield chemiplane wave formalism, the electron density in the large simu-
cal insight into significant problems for low computational lation cell must be expanded in a plane-wave basis truncated
cost. It is, therefore, important to develop both the modelaising thesamecutoff required to describe the rapidly vary-
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ing electron density in the small cele.g. Eq~70RYy). the orbitalst’ Here, a generalized gradient approximation is
Thus, the memory requirements are prohibitively large ancmployed and Eq2) is, hence, referred to as a GGA-density
the calculations scale poorly with the size of the large @ll  functional.
fixed small cell size However, such a scheme does allow In this work, the GGA-density functional, Eq2), is
systems treated using 3-D periodic boundary Condit[ﬁqs minimized by expanding the orbitals in a finite plane-wave
uids and solids to be accurately studied. It also permits basis set and varying the expansion coefficients subject to the
novel reciprocal space-based techniques that treat cluste@thogonality constraints ({;|#;)=&;). The plane-wave
wires and surfaces propetly*? (open, and 1-D and 2-D pe- basis set is truncated by including all plane waves with ki-
riodic boundary conditions, respectiveljo be applied to netic energy less than or equal to a cutoff energy,
“mixed” or “hybrid” model calculations. In contrast, previ- 7|g|?/2me=<E. Finally, core electrons, which are difficult
ous plane-wave-based “hybrid” formulations are restrictedto treat in a plane-wave basis set, are replaced by atomic
to clusterst3 pseudopotentials. Typical pseudopotentials contain a long

In this paper, a new method designed to treat large syg-ange local contribution,,c and a short range angular mo-
tems that can be decomposed into electronically active an@entum dependent nonlocal contributid,.c that serves
electronically inert portions with high efficiency is presented.to replace the coré.e., Eex=Ejoc+ Enoniod->
Two length scales are explicitly introduced into the plane ~ The GGA-density functional, thus, contains, only, two
wave-based GGA-DFT electronic structure formalism sd€rms that act at long range, the Hartrég[n], and local
that the small length scale, electronically active region carPseudopotential energies,
be treated differently than the long length scale, electroni-
cally inert region without loss of generality and with large 2

2 o2 o . . e

gains in efficiency. This is accomplished by employing a EH[n]z_E J
Cardinal B-spline based formalism to derive a novel expres- 2 s
sion for the electronic energy that explicitly contains both the
long and short length scales. The new expression can be
evaluated efficiently using two independent plane wave en-
ergy cutoffs and is smooth, differentiable, and rapidly con-
vergent with respect to the plane-wave cutoff associated with
the long length scale, even when the plane-wave cutoff as- -
sociated with the short length scale is quite large. Thus, thwhereR, is the Cartesian position of théh ion, h is the cell
method scales & log N, whereN is the number of atoms in matrix whose columns contain tikcell vectors, deb=V is
the full system(at fixed size of the chemically active region  the volume, and={3,,8,,3.} is a vector of integers index-
provided particle mesh Ewald tec':hn'iqﬂfeare employed to ing the periodic replicagin clusters, onlyé={0,0,0} is al-
gvaluate the atomic charge density in the_ large cell. In add'rowed, while in systems periodically replicated in three spa-
tion, the new methodology does not requireahhocelec- a1 gimensions, the three integers span the full range
trostatic potential fitting scheme based on point charges de- In plane-wave-based calculations, the orbitals and,

rived from a particular choice of population analysis and Cahance. the density are expanded as foll&#fs
be utilized to treat clusters, wires, surfaces and solids/liquids ' ’

without loss of generality. The validity of the new technique

is demonstrated on both an analytically solvable problem, a 1 — ]
Gaussian charge density interacting with a point charge, and  ¥i(1)= \/_VE gi(gexpigr),
realistic systems including an enzyme, human carbonic an- ’

hydrase II(HCA II) solvated by an explicit bath of water

molecules. The high parallel efficiency of the method is also 1 .
demonstrated on the large, complex, HCA Iliwater system. ~ N(F)= VE@ n(giexp(ig-r),

n(ryn(r’
o [ MO
ph” o|r—r’'+hs

N
Eadn]=3 3, [ dr alr=R+OND, @
s D(h)

©)

Il. METHODS whereg=h"1§ and the vector of integer§i={g,.9s.9c},

In the Kohn—Sham formulatidf®of density functional ~ indexes reciprocal space. Typically, a cutoff is introduced on

theory, the electron density is expanded in a set of orbitalghe sums describing the orbitals such thaf’/2me<E..

{i(n)} (Note, the reciprocal space summation for the density is over
a reciprocal space defined by the appropriately larger cutoff,
Eldensiv— 4 _..) It is convenient to express the Hartree and

”(”221 ol ¢i(r)]? (1) out

local external energies in reciprocal space,
and the energy functional is given by

E[n]=Tg{¢i} ]+ En[n]+Ex{n]+Eedn] 2 Ey=

whereTg is the kinetic energy of a system of noninteracting
electronsEy is the Hartree energg,. is the exchange and
correlation energy and the are the occupation numbers of

e? _ 47 .
W ’|n<g>|{?+¢<S°fee“~c°0kg>
g

2

+ e—) (e 0)[n(0) 2, )

2V
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1 N aV3>1, the sum over images in the first term of each ex-
E,Oczvz Z (gexp—ig-R)) pression(i.e., the short range pajtsan be truncated at the
g " N first or nearest image with exponentially small error.
~ - 1 _ In order to proceed, it will be assumed that the electrons
o (screen,CotJ _ ’
X[ ioci(9) —€G b V 2 n(0 are localized in a particular region of the large cell described
X[¢|oc| eq Blsereen.Cov gy, 7) by h, which can be enclosed in a small cell, describedhpy

centered at the poinR;. That is, the orbitals and, hence,

Here, $ioc; denotes the Fourier transform of the local electron density are taken to vanish on the surfacéiof
pseudopotential, the prime indicates that tive0 term is  Furthermore, it is assumed, for simplicity, that thg bs and
eliminated and the functionp(%}, is the nonsingular part of csaxes ofh are parallel to the, bandc axes ofh, such that
the local pseudopotential @=0. The screening function, h~'h,=D, a diagonal matrix. Thus, we can define
g'sereenCodt gy - depends on the periodicity of the system. For _
PSRT : . . : : wj(rs'l' Rc)_‘//j s(rs)

a system periodically replicated in three spatial dimensions,
it is identically zero. Other cases, clusters, wires and sur- n(rg+R.)=ng(rg),
faces, are discussed in detail elsewHére. where therg spans the small cell and can be expressed as

It is clear that the standard expressions for the Hartre o
and local external energies given in E(®). and(7), respec- Fs=hss with 0<s,=1 and, both,z//,(r) 0 andn(r)=0 for
tively, only possess a single length scale. A second lengths=' —Rc outside the domain oh. The orbitals and the
scale can be introduced by first rewriting the real space exe/ectron densny can be expanded in a plane-wave-basis set
pressions for these two energies using the identityeeyf( that spans the small cell, only,
+erfc(ar)=1,

(10

i o(rs NZ i o(0s)eXpigs-To)

9s

Eqn]= E f drfdr (11)

1o .
b(f) Ny(rs) =1~ 2 Ns(Gs)eXPiGsTs),
S Os
Xn(r)n(r’)erfo(alr—r’+hS|) where gs=ﬁglgs, the vector of integers, @
Ir—r’+hS ={0as.9ps:0c s}, iNdexes the small reciprocal space and
V =deth, is the volume of the small cell. The plane-wave-
energy cutoff is taken to bESI® [with the cutoff on the
z f dr f dr densityEf:fﬂo“ density__ Egﬂoro]
D(h) Given that the electron density is localized in the small
, R cell, the short range components of the Hartree and local
xn(r)n(r Jerf(alr—r’+hS)) pseudopotential energies can be evaluated straightforwardly,
[r—r'+hg gt = & f f ar ng(r)ng(r")erfc( a|r—r’|)
r—r’
=ENTn]+ESYn], (8) D(hy) | |
2
= 5v 2 Ns(—gsN( )
E|oc[n]={ f dr n(r)|:¢|oc|(r R,+hS) av, g MBS
D(h) )

2
Os
X — —
1 ex;{ P

NS
Eloc™nl=2, f dr ns<r>{¢|oc,3<r—RJ+Rc>
a D(hg

bl (2
L <G erf(a|r—R,+h9) 2V.a? ns(0)

]

=1J 5 eqyerf(alr—R;+R¢|)
—n |I’—RJ+ RCl
eq erf(a|r—R,+h9)) N
X — 1o < -, _
r—R+H§ =y 2 2 NE(gs)expigs[Ry~Rc])
s gg J=1
shor (long),
|OC [n]+E [n] (9) _ 477-qu qg
. . . o X| Proca(ds) + —2—exp — 7
Here, the first term in the curly brackets in each equation is Js 4a
short range while the second term is long range. Note, both 1 N
®10c, (1) and —eq erf(ar)/r approach—eq, /r, asymptoti- L =S 700 [ (0) e%ﬁ} 13
cally whereq, is the charge orith ion core. In the limit ngl 0] Fioc.a™ =27 a3
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where thel sum runs over th&\g ions within the small cell, . )
the s sum runs over the large reciprocal-space grid of the n(g)=J dr exd —ig-r]n(r)

small cell, andR. is in position of the small cell inside the b(h)

large. Since the full system is not periodic by, but onh,

Egs.(12—-13 will only yield the correct short range energy if f drs exd —ig-rs]n(rs+Re)

aV¥3>1 andn(r,) vanishes on the small cell boundary. The D(hy)

nonlocal pseudopotential energy is short range and is as-

sumed to be evaluated within the small delly considering f drg exd —ig- (rs—Rg)Ing(rs) (17)
the Ng ions in the small cell and using the small cell recip- D(hy)

rocal spacg Similarly, the exchange correlation and the
electronic kinetic energies can also be evaluated in the smai'® the plane wave expansion coefficients of the electron
cell using standard techniqu&s! density in the reciprocal space of the large cghsh~14.
Next, the expressions for the long range portions of thelhe integral in Eq(17) can be extended to cover the domain
Hartree and local pseudopotential energies are formulatedescribed by the large cell without loss of generality because
This is accomplished by expanding the electron density lon(rs+R;)=0 outside of the small cell. Noten(g)
calized in the small cell in terms of the plane waves of the=n,(g.), if he=h and R,=0. Methods for the efficient
large cell. This expansion is permitted because the electroavaluation of Eq.(17) and, hence, Eq914) and (15) are
density, localized in the small cell, obeys periodic boundarydeveloped as follows.
conditions in the large celi.e., it is zero on the surface of First, it is clear from the long range/short range decom-
ﬁ)_ Thus position of the Hartree and local pseudopotential energies
that a different plane-wave cutoff can be introduced to treat
each part. That is, one cutofS"°" | can be used to evaluate
Elon9n]= 2 f dr f dr’ the short range components of the eneffygs. (12) and
b’ b (13)], and anotherE°" can be used to evaluate the long
range component$Eqgs. (14) and (15)]. While the long
n(ryn(r’)erf(a|r—r’+h9) range/short range decomposition is general, it is expected
X that the short range contributions will be obtained by inte-
gration over functions that rapidly vary spatially, while the
long range contributions will be obtained by integration over
a slowly varying function. Therefore, the short range energy
contributions must be evaluated using a large reciprocal
space cutoffi.e., the standardEJensshon= 4g(Sho yhile
the long range part can be evaluated using a small cutoff,
Elonad < pShom ity gldensivviond— 4 ona Thys, by split-
ting the electronic energy into two parts, large gains in effi-
|n 02, (14) ciency are pos§ible. _ _
Next, consider the case that the number of particles in
the small cellNg, and the small cell volumé/g, are much
less than their large cell counterpatié<N andV <V) as
would be the case for a large, chemically inert bath surround-
ing a chemically active subsystem. The computational cost
of evaluating the short range local pseudopotential and short
92 ) range Hartree, exchange correlation, nonlocal pseudopoten-
2

|r—r’+ﬁ§|

92
F{ 407

2

=—E n(— gn(g)

v

¢(screen Cot)k g)

2V

d)(screen Couk 0

eq erf(a|r—R,+h3))

N
Eeoin)--3 3 [ drn [
D(h)

n

tial and the electronic kinetic energy as well as the overlap
matrix, (i ¢| i ), scales like~ N2. The computational cost
of evaluating the long range part of the Hartree and local
+ (},(SCfeenvCOng)l pseudopotential energies depends on the computational cost
of evaluating the atomic charge densitygfs and the plane

<|fD

4o

> S(g){— XP<

g

wave expansion of the density in the large ¢sfle Eq(17)].
lsereenCovy gy — 11 (15) Since the atomic charge density can be evaluated log N
a? using Particle Mesh Ewald techniquésif Eq. (17) could
also be evaluated iN logN, the computational cost of the
where method would then béNlogN at fixed ﬁs and Ng. (The
present approach yields a linear scaling method because, at
fixed particle density and plane wave cutoff, the number of
S(g)=2, q,explig-R)) (16)  plane waves in large cell basis set increases linearly with
! particle numberN.)
In order to achieve linear scaling, the electron density
is the atomic charge density and must be interpolated from the small cell where it is described

~ SH(0)5(0)
V S
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by a plane wave expansion with a large cut@fle"sshon,

to the large cell where it is described by a plane wave ex-

pansion with a small cutoffEdens¥1ond - efficiently. First,

consider the Fourier components of the density,

(18

ﬁ(g)=j d[ exd —ig-rin(r).

D(h)

If n(r) can be expressed in a finite plane wave basis,

P/2 Pp/2 P2
nn=y. > X explignn(g),
0a=—Pal2+1 gy=—Pp/2+1 gc=—P¢/2+1

(19
then the Fourier coefficients can also be determieadctly)
from a discrete sum over a real space grid,

—1 Pp—1 P~

2 2 E e 2mi0 484 /Py

€5,=0 §, 5.=0

M9=5pp

><e—27Ti§b§b/Pbe_ZWiécgc/PCn((ﬁS). (20)

Here, P,, Py, and P, are both the number of reciprocal
lattice points along each direction and the number of points

discretizing the a, b, c axes of the cell, whdg=§,/P,.
Importantly, Eq.(20) and its inverse, Eq19), can be evalu-
ated using a 3-D Fast Fourier transfo(B8D-FFT) in order

NlogN. A spherical cutoff can be introduced in reciprocal
space by simply assuming thafr) is described by a basis in

whichn(g)=0 Whenﬁ2| gl 2/2me> [ (density

cut
Next, consider a functiorf,(r) with plane-wave expan-

sion coefficients,

flo- [ ar exd-igrif

1 1 1
=Vf dsaf dsbf ds.
0 0 0

Xe*Z”iéaSae*Zﬂ'i@bsbe* ZWiQCScf(ﬁs), (21)

that can be described on a finite reciprocal spaxfe Eq.

(20)]. In order to express the plane wave expansion coeffi-

A dual length scale simulation method 3535
Mp(u)=1-[u—1],
m—u
Mp(u)= m Mpy-o1(U)+| —— m—1 Mpy-1(u—=1),
M n(u)#0, o<u<m,
(23
M, (u)=0, u<0, u=m,

> My(u—9)=1,

dMm(u) _

i =M 1(0) =My (u=1).

Inserting the Euler exponenti_al spline into EAL) yields a
well-defined approximation td(g),

f(9)~[Vd}(Ga,Pa)di(Gp,

P,—1 P,—1 P—1

XE 2 2 e27-r|gas/P

$,=0 8,=0 5.=0

Pp)dn(Gc,Po)]

x e~ 27818 Pog—2m68: Pf (cony () (24)
where
- 1 1 !
f(conv)(hs):f dséf dst')f dSé
0 0 0
xk; ; ; f(hs')
XM p([sh—Ka]Pa—3,)
M in([Sh =851 Pp— ) Mm([ 5.~ ke]Po—350),
(25

is the interpolation off(r) onto the discrete real space grid
defined bys,=3,/P, and 0<8,<P,—1.
Equation(24) can be evaluated using a 3D-FFT in order

cients accurately, in terms of a sum over an arbitrary set o JogN provided the interpolation functiorf,(con\/)((ﬁs)’ de-
equally spaced discrete points in real space as opposed to thged on the discrete real space, can be constructed in a com-

continuous integrals given in E§21), or the discretization

required by Eq(20), it useful to introduce the Euler expo-

nential spline?>%

p(zwigau)
ex —
Pa

A8, Pa) E Mm(u—38)

- (22)
o~ exp2mi(m—1)/P,)
dm(gaipa)_
[2 Mm(j+1)exp(2mgaj/P )1
where§ is an integeru is a real number, fm—1" is the

spline order assumed to be odd and lihg(u) are the Car-
dinal B-splines,

putationally efficient manner. In addition, E@4) is smooth
and possessem—2 continuous derivatives. Note, #®,,
>m+1, then each point in the continuous space,
{s!,sp,s.}, is mapped tan® unique points on the discrete
grid indexed by{s,,5,,5;} due to the finite support of the
M (u) [see Eq(23)].

It is now a simple matter to generate a computationally
efficient and well-defined approximation to the Fourier coef-
ficients,n(g), of an electron densitp(r) that is assumed to
be nonzero only in the small cell described hy. First,
given thatng(gs), defined in Eq.(11), exists on a finite re-
ciprocal space, the identity given in EQO) holds. Thus, the
discrete form of the density can be inserted into %) and
the integrals performed using trapezoidal rule integration
without loss of generality to yield the desired interpolation
from the small cell to the large cell,
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n(com,)(ﬁs) TABLE |. The interaction of a Gaussian charge density
=3.779 454 K1, with a point charge at distancey from its center is
presented as a function of large cell plane-wave cutoff and B-spline inter-
—} polation order. The large cell size was fixed.at=20 A on edge. The small
PasPcsPes cell size was fixed aL. =4 A on edge and the small cutoff was fixed at
w EShot= 120 Ry. The electrostatic division parameter was set ter e/l
> nyhss)
ko= —o

cut

and AEe= Eey— Eggac)_

8,0 §=0 §=0 Ka= k=~ ro Elono Eext AEey
5 (A) (Rydberg m (Hartree (Kelvin)

XMm([S";—’_Sa,S_ ka]Pa_Sa)Mm([St,)"'Sb,s_ kb] 4 4 4 —0.132 296 1

= . , = . 6 -0.132 297 1

X Pp—8,)Mm([sc+ Sc,s—Ke]Pc—Se)- (26) 8 ~0.132 297 1

Here,{P,<,Pps,Pc s} are defined by the size of the small 8 g :8'122 ggg 8

cell reciprocal spacfthrough the plane-wave- -energy cutoff, 8 0132 293 0
E(short density__ E(shoro] S _§/ D /P ' Ss h 1R ' and

gatl @S ¢ 4 4 —0.088 186 3

VS/V—detD while the{.Pa,Pb, P.} are defined by the size 6 ~0.088 185 3

of the large cell reciprocal spacghrough the cutoff, 8 —0.088 185 3

E long density_ g (g 8 4 —0.088 198 1

The desired plane wave expansion of the electronic den- 6 —0.088198 1

sity in the large cell reciprocal spaa#,g), is constructed by 8 ~0.088198 !

insertingn©®™(hs) into Eq.(24) and performing a 3D-FFT. 8 4 4 —0.066 126 7

Note, in the limit,P,=P, s, P,=P, s, P.=P, or ESho" o 0000125 !

- as: b— _b,S! c— cs cut 8 —0.066 125 7

=glo9 andh=h,, thenny(gy)=n(g) because Eq20) is 8 4 ~0.066 149 1

exact for a finite reciprocal space and the Euler exponential 6 —0.066 149 1

8 —0.066 149 1

splines are exact at the kndts>® Importantly, Eq.(26) can
be evaluated in ordeN;m® and the (dense discrete real
space grid spanning the small céﬁl,, and the(sparse dis-
crete real space grid spanning the large dellneed not be
commensurate. In addition, the separable form of the
Mn(p), which is a consequence of the ch0|k1e1hs—

allows the requiredM ,(p) to be evaluated independently in 312

order mNY3. Thus, the overall computational cost of con- n(r)= ? X~ T,
structingn(g) is NlogN (dominated by the FFT Finally,
the resultingn(g) [i.e., obtained by inserting Eq26) into
Eq. (24)] is continuously differentiable with respect to the
expansion coefficients of the orbital;, s(g), defined in Eq.
(12).

First, in order to validate the new methodology, consider
a simple Gaussian electron density,

(27)

The interaction of this density with a point charge located an
arbitrary distancer,, away from its center can be deter-
mined, analyticallyE{&3V= erf(xro)/r,. In Table | the con-
vergence of the total external energy to the analytical value is
presented as a function of the large cell plane-wave cutoff
and Cardinal B-spline interpolation order, for various choices
of ro. The calculations were performed using the cluster
Three systems have been selected to test the neloundary condition technique of refereftand fixed small
method. The first system, a Gaussian charge density interaatell plane-wave cutoff E1°"=120Ry]. In general, it can
ing with a single point charge, can be solved analytically. Itbe seen that low B-spline interpolation orders and small
was chosen because it provides a clear and unambiguopane-wave cutoffs in the large cel ('°“9> , are sufficient to
demonstration of the accuracy of the new approach. The seproduce accurate results, |nd|cat|ng that the new method is
ond system, a singledb initio” water molecule embedded both valid and efficient.
within a bath of water molecules described by the TIP3P  Next, a more realistic problem, a system of 64 water
force field, does not possess an analytical solution but it is anolecules in a cubic box, subject to periodic boundary con-
sufficiently small system that accurate results can be geneditions, is examined. Although relatively small, a 64 mol-
ated using standard methods, yet, it is sufficiently realistic teecule system has been shown to be a reasonable model of
demonstrate the behavior of the new technique on a noriquid water. Therefore, a system of 64 empirical TIP3P
trivial problem. The third system, an enzyme, human carmodel water molecules was equilibrated at the state point
bonic anhydrase I[HCA I1), solvated in liquid water, is a {p=1 g/lcn?, T=300K! for 1 nanosecond of simulation
large complex system that demonstrates the true utility of théime. One TIP3P water molecule was then replaced batan
new method, as it cannot be approached using standard tedhitio water molecul€8 valence electrons and threalf ini-
niques. That is, in this latter system, the active site regiortio atoms” or “ions”). The electrons were allowed to interact
and a small number of water molecules are described withiwith the TIP3P model molecules and the land G ions
the GGA-DFT, while the remainder of the systém30,000 via pseudopotentials fit by the authors and standard
atoms is treated using an empirical force field. Troullier—Martins pseudopotentiat$,respectively. In addi-

Ill. RESULTS
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3.0 TABLE Il. The total electronic energy of a singlb initio water molecule
—— B2 Ab Initio Waters A immersed in a bath of TIP3P molecules as a function of large cell plane
~—— [16 Ab Initio 16 TIP3P Waters A cutoff and spline interpolation order. The large cell size was fixed by the
—=—- B2 TIP3P Waters state pointL;=12.43 A, on edge. The small cell cutoff was fixed at 100 Ry.
The electrostatic division parameter was setate6/Ls and AE,=E
—ESY - where ESY= —20.287 67 is the result of a standard calculation
20 | with Lg=L,=12.43 A.
= Ls Eggtng) Erot AEq
S A) (Rydberg m (Hartree (Kelvin)
| 6 4 4 —20.279 80 2480
1.0 } { 6 —20.281 27 2020
| 8 —20.28133 2002
l, 8 4 —20.281 08 2080
] 6 —20.28133 2000
! 8 ~20.281 34 2000
f
o0 & s o ! m n = 8 4 4 —20.286 84 260
‘ ' r'(Angstroms.) : : 6 —20.28718 150
8 —20.287 18 150
FIG. 1. The oxygen—oxygen radial distribution function for a system con- 8 4 —20.28711 175
sisting of 16 TIP3P water molecules and dl6 initio molecules at the state 6 —20.28718 150
point {p=1 g/cn?, T=300K} is presenteddotted ling. Comparisons are 8 —20.28718 150
made to distribution functions generated using fallyinitio (solid line) and
a fully empirical modekdashed ling 9 4 4 —20.28773 —20
6 —20.287 90 -70
8 —20.287 90 -70
8 4 —20.287 87 -60
tion, the ions were permitted to interact with the TIP3P mol- 6 —20.287.90 -0
8 —20.287 90 -70

ecules via electrostatic and van der Waals forces. The B-LYP
exchange—correlation density functiofd’ was used in all
the calculations, in conjunction with a small cell plane-wave

cutoff of EG°"=100Ry. The model is described in more gptained by enforcing good agreement between mixed mod-
detail in Ref. 25(Fig. 1, for example, shows the radial dis- g|s, fully empirical models and fullgb initio models of rel-
tribution function of a 50/50 mixture of TIP3&b initio wa- evant fragments_ For examp|e’ the minimum energy geom-
ter molecules In Table Il the convergence of the electronic etry of hybrid model CHCO—(HIS)—-NHCH,; deviates at

energy is shown as a function of the large cell plane-wavenost~3 degrees in the bend angles an€.02 A in the bond
cutoff and Cardinal B-spline interpolation order. As can be

seen from the table, rapid convergence with both parameters
is achieved. In addition, the small cell eddig, can be taken

to be much less than the large cell edge without loss of
accuracy.

Last, an HCA Il enzyme solvated in liquid water, is con-
sidered. In detail, the system consists of a 260-residue HCA
Il enzyme (complete with catalytic zing solvated by 8,859
waters, for a total of 30,652 atoms subject to periodic bound-
ary conditions. Clearly, a fullab initio treatment of such a
large system is not feasible, at present. However, a hybrid
model, wherein only the catalytic zinc, the side chains of
active site residues, HIS 94, HIS 96, HIS 119, THR 199,
GLU 106, and the seven water molecules in the active site
are treated using aab initio description, can be studied.
Thus, 204 valence electrons of 68 atoms in the active site
(see Fig. 2are treated at aab initio level, while the remain-
der of the system is treated using the empirical CHARMM22
all-atom force field which includes TIP3P water moéfl.
Briefly, the electrons are assumed to interact wid ‘initio
atoms” via standard Troullier—Martins pseudopotentfals
and with “empirical atoms” via pseudopotentidlgsee also
Refs. 27 and 28 The B-LYP, density function&t® was
employed to treat exchange and correlati@h.initio atoms  FIG. 2. Human carbonic anhydrase treated using the madednitio/

(ion-cores were permitted to interact with neighboring “em- empirical force-field-based approach described in the text. The full enzyme
wherein the wire frame represents atomic sites and the blue cloud represents

pirical atoms” via appropriate bond, bend, torsion, one-four,e electron density of the valence electrons associated waithitiitio at-
van der Waals and Coulomb forc&sThe parameters were oms’
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TABLE Ill. The total electronic energy of the active site of HCA Il im- |\V. CONCLUSION
mersed in a bath of TIP3P molecules and CHARMM22 model amino acid )
residues as a function of large cell plane cutoff and spline interpolation In summary, a new method has been designed that

order. The large cell size is fixed by the state point, 66.7 A, on edge. Theggreatly increases the efficiency of mixad initio/empirical
small cell size was fixed at 19 A on edge and the small cell cutoff was fixe%odel descriptions of chemical systems treated using GGA-
at 70 Ry. The electrostatic division parameter was set tab&/L¢ and the . . .
accuracy measure is defined 1o 5B = (B, m)— E,,(4.8) DFT el_ectronlc structure theory and a plane wave basis set.
In particular, the important case, that the chemically active

glong Erot AEy components are both localized in a small region of space and
(Rydberg m (Hartree (Kelvin) embedded in a large cell containing a bath of chemically
1 4 —548.549 312 1022.0 inert constituents, is considered. A Cardinal B-spline-based
6 —548.552 461 28.0 formalism was used to derive smooth, differentiable, and
8 —548.552 545 15 rapidly convergent expressions for the terms in the electronic
2 4 —548.551 775 244.0 energy that contains both long- and short-range length con-
g :232:222 gjg é:i tributions. The new formalism, thus, permits the short range
4 4 548552 373 55.7 electron—electron and electron—atom interactions, originat-
8 —548.552 548 0.3 ing from the small region of space where the electrons are
8 —548.552 549 0.0 localized, to be treated using a large plane-wave basis and

the long-range interactions of the electrons with the remain-
der of the system to be treated using a small basis. The
methodology is, therefore, computationally efficient and
scales adN logN at fixed size of the chemically active sub-

lengths from the standard€HARMM and fully ab initio  System. Also, it allows clusters, wires, surfaces and solids/
treatments as appropriweMore details and a Comp'ete |IqUIdS to be -tre-ated without loss of genera“ty, in marked
analysis of the electronic structure of the fragments is pro€ontrast to existing plane-wave based “mixed” methods. The
vided in Ref. 25. new technique was validated on analytically solvable model

The HCA ll/water system described above was prepare@s Well as realistic systems including a mixet initio/
by taking the crystallographic configuration of the enzyme€Mmpirical model of liquid water and the human carbonic an-
(PDB identification label, “LRAY"? and immersing it in Nydrase Il enzyme, solvated in a bath of empirical model
TIP3P water. Next, a 1ns constant temperature molecula¥@er molecules. Therefore, it is now possible to perform
dynamics calculation was performed using a fully empiricalPlane-wave-basedb initio molecular dynamics and elec-
treatment® This was followed by a 1 ns constant pressuretrO”'C_ structure calc_ulatlons pf large Compl_ex systems that
molecule dynamics calculation. At this point, the hybrid contain both ch_e_mlcally active and chemically quiescent
model was introduced. In Table IlI, the convergence of thecomponents, efficiently and accurately.
electronic energy for a representative configuration taken
from the simulation of the hybrid model, is shown versus theACKNOWLEDGMENTS
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