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Abstract: Parameters for the zinc ion have been developed in the self-consistent charge density functional tight-
binding (SCC-DFTB) framework. The approach was tested against B3LYP calculations for a range of systems,
including small molecules that contain the typical coordination environment of zinc in biological systems (cysteine,
histidine, glutamic/aspartic acids, and water) and active site models for a number of enzymes such as alcohol
dehydrogenase, carbonic anhydrase, and aminopeptidase. The SCC-DFTB approach reproduces structural and energetic
properties rather reliably (e.g., total and relative ligand binding energies and deprotonation energies of ligands and
barriers for zinc-assisted proton transfers), as compared with B3LYP/6-311+G** or MP2/6-311+G** calculations.
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Introduction

Zinc is an important element in both modern synthetic chemistry’
and in living systems.? In synthetic chemistry, for example, zinc
has been used to develop artificial catalysts for reactions such as
selective phosphate hydrolysis.? In biological systems, zinc is the
second-most abundant transition metal following iron. Despite the
fact that it is redox inactive, the zinc ion plays versatile roles in
proteins and protein-DNA complexes. One of these is maintaining
structural stability;* examples include the zinc-finger class of
transcriptional activation factors and retroviral proteins,>° alcohol
dehydrogenase (ADH),” and transcarbamoyltransferase.® Zinc ions
that contribute to catalysis are found in more than 300 enzymes,>
and the reactions catalyzed by zinc involve hydrolytic, condensa-
tion, and other atom and group transfer reactions. The reasons that
zinc is often used for these reactions include its flexible coordina-
tion geometry, fast ligand exchange, Lewis acidity, intermediate
polarizability (hard-soft character), availability, and strong binding
to a suitable site.” For example, due to its +2 charge, zinc can shift
the pK, of weak acids, such as water, alcohol, and Cys sidechain,
so as to generate deprotonated species that can act as strong

nucleophiles in enzyme catalysis. Best known examples of zinc
enzymes include carbonic anhydrase (CA),'° ADH,” and car-
boxypeptidase.'! The zinc charge has also been proposed as a
modulator of the redox potentials of nearby metal ions, such as in
the Zn, Cu-superoxide dismutase.'? In certain systems, more than
one zinc ion appears to be involved in either the catalysis (e.g.,
phospholipase,'? alkaline phosphatase,'* and amino peptidase’”)
or metal transfer (e.g., metallothioneins'?).

To perform molecular dynamics or Monte Carlo simulations on
biological systems containing zinc, empirical approaches have
been proposed to describe the zinc-ligand interactions. Both bond-
ed'®!” and nonbonded'®'® models have been proposed. It was
demonstrated'® that the nonbonded model can lead to an accurate
and efficient description of the zinc-binding site in proteins, while
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allowing ligand exchange to occur.’’ More complicated forms of
molecular mechanics (MM) potentials [e.g., the sum of interac-
tions between fragments ab initio computed (SIBFA) model?']
have been developed for zinc, and applications to small zinc-
containing complexes have yielded promising results.?> Such MM
models cannot be used to investigate catalytic processes that
involve bond breaking and formation in zinc-containing enzymes;
for this purpose, quantum mechanical (QM) methods have to be
applied. Although traditional ab initio or density functional theory
calculations can give rather accurate structural and energetic re-
sults for systems containing zinc, the large computational expense
involved has limited their use to small molecules®* and molecular
complexes, such as hydrated zinc ions* and model compounds for
the zinc-protein interactions.?> For the investigation of larger com-
pounds, semiempirical methods like the standard AM1,%¢ PM3,%’
and MNDO/d?®*° models have been applied in various studies of
zinc-containing systems. The performance of these models for
structural and energetic properties of these systems has been
investigated recently,? indicating several shortcomings and diffi-
culties in the description of Zn complexes relevant to the biomo-
lecular modeling. The introduction of QM/MM techniques in the
last decade has made it possible to study enzymatic reactions at the
quantum level without neglecting the effects of the protein envi-
ronment. However, the size of the active sites of interest make
QM/MM studies at the ab initio or density functional (DF) levels
of theory still computationally very demanding. Given the impor-
tance of zinc-containing enzymes, a fast quantum method giving
accurate structures and energetics is highly desirable.

A new approach, called the self-consistent-charge density func-
tional tight binding (SCC-DFTB) method, has been developed
recently.®® It is based on a second-order expansion of the Kohn-
Sham total energy with respect to charge density. In contrast to
non—self-consistent tight-binding approaches,*' this method intro-
duces relaxation of the charge density at the level of Mulliken
populations. Inclusion of the relaxation effect has greatly de-
creased the dependence of the results on the initial density and
increased the transferability of parameters. The computational
speed is determined by the solution of the generalized eigenvalue
problem for the valence electrons, represented in a minimal basis
of atomic-like orbitals. Therefore, it is comparable in the speed to
the semiempirical MNDO, AM1, and PM3 methods, and two to
three orders of magnitude faster than ab initio and DFT methods.
All parameters of the SCC-DFTB model are calculated from DFT;
no fitting to experimental data is involved. The method has been
applied to calculate the energies, geometries, and vibrational fre-
quencies of small organic molecules and peptides,**>*-*> and the
resulting mean average deviations from the experimental values
were comparable to those of full DFT calculations with a double-
zeta plus polarization basis set.>* Good results were also obtained
in applications to biologically relevant molecules, including struc-
tures of hydrogen-bonded complexes (e.g., HCOOH dimer,
NH;—NHs,), small peptides, and base pairing and stacking inter-
actions.> The utility of the method has been extended recently by
interfacing it with CHARMM?>® in a QM/MM framework,*” and it
has been demonstrated that the SCC-DFTB/MM approach is a
promising way to explore the catalytic mechanisms of enzymes.>®

In the present article, we describe the development of SCC-
DFTB parameters for zinc and certain applications that illustrate

their utility. The next section briefly reviews the SCC-DFTB
approach and describes the parameterization procedure. In the
section Test Calculations, we apply the new parameterization to a
number of systems, including small complexes involving typical
zinc ligands and active site models for a number of zinc-containing
enzymes (CA, ADH, and amino peptidase).

Methods and Parameterization

SCC-DFTB Approach

Because detailed descriptions of the SCC-DFTB method have
been given elsewhere,*>*” we review it only briefly to define the
notation and provide a framework for the description of the fitting
procedure.

The method originated from density functional theory (DFT)
through a second order expansion of the DFT total energy with
respect to charge density variation, 8p, relative to a chosen refer-
ence density, p,. The total energy can be written as
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where the ¢, are the Kohn-Sham orbitals and E, . and V,_ represent
the exchange-correlation energy functional and potential, respec-
tively. The symbol H° stands for the effective Kohn-Sham Ham-
iltonian, which depends only on the reference density, p,:
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where Z, is the charge of the kth nucleus. The second term in eq.
(1) corresponds to the contribution of the density variations to the
total energy; the third term within the braces represents the cor-
rection for the double counting of terms from the Coulombic and
exchange-correlation contributions included in the A° matrix ele-
ments; and the last term, E__., is the effective core-core repulsion
energy, which plays an important role in the parameterization (see
below).

To obtain the SCC-DFTB energy expression, a number of
approximations are introduced into eq. (1). As in most other
semiempirical methods,?®?”® only the valence electrons are
treated explicitly, and the Hamiltonian matrix elements {(¢,| A°|¢,)
are represented in a minimal basis of localized pseudo-atomic
Slater orbitals, x,,:
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b= D, cix. 3)

To determine Xp the neutral atom valence electron DFT problem
is solved with an additional harmonic potential, in the form of
(r/r),% to localize the orbitals.®® For the determination of the
confinement radius, r,, a variational principle could be applied in
the framework of DFT*’; for SCC-DFTB, a semiempirical ap-
proach is taken and trial calculations have shown that the choice
ro = (1.8 = 2.0)*r,,, (where rLOV is the covalent radius of the
element, as obtained from ref. *') is satisfactory. The Hamiltonian
matrix elements in this linear combination of atomic orbital
(LCAO) basis, H%,, = (x,| A°|x,). are then obtained as follows.
The diagonal elements H( , are taken to be the calculated atomic
Kahn-Sham orbital elgenvalues, and the nondiagonal elements are
calculated with a two-center approximation:

H?LV = <X/A|T + Veff [p(‘? + pg]|Xv>’ W € A’ vEB (4)

where Vg is the effective Kohn-Sham potential (Coulombic plus
exchange-correlation) and pj is the electron density of the neutral
atom A; A and B define the two atoms. The Hamiltonian matrix
elements, H;’W, and the overlap matrix elements, S, ,, are computed
and tabulated with respect to the interatomic distances between A
and B. The values of these matrix elements are obtained by
interpolation of the tabulated data; this is one of the factors that
makes the SCC-DFTB calculation fast.

The second order terms in the density variation, dp, relative to
the reference density, p,, are approximated by a superposition of
atom-centered point charges:

op = E op* (5a)

A
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The quantity ¢ is equal to the number of valence electrons of the
neutral atom A, and ¢” is the population from a Mulliken analysis.
The second derivative of the total energy with respect to the charge
density fluctuations, 9*E/8p8p’|,,, is approximated by a function
vag. In the limit A = B, the quantity vy, ,/2 is approximated*? by
the chemical hardness** of the atomic species, and is calculated
with a large Slater basis set using Janacks theorem as the deriva-
tive of the energy of the highest occupied molecular orbital
(HOMO) level with respect to its occupation number.*® In the case
of A#B, a new functional form for vy, was proposed based on the
analysis of Coulombic interaction between two exponentially de-
caying spherical charge distributions centered on the two nuclei
(characterized with exponent 7, and Ty, respectively):*
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where s(7,, R,) is a 1s Slater orbital centered on R, with exponent
Ta, and K(T5Tg,R,) is given by
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The function y,p has the asymptotic form (1/R,g) at long dis-
tance, and approaches vy, , at the limit of R,z — 0.>° The latter
condition relates the decaying exponent of the spherical charge
distribution to the chemical hardness (U,),** that is
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Thus, the functional y,p is determined as soon as the chemical
hardness of the atoms A and B is known.*°

The last four terms in the second line of eq. (1) involve the
reference neutral electronic density p, and E_.... The “repulsive
potential”, E, . (po)
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is introduced.
With the above approximations and definitions, the total SCC-
DFTB energy is given by
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Given the approximation eq. (5), the repulsive potential E,, can be
simplified. It does not depend on the charge density variation 6p
and therefore does not contain any long-range Coulombic interac-
tions due to the neutrality of the atomic densities. Formally, E,.,
can be expanded in a series:

Erep[pO] = Z Erep[p()] +5 E E {Erep[p() + pO

rcp[p ] up[p ]} t.. (1 1)

The three center terms are assumed to be small and are neglected.
Therefore, the repulsive potential E,, is approximated as the sum
of a set of pair-wise atom-atom potentials. Because p, corresponds
to the charge density of a neutral atom, the electron-electron and
the nucleic-nucleic repulsions cancel for large interatomic dis-
tances. Therefore, E,, can be assumed to be short-ranged. How-

ever, the repulsive potential does not approach zero for large
interatomic distance R,g:
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Erep[p()] = E Erep[pOA]; RAB - ®© (12)
A

The quantity E,ep[pé] contains the double-counting terms for atom
A, that is, the terms in the braces in eq. (1).

Subtracting the asymptotic atomic values, we obtain the new
function

. 1 -
Erep[pO] = Erep[po] - E Erep[pg] = 5 E U?ep B[P§7 pg’ RAB] (13)
A AB

which represents the repulsive potential relative to the energy of
neutral atoms; it approaches zero for large interatomic distances.
The pair-wise functions U;:; B are then fitted for selected reference
systems (see below) and are assumed to be transferable in calcu-
lations for more complicated molecules. It is generally important,
therefore, to carry out extensive test calculations for the parameters

before they are applied to a new problem.

SCC-DFTB Parameterization for Zinc

According to the above description of the SCC-DFTB approach,
the required parameters for a given element include both atomic
properties and interatomic repulsive potential functions. The
monoatomic parameters are based on atomic DFT calculations and
an optimized LCAO Slater basis set, which consists of slightly
compressed atomic wave functions. Neglecting three-center inte-
grals, the remaining two-center integrals are calculated in advance
and tabulated. Therefore, the SCC-DFTB method needs no integral
evaluation during its run time. The determination of the repulsive
energy part is the most time consuming step in the parameteriza-
tion procedure, because it is calculated as the difference of DFT
and SCC-DFTB (electronic part) bond stretching energies. These
repulsive energy contributions, which consist of the DFT double
counting contributions, have to be determined for all pairs of atom
types in the system. We describe the procedure employed to obtain
these parameters for zinc in what follows.

Atomic Parameters

The required atomic properties of zinc in the SCC-DFTB frame-
work include the LCAO basis functions y,,, the reference density,
Po» and the chemical hardness parameters, Uy,; the last quantity
determines the second order functional y,p [eq. (6) and refs.
30, 37].

The procedure to determine x,, is similar to that used to
construct basis sets for ab initio or DFT methods.** As described
above, the LCAO basis functions x,, are obtained from atomic
Kohn-Sham calculations in the presence of the harmonic potential,
(r/ro).2 The 1, value is chosen to be 4.9 bohr for zinc, correspond-
ing to twice the covalent radius. Calculations were performed to
determine the 3d, 4s, and 4p functions with an atomic program
TWOCENT; see Figure 1 for the effect of the constraining poten-
tial.

Another atomic property that needs to be determined is the
reference density p,, which in general is crucial for the quality of
tight-binding methods.** In the current scheme, this is controlled
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Figure 1. Atomic orbitals for zinc with (dotted) and without (soild)
the harmonic constraining potentials (see text).

by choosing the appropriate confinement potential (or the confine-
ment radii, 7). A weak confinement potential of radius 10.0 A was
used to damp out long-range terms, such that the resulting density
is close to the atomic density.

The chemical hardness for zinc, U,,, was calculated from an
atomic DFT calculation by taking the second derivative of the total
energy of an atom with respect to its total charge. The resulting
value is 0.2667 hartree.

It is worth emphasizing that the atomic parameters were ob-
tained with the charge-neutral state despite the fact that the zinc
exists as a +2 ion in most proteins. This is based on the previous
discussions by Slater*® for ionic species such as NaCl. He showed
that faster convergence of SCF is achieved if the initial density is
based on the neutral atoms. Further, as discussed above, the choice
of the charge neutral states assures that the repulsive potential is
short ranged and thus more transferable.

Diatomic Parameters

After determination of the atomic parameters, the electronic part of
the SCC-DFTB energy function can be readily calculated with the
appropriate exchange-correlation functional; the one chosen here
is the one derived by Perdew, Burke, and Ernzerhof (PBE).*” The
diatomic repulsive functions Uf‘e; B therefore, can be determined
as the following

U?C;B(RAB) = [E(Rap) — E(*)]

o 1
= 2 D Rap) =5 2 vandg* A (14)

i pv AB

where E (R ,5) — E () can be obtained from DFT calculations,
and the last two terms on the right hand side (r.h.s.) can be
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Figure 2. The quantities involved in the fitting of the Zn—N repulsive
potential. The behavior is similar for other pair-wise interactions. See
eq. (13) in text for details.

calculated from SCC-DFTB after the atomic parameters are deter-
mined; the atomic contributions [i.e., eq. (12)], which are con-
stants, are ignored. This has to be done for all atomic pairs, Zn—X
(X=0, N, C, H and S) at a series of interatomic distances (R,p).

In principle, such a procedure can be carried out with diatomic
molecules Zn—X. In practice, however, diatomic calculations
often lead to SCF convergence problems due to level-crossings at
larger interatomic distances. Therefore, small closed-shell mole-
cules, where the valences of the atoms are saturated with hydrogen
atoms, were used in the actual calculations to determine Uﬁ;; B For
example, HZnOH was used to consider the interaction between Zn
and O. Similar systems, ZnH,, ZnNH,, HZnSH, and HZnCH,
were used to determine Zn—H, Zn—N, Zn—S, and Zn—C po-
tentials, respectively. For those systems, full DFT calculations at
the B3LYP**/6-311+G(d,p)*° level were calculated at a series of
Zn—X distances; the internal structure of other fragments (e.g.,
CH,) was set to that in the equilibrium geometry of the Zn—X
molecule.

As an example, results related to the Zn—N system are shown
in Figure 2. It is seen that the repulsive function Uﬁ:; B is short-
ranged and vanishes at about 6.0 bohr. Other systems (Zn—X)
exhibit very similar behaviors. It should be noted that because
Ufe; B is limited to two-body terms here, no angular information is
contained through the fitting procedure. Only information about
the radial behavior of the interaction energy for the small reference
systems considered is included. Therefore, the procedure is
straightforward to apply, and only small reference systems have to
be calculated. This contrasts to the fitting procedure in the standard
semiempirical methods,?”-*® for which extensive fit to experimen-
tal data in multidimensional parameter space has to be performed.
In the following section, we demonstrate that such an approach is
rather effective and gives good structural and energetic properties
for extensive classes of molecules containing zinc.

Test Calculations

In this section, we carry out benchmark calculations with the
newly developed parameters for zinc in the SCC-DFTB frame-
work by comparison with the results from DFT calculations (see
DFT and Semiempirical PM3 Calculations). First, we examine
small molecules that represent the typical coordination environ-
ment of zinc in a biological context. Properties of interest include
the equilibrium geometries, ligand binding energies, and deproto-
nation energies of ligands bound to zinc, and dipole moments.
Then, we investigate active site models for a number of zinc-
containing enzymes, which include ADH, CA, and aminopepti-
dase. In those cases, we focus on the active site structure and
energetics associated with the reactions catalyzed by the zinc ion.

DFT and Semiempirical PM3 Calculations

As a reference for the performance of the SCC-DFTB and semiem-
pirical methods (PM3), we use the B3LYP method as implemented
in GAUSSIAN98°' With good quality basis sets [e.g.,
6-311+G(d,p) used in the current work], B3LYP has been shown
to describe structures of Zn complexes in good agreement with
X-ray data.>>?° One exception is that Zn—S bond lengths are
found to be overestimated by about 0.1 A,2*? in contrast to the
local density approximation (LDA), which reproduces experimen-
tal and MP2 results surprisingly well. Despite this shortcoming, we
have chosen to use the B3LYP functional because it systematically
gives more reliable results for binding energies and proton affin-
ities, which are of major importance to our work, than LDA.°
Another shortcoming of the B3ALYP method concerns the binding
energy of ammonia to Zn>", which B3LYP overestimates by about
10 kcal/mol, compared to CCSD and MP2 results.?® Therefore, in
the case of NH; ligands, we compare binding energies with MP2/
6-311+G(d,p) values. We note, however, that B3ALYP and MP2
agree very well in terms of incremental ligand binding energies
(see Supporting Material), which are of more importance in
most applications than total binding energies of the ligands to a
metal ion.

The AMI1 method has been shown to be inferior to PM3 and
MNDOY/d for the description of Zn complexes;*® therefore, we did
not consider AM1 in this study. Both PM3 and MNDO/d (which
do not include d orbitals for zinc) have shortcomings: PM3 is not
reliable for the description of Zn—O bonds (also see below),
especially in complexes with bulky ligands, while MNDO/d fails
in the description of Zn—S bond in certain cases, and tends to
exhibit large errors in the binding energy involving Zn—S inter-
actions.”® In the current work, we used the PM3 method as
implemented in the GAUSSIAN9S program®' for comparison with
SCC-DFTB and DFT results.

Zinc-Small-Molecule Interactions

In biological systems, typical ligands for zinc ion include water,
cysteine, histidine, and glutamic/aspartic acids.> Therefore, we
have performed calculations for a series of complexes that involve
the zinc ion and small molecule models for those ligands. The
SCC-DFTB results were tested against B3ALYP calculations with
the 6-311+G(d,p) basis set for the energetics (see Supporting
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Table 1. RMS Errors in SCC-DFTB and PM3 Geometry and Energetics
Compared to B3LYP Calculations.”

Property SCC-DFTB PM3
Zn—O0 0.03 0.08
Bond distances (A) Zn—N 0.04 0.05
Zn—S 0.04 0.05
£0—7Zn—X 8.2 7.8
Bond angles (°) /L N—Zn—X 3.9 34
£S—7Zn—X 4.5 12.3
Zn—O0 17.5 65.3
Total binding energy Zn—N 31.0 14.3
(kcal/mol)® Zn—S 6.8 18.8
Relative binding energy Zn—O 6.8 24.6
(kcal/mol)© Zn—N 3.3 14.7
Deprotonation energy” Zn—O0 35 272
Zn—S 133 10.1

“Only geometries optimized at the B3LYP/6-311 + G(d, p) level were used
in the RMS error calculations.

"The total binding energy is defined relative to isolated zinc ion and all of
its ligands. Therefore, the values are enormous (ranging from 70 to 655
kcal/mol).

“The relative binding energy is defined relative to the isolated unsaturated
zinc-ligand complex and one ligand.

dAdiabatic deprotonation energies were calculated; that is, the geometries
of the deprotonated species were also optimized.

Material for more details). Due to the large number of calculations
required at the B3LYP level, simplified ligands were used for
amino acids: H,S or CH;SH was used for cysteine, NH; or
CH,=NH was used for histidine, and formic acid (HCOO ™) was
used for glutamic or aspartic acids. A number of calculations were
also performed with ethanol, which is the substrate of ADH.
Overall, 22 species with different coordination environments for
the zinc ion were studied. In addition, different protonation states
for ligands such as water, cysteine, and ethanol were calculated
and adiabatic deprotonation energies for those ligands were deter-
mined. They are of interest because the zinc ion catalyzes many
reactions by shifting the pK, of its bound ligand.? As discussed in
Supporting Material, some care is required in treating the asymp-
totic values of the proton when calculating deprotonation energy
with the SCC-DFTB method. Detailed results on the structure and
energetics of those systems are given in the Supporting Material
section; only the RMS errors of the SCC-DFTB results compared
to B3LYP calculations are given in the main text (Table 1). For
comparison, PM3 calculations were carried out, and the RMS
errors compared to the B3LYP results are also given in Table 1.
AM1 calculations were also performed for selected structures, and
the results were consistently inferior to PM3 values and thus have
not been included here. The B3LYP and PM3 calculations were made
with the GAUSSIANOS package,”* and SCC-DFTB calculations
were performed using the implementation in CHARMM.?¢7

For the Zn—O pair, SCC-DFTB yields very reliable results, as
reflected in the zinc-water/ethanol interactions in the large number
of complexes considered. The RMS error in the Zn—O distance is
0.03 /OX, as compared to B3LYP/6-311+G(d,p) calculations. The
RMS error is 0.08 A at the PM3 level. For instance, PM3 gives a

very long Zn—O distance (3.822 A) for ethanol binding to Zn-
(His)(Cys), (Fig. 3), while SCC-DFTB gives a value (2.288 A)
that is very close to the B3LYP result (2.198 A). The RMS error
in the bond angle 2O0—Zn—X is 8.2° and 7.8° for SCC-DFTB
and PM3, respectively. The SCC-DFTB method gives improved
Zn**-water/ethanol binding energies in different species com-
pared to PM3. For the fotal ligand binding energies (i.e., binding
energy of all the ligands relative to isolated species and Zn>"), the
RMS error is 17.5 and 65.3 kcal/mol for SCC-DFTB and PM3,
respectively. Note that these absolute values are large because the
total ligand binding energies are on the order of several hundred
kcal/mol (the average value considered here is —243.6 kcal/mol).
On a relative scale, the RMS error is 7% and 27% at the SCC-
DFTB and PM3 level, respectively. The situation becomes even
more favorable for SCC-DFTB if one considers the relative bind-
ing energy of ligands; that is, the binding energy of a water/ethanol
molecule to an unsaturated zinc complex rather than to isolated
zinc and ligand molecules. The RMS error at the SCC-DFTB and
PM3 level is 6.8 and 24.6 kcal/mol, respectively. The deprotona-
tion energies of a zinc-bound water molecule and ethanol are also
well described at the SCC-DFTB level, which gives a RMS error
of 3.5 kcal/mol, compared to a RMS error of 27.2 kcal/mol at the
PM3 level.

Similar trends are found in the Zn—N and Zn—S interactions.
The RMS errors in the Zn—N and Zn—S bond lengths are all
about 0.04 A at the SCC-DFTB level; the corresponding values are
0.05 A for PM3. For the Zn—N distance, the SCC-DFTB calcu-
lations also agree well with X-ray structures; for example, the
average Zn—N distance in a zinc-porphine complex is 2.072 A,
and the X-ray value is 2.042 A. Note that the B3LYP/6-
311+G(d,p) method was found to overestimate Zn—S bond dis-
tances in the literature by up to 0.1 A2>*; taking this into account,
both SCC-DFTB and PM3 give satisfactory Zn—S bond lengths
because both tend to give shorter values compared to B3LYP
calculations (see Supporting Material). For example, compared to
the X-ray structure, SCC-DFTB gives an error of 0.03 A for the
Zn—S distance in Zn[SCH,]3~, while B3LYP overestimates the
bond length by 0.09 A .25 The SCC-DFTB approach gives better
results for the £S—Zn—X bond angles, and has a RMS error of
4.5°; the value at the PM3 level is 12.3°. For example, PM3 gives
very different bond angles (C—S—Zn and N—Zn—S) compared
to BBLYP and SCC-DFTB results for Zn(Cys)(CysH) (Fig. 3). The
RMS error in the total ligand binding energy for Zn—N at the
SCC-DFTB level, 31.0 kcal/mol (out of the average binding en-
ergy of —248.7 kcal/mol), is substantially larger than the PM3
value of 14.3 kcal/mol. We note, however, that B3LYP overesti-
mates Zn-ammonia binding energies by more than 10 kcal/mol
compared to MP2 and CCSD calculations.>* Compared to MP2
total binding energies, the RMS errors in SCC-DFTB and PM3 for
the Zn-ammonia complexes are 23.0 and 14.9 kcal/mol, respec-
tively. More importantly, both SCC-DFTB and B3LYP agree well
with MP2 in terms of the relative binding energies for Zn—N
interactions, which are generally more important than the total
binding energies of ligands on a metal ion; the RMS error is 2.3
and 2.5 kcal/mol for SCC-DFTB and B3LYP, respectively. The
performance of SCC-DFTB in this regard is substantially better
than PM3, which has a RMS error of 14.5 kcal/mol compared to
the MP2 results. The total Zn—S binding energy is well described
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Figure 3. A few examples from the set of structures calculated to test the SCC-DFTB Zn parameters. The
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the parameters that differ substantially at the PM3 and SCC-DFTB levels. Distances are given in

angstroms and angles are given in degrees.

at the SCC-DFTB level; the RMS error is 6.8 kcal/mol (out of an
average value of —423.7 kcal/mol) and 18.8 kcal/mol at the
SCC-DFTB and PM3 level, respectively. The deprotonation en-
ergy of model cysteine is well described at both the SCC-DFTB

and PM3 level, which has a RMS error of 13.3 and 10.1 kcal/mol,
respectively.

Glutamic and aspartic acids are common ligands to zinc ions in
many enzymes such as carboxypeptidase, phospholipase, and al-
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kaline phosphatase.? As found in previous studies,’” the coordi-
nation of Glu/Asp to zinc can be either mono- or bidentate. The
energy difference between the two types of structures is usually
very small, ranging from 1 to 5 kcal/mol.>* For the system tested
here (Fig. 3), both PM3 and SCC-DFTB give mono-dentate struc-
tures, while B3LYP gives bidentate coordination with a small basis
set (Lanl2dz) and mono-dentate structure with a large basis set
[6-311+G(d,p)]. This highlights the importance of the hydrogen-
bonding interaction between the model glutamic acid and other
ligands; such an interaction was also found in previous studies to
be important in determining whether the mono- or the bidentate
structure is more stable.”®> Both PM3 and SCC-DFTB gave satis-
factory binding energies for the model glutamic acid, with a
relative error of —0.08% (overestimation) and +0.02%, respec-
tively.

Dipole moments in the SCC-DFTB method are calculated from
atomic Mulliken charges. As has been pointed out earlier, they
therefore give good estimates for molecular dipole moments only
when they are dominated by atom-centered contributions. For
various conformers of small alanine peptides, the Mullikan dipole
moments were found to be in good agreement with those from
B3LYP/6-31G* calculations, representing the trends between dif-
ferent conformers reliably, with deviations of 10% from the
B3LYP values.*® For the zinc complexes tested in the current
work, both SCC-DFTB and PM3 gave reasonable values compared
to B3LYP calculations. For the complexes shown in Figure 3, for
example, the RMS errors in SCC-DFTB and PM3 are 0.73 and
0.95 Debye, respectively.

The above, rather extensive, tests demonstrate that the param-
eterization of zinc in the SCC-DFTB framework is satisfactory.
Both structural and energetic results from SCC-DFTB calculations
compare well to the much more expensive B3LYP calculations.
Overall, the SCC-DFTB approach was found to be superior to the
PM3 model, especially for the Zn—O and Zn—S interactions,
which are critical in many biological systems.

Active Sits Model for Zinc-Dependent Enzymes

To further test the quality of the SCC-DFTB parameterization for
the zinc ion, we studied the active site models for a number of
zinc-dependent enzymes. The list includes ADH, CA, and amino-
peptidase. The model calculations presented here form the basis
for using the SCC-DFTB/CHARMM approach in independent
studies of these enzymes.>® As in the test calculations shown
above, the SCC-DFTB results were compared to B3LYP calcula-
tions. In the B3LYP calculations, geometry optimizations were
typically carried out with a double-zeta plus polarization quality
basis set and an effective core potential®® for zinc (see figure
captions for details). For the single point energetics, which were
used in the comparisons, the 6-311+G(d,p) basis set was used.

ADH

ADH is the enzyme that catalyzes the oxidation of alcohol to
aldehyde (or further to carboxylic acid).>* Despite numerous X-
ray’->> and kinetic,’® as well as theoretical, analyses,”” important
questions remain for the detailed catalytic mechanism of ADH.
The proposed catalytic pathway involves a proton transfer from the

zinc-bound substrate to the bulk, mediated by several active site
residues (Ser48, His51) and the ribose ring in the cofactor (nico-
tinamide adenine dinucleotide, NAD™), and a hydride transfer
from the substrate to the NAD™. Recent theoretical analyses
suggest that the proton transfers precede the hydride transfer, and
that the former proceeds in a step-wise fashion. As to the hydride
transfer, much attention has been paid to the effect of hydride
tunneling and possible promoting vibrational modes in the en-
zyme.”® Interesting kinetic experiments related to those issues
exist, although convincing explanations for the observations are
not yet available. Detailed theoretical analysis might provide use-
ful insights that complement the experimental approach. Because
both the issues of chemical reaction (hydride transfer) and enzyme
dynamics have to be taken into consideration in such studies, an
efficient QM/MM approach such as SCC-DFTB/CHARMM is
ideal. Here we study the hydride transfer in ADH using a simple
model and demonstrate the capability of the SCC-DFTB approach
with the newly developed parameters for zinc. A detailed study on
the proton and hydride transfer in the presence of the enzyme
environment using the SCC-DFTB/CHARMM approach has been
published separately.>®

As shown in Figure 4, the SCC-DFTB approach gives rather
reliable geometries for not only the stable structures, but also the
saddle point. The hydride-donor and hydride-acceptor distance is
1.202 and 1.501 A, respectively, at the SCC-DFTB level; the
corresponding values are 1.232 and 1.507 A with the B3LYP
approach associated with the double-zeta plus polarization func-
tion quality basis set. The nature of the transition state, therefore,
is rather early at both levels. This is consistent with the fact that the
reaction is exothermic, by 8.8 and 5.2 kcal/mol at the SCC-DFTB
and B3LYP single point with the 6-311+G(d,p) basis set, respec-
tively. The barrier height is 7.9 and 8.2 kcal/mol at the two levels,
respectively (see also Appendix). The PM3 approach was found to
be unreliable for the current system and gave severely distorted
structures. Therefore, only single point energy calculations at the
B3LYP optimized structures are reported. The PM3 approach
significantly overestimates the exothermicity of the reaction and
gives a value of —46.7 kcal/mol. In addition, it gives a lower
energy at the saddle point relative to the reactant by 3.2 kcal/mol.

CA

CA is the enzyme that catalyzes the interconversion of CO, and
HCOj; (bicarbonate).®® The alpha class CAs are zinc-containing
monomeric proteins with a molecular mass around 30 KDa, and
are involved in a number of physiological processes such as
respiration and formation of secretory fluids.®' Experimental®%-5
and theoretical'®®® analyses suggest that the reaction proceeds in
two stages. In the hydration direction, the first stage involves a
proton transfer from the zinc-bound water molecule to the bulk
through a histidine residue (H64) and presumably a number of
active site water molecules. This generates a zinc-bound hydroxyl
ion, which then reacts with the CO, and forms the product bicar-
bonate. The mechanism has been generally accepted, although
certain issues such as the kinetics of the substrate binding/disso-
ciation,®* the detailed proton transfer®® dynamics, and kinetic
isotope effects are still under investigation. Here we use the
SCC-DFTB method to study models for the two types of reactions
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and to illustrate the advantages and limitations of the SCC-DFTB
approach.

Intramolecular Proton Transfer CA has been used as a prototype
to illustrate the mechanism of proton transfer reactions in
enzyme. Two types of proton transfer reactions were found to
be relevant. The intramolecular proton transfer involves the
zinc-bound water molecule and a histidine residue on the sur-
face of the protein (H64 in CA-II); the intermolecular proton
transfer occurs between the histidine residue and the bulk
solvent. Solvent kinetic isotope effects suggest that the intramo-
lecular proton transfer is rate limiting in well-buffered solu-
tion.®? The kinetics of the intramolecular proton transfer have
been well studied and interpreted in the framework of Marcus
theory extended to proton transfer reactions.®>*°¢ It was found
that the experimental data can be fitted into the Marcus theory
only if a large work term (about 10 kcal/mol) is invoked. The
origin of this work term is not clear, although it has been
suggested to involve either orienting the water bridges in the
active site or a flip of the His 64 side chain from an outward to
inward orientation.®>* It has also been suggested that an addi-
tional intermediate state has to be included. This leads to a
three-state Marcus model,®” which can fit the experimental data
without the large work term.®>*%” The energetics associated
with the proton transfers in CA have been analyzed theoreti-
cally by a number of authors®>™57-%%; only the recent work of
Voth and coworkers®>®

makes use of a fairly high level of
quantum mechanical theory. It was found®*® that water mole-
cules can assist proton transfer between a model histidine (or a
zinc-bound water) and a water molecule by stabilizing the
product and thereby lowering the activation barrier. The donor-
acceptor distance was found to be critical in determining the
barrier height, as has been realized by many authors.®® The
ligand of the zinc was also found to be important in determining
the barrier height for proton transfer involving the zinc-bound
water.®® The possible role of a hydrogen bonded water chain in
the proton transfer in CA is well accepted; the detailed char-
acter of the pathway, however, is not clear from these studies.
For example, no transition state searches were performed in ref.
65b, and therefore it is not clear whether the proton transfer,
which is assisted by the water chain, is step-wise or concerted
and if there is a hydronium intermediate.5” Here we carry out
model calculations for a scenario with one bridging water to
illustrate the SCC-DFTB approach, and leave the results with
more bridging water molecules to a separate publication.”®
As shown in Figure 5, the proton transfer is highly concerted at

Figure 5. (continued) Optimized structures of species involved in the
model proton transfer reaction in carbonyl anhydrase. The Cf3 atoms
for the histidine residues were obtained from the X-ray structure (ref.
78) and were fixed in the geometry optimizations. Distances are given
in angstroms and angles are in degrees. The values without parentheses
or brackets were obtained at the B3LYP level with the 6-31G(d) basis
set for all the atoms (including Zn). The numbers with parentheses
were obtained at the SCC-DFTB level; those with square brackets and
braces were obtained at the PM3 and HF/6-31G(d) level, respectively.

both the B3LYP and SCC-DFTB level, and the transferring proton
is equally shared between the donor and acceptor atoms. The
agreement between the SCC-DFTB and B3LYP geometries is
made more encouraging by noting that both PM3 and Hartree-
Fock gave rather different transition state structures. At the saddle
point from PM3 and HF, the first proton transfer (from the zinc-
bound water to the free water) is nearly completed while the
second proton transfer (from the free water to histidine) has yet to
occur. The energetics at the SCC-DFTB level are in semiquanti-
tative agreement with the B3LYP results. The barrier is 8.1 and 5.9
kcal/mol at the SCC-DFTB and B3LYP level, respectively; the
exothermicity of the reaction is —0.8 (i.e., endothermic) and +4.9
kcal/mol at the two levels, respectively. Both PM3 and HF
overestimate the barrier significantly and give values around 20
kcal/mol.

The approximate agreement between SCC-DFTB and B3LYP
is very encouraging and opens up the possibility of studying the
detailed mechanism and rates for the proton transfer in CA. The
effect of the quantum mechanical nature of the proton can also be
addressed using either semiclassical models or by path-integral
techniques. Such calculations are in progress.”®

Interconversion of CO, and Bicarbonate The mechanism of the
interconversion of CO, and bicarbonate has been studied the-
oretically by a number of authors.'®®® Here we restrict our-
selves to the few structures considered in previous studies.%*”!
Similar to ref. 71, we used NH; to model the histidine in the
active site.

As shown in Figure 6, the SCC-DFTB gives a reasonable,
though not exact, description for the weak complex (Coml) be-
tween CO, and Zn>"(NH;); moiety. The distance between the
oxygen in CO, and Zn is 2.911 and 3.128 A at the SCC-DFTB and
B3LYP level, respectively. The binding energy is well described
by the SCC-DFTB approach; it is 7.1 kcal/mol compared to the
value of 5.3 kcal/mol at the B3LYP level. Interestingly, CO, does
not bind to the zinc at the PM3 level.

The exothermicity of the reaction is substantially underestimated
at both the SCC-DFTB and PM3 level, compared to the B3LYP
calculations. The product complex Com?2 is —4.0 kcal/mol compared
to isolated CO, and Zn>* (NH.), at the B3LYP level; SCC-DFTB and
PM3 give a value of +5.0 and +0.9 kcal/mol, respectively. As a
result, the barrier is substantially higher at the latter two levels, 14.1
and 19.1 kcal/mol, respectively, compared to the value of 3.1 kcal/mol
at the B3LYP level. The structure of the saddle point at the SCC-
DFTB and PM3 levels is also substantially later than that at the
B3LYP level, in accord with the Hammond postulate. For example,
the forming oxygen-carbon bond is 1.931, 1.697, and 1.544 A at the
B3LYP, PM3, and SCC-DFTB level, respectively. As described in
the section DFT and Semiempirical PM3 Calculations, SCC-DFTB
gives a good description of the Zn—O interaction; therefore, the poor
results obtained here appear to be due to the description of the C=0
double bond breaking (into a single bond in the current reaction).
Indeed, this is a rather difficult quantity for DFT, in general, especially
if exact exchange is not used (which is the case for SCC-DFTB). The
difficulty is illustrated by the fact that the CO, atomization energy is
substantially overestimated at the PBE level compared to B3LYP
calculations.”



576 Elstner et al. « Vol. 24, No. 5 « Journal of Computational Chemistry

1.5 B
1.862 2.196
2.179 [1.892] (2.069)
[2.090] . [2.098]
2.170 y 12517)
[2.080] ' '\ (22. bﬂ';z)
© 3928 v 1160 S —
\2ot1yh [1159] [2.080] ; N
“M -:" |_I|94J
~ 1746 Gsog) 1215 1537
175.6 2001 (1.228) (154.6)
[]i.lugx%u e RO 1130s) [135.2]
2,679 1.278
(2.817) (1.306)
[2.832] 1.436 [1316] | -4 1332
(1.370) (]12;:0} (I.E?ﬁ)
2.137 147l = (2.024) sz B4
(2.058) 71193 2.184 [2.044]
[2.057] (123.3) (2.056)
[118.9] [2.068] g
1.204
[zzltiﬁh (1.215)
[2.02 == | [1.202]
(311 (126.1) : o
[1.331] [128.8] [1.061] [1.273]

Com2

Com3

Figure 6. Optimized structures of species involved in the model hydration reaction in carbonyl anhy-
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SCC-DFTB method.

As described in early studies, there is another binding confor-
mation for the bicarbonate to the zinc, which is shown as Com3 in
Figure 6. Similar to the situation for glutamic acid binding dis-
cussed above, both PM3 and SCC-DFTB predicted a mono-dentate
structure while B3LYP gives a nearly bidentate binding confor-
mation. The relative energy of Com2 and Com3, however, is well
described at both PM3 and SCC-DFTB levels; the values are 7.4
and 7.7 kcal/mol, respectively, compared to the value of 6.2
kcal/mol at the B3LYP level.

Summarizing, the examples for CA demonstrate that SCC-
DFTB is a promising approach for describing reactions involving
zinc ion. However, it also has limitations originating from the fact
that an approximate exchange functional was used and therefore
may give poor descriptions in cases where nonhybrid DFT meth-
ods have problems.

Di-Nuclear Zinc Site of Aminopeptidase

A large number of enzymes require metal cofactors for either
catalytic or structural reasons. A smaller, but continuously grow-
ing fraction, of those contain well-defined constellations of metal
ions in their active sites, which has been shown to be essential for
catalysis.”> One of these is the “bridged binuclear metal” motif. In
its general form it consists of two metal cations (usually divalent,
such as zinc) bridged by an endogenous ligand (usually a Glu or
Asp carboxylate, coordinating the metals in a bidentate fashion),
an exogenous one (a water molecule, a substrate, a hydroxide), or
both. These metallohydrolases perform phosphate ester, as well as
peptide bond, hydrolysis. They are involved in processes including
DNA repair, hormone regulation, tissue repair, protein maturation,
and carcinogenesis.”* The relatively simple, small, and symmetric



Modeling Zinc in Biomolecules with SCC-DFTB 577

2002 1970 1975 2168
2.008) (2.046) (2.032) (2.053)
[2.040] [1.990] [2.011] |2.034] 4

2260 WA /||9_4 '|]{;55-45 \ ;

(2.828) M S=F (100.2) (109.8) |58 2.315

[2.905) W\ [112.9] [109.5] (2.849)
’ 2 [2.894]

2.161
(2.042)

[2.005 \
3 889 |4
(TO1.5)1%
[99.6] 2.060
(2000}
2.070 2063 [2.021]
(2051} (2.058)
[2.072] [2.072]
3426
Fae (3.045)
Indn: 3595
. #.9:-14.0
Zn-0C0x 21 8:-25.9)
[-3.5:-6.5]

diZnl

1980
[2.027]

108.9

[104.5]

2.004
2,105 [2.042]
[2.183]
diZn-2a
Zn-£n: 3.150
[3.046]
In-O-C-0n

Zn-0COr

-19.3:-15.2
[-26.5:-11.8]

Figure 7. Optimized structures of di-nuclear Zn>" complexes with carboxylic ligands. Distances are
given in angstroms and angles are in degrees. The numbers without parentheses or brackets were obtained
at the B3LYP level with double-zeta plus polarization quality basis set (see Fig. 3); those in the
parentheses are PM3 values; those in the brackets were obtained with the SCC-DFTB method. In diZN2b,
the distances in italics are kept frozen during geometry optimizations to prevent proton transfer from the

bridging water molecule to the carboxylic group.

active site of Aeromonas Proteolytica Aminopeptidase (AAP)”” is
a prime candidate for mechanistic studies of binuclear metallopep-
tidases. This is especially true because crystal structures of AAP-
inhibitor complexes are available at high resolution.”® There re-
main questions regarding the role of the metals in the AAP
mechanism, as well as of the identity of the nucleophile. It is also
of interest that AAP is 80% active with one Zn only, while in the
case of bovine lens leucine aminopeptidase (bILAP),”” which has
a similar active site and catalyzes the same reaction, both metals
are required. Clearly, it is important to determine if the AAP
mechanism is the same or similar with one or two metals in the
active site.

As shown in Figure 7, both PM3 and SCC-DFTB give a stable
structure for the di-Zn species when the bridging water is ionized
(i.e., an OH™ ion). The overall structures at those levels are very
similar to that from the B3LYP calculation, except for the binding

mode of model glutamic acids, as also seen in the previous section.
The PM3 approach gives a much shorter Zn—Zn distance and
therefore a sharper Zn—O(H)—Zn angle (see Fig. 7). The orien-
tation of the bridging glutamic acid at the SCC-DFTB level is
closer (see the dihedral angles shown in Fig. 7) to the B3LYP
results than that of the PM3 calculation. The binding energy of the
bridging OH™ is calculated to be 223.3 kcal/mol at the PM3 level,
which is very close to the value of 222.2 kcal/mol from B3LYP
calculations; the SCC-DFTB approach gives a somewhat larger
value of 236.9 kcal/mol (Table 2).

When the bridge is a water molecule, one of its protons is
transferred to a model glutamic acid ligand. As a result, another
glutamic acid also becomes bridged between the two zinc ions
leading to three bridging ligands (two glutamic acid plus one
OH™); this leads to diZn-2a (Fig. 7). Such a rearrangement is
not expected within an enzyme active site, where each of the



578

Elstner et al. « Vol. 24, No. 5 « Journal of Computational Chemistry

Table 2. Energetics in kcal/mol for the Active Site Model for Several Enzymes (Alcohol Dehydrogenase,
Carbonic Anhydrase, and Aminopeptidase).*

Enzyme Species B3LYP SCC-DFTB PM3
LADH* AD_R
AD_TS 8.2 7.9 (—3.2)¢
AD_P =52 —8.8 (—46.7)°
CA CAPT_R
Proton CAPT_TS 5.9 8.1 23.7
Transfer® CAPT_P —-4.9 +0.8 —-8.2
Zn(NH;);(OH)™ + CO,
Coml —-53 -7.1 —
Hydration® TS 3.1 14.1 19.1
Com2 —4.0 5.0 0.9
Com3 —10.2 —-2.7 —6.5
AP* Di—Zn - OH™° —2222 —236.9 —2233
Di—Zn - H,0° —31.9[—307.9] —29.3[—317.5] — [

“The structures were optimized at the B3LYP level with the following basis sets: Lanl2dz for Zn; Lanl2dz augmented
with d polarization function for S; and 6-31G(d) for the others. Single point energies were calculated with the 6-311 +
G(d,p) basis set. For the structures involved in liver alcohol dehydrogenase (LADH), proton transfer in carbonic
anhydrase (CA), CO, hydration in CA, and aminopeptidase (AP), see Figs. 4, 5, 6, and 7, respectively. For LADH and
proton transfer in CA, the energetics are relative to the reactant complexes (AD_R and CAPT_R, respectively); for CO,

hydration in CA, the energy reference is isolated Zn(NH;);(OH ) and CO,. For AP, see footnote e.
"The 6-31G(d) basis set was used for all the atoms, including the zinc atom.
“The PM3 structures were not stable; single point energy calculations were performed at the B3LYP optimized

structures.

9The CO, dissociated during geometry optimization at the PM3 level.
°For these complexes, the value without parentheses is the binding energy of H,O to diZN-2b, and the number with
brackets is the binding energy of OH™ to diZN-2a (see text and Fig. 7).

ligands is constrained by the protein backbone and is involved
in interactions with other side chains and/or water molecules.
Therefore, the O—Zn distances of the carboxylate interacting
with the bridging water molecule are frozen and a partial
optimization is restarted from a plateau on the potential energy
surface just before the rearrangement occurs; this leads to
diZn-2b. In both cases, PM3 leads to dissociation of the car-
boxylate ligands. The SCC-DFTB approach, by contrast, gives
structures that are similar to the B3LYP calculations. The
binding energy (Table 2) of the bridging water (OH™) in
diZn-2b (diZn-2a) is also well described at the SCC-DFTB
level, which is 29.3 (317.5) kcal/mol, compared to the value of
31.9 (307.9) kcal/mol from B3LYP calculations.

Conclusions

Zinc ion has many important functions in biological systems. An
efficient and accurate quantum mechanical description for zinc is
crucial for the use of theoretical methods to study the multiple
roles of the zinc ion. In the current work, a parameterization for
zinc has been developed in the framework of the SCC-DFTB. The
SCC-DFTB method was chosen based on its already demonstrated
success in describing structural and energetic properties for species
involving main group elements.*%-%

The parameterization was tested with a range of systems, which
includes small molecules that contain the typical coordination
environment of zinc (with cysteine, histidine, and glutamic/aspar-
tic acids and water), and active site models for a number of
zinc-containing enzymes, such as ADH, CA, and aminopeptidase.
Properties such as geometries, total and relative ligand binding
energies, deprotonation energies of ligands, as well as barriers for
the reactions in active site models of enzymes were studied. The
SCC-DFTB results were compared with B3LYP calculations with
triple-zeta plus polarization functions quality basis sets for the
energetics; comparison was also made with the standard PM3
method. The SCC-DFTB approach showed substantial improve-
ments over the PM3 method in many aspects, particularly in the
binding energies and deprotonation energies of ligands that bind
through the oxygen atom (e.g., water and ethanol). The SCC-
DFTB method also gave better structural and energetic properties
compared to PM3 for proton transfer reactions aided by the zinc
ion, as in the model of CA. In the case of aminopeptidase, the
structural integrity of the di-zinc site was maintained well at the
SCC-DFTB level, while PM3 was not able to give stable struc-
tures.

The current parameterization of zinc for SCC-DFTB is quite
accurate and transferable. Because the parameterization method is
relatively straightforward, it can be extended to other metal ions
such as copper and iron, though they are expected to be more
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complicated because of their open-shell character. This opens up
the exciting possibility of exploring the catalytic mechanisms of
metalloenzymes in more detail than has been possible in the past,
and of considering dynamical features that are critical in the
enzyme function, such as proton pumping in cytochrome ¢ oxi-
dase.

Supporting Materials

Detailed structures and energetics for model complexes at different
levels (B3LYP and SCC-DFTB) are included as supporting mate-
rials.

Appendix I. Calculations of Proton Affinity

As mentioned in the main text [eq. (13)], the total energy in the
DFTB method is defined with respect to the atomic contributions
E,ep[p;?]. For reactions between neutral compounds, this shift can
be neglected because it occurs on both sides of the reaction
equation. In the case of deprotonation reactions, however, we have
to consider these terms explicitly.

To calculate energies of the reaction

BH*—>B+ H"

with the DFTB method, the energy of the proton according to
eq. (10) has to be considered:

E(H") = 0.5% Uy = — 131.6 kcal/mol

In case of the H atom, Emp[p{)*] equals the self-interaction energy
and is equal to 0.5*%U,.
We can also calculate Ercp[pgl] using eq. (13), that is

Elpo] = E™ = Ege” = [E3" (Ryp) = Eg ()]

o 1
= 2 2 HL Ra) =5 2 vasAg*Ag®
AB

i pv

where EPFT is the energy of the H-atom at the DFT level, which
is —0.4977 hartree at the BLYP/6-31+ +G** level of theory (i.e.,
not free of self-interaction). ESET® is the electronic energy contri-
bution of the SCC-DFTB model [first two terms in eq. (9)] and
equals —0.27160 hartree. With these values, we find E,ep[pgl] is
equal to —141.8 kcal/mole, which differs by about 10 kcal/mol
from 0.5*Uy.

In other words, to be fully consistent, one should set Uy, to be
2% El.ep[pf,‘]; in practice, however, it is calculated numerically as
the derivative of the HOMO energy with respect to the occupation
number, where only small variations around the neutral atom are
considered.*® Although this scheme works well for larger ions,
where only a small portion of the total electronic charge is re-
moved from or added to the system, it does not reproduce the
ionization potential well in the case of H™, where the total charge
is removed from the system. Here, the perturbational approach,

which relies on the second-order expansion of the DFTB energy
with respect to charge variations, becomes inexact.

To calculate deprotonation energies, we evaluate the energy
difference of the protonated and deprotonated complex and have to
correct for the missing self-interaction of the H-atom due to eq.
(11). In an earlier publication,®” we calculated proton affinities
using the value —131.6 kcal/mole for Erep[pf){]. However, this
value is not the correct self-interaction energy and in this work, we
used the value of 141.8 kcal/mol. For the study of proton transfer
reactions, however, the choice of the value —131.6 or —141.8
kcal/mol does not make any difference, because the contribution
cancels out for the relative energies.
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