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Abstract First-principles, all-electron, ab initio calcula-
tions have been performed to construct an equivalent
potential of water for the electronic structure of glycine
(Gly) in solution. The calculation involved three steps. The
first step was to search for the minimum-energy geometric
structure of the Gly + nH2O system. The second step was to
calculate the electronic structure of Gly with the potential of
water molecules via the self-consistent cluster-embedding
method (SCCE), based on the result obtained in the first
step. The last step was to calculate the electronic structure
of Gly with the potential of dipoles after replacing the water
molecules with dipoles. The results show that the occupied
molecular orbitals of Gly are raised by about 0.0524 Ry on
average due to the effect of water. The effect of water can
be simulated well using the dipole potential. The equivalent
potential obtained can be applied directly to electronic
structure calculations of proteins in solution using the
SCCE method.

Keywords Glycine . Electronic structure .Water .
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Introduction

The structural taxonomy of proteins has been intensely
studied by crystallography and nuclear magnetic resonance
(NMR) spectroscopy for decades. More than thirty thousand
protein structures are known. Recently, a great deal of
attention has been paid to the properties and biological
functions of various proteins in solution. According to
quantum mechanics, the stationary Schrödinger equation can
be used to elucidate the electronic structure (ground state and
excited states) of a protein, which explains its properties,
while the time-dependent Schrödinger equation and quantum
statistical mechanics can be used to understand the processes
that lead to the biological functions of a protein. However,
computational research into proteins by first-principles calcu-
lations is still rather scarce due to the huge computational
effort required when attempting to perform calculations for the
large numbers of atoms contained in protein molecules, as
well as the limitations on available computational power and
limits on traditional calculation methods. To the best of our
knowledge, there was no successful first-principles, all-
electron, ab initio calculation of the electronic structure of
any protein before the year 2000. Thus, a feasible computa-
tional technique that can greatly reduce the computational
effort required to investigate proteins is needed.

In the last two decades, in both computational condensed
matter physics and quantum chemistry, there has been a
great deal of interest in developing so-called O(N) methods,
for which the computational effort scales linearly with the
number (N) of atoms [1–17]. Self-consistent cluster-
embedding calculation (SCCE) [16, 17], a first-principles,
all-electron, ab initio calculation method, was developed
based on density functional theory (DFT). Unlike the
traditional calculation method, one-electron wavefunctions
obtained using the SCCE method are localized (i.e., each
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one-electron wavefunction is localized to only part of the
region occupied by the system). This approach possesses
two advantages. First, the SCCE method can be applied to
any complex system, and the localized valence electrons in
a material can be better described by the localized wave-
functions obtained in the SCCE calculation. Second, the
computational effort is reduced greatly while the accuracy
of the calculation remains unchanged. This makes calcu-
lations of the electronic structures of proteins achievable.
SCCE calculations have been successfully applied to
several insulators, semiconductors, metals, crystals with
defects and impurities, and surfaces [17–23]. The results
obtained are in good agreement with the corresponding
experimental data. So far, the electronic structures of three
proteins with four three-dimensional structures have been
obtained using the SCCE method [24–27]. Another protein
was calculated by Sato et al. [28] and Yoshihiro et al. [29]
using their own all-electron method.

However, the former calculations did not include the
influence of the solvent. This was due to the limited
computational power available and the following reasons:
the hydrogen bonds between the protein and water molecules
and those between water molecules easily break at room
temperature. Water molecules move ceaselessly, and there is
no fixed relative position between the water molecules and the
protein. The water molecules exert a kind of average force on
the protein, which mainly influences the three-dimensional
structures of the protein. Thus, the electronic structure of a
protein with a certain geometric structure in solution may be
roughly approximated by the electronic structure of the
protein when it has the same geometric structure but is not
surrounded by water molecules. The validity of this approach
has been demonstrated by our previous calculated results,
which are in agreement with experimental data. In order to
make the calculation more reliable, however, the effect of
water should be considered.

Although the computational effort is reduced greatly in the
SCCE method, the computational effort required for a protein
containing thousands of atoms is still so large that it
approaches the limits of supercomputers. Thus, it is impossi-
ble to add a large number of water molecules to the
calculation. To calculate the electronic structure of a protein,
it is necessary to construct an equivalent potential of water,
which must be expressed simply, be easy to use, and most
importantly, require little additional computational effort.

Computational studies of protein molecules, such as
those focusing on protein folding and molecular dynamics
calculations, have until now focused mainly on their
geometric structures. An effective energy function for
proteins and a Gaussian solvent-exclusion model for the
solvation free energy have been developed [30]. The energy
function, including implicit solvation, was first applied to
protein folding calculations by Lazaridis and Karplus in

1998 [31]. There are some well-known models of the
solvation effect, such as that of Onsager [32] and
conductor-like screening models [33]. The influence of
the solvent (water, ethanol, ethyleneglycol, and trifluoroe-
thanol) on the stability of the peptide hydrogen bond was
investigated by Guo and Karplus [34] using a first-
principles calculation in 1994. In 1995, solvent effects on
several small protein molecules, such as the bovine
pancreatic trypsin inhibitor (BPTI) [35], were also studied.
In recent years, some other treatments have been devel-
oped, such as the COSMO-RS approach [36] and solvent
reaction field models [37] (the continuum model, PCM,
IPCM). However, these are all designed for calculations of
geometric structure, not electronic structure.

For a macro system and its macro properties, the effect of
the water molecules can be reasonably treated as the effect of a
continuous medium. However, for the lateral chain of a
residue (which is comparable with a water molecule in size)
and its localized molecular orbitals, a conductor-like polariz-
able continuous medium is clearly not a good approximation.
We really need to consider the effect of the nearest individual
water molecules. However, because the first-principles, all-
electron, ab initio calculation of the electronic structure of
protein is in its infancy, no suitable equivalent potential of
water is available for electronic structure calculations of
proteins using the SCCE method.

There are more than a hundred thousand proteins.
However, we only need to construct the equivalent
potentials of water for 20 amino acids—the building blocks
of proteins. Nine amino acids have already been investi-
gated: cysteine (Cys), lysine (Lys+), histidine (His),
glutamic acid (Glu−), alanine (Ala), aspartic acid (Asp−),
serine (Ser), threonine (Thr) and asparagine (Asn) [38–46].
In the present paper, we are concerned with glycine (Gly).
Gly has ten atoms, and a hydrogen atom as its lateral chain.
It is a nonpolar amino acid, and is hydrophobic. In a neutral
solution, the N-terminus of Gly obtains a proton to become
H3N

+, its C-terminus loses a proton to become COO−,
while the lateral chain is unpolarized and neither loses nor
gains a proton. Therefore, Gly remains neutral in solution.

The present work is based on two considerations. First,
we were not aiming to mimic the situation found in water at
room temperature, but rather to mimic the potential that is
exerted on the electronic structure of Gly by water. From
the viewpoint of the electronic structure of Gly, it is
reasonable to consider only the nearest water molecules that
form hydrogen bonds with Gly and minimize the total
energy. The reasons for this are as follows: (i) in our
calculation, the Gly has already adopted its structure in
solution, which does not change; (ii) there are only a
limited number of water molecules close enough to form
hydrogen bonds with the Gly; (iii) although they fluctuate
significantly, the water molecules surrounding the Gly are
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most probably at the positions that minimize the total
energy of the Gly + nH2O system; (iv) the potential of a
removed dipole (such as a polar water molecule located far
from the Gly) attenuates as 1/r2, so the minimum number of
water molecules (which are all the nearest water molecules
that form hydrogen bonds with Gly and minimize the total
energy, at least in a first-order approximation) exert most of
the solvent’s potential on the electronic structure of Gly, no
matter how the other water molecules are distributed—thus
the electronic structure of Gly with water molecules at these
positions can be considered to approximate the electronic
structure of Gly in water. Second, the electronic structure of
the protein can be calculated via the SCCE calculation.
Dipoles consisting of point charges can easily be added to
the SCCE calculation, and very little extra computational
effort is required. On the other hand, the average potential
of the polar water molecules can be reasonably simulated
by dipoles. Thus, we choose dipoles consisting of point
charges to simulate the potential of water on the electronic
structure of Gly.

The present work consists of three steps. First, we
determine the geometric structure of the Gly + 6H2O system
using the free-cluster calculation method. Second, based on
the geometric structure obtained, the electronic structure of
Gly with the potential of water molecules is calculated using
the self-consistent cluster-embedding method. Finally, by
replacing the water molecules with dipoles, the electronic
structure of Gly with the potential of dipoles is calculated.
The dipoles are adjusted so that Gly with the potential of
dipoles and Gly with the potential of water molecules are
very much alike in terms of electronic structure.

Theoretical model

The “free-cluster calculation” and the “self-consistent
cluster-embedding (SCCE) calculation” methods have been
described in detail elsewhere (see [16] and the website
http://www.esprotein.org.cn), so we will only provide a
brief overview of them here for completeness.

According to DFT [47, 48], the total energy of a system
containing N electrons and M fixed nuclei can be written as
(no relativistic effects are included; atomic units are used:
e2 ¼ 2, h ¼ 1, and 2me ¼ 1, the unit of energy is the
Rydberg constant Ry ¼ e2=2a0 ¼ 13:6049eV):

Ev r½ � ¼ Tni r½ � þ Exc r½ � þ
ZZ
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where Tni r½ � is the kinetic energy of a noninteracting electron
system, and Exc r½ � is the exchange-correlation energy. In

deriving Eq. 1, Kohn and Sham have assumed the existence
of a noninteracting electron system with the same ground-
state charge density r ~rð Þ as that of the real interacting system
[48]. Each noninteracting electron can then be represented by
a stationary state one-electron wavefunction ys

n ~rð Þ. Thus, the
charge density r ~rð Þ and kinetic energy Tni r½ � of the
noninteracting system can be written as:
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Using Eqs. 2 and 3, the single-electron Schrödinger
equation, i.e., the well-known Kohn–Sham equation [48], is
obtained from the variation of functional (1) with respect to
ys»

n ~rð Þ under the normalization rule
R
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where the exchange-correlation potential is

V s
xc ~rð Þ ¼ @Exc ~rð Þ

@rs ~rð Þ : ð5Þ

The exact solution of Eq. 1 can be obtained if the
following two conditions are satisfied: (i) Exc r½ � is exact;
(ii) the trial one-electron wavefunctions ys

n ~rð Þ are uncon-
strained when solving the Kohn–Sham equation (4) (as
required by the variational principle). Then we should
obtain a uniquely exact set of ys

n ~rð Þ� �
which corresponds

to a uniquely correct r ~rð Þ: The Kohn–Sham equation (4),
with an exact V s

xc ~rð Þ and a correct r ~rð Þ; describes a situation
in which one electron (represented by a ys

n ~rð Þ) moves
under the average potentials of all other electrons and
nuclei. Because the potential produced by an electron
ys

n ~rð Þ�� ��2� �
does not act on itself, the exact single-electron

Hamiltonian in Eq. 4 includes only the potentials produced
by r0 ~rð Þ ¼ r ~rð Þ � ys

n ~rð Þ�� ��2. This leads to two results: (a)
different ys

n ~rð Þ will correspond to different single-electron
Hamiltonians (or V s

xc ~rð Þ) in Kohn–Sham equation (4); (b) in
general, the Hamiltonian acting on a ys

n ~rð Þ has no
symmetry of r ~rð Þ. As an example, consider a perfect
periodic crystal. Although its charge density r ~rð Þ is related
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to the lattice periodicity, in general, the exact single-
electron Hamiltonian of Kohn–Sham equation (4) will have
no lattice periodicity.

In practical calculations, however, the two conditions
above cannot be satisfied. Two approximations are
made: (1) the exchange-correlation potential V s

xc ~rð Þ is
averaged over all one-electron states with spin σ (such as
LDA); (2) the unconstrained condition is set aside, and
each ys

n ~rð Þ is constrained to satisfy a certain boundary
condition. The following facts should be emphasized. The
first approximation means that all ys

n ~rð Þ in Eq. 4 now
correspond to the same V s

xc ~rð Þ (and single-electron
Hamiltonian), which have symmetry in rs ~rð Þ, and all
ys

n ~rð Þ are now constrained by this added symmetry.
However, this added constraint is not physically essential,
and can be removed by a boundary condition. The second
approximation means that all wavefunctions that do not
satisfy the boundary condition are thrown away, even
though they may be the true solutions of the system. When
one kind of ys

n ~rð Þ� �
is chosen (a boundary condition is

applied), this means that one kind of noninteracting
electron is used to describe the real system approximately.
By choosing different boundary conditions, we can use
different kinds of ys

n ~rð Þ� �
to get different approximate

r ~rð Þ. This raises a question: among the different kinds of
ys

n ~rð Þ� �
, which is the best one for describing a real

system? The answer is: according to the variational
principle, the calculated energy will be close to the true
ground-state energy only if the trial one-electron wave-
functions ys

n ~rð Þ describe real electrons well. For example,
a set of Bloch functions can provide a good description of
quasi-free electrons, but not localized electrons. The latter
are best described by a set of localized one-electron
wavefunctions.

We now assume that the first approximation has been
made, so all ys

n ~rð Þ correspond to the same single-electron
Hamiltonian Hs ~rð Þ (without a boundary condition), and are
constrained by the added symmetry in rs ~rð Þ. We now
discuss the second approximation. There are two kinds of
noninteracting electrons: extended and localized. They
satisfy different boundary conditions, and correspond to
different calculation methods.

Extended noninteracting electron model

Each one-electron wavefunction ys
n ~rð Þ is constrained to

spread over the whole region occupied by the system. In
this model, Eq. 4 with a periodic boundary condition can
be used for a perfect periodical crystal. The single-
electron Hamiltonian with a periodic boundary condition
has a periodicity of r ~rð Þ, the Bloch theorem is valid, and
the band structure calculation is performed. For a free

cluster, Eq. 4 is solved with the finite boundary condi-
tion ys

n ~rð Þ !~r go away from cluster
0, and the single-electron

Hamiltonian now has the point symmetry of the free
cluster.

Localized noninteracting electron model

Each one-electron wavefunction ys
n ~rð Þ is constrained to be

distributed in part of the region occupied by the system. In
this model, Eq. 4 is used for the self-consistent cluster-
embedding (SCCE) calculation [16]. The system is divided
into P embedded clusters, and N ys

n ~rð Þ are divided into P
groups. The ys

n ~rð Þ in the ith group satisfy the ith set of
special boundary conditions, and localize in the ith region
(embedded cluster).

The details are as follows. Consider the ith embedded
cluster. In this case, the other P−1 embedded clusters are
regarded as the fixed environment, and their atoms are the
surrounding atoms. Each surrounding atom has a core
region. The electronic density of the ith embedded cluster is
represented by r1 ~rð Þ, and the electronic density of the other
P–1 embedded clusters is r2 ~rð Þ; which has a small overlap
with r1 ~rð Þ. Because all N ys

n ~rð Þ are localized, we have
N ¼ N1 þ N2ð Þ
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A zero-value term
R
r1 ~rð ÞVor ~rð Þd~r is added to the right

hand side of Eq. 1. For fixed r2 ~rð Þ, using Eqs. 2′ and 3′, the
variational principle now leads to the basic equation of the
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SCCE method (the ith cluster has Nis electrons with spin σ)
[16]:

�r2 þ 2
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r1 ~r

0ð Þ þ r2 ~r
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~r �~r0j j d~r0 � 2
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where the ys

n ~rð Þ represent only the noninteracting electrons
localized in and around the ith embedded cluster.

Apparently, Eq. 4′ is exactly the same as Kohn–Sham
equation (4) except for Vor ~rð Þ. The Vor ~rð Þ is defined as

Vor ~rð Þ ¼ 2
PM2

l¼1

Zl
~r�~Rlj j if ~r is in the core regions

of surrounding atoms
0 otherwise

8><
>: ;

ð6Þ

where M2 is the number of surrounding atoms. Vor ~rð Þ
cancels the nuclear Coulomb potential in the core regions of
all surrounding atoms. The cluster electrons will only feel a
positive electron–electron Coulomb potential in these
regions, and will be forced out. Thus, the ys

n ~rð Þ in Eq. 4′
satisfy a special boundary condition caused by the Vor ~rð Þ:

ys
n ~rð Þj~r is in the core regions of surrounding atoms ¼ 0: ð7Þ

The physical reasons for boundary condition (7) are
given in [16]. Consider Eqs. 2′, 6 and 7. It is easy to see
that, as long as boundary condition (7) is satisfied, we haveR
r1 ~rð ÞVor ~rð Þd~r ¼ 0. Thus, the Vor ~rð Þ in Eq. 4′ does not

change energy functional (1). The only effect of Vor ~rð Þ is
that it causes the special boundary condition (7). In fact,
what we have done is simply to transform boundary
condition (7) into an equivalent potential Vor ~rð Þ in Eq. 4′.
Thus, Eq. 4′ is just Kohn–Sham equation (4) with the
special boundary condition (7). In addition, there is a
special finite boundary condition for ys

n ~rð Þ because of its
locality:

ys
n ~rð Þ !~r go away from the embedded cluster

0 ð8Þ
The boundary conditions (7) and (8) are different for

different embedded clusters. By calculating all P embedded
clusters one by one, Eq. 4′ gives a complete set of one-
electron wavefunctions for the whole system that minimizes
the total energy in Eq. 1 [16].

The optimum values of the core radii of the surrounding
atoms are determined via two criteria: (i) there is no
collapse disaster; (ii) the number of cluster electrons that
remain in the surrounding core regions is minimized. In
general, boundary condition (7) can be satisfied to a high
precision, and it is found that the results are not sensitive to
the core radii if they are close to the optimal values.

System, computational procedure and results

Both the geometric and the electronic structures of the
Gly + 6H2O system were found using the free-cluster
calculation. Considering the degrees of freedom of the
geometric structure of Gly in solution, six water molecules
are clearly not enough to describe the effect of water on
the geometric structure of Gly in solution. However, our
concern is the electronic structure rather than the geometric
structure. We believe that six water molecules are appropriate
for describing the effect of water on the electronic structure
of Gly in solution, due to the following reasons:

(1) Both the properties and the functions of an amino acid
are determined mainly by the molecular orbitals near
the HOMO, which are easily affected by the solution
environment. On the other hand, it is reasonable to
assume that the molecular orbitals that have energies
which are much lower than the HOMO are hardly
affected. So we can actually use six water molecules to
simulate the effect of water on the molecular orbitals
of Gly near the HOMO. If we choose ten molecular
orbitals near the HOMO, the number of degrees of
freedom is small, and six water molecules should be
reasonable, because their atomicity (18 atoms) is
larger than that of Gly (ten atoms).

(2) The valence electrons in the amino acid are localized
electrons except for the π-electrons of the benzene-
type ring, which are shared with all of the six carbon
atoms. The molecular orbitals of Gly near the HOMO
are mainly localized electrons from the amido (H3N

+)
and carboxyl (COO−) groups. Thus, only the water
molecules that surround these two groups need to be
considered. From the viewpoint of hydrogen bonding,
we use the minimum number of water molecules: each
H atom of the N-terminal H3N

+ group may form a
hydrogen bond with an O atom of a water molecule,
each O atom of the C-terminal COO− group may form
a hydrogen bond with an H atom of a water molecule,
and each H atom nearCamay form a hydrogen bond
with an O atom of a water molecule. Since each water
molecule has one O atom and two H atoms, the
minimum number of water molecules that must be
near the three groups are as follows: three for the N-
terminal H3N

+ group, one for the C-terminal COO−

group, and two for H atoms near Ca. Therefore, six
water molecules will perform well if they are at the
correct geometric positions.

(3) Without question, if more molecules are used, a better
approximation will be achieved. However, consider
the following two facts which indicate that six water
molecules may be the only choice that is both
acceptable and achievable. First, when a water
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molecule is near the amino acid, it will impede other
water molecules from approaching the amino acid.
The potential of a removed dipole attenuates as 1/r2.
Therefore, the minimum number of water molecules
(i.e., those located closest to the Gly, and which form
hydrogen bonds with it), at least to a first-order
approximation, exert most of the effect of the solvent
on the electronic structure of Gly. Second, if we
increase the number of water molecules from the
minimal number of six to nine, for example, there can
be more than 30 geometric structures, all of which
have almost the same total energy. This degeneracy
makes calculations impossible: investigating 30 geomet-
ric structures requires a huge calculation effort. This also
makes a quantitative analysis of convergence impossi-
ble. On the other hand, the complex interactions between
water molecules are of no interest here. Our aim is to
construct a simple and easy-to-use potential. Thus, since
we are limited by our computational capacity, we choose
six water molecules.

Determination of the geometric structure
of the Gly + 6H2O system

Initial geometric structure of the Gly + 6H2O system

The coordinates of the ten atoms of Gly in solution (given in
Table 1) originate from a PDB structure file provided by the
Laboratory of Mass Spectrometry and Gaseous Ion Chemistry
at the Rockefeller University (http://prowl.rockefeller.edu/
aainfo/struct.htm).

In a neutral solvent (pH 7), the N-terminus of Gly gains
a proton to become H3N

+, and the C-terminus loses a
proton to become COO−. The polar water molecules mainly
affect the charged H3N

+ and COO− groups of Gly, and the
H in its lateral chain. At the start, the six water molecules

were distributed semi-randomly around the Gly, based on
our previous experience; i.e., three water molecules were
near the H3N

+, one was near the COO−, and two were near
the two H atoms. Each water molecule, depending on its
initial position and orientation, can form a hydrogen bond
with an H or O atom of Gly, lowering the total energy of
the Gly + 6H2O system.

In all calculations performed in this study, we used the Von
Barth and Hedin [49] form of the exchange-correlation
potential, as parametrized by Rajagopal and coworkers
[50]. The optimized linear combination of the Gaussian
basis sets of C, N, O, and H atoms was used [51–55], parts
of the original bases were uncontracted, several diffuse bases
were inserted, and two polarization functions were added.
These were the same as those used in other electronic
structure calculations for proteins [24–27]; i.e., C, 8s6p, 26
Gaussian bases; N, 8s7p, 29 Gaussian bases; O, 8s7p, 29
Gaussian bases; H, 8s1p, 11 Gaussian bases. The total
number of Gaussian bases was 500. In order to calculate the
exchange-correlation energy, the space occupied by the
Gly + 6H2O system was divided into 308,002 grid points.

The software “free cluster calculation” was developed by
the group of Prof. Callaway in the Department of Physics
and Astronomy, Louisiana State University (USA) [56].
The electronic structures of many molecules and clusters
have been calculated using this software [57–63]. By
solving Kohn–Sham equation (4) self-consistently, we
obtained the electronic structure, the total energy, and the
force exerted on each atomic nucleus.

Adjusting the six water molecules

In the Gly + 6H2O system, the geometric structures of Gly
and the water molecules were kept fixed. Only the relative
positions between the water molecules and Gly were
adjusted. Thus, during the optimization, all of the nuclei
in Gly were fixed, and the nuclei in the water molecules
were moved according to the forces applied, while the
geometric structure of each water molecule remained
unchanged. The electronic structure of the Gly + 6H2O
system was self-consistently calculated using the first-
principles, all-electron, ab initio calculation method.

The six water molecules were adjusted one by one. In
other words, each time, the nuclei of five of the water
molecules were fixed, while the nuclei of the other water
molecule were moved in the direction of the strongest force
applied. When adjusting the nuclei of this one water
molecule, we used eight step lengths, ranging from small
to very large, to stop the adjustment from falling into a local
minimum. So, in all probability, our final optimized
structure does not depend on the initial geometry. The
new positions of the nuclei of this one water molecule that
yield the lowest total energy were then found. Then we

Table 1 Atomic coordinates of Gly

No. Atom X (Å) Y (Å) Z (Å)

1 Cα 0.066 −0.181 0.855

2 N −1.335 0.173 0.469

3 C 1.036 0.600 0.002

4 O 2.237 −0.457 0.158

5 O 0.601 1.407 −0.877
6 H 0.225 −1.247 0.703

7 H 0.225 0.063 1.903

8 H −2.000 −0.363 1.053

9 H −1.487 1.186 0.614

10 H −1.487 −0.060 −0.528
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moved the nuclei of another water molecule that experi-
enced the strongest applied force. After the nuclei of all six
water molecules had been adjusted, one course was
finished. The second course was then started. After
hundreds of adjustments, the geometric structure of the
Gly + 6H2O system with the lowest total energy was
obtained. The total energy of the final structure was
−1479.1572 Ry, 0.4503 Ry lower than that of the initial
structure. The final atomic coordinates of the six water
molecules are given in Table 2. The final geometric
structure of the Gly + 6H2O system is shown in Fig. 1,
where most of the atoms are numbered according to their
numbers in Tables 1 and 2.

Of course, we cannot be absolutely certain that we have
achieved the best structure—i.e., the best relative positions
between the water molecules and Gly which lead to the
lowest total energy (global minimum)—even if we were to
perform another hundred adjustment steps. However, we
can be sure that the room for further adjustment is very
small, and that the total energy of our final geometric
structure is very close to the lowest energy of the Gly +
6H2O system. Therefore, if we use our final structure, the
calculated electronic structure for Gly in the potential of
water will be a good approximation to the real electronic
structure of Gly in a real aqueous solution. This is due to
the following reasons. First, we do not study the relative
positions between the water molecules and Gly. Second,
there are no fixed hydrogen bonds between the water
molecules and the protein in solution, so there are no fixed

relative positions between the water molecules and the
protein. The water molecules are, most probably, at the
positions that cause the total energy of the system to be
minimized. Third, in order to reduce the computational
effort, charge-density fitting is used in both the free-cluster
and the band structure calculations: a pseudo charge density
that differs from the real one but gives a total energy that is
very close to that calculated using the real charge density is
used to calculate the electronic structure. It is considered
that the electronic structure calculated using this pseudo
charge density is a good approximation to the real
electronic structure of the system.

Electronic structure of Gly in the potential of water
molecules

Based on the geometric structure of the Gly + 6H2O system
determined in “Initial geometric structure of the Gly +
6H2O system,” the system was then divided into seven
embedded clusters for the self-consistent cluster-embedding
calculation (SCCE). Gly was the first cluster, and each
water molecule was treated as one cluster. In the SCCE
calculation, the total potential was the same as that in the
free cluster calculation; however, the one-electron wave-
functions were changed from being extended to localized:
each one-electron wavefunction was localized in the region
of a cluster. Thus, the electronic structure of Gly was
separated from that of the water molecules. The software
used for the SCCE calculation was developed by our group
[64], and has been applied to several insulators, semi-
conductors, metals, crystals with defects and impurities,
surfaces, and proteins [17–27].

The calculation involved two kinds of iterations: (i)
intracluster iterations and (ii) intercluster iterations. Con-
verged results were achieved after ten intercluster iterations.
Table 3 shows the eigenvalues and Mulliken populations of
ten orbitals near the HOMO of Gly in the potential of six
water molecules.

Equivalent potential of water on Gly simulated
by dipoles

Each water molecule was then replaced by a dipole: the O
atom was replaced by a negative point charge, while the
two H atoms were replaced by a positive charge located in
the middle of the line connecting the two H atoms.
Adjusting the point charges and the positions of dipoles,
the electronic structure of Gly was recalculated using the
SCCE calculation. There were no intercluster iterations this
time; only the intracluster iterations of the Gly cluster were
required, because the dipoles had no electrons.

Table 2 Final atomic coordinates of the six water molecules

No. Atom X (Å) Y (Å) Z (Å)

[1] 11−O 3.0658 2.2373 −1.7807
12−H 3.2693 1.6047 −1.0918
13−H 2.1093 2.2625 −1.8084

[2] 14−O 0.3622 0.4175 4.1080

15−H 0.2766 1.2381 4.5934

16−H 0.6549 −0.2182 4.7611

[3] 17–O 0.5601 −3.4100 0.2116

18−H −0.1654 −4.0315 0.2728

19−H 1.3443 −3.9583 0.1868

[4] 20−O −1.8806 −0.4901 −2.5152
21−H −2.0843 −1.3612 −2.8556
22−H −2.1367 0.1079 −3.2174

[5] 23−O −1.7491 3.0273 0.5691

24−H −1.0210 3.5585 0.2467

25−H −2.1720 3.5756 1.2230

[6] 26−O −3.3764 −1.4555 2.3111

27−H −3.1936 −2.2446 2.8212

28−H −4.1551 −1.0795 2.7214
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It is important to note that the results from the free-
cluster calculation of Gly + 6H2O could not be used as
fitting criteria to adjust the dipoles in the SCCE
calculation of Gly + six dipoles, because the two systems
had different numbers of electrons and the distribution
regions of the electrons in the two systems were not the

same. On the other hand, the SCCE calculation of Gly +
6H2O (i.e., the electronic structure of cluster Gly
obtained above) can be considered to approximate the
electronic structure of Gly in water, and thus was suitable
for use as fitting criteria. The dipoles were therefore
adjusted accordingly. In order to evaluate the difference

Fig. 1 Final geometric structure
of the Gly + 6H2O system

Table 3 Some of the eigenvalues and Mulliken populations of Gly in the potential of six water molecules

State Energy (Ry) Mulliken population

C N O H

s p s p s p s p

22 −0.0967 3.4580 0.6858 0.0449 0.2961 −0.1065 −0.1280 −3.2538 0.0037

21 −0.1685 0.5276 0.0337 2.5597 1.0919 −0.0034 0.0832 −3.3021 0.0093

The above states are unoccupied

20 −0.3420 −0.0044 0.0052 0.0489 0.0127 −0.0041 0.9751 −0.0338 0.0004

19 −0.3463 −0.0030 0.0018 0.1052 0.0263 0.0137 0.9367 −0.0813 0.0006

18 −0.4075 0.2562 0.1521 0.0208 −0.0064 −0.0520 0.7061 −0.0774 0.0005

17 −0.5902 −0.0001 0.3780 0.0000 0.0008 0.0001 0.5014 0.1169 0.0028

16 −0.6485 0.0154 0.2123 0.0003 0.0118 0.2097 0.5532 −0.0033 0.0006

15 −0.7158 0.0388 0.2220 0.0026 0.0018 0.2465 0.4684 0.0183 0.0015

14 −0.7753 0.0000 0.5454 0.0000 0.0283 0.0000 0.0774 0.3347 0.0141

13 −0.8696 0.1428 0.4209 0.0279 0.0707 0.0413 0.1265 0.1578 0.0122

Note: because of the small values associated with them, d-electrons are not given in this table or in subsequent tables
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between the electronic structure calculated here and that
obtained in the previous section, two quantitative criteria
were established:

(1) The mean square deviation of eigenvalues

ΔEs ¼ 1
Ns

PNs

n¼1
ð"sn � "sn0Þ2

	 
1=2
, where "sn and "sn0 are the

eigenvalues of the nth molecular orbital with spin s
calculated in this section and in the previous section,
respectively. Ns is the number of electrons with spin σ.

(2) The equivalent mean square deviation of charge density

ΔCs ¼ 1
N

PN
i¼1

PN
j¼1

PNs
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ni C

s
nj �

PNs
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s
nj0
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, where Cs
ni and Cs

ni0

are the expansion coefficients of the eigenfunctions of the
nth molecular orbitals with spin s calculated in this section
and in the previous section, respectively. N is the number of
Gaussian bases used to expand the one-electron wave-
function. (Note the charge density:

rs ~rð Þ ¼
XNs

n¼1

ys
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¼
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Ui

»
~rð ÞUj ~rð Þ, where the Gaussian bases

Ui ~rð Þare identical in the two calculations.)

The intracluster iterations of the Gly cluster were
performed using the SCCE method, and the electronic
structure of Gly in the potential of six dipoles was obtained.
The values of the two criteria were then calculated and
compared. Initially, the mean square eigenvalue deviation
was 1.0115×10−2, and the equivalent mean square charge
density deviation was 3.2947×10−2. After hundreds of
adjustments, both values reached minima of 3.7131×10−3

and 3.1830×10−2, respectively. This means that the elec-
tronic structure of Gly in the potential of dipoles is close to
that obtained in the potential of water molecules.

There are a number of studies in the literature that
address the problem of simplified discrete solvent repre-
sentation via point charges; each has its own advantages
and disadvantages. According to the website http://www.
lsbu.ac.uk/water/models.html, 23 water models and more
than 1200 papers can be found on this subject. The review
written by Guillot [65] listed 46 distinct water models,
which indirectly indicates their lack of success in quanti-
tatively reproducing the properties of real water. In our
previous studies of the construction of equivalent potentials
[40, 42], we tried two popular three-charge water models,
TIP4P-FQ [66] and SPC [67, 68], as well as a dipole
model. However, when calculating the electronic structure
of an amino acid, the more complicated three-charge water

models did not give a better fit than the simple dipole
model (this will be discussed in another paper). Two facts
should be emphasized here. First, we are not constructing a
general model of water that is suitable for all cases here,
since this is a complex problem that has still a lot of issues.
We are constructing a special equivalent potential of water
that is only suitable for calculations of the electronic
structures of proteins in solution. For example, the dipoles
constructed for Gly will only be applied to the Gly present
on the surface of a protein in solution. Second, we are not
aiming to construct an exact special equivalent potential of
water. Actually, this does not exist: it is impossible to make
the electronic structure of Gly in the potential of dipoles
identical to the electronic structure of Gly in the potential of
water molecules. Our aim is to construct a simple and easy-
to-use potential, which, at least to a first-order approxima-
tion, exerts most of the effect of the solvent on the
electronic structure of the protein. Therefore, we chose the
dipole model.

The initial charges of all six dipoles were set to the same
value, 0.500e. The distance between a positive charge and a
negative charge was 0.5858 Å and did not change during
the calculations. The charges of the six dipoles were
adjusted one by one. After hundreds of adjustments, the
two criteria reached their minima. The final charges of the
six dipoles were as follows: the charges of the three dipoles
around the amidogen were 0.550e, 0.670e and 0.615e,
respectively; the charge of the one dipole near the carboxyl
was 1.030e; the charges of the two dipoles that approach
the hydrogen H were 0.760e and 0.800e, respectively. The
charges and coordinates of the six dipoles are listed in
Table 4, and the geometric structures of the Gly + six
dipoles are shown in Fig. 2. Table 5 shows the eigenvalues
and Mulliken populations of ten orbitals near the HOMO of
Gly in the potential of six dipoles.

Table 4 Point charges and coordinates of six dipoles

No. Charge (e) X (Å) Y (Å) Z (Å)

(1) −1.030 3.0658 2.2373 −1.7807
1.030 2.6893 1.9336 −1.4501

(2) −0.760 0.3569 0.4111 4.0689

0.760 0.4604 0.5036 4.6381

(3) −0.800 0.5601 −3.4100 0.2116

0.800 0.5895 −3.9949 0.2298

(4) −0.550 −1.8807 −0.4901 −2.5152
0.550 −2.1105 −0.6266 −3.0365

(5) −0.670 −1.7491 3.0273 0.5691

0.670 −1.5965 3.5670 0.7383

(6) −0.615 −3.3764 −1.4555 2.3111

0.615 −3.6744 −1.6620 2.7713
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Discussion

In order to acquire a knowledge of the effect of water
solvent on the electronic structure of Gly, the electronic
structure of an isolated Gly was calculated using a free-
cluster calculation. The total energy of the isolated Gly was
−565.9391 Ry. The eigenvalues and Mulliken populations
of ten orbitals near the HOMO of the isolated Gly are
shown in Table 6.

Shown in Table 7 are the eigenvalues of orbitals 13 to 22
of Gly for three cases: in the potential of dipoles, in the
potential of water molecules, and in no applied potential.

The last row in Table 7 gives the energy gap between states
20 and 21. A sketch map comparing the three sets of
eigenvalues of Gly is shown in Fig. 3.

The properties of Gly are determined mainly by the
molecular orbitals near the HOMO. In Tables 3, 5 and 6,
Mulliken population analysis shows that, in all three cases,
the molecular orbitals below the HOMO are similar.
Orbitals 20 and 19 are occupied mainly by the 2p electrons
of the oxygen in the backbone COOˉ. Orbital 18 is a
hybridized state contributed to mainly by the 2p electrons
of the oxygen in the backbone COOˉ and the 2p and 2s
electrons of Ca. Orbital 17 is a hybridized state which is

Fig. 2 Final geometric structure
of the Gly + six dipoles system

Table 5 Some of the eigenvalues and Mulliken populations of Gly in the potential of six dipoles

State Energy (Ry) Mulliken population

C N O H

s p s p s p s p

22 −0.0122 0.1770 0.1227 0.0713 0.2252 0.0225 −0.0615 0.4397 0.0031

21 −0.0901 0.3152 −0.0465 1.4481 0.2485 −0.0024 0.0307 −1.0032 0.0077

The above states are unoccupied

20 −0.3352 0.0165 0.0305 0.0431 0.0031 −0.0264 0.9405 −0.0077 0.0004

19 −0.3390 0.0001 0.0035 0.0008 −0.0013 −0.0003 0.9939 0.0032 0.0003

18 −0.4166 0.0853 0.1329 0.0088 0.0023 0.0052 0.7776 −0.0126 0.0006

17 −0.6049 0.0000 0.4041 0.0000 −0.0004 0.0001 0.4937 0.0993 0.0032

16 −0.6331 0.0077 0.1997 0.0026 0.0197 0.2421 0.5208 0.0064 0.0009

15 −0.7196 0.0565 0.1491 0.0022 0.0050 0.3008 0.4839 0.0018 0.0007

14 −0.8011 0.0000 0.5624 0.0000 0.0409 0.0000 0.0581 0.3215 0.0171

13 −0.8740 0.0916 0.4120 0.0176 0.1785 0.0554 0.0481 0.1825 0.0143

120 J Mol Model (2011) 17:111–124



mainly contributed to by the 2p electrons of oxygen and
carbon in the backbone COOˉ. Orbitals 16 and 15 are
occupied mainly by the 2p electrons of oxygen and carbon,
and the 2s electrons of carbon in the backbone COOˉ.
Orbitals 14 and 13 are hybridized states that are mainly
contributed to by 2p electrons from the carbon and the 1s
electrons of the hydrogens in CaH2, as well as the 2p
electrons of the carbon in the backbone COOˉ.

Upon comparing the second column with the third one in
Table 7, and Fig. 3a with Fig. 3b, it is found that water does
not markedly change the relative positions of the occupied
molecular orbitals. The main effect of water is to narrow the
energy gap by about 1.7%, and raise all eigenvalues by
about 0.0524 Ry on average. Among the eight orbitals, the
eigenvalues of orbitals 20, 19 and 18 are raised by 0.0249
Ry, 0.0319 Ry and 0.363 Ry, respectively, much less than
those of the other orbitals.

Comparisons between the third and fourth columns in
Table 7 and between Figs. 3b and 3c reveal that, below the
HOMO, eigenvalues of Gly in the potential of dipoles are
very close to those of Gly in the potential of water, except
for orbital 14, which decreases by 0.0258 Ry. However,
above the HOMO, the energy gap calculated using the
potential of dipoles is broadened by 41% compared with
that calculated using the potential of water molecules. This
suggests that, in the potential of dipoles, unoccupied
orbitals are overestimated. Because unoccupied orbitals
make no contribution to the charge density, it can be
concluded that the calculated potential of dipoles gives a
good simulation of the effect of water on the electronic
structure of Gly.

Although it is a special equivalent potential of water, our
dipole potential is transferable. We will use dipoles to
construct the equivalent potentials of water for the

Table 6 Some of the eigenvalues and Mulliken populations of an isolated Gly

State Energy (Ry) Mulliken population

C N O H

s p s p s p s p

22 −0.0716 0.0140 0.0454 0.0012 −0.5054 0.0387 −0.0076 1.4049 0.0087

21 −0.1904 0.1076 0.0016 −0.4496 0.0449 −0.0117 0.0295 1.2649 0.0129

The above states are unoccupied

20 −0.3669 0.0208 0.0492 0.0205 0.0104 −0.0263 0.9066 0.0183 0.0005

19 −0.3782 0.0000 0.0047 0.0000 −0.0035 0.0000 0.9902 0.0081 0.0004

18 −0.4438 −0.0445 0.1958 0.0361 0.0113 −0.0024 0.7889 0.0140 0.0008

17 −0.6530 0.0000 0.4108 0.0000 −0.0022 0.0000 0.5075 0.0819 0.0019

16 −0.6681 0.0047 0.1803 0.0032 0.0158 0.2772 0.5145 0.0036 0.0006

15 −0.7636 0.0607 0.1370 0.0011 0.0045 0.2994 0.4945 0.0022 0.0005

14 −0.8895 0.0000 0.5518 0.0000 0.0347 0.0000 0.0341 0.3620 0.0173

13 −0.9510 0.1137 0.4913 0.0082 0.0689 0.0681 0.0486 0.1901 0.0112

State Eigenvalues (Ry)

No potential Potential of water molecules Potential of dipoles

22 (unoccupied) −0.0716 −0.0967 −0.0122
21 (unoccupied) −0.1904 −0.1685 −0.0901
20 (EF) −0.3669 −0.3420 −0.3352
19 −0.3782 −0.3463 −0.3390
18 −0.4438 −0.4075 −0.4166
17 −0.6530 −0.5902 −0.6049
16 −0.6681 −0.6485 −0.6331
15 −0.7636 −0.7158 −0.7196
14 −0.8895 −0.7753 −0.8011
13 −0.9510 −0.8696 −0.8740
Eg = E21 − E20 0.1765 0.1735 0.2451

Table 7 Three sets of
eigenvalues of Gly
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electronic structures of 20 amino acids. When this is
finished, it will be possible to apply the obtained equivalent
potentials to the SCCE calculation, as well as any first-
principles, all-electron, ab initio calculation method, as long
as they are used to calculate the electronic structure of a
protein in solution. Amino acids lose their water molecules
when they turn into amino acid residues, and they are then
combined into several interlaced polypeptide chains, there-
by forming a protein. Each chain has only one N-terminal
H3N

+, one C-terminal COO−, and many lateral chains. For
the electronic structure of a protein with a known geometric
structure in solution, water solvent does not affect the
molecular orbitals of amino acid residues in the interior of
the protein because of screening effects. Thus, we only
need to put the dipoles (according to our dipole potentials)
near the N-terminus and C-terminus of a chain, and near the
tips of lateral chains of the amino acid residues that are on
the surface of the protein. Both the charges and the
locations of the dipoles around those amino acid residues
can be obtained using our program if the locations of those
amino acid residues are inputted into the program. This
should help to more reliably determine the active sites and
the reactive sites of a protein in solution, which are usually
at the N-terminus and C-terminus of a chain, and on the tips
of lateral chains of amino acid residues that are on the
surface of the protein.

Conclusions

We have performed first-principles, all-electron, ab initio
calculations to construct the equivalent potential of water
for the electronic structure of Gly in solution. The

calculations involve three steps. First, we used the free-
cluster calculation to obtain the geometric structure of the
Gly + 6H2O system that has the lowest total energy.
Second, based on the geometric structure obtained, we used
the self-consistent cluster-embedding (SCCE) calculation to
acquire the electronic structure of Gly in the potential of
water molecules. Finally, we replaced the six water
molecules with six adjustable dipoles. The dipoles were
adjusted until the electronic structure of Gly with the
potential of dipoles was close to the electronic structure of
Gly with the potential of water molecules.

We compared the electronic structures of Gly in three
cases: with the potential of water, with the potential of
dipoles, and without any external potential. The main
effect of water on the electronic structure of Gly is to
narrow the energy gap by about 1.7% and raise all
eigenvalues by about 0.0524 Ry on average. A simple
potential of dipoles can be used to simulate the effect of
water on the electronic structure of Gly: for the
molecular orbitals under the HOMO, the eigenvalues in
the first two cases above are very close to each other.
Thus, a simple dipole potential that is easy to use and
requires little additional computational effort was estab-
lished. More equivalent potentials for other amino acids
will now be constructed. The results of this work,
together with those from previous studies and forthcom-
ing studies, will be directly applied to electronic structure
calculations of proteins in solution.
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Fig. 3 Comparison of eigenval-
ues among the cases with no
potential (a), with the potential
of water molecules (b), and with
the potential of dipoles (c),
where a solid line represents an
occupied orbital and a dashed
line refers to an unoccupied
orbital
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