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Abstract: A comprehensive version of the theoretical databank of transferable aspherical
pseudoatoms is described, and its first application to protein—ligand interaction energies is
discussed. The databank contains all atom types present in natural amino acid residues and
other biologically relevant molecules. Each atom type results from averaging over a family of
chemically unique pseudoatoms, taking into account both first and second neighbors. The
spawning procedure is used to ensure that close transferability is obeyed. The databank is applied
to the syntenin PDZ2 domain complexed with four-residue peptides and to the PDZ2 dimer.
Analysis of the electrostatic interactions energies calculated by the exact-potential/multipole-
moment-databank method stresses the importance of the Py and P—; residues of the peptide in
establishing the interaction, whereas the P_; residue is shown to play a much smaller role.
Unexpectedly, the charged P_3 residue contributes significantly to the interaction. The class |
and Il peptides are bound with the same strength by the syntenin PDZ2 domain, though the
electrostatic interaction energy of the P_, residue is smaller for class | peptides. There is no
difference between the interaction energies of the peptides with PDZ2 domains from single-
domain protein fragments and those from PDZ1—-PDZ2 tandems.

Introduction of ~3 kJ per molé. Its merits relative to the experimental

In a preceding paper, we have described a databank ofdatabank pioneered by Pichon-Pesme étralve been the
transferable aspherical atoms to be used in the evaluation ofsubject of a previous discussiéhln a more recent article,
electrostatic interactions between large macromolecules andhe databank has been used to evaluate the electrostatic
in the refinement of high-resolution structures of molecules component of the interaction between fragments of the
such as proteins, polysaccharides, and nucleic acidse antibiotic vancomycin and substrate molecules, with the
databank was shown to give an excellent reproduction of nonelectrostatic contribution evaluated with perturbation-
the electron density in a number of amino acids when theory-based pairwise ateratom potential$.
compared with those calculated with conventional ab initioc  The databank may be compared with the invariom ap-
methods at the B3LYP/6-31G** level, while requiring only  proach, pursued by Dittrich and co-workers, in which
a small fraction of the computational time. It was shown aspherical atoms are defined by one atom in an as close as
that the databank allows calculation of the electrostatic possible bonding environmeft? In our procedure, a large
interaction energies of amino acid dimers with an accuracy number of molecules is analyzed and chemical similar atoms
are grouped into families with closely related multipole
* Corresponding authors. Fax: (716) 645-6948 (P.C.). E-mail: POpulation and expansiercontraction parameters. Standard
pd24@buffalo.edu (P.M.D.), volkov@buffalo.edu (A.V.), deviations are calculated from the spread in the parameters
coppens@buffalo.edu (P.C.). within one family. A new family is spawned when significant
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outliers occur. This procedure ensures that close transfer-

ability is obeyed and implicitly accounts for differences in
bond order in the atom’s coordination sphere.

We note that reconstructing the electron density from
transferable aspherical molecular fragments stored in a

databank has been pursued by other research groups using

guantum-chemical partitioning quite different from that
employed here. The fuzzy density fragmentation method, for
example, has been introduced by Mezey efal.

We describe here the extension of the databank by
systematic application of the spawning procedure. The new
version includes all atom types encountered in amino acid
residues. In a first application to a large protein molecule,
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Table 1. Slater Radial Function Coefficients, n,and ¢,
Applied in the Refinements of Theoretical Structure Factors

element n ¢ [bohr 14
Cc 2,2,3,4 3.176
N 2,2,3,4 3.839
O 2,2,3,4 4.466
S 2,4,6, 82 3.851
Cl 4,4, 4,4 4.259
H 1,2 2.000

a As suggested by Dominiak and Coppens.2®

Clementi and Raimondi were used, with powers af (n)
given in Table 1. They were multiplied by the refinalate

the databank is applied to the interactions between the PDZ2parameters.

domain of the scaffolding protein syntenin and peptides. The
results shed light on the nature of the interaction between

The variables-P,,, the valence electrons population (in
the model used equivalent to the spherical monopole popula-

the protein and the various residues, which has been thetion); Py, populations of the deformation functions;and

subject of recent discussiof&'3

Methodology
Theoretical Calculations. Theoretical calculations were
performed as described by Volkov et'alo construct the
databank, single-point calculations on selected small mol-
ecules (Table S1, Supporting Information) were performed
with the Gaussian 98 and Gaussian 03 progtamsing
density functional theory (DFT) with a standard split-valence
double-exponential 6-31G** basis set including polarization
functions®® The DFT calculations were based on Becke's
three-parameter hybrid methiédombined with the nonlocal
correlation functional of Lee, Yang, and Parr (B3LYR).
Experimental molecular geometries as recorded in the
Cambridge Structural Database were uSedHydrogen
positions were obtained by extending-K distances to their
standard neutron diffraction valu¥Complex static valence-
only structure factors in the range9sin 6/4 < 1.1 A?
were obtained by the analytic Fourier transform of the
molecular charge densities for reciprocal lattice points
corresponding to a pseudo-cubic cell with 30 A edes.
Aspherical Atom Refinement of the Theoretical Struc-
ture Factors. The data were fitted with the Hanse@oppens
pseudoatom formalisit, using version 4.12 of the XD
program suité? Both radial screening factors andx«’) were
refined independently for each atom, with the exception of

k', the expansioncontraction parameteravere averaged
over each atom type and constitute the prime information
stored in the databank.

Local Coordinate System AssignmentAveraging of the
multipole populations of equivalent pseudoatoms requires
that the spherical harmonic functions centered at these atoms
be expressed in a common local frame. The program L'SDB
includes a fully automatic definition of unique local coor-
dinate systems based on the coordination environment of
each atom. Itis an essential tool in the charge density analysis
of any large molecule, for which the manual assignment of
coordinate systems becomes prohibitively cumbersome, and
in the building of the pseudoatom databank based on a large
number of small molecules.

Consistency in selecting the local coordinate system is
crucial for defining the atom types and subsequent averaging.
In the first step, the local coordinate system is oriented such
as to allow local symmetry constraints. Whenever the local
symmetry allows more than one possibility of selecting a
particular local coordinate axis, the following procedure is
used to choose the neighboring atom 1, which defines axis
1:26

(1) Atoms with the highest atomic number are selected,
and if there is only one such atom, it is chosen as atom 1.

(2) If step 1 is inconclusive, atoms with the highest atomic
number are ordered according to their hybridization state (sp

the chemically equivalent hydrogen atoms which shared thefirst, then sp and sp) and then by their valency (number of

samex and k' parameters. The multipolar expansion was
truncated at the hexadecapolar levgh{= 4) for the non-
hydrogen atoms and at the quadrupolar leligl= 2) for
hydrogen atoms, for which only bond-directed functions of
I,m = 1,0 and 2,0 were refined. To reduce the number of

attached atoms; the smallest number first). The first atom

from the list is chosen as atom 1.

(3) If the preceding procedure is not conclusive, that is,
there is more than one atom at the top of the list with the
same element type, hybridization, and valency, atoms are

least-squares variables, local-symmetry constraints weresorted according to their distance to the central atom, and

imposed for some atoms. A molecular electroneutrality
constraint was applied in all refinements. The phase ambigu-
ity problem was solved by keeping the phases fixed at
theoretically calculated values.

Atomic scattering factors were based on the atomic wave
functions of Clementi and Roettiand were, in the course
of the refinement, modified by the parameter. For the
deformation functions singl&é-exponents corresponding to

the one with the shorter distance is chosen as atom 1.
After atom 1 is selected, atom 2 is chosen from the
remaining neighboring atoms following the rules defined
above. In some cases, it is necessary to define a dummy atom
to make use of the symmetry, as for example for the central
C atom of the—C—CH,—C~— group, for which the dummy
atom will be placed at the midpoint between the heavier
carbon atoms, and axis 1 will be oriented along the local

weighted averages over the s- and p-shell values given by2-fold symmetry axis. Such use of local symmetry allows
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Figure 1. Correlation between the monopole-derived charge, g, and the expansion—contraction parameter (a) « or (b) «' for
hydrogen (grey), carbon (black), nitrogen (blue), oxygen (red), sulfur (orange), or chlorine (green) atom types.

minimization of the number of multipole parameters. In case in Table 2, whereas a list of neighbor types used in

of atoms belonging to a planar ring, axis 1 is always oriented construction of the databank is given in Table 3.

toward the center of the ring and mirror plane symmetry iS  In some cases, the criteria described above are modified
always applied even if higher symmetry is possible. Usually, by including the effect of next-nearest neighbors or, on the
a right-handed coordinate system is defined, except in theother hand, by ignoring differences between nearest neigh-

case of chiral atoms, for which both right- and left-handed
systems are allowed. Chirality is defined locally, that is, only
by the character of the nearest neighbors.

In the initial stages, very low symmetry or no symmetry
at all was applied in refinement. In case symmetry was

bors. An example of the first situation is oxygen atom types
0101-01047 (Table 2), while the second occurs for carbon

atoms such as C405 for which the type of neighboring C
atom does not affect the central atom’s population param-
eters. A simpler definition of an atom type is sometimes used

evident after averaging over an atom type, that symmetry when the number of occurrences of a intended atom type in
was adopted in the final refinement of the molecules. the molecular sample is too small to get statistically meaning-
Residual density maps were examined carefully to ensureful average values of the deformation-density parameters.
that the symmetry constraint was justified. For each atom, the LSDB program analyzes the coordina-
Atom Type Definitions. The key step in the construction tion environment and assigns the appropriate atom type. The
of any databank is the choice of atom types, that is, the corresponding charge-density parameters are then transferred
selection of atoms which are sufficiently similar to be treated from the databank for the subsequent analysis.
identically. A compromise must be struck between achieving Atom Types in the Databank. At the time of writing,
the most accurate representation of the charge density ofthe databank contained 74 atom types (Table 2). (Note added
many molecules and minimizing the number of atom types. in proof: 104 atom types are incorporated in the version
In the construction of the databank, a new atom type is made available on the Web in October 2006.) It includes all
introduced whenever the average value of any deformationatom types encountered in peptides, proteins, and some other
density parameter over a group of atoms differs by an amountbiologically interesting molecules.
greater than one standard deviation of the sample consisting As noted beforé&®2° the monopole-derived net atomic
of the remaining atoms. This approach leads to the following charges correlate with the expansiaontraction parameters.
set of general criteria for the definition of an atom type: (1) Thex parameters are strongly related to the charges (Figure
element type, (2) the number of attached atoms (atomla) and form two distinctive groups: those describing
valence, number of the nearest neighbors), (3) nearesthydrogen atom types with a fitted linear equatien=
neighbor type, which may be affected by the next-nearest1.122(3)+ 0.27(3p, R= 0.96, and those for non-hydrogen
neighbors, (4) aromaticity, and (5) local symmetry. atoms which are fitted by = 0.9987(5)+ 0.056(2})), R =
Atoms that are part of planar ring systems are given an 0.96. A somewhat less clear linear dependence oh g*°
aromaticity flag and treated as separate types. Usually, onlyis observed for hydrogen and carbon atom types (Figure 1b).
element type and hybridization are taken into account to For the other elements, the range of charges is insufficient
characterize any neighboring atom, except for neighboring to examine any correlation, and unlike fog, the points in
sp? or sF-hybridized nitrogen atoms, which are additionally the graph for N and O do not fall on the line derived for
subdivided into sf{4), sP(3), sPF(3), and sp2), where the  carbon (Figure 1b).
number in parentheses represents the number of neighbors The net atomic charges of the pseudoatoms do not always
of the nitrogen atom. Hybridization states of neighboring reflect accepted electronegativity concepts, as they depend
atoms are derived solely from the number of attached atomscrucially on the division of the charge in the bonding regions.
and, in the case of nitrogens, planarity of the group. The For the hydrogen atoms, for example, refinement of both
atom types in the current version of the databank are listedbond-directed dipoles and quadrupoles effectively allows
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Table 2. Atom Types in the Databank?
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Table 2 (Continued)
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Oxygen
O
/ / # 1
c—c:?e\.- C—C\?\ C—C\/\ C—C\?\ C—C;
0 Oz H 07C N, O—H
0101 0102 0103 0104 0201
2 ] \ H
C_C\1 A S ' /C ?
0=C C+0 C;—0 Ci—
0202 0204 0206 0207
Sulfur
H L C
X / ’ /
Cs—sS C— $;—S
S206 S207 S208
Chlorine
CCl
Clo1
Hydrogen
H H H
/ / / :
X—cH X—cH X—CX - :
. . »
H X X CH N;—H
H101 H10_2 H103 H104 H105
H 'C{\1 H H
Ns—H N;—H C;—0, C-0O, C;0,
H107 H108 H109 H110 H111
!H
X—S,
H112

2 The symbol D represents dummy atoms, required for coordinate system definition.

Table 3. Labeling of the Nearest and Next-Nearest
Neighbor Atom Types?

C any Csp? or Csp?® carbon
Ci1 Csp? aromatic and nonaromatic
C, Csp?

Car Csp? in planar ring

N1 Nsp?(2)

N2 Nsp?(3)

N3 Nsp3(3)

Ng Nsp3(4)

0O, Osp?(1)

0, Osp3(2)

S, Ssp3(2)

X any non-hydrogen atom

2 Numbers in parentheses represent number of bonds to the atom.

assignment of the XH bond density to the H atom, which
becomes slightly negatively charged when bonded to carboning deformation density maps are presented in Figure 5. All
atoms. In general, the electron population on atoms linked sp*-carbon types are positive, with the monopole-defined
to hydrogens decreases as the number of bonded hydrogecharge ranging fromH-0.03(3) e for the C434 type to

atoms increases. The effect is clearly visible for sp—

Rs; carbon atom types (with X= C, Ns@(3), Nsg(3),
Nspi(4), Osp(2), or Ssp(2) and R= C or H, where the
number in parentheses represents the number of neighboring
atoms) when atom types with the same X substituent are
compared, as shown in Figure 2. The spherical hydrogen-
atom population represented by the monopoles correlates
with the density of the even and odd multipoles on the H
atoms3! which give a total density more strongly concen-
trated along the bond axis and toward the bonded X atom
(Figure 3). A similar situation occurs for the monopole
populations of X-Csp—R; carbon-atom types and the
octupole and hexadecapole populations (Figuré 4).

Carbon AtomsThe databank contains 40 carbon atom
types, 23 of which are $garbons (humbers from C402 to
C443). The deformation density parameters for Cape
given in Table S2 (Supporting Information). The correspond-

+0.55(6)e for C409.
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X—Csp®—R3 atom types, where X stands for C, Nsp?(3),
Nsp3(3), Nsp3(4), Osp3(2), or Ssp3(2) atom types (see Table
3) and R stands for C or H. The numbers in parentheses
represent the number of bonded atoms.
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Figure 3. Correlations between the monopole population,
P.a, and Py, for hydrogen atoms connected to carbon (black),
nitrogen (blue), oxygen (red), or sulfur (orange).

For C atoms in X-Csp—R3 bonded to the same number
of hydrogens, where X stands for C, N&), Nsp(3),
Nsp¥(4), Osp(2), or Ssp(2) and R stands for C or H, the
tetravalent nitrogen§Nsp*(4)} induce the largest positive
charge, followed by divalent sulfufSs@(2)}, oxygen
{Osp(2)}, trivalent sg-hybridized nitroged Nsp*(3)}, car-
bon, and trivalent sphybridized nitrogen{Nsp}(3)}, as
illustrated in Figure 2. Moreover, the more populated the
di+ dipole (oriented along the -€X bond), the more
populated the g and d»+ quadrupoles become (Figure®).
The populations of d+, dy, and d,+ decrease in the
following order of the substituents X: N¥g), Osg(2),
Ns(3), Ssp(2), Ns@F(3), and C.

With the exception of the S atom, the order of the
substituent effect agrees well with the concept of electro-
negativity. According to Huheey’s group electronegativity
concept* the tetravalent sphybridized nitrogen is the most
electronegative group among X (3.65 feiNHz™ on the
Huheey scale), followed by O%R) (3.51 for —OH),
Nsp¥(3) (2.61 for —NH,), Ssp(2) (2.32 for —SH), and
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Figure 4. Correlation between the monopole population, Py,
and selected Py, in X—Csp3—R3 carbon atom types, where X
stands for C, Nsp?(3), Nsp3(3), Nsp3(4), Osp3(2), or Ssp3(2)
(as defined in Table 3) and R stands for C or H. The local
coordinate system for C402, C403, C405, C409, C415, C421,
C433, C434, and C439 is rotated to coincide with that of other
X—Csp3—R3 carbon atom types such as C411.

Csp(4) (2.27 for —CHg). It is not surprising, then, that
Nsp*(4) generates the biggest positive charge on carbon (i.e.,
the smallest values &, among carbon types with the same
number of hydrogens). The number of data points for the
sulfur atom is less than those for the other atoms included
in the databank, so a discussion of this exception appears
premature.

The influences of hydrogen and Csparbon on the
aspherical deformation density of the central carbon atom
are very comparable, leading to mirror plane symmetry
relating H and Cspwith each other in the chiral C¥ptoms
C414, C420, C426, and C438, as evident from the group-
averaged values of tH&y, coefficients (Table S2, Supporting
Information).

The difference between 3%pand sp of the nearest
neighboring carbon appears to have only a minor influence
on the central carbon atom. For example, the C405 atom
type was originally divided into two subgroups, with two
Csp atoms as first neighborsnfr2 local symmetry) and with
Cs# and Csp atoms as neighborsnsymmetry). However,
after appropriate coordinate system rotation, the two subtypes
became statistically indistinguishable.

There are currently 12 aromatic carbon atom types in the
databank. Their deformation density parameters are given
in Table S3 (Supporting Information), and deformation
density maps are presented in Figure 7. The atoms are close
to neutral and vary from-0.11(6) (C363) to-0.15(4) (C360)
electron units. In the first 10 atom types, representing atoms
participating only in a single ring, the multipolessd, dy,
and di+ are dominant. They describe respectively the
deformation density along the three bonds, thelensity
above and below the ring, and the difference between the
density in the exocyclic and cyclic bonds.

Nonaromatic sp carbon atoms are represented by five
different types in the current version of the databank. They
are described in Table S4 (Supporting Information); the
graphical representation of the deformation densities is shown
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Figure 6. Correlation between P11+ and Py (triangles) or Py
(circles) of X—Csp3®—R3 carbon atom types, where X stands
for C (black), Nsp?(3) (blue), Nsp3(3) (light blue), Nsp3(4) (dark
blue), Osp3(2) (red), or Ssp3(2) (orange) atom types (as
defined in Table 3) and R stands for C or H. The local
coordinate system for C402, C4035, C405, C409, C415,
C421, C433, C434, and C439 is rotated to coincide with that
of other X—Csp3®—R3 carbon atom types such as C411.

guanidine group. To distinguish between carboxylic acid and
ester type C atoms, the atom type definition includes second
neighbors to preserve uniqueness leading to atom types C302
and C303 (Table 2).

Nitrogen AtomsOn the basis of the deformation density,
the 10 nitrogen atom types stored in the databank can be
divided into two groups: those dominated by lone pair
electrons (N301, N302, N303, and N201) and those which
do not carry a lone electron pair (N402, N405, N307, N309,
N310, and N311; Table S5 of the Supporting Information,
Figure 9). The former have large positive deformation
densities in the lone pair region and very small positive
deformation densities in the bond directions. Additionally,
trivalent spg-hybridized nitrogens have relatively large
electron deficiencies between bond regions and, in the case
of aromatic divalent nitrogen (N201), below and above the
aromatic ring plane.

Characteristic features for planar trivalent nitrogen atom
types (N307, N309, and N310) are charge excess lobes above
and below the plane, extending toward the neighboring Csp
atom.

Deformation densities for tetravalent nitrogen types are

similar to those for tetravalent carbons connected only to C
or H atoms. The only difference is that the nitrogen charge

in Figure 8. Four of the types describe carbonyl carbon in, is more negative+0.10(4) and— 0.19(8)e for N402 and
respectively, carboxylate anions, carboxylic acids, esters, andN405 respectively], causing the electron-charge-accumulating
amides. The last type represents carbon atoms in thelobes to be more pronounced.
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the lone pair electron region (Table S6 of the Supporting
Information, Figure 10). For monovalent oxygens, two lone
pairs are clearly visible; in divalent ones, the lone pairs do
not split in two disjunctive regions. The electron deficiency
lobe is always oriented perpendicular to the lone pair plane
and embraces the bond region. There is no excess density
in the bonds originating from the oxygen atoms. All oxygen
types bear negative charges ranging frerd.11(3) e for
carbonyl oxygen in esters te-0.31(3) e for carboxylate
oxygens.

Sulfur Atoms.There are only three sulfur types in the
databank at the moment (Table S7 of the Supporting
Information, Figure 11). The deformation of density around
them is considerably less pronounced than that for oxygens.
Still, the lone pair region dominates, but the concentration
of electrons is much smaller, and additionally, there is an
electron concentration in the bonding regions. Like oxygens,

Figure 8. Deformation densities of the nonaromatic sp? all sulfur types are negative, in the range frerd.26(2) to
carbon atom types. Left: In the plane of two neighboring —0.40(3)

atoms, orientation as in Table 2, contour levels at 0.05 e/A3.
Right: 3D representation, contour levels at +£0.2 and +0.3

~
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Chlorine AtomsCurrently, only one type of chlorine atom

elA. Positive contours, blue; negative contours, red; zero is stored in the databank, corresponding to Cl connected to
contour, black. Color codes for atoms: C, dark gray; H, white; aromatic rings. The deformation density imas2 symmetry,
N, green; O, red. see Q01 in Table S7 of the Supporting Information and

Figure 11. Moreover, with a coordinate system with the
The aromatic trivalent nitrogen type, N311, differs from axis pointing to the carbon, only one multipole component,
aromatic carbons by not having electron deficiency lobes the quadrupole 22 with population —0.013(2), violates
above and below the plane,ds not populated). cylindrical symmetry and flattens the density toward the



240 J. Chem. Theory Comput., Vol. 3, No. 1, 2007

0101 &Y
.g!‘ ;
| 0103 *§

<
' uéi;
' 0104

v

0201

.

0202

a

0204

e

0206

.

0207

Figure 10. Deformation densities of the oxygen atom types.
Left: In the plane of two neighboring atoms, orientation as in
Table 2, contour levels at 0.05 e/A3. Right: 3D representation,
contour levels at +0.2 and +0.3 e/A3. Positive contours, blue;
negative contours, red; zero contour, black. Color codes for
atoms: C, dark gray; H, white; N, green; O, red.
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Figure 11. Deformation densities of the sulfur and chlorine
atom types. Left: In the plane of two neighboring atoms,
orientation as in Table 2, contour levels at 0.05 e/A3. Right:
3D representation, contour levels at +0.2 and +0.3 /A3,
Positive contours, blue; negative contours, red; zero contour,
black. Color codes for atoms: C, dark gray; H, white; S,
yellow; Cl, white.

aromatic plane. The population of the monopole is 7.24(3),

indicating the Cl to be negative.

Dominiak et al.

correlate with the monopole populations (Figure 3, Table
S8 of the Supporting Information).

Application

In a first macromolecular application, the databank is applied
to the 0.7-A-resolution crystal structure of the second PDZ
domain (PDZ2) from the scaffolding protein synteftiand
subsequently to all PDZ2peptide complex structures avail-
able in the Protein Data Bank (PDE)10.11

PDZ domains are the most ubiquitous protegmotein
interaction domaing’ %8 They are structurally conserved
modules of about 90 amino acids in length and with a distinct
fold of six 3 strands and twet helices34°Their function is
achieved by binding of the C terminus of the target protein
as an antiparallg? strand in a highly conserved hydrophobic
groove between thg2 sheet and2 helix. The side chains
of the B and P, ligand residues point into the groove and
account for the specificity (Fand P., denote the C-terminal
residue of the bound ligand and thih upstream amino acid
residue, respectively). The PDZ binding motifs have been
divided into three major classes: type | with the consensus
sequence-(S/T)X®D, type Il with —dX®d, and type Ill with
—(D/IE)X®, where X is any amino acidp is a residue with
hydrophobic side chains, and S/T is either serine or threonine
and D/E is either aspartic or glutamic acid, respectivély.

However, it has been pointed out that this simple clas-
sification is unable to explain the increasing number of PDZ-
mediated interactions that do not conform to this canonical
type of recognitiot! Some PDZ domains are able to bind
with internal, rather than C-terminal, peptide sequences.
Others recognize noncanonical sequences or more than one
class of ligands. The syntenin PDZ2 domain, for example,
demonstrates degenerate specificity. It was shown to bind
template peptides modeling ILBRSVF, class I), syndecan-

4, neurexin, and ephrin B (FYA, YYV, and YKV, respec-
tively, all class II) protein ligands (see Table 4 for nomen-
clature). Additionally, it has been established that interactions
of syntenin with proteins are often mediated cooperatively
by both of its PDZ domains.

Preparation of the Structures. The high-resolution
structure of the syntenin’s PDZ2 domain (PDB code: 1R6J,
called 1R6J in the following), including hydrogen atom
coordinates, was kindly provided by Prof. Z. S. Derewenda.
For disordered parts of the protein, only major conformers
were taken into account. The missing hydrogen of the thiol
group of Cys239 was generated by the program Reduce
from the MolProbity Web servic& Two tautomers of
His208 were tested with the proton at ND1 (original position)
and at NE2. The latter, proposed by Reduce, was chosen

Hydrogen AtomsThe databank contains 11 hydrogen for further calculations.

types. In the case of hydrogens connected fehgpridized Structures of the PDZ2 domains in the complexes with
carbons and oxygens, the definition of atom type has to be peptides were taken from the protein data bank (PDB
extended beyond the first neighbor type defined in Table 3. codes: 10BX, 10BY, 10BZ, 1YBO, 1W90, 1W9E, 1W9Q,
As a result, hydrogens connected to tetravalent carbons areand 1V1T). The Reduce program was used to add hydrogen
divided into three groups on the basis of the total number of atoms to the proteinpeptide complexes by optimization of
hydrogens attached to the carbon, whereas hydrogens conthe hydrogen-bond network. All histidines were treated as
nected to oxygens are split into those in alcohols (H109), singly protonated. The side chains of the Arg, Lys, Asp, and
carboxylic acids (H110), and phenols (H111). As discussed Glu residues were assigned as ionized by the program. Only
above, all deformation density parameters for hydrogens major conformers of side chains were taken into account in
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Table 4. Electrostatic Energy [kJ/mol] of Interaction between the Syntenin PDZ2 Domain and Truncated Peptides?

P_3 P, P_, Po total ES
Class |
X(SIT)XPP
DSVF
10BX: A single domain —172(—24) —-37(—32) 4(13) —249(—235) —454(—278)
10BZ: A tandem —168(—64) —45(—32) —1(8) —266(—233) —480(—321)
Class Il
XDOXD
EFYA
10BY: A single domain —199(—48) —106(—94) 27(11) —193(—194) —471(—325)
B single domain —206(—50) —113(—101) 5(8) —197(—201) —512(—344)
1YBO: A tandem —169(—60) —121(-107) 0(—10) —170(—171) —460(—348)
B tandem —178(—20) —87(—69) —12(10) —188(—185) —464(—264)
EYYV
1W90: A tandem —163(—47) —85(—56) —25(10) —138(—138) —411(—231)
B tandem —213(—65) —125(—100) 5(11) —143(—86) —476(—240)
EYKV
1ViT: A tandem —163(—49) —100(—81) 20(12) —176(—180) —419(—298)
B tandem —173(—50) —134(—103) —15(3) —181(—191) —502(—341)
EFYF
1W9E: A tandem —180(—49) —104(—94) —5(1) —247(—204) —536(—346)
B tandem —199(—60) —169(—159) —20(—5) —237(—218) —626(—442)
EFAF
1WoQ: A tandem —193(—56) —120(—107) 16(17) —283(—246) —580(—392)

2 Columns labeled “P_3" to “Py”™: individual peptide residues interacting with the protein. Column labeled “total ES™: total electrostatic energy
of four-residue peptide interacting with the protein. Numbers in parenthesis correspond to interactions for main-chain atoms of peptides only.? X
is any amino acid, ® is a residue with hydrophobic side chains, S/T is either serine or threonine, D is aspartic acid, V is valine, F is phenylalanine,
E is glutamic acid, Y is tyrosine, A is alanine, and K is lysine.

the calculations. All protein chains were truncated to 73- Results
residue-long fragments starting from Thrl96 and finishing charge Density Reconstruction.Less than 1 min on an

with the Thr268 residue, because the N and C termini of the athionMP 1806+ CPU is required by LSDB to assign atom
PDZ2 domain are not in the vicinity of the peptide-binding  ynes to more than 1000 protein atoms. The CPU-time scales
groove. The N and C termini of the protein chains were gphroximately linearly with the number of atoms. The sum
capped with the neutral acetyl and methylamino blocking of the valence populations obtained with the databank differs
groups, respectively. All peptides were truncated to C- by only 0.08% from the target value, with 2.6 and 2.4
terminus four-residue fragments, as the residues upstreang|ectrons missing for the assembly of 13A®00-atom 1R6J
from P are solvent-exposed and not involved in the and truncated PDZ domains, respectively. This demonstrates
protein—peptide interaction. The C termini of peptides were the excellent self-consistency of the databank. To ensure the
deprotonated. Ideally, the NHerminal group of Psresidues  electroneutrality, the monopole populations of the pseudo-
should be capped with the neutral acetyl group. However, atoms were scaled a posteriori, using the Faerman and®rice
the lack of coordinates for the Presidue in some structures  scaling algorithm implemented in LSDBThe deformation

did not allow construction of the capping groups. Therefore, densities shown in Figure 12 illustrate that all bonding and
the neutral form of the peptide N termini was used to avoid electron pair features are very well reconstructed.
introducing artificial positive charges, which would have  gjgcqrostatic Potentials. Electrostatic potentials for un-

biased the calculation. complexed PDZ2 domains are computed from the charge

In all cases, ions and water molecules were omitted in density distributions according to the method of Su and
the calculations. The type and position of the ions vary Coppen$ available in the XDPROP module of the XD
among the structures considered, which prevents a directpackage. An example of the electrostatic poterti@l05 and
analysis of their relevance for the electrostatic interac- —0.05e/A isosurfaces and the electrostatic potential mapped
tions. The variability among the ions in the structures on the 0.0le isodensity surface (for 1W9E:B) is shown in
results most likely from crystallization conditions and Figure 13. All PDZ2 domains exhibit the strong polarization
does not reflect the native structure of the syntenin PDZ2 evident in Figure 13a. The binding groove starts on the border
domain. Only a few water molecules have similar positions between negative and positive potentials and extends into
from one structure to another, but none of them is presentthe positive potential region. The electrostatic potentials of
in all structures. The position of the water molecules the PDZ2 domain and the peptide (both calculated for the
suggests that their contribution to the binding of the ligand nonbonded molecules) mapped on the molecular surface
iS minor. reveals as expected that the PDZ#ptide complex is
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Figure 12. Deformation densities in the syntenin PDZ2 domain in the plane of (a) the peptide bond between Gly210 and Phe211
and (b) the imidazole ring of His208 with ND1 nitrogen protonated. Contour levels at 0.05 e/A3; positive contours, blue; negative
contours, red; and zero contour, black.
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Figure 13. Electrostatic properties of the uncomplexed syntenin PDZ2 domain exemplified by the 1W9E:B structure. (a)
Electrostatic potential of the PDZ2 domain calculated from the databank-generated charge density; isosurfaces: blue +0.05
elA, red —0.05 e/A. Electrostatic potential [e/A] of the PDZ2 domain (b) and peptide (c) mapped on the 0.01 e isodensity surface.
Orientation of the protein as in Figure 16a; the peptide is rotated by 180°. The peptide molecule in the ball-and-stick model is
presented only to illustrate the binding site and was not included in the electrostatic potential calculations.

formed between surfaces whose electrostatic potentials areoverlap occurs. The computational effort of the calculation
complementary (Figure 13b and c). of the interaction between distant atoms within the Buck-
Electrostatic Interactions. Electrostatic interactions are  ingham approximation is negligible when compared to the
evaluated with the exact potential/multipole moment (EPMM) numerical evaluation, the latter scales linearly with the
method of Volkov et af*® implemented in the XDPROP  number of the short-range interactions. It takes 78 s to
module of the XD package. The EPMM method combines process 100 interactions on an AthlonMP 180CPU.
numerical evaluation of the exact Coulomb integral for the  PDZ2 Dimer In the 1R6J structure, the peptide binding
short-range interactions between atoms within a certain groove is occupied by the C-terminal tails of the neighboring
limiting distance (here, taken as 4.5 A) with the Buckingham- molecule, mimicking the recognition of the peptide ligand.
type multipole approximation for the long-range interatomic The PDZ2 dimer serves as an example of protgirotein
interactions between atoms for which no charge density interactions. Application of the EPMM/databank method to
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the 1R6J structure gives a value-6626 kJ/mol (-388 kJ/ (a)
mol for the HisD tautomer) for the electrostatic energy of 120
interaction between the PDZ2 domain and its symmetry-
related ligand-mimicking counterpart. For comparison, the
MMFF94 force field® implemented in Sybyl 74 gives a 40 |
value of—742 kJ/mol for the electrostatic interaction345
kJ/mol for the HisD tautomer).

The 138 kJ/mol difference between the electrostatic 40 |
interaction energies of the PDZ2 dimer with different g5 |
tautomeric forms of His208 originates almost entirely from
the difference in the His208GIu235 interaction, which is ~ -120 - Asp204
+97 kJ/mol for the D tautomer ane33 kJ/mol for the E
tautomer. The NE2 nitrogen from the imidazole ring of
His208 is only 2.64 A from the OE2 oxygen from the side- 120 (b)
chain carboxylic group of Glu235 of the ligand-mimicking
molecule. Such a close distance can only be explained by 80 Gly207
formation of a NE2-HEZ2---OE2 hydrogen bond, which is
clearly supported by the above results. Therefore, the PDZ2
domain with His208 protonated at NE2 was chosen for 0
further calculations.

The individual electrostatic contributions of each residue
of the receptor molecule interacting with the whole ligand- 9 |
mimicking molecule in the PDZ2 complex are presented in 44 | Gly210
Figure 14a-c. Only a small number of receptor protein
residues have large contributions to the binding energy, both-160
attractive and repulsive. Among them are Lys203, Asp204,
Thr206, His208, Val209, Gly210, Phe211, and Lys214 120
from the 52 strand and the preceding conserved glycine-
rich loop. Additionally, isolated strongly attractive and
repulsive electrostatic interactions with the ligand-mimicking 40
molecule are observed for the charged residues (Lys223
and Asp224, Lys250, Asp251, and Arg229). Three PDZ
domain fingerprint residues, Val209, Gly210, and Phe211, -40
interact electrostatically with the ligand protein, mainly
through main-chain atoms (Figure 14b). The remaining
interactions are with side chains of the interacting residues -120 | Asp204 | | ys214 Asp224
(Figure 14c). His208

Comparison of the individual residugesidue electrostatic )
interactions reveals that the larger absolute values arefigure 14. Electrostatic contributions (kJ/mol) of individual
observed for interactions between charged residues (in the2Mino acid residues of the PDZ2 domain in the 1R6J structure
range from 162 to-126 kJ/mol, on average:26 kJ/mol). interacting with the symmetry-related domain, mimicking the
However, interactions between these almost cancel each@iive ligand/PDZ2 interaction (a) all interactions, (b) main-
other, resulting in only &86 kd/mol contribution to the total chain/PDZ2 interactions, and (c) side-chain/PDZ2 interactions.
electrostatic interaction energy. For the PDZ2 domains, the electrostatic energy of interac-

PDZz2—-Peptide ComplexesPDZ2 domains complexed tion between the protein and the truncated peptide is found
with short peptides are an excellent example of protein to range from—411 to—626 kJ/mol (Table 4).
ligand interactions. We analyzed all eight PDB-available  Several of the peptides contain Phe adtfs the strongest
structures of syntenin domains interacting with short peptides. interacting residue out of all of the residues examined, with
Six of these structures (10OBY, 1YBO, 1W90, 1W9E, the electrostatic interaction energy averaged over all occur-
1W9Q, and 1V1T) represent tandems of PDZ1 and PDZ2 rences equal to 256(18) kJ/mol. The main-chain atoms of
domains. The remaining two (1OBX and 10BY) consist P, (Phe) are the major contributors to the interaction energy,
solely of the PDZ2 domain. Only the PDZ2 domains were whereas 11% (29 kJ/mol) is provided by side-chain atoms.
analyzed in this study; the PDZ1 domains were removed When Ris Ala or Val, the interaction energies are lower by
from the tandem structures. The structures of complexesabout 80 kJ/mol. With the exception of the 1W90:B
superimposed on each other are shown in Figure 15a. Thestructure, no significant contributions of the side-chain atoms
class Il peptides (EFYA, EYYV, EYKV, EFYF, and EFAF)  of Ala or Val are observed. Interestingly, the extra interaction
interact with the PDZ2 domain as the canonical model energy of Phe is almost equally distributed between the side-
predicts, see Figure 15b. The DSVF (class 1) peptides arechain and main-chain atoms, suggesting that the side-chain
not fully inserted in the binding groove. phenyl ring enforces a better fit of the main chain. The results
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Figure 15. Structural details of the syntenin PDZ2 domain complexes. (a) Superposition of PDZ2 domains interacting with
class | (blue; 10BY and 10BZ) or class Il peptides (yellow; 10BY, 1YBO, 1W90, 1VLT, 1W9E, 1W9Q). (d) The canonical
hydrogen bonds formed between the protein (left) and the peptide (right) in the syntenin PDZ2/peptide complex.

indicate stronger binding for phenylalanine than for alanine, IL5Ra- and syndecan-derived dansylated peptides with
as noted by Grembecka et &.but are not in agreement PDZ2 in tandem, which are very similar [1.9(3) and 2.3(5)
with the experimental dissociation constants for the interac- uM for EDSVF and NEFYA, respectivelyf Although the
tion of the TNEFYA (with alanine atdp and TNEFYF (with interaction strength of the_R residue is indeed weaker for
phenylalanine at § hexapeptides with PDZ2 in tandem, class | peptides, this loss of interaction energy is compensated
which are 0.16(1) and 0.79 (3) mM, respectivEl\Grem- by stronger binding of the Pand P residues.
becka et al. attributed this discrepancy to an energetically There is no difference between the interaction energies of
unfavorable rearrangement of the PDZ2 domain to accom-the short peptides with PDZ2 domains from single-domain
modate the large phenyl group, which is reflected in the protein fragments and those from tandem protein fragments
dissociation constants but not in the interaction energies. from which PDZ1 has been removed (see single domains
It is interesting that residues_P do not contribute to  vs tandems, Table 4).
electrostatic binding energy [av 0(15) kJ/mol]. Studies have A more detailed analysis of the individual ateratom
shown that this residue is not conserved among the C terminiinteractions gives information on the types of electrostatic
of ligand proteins that interact with PDZ domains and is interactions which contribute most to peptide binding by the
considered unspecific. However, this does not explain the syntenin PDZ2 domain. Major contributions come from
fact that the replacement of Tyr (Y) at theRposition by hydrogen bonds between main-chain atoms of the Vat209
Lys (K) is observed to decrease the binding. Dissociation Phe211 fragment and main-chain atoms of g&ptide
constants for interaction of the TNEYYV and TNEYKV residues (including the CO&erminal group; Table 5). The
hexapeptides with PDZ2 in tandem have been found to betwo strongest electrostatic interactions are Val209 ®IXT
equal to 0.10(1) and 1.15(9) mM, respectiv&ly. P, and Gly210 H:-O P, hydrogen bonds, which average
The P, residue of the ligand is the major cause of PDZ —53(10) and—49(6) kJ/mol, respectively. Hydrogen bonds
specificity. The Ser B, residue common to class | peptides between Phe213 and-Palso contribute to the binding.
interacts much weaker with the protein [a¥1(6) kJ/mol] Equally important are chargecharge interactions between
than the aromatic R residues [Phe and Tyr, av115(24) side chains of Lys214 and the fresidue {~80(18) kJ/mol
kJ/mol] of class Il peptides. There is no clear difference in on average], though they are less numerous than the hydrogen
interaction strength between Phe and Tyr at theg®sition. bonds.
It is noteworthy that the B residues [negatively charged
Asp (D) or Glu (E)] significantly strengthen the electrostatic Conclusions
interaction [av—183(17) kJ/mol], even though they do not A comprehensive version of the theoretical databank of
have short contacts with the protein and are solvent-exposediransferable aspherical pseudoatoms has been developed and
The interactions are mainly maintained by side-chain atoms, applied for the first time to proteinligand interaction
while the main chains contribute only in 27%49 kJ/mol energies. The databank consists of all atom types encountered
in average). in natural amino acid residues and a number of other
Although the interaction energies of the individual residues biologically relevant molecules. Each atom type results from
vary, there is no substantial difference between the electro-averaging over a family of chemically unique pseudoatoms,
static energies of class | and class Il peptides interacting withtaking into account both first and second neighbors. A new
the syntenin PDZ2 domain. This result is in agreement with atom type is spawned when one of the parameters for a
fluorometric dissociation constants for the interactions of subgroup of the family deviates more than one standard
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Table 5. Most Important Atom—Atom Contributions [kJ/mol] to the Total Electrostatic Interaction Energies for the Syntenin

PDZ2 Domain Complexed with Truncated Peptides

10BX: 10Bz: 10BY: 10BY: 1YBO: 1YBO: 1w90: 1W9O: 1VLT: 1VTL: 1WO9E: 1W9E: 1WoQ:
interacting atoms AB AP2 AB BQ AC BD? AT BS AT BS AT BS BS
In H Bonds?
Val209 H---OXT Pg —-60 —57 —58 —52 —41 -35 —-40 —45 —63 —52 —55 —56 —72
Val209 H---O Py —-16 —18 —=17 —-17 —16 —-17 —16 —19 —-15 —15 —15 —-17 —18
Gly210 H---OXT Pg —-16 —16 —16 —-17 —16 -15 —16 —16 —-19 —18 —-17 —-17 —-19
Gly210 H:--O Py —63 —51 —51 —52 —40 —52 —42 —46 —45 —46 —49 —48 —53
Phe211 H---O Pg —-37 —38 —32 —-32 —33 —29 —28 —27 —24 —28 —33 —-35 —30
Phe211 O---HPg =31 —37 —38 —38 —42 —70 =31 —18 —36 —37 —46 —38 —69
Phe213 H---:O P_; -8 -8 -30 -33 -30 -33 -22 -29 -27 -32 —-36 -79 -38
Phe213 O:+*H P_, —4 -2 -32 -30 —-34 —16 -19 —36 —-25 34 —25 —34 —37
In lonic Interactions
Lys214 NHz*---O0OC P_3 —109 —86 =105 -—102 —54 —87 —62 —86 —62 —72 —65 -70 =77

a2 OXT and O oxygens of P residue are interchanged compared to labeling scheme in original PDB file. © Only interactions between hydrogen
and acceptor atoms are taken into account because interactions with other atoms are very weak, 0(1) kJ/mol on average.

deviation of the sample from the average of the remaining induction terms must be considered. We are developing a
atoms. The algorithm for atom-type definition ensures that set of symmetry-adapted perturbation-theory-based pairwise
close transferability is obeyed. atom—atom potentials which will be applied in a subsequent

The pseudoatoms as derived with the Hans€oppens  study. Entropic effects, such as solvation and configurational
formalism from theoretical wave functions show several changes in solution, must also be taken into account in a

regularities. The monopole-derived net atomic charge cor- comprehensive treatment.
relates strongly with the expansionontraction parameter

« and somewhat less witH, as found beforé®?’In general,

the atomic charges reflect the group-electronegativity conceptW
as defined by Huheey. However, hydrogen pseudoatoms, for

which the division of the charge in the bonding regions is . .
particularly difficult, behave differently. Their populations Institutes of Health through Grant GM56829 and the National

significantly affect charges on the neighboring atoms. The Science Foundation through Gran.t CHEO0236317 is gratefu!ly
charge of the atoms linked to hydrogens becomes more and2cknowledged. Molecular graphics have been made with
more positive as the number of bonded hydrogen atomsPrograms Molls¢® and PyMOL?®
increases, while the H-atom charge shifts toward negative
values. The deformation density of atoms possessing lone Supporting Information Available: Table S1 with
pairs is dominated by the lone pair electrons, while the the CSD codes, chemical diagrams, names, formulas, and
bonding regions contribute very little. references for all compounds used for the construction of
Application of the databank to the syntenin PDZ2 domain the databank and Tables -S88 with deformation density
complexes allows a detailed analysis of the electrostatic parameters for atom types present in the current version of
interaction energies. The results stress the importance of thehe databank. This material is available free of charge via
Po and P residues of the peptide in establishing the the Internet at http://pubs.acs.org. The LSDB program

Acknowledgment. We thank Prof. Zygmunt S. Dere-
enda for providing the coordinates of 1R6J including
hydrogen atoms. Support of this work by the National

interaction, whereas the_Presidue is shown to play a much
smaller role. Unexpectedly, the chargeds;Pesidue con-
tributes significantly also.

Class | and class Il peptides are bound with the same
strength by the syntenin PDZ2 domain. Although the
electrostatic interaction energy of the ,Pesidue is smaller
for class | peptides, this loss is compensated by stronger
binding of the B and PR3 residues.

In agreement with previous conclusiofispur results
confirm that there is no difference between the interaction
energies of short peptides with PDZ2 domains from single-
domain protein fragments and those from PBZPDZ2
tandem protein fragments. The experimentally observed
cooperation of PDZ1 and PDZ2 domains upon binding the
target protein has to be attributed to interactions in other
regions of the complexes.

Although the electrostatic energy is the dominant com-
ponent in the hydrogen-bonded systems studied, other
contributions such as dispersion, exchange-repulsion, and

and the full databank are available at http://harker.
chem.buffalo.edu.
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