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Isolating Influential Regions of Electrostatic
Focusing in Protein and DNA Structure
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Abstract —Electrostatic focusing is a general phenomenon that occurs in cavities and grooves on the molecular surface of
biomolecules. Narrow surface features can partially shield charged atoms from the high dielectric solvent, enhancing electrostatic
potentials inside the cavity and projecting electric field lines outwards into the solvent. This effect has been observed in many
instances and is widely considered in the human examination of molecular structure, but it is rarely integrated into the digital
representations used in protein structure comparison software.
To create a computational representation of electrostatic focusing that is compatible with structure comparison algorithms, this
paper presents an approach that generates three dimensional solids that approximate regions where focusing occurs. We verify
the accuracy of this representation against instances of focusing in proteins and DNA. Noting that this representation also
identifies thin focusing regions on the molecular surface that are unlikely to affect binding, we describe a second algorithm
that conservatively isolates larger focusing regions. The resulting three dimensional solids can be compared with Boolean Set
operations, permitting a new range of analyses on the regions where electrostatic focusing occurs. They also represent a novel
integration of molecular shape and electrostatic focusing into the same structure comparison framework.

Index Terms —Electrostatic Focusing, Protein Structure Comparison, Constructive Solid Geometry, Structural Bioinformatics
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1 INTRODUCTION

E LECTRIC fields have a significant influence on
molecular recognition [42], [59], [34], [22], [45],

[18], [35], [50], [21], [36]. At long atomic distances,
their attractive and repulsive forces can affect affinity
between interacting molecules [19], [63], [58], [57],
[60]. The position of charged atoms can also govern
specificity [19], [53], [38] by destabilizing interactions
with potential binding partners that lack complement-
ing charges in opposite positions [25], [32]. For the
analysis or comparison of static protein structures,
an accurate representation of electrostatic potential is
thus essential for detecting influences on affinity and
specificity by quantitative means [27].

While structure comparison algorithms often in-
corporate characterizations of electrostatic potentials,
electrostatic focusing [21], an important nuance of the
field, is often omitted. Electrostatic focusing occurs
when narrow cavities on the molecular surface par-
tially shield charged atoms from the high dielectric
solvent, enhancing potentials inside the cavity and
focusing the electric field lines outward. Charged
residues along the interior of a cavity can thus have
enhanced interactions with other molecules in the
cavity than they might have elsewhere. This effect is
general and it can be crucial for binding and speci-
ficity: It has been observed in proteins, like superoxide
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dismutase [21] and trypsin [40], as well as in the minor
groove of DNA [46]. To enable regions of electrostatic
focusing to be explicitly examined, this paper inte-
grates the analysis of electrostatic focusing into the
comparison of protein structure and the discovery of
binding sites.

In earlier work, we demonstrated that three dimen-
sional solids could be used to represent and com-
pare regions of electrostatic focusing [11]. Applying
this approach to the analysis of protein and DNA
structures, we verified, using Boolean set operations
[10] (Figure 1), that it correctly identified focusing
regions, in proteins and DNA, discussed in the lit-
erature. However, our method also identified many
small regions scattered over the molecular surface
where focusing is less influential. To isolate influential
regions alone, this paper extends the earlier method
by describing a volumetric algorithm and statistical
model that separates large focusing regions from
false positives that are too small to influence other
molecules.

Our results first describe the accuracy of our meth-
ods on case studies of superoxide dismutase (SOD)
and trypsin, and at a large scale on 866 protein-
DNA complexes. We then show how the detection
of large focusing regions can point to the locations
of ligand binding sites on proteins. On DNA, se-
lecting large focusing regions can isolate locations
in the minor groove that interact with amino acid
sidechains. Together, our results demonstrate how
electrostatic focusing and solid representations can be
used together to enable new analytical capabilities.
These capabilities have wide applications in protein
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Fig. 1. Boolean Set operations on three dimensional
solids (left) can identify regions that are occupied by
several solids (union), regions conserved by two solids
(intersection), and regions inside one solid and not
inside the other (difference). Methods in this paper use
Boolean intersections to verify that our methods iden-
tify focusing regions with intersecting with intersecting
amino acids. .

engineering, drug design, and for determining specific
influences on molecular recognition.

2 RELATED WORK

Electrostatic potential has been incorporated widely
into protein structure comparison algorithms. The
most common approach to this kind of integration has
been to add electrostatic labels to existing geometric
entities, such as points in space [37], [52], [39], [8], [48],
[51], [49], which could represent atoms or amino acids.
Similar labelling approaches are equally possible with
distance matrices [20] or geometric graphs [16], [62],
because label assignment is made to a discrete entity.
All these methods correspondences between atoms or
amino acids with similar electrostatic qualities. Once
a set of corresponding entities has been discovered,
least-squares methods [23], [56] are used to measure
geometric similarity. In these applications, labeling
does not directly effect the final measurement, which
is strictly geometric, but rather how the measurement
is made (e.g. [9]).

The solvent-accessible surface [31], [13], often re-
ferred to as the molecular surface, is also frequently
used as a digital representation in protein structure
comparison algorithms. The molecular surface has
been described using polyhedral meshes [47], [28],
three dimensional lattices [30], alpha shapes [4], [14],
and spherical harmonics [43], [26], [24]. Electrostatic
potentials can be mapped onto these surfaces [28],
generating a cross-section of the field that is much
more precise than atomic or amino acid labels. Surface
points are especially crucial because they represent
the field at interfaces that make contact with other
molecules.

By representing electrostatic information in atom
identities or charges, or as potentials on the molecular
surface, existing algorithms overlook any description
of the field outside the protein, where it influences

other molecules. One component of this omission
is the effect of electrostatic focusing, where protein
shape can enhance potentials in narrow cavity regions
outside the protein. For example, in superoxide dis-
mutase, without accounting for electrostatic focusing,
there is no “window” of electrostatic potential by
which charged substrates can be attracted to the active
site from long distances [29]. Existing methods cannot
anyway represent this window, but after the enhance-
ment caused by electrostatic focusing is accounted
for, the presence of this window is obvious. The
isopotential window can be easily visualized with
software like GRASP [39], but focusing regions have
not been incorporated into algorithms for structure
comparison.

Here, we describe an initial approach for incor-
porating electrostatic focusing into the comparative
analysis of molecular structure and the automated
identification of binding sites. We develop solid repre-
sentations that delineate the regions where potentials
are enhanced, permitting the geometry of the focusing
region to be compared with Boolean set operations.
Unlike existing methods, our representation is entirely
independent of labeling techniques, enabling focusing
regions to be represented outside the molecular sur-
face.

3 METHODS

In earlier work [11], we described a method for
representing the region of electrostatic focusing. To
evaluate this method on a large scale using DNA
structures, we also developed a technique for finding
amino acids in contact with the minor groove in DNA,
and evaluating their position relative to the focusing
region. For completeness, we paraphrase these meth-
ods here, and describe a new algorithm for separating
large focusing regions from thinner regions that are
unlikely to have a large influence on binding.

3.1 A Solid Representation of Focusing Regions

Our approach applies Marching Cubes [33] to gener-
ate a closed triangular mesh that defines the boundary
of the focusing region. As input, it begins with a
structure file from the Protein Data Bank (PDB) [3], a
threshold K that defines the degree of focusing (used
throughout this paper), and a resolution parameter (.5
Å in this work) that controls the geometric detail of
the output.

First, we evaluate the field of electrostatic potential
surrounding the input molecule with uniform and
nonuniform dielectric models. The field computed
with a uniform dielectric, ΦU , models the interior
of the input molecule with the same high dielectric
as the surrounding solvent. As a result, potentials
in ΦU are not influenced by the shape of the input
molecule: no focusing occurs in ΦU . In contrast, the
field computed with a nonuniform dielectric, ΦN ,
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Fig. 2. Representing the Focusing Region. (a) The lattice (grey), surrounding the focusing region (teal). (b)
Interior points (red), exterior points (yellow). (c) Edges that connect an interior to an exterior point (bold) (d)
boundary points (white). (e) Partial look up table of triangle configurations. (f) Output triangles (dark lines) that
approximate the boundary of the focusing region.

represents the interior of the input molecule as having
a low dielectric, causing focusing to occur. At any a
given point in space p, we can evaluate f(p), the degree
of electrostatic focusing at p, with the expression
f(p) = |ΦU (p)− ΦN(p)|.

We use DelPhi [44] to compute the two potential
fields corresponding to uniform and nonuniform po-
tential fields mentioned above. For the nonuniform
dielectric model, we assign an intramolecular dielec-
tric constant of 4 [54], and for the uniform model,
we assign 79.9. We use a 0.145M salt concentration
and the AMBER [41] force field for partial charges and
atomic radii. Three focusing steps are performed with
Delphi on all structures.

Once we have computed both potential fields, we
apply Marching Cubes to construct a triangular mesh
that approximates the three dimensional boundary of
the focusing region. First, we create a three dimen-
sional axis aligned cubic lattice that encloses the entire
molecule (Fig. 2a). The lattice can be described as a
collection of lattice points, lattice segments and lattice
cubes: Lattice points are placed incrementally along
each axis, forming a grid. The incremental spacing is
set by output resolution. Adjacent lattice points on the
same axis define a lattice segment. 12 adjacent lattice
segments form a lattice cube.

Second, we determine if each lattice point is inside
the region of focusing. A point p is inside the region
of focusing if f(p) > K , otherwise it is outside, as
illustrated in Fig. 2b.

Third, we find every lattice segment that has one
point inside and another point outside the region of
focusing (Fig. 2c). On each of these segments, we find
the point where f(p) = K , using linear interpolation.
These “boundary points” approximate the limit of the
focusing region (Fig. 2d) along each segment.

In the final step, we approximate the surface bound-
ing the region of focusing. Note that for every lattice
cube, it’s eight corners must be either inside or outside
the focusing region, creating up to 256 inside-outside
permutations. We use a look up table (e.g. Fig. 2e),
detailed elsewhere [33], to connect each permutation
to a triangular approximation of the boundary surface
as it passes through the cube. Positioning the corners
of each triangle at the boundary points computed

above, we store every triangle associated with each
lattice cube. The collection of all triangles from all
cubes forms a surface that approximates the region
of focusing (Fig. 2f).

3.2 Representing the Minor Groove

Here we describe a method for analyzing protein-
DNA complexes to identify amino acids that are po-
sitioned inside the minor groove. Our approach com-
putes a curving ribbon that connects the phosphate
atoms over the minor groove. We use this ribbon to
define the border between the interior and the exterior
of the minor groove. Amino acids that intersect this
ribbon are considered inside the minor groove.

Our method begins with a PDB structure containing
a protein-DNA complex. Separating the DNA (Fig. 3a)
from the protein, we use the find-pair program from
X3DNA [64] to identify nucleotide pairs in the DNA.
Unpaired nucleotides, which cannot contribute to a
minor groove, are ignored. Separating the input DNA
into antiparallel chains, we find the phosphate atom
in each nucleotide (Fig. 3b). The center of each phos-
phatd atom is used as a control point for a Catmull-
Rom spline [5].

Catmull-Rom splines are a class of piece-wise func-
tions that specify the position of a point along a curve
using a number of control points. For any Catmull-
Rom spline c(t),

c(t) = [1 t t2 t3]
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where the spline is parametrized by the variable t

and interpolates between control points Pi. By this
equation, the segments at the end of each spline
cannot be calculated, so we linearly extrapolate a
“virtual phosphate” beyond the end of the phosphate
backbone in each direction. The end result is a curve
without sharp corners that fluidly traces through ev-
ery phosphate in the phosphate backbone (Fig. 3c).

Once the splines are defined, we begin generating
triangles to define the surface of the ribbon. Between
consecutive control points, we place five intermediate
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Fig. 3. Finding amino acids in the minor groove. (a) Atoms from DNA chains in 1HLZ, from the PDB (spheres). (b)
Molecular surface of DNA (transparent yellow), phosphates in DNA backbone (magenta). (c) Catmull-Rom spline
(grey). (d) Diagram of triangle ribbon assembly, corner points (green circles), triangle edges (black lines). (e)
Finished ribbon (transparent yellow) (f) Finished ribbon (teal). On the molecular surface of DNA (black outline),
blue regions are distant, white regions intermediate, red regions are nearby the ribbon. (g) Atomic structure
of DNA, rotated (spheres). Ribbon (transparent yellow), arginine intersecting the ribbon and the minor groove
(yellow, black outline).

points along the spline. If we began with k control
points along a spline a, combining the control points
with the intermediate points results in 6k - 5 corner
points, which we will refer to as ca0 , c

a
1 , ...c

a

6k−6
. This

procedure results in two splines, one for each of
the phosphate backbones in the complex, and their
associated corner points. We refer to these splines as
a and b. If the corner points of a and b are enumerated
in an antiparallel fashion, we reverse the indices of b
to create a parallel enumeration.

Next, we begin generating triangles between the
splines: Beginning with the first corner points of each
spline, ca0 and cb0, on one end of the DNA. We mark ca0
and cb0 used. We then measure the distance da between
points ca1 and cb0 and the distance db between ca0 and
cb1. If da is smaller than db, we designate ca1 the next
point, otherwise this designation is assigned to cb1. For
example, in Fig. 3d, the distance between ca3 and cb1 is
larger than the distance between ca2 and cb2, causing us
to select cb2 as the next point. The next point defines
a new triangle using the last two used points and
the next point. We add the new triangle to a list of
triangles that defines the ribbon, and then we also
mark the next point used. This triangle generation
process then repeats with the last two used points.

The final result is a ribbon of edge-adjacent triangles
(see Fig. 3e) that minimize the length of the edges that
extend between the splines. This minimization causes
the triangles to always cover the minor groove (e.g.
Fig. 3f), since the minor groove is typically narrower
than the major groove. In theory, however, if the DNA
is in a highly nonstandard conformation, the ribbon
could switch to the opposite groove. That effect was
not observed in our data.

We define an amino acid as being inside the minor
groove if it has at least one atom that intersects
the ribbon. We detect atom-ribbon intersections by

measuring the distance from the center of the atom
to any triangle of the ribbon. If the distance is smaller
than Van der Waals radius of the atom (based on [6]),
we say that the ribbon and the atom intersect (e.g. the
arginine on Fig. 3g).

3.3 Isolating Large Focusing Regions

Boundary effects, between the low dielectric interior
of a protein and the high dielectric solvent, enhance
electrostatic potentials near the molecular surface. En-
hancement typically occurs at thin, ubiquitous patches
on the molecular surface, as illustrated in Figures 6
and 9, but in narrow cavities, focusing regions can
be much larger and more influential. As a collection
of patches that nearly cover the molecular surface,
the focusing regions we identify in Section 3.1 are
nonspecific markers of potential binding sites. To
eliminate them, we describe a novel technique for
distinguishing large focusing regions from many thin
patches, using Boolean set operations (Figure 4).

We begin with two regions defined by polyhedral
boundary surfaces: The focusing surface F , as gener-
ated in Section 3.1, and the molecular surface, M . At
each point p on F , we identify the shortest distance
to any triangle of M , and vice versa. If the distance is
greater than 2 Å, we place a sphere, centered on p, of
radius 2 Å. The result is a large collection of spheres,
centered on some of the points of F , that are distant
from the molecular surface. This process is repeated
on M , generating spheres on points of M that are
further than 2 Å from F . Given that the 92 percent of
triangles have a sidelength of less than .32 Å, and that
the maximum sidelength is approximately .8 Å, the
spheres overlap densely in regions where the focusing
surface diverges from the molecular surface. In thin
regions where the focusing surface and the molecular
surface are close by, spheres do not aggregate.
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Fig. 4. Isolating large focusing regions. a) The focusing surface, which bounds the region below the grey line, and
the molecular surface, which bounds the region below the black line, are composed of triangles, whose corners
are illustrated with dots. b) We measure the distance (thin lines) between the points of the focusing surface and
the closest position on the molecular surface (grey lines, b1) as well as the distance between the points of the
molecular surface and the closest position on the focusing surface (black lines, b2). c) A sphere with radius 2 Å is
centered on any point on either surface that is further than 2.0 Å from the other surface (dotted circles). d) The
spheres are collected into a list and their Boolean union is computed (e). f) Next, we compute the the Boolean
intersection (solid black line) between the focusing surface and the sphere union (dotted shape). g) Then we use
the Boolean difference to remove the region within the molecular surface. The result is a non-thin region outside
the molecular surface where the electrostatic potential is enhanced.

Next, we compute the Boolean union of all spheres
(Figure 4e). With the resulting sphere union, we
compute the Boolean intersection with the focusing
surface, and the Boolean difference with the molecular
surface. The result approximates the three dimen-
sional regions where the molecular surface is distant
from the focusing surface.

Inter-surface distances and sphere radii were cali-
brated on a two dimensional parameter sweep over
all datasets, and manually inspected. We considered
distances between 1.5 and 3 Å, at .5 Åincrements, and
sphere radii between 1.5 and 3 were considered, at
.5 Å increments. At smaller distances, spheres were
generated too frequently, covering many thin focus-
ing regions that are obviously unrelated to function.
Larger distance thresholds failed to generate spheres
in narrower cavities. Spheres having a radius of 1.5
Å tended to define focusing regions with empty zones
inside, because they were too small to occupy the
center of the cavity region. Sphere radii larger than
approximately 2.5 Å generally appeared to create
few differences, except that they added thin focusing
regions on the boundary of a larger focusing region.
On our data, setting distance thresholds at 2 Å and
sphere radii at 2Å appeared to best isolate influential
focusing regions.

3.4 A Statistical Model of Focusing Region Vol-
ume

After removing thin focusing regions, several regions
can still be found on most proteins and DNA. More
than 96% of these regions are small, non-thin areas
that occupy less than 1 Å3 in the crevices between sur-
face residues. Functionally significant regions, on the
other hand, can occupy hundreds of cubic angstroms.
Since interactions with small regions could obviously

occur by random chance, we designed a statistical
model for filtering out such functionally insignificant
focusing regions.

Our statistical model, based on a model described
earlier [7], but paraphrased here, estimates the proba-
bility p that a given focusing region has small volume,
and is thus functionally insignificant. Since a random
selection of any focusing region is likely to result
in a small region by random chance, we hold this
position, our null hypothesis, by default. However, if
p is lower than a given threshold of probability α

(we use 0.001), then we discard the null hypothesis in
favor of an alternative hypothesis: We assess that given
region is not small, being in fact too large to occur
by random chance, so it may thus be influential for
biological function. These assessments are based on
thousands of observations made on a training set, and
not statements of fact.

To train our model, we randomly designated half
of our DNA dataset as our training set. First, we
identified every individual focusing region in the
training set. Most structures exhibited approximately
100 individual regions, most smaller than one cubic
angstrom. Together, a histogram of their volumes
(figure 5) closely fits a log-normal distribution. The
log-normal function, as an approximation of that his-
togram, is critical for estimating the probability p:
Given the volume v of a query fragment, we esti-
mate the probability p of observing a fragment with
larger volume than v, at random. This probability is
equivalent to estimating the volume under the curve
to the right of v, relative to the total volume under the
curve (see [7]), which is can be computed easily for
the log-normal function. Comparing that probability
to α, in the manner described above, enables the final
prediction to be made: If p > α, we say that the
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Fig. 5. Volume of non-thin focusing regions in DNA.
The red line is the log-normal function fit to the data.
Black bars represent the number of individual focusing
regions at specific volumes. This graph illustrates ap-
proximately 99% of all training set data. The remaining
1% of individual focusing regions have much larger
volumes in a long tail to the right, and are not shown,
to permit a non-degenerate view of the data.

query fragment is statistically insignificant, and we
assume the null hypothesis. If p ≤ α, we say the query
is statistically significant, and accept the alternative
hypothesis.

We selected α based on an inspection of large
focusing regions in our training set. Focusing regions
that exhibit bound arginines tend to be many tens or
more than 100 cubic angstroms. A p-value greater than
.001 corresponded to focusing regions larger than 47
cubic angstroms in our data set.

3.5 Comparing the focusing region

We use VASP [10] to compare the position of the
focusing region in the minor grooves of DNA with
the position of amino acids from proteins in com-
plex with the DNA. As input, we begin with the
region of focusing and the structure of an amino acid.
First, we generate the molecular surface of the amino
acid using the Trollbase library from GRASP2 [39].
Since molecular surfaces are closed surfaces, we can
interpret them as three dimensional solids, enabling
them to be compared with Boolean set operations.
We then compute the Boolean intersection (e.g. Figure
1) between the region of focusing and the amino
acid. The volume of the intersection region measures
how much the intersection region and the amino acid
coincide in space.

3.6 Data preparation

We use two data sets. The first is a case study on two
proteins: Cu-Zn Superoxide Dismutase (pdb: 2SOD)
and Trypsin (pdb: 3PTB). On SOD, atomic charges
were assgined following the work of Klapper and
coworkers [29]. Most notably His-41 was assigned a
charge of +1 and His-61 was assigned -1 (charges were

split between the ring nitrogens), as discussed here
[15], [1], [55].

The second data set, provided by and studied first
by Rohs and coworkers [46], is composed of 884 DNA-
protein complexes. From this set, several structures
were eliminated due to missing nucleotide side chains
(1GJI, 1EGW, 1R71, 2W7N, 3L4J, 3L4K, 3N78, 3N7B
and 3OD8), or lacking paired DNA chains (3HJF,
3HK2, 3HM9, 3HO1 and 3HVR). A final structure
(2XSD) was removed because it caused an error in
Delphi.

We removed ions, duplicated atoms, and waters
from the remaining 866 structures. The reduce program
(ver. 3.14) [61] from the MolProbity [12] package was
then used to correct protonation. Finally, potential
fields were computed using DelPhi 5.1 [44].

3.7 Implementation Details

Using the fields solved with Delphi, the method de-
scribed in Section 3.1 generated the focusing region
in an average of 3 seconds, using one core of an
AMD Opteron 6128 with 2 gigabytes of random access
memory (RAM) per core. Experiments were run on
a system at Lehigh University called Corona, which
contains 1040 such cores.

In-house software using the OpenGL library was
used to generate the three dimensional visualizations
in figures 3, 6, and 8 on Nvidia Geforce GT 330 hard-
ware. Boolean set operations were used to generate
the cross-sectional views in Figures 6 and 8.

The resolution parameter (.5 Å) was established
by identifying a small decimal value that permitted
our calculations to require less than 2 gigabytes of
memory. .5 Å is considerably finer than the van
der Waals diameter of heavy atoms and provides a
realistic representation of the focusing region. The
focusing threshold K was determined by visually ob-
serving 5 example regions where focusing is known to
occur in DNA (such as in Figure 8). Sweeping values
from .5 to 3.5 kT/e, in increments of .5, we selected
1 kT/e because the focusing region was large and
other surface effects are minimized. 2 kT/e was used
for SOD and trypsin, because it generated smaller
focusing regions that could be easily visualized in
cross section; other thresholds yielded related results.

4 EXPERIMENTAL RESULTS

In this section, we first paraphrase our earlier re-
sults that demonstrate the accuracy of our methods
for identifying regions of electrostatic focusing [11].
In sections 4.1 and 4.2, we show that our methods
identify previously documented regions of electro-
static focusing in protein, on a small scale, and DNA,
on a large scale. Our new results, in section 4.3,
demonstrate how a volumetric analysis can be used
to automatically eliminate thin, functionally irrelevant
focusing regions, and how a statistical model can be
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(a) (b)

Fig. 6. A cross-section of the region of electrostatic focusing in SOD (a) and trypsin (b). In both panels, the
molecular surface is shown in teal and the region of electrostatic focusing, where the uniform dielectric potential
field and the nonuniform dielectric potential field differ by at least 2kt/e, is shown in transparent yellow. Binding
regions, where considerable focusing occurs, are indicated by a dotted rectangle. SOD is shown with a copper
ion cofactor, indicated by as a grey sphere.

used to further eliminate focusing regions that are so
small as to have occurred by random chance.

4.1 Focusing Regions in Protein Structures

To demonstrate that Marching Cubes accurately de-
tects instances of electrostatic focusing, we consider
two proteins in which focusing is an established as-
pect of function. Superoxide dismutase (SOD) sepa-
rates the toxic compound superoxide into hydrogen
peroxide and oxygen. This reaction prevents super-
oxide from reacting with and damaging the larger
molecular system and from forming other damaging
compounds [2].

Superoxide molecules, which are negatively
charged, have a strong affinity to the SOD binding
site in part because of a their positively charged
electric field. However, if we evaluate the field under
a uniform dielectric model, the entire protein appears,
from a distance, to be enclosed by negative potential
[29]. Under those circumstances, SOD would not
be attractive to its own substrates. A nonuniform
dielectric model, used first by Klapper and coworkers
[29], enhances potentials inside the cavity and makes
the positive potential of the cavity apparent at longer
distances.

Electrostatic focusing is also crucial for the activity
of trypsin. As digestive proteins, trypsins hydrolyze
peptide bonds following a positively charged amino
acid [17]. This action is crucial for absorbing food
proteins, which are too large to be absorbed in the

small intestine otherwise. Trypsins employ a nega-
tively charged binding pocket to stabilize positively
charged sidechains for a crucial part of the hydrolysis
reaction. However, estimates of the potential inside
this binding pocket can vary considerably under a
uniform dielectric model. This variability can be re-
solved by using a nonuniform dielectric, as observed
by Soman and coworkers [54], producing plausible
negative potentials that capture the focusing effect.

To demonstrate that our technique accurately iden-
tifies focusing regions, we examined the PDB struc-
tures of SOD (pdb: 2SOD) and trypsin (pdb: 3PTB).
In both cases, we calculated the region where the
potential is enhanced by more than 2 kT/e (i.e. K >

2). In SOD, the resulting region covered the molec-
ular surface in a thin layer, less than 1 Å in depth.
However, in the binding cavity, the focusing region
was significantly deeper, nearly 8 Å. This trend is
apparent in Figure 6a, which shows a cross section
of SOD and its binding sites. In bovine trypsin (pdb:
3PTB), the focusing region again thinly covered many
parts of the molecular surface, but entirely filled the
arginine/lysine binding pocket to depths of over 10
Å (Figure 6b). These observations illustrate the accu-
racy of our method because they localize electrostatic
focusing in the same regions as those identified by
Klapper et al, in SOD, and Soman et al. in trypsin.
Similar effects occur at other focusing thresholds (K
= {1.5 kT/e, 1.0 kT/e, 0.5 kT/e}), in both SOD and
trypsin.
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Fig. 7. A Survey of Amino Acid Interactions in the Minor Groove.

4.2 Focusing in Protein-DNA Complexes

DNA Shape can be exploited by proteins to selectively
recognize regions of the double helix. Narrowness in
the minor groove, for example, causes electrostatic
focusing that enhances the negative potentials inside
and promotes interactions with arginine sidechains.
These observations, made by Rohs and coworkers
[46] on a large number of protein-DNA complexes,
revealed a mode of protein-DNA interaction that de-
pends on electrostatic focusing.

We reproduced part of these observations to test
the accuracy of our method for representing regions
of electrostatic focusing. First, using the method de-
scribed in section 3.2, we counted the number and
sidechain of amino acids in the minor groove in our
DNA-protein data set. These totals, shown in the top
of Figure 7, reproduce the enrichment of arginines
first observed by Rohs et al. [46]. Lysines, which
also exhibit a distinctly positive net charge, were also
enriched in the minor groove.

We then generated the focusing region (K = 1kT/e)
in every DNA structure, and, as described in section
3.5, we computed the volume of intersection between
the focusing region and every amino acid in the
minor groove. The average volume of intersection
for each type of amino acid is shown at the bottom
of Figure 7. Arginines occupied an average of 25.9
Å3 inside the focusing region, 72% greater than the
second largest occupants, methionines (15.1 Å3), and
double or nearly double that of all other amino acids.
These results reproduce the earlier observations that
arginines are enriched in regions of electrostatic focus-
ing [46], and while small differences in less-enriched
amino acids were observed, they verify the accuracy

Fig. 8. Variations in electrostatic focusing in the minor
groove. The molecular surface of DNA (pdb: 1HF0) is
shown in teal and the surface of the focusing region at
K = 1kT/e is shown in transparent yellow. The top two
figures illustrate a cross section of the minor groove
of DNA (black box) where electrostatic focusing is
occurring, both without (A) and with (B) bound arginine.
The bottom figure (C) illustrates a different region of
the minor groove (black box) where less focusing is
occurring.
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a) b)

c) d)

Fig. 9. Effect of Eliminating Thin Focusing Regions. The molecular surface of SOD (a, c) and trypsin (b, d)
is shown in opaque teal. The region where electrostatic potential is enhanced by greater than 2 kT/e, in SOD
(a) and trypsin (b), is shown in transparent yellow. After removing thin focusing regions, the largest remaining
focusing region in SOD (c) and trypsin (d), as determined by the method described in Section 3.3, is drawn in
transparent yellow.

of our representation.
Electrostatic focusing can vary considerably in the

minor groove. In figure 8, close-up views of two
different but nearby regions in the minor groove (from
pdb 1HF0) illustrate this point. When present in the
minor groove, arginine sidechains occupy the entire
depth of the focusing region, completely immersing
the guanidinium group in the focusing region (figure
8b). Ten base pairs away, where the minor groove is
wider, the focusing region occupies only a thin film 1
Å in depth.

4.3 Isolating Influential Focusing Regions

The solid representations developed so far can effec-
tively represent regions of electrostatic focusing, but
they also contain small, flat regions where focusing
is unlikely to influence biological function. These
regions are distinctly visible in cross-section (Fig. 6)

and from the exterior (Fig. 9a,b) of our protein data
set and on DNA (Fig. 8c). To reduce flat, functionally
irrelevant focusing regions, we developed a volumet-
ric method for isolating larger regions, described in
section 3.3.

On superoxide dismutase, 16 larger regions of elec-
trostatic focusing were identified. The largest region,
with a volume of 428 Å3, was the functional site
(Figure 9c). The remaining cavities were smaller, av-
eraging 86 Å3. Trypsin exhibited 24 non-flat regions
of electrostatic focusing. The largest region occupied
765 Å3, and in addition to the arginine/lysine binding
cavity, it also occupied a considerable part of the pep-
tide binding channel nearby (Figure 9d). The remain-
ing regions were considerably smaller, averaging just
32 Å3. While these results describe only two protein
structures, they indicate that it is possible to distin-
guish functionally significant regions of electrostatic
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Fig. 10. Intersection volume, left, in cubic angstroms.

Fig. 11. A survey of amino acids intersecting focusing regions with statistically significant volume.

focusing from the many focusing regions that are too
small to influence function. Figures 9 and 8c illustrate
how completely the thin focusing regions cover the
molecular surface of the proteins and DNA in our
dataset, but our approach significantly narrowed the
search for potential binding sites.

To evaluate our algorithm at a larger scale, we
used the same parameters to identify large focusing
regions on all DNA structures. If the focusing regions
are correctly identified, then we expect average vol-
umes of intersection with different amino acids in
the minor groove, as defined earlier, to continue to
strongly favor arginine. This effect can be seen in our
data in Figure 10. The strong bias towards arginine
remained despite the fact that the average volume
of intersection dropped markedly for all amino acids
when thin focusing regions were removed. Lysine, the
second most common amino acid in the minor groove
(see top of Figure 7), with the second most positive net
charge, also had the second largest average volume of
intersection. These results indicate that large focusing
regions in the minor groove correctly identify regions
that favor arginine binding.

The vast majority of focusing regions in the minor
groove are smaller than 1 cubic angstrom. To fur-
ther eliminate statistically insignificant amino acids,
we trained our statistical model on one half of our
DNA dataset, and estimated the p-values of focusing
regions in the other half of the dataset. Eliminating
any focusing region with a p-value greater than .001,
we observed that the proportion of amino acids inter-
secting a statistically significant focusing region (Fig
11, top) was considerably enriched in arginines, even
relative to our earlier findings in Figure 7. In fact,
arginines occupied almost 60% of all volume occupied
by any amino acid in a significant focusing region,
and arginines and lysines together occupied nearly
80% (Fig 11, bottom). These results suggest amino
acids other than arginine and lysine are almost always
interacting with focusing regions that are so small as
to occur by random chance.

5 CONCLUSIONS

This paper presents several new techniques for rep-
resenting, comparing and analyzing regions where
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electrostatic focusing occurs. We verified the accuracy
of our solid representations on trypsin and superoxide
dismutase, which depend on electrostatic focusing to
perform their biological function. We also verified the
our representation at a large scale on 866 protein-DNA
complexes, demonstrating that our software correctly
reproduced earlier experiments that observed the en-
richment of arginine sidechains in the minor groove.
By comparing the position of the arginines with the
solid focusing regions, our results indicate that our
representation correctly detects regions where focus-
ing occurs and enables the accurate and unsupervised
comparison of focusing region geometry.

We also showed that large parts of the molecular
surface are covered with thin focusing regions, while
functionally influential focusing regions were deeper
and occupied significantly more volume. To enable
influential regions to be automatically detected, we
described a volumetric algorithm for separating large
focusing regions from the ubiquitous thin focusing
regions. On superoxide dismutase and trypsin, the
largest focusing region was always the binding site.
In protein-DNA complexes, the large focusing regions
were also enriched in arginine sidechains, as we ob-
served earlier.

The largest focusing region on any molecular sur-
face, however, is not a precise criterion for identifying
functionally influential focusing regions. On some
structures, no significant focusing regions exist, while
DNA and other structures can exhibit several such
regions. To filter out focusing regions that are too
small, and assist in the prediction of functionally
influential regions, we developed a statistical model
of focusing region volume in protein-DNA complexes.
Based on a significance threshold of .001, our model
eliminates non-thin focusing regions that are too small
to have occurred by random chance. The remaining
regions were considerably more enriched in arginine
sidechains than the focusing regions in our earlier
data. These observations show that while the larger
trend of arginine enrichment was still apparent, earlier
observations included amino acids that co-occurred
with focusing regions that were too small to be func-
tionally relevant, and that the actual enrichment of
arginines in the minor groove may be more selective
than previously thought.

Our results indicate that volumetric algorithms and
statistical models have useful applications in the anal-
ysis of electrostatic focusing. These techniques en-
able the dissection of electrostatic fields into discrete
and functionally relevant focusing regions that can
be isolated for further examination, pointing to new
applications in protein engineering, where the design
of electrostatic complementarity could enhanced, and
in drug design, where statistically significant regions
of electrostatic focusing could be used to consider new
leads for selective binding.
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