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Abstract

Sites are microenvironments within a biomolecular structure, distinguished by their structural or functional role.
A site can be defined by a three-dimensional location and a local neighborhood around this location in which
the structure or function exists. We have developed a computer system to facilitate structural analysis (both qual-
itative and quantitative)} of biomolecular sites. Qur system automatically examines the spatial distributions of bio-
physical and biochemical properties, and reports those regions within a site where the distribution of these properties
differs significantly from control nonsites. The properties range from simple atom-based characteristics such as
charge to polypeptide-based characteristics such as type of secondary structure. Our analysis of sites uses non-
sites as controls, providing a baseline for the quantitative assessment of the significance of the features that are
uncovered. In this paper, we use radial distributions of properties to study three well-known sites (the binding
sites for calcium, the milieu of disulfide bridges, and the serine protease active site). We demonstrate that the sys-
tem automatically finds many of the previously described features of these sites and augments these features with
some new details. In some cases, we cannot confirm the statistical significance of previously reported features.
Our results demonstrate that analysis of protein structure is sensitive to assumptions about background distribu-
tions, and that these distributions should be considered explicitly during structural analyses.
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Central to molecular biology is the determination of macro-
molecular structure and the analysis of how structural elements
produce an observed function. The principles by which structure
relates to function have been elucidated in 2 piecemeal fashion,
from work on single structures or small classes of structures.
Computational assistance has come primarily in the form of
graphical methods for scientific visualization and from special
purpose programs for analyzing individual biophysical prop-
erties (such as solvent accessibility or electrostatic fields). Un-
fortunately, studying structures individually entails a risk of
missing important relationships that would be revealed by pool-
ing relevant data. The expected surfeit of protein structures
provides an opportunity to develop tools for automatically ex-
amining biclogical structures and producing useful represen-
tations of the key biophysical and biochemical features. The
utility of a general purpose system for producing these repre-
sentations would extend from medical/pharmaceutical applica-
tions (model-based drug design, comparing pharmacological

Reprint requests to: Russ B. Altman, Section on Medical Informat-
ics, Stanford University School of Medicine, MSOB X-215, Stanford,
California 94305-5479; e-mail: altman@camis.stanford.edu.

activities) to industrial applications (understanding structural
stability, protein engineering).

In this paper we describe a computational tool for analyzing
protein sites — microenvironments within a structure distinguished
by their structural or functional roles. We define a site as a re-
gion within a macromolecule with a central location and a sur-
rounding neighborhood. In principal, a site could include the
entire molecule, but we focus on sites that involve proper sub-
sets of the molecule using a neighborhood with a 10-A radius.
Sites can be significant because of their structural role (for ex-
ample, the site where a disulfide bond forms), their functional
role (the active site of a serine protease) or both (the site of cal-
cium binding). The most basic representation of a site is the set
of atoms within it, along with their three-dimensional coordi-
nates. We have created a system that augments this represen-
tation with the spatial distribution of. user-defined properties.
These properties include labels designating the types of atoms,
chemical groups, amino acids, and secondary structures. They
also include simple biophysical characteristics such as charge,

" polarity, mobility, and solvent accessibility.
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The distribution of a property is computed by dividing the
total volume of a site into subvolumes and computing the prev-
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Characterizing microenvironmen!s in proteins

cell is taken to fall inside a volume if its center point lies inside
the volume. Currently the only collection volume used is a shell
of thickness 1 A. {We have also experimented with spherical vol-
umes and shell thickness of 2 A as reported in the sensitivity
analysis, and these produce similar results.) Each collector sums
the values in consecutive shells of 1 A thickness (out to a user-
defined maximum radius), and returns a vector of summed
property values, one value for each collection shell. The collec-
tion process is shown graphically in Figure 4.2

Testing for significant differences

The products of the collection stage are site and nonsite dis-
tributions. A site distribution for a given property and collec-
tion volume contains all the values that were collected for that
property/volume pair across all the protein site instances (and
thus contains as many values as there are instances). A nonsite
distribution is formed analogously. The two distributions are
compared for statistical significance. Because these values are
not, in general, normally distributed, a nonparametric test (the
Mann-Whitney rank-sum test [Glantz, 1987]) is used to com-
pare the distributions to see if the null hypothesis (that the two
distributions are the same) can be rejected. All property/volume
pairs producing results significant to a user-defined level are
displaved in a two-dimensional plot (such as in Figures 1, 2,
and 3). The significance level for these experiments was P <
0.01. Note that although the rank-sum test is invoked many
times, each site and nonsite distribution is tested only once, for
the property/volume pair from which it was formed and inde-
pendently from all other possible pairs. The significance level
therefore applies to each of those individual tests, not to a global
hypothesis about the site microenvironment (no such hypoth-
esis is formed by the system).

The program is written in generic Common Lisp and currently
runs on two platforms, Macintosh Common Lisp on the Apple
Macintosh, and Hewlett-Packard/Lucid Common Lisp on the
Hewlett-Packard 720 series workstation. Those interested in
the program code should contact the authors.

The algorithm can be summarized as follows:

INPUT: Set of sites (positive examples), set of nonsites (nega-
tive, control examples), set of properties of interest

For each property,
1. Create a grid for site properties
2. For each site,
2.1. Center site on grid; clear grid
2.2. Add value of property for site into grid
2.3. Collect all values within volumes of interest, to pro-
duce a list of volume/value pairs giving the site
distribution

2 In order to analyze sites in a manner that is sensitive to orienta-
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Fig. 4. Summary of procedure used to detect significant features. A rep-
resentative calcium site and nonsite are shown, in the context of the
property “atom name is oxygen.” This figure illustrates how the system
would conclude that the third shell has significantly more oxygens in
calcium sites than in nonsites. A: Shells are formed around each site or
nonsite, and values of the property of interest within the grid cells lying
in each shell are summed. B: Sums are recorded as a vector, one sum
for each shell. C: Values for a property/volume pair (in this example,
property = oxygen, volume = shell number 3) are collected for all sites
to form the site distribution, and analogously over nonsites for the non-
site distribution. D: Site and nonsite distributions are compared using
the nonparametric Mann-Whitney rank sum test.

3. Create a grid for nonsite properties
4. For each nonsite,
4.1. Center nomsite on grid; clear grid
4.2, Add value of property for nonsite into grid
4.3. Collect all values within volumes of interest, to pro-
duce a list of volume/value pairs giving the nonsite
distribution
5. Compare site distribution with nonsite distribution, and
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Application to Ca’* binding sites

Calcium (Ca?*) is a metal ion commonly bound in proteins.
The method was applied to determine which properties cor-
related with the presence of a calcium binding site. The cal-
cium site was located at the center of the Ca* ion, to a radius
of 7 A. For a typical binding site, see Figure SA. The nonsites
were chosen randomly from the same proteins from which the
sites were selected, with 20 nonsites per protein. The proteins
used and the number of sites and nonsites for each protein are
shown in Table 2. Proteins were chosen from lists of commonly
studied calcium binding proteins.

Application to disulfide bond sites

The sulfur atom in a cysteine residue often forms a covalent
bond with a sulfur atom in a neighboring cysteine, forming a
disulfide bridge. To find the properties correlated with the bond-
ing state of the cysteine, the method was applied, taking the sul-
fur atom in each cysteine residue as the site’s center, out to a
radius of 10 A. For cysteines forming a bridge, this will include
the other cysteine residue. A typical site is shown in Figure 5B.
The control nonsites were chosen to be cysteines not partici-
pating in a disulfide bridge (from proteins containing disulfide
bridges, as well as some that do not). The proteins used and
the number of sites and nonsites for each protein are listed in
Table 2. The proteins were chosen at random from the PDB.

Application to serine protease active sites

Central to the proteolytic activity of serine proteases is presence
of a catalytic triad, composed of the side chains from Asp, His,
and Ser in a partjcular three-dimensional organization. The ac-
tive site does not exhibit radial {spherical) symmetry. A typical
active site is shown in Figure SC. The property search was ap-
plied to these sites, using the NE2 atom of the His as the cen-
ter, to a radius of 10 A. The control nonsites were His residues
not in the active site. The proteins used (a selection from the
family of serine proteases) and the number of sites and nonsites
for each protein are listed in Table 2.

Sensitivity analysis

We tested the sensitivity of our results to the choices and assump-
tions in our method. For each sensitivity test, we changed a pa-
rameter {as described below) and then examined the effect on
the output representation for changes. We considered four pos-
sibilities: a difference between site and control nonsite may have
no change, become significant, become insignificant, or reverse
significance. (A reversal of significance is the most worrisome
situation, because it implies that the parameter is very sensitive
to the decision being tested.)

Grid spacing

The original grid spacing (0.826 A) was chosen so that the grid
cell diagonal corresponded to the length of a C-O bond, which
had the effect of producing very few “collisions,” when two at-
oms both fell into the same cell. As a test, the grid spacing was
adjusted upward and downward in turn by 20% (up to 1.00 A,
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and down to 0.66 A), and then all the properties were recom-
puted for the calcium binding site proteins.

Shell thickness

The thickness of the collection shells was originally set at
1 A. The calcium binding site proteins were rerun using a shell
thickness of 2 A.

van der Waals radii

Because in reality each atom is not a sphere of fixed radius,
we scaled the van der Waals radii used in the property calcula-
tions (taken from the standard Richards sets [Richards, 1974],
with augmentation from the literature) upward and downward
by 20%, followed by a recalculation of all the properties for the
calcium binding site proteins.

Choice of nonsite controls

To highlight the significant effect of how the control group
(the nonsites) is chosen, a modification of the serine protease
experiment was conducted, using randomly chosen atoms as
nonsite centers instead of the NE2 atom in His residues not in
the active site.

Size of nonsite sample

In order to gauge the effects of the sample size, especially on
the nonsite group (which we typically have more control over),
we compared the results for the calcium binding site run with
the number of nonsites reduced by 50% (from 20 1o 10). We then
ran the analysis again, and compared the output.

Effect of random sampling

In order to further gauge the effects of sampling for nonsites,
we reran the analysis of calcium binding sites with a different
random sample of the same number of nonsites (7 = 20).

Statistical significance cutoff

Finally, in order to test the sensitivity of our method to the
definition of significance, we varied the significance level (P
value). We chose to conduct this experiment on the disulfide and
serine protease environments because the results at standard sig-
nificance level did not include a number of previously described
features (as detailed in the Results).

Supplementary material in Electronic Appendix

The Electronic Appendix (SUPLEMNT directory, Bagley.SUP
subdirectory) contains quantitative presentations of the prop-
erty/volume plots at the standard conditions (P < 0.01 signif-
icance threshold), for the Ca binding site (first experiment in
Fig. 1, file Bagley.ca), disulfide bonding environment (second
experiment in Fig. 2, file Bagley.cys), and serine protease active
site (second experiment in Fig. 3, file Bagley.his). Each entry
contains the significance threshold (the P value), whose sign in-
dicates if the mean value in sites is greater (+) or Iess than (—)
the control group. The rank of the cell is given in parentheses,
with (1) being the most significant. The ranks are calculated with
full precision of significance values, to break ties.

The Electronic Appendix also contains kinemages of a cal-
cium binding site, a disulfide bridge, and a serine protease ac-
tive site.



Fig. 5. A: Ca* binding site of B-trypsin (4PTP) is shown. The van der Waals radii have been scaled by 0.5 to make the neighborhood more visible. Carbon atoms are
light blue, oxygen atoms are red, nitrogen atoms are blue, calcium is green. This site is typical of those used in the calculation of significant properties for calcium sites
and demonstrates the difficulty in systematically determining which structural features are consistently present and significant over many such examples. A kinemage
view of this site appears as Kinemage 1. B: Disulfide bridge from glutathione reductase (3GRS) is shown. Coloring scheme is as in Figure 5, with sulfur atoms drawn
yellow, and phosphates (as well as ambiguous nitrogen/carbon atoms) drawn pink. The van der Waals radii have been scaled by 0.5 to make the neighborhood maore visi-
ble. This site is one of the sites used in the calculation of significant properties for disutfide bridge sites. A portion of the planar flavin ring system that occurs close to
the disulfide bridge is shown to the right of the sulfur. All atoms reported in the PDB file and within the radius of interest are used in these calculations. A kinemage
view of this site appears as Kinemage 2. C: Active site from y-chymotrypsin (1GCT), a serine protease, is shown. Only the atoms in the catalytic triad are shown full
scale. The nearby cysteines are shown half size; all other atoms are greatly reduced in size, The binding cleft and 3,4-helix that are seen in the proteases are labeled. A
kinemage view of this site appears as Kincmage 3.
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Appendix 1: List of microenvironment properties

This appendix contains the set of biophysical/biochemical properties cur-
rently used by the system. Properties marked NC are stored only in the
cell containing the nucleus of the atom; properties marked EV are spread
out over the electron (van der Waals) volume of the atom.

Arom-based properties

Atom types. One of (ANY, CARBON, NITROGEN, OXYGEN, or
OTHER). The atom name is entered in the grid at the location of the
atom’s nucleus. NC.

Hydrophobicity. All O and N are —1. Any C directly bonded t0 an
O or an N is 0. All other C are 0. All metal ions (Ca, Cu, Fe, Zn, Mn,
Mg) are —2. The S in Cysis —1. All other atoms are 0. EV.

Charge. The value is —1/3 for each of CG, ODI, and OD2 in Asp,
—1/3 for each of CD, OE1, OE2 in Glu, +1 for NZ in Lys, +1/3 for
each of CZ, NH1, NH2 in Arg, +2 for Ca, Cu, Fe, Mg, Mn, Zn, and
—1 for Cl, and 0 for all other atoms. EV.

Charge-with-His. Similar to charge property, with the addition that
His ND1 and His NE2 each are 0.5, and His ADI, His AD2, His AE],
and His AE2 are each 0.25. EV.

Chemical group-based properties

Hydroxyl. The value is 1.0 for Ser OG, Thr OG1, or Tyr OH, and
0.5 for Cys SG. 0.0 otherwise. NC.

Amide. The value is 1.0 for Asn ND2, Gln NE2, and Pre N, and 0.5
for Arg NH1 and NH2, Asn ADI and AD2, Gln AE1 and AE2, His NDI
and NE2, and 0.25 for His AD1, AD2, AE1, AE2. 0.0 otherwise. NC.

Amine. The valueis 1.0 for Arg NE, Lys NZ, and Trp NE1, 0.5 for
Arg NH1 and NH2, and His NDI and NE2, and 0.25 for His AD1, AD2,
AEIl, AE2. 0.0 otherwise. NC.

Carbony!. The value is 1.0 for backbone O, Asn OD1, and Gln OE1
and 0.5 for Asp OD1 and OD2, Asn AP1 and AD2, Gln AE} and AE2
and Glu OEl and OE2. 0.0 otherwise. NC.

Ring-system. The value is 1 if the atom is part of a ring system (in
His, Phe, Trp, or Tyr). 0 otherwise, NC.

Peptide. The value is 1 if the atom is part of the polypeptide back-
bone. 0 otherwise. EV.

Residue-based properties
Residue types. The standard 20 amino acids, or HOH or Other. NC.

Hydrophobicity classification I. One of HYDROPHOBIC (Ala, lle,
Leu, Met, Phe, Pro, Val), CHARGED (Arg, Asp, Glu, Lys), POLAR
(Asn, Cys, Gln, His, Ser, Thr, Tyr, Trp), or UNKNOWN (nonstandard
residues). NC.

Hydrophobicity classification 2. One of NONPOLAR (Ala, Ile, Leu,
Met, Phe, Pro, Trp, Val), POLAR (Asn, Cys, Gln, Gly, Ser, Thr, Tyr),
ACIDIC (Asp, Glu), or BASIC (Arg, Lys, His), or UNKNOWN (non-
standard residue). NC.






