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0. Abstract
Active binding site locations in protein molecules can be characterized structurally through pockets and cavities present on the molecule’s surface. By fitting quadratic surfaces over a protein’s representative mesh and varying the locality for computing the spline coefficients, a fast approximation of the object's curvature can be constructed. This provides a computationally quick and efficient way to evaluate the surface for areas of depressions with variable size. By grouping the neighboring depressions, it is possible to generate estimations for potential ligand binding sites.
1. Introduction

Structural genomics projects have begun to produce protein structures with unknown function. The need to accurately determine a protein’s function through omission of full molecular analysis has generated necessity to develop fast and accurate prediction methods. The specific classification of proteins’ interactions with smaller molecules (ligands) provides useful information towards a protein’s function. Drug companies are especially interested in the development of efficient and precise binding site predictor algorithms because the search space for safe and effective drugs and medicines can potentially be greatly reduced. The aim of this paper is to develop and discuss a method for estimating protein-ligand binding site locations by utilizing a mapping of quadratic surfaces at discrete intervals over a target protein’s physical structure. In doing so, a relatively computationally fast estimation of the surface curvature is generated and can be evaluated for areas of depression, where implications and assumptions can be inferred on the likeliness of an area to inhibit an active ligand.
2. Related Work
Various methods have been developed in attempt to evaluate a protein’s function and are not limited to the scope of a folded protein’s physical structure. Both sequence data and ligand/substrate information can be used to extract characteristics from a protein molecule [1], but for this paper a restriction of examination will be placed to strictly focus on the 3D structure.

Early work done by University College London [2] relied on a model that searched for pockets by looking at the locations of a molecule’s atoms. For every possible pair of atoms, this method constructs and places a maximally sized sphere located at the midpoint of the two atoms, with the outer of the sphere tangent to the atoms’ surfaces, thus finding the largest spherical volume between the atoms. If a constructed sphere colluded with any of the molecule’s atoms it was discarded. All overlapping spheres are unioned, and each new individual volume is ranked on its likeliness to hold a ligand by its total volume.
Future work was done [3] which used the preceding method as a basis. The deviation was that if pocket defining spheres inhibited the same space as an atom, their total radius/size was reduced (while still being stationary at the midpoint), thus retaining the sphere instead of discarding it.
Another approach attacks the problem by defining the 3D volume space into an orthogonal grid with an abstract number of equidistant lattice points located at the intersection of the axes intervals [4]. It then determines the amount of “light” that every grid point not contained within the protein structure can see. It does this by looking at the fourteen cardinal, 3-dimensional directions (two per single axis, two per 3-axis) by defining a point’s brightness on how many cardinal vectors were able to escape to outside the grid. It then applied a threshold to the brightness levels and connected all lattice points within an interval step, giving a rough pocket shape.

This method was ultimately a predecessor for a more computationally expensive, but present-day feasible, graphics method called known as ambient occlusion. For any given lattice point, thousands of light rays can be applied to that vertex, and the above method can be repeated. To reduce the amount of computation, only points on the molecule surface need to be considered (instead of a set of lattice points).
3. Method

Available for public access are large databases of protein molecules in a standardized ‘pdb’ format. Each file describes the location and types of atoms used to construct the respective protein. To determine which points on the molecule’s surface were to be used for quadratic surface fitting, it is recommended that the atomic representation is converted to a triangle mesh. It is important that the composing mesh triangles are as close to equilateral as possible and be of similar size, since both a uniform distribution of vertices and accurate neighbor queries are desired.
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Highlighted Triangle Mesh Edges
The next step’s goal is to quickly and efficiently classify the curvature of the molecule. This will be done by computing a quadratic surface at key points on the mesh’s surface, where the key points will be defined as the mesh vertices. Select a radius r (importance described in the next section) and find the surface points that project onto the x, y axes (individually) of distance r. Using these points and the original vertice, solve for the coefficients of the bivariate quadratic function:
Ax2 + By2 + Cx + Dy + Exy + F = 0
Once the surface estimation is computed it is necessary to classify all vertices’ surface approximated shapes. Quadratic surfaces can be grouped into three general categories. First, bowls can be defined as parabolas with strict openness towards the normal direction and peaks take the form of parabolas with strict openness towards the negative of the normal. All other shapes can be categorized as irregular. 
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Irregular

For all vertices with irregular surface shape, assign their new shape to match the closest (in terms of neighboring steps) bowl or peak. This provides a billowing effect for sets of bowls and peaks, consuming irregular vertices. Union all neighboring vertices together into disjoint sets of bowls and peaks. This can be accomplished through the standard connected components algorithm where vertices are considered neighbors if they share a triangle edge face.
For further examination, the radius at which points around the target vertice are selected to solve for the quadratic surface can also be varied. Shifting the radius changes the locality of the surface approximation, where a small radius can be used to find very fine depressions on the surface, and a larger radius reveals more expansive pockets.
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Bowl vertices colored in green, peaks are colored red, and neighbor radius defined to be 1 unit.
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Bowl vertices colored in green, peaks are colored red, and neighbor radius defined to be 3 units.
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Bowl vertices colored in green, peaks are colored red, and neighbor radius defined to be 5 units.

4. Results

To test the effectiveness of the described method for finding protein-ligand binding sites, proteins with prevalent and known binding sites were selected for so comparisons could be constructed. To keep the experimentation consistent, all protein molecules contained in the test set contained a common ligand called Atrial Natriuretic Peptide (ANP). The natural sources for the protein were varied in order to examine a wide variety of structural composition within the somewhat small test database. This resulted in the set consisting of both large and medium sized molecules with a ligand count between one and three. Binding site surface exposure was also heavily varied among the models, with sites located at the surface, in deep crevices, or even completely consumed within the protein. The proteins used, characterized by a four digit ID and their source, are listed in the table below. 
	PDB ID
	Protein Source

	1B63
	ESCHERICHIA COLI

	1ZY5 
	SACCHAROMYCES CEREVISIAE

	1V25 
	THERMUS THERMOPHILUS

	1NGI 
	BOS TAURUS

	1MMN 
	DICTYOSTELIUM DISCOIDEUM

	1LP4 
	ZEA MAYS

	1VFW 
	MUS MUSCULUS

	1D2N
	CRICETULUS GRISEUS

	1XR1
	HOMO SAPIENS

	1H72 
	METHANOCOCCUS JANNASCHII

	1I59
	THERMOTOGA MARITIMA

	1T4G 
	METHANOCOCCUS VOLTAE

	1U3D
	ARABIDOPSIS THALIANA

	1TQM
	ARCHAEOGLOBUS FULGIDUS DSM 4304




Test Set
To test the accuracy of the method, only the five largest classified binding sites were considered for ground truth comparison, the others were discarded. It has been shown [5] that ligands have a high tendency to bind in the largest pockets of a molecule. All of the ligands present in all of the tested proteins showed correlation with being attached on areas with depressions in the surface. However, after thresholding off all but the largest five identified pockets, the detection rate dropped greatly, only perfectly identifying two ligands throughout the test set. There was showing of strong correlation with another three ligands and displayed coincidence with 21 more of the total 33 ligands present in the database. Proteins with completely enclosed ligands fared with the poorest detection rates which is believed to result directly from failure for the algorithm to appropriately select neighborhood points when solving for the surface.
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(IB63) A typical result. Notice the underlying ligand curvature.
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Poor ability to scale in pockets leads this large cavity to be heavily fragmented.
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Further evidence of fragmentation.
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Unpure pocket correlation.

5. 



 Analysis

The overall usefulness of the results is questionable. While a fair amount of correlation can be seen between the surface curvature and protein-ligand interaction sites, it is generally not sufficient enough to base all assumptions on curvature alone. Even so, it may be the case that attempting to fit thousands of vertice points with a quadratic surface may be computationally unnecessary, as linear order plane fitting achieves similar, although slightly less revealing, results. The added complexity over linear methods makes it a magnitude slower and only receives marginal increases in accuracy.
The major failure of the algorithm is apparent when evaluation is performed on molecules that completely surround their ligands. The necessity for there to be points to map onto along the surface plane of a target vertex are nonexistent when the surface isn’t a function (rather, the points don’t exist), and thus an appropriate surface cannot be solved for.
6. Future Work

Due to the restriction of time, the full power of quadratic surfaces wasn’t exploited in this project. Incorporating differentiation between types of irregular quadratic surfaces would have provided a better heuristic measurement towards the definition of binding sites on a protein’s surface. Further analysis of the solved bivariate quadratic function coefficients would also give better clues and insight to the severity and shape of any impressions. The current implementation uses the world axes as orientations for the arbitrary axes when choosing to solve for the quadratic surface at a vertice. A smarter implementation might compute the surface gradient at the chosen point and define the first arbitrary axis to point along it. The connected components approach to grouping similar shaped vertices could potentially be improved upon since it only considers connected locality versus spatial locality. Implementing a fast spatial querying data structure and performing unions on vertices within a defined distance could provide a more accurate physical representation of a given pocket and not be prone to “ridge cuts” where a pocket is split into two by a strip of peak vertices. Higher order estimation splines are also a direction that could be attempted, although as the number of dimensions increases, the number of coefficients and required computational power scales quite quickly. Nonetheless, fitting a point with cubic splines would result in a more precise surface estimation.
7. Conclusion

In this project, a method of determining protein-ligand binding sites using quadratic surface estimation was investigated. For points on a molecule’s surface, it is possible to generate an approximation to the surface curvature and subsequently group similarly shaped neighboring vertices into areas of pockets and protrusions. While the approach is able to locate binding site locations on all of the molecules, it is shown that it is not enough to simply consider the largest bowl sets as binding sites. The method fails heavily when in deep, large pockets due to ridges and irregularities in the surface resulting in a fragmented representation. When a larger span of neighbors is considered, the method runs into the problem that it cannot properly project points from the arbitrary axis onto the mesh’s surface, and thus a bad surface value is computed. Overall, the approach was enlightening to show that curvature does play a role in defining binding sites, but can not alone be strictly used for evaluation.
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