
Representing and Comparing Molecules using Spherical Harmonic Expansions
Lazaros Mavridis and Dave Ritchie

[lmavridi, dritchie]@csd.abdn.ac.uk

Department of Computing Science,  
King’s College, University of Aberdeen, Aberdeen, UK

Performing quantitative structure-activity relationship (QSAR) studies is often a vital early 
step in the drug development process. If detailed experimental data for the molecules under 
study is not available, their structure and chemical properties can often be calculated 
satisfactorily using fast semi-empirical quantum mechanical techniques [1]. Currently, 
corporate and public databases now contain hundredsof thousands, or even millions of 
compounds, and it is becoming feasible to calculate and store the structures and properties for 
entire data sets. The ability to search such databases using 3D shape-based or property-based 
''scaffold-hopping'' queries offers would then offer the intriguing possibility of finding novel 
or unexpected drug leads [2]. We are investigating the use of spherical harmonic (SH) 
expansions as an efficient way to represent and compare small ligand molecules. It has been 
shown previously that the spherical harmonic representation is particularly well suited to 
calculating rotational correlations in order to superpose similar molecular shapes [3]. Here, 
we describe early work on “SpotLight,” a novel 3D molecular superposition and database 
system. SpotLight can compare, superpose, and cluster the 3D shapes and surface properties 
of small ligands using only their spherical harmonic expansion coefficients.

Spherical Harmonic Distance Calculation

Spherical Harmonic Expansions
Low order SHs are commonly used as atomic orbital basis functions in quantum mechanics 
calculations, for example. However, here we are using high order SHs to represent and 
compare entire molecules. For example, SH molecular surfaces are represented as: 

The most important factor that controls the accuracy of the representation is the expansion
order,J, because the number of expansion coefficients increases as (J+1)2. In order to find the 
best value of J for reliable and efficient shape matching, we experimented with a group of 40 
drug molecules using different search parameters. With the use of the distance and rotation 
equations, we calculated the minimum distance of 39 drug molecules with Lorazepam. Figure 
4 shows the behaviour of the distance score as a function of J. As J increases, the distance 
value also increases because larger values of J capture more structural detail, hence causing 
greater differences between the molecules. However, beyond a certain value, typically J=7, 
the curves flatten out. This shows that J=7 captures most of the surface detail of any given 
molecule. Figure 5 shows the average rate of change of these distance curves. This indicates 
that the optimal value of J for rapidly superposing these molecules is between only 5 and 7. 

Conclusions
The SH representation provides a powerful way to represent and compare small ligand 
molecules. Our clustering results show that chemically meaningful clusters may be obtained 
using low order SH expansions and relatively coarse rotational search steps. This suggests the 
SH approach could provide a practical way to search very large 3D datasets. We are  working 
to accelerate such calculations in order to provide a new computational technique for high-
throughput screening. 

Figure 1 – Some example real spherical harmonics
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Because 3D superposition is largely a rotational search problem,
we wish to find the minimum distance between a given pair of 
molecules when one molecule is rotated against the other. It can be 
shown that the SH expansion coefficients transform amongst 
themselves under rotation according to: 

Clustering Spherical Harmonic Surfaces
SpotLight can also cluster molecules on their SH distances using Kleiweg’s “cluster” program 
[4]. However, the computational cost of the initial superposition calculation increases as the 
square of the expansion order, J, and as the cube of the angular step size (Orientations = 
(360/step)2*(180/step)). Hence it is important to determine good superposition search 
parameters to use prior to clustering. We therefore performed clustering calculations on our set 
of 40 drug molecules using three sets of search parameters, as summarised in Table 1. As 
expected, the search times depend heavily on the expansion order and the number of search 
steps. However, more significantly, we found that all three tests produced the same overall 
clustering, as shown in Figure 6. This shows that consistent clustering may be obtained using 
low order expansions with coarse angular search steps.

Figure 4 -Each curve represents the distance of one 
of the test molecules from Lorazepam 

Figure 6 – Spherical harmonic clustering of 40 drug molecules

where ajm and bjm are the SH expansion coefficients and Jmax is the selected expansion order.

Figure 5 – Each bar represents the difference in the 
distance between the specified pairs of J values.

Superposing Molecules
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Figure 3 – from left to right Carbidopa 
and Captopril alligned in various views
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Table 1 – Summary of clustering test 
search results.

Figure 6, right shows that 
clustering SH surfaces often 
places similar types of drug 
into similar clusters. For 
example, the first cluster 
(purple) consists mainly of 
small analgesics, whereas 
the second cluster (green) 
contains mostly β-blockers 
and some anti-depressants. 
The third cluster (cyan) 
contains mostly steroids.

We have also implemented 
a MySQL database using 
using SH expansions as the 
molecular “keys.” Spotlight 
can search this database 
against a given query 
molecule, as illustrated in 
Figure 7. We are currently 
extending this system to 
compare multiple surface 
properties and to use 
rotationally invariant SH 
expansions as “molecular 
fingerprints” in order to 
perform extremely fast 3D 
comparisons.

Searching 3D Databases

Figure 7 – Illustration of a typical database query

Figure 2 – Multi-resolution spherical harmonic expansions of Captopril (top) and Carbidopa (bottom)
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where (α,β,γ) represent Euler rotation angles. Using the above 
rotation and distance functions, SpotLight is able to superpose 
arbitrary molecules from SDF files and export groups of molecules 
in their superposed orientations. Figure 3 shows the calculated
superposition of our two example molecules.

Expansion Resolution

Introduction

Acknowledgments

We calculate the “distance”, d, between a pair of molecules as:
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where the expansion coefficients ajm are calculated as described previously [3]. Some 
example SH functions are shown in Figure 1, and some example SH molecular surfaces are 
shown in Figure 2. In this Figure, the molecules were manually pre-aligned for illustration 
purposes, although SpotLight can automatically calculate superpositions, as described below.


