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The spherical harmonic (SH) surface representation approach is very 
well suited for calculating rotational correlations in order to superpose 
similar molecular surface shapes [1]. We have recently showed that 
SHs also provide an efficient way to represent and compare rapidly 
the 3D shapes of small ligand in a molecular database [2]. However, 
most current molecular similarity techniques search for global 
similarity and therefore may miss finding active compounds with 
different overall shapes and sizes but which share similar 
substructures or surface fragments. However, existing fragment 
matching algorithms can identify common covalent substructures but 
they are not well suited for performing scaffold-hopping shape-based 
database searches. There is therefore a need to develop new shaped-
based fragment matching techniques.
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Spherical Harmonic Expansions
In this work, molecular surface shapes are represented as radial
expansions of the SH basis functions: 

where Jmax is the expansion order, The expansion coefficients ajm are 
calculated by numerical integration, as described previously [3]. 
Figure 1 some example molecular shapes reconstructed from the 
expansion coefficients.

Figure 1. Example spherical harmonic molecular surface expansions of bisoprolol
(top) and lorazepam (bottom) shown at increasing expansion order.
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Our goal is to identify and group together molecules that have similar 
biological activities that derive from common 3D surface regions. In 
the current example, two of the ligands are similar in size whereas the 
third one (balanol) is bigger. The database searches using global SH 
shapes reflected the size difference by ranking the two small ligands 
together in the first 10% of the database, whereas using the smaller 
molecules as queries failed to give a good rank for the larger balanol.

Figure 7 shows that searching using shape fragments generally gives a 
significant increase in recall and precision. The shape fragment
queries give good scores for both the fragment and global shape TPs
that were planted in the database. However, the global shape queries 
fail to find good matches even amongst the other global shape TPs.

The individual ranks obtained for each query are shown in Table 1. 
This highlights the improvement obtained by using shape fragment
queries. For example, the balanol fragment query gives a much better 
rank for adenosine (rank 3) and isoquinoline (rank 4) than the global 
balanol query (rank 174 and 160). In other words, the global shapes of 
adenosine and isoquinoline matched the global shape of balanol only 
in the last 10% of the database, whereas the fragment shape queries 
often placed matches in the top 10-30% of the database. Nonetheless, 
it should be borne in mind that these results may be somewhat biased 
by the different overall sizes of the original molecules.
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In order to test our approach, a group of “decoy” molecules were 
assembled from the NCI database [3] by randomly selecting 1108 
molecules with molecular weights between 130 and 560Da (excluding 
molecules containing any metal atoms), in order to provide a set of 
decoys which are reasonably comparable to the query molecules.

Decoy Database Construction

Figure 6. Molecular weight distribution of Decoy dataset.
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Figure 3. Illustration of the three selected ligands (shown as SH surfaces) binding in 
the same cAPK pocket. The ligands are from top left isoquinoline, right adenosine, and 
bottom balanol.

Figure 5. Illustration of the reconstructed SH surface fragments of the three selected 
ligands.  The ligands are: top left isoquinoline, right adenosine, and bottom balanol. In 
each case, the 1.0Å contact threshold gives the large SH surface, and the 0.6Å threshold 
gives the much smaller SH surface. 

We are investigating different 
ways of calculating 3D surface 
shape fragments for database 
searching. For this poster we 
will illustrate one of them that 
takes into account the inter-
atomic distances of the protein 
and ligand atoms that are close 
to each other. The ligand 
atoms that are close to the 
protein are marked as positives 
and are included in the 3D 
fragment generation, while all 
the other ligand atoms are not. 
Figure 4 illustrates an idealized 
sketch where the ligand 
surface has been colored either 
red (contact) or yellow (non-
contact).

Figure 4. Sketch of protein-ligand binding. The 
red part of the ligand is in contact with the 
receptor. Only this region is encoded as a SH 
expansion, as suggested by the yellow arrows.

Using the above method we calculated shape fragments for the three 
selected ligands using contact distance thresholds of 1.0Å and 0.6Å. 
Figure 6, below, shows the SH reconstructions of the calculated shape 
fragments, along with their covalent structures.

Original Shape Search
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Figure 7. ROC plots of the database query results for the three ligands and the three 
different models of each against the Decoy data set. The upper ROC plot show the utility 
of the global shape query. The lower two ROC plots show the utility of using SH shape 
fragments as the queries. In the lower left panel, shape fragments were defined using a 
distance threshold of 1.0 Å, whereas the lower right panel shows results obtained when 
using a distance threshold of 0.6 Å. 

Figure 2 – Two example cAPK binding ligands. The top ligand is balanol and the 
bottom one is phosphothreonine. These two molecules bind in the same binding pocket 
despite having dissimilar global SH surface and covalent  structures.

0.6 1 0.6 1 0.6 1
X 320 35 254 423 505 119 430 470

0.6 1000+ X 1 1000+ 3 846 1000+ 1 617
1 1000+ 2 X 1000+ 17 955 1000+ 7 298

1000+ 860 1007 X 782 132 1000+ 841 1072
0.6 1000+ 3 743 1000+ X 1 1000+ 4 873
1 1000+ 154 241 1000+ 1 X 1000+ 66 186

642 174 135 327 186 23 X 160 208
0.6 1000+ 1 24 1000+ 2 211 1000+ X 1
1 1000+ 4 98 1000+ 8 641 1000+ 2 X
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Table 1. Ranking results for each query against the Decoy plus ligand database. Each 
column of the table shows the rank found for the true positive structure given in the 
corresponding row. Table columns are coloured as orange: global shape; yellow: 0.6Å
threshold fragments; blue: 1Å threshold fragments. A rank of 1000+ means the query 
was not found within the first 1000 molecules. 

The SH representation is only strictly faithful for globular or star-like 
shapes which have no re-entrant or multi-valued regions with respect 
to the chosen coordinate origin. However, if only part of a molecular 
surface is involved in binding to a receptor, then it is not absolutely 
necessary to capture the entire shape of a query molecule for SH-
based database searches. Figure 2 shows an example in which two 
different ligands have different global shapes, but which both bind to 
the same receptor. We therefore wish to explore whether the SH 
approach can recognise such cases. 

Each shape was then used to query the database of Decoy plus cAPK 
binders in order to determine how well the SH fragment of a given 
known binder could rank the other two binders. Figure 7 shows ROC 
(Receiver-Operator Characteristic) plots of the results obtained.

Selected Protein-Ligand Test Cases

In order to construct the query models for our database experiments 
we selected three ligands from some CAMP-dependent protein kinase 
(cAPK) complexes (PDB codes: 1YDR, 1BKX and 1FMO). Figure 3 
shows these ligands (an isoquinoline, balanol and adenosine) 
rendered as global spherical harmonic surfaces in the cAPK binding 
site.

For our database experiments, we used three different SH query 
structures for each of the three ligands. The first one was the original 
global SH shape of the ligand, as illustrated in Figure 2, and the other 
two queries for each molecule used the surface shape fragments 
shown in Figure 5. These shapes were added to the Decoy database to 
give a set of true positives (TPs) for the searching and retrieval tests.

Our SH fragment matching approach promises the ability to search for 
specific 3D surfaces that are important for the biological activity of 
protein-ligand interactions. The results shown here indicate that SH 
fragment matching can give better database retrieval results than using 
global shape-based queries. 

Future work

One potential limitation of the approach described here is the 
dependence on the choice of the coordinates for the expansion centre. 
We are working to extend the approach to use multiple coordinate
centres in order to provide a richer and more faithful set of SH query 
vectors for each ligand.


