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In biology, it is almost axiomatic that a protein’s amino acid sequence 
determines its three-dimensional (3D) molecular structure, and that its 3D 
structure determines its specific functions. Hence, biologists often 
calculate sequence alignments as a first step towards determining the 
function and evolutionary origin of an unknown protein or gene sequence. 
Furthermore, it is well known that protein folds are often more 
evolutionarily conserved than their sequences.1 Thus, comparing a 
protein’s 3D fold with a database of known folds as well as analyzing its 
sequence can often be more revealing than analyzing only its sequence, 
especially for novel structures coming from structural genomics 
initiatives.2   
 
Here, we present a novel shape-density superposition algorithm called 
3D-Blast which is based on the spherical polar Fourier (SPF) correlation 
technique originally developed by us for protein docking.3 The utility of 
this approach is compared with several well known protein structure 
alignment algorithms using receiver-operator characteristic (ROC) plots 
of the queries against the CATH4 database. Our results show that 3D-Blast 
is highly competitive compared to current state-of-the-art protein structure 
alignment algorithms, despite being completely independent of the 
primary sequence and internal geometry of proteins. A novel and 
potentially very useful feature of our approach is that it allows an average 
or “consensus” fold shape to be calculated easily for a given group of 
protein structures.  
 
 

In 3D-Blast, protein shapes are represented as 3D density functions 
expressed as expansions of orthonormal basis functions: 

where ylm(θ,φ) are the real spherical harmonics, N is the order of the 
highest polynomial power of the expansion, Rnl(r) are radial functions, and 
anlm are the expansion coefficients which are calculated as described 
previously.3 
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Step 1 
Parse all ATOM’s of a 

protein PDB file 

Step 2 
Place the protein inside a 
grid and contour the Van 
Der Waals surface of the 

backbone atoms. 

Step 3 
The contoured surface is 

then triangulated.  

Step 4 
Finally, the SPF 

coefficients are calculated 
using the HEX polar 

Fourier library. 
Figure 1. 3D-Blast process for calculating the expansion coefficients. 
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Aligning Low Sequence Identity Structures 

We have tested our approach by aligning several pairs of structures with 
low sequence identities which have been identified by Gerstein and Levitt5 
and Sippl and Wiederstein,6 and which are considered to be “difficult” 
structures to align using current approaches. Because SPF shape-densities 
are superposed using discrete rotational and translational search steps, the 
best SPF superposition of two domains does not normally correspond to 
an optimal superposition in a least-squares sense. Nonetheless, once an 
initial superposition has been found, it is straight-forward to optimize it by 
finding and fitting corresponding pairs of Cα atoms using a modified 
Needleman-Wunsch algorithm. 
 
Table I lists the Q-score quality values, along with the number of aligned 
residues and calculated RMS deviations obtained by 3D-Blast, SSM, Dali 
and CE for 12 pairs of low sequence identity pairs. In each case, using 
fitting marginally increases the 3D-Blast Q-score and reduces the RMS 
deviation of the initial SPF superposition, but it does not change the 
number of aligned residues.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 highlights three selected examples of these superpositions 
obtained by 3D-Blast and SSM. For the first two superpositions (1eud–
1ccw and 1te2–1zol) 3D-Blast and SSM agree very well. However, the 
3D-Blast superposition for  1eudA1–1eudA2 is clearly inferior to the SSM 
alignment. Indeed, although 3D-Blast finds a good steric superposition in 
this case, visual comparison with the SSM alignment shows that one of the 
domains is flipped with respect to the other. Hence, the 3D-Blast 
superposition has fewer correctly associated SSEs than the SSM 
alignment. We believe this occurs because the volumetric overlay in the 
flipped orientation is larger than in the SSE-defined orientation, and 
because 3D-Blast does not use any primary sequence or secondary 
structure information to guide the superposition. These examples 
demonstrate that 3D-Blast can find good superpositions for proteins with 
very low sequence similarities, although care is required if their shape 
density functions are pseudo symmetrical. 
 

 
 

 
SI 

3D-Blast 
Q     RMS     L 

SSM 
Q     RMS     L 

Dali 
Q     RMS     L 

CE 
Q     RMS     L 

Sippl and Wiederstein 

1eud|A1 - 1ccw 12 0.244 2.61 85 0.275 2.73 92 0.271 2.90 94 0.287 3.10 100 

1eud|A2 - 1ccw 11 0.298 2.26 104 0.304 2.48 109 0.289 3.00 116 0.285 3.09 117 

1eud| A1 - A2 7.8 0.063 2.69 51 0.179 2.97 90 0.169 3.00 88 0.181 3.39 97 

1gt8 – 1mo9 19.0 0.288 2.05 147 0.257 1.96 137 0.275 2.60 157 0.126 4.28 87 

1te2 – 1zol 13.6 0.515 1.71 61 0.497 1.60 59 0.454 2.70 67 - - - 

1lt3 – 1efy 7.4 0.017 3.13 42 0.081 3.34 94 0.079 3.60 97 0.101 3.55 98 

Gerstein and Levitt 

1amf – 3mbp 11.7 0.235 2.55 186 0.206 3.29 197 0.209 3.70 212 0.238 3.36 214 

1vdc – 2tmd 10.2 0.417 1.97 110 0.387 2.09 108 0.386 2.10 108 0.390 2.30 112 

1sqc – 1cem 9.2 0.276 2.50 243 0.223 3.06 240 0.271 3.30 275 0.053 1.67 26 

1nal – 1qba 7.8 0.078 2.48 130 0.126 3.38 192 0.140 3.10 193 0.049 3.77 128 

1mty – 1ryt 7.6 0.142 2.65 119 0.181 2.55 132 0.203 2.60 141 0.112 3.32 118 

1gof – 4ahh 5.9 0.118 2.96 227 0.134 3.69 273 0.158 3.90 306 0.082 3.42 204 

1dik – 1luc 3.2 0.114 2.65 154 0.130 3.40 186 0.128 3.50 188 0.082 3.27 145 

Table I. Examples of pairs of structures identified by Sippl and Wiederstein and Gerstein and Levitt. Here, SI 
denotes per-cent sequence identity between the domains to be fitted, Q is the Q-score, RMS is the root mean 
squared deviation of the aligned residues and L is the number of aligned residues. 

Figure 7: Examples of structural alignments calculated by 3D-Blast and SSM for three low
sequence identity structures. This figure shows the structural alignments calculated by 3D-
Blast (top row) and SSM (bottom row) for three difficult structural alignment examples identified
by Sippl and Wiederstein.13 The PDB codes of the structures are A: 1eud–1ccw; B: 1te2–
1zol; C: 1eud–1eud. In each case, the two protein chains are coloured green and blue, and
structurally aligned regions are highlighted in orange (first protein) and red (second protein). The
calculated Q-score, RMS deviation, and total number of aligned residues for these alignments
are given in Table II. Note that although 3D-Blast gives a good shape-density superposition in
example C, significantly fewer secondary structure elemements are correctly aligned compared
to the SSM alignment.
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Figure 2. This figure shows the structural alignments calculated by 3D-Blast (top row) and SSM (bottom row) 
for three difficult structural alignment examples. The PDB codes of the structures are A: 1eud – 1ccw; B: 1te2 – 
1zol; C: 1eudA1 – 1eudA2. In each case, the protein chains are coloured green and blue, and structurally 
aligned regions are highlighted in orange (first protein) and red (second protein). 

Figure 3. Aggregate ROC plot summary of 3D-Blast, SSM, Dali, CE, 3D-Blast-RIFand 3DZD. Left: vertically 
averaged ROC plots of the six query structures for each of the given alignment algorithms. Right: the 
corresponding AUCs for the first 5% and 10% of the ranked database. 

3D-Blast can also be used to compare a query structure against the entire 
CATH database. For six example query structures (12as-A, 1agr-E, 1b8t-
A, 1c4z-D, 1qbk-B and 1w4e-A), it correctly retrieves all of the CATH 
domain family members in almost all cases. Figure 3 shows aggregate 
ROC plots of the six example query structures, calculated by vertically 
averaging the ROC curves for each of the six queries. The corresponding 
AUC values show that SSM gives the best overall fold family recognition 
with an aggregate AUC of 0.999, being closely followed by 3D-Blast with 
an AUC of 0.997. Dali and CE give AUCs of 0.993 and 0.938, 
respectively. On the other hand, 3D-Blast-RIF gives an AUC of 0.975 
which is better than CE, and which is considerably better than 3DZD 
(AUC=0.661). These results show that 3D-Blast can recognize fold 
families almost as well as the state-of-the-art SSM approach. 

In order to explore the notion of using a single 3D shape to represent each 
fold family, we calculated and stored a SPF “consensus shape” for each of 
the 2,178 fold families in the CATH classification by taking the average of 
the expansion coefficients of each of the families members. To test the 
utility of comparing query structures against a database of consensus fold 
shapes, several further database search experiments were performed. Table 
II summarizes the quality of the first match of each query against the 
consensus fold database using a simple count of the number of matched 
CATH codes at each level of the CATH hierarchy. This table shows that 
the consensus shapes of several fold families are matched very well by the 
individual member queries, whereas the consensus shape of the large 
Winged Helix family does not give good recognition. This suggests it 
would be necessary to sub-cluster some of the CATH families and then 
create a consensus shape per cluster. 

The 3D-Blast server is available at: http://threedblast.loria.fr. Currently the 
server can superpose a pair of proteins, but very soon a database search 
mode will also be available. 

CATH family name Members Incorrect C A T H 
Bira Bifunctional Protein 27 0 27 24 23 23 

G-protein Signaling Regulator 7 0 7 7 7 7 

Cystein Rich Protein 9 1 8 8 8 8 

Ubiquitin Conjugating Enzyme 20 0 20 20 20 20 

Leucine Rich Repeat Variant 16 2 14 14 14 14 

Dihydrolipoamide Transferase 7 0 7 7 7 7 

Cytochrome P450-Terp, domain 2 8 0 8 8 8 8 

DNA Polymerase III, subunit A 6 0 6 6 6 6 

Winged Helix DNA binding domain 167 12 155 136 99 16 

Table II. This table shows the ability of the SPF fold family consensus shapesto match SPF queries made from 
each of the member of the given fold families. The members column shows the number of member structures in 
each of the 9 CATH families. Each member of each family was used to query the database of consensus fold 
shapes, and the CATH code of the best match found was compared to that of the query. 

Superposing Protein Structures 

In order to superpose a pair of proteins, A and B, we maximize the Carbo 
similarity score, S, by performing a 6D rotational/translation search over 
all rigid-body orientations of one protein with respect to the other: 
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Here, all calculations use the GPU-accelerated Hex polar Fourier library.7 

Figure 4. On the right the home page of 3D-Blast, where the user can upload two PDB files for 
superposition. On the left the result page, with the aligned files available for downloading and some useful 
statistics. If JAVA is installed the user can also see the resulting superposition in a jmol applet in the results 
page. 
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