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Figure 7. Complementary CLICK alignments that maximize chain coverage. Two structures of the DNA polymerase beta protein from Rat and
Human, PDB codes 2bpf (red/pink) and 2fmq (bright/dark green), respectively, are superimposed against one another. (a) The red and dark green
domains, spanning residues 91-335 are aligned with one another. Because of a conformational change (domain motion about a hinge), the pink and
bright green domains do not align structurally. (b) An alignment of the pink and bright green domains. The corresponding sequence alignments are

shown below the ribbon diagrams.

Cartesian coordinates, secondary structure, the accessible
area of the amino acid it represents, etc. In principle, every
point can be bestowed with many different attributes, as
long as we lay down the rules for matching such points.
For instance, Cartesian coordinates are matched by a

many-body least squares fit and are only considered if
the over all RMSD is within a certain threshold and tran-
sitions are only possible between certain secondary struc-
ture and solvent accessible classes. The resulting protein
structure alignments detect structural similarity by
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Figure 8. The MUSTANG alignment of two metallothioneins, PDB
codes 2mhu (red) and 2mrt (green). The MUSTANG alignment
matches the whole length of both proteins.

matching local residue packing and are independent of
protein topology.

We have shown that our method, CLICK, performs at
par or slightly better than other methods over three sets of
benchmarks. The benchmarks include 9537 pair-wise
alignments implied by multiple structural alignments of
HOMSTRAD families, 64 of which form another set of
so called difficult cases where the structural relationships
are distant. Also included in the benchmarks is a set of 199
pair-wise alignments between proteins that are structurally
similar but topologically distinct. Variously, over these
test sets, CLICK is compared against MUSTANG,
DALI, Geometric Hashing, GANGSTA"®, FATCAT
and SALIGN. CLICK produces statistically better
results, in terms of structure overlap, than all other
methods, except SALIGN.

The superior performance of CLICK over the other
data sets was not an exercise to show the superiority of
one method over another. We merely wanted to test
CLICK over conventional data sets of alignments, to
ensure fidelity of alignments. Since we optimized the par-
ameters of CLICK to perform better at comparisons of
the 64 difficult HOMSTRAD pairs, we are not surprised
that CLICK outperforms other methods on this data set.
The performance of CLICK over the rest of
HOMSTRAD and the topologically different pairs, gives
us confidence to use it to extract structural similarities that
are not obvious from sequence or sequential structural
comparisons.

We have showcased the utility of CLICK at obtaining
biological insights with three different examples. First, we
showed that CLICK aligns pairs of protein structures,
even when conformational changes alter the positioning
of domains or sub-domain with respect to one another.
The alignments can be used to detect the locations of
hinges in the protein around which these domain/
sub-domains rearrange. CLICK alignments are sensitive
enough to recognize conformational changes even in
sub-domains which as small as 30 residues in length. We
propose that CLICK could be an integral part of mo-
lecular dynamics trajectory analysis tools to detect
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(@)

2mhu:A 15:CAGSCKCKECKCTSCK:30
2mrt:A 15:C-GSCKCKQCKCTSCK:30

(b)

2mhu:A 2:DP--NCSCAAGD-SC:13

2mrt:A 1:MDPNC-C--TDGSCS:14
Figure 9. CLICK fragments the alignment between the two
metallothioneins, PDB codes 2mhu (red), and 2mrt (green) into two,
to account for a small conformational change. The complementary
CLICK alignments are shown in (a and b). The sequence alignment
implied by the structural alignment is displayed under the ribbon
diagram.

conformational changes (corresponding to low-frequency
modes) during the course of protein dynamics.

Second, we have shown that our method is ideally
suited to look for similarities in binding site
sub-structures. We demonstrated this by aligning two
ATP bound proteins with one another. The alignment
perfectly matched the binding site residues, and the
bound ATP. We have since used this approach to con-
struct a library of ATP binding site geometries, as
defined by the atoms of the binding site residues. Such
ligand-binding site geometry libraries could prove very
useful in constructing models of proteins that are known
to, or suspected to bind ligands. The conformation of
residues identified as part of the binding site can be
refined according to this library when transitioning from
apo to holo structural forms. We believe that such
examples when sytematized would significantly change
our perception of evolutionary relationships between
proteins.
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(@)

1kj9:B 112:M- -NREGIRRLAAEELQLPTSTYRF:134 146:ADIGYPCIVKPVMS:159 160:SSGKGQTFI:168
1zao:A 150:SARNEF---A---K---LAVPKVYA:171 113:KF-GE-CVVK---H:122 103:ESA---FNC:109

1kj9:B 178:W--KYAQQ--G:184 192:V----IVEGVVKFDFEI:204 238:QM-SP-LALERAQE--I:250
1zao:A 82:LSYLS--LGIF:74 172:WEGNAVLMELIDA-KEL:187 191:RVENPDEVLDMI-LEEV:206

1kj9:B 266:V---ELFVCGDEVIFSE:279
1zao:A 219:LSQYNVLVSE-GIWIID:235

(b)

Figure 10. (a) CLICK superimposition of two ATP binding proteins 1kj9:B (cyan ribbon & SCOP entry: b.84.2.1) and 1zao:A (magenta ribbon and
SCOP entry: a.4.5.56). The regions that superimpose are shown in ribbon representation while the unmatched regions are shown in trace represen-
tation. The location of the ATP molecules bound to both structures is shown in stick representation. The sequence alignment between the two
proteins as inferred from the structural alignment is show below. The superimposed residues that are in contact with the ATP (within 4 A) are shown
in bold lettering, and the conserved residues in red. (b) Representation of the superimposition of the residues in contact (within 4 A) with the ATP.
Residue side chains and the bound ATP molecules are represented as stick and color coded by atom type. Hydrogen bonds are shown as blue dotted
lines.
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20NJ:A

20NJ:A 374 GMSGGGKS 381
82 GEQGVGKS 89

2CJIW:A

PAGE 14 0F 16

498 ILILD 502
116 REYTD 112

Figure 11. Topologically different Walker B motifs. The walker motif of multi-drug ABC transporter from S. aureus, PDB code 2onj:A is
superimposed against the equivalent (topologically different) structure of the gem GTPase, PDB code 2cjw:A. The bound nucleotides and the
side chains of the residues in the Walker A and B motifs are represented as sticks. The metal ions coordinating the binding of the nucleotide in

the two structures are shown as spheres—Mg' " (green) and Na™ (purple).

Lastly, we have identified variants of sequence motifs
that mediate ligand binding. In 19 PDB structures, we
show the existence of a ‘reverse’ Walker B motif, where
the beta strand that defines the motif has opposite N-C
directionality. Here, we make the case that several such
known sequence motifs that define binding sites could
have topological variants which will evade sequence
search detection. CLICK is ideally designed to identify
such variants.

The CLICK program is generally designed to compare
any two sets of points. In this study we chose to mainly
showcase the utility of CLICK in aligning protein 3D
structures. CLICK can just as easily align other biomol-
ecules with one another, as exemplified by the RNA struc-
ture comparison benchmark. We hope to use CLICK to
extract biological insights from various comparisons of
the 3D structures of DNAs, RNAs, DNA-protein
complexes, etc. The web server of the program can accom-
modate searches that compare biomolecules other than
proteins. We hope to develop this algorithm to make
macromolecular comparisons across different length
scales.
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Supplementary Data are available at NAR Online.
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