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1 Introduction

The link between biological form and function is well known, and is assumed
to hold true at the molecular level. Since identifying similar protein struc-
tures is the first step in identifying similar functions, much effort has been
placed in developing methods to detect structural similarity. Several methods
exist, including: SCOP [8], the DALI algorithm (from the FSSP Database [6]),
the VAST algorithm (from the MMDB database [5]), and Root Mean Square
(RMS) superimposition [9]. The latter three provide quantitative metrics de-
scribing protein similarity on an objective, continuous scale. Statistical anal-
yses can then be performed on similarity scores for a set of proteins, to obtain
a plot of 'protein structure space’ [7]. Before such analyses are done however,
one must be sure that the metric used accurately represents similarity.

In this paper, we describe the DALI Z-score and RMS-distance (Dgys)
metrics, and discuss their shortcomings. We then present a novel means of
comparing protein structures using Geometric Morphometric (GM) methods:
statistical shape methods borrowed from anatomy. Finally, we compare results
from these three methods for a data set of globin structures, and show that
the more intuitive GM method markedly outperforms existing techniques.

2 The DALI Algorithm

The DALI algorithm [6],[7] compares protein structures using two-dimensional
matrices, where each element in the matrix (d;;) is the Euclidean distance
between the i** and j!" residues for that protein. Distance matrices are aligned
in pairwise fashion, and n homologous residues are identified. The structural
similarity for the two proteins (A and B) is then calculated as:

S = ZZ (02 dB|>e(2%J:)2 (2.1)

where d}; is the mean distance for those residues (a standardized version of S,
the Z-score, is also calculated). Z-scores are calculated for all protein pairs, and
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the best three-dimensional ordination of the structure space is found through
an eigen-decomposition (correspondence analysis) of the Z-score matrix, where
similar proteins are close together, and dissimilar proteins are far apart.
Though Z-scores quantify some aspects of structural similarity, details
of this metric warrant careful scrutiny. First, Z-scores are generated from
pairwise alignments, so different residues can be used for each pair. Thus,
values in the Z-score matrix represent different aspects of structural similarity,
and are not directly comparable. Second, the metric contains a dissimilarity
cut-off (0.2) to eliminate protein comparisons > 20%. However, most protein
comparisons in a large database are > 20%, yielding negative scores, which are
arbitrarily truncated to zero. An eigen-analysis of such data will explain little
of the variation in few dimensions, and a low dimensional ordination from
this analysis will fail to capture the essence of ’structure space.” Finally, the
exponential term in the metric downweights contributions from residues far
from one another. This results in Z-scores for self-comparisons that are not the
same for each protein, implying that some proteins are more "perfectly’ similar
to themselves than others, which is nonsensical. Thus, DALI Z-scores are not
a true similarity metric, and statistical analyses of them are unpredictable.

3 The Root Mean Square Algorithm

Root Mean Square (RMS) methods assess structural similarity using a least
squares (LS) criterion. First, two proteins (X & Y) are structurally aligned
to identify the set of n homologous residues [4]. Next, they are translated to
a common location, and are rotated so that homologous residues line up as
closely as possible [9]. Finally, the Euclidean distance (Dgass) between them
is calculated:

n 3
Drus = | D> (Xij —Yij)? (32)
i=1 j=1
where X;; and Y;; are the coordinate sets for the ith residue. Dy is cal-
culated for all protein pairs, and the best three-dimensional ordination of the
structure space is found through an eigen-decomposition (principal coordi-
nates analysis) of the Dgpss matrix.

RMS methods are appealing because Dgjss makes intuitive sense: unlike
proteins have a large Dgyrs, while similar proteins align quite well and have
a small Dgrss. It is also a true distance measure, because all self-comparisons
of proteins yield an identical value of zero (no structural differences). Like Z-
scores however, Dgpss is calculated in pairwise fashion, so different residues
can be used for each protein pair, rendering Dgpss scores incomparable.

4 Geometric Morphometrics

Both DALI Z-scores and Dgjss can be used to generate a map of protein struc-
ture space. However, both have methodological difficulties which limit their
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utility. Interestingly, these same difficulties have already been addressed in a
completely different discipline: Geometric Morphometrics (GM). GM meth-
ods were originally developed to analyze anatomical structures (e.g., skulls),
but may easily be adapted to compare macromolecular structures. First, a set
of homologous points recorded on all specimens are superimposed using gen-
eralized Procrustes analysis (GPA), which translates specimens to a common
location, scales them to unit size, and optimally rotates them (in a LS sense)
[3],[10]. Shape variables are then generated for each specimen, which may be
used in statistical analyses [2]. Additionally, Procrustes distance (Dproc)
between two specimens (X & Y) can be calculated as:

n 3
Dproc = 2gin~! < Z Z(X” - Y;])2/2> (43)

i=1 j=1

where X;; and Yj; are the aligned coordinates for the ith residue. Dproc is
calculated for all protein pairs, and the best three-dimensional plot of protein
shape space is found through an eigen-decomposition (principal coordinates
analysis) of this data. Although GM and RMS are quite similar, they differ
in two important respects. First, size is mathematically held constant in GPA
(not in RMS), and second, GPA superimposes all specimens simultaneously.

5 Comparison of Methods

To compare the three methods described above we used a representative set
of protein structures. We extracted all globin sequences (as of 12/10/1999)
from the Protein Data Bank, and separated them into their individual chains,
so that monomeric and non-monomeric globins could be used. Structural simi-
larity among the 560 chains was then assessed using each of the three methods
(Z-scores, Drys, Dproc). Pairwise structural alignments were calculated in
the DALI domain dictionary [7] (http://www2.ebi.ac.uk/dali) and both DALI
Z-scores and Dpgjss scores were obtained for each protein pair. For GM, we
aligned the amino acid sequences with Clustal W [11] and deleted all gaps,
yielding 96 homologous residues [1]. We then superimposed the structural data
for these residues with GPA, and generated Dpgoc for each protein pair.

The ability of each metric to capture structural variation was assessed
using multivariate ordination methods. The DALI Z-score matrix was sum-
marized using correspondence analysis (as per [7]), and the Drars and Dproc
matrices were summarized using principal coordinates analysis. The percent-
age of variation explained by the first three dimensions from the ordination
analysis was compared for each method, and their ability to identify bio-
logically meaningful clusters was assessed through a visual inspection of the
ordination plots.

Using Dgurs, the 1%¢ three dimensions of structure space explained 76.1%
of globin chain variability. Inspection of this ordination plot revealed separa-
tion of a few individual chains (mostly hemoglobin chains), but no obvious
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groups were identifiable (Fig. 1). Thus, although Dgass explained much of the
variation, it was unable to identify any biologically meaningful globin clusters.

Fig. 1. Three-dimensional view of globin structure space from Dgass.

Using DALI Z-scores, the 1°¢ three dimensions of structure space explained
33.5% of globin chain variation, and to describe an equivalent amount of vari-
ation to Dgars (76%), 56 dimensions of the ordination were needed. Further,
the ordination plot revealed no obvious clusters of globin chains (Fig. 2). Thus,
DALI Z-scores were much less effective at summarizing structural variability,
and were unable to reveal biologically interpretable clusters of proteins.

Fig. 2. Three-dimensional view of globin structure space from DALI Z-scores.
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Using Dproc, the 1%t three dimensions of the GM shape space explained
76.6% of the variation, which was similar to that found with Dgprs. How-
ever, the ordination plot revealed remarkable separation of globin chains into
identifiable groups. These groups corresponded to meaningful biological par-
titions of the data set, including: bacterial hemoglobins, clam hemoglobins,
ferric hemoglobins, hemoglobin « (& f)-chains, lamprey hemoglobins, leghe-
moglobins, and myoglobins (Fig. 3). Thus, much more biological information
is obtained using GM, as compared to either DALI Z-scores or Dgass-

Fig. 3. Three-dimensional view of globin shape space from Dproc. Labels corre-
spond to the following groups: 1: bacterial hemoglobins, 2: clam hemoglobins, 3: fer-
ric globins, 4: hemoglobin a-chains, 5: hemoglobin 3-chains, 6: lamprey hemoglobins,
7: leghemoglobins, and 8: myoglobins.

6 Discussion

In this paper we described two metrics used for assessing structural similar-
ity (DALI Z-scores and Dgys), and described how geometric morphometric
(GM) methods, commonly used in anatomical studies, may also be employed
to compare protein structures. We then compared the ability of three metrics
to summarize structural variation in a set of globin structures. DALI Z-scores
explained very little (33.5%) of the total variation in three dimensions, and
were unable to identify any globin clusters. Dgpss explained significantly more
variation (76.1%) in three dimensions, but it too was unable to identify clus-
ters of globins. On the other hand, Dproc explained a large proportion of
the variation (76.6%) in three dimensions, and was able to identify biological
clusters of globins (e.g., bacterial hemoglobins, leghemoglobins, myoglobins,
etc.). Further, all but 1 globin chain was correctly classified to its biological
group (1 hemoglobin a-chain was classified as hemoglobin §-chain).

These results suggest that GM methods may be more useful for extracting
meaningful biological information from protein structures than are either the
DALI or RMS methods. Why might this be the case? It seems that DALI
Z-scores are predisposed not to identify meaningful structural variation: they



6 Dean C. Adams and Gavin J. P. Naylor

are calculated in pairwise fashion, and are not a true similarity measure. Fur-
ther, the arbitrary similarity cut-off predisposes them to identify many protein
comparisons as 'maximally’ different. Explaining the performance of Dgasg
however, is more difficult. Dgyss is a true distance measure, so it does not
suffer the same problem as Z-scores. Further, Dy s and Dproc differ algo-
rithmically in only two respects: Dgass is a linear distance (where Dproc is
curve-linear), and the Dproc protocol standardizes the size of each specimen
(but for globins, size accounts for a tiny portion of variation). The only other
difference between the RMS and GM methods is that Dgass is calculated from
homologous residues from pairwise structural alignments, whereas Dpgroc is
calculated from homologous residues common to all structures (found from a
multiple alignment). This assures that the information contained in Dpgroc is
consistent among comparisons, which is an explicit requirement of any statis-
tical analysis. It appears then, that the GM protocol, using homology defined
for all proteins simulataneously, provides the best chance for identifying nat-
ural clusters of structurally-similar proteins.
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