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Evolutionary Trace (ET)

• Predictive protein sequence-based method

• Analyzes families of homologous proteins

• Extracts highly conserved residues (traces)

• 3-d clustering of traces can identify 
functionally significant protein features



ET timeline

• 1996: Original ET method paper

• 2002: Applications paper (assigned)

• 2004: Real-valued ET

• 2006: ET report-maker web service



ET input data

• Protein family(sequences) with divergently 
related sequences in MSA

• Family is a set of functional homologs

• Tree for sequence family

• ClustalW, UPGMA, NJ, etc.



Assumptions

• Functional sites evolve through variations 
on conserved sequence positions

• Sequence positions are independent of one 
another

• Sequence identity trees (input data) 
approximate functional classifications



ET overview
• Iteratively partition the tree 

• Increasing number of subgroups 
delineated by branch points in the tree

• # of partitions = trace rank

• Trace residue: invariant within branch but 
variable between branches (class specific)

• Evolutionary rank is the minimum number 
of partitions to become a trace residue



different functional sites and in different branches have
spawned related approaches that seek to eliminate it
altogether. Thus, Hannenhalli and Russell [39•] used
experimentally predefined functional subtypes, rather
than a tree, to group sequences and then identified
class-specific residues using HMMs and relative entropy.
Landgraf et al. [40•] further added a variability window
around each residue, defined structurally as the spatially
neighboring amino acids, and then identified important
residues as those whose variations deviate significantly
from the average. Nevertheless, the tree has important
advantages. It conveys simply and transparently the complex
interplay between sequence and function variations. Thus,
once top-ranked residues are identified, their variations
can be tracked along the tree to identify which variations
are the most likely to impart functional specificity to each
different functional group during evolution [2••,41,42]. It
can also be easily modified to test whether a given site is
conserved in any number of subgroups within a protein
family [5••,41] (Figure 2). 

Ultimately, methods that predict functional sites should be
judged along three different lines: do they efficiently
guide mutational, protein engineering and other studies to
the relevant sites of a protein structure; are they statistically
significant; and can they be applied to the proteome at

large? Increasing evidence suggests that ET-based methods
fulfill these criteria.

Guiding experiments to biologically 
relevant sites
Controls
Control studies in SH2, SH3 [35] and nuclear hormone
receptor zinc finger domains [41] show that residues of
increasing evolutionary rank form enlarging structural
clusters that match precisely the structurally determined
ligand interfaces. Then, as the rank increases further,
residues begin to scatter across the protein surface, defining
the signal-to-noise threshold. Comparisons with the
literature show that mutations of the best-ranked residues
eradicate activity, mutations at lesser-ranked residues modulate
it and mutations at the worst-ranked residues do not
change activity, even when they are part of the structural
epitope. Finally, in a striking verification of the fundamental
hypothesis of ET, the top-ranked trace residues from the
zinc finger domains form two groups. The first group
consists of the highest ranked residues. They are nearly
invariant, contact only invariant bases in the DNA
response element and thus appear to define the essential
characteristics of DNA binding. The second group
includes slightly lower ranked residues. These undergo
frequent highly nonconservative substitutions and they
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= Invariant residue (i = 1)
= Class-specific residue (i > 1)

The ET method. (a) A ll of the sequences in a protein family are aligned
and a tree is generated to illustrate the relatedness of individual family
members. The tree can then be delineated into groups (i)
approximating functional classes (in this case, three classes). For each
class, a consensus sequence is created and these are then compared
to form the ET sequence. Residue positions that are invariant within
each class, but that vary among them are called class-specific or trace
residues (labeled X in the ET sequence, colored red) and those that
are class-specific at rank i = 1 are denoted by amino acid single-letter

code in the ET sequence and colored blue. The number of classes into
which the tree has to be divided for a residue to become class-specific
is called the rank of that residue. F inally, trace residues are mapped
onto the three-dimensional structure of a family member, with clusters
of trace residues indicating a functional site [yellow line in panel (b)].
(b) The process described in (a) can be repeated from rank 1 to N
(N = total number of sequences), so that each residue position is
assigned a rank. Residues with lower numbered ranks are considered
to be more important than those with higher numbered ranks. 

• Partitioning continues until each sequence is a singleton cluster

• Rank determined for all of N sequences:

• Min rank = 1 (i.e. invariant among all sequences)

• Max rank = N (i.e. only invariant within singleton)

• Structural clustering of highly conserved residues is useful

• Can identify functional sites, binding surfaces: filters noise
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Figure 2. Derivation of the evolutionary trace. The left panel shows sequences from a protein family that have been
partitioned into three groups. A consensus sequence is constructed, in magenta, for each group by labeling positions
that are invariant in the multiple sequences alignment by its amino acid, and leaving variable positions blank. These
invariant residues are next compared between consensus sequences, middle panel. There the evolutionary trace records
whether a position in the multiple sequence alignment is conserved (contains an invariant residue conserved in the entire
family, blue); or is class-specific (contains invariant residues that change between groups, X in red); or is neutral (fails
to be invariant in at least one group). Conserved and class-specific positions are then mapped onto the structure, right
panel, to generate a three-dimensional map.

phospholipid metabolism regulation (p85a, pip);
and to guanine nucleotide regulatory protein
signaling (grk, sem5 and grb2; Pawson, 1994).

To generate an evolutionary trace, a functional
clustering is produced by exploiting the correlation
between sequence identity groupings and func-
tional characteristics. As can be seen in Figure 1,
new mutations emerge constantly during evolution
and give rise to new groups that branch off from
nodes in the tree. For our purpose, we define a
cluster as the set of all the sequences that originate
from a common node. An early node (far to the left
in Figure 1) defines a large cluster, and a later node
(further right) defines a smaller cluster. By
considering clusters defined by the first node to the
right of a vertical line, the entire dendrogram can be
partitioned into clusters (see Figure 1). The
minimum percentage identity within a cluster is
bounded by the partition identity cutoff (PIC; Du &
Alkorta, 1994).

We further define the functional resolution as the
number of different clusters generated by a
partition of a given family. In Figure 1 the
systematic variation of the vertical PIC boundary
from right to left, generates distinct partitions. At
low PIC, partitions consist of a few large clusters
that represent entire classes of proteins. Sequences
grouped within the same cluster may vary
substantially and the functional resolution is low.
Partitions obtained at higher PICs achieve higher
functional resolution as large clusters become
fragmented into smaller ones. Proteins that remain
in the same cluster are increasingly alike in
sequence and presumably in function as well.
Concurrently, differences between the many emerg-

ing smaller clusters narrow, so that finer functional
nuances are segregated into distinct clusters at
higher PIC.

When sufficient functional knowledge exists for a
large number of related sequences, alternative
partitions can be chosen without reference to a
sequence identity dendrogram. Such partitions can
group together sequences based on any number of
functional characteristics and need not follow the
groupings we use here, which are closely related to
patterns of divergent evolution.

Evolutionary trace

For each partition, an evolutionary trace can be
constructed. First a consensus sequence is assem-
bled for each group, as illustrated in Figure 2, right
panel. A consensus sequence position can be
neutral and left blank, if residues for that position
vary within the group. Otherwise, it is invariant
and assigned its conserved residue type. A group
with few sequences will have fewer observed
mutations and so its consensus sequence will have
relatively few neutral positions.

All consensus sequences are then aligned to
obtain the evolutionary trace for the entire partition.
In the trace, a position is neutral (identified by an
underscore character) if it is neutral in any of the
consensus sequences. Otherwise, it is either
conserved, if all consensus sequences have the same
invariant residue at that position, or class-specific,
if its type varies between consensus sequences. The
middle panel of Figure 2 summarizes the steps in
the construction of an evolutionary trace. Gaps are
counted as an extra residue type and confer



contact variable bases, consistent with a key role in
binding specificity. 

Predictions and confirmations
Bona fide predictions, subsequently followed by experimental
verification, were made for G protein ! subunit (G!)

proteins and for the regulator of G protein signaling (RGS)
proteins that act to increase G! GTP hydrolysis rates. ET
analysis of the G! family identified a functional surface,
A1, from which the C-terminal tail of G! extends [43]. As
this tail had already been linked to receptor specificity, A1
was predicted to be part of the G!–receptor interface. 108
alanine mutants in this region were constructed and
assayed, showing an overall agreement with the ET
prediction of 68% (sensitivity = 75%, specificity = 65%) [44].
However, the most complete demonstration that ET can
anticipate both mutational and crystallographic analyses
was the RGS study. ET analysis of 42 members of the RGS
family revealed a novel functional surface, R2, located next
to, but distinct from, the interface between the RGS and
G!. Based on both the pattern of amino acid variation in
R2 among RGS proteins that are enhanced and inhibited
by the G protein effector subunit PDE", and the proximity
of R2 to a cluster of class-specific residues in G! that contains
residues involved in the PDE" interaction, it was predicted

that the effector would bind the RGS–G! complex by
straddling both G! and R2 [42]. Mutagenesis of the RGS
catalytic core domain, based on the ET prediction,
revealed that three residues out of the six selected for
mutagenesis had profound effects on the regulation of
activity by PDE". Two of the three residues do not directly
interact with G!, whereas the third residue contacts the
G protein, indicating that there is some form of allosteric
communication among these residues [2••]. After the
ET-based mutagenesis was completed, the crystal structure
of RGS9–Gi/t!–PDE" was solved by Slep et al. [45] and
confirmed the predicted position of the PDE" interaction
site on the RGS domain. 

Statistics and large-scale development
These studies suggest that ET can be an efficient and
powerful tool for understanding protein function if it can
be applied to a significant fraction of the proteome.
Madabushi et al. [38•] addressed this issue by streamlining
input preparation, developing formal statistics to assess the
significance of trace clusters and testing performance on
proteins with diverse folds, structures and evolutionary
history. Input was simplified by treating gaps as an artificial
amino acid type and, as a result, nearly all sequences can
be tolerated (sequence fragments still need to be excluded).

24 Folding and binding
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ET can be used as a functional filter: ‘subgroup analysis’. For protein
families that are large and divergent, ET analysis of the entire family may
miss functional sites that are specific to individual subgroups. In this
example, one large family can be divided into three main subgroups
(a–c). Separate traces of these subgroups reveal some overlapping and
some subgroup-specific functional surfaces (labeled as site 1a, etc.).
Trees from subgroups can then be added together to determine
whether subgroup-specific functional sites are maintained, altered or

abolished, indicating that the groups share very similar functions, slightly
similar functions or no functions, respectively. For example, subgroups a
and b share one functional site (site 2a/part of site 1b), indicating that
this location plays a common role in both. However, site 1a is not
shared by subgroup b, but is shared by subgroup c (a+c), indicating
that, at this location, a and c are more similar than a and b, or b and c.
This process of subgroup analysis is an efficient way to take advantage
of the tree in order to delineate functional sites in a large protein family.

• Larger families can be subdivided 
• Run separate traces for each sub-family
• Can reveal sub-family specific conservation

• Recombine sub-families to more complex 
gain/loss of functional sites
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Figure 6. Sequence identity dendrogram of the SH3 domain family generated by PILEUP of sequences extracted from
the Swiss protein databank with a FASTA search for kfyn human related sequences (see Methods). As described
for Figure 1, PIC lines A to G were used to define partitions. The entire tree was used in the results depicted in Fig-
ure 7, and a restricted tree, shown in purple, spanning sequences kabl fsvhy to ksrt1 drome was used for the analysis
in Figure 8.

SH2 protein-protein interaction domain

Figure 3. Evolutionary trace of the complete family of SH2 domains mapped onto the 2.7 Å resolution structure of
Src SH2 domain (Waksman et al., 1993). Each row displays the protein in sequential 90% rotations about the z-axis, and
successive rows show traces that arise from partitions A1 to G1, as defined in Figure 1. The internal positions that are
conserved (dark blue) and class-specific (red), and the external class-specific (yellow) and conserved (cyan, though none
in this Figure) positions are distributed inhomogeneously and form a single localized cluster on face A. At low PIC,
partitions A and B, the trace is specific and points to only three residues, R32, H58 and Y59. To these core residues
K57, K60, I71 and Y87 are added contiguously in partition C, L94 and R74 in partition D and C42 in partition E. The
other faces remain essentially free of trace signal until partition G1. There, the scattered appearance of trace positions
suggests that the useful limit of functional resolution has been reached at that higher PIC value. Partition F1 is not
shown because it is equivalent to partition E1.



Evolutionary Trace Reveals Binding Sites348

Figure 4. Results of an ET analysis performed over a subfamily of SH2 domains, consisting of the sequences between
fg kabl and fg nck in Figure 1. PIC values, orientation of the Src SH2 domain and color codes are as in Figure 3. The
trace finds the same spatial region as it did in Figure 3 to be functionally important, though full definition of the cluster
(partition C2) and the appearance of scattered signal (partition D) occur earlier, at a lower PIC value.

Figure 3. Evolutionary trace of the complete family of SH2 domains mapped onto the 2.7 Å resolution structure of
Src SH2 domain (Waksman et al., 1993). Each row displays the protein in sequential 90% rotations about the z-axis, and
successive rows show traces that arise from partitions A1 to G1, as defined in Figure 1. The internal positions that are
conserved (dark blue) and class-specific (red), and the external class-specific (yellow) and conserved (cyan, though none
in this Figure) positions are distributed inhomogeneously and form a single localized cluster on face A. At low PIC,
partitions A and B, the trace is specific and points to only three residues, R32, H58 and Y59. To these core residues
K57, K60, I71 and Y87 are added contiguously in partition C, L94 and R74 in partition D and C42 in partition E. The
other faces remain essentially free of trace signal until partition G1. There, the scattered appearance of trace positions
suggests that the useful limit of functional resolution has been reached at that higher PIC value. Partition F1 is not
shown because it is equivalent to partition E1.

sub-family trace whole-family trace
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Figure 5. Three equivalent views of Src SH2 with
the bound PQ(pY)EEI ligand (Waksman et al., 1993)
documents the extensive overlap between functionally
important regions determined by ET over the complete
tree (partition E1, Figure 3, top), and over the restricted
tree (partition C2, Figure 4, middle), with the structural
epitope shown in cyan (residues that are within 4 Å of the
ligand, bottom). The color scheme is shown, and two key
ligand residues are in yellow: phosphotyrosine (pY) and
isoleucine at pY + 3.

and the lack of a background signal surrounding
argue that these residues are significant functional
extensions of cluster 1 (see Figure 8). K105 is neutral
in the larger tree because of non-conservative
mutations (R105 ! C105 ! K105) in the distant
katk group of sequences. Specificity at partition D2
falls to 44% (4/9) and sensitivity to 36% (4/11),
largely due to the extension onto face D.

Even in the smaller, more sensitive tree,
structural epitope residues S96, D98, W131 and
N115 remain neutral. But discrepancies between
the structural epitope and ET analysis do not
necessarily undermine the approach. Rather, it may
be that S96, D98, W131 and N115 do not play critical
energetic roles in ligand binding. This interpretation
is supported by mutations at W131 and N115,
which did not affect binding (Lim & Richards,
1994), and the observation that over the entire
family of SH3 domains, S96 and D98 are extremely
variable (ten and nine different residue types
appear at their respective positions). On the other
hand, a mutation at F93, absent from the structural
epitope but present in our traces, did affect binding
(Lim & Richards, 1994). Hence, with these caveats
in mind, specificity of the SH3 analysis rises in the
small !kabl,ksrc" tree to 55% (5/9) and the
sensitivity increases to 50% (5/10).

Nuclear hormone receptor DNA binding
domains (DBD)

Nuclear hormone receptors are an entirely
distinct class of proteins on which to test ET.
In response to a hormone ligand, proteins in
this family bind DNA at the hormone response
element, and thus initiate downstream DNA
transcription (Chambon, 1995; Evans, 1988; Rusconi
& Yamamoto, 1987; Yamamoto, 1985). Binding
activity to DNA has been extensively characterized
by X-ray crystallography (Luisi et al., 1991;
Newcomer et al., 1993; Rastinejad et al., 1995;
Schwabe et al., 1993), and resides in zinc-finger
domains (ZnF) that dimerize in different configur-
ations to recognize palindromes or double-repeats.
ET analysis was carried out over 80 homologous
sequences of ZnF domains gathered from the
sequence database, to test whether the DNA
binding site common to all ZnF domains could be
identified.

Figure 10 shows three views of ET results
mapped onto the glucocorticoid receptor ZnF
homodimer bound to its palindromic DNA target
(Luisi et al., 1991). There is little ET signal except
on the surface that binds DNA (Figure 10) where
the evolutionary trace forms two clusters, one
for each ZnF domain. These identical clusters
contain eleven residues, !D445, H451, Y452, G458,
S459*, K461, K465, R466, R489, K490, P493*" that
directly face the DNA ligand. Mutations at S459
and P493 cause the nuclear hormone receptor
to interact with other transcriptional activators in
the absence of specific DNA binding (Lefstin et al.,
1994). Furthermore, Thomas and Yamamoto have

ligand binding site is shown in Figure 9, and
highlights the overlap between cluster 1 and the
actual binding site.

In partition E1, cluster 1 comprises T100, W120,
F93, P133, Y136 and Y91, and reaches around to face
4 to include L90. By comparison the structural
epitope (4 Å cutoff) is !Y136, W120, Y91, N135,
P133, E119, N115, T100, W131, D98, S96", overlap
shown in bold. Thus the specificity of cluster 1 is
71% (5/7) and it covers 45% (5/11) of the structural
epitope at partition level E1. At a coarser partition,
cluster 1 is 100% specific and comprises the two
residues closest to the ligand, W120 and Y136.

When ET analysis is restricted to the smaller tree
composed by the !ksrc, kabl" family only, the results
remain essentially unchanged, although G106, A89
and K105 are added to the face D extension of
cluster 1. The contiguity of these residues to the
expanding cluster, the complete invariance of K105,

• SH2 protein-protein 
interaction domain

• Bound to peptide

• High-ranked ET residues 
cluster along protein-
protein interaction surface
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Figure 7. Evolutionary trace of the SH3 domain family mapped onto the 2.8 Å resolution structure of Abl SH3 domain
(Musacchio et al., 1994), conventions follow those of Figure 3 and the traces correspond to the PIC values in Fig-
ure 6. A single domain is defined by evolutionary tracing to be functionally important, its core comprises position P133
(B1 and C1), and the adjacent W120, Y136 (D). The cluster is well defined in partitions E1 and G1, and scattered signal
appears in partition H1. Faces B1 and D1 show side views of this cluster.

SH3 protein interaction domain



Evolutionary Trace Reveals Binding Sites 353

Figure 9. Four identical views of the ligand binding site
of Abl SH3, the proline residues from the ligand are
colored yellow (Musacchio et al., 1994). The left panels
show the functional site picked by ET over the large and
small SH3 domain families, respectively. There is
extensive overlap with the structural epitope (top right)
but the match is best with the functional epitope (bottom
right), where yellow positions mark residues where
mutations caused impaired function (Lim & Richards,
1994).

tional partition of the protein family ensures that
neutral positions within a group are less likely to
occur at functional sites. By jointly mapping the
neutral positions of each group onto the protein, the
union of positions at which residues are unlikely to
play a functional role can be contrasted with the
remaining positions (which form the intersection,
over all groups, of invariant positions). These latter
positions either display mutations that correlate
with functional divergence, or no sequence record
exists in our databases to suggest they have ever
mutated. Although these positions may be con-
served or class-specific by coincidence, they are
more likely to be functionally important. No clear
inference can be made about these positions if they
are scattered throughout the protein structure. If
they cluster spatially however, they form a site
characterized by an unusually low rate of mutation,
all of which occur in concert with functional
divergence. We believe such spatial clusterings of
conserved and class-specific residues identify
evolutionarily privileged functional sites, which
represent ancestral functional regions that have
remained common to all protein descendants.

Proper functional partitioning is essential in ET
analysis. In the absence of detailed biochemical
insight into functional variation, we rely addition-
ally on sequence identity clustering to partition a
family into functional subgroups. The PIC par-
ameter defines the extent of sequence similarity
within each group, and by varying PIC the
functional resolution of the evolutionary trace can
be controlled. At low PIC, a few large clusters
separate sequences into broad functional groups.
Conserved and class-specific residues identified at
such a low functional resolution indicate the highest
degree of evolutionary preservation and hence
should correlate best with critical functional
properties. At high PIC many more clusters appear;
this refines the partitioning and allows identification
of residues that contribute to finer functional
nuances.

The SH2 and SH3 domain and the nuclear
hormone receptor DBDs are useful test cases for the
ET approach. First, all have known crystal
structures and well-characterized ligand binding
sites at which the variation of key residues regulates
specificity. Thus correct detection of their binding
site does not depend on recognizing the simple
invariance of key residues, but requires the more
subtle detection of a site, or sites, where most
residues vary in a class-specific pattern that
correlates with functional distinctions. In addition,
a sufficient number of crystal structures from
various family members is available and provides
explicit evidence of the preservation of structural
similarity over a wide range. Thus the assumption
that proteins in the dendrogram can be mapped
onto a single prototypical structure is, not surpris-
ingly, justified.

It is logical to investigate the specificity and
sensitivity of an evolutionary trace as a function of
PIC. As shown in Figures 5 and 9, the predicted

independently mutated the remaining residues and
found seven positions, underlined, which severely
compromise DNA binding (Thomas, 1993). V462,
which is surrounded by functionally important
residues and has been shown to be functionally
important to binding, prominently fails to appear
in the trace, due to a single mutation, A462S, in
the thyroid hormone receptor group. The dimeriza-
tion interface between Znf domains also fails
to appear in the trace. This is expected, since
different ZnF domains dimerize either as homod-
imer or heterodimers, and each mode involves
distinct, non-overlapping regions. Thus, positions
in the homodimer interface, shown in Figure 10,
appear neutral because they are neither con-
served nor class-specific among zinc fingers that
heterodimerize.

Discussion

The ET method exploits the information inherent
in a family of homologous proteins by dividing it to
maximize functional similarity within groups and
functional variation between groups. This func-

• SH3 protein-protein 
interaction domain

• Simulated protein 
partner peptide shown 
bound to interface

• Highly ranked ET 
residues cluster at 
interface
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Figure 10. ET analysis on the
nuclear hormone receptor family of
DNA binding domains (zinc
fingers). Two zinc fingers homo-
dimerize and are complexed to a
palindromic DNA hormone re-
sponse element, in yellow (Luisi
et al., 1991). A to C Consecutive 90°
rotations about the x-axis. ET map-
ping follows the usual color code.
No functionally important cluster
occurs except in C, the DNA binding
surface, where conserved and class-
specific positions form a single
cluster per ZnF domain. Upon
homodimerization these clusters
create a large area of functionally
important positions at the DNA
binding interface.

ligand binding sites in both SH2 and SH3 domains
correlate with experiment. At low PIC the signal is
highly specific and identifies the functionally
important residues. In the SH2 domain, the signal
appears only at the center of the binding site
location (H58, R32 in A1) and then it expands to
include Y59 (B1) and K57, K60, I71, Y87 (C1).
Waksman et al. (1993) and others (Eck et al., 1993)
have shown that residues 58, 59 and 60 form a
pocket in which the phosphotyrosine aromatic ring
binds. R32 makes a key hydrogen bond to the
phosphate group (Bibbins et al., 1993) and I71 and
Y87 line the hydrophobic recess where the
side-chain of the third residue C-terminal to pY
(pY + 3) binds. K57, though not in contact with the
ligand, lies within 4 Å of pY + 2, a ligand subsite
that frequently contains a negatively charged
side-chain (E in the YEEI high-affinity peptide of
src). Proteins containing mutations at R32, C42 and
H58 have no detectable binding (Bibbins et al., 1993;
Marengere & Pawson, 1992; Mayer et al., 1992;
Yoakim et al., 1994). Remarkably, R12 which makes

four hydrogen bonds to pY and thus seems to be
functionally critical, is conspicuously missing from
the cluster identified using the most sensitive cutoff
(El). When this residue was mutated to E, A, P or
K, however, ligand binding was not affected
(Bibbins et al., 1993; Marengere & Pawson, 1992;
Mayer et al., 1992; Yoakim et al., 1994). Thus, the
residues uncovered by low-resolution evolutionary
tracing precisely outline the essential elements of
the binding site from the phosphotyrosine residue
to the pY + 3 binding site. The residues that appear
only at higher PICs are not as critical to function.

Similar conclusions hold in the SH3 domain,
where P133 appears first (at partitions B1, C1,
Figure 7), followed by Y136, W120 and L190 (D1)
and then F93, T100, Y91 (E1). F93, W120, P133 and
Y136 form the core binding pocket where the
ligands core, P6 and P7, lie. W120 also forms the
edge of the P2 contact site, while T100 is within 4 Å
of the ligand’s methionine residue M4. Finally, Y91
and Y136 define the ligand contact area of P9 and
P10 (Musacchio et al., 1992).

• Nuclear hormone receptor

• DNA-binding protein

• Clusters of highly-ranked 
residues occur at DNA 
interface 



Real-valued traces

• ET is integer-valued by nature of discrete 
partitioning of tree

• Real-valued ET ranks combine entropy of 
a partition with standard ET rank

assigned the information entropy:

si ¼ 2
X

20

a¼1

fia ln fia ð2Þ

and ranked accordingly. Here, fia stands for the
frequency of the appearance of the amino acid of
type a within the column i: (Contribution to the
sum from the amino acid types that are not repre-

sented in the column is to be understood as 0.)
The frequency is simply the count of times an
amino acid type appears within a column, divided
by the length of the column. The entropy can be
thought of as a score that is assigned exclusively
to n ¼ 1 group in our tree-induced division into
groups. An important property of this quantity is
that it is equal to zero when the column is com-
pletely conserved, and maximal when every
amino acid type is equally represented. Because of
that, the best ranking positions are again those
with the smallest si: These two methods may give
different but complementary results, as we illus-
trate in the two examples in Figures 2 and 3. In
both, a hypothetical column from an alignment is
shown, together with the evolutionary tree for
the proteins that the whole sequences belong to.
The entropy cannot distinguish between the two
columns in Figure 2, while the ET correctly recog-
nizes that the column on the left can be split into
two groups, such that this position is conserved
within each.

In the opposite case, both columns in Figure 3
appear equally unimportant to ET, because some-
where close to the leaf level the type I gets aligned
with A (so the sum in the expression for ri,
equation (1) does not stop until the leaf level is
reached). The entropy, on the other hand, will be
sensitive to the fact that the left column is almost
conserved, while the one on the right is con-
vincingly not conserved.

To get the advantage of both methods, it is
straightforward to combine them into an
expression for real-valued score:

ri ¼ 1þ
X

N21

n¼1

1

n

X

n

g¼1

2
X

20

a¼1

f
g
ia ln f

g
ia

 !

ð3Þ
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assigned the information entropy:
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Fig. 1. Residues 1-169 in 1f88A colored by their relative importance. (See
Appendix, Fig.11, for the coloring scheme.)

2.2 Multiple sequence alignment for 1f88A

For the chain 1f88A, the alignment 1f88A.msf (attached) with 613
sequences was used. The alignment was downloaded from the HSSP
database, and fragments shorter than 75% of the query as well as
duplicate sequences were removed. It can be found in the attachment
to this report, under the name of 1f88A.msf. Its statistics, from the
alistat program are the following:

Format: MSF

Number of sequences: 613

Total number of residues: 176261

Smallest: 78

Largest: 338

Average length: 287.5

Alignment length: 338

Average identity: 53%

Most related pair: 99%

Most unrelated pair: 0%

Most distant seq: 35%

Furthermore, <1% of residues show as conserved in this ali-
gnment.
The alignment consists of 99% eukaryotic ( 93% vertebrata, 4%
arthropoda) sequences. (Descriptions of some sequences were not
readily available.) The file containing the sequence descriptions can
be found in the attachment, under the name 1f88A.descr.

2.3 Residue ranking in 1f88A

The 1f88A sequence is shown in Figs. 1–2, with each residue colored
according to its estimated importance. The full listing of residues
in 1f88A can be found in the file called 1f88A.ranks sorted in the
attachment.

2.4 Top ranking residues in 1f88A and their position on

the structure

In the following we consider residues ranking among top 25% of resi-
dues in the protein . Figure 3 shows residues in 1f88A colored by their
importance: bright red and yellow indicate more conserved/important
residues (see Appendix for the coloring scheme). A Pymol script for
producing this figure can be found in the attachment.

2.4.1 Clustering of residues at 25% coverage. Fig. 4 shows the
top 25% of all residues, this time colored according to clusters they
belong to. The clusters in Fig.4 are composed of the residues listed

Fig. 2. Residues 170-348 in 1f88A colored by their relative importance. (See
Appendix, Fig.11, for the coloring scheme.)

Fig. 3. Residues in 1f88A, colored by their relative importance. Clockwise:
front, back, top and bottom views.

in Table 1.
Table 1.

cluster size member

color residues

red 83 55,58,62,68,69,71,73,76,78

90,98,102,103,106,110,113

117,121,125,126,127,128,130

131,132,134,135,136,138,139

140,141,142,148,153,156,161

167,170,171,172,174,175,176

177,178,180,181,182,184,185

186,187,188,190,191,192,193

211,212,215,219,222,223,226

230,233,234,235,243,244,246

247,249,250,253,254,257,265

continued in next column
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