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Abstract. Ten years after the idea of hydrophobic
cluster analysis (HCA) was conceived and first pub-
lished, theoretical and practical experience has shown
this unconventional method of protein sequence anal-
ysis to be particularly efficient and sensitive, especially
with families of sequences sharing low levels of se-
quence identity. This extreme sensitivity has made it
possible to predict the functions of genes whose se-
quence similarities are hardly if at all detectable by

current one-dimensional (1D) methods alone, and of-
fers a new way to explore the enormous amount of
data generated by genome sequencing. HCA also pro-
vides original tools to understand fundamental fea-
tures of protein stability and folding. Since the last
review of HCA published in 1990 [1], significant im-
provements have been made and several new facets
have been addressed. Here we wish to update and
summarize this information.
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Abbreviations. 1D, 2D, 3D, 4D for one, two, three and four dimensions, respectively.

Introduction

Genome sequencing provides an enormous amount of
protein sequences. However, many remain structurally
and functionally uncharacterized although, in principle,
they could be related to sequences belonging to a same
structural and functional family. Indeed, it is now ex-
pected that the entire pool of independent folds does
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not exceed more than about one thousand [2], i.e.
between two and three times the independent folds
presently known at the atomic level. Each sequence
should code for one of the folds included in this limited
set, each fold being compatible with a large number of
sequences [3, 4] even if the duration of protein evolution
has been far too short for all the possibilities to emerge.
Consequently, any given sequence has a considerable
probability of sharing similar fold(s) with proteins cod-
ing for structures already characterized. The challenge
is to recognize these folds and/or functions from se-
quences only, as the extent of sequence divergence often
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obscures their relationships. This calls for the develop-
ment of increasingly sensitive methods of sequence
analysis.

Current programs of database screening (the most com-
monly used being BLAST [5] and FASTA [6]) are
generally highly efficient but their ‘automatic’ use is
limited to the case of reasonable similarity, i.e. above a
‘twilight’ zone that contains both relevant and irrele-
vant hits and where biologically significant similarity is
not necessarily statistically significant in itself [7]. Al-
though the limits of this zone are fuzzy, depending on
the sequence analysed, its upper limit is estimated at
about 25-30% sequence identity over a sufficient
length. Below this threshold, and especially at high
sequence divergence, ‘linear’ (1D) methods are generally
unable to distinguish sequence similarities reflecting
three-dimensional (3D) relationships from background
noise. The emergence of efficient motif and profile
searches [8] has made it possible partly to overcome
these limitations. However, these methods necessitate
the prior recognition of a family with members suffi-
ciently divergent to be able to identify striking family
features, therefore excluding the case where a query
sequence does not show detectable similarity with other
proteins. These methods also aim at families that
evolved under sufficient pressure (functional or struc-
tural) to have maintained recognizable 1D features. In
the case of high divergence, seeking authentic 3D rela-
tionships therefore involves the use of a combination of
methods tested with various parameters as well as the
consideration of correlative factors, the success of these
investigations often depending on the user’s experience
and training.

Hydrophobic cluster analysis (HCA) [1, 9], starting
from a two-dimensional (2D) helical representation of
protein sequences, can help overcome the above limita-
tions of ‘linear’ analyses. Indeed, it combines the com-
parison of sequences and that of the protein secondary
structures statistically centered on hydrophobic clusters
[10]. The ‘twilight’ zone can therefore be efficiently
analysed by putting the observed sequence similarities
in the 2D context of the protein. Moreover, the particu-
lar interest of the method also lies in the fact that it is
not always dependent on the prior detection of 1D
similarities by current methods, thereby revealing struc-
tural relationships even when no sequence conservation
has been highlighted. Numerous applications as well as
theoretical studies (see below) have now established the
efficiency of this approach.

Furthermore, by focusing on the residues forming the
hydrophobic core of proteins, HCA appears to be a
powerful tool to investigate the basis of protein stability
and folding. Indeed, it now appears that many proper-
ties related to protein folding can be highlighted and
characterized through HCA, the «-helical clustering of
hydrophobic amino acids matching these properties
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very closely and to an unexpected degree. In particular,
the distribution of hydrophobic amino acids along the
sequences of globular domains is not random and re-
veals signatures tightly associated with the different
folds selected by nature. These data could therefore be
used as structural predictive tools. Among others, a
universal determinant of globular domain folding de-
tected by HCA is the very limited number of hydropho-
bic positions in the sequences (about 5 to 10% of the
total amino acids) necessary to allow the existence of
stable folds (unpublished results).

Principles of HCA

HCA plots as support of sequence information

Helical wheels as well as 2D projections of transmem-
brane segments have long been included in figures illus-
trating amphipathic and transmembrane «-helices.
However, apart from this limited and local use of un-
conventional 1D sequence representation, helical 2D
representations of amino acid sequences did not really
begin until 1968 with a paper by Dunhill visualizing
chemical and structural properties of a-helices through
vertical diagrams [11]. In the 1970s, the Russian school
of Poutschino improved these representations by detail-
ing further the importance of hydrophobic amino acid
clusters for secondary and tertiary structure predictions.
In particular, V. I. Lim was an inventive pioneer in this
field (see e.g. refs 12, 13). More than ten years elapsed
before a further advance occurred with the development
of the Hydrophobic Cluster Analysis method [9]. Two
decisive features were introduced and enhanced the
interest and efficiency of the approach. Probably for the
first time, the actual goal was the development of a
self-consistent method to compare and analyse bidimen-
sional representations of amino acid sequences of any
secondary structure. Second, a deliberate choice was
made to design a method adapted to the powerful
ability of the human eye-brain system to recognize,
decipher and associate complex images with disparate
and often elusive biological information.

To this end, HCA uses a limited number of four amino
acid symbols instead of the current one-letter code,
intermediate between the large number of twenty sym-
bols used in the helical representation of Dunhill and
the lack of symbols in the Russian school (fig. 1). We
have chosen to highlight only four particular amino
acids:

— a star (%) for proline which confers the greatest
constraint to the polypeptide chain,

— a diamond (#) for glycine which in contrast confers
the largest freedom to the chain,

— squares with a point (/@) or not ([J) for serine and
threonine, respectively, as these two small polar amino
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Figure 1. Hydrophobic cluster analysis: between sequence and structure. Principles of the 2D HCA diagram. The linear sequence (1D)
of a segment of human « 1-antitrypsin is shown on top with hydrophobic amino acids coloured (first line). The same sequence is also
represented using the HCA code for the amino acids G, P, T and S (second line). The direct translation into a two-state code
(1 = hydrophobic and 0 = nonhydrophobic) is represented. The sequence is reported on an «-helix displayed on a cylinder (a). The
cylinder is then cut parallel to its axis and unrolled to a bidimensional diagram (b) which is compacted and duplicated in order to
restore the full environment that each amino acid has on the a«-helix representation (¢). Hydrophobic amino acids are not randomly
distributed but tend to form clusters (contoured in d). These clusters were statistically shown to correspond to the internal faces of
regular secondary structures [10], as strikingly illustrated here by the corresponding experimental three-dimensional structure (3D
insert). The vertical cluster, shaded green, is associated with a f-strand whereas the horizontal one, shaded yellow and orange,
corresponds to a-helices, illustrating that the general shape of the cluster is indicative of the type of secondary structure. Moreover, the
rupture in the orientation of the horizontal cluster (two different colors) can here be related to the split of the «-helix into two parts
in the 3D structure. Sequence stretches separating clusters correspond to loops (or hinges between domains, especially if they are of
considerable length, see fig. 8). The 2D structure of a protein can therefore easily be deciphered through examination of the horizontal
texture of the plot. A hydrophobic cluster is defined by contiguous hydrophobic residues on the helical representation. Consequently,
for an «-helix, two hydrophobic amino acids belong to distinct clusters if they are separated by at least four nonhydrophobic residues
(coded 0) or a proline (‘connectivity distance’ of 4). The three fundamental axes of the 2D «-helical plot are associated with four ‘basic’
clusters: V(11), M(101), U(1001) and D(10001) (see text).
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acids can mask their polarity through H-bonding with
the carbonyls of the main chain, particularly within
helices.

Probably another decisive feature of the HCA bidimen-
sional representation lies in the horizontal orientation
of the plots, first suggested by C. Gaboriaud, rather
than the vertical one used previously. At least for the
western scientist, horizontal reading from left to right is
more natural and leads to the best interaction between
the eye-brain ‘computer’ and the bidimensional repre-
sentation.

At this level, the helical net representation of amino
acid sequences can be considered only as a convenient
stratagem, like any other arbitrary representation.
However, as shown hereafter, it actually fits well with
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Figure 2. Correspondence between 1D sequence, 2D HCA plot
and 3D organization of a schematic globular domain in which
hydrophobic amino acids are coloured according to their presence
in the buried faces of successive regular secondary structures.
From N-ter to C-ter, there is an edge f-strand, an internal
p-strand, an amphiphilic «-helix and a short internal helix, re-
spectively. They summarize the current local structures of globu-
lar domains, the least frequent one being the internal helix. The
yellow area indicates the limits of the hydrophobic core of the
domain immersed in a water surrounding.
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fundamental principles that govern protein folding, re-
veals important information hidden in the sequences,
and offers an efficient way to overcome several of the
limitations of classical analysis.

HCA between sequence (1D) and structure (3D)

It is now well established that many biological phenom-
ena are governed by the fundamental dichotomic be-
haviour of hydrophobic and hydrophilic molecular
entities. The general architecture of protein globular
domains provides a clear example (fig. 2). Indeed,
mostly hydrophobic amino acids dominate the internal
core, whereas the mostly hydrophilic amino acids lying
on the protein surface protect the core from solvent
(water and ions). This partition is mainly due to the fast
escape of hydrophobic amino acids from water under
the pressure of entropic and enthalpic forces. As a
result, the hydrophobic amino acids tend to cluster into
a stable and compact structure which is typical of a
particular fold. Consequently, the distribution of amino
acids along sequences belonging to a single structural
family should respect at least several constraints and
should give rise to hydrophobic signatures characteristic
of the fold. Within globular domains, the mean content
in hydrophobic amino acids is close to 1/3 (using VIL-
FMWY alphabet as the list of hydrophobic residues).
Hydrophobic amino acids are known to be favoured
within the internal faces of regular secondary structures
(a-helices and f-strands) and disfavoured within the
main irregular secondary structures (loops).

These features explain why, using appropriate represen-
tations that take into account local proximities, clusters
of hydrophobic amino acids are statistically found in
close correspondence with the internal faces of regular
secondary structures [10]. Fig. 2 illustrates these corre-
spondences for a schematic globular protein.

To a first approximation, the twenty amino acids are
separated into two main classes: the hydrophobic ones
and the others which are hydrophilic and/or indifferent
to their environment. HCA experience and extensive
calculations lead to the following partition:

— strong hydrophobic amino acids VILF which are the
driving forces for the constitution of hydrophobic inter-
nal faces of secondary structures.

— moderately hydrophobic amino acids MWY, each
with its own particularities. M as well as W and Y can
accept exposed or semi-exposed situations. These latter
two often mediate intermolecular interactions, and Y
often favours loops.

These two classes are grouped together to contour hy-
drophobic clusters in HCA plots and are coded 1 in the
HCA nomenclature.

— proline (P), which often breaks secondary structures,
is currently considered as a cluster breaker.
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Figure 3. (4) Amino acid propensities for the «, £ and coil states,
calculated from a nonredundant version of the Protein Data Bank
(25% list of the PDB-select version of November, 1996 (553
chains) [14] in which no two proteins have more than 25%
sequence identity). The calculated propensities correspond to the
percentage of each amino acid observed in each of the three states
divided by the percentage of the total amino acids observed in the
corresponding states. Secondary structure assignments were per-
formed using the P-SEA algorithm [15]. (B) Sums of the three
propensities for each amino acid. Three regions can be delineated
from these two figures. The first one (I) in which both the o and
p states are favoured relative to the coil state corresponds to the
usual hydrophobic alphabet. The third region (III) typically gath-
ers the loop builders G, P, D, N, S for which the coil state clearly
dominates the « and f states. The intermediate region (II) con-
tains the other amino acids for which only one of the « or f states
is preferred to the coil one.

— all the other amino acids are considered in a single
class coded 0, although many of them exhibit clear
particularities:

— polar amino acids possessing a long aliphatic
stem such as arginine (R) or lysine (K) are sometimes
observed to subsitute hydrophobic amino acids if their
head reaches a polar environment (solvent or ionic
pairs).

CMLS 53 (1997), Birkhduser Verlag, CH-4010 Basel/Switzerland 625

— asparagine (N) can adopt left helical main
chain conformations otherwise principally occupied by
glycine (G).

— alanine (A), which clearly favours the forma-
tion of «-helices, occupies hydrophilic situations as
well as hydrophobic ones. Including it in the hydro-
phobic alphabet leads to a dramatic modification of
cluster properties.
contrast, cysteine (C), although also
adapted to different situations, does not disturb the
basis of
cluster behaviour. However, its specific role in the for-
mation of disulphide bonds argues against including it
in the HCA hydrophobic alphabet.

— threonine (T), a branched amino acid, fre-
quently replaces valine (V) or isoleucine (I) in f-
strands and, like serine (S), can mask its polarity
inside «-helices; serine can often also mimic the pro-
line ring.

— glutamic acid (E) and especially aspartic acid

(D) are the most distant amino acids from VILF in
the hydrophobic scale described here, which is similar
to many others used elsewhere.
Interestingly, the amino acid classification with strong
hydrophobic amino acids (V, I, L, F), the driving
forces of regular secondary structures, along with
moderately hydrophobic amino acids (M, Y, W) at
one extreme, and loop builders (P, G, D, N, S) at the
other extreme, is confirmed in a direct experimental
observation. Indeed, if the secondary structure
propensities of each amino acid to be in the «, f or
coil conformation are added (fig. 3), the resulting in-
dex ranges between 3.20 (V) and 2.78 (G) and has the
following order: V, I, L, F, M, Y, W, A, R, C, Q, T,
E, K, H, S, N, D, P, G. Clearly, the main driving
forces of regular secondary structures are the four
strong hydrophobic amino acids V, I, L, F and the
main driving forces of loops are P, G, D, N, S. A
difference of 3.0 for the sum of propensities is associ-
ated with a higher proportion of the total amino acids
associated with one of two states a or f (¢+ f =
57%) than with the single state ‘coil’ (43%). This ob-
servation reinforces the choice of the current HCA
alphabet VILF/MYW.

— in

Hydrophobic clusters are not ordinary patterns

Hydrophobic cluster nomenclature. A hydrophobic
cluster always begins and ends with a hydrophobic
amino acid coded 1. Other types of amino acids in-
cluded within the cluster, with the exception of pro-
line, are coded 0. The hydrophobic cluster is thus
usually coded as a succession of 1 and 0 (e.g. 101011,
fig. 4a). Together with the 2D shape, it can be further
characterized by two additional codes. The P code
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Figure 4. Illustration of some characteristics of two frequently encountered clusters. (¢) The 101011 cluster (length six amino acids, four of which are hydrophobic). This cluster can be
generated by sequences from 00001010110000 to P101011, its P code is 53 and its Q code is MMYV. The ratio between observed occurrences (3419) and expected occurrences (3196) for random
sequences (see text) is 1.07, with a Z-score of 4.4 ¢. This cluster, mainly associated with f-strands, is thus slightly preferred to build proteins. An example of such a cluster is found in the
ribonuclease structure. () The 10011001 cluster (length eight amino acids, four of which are hydrophobic). It can be generated by sequences from 0000100110010000 to P10011001P, its P
code is 153 and its Q code is UVU. This cluster, mainly associated with o-helices, is strongly preferred (2518 observed, 1260 expected, with a ratio of 2.0 and Z-score of +35 o). An example
of such a cluster is found in the myoglobin structure.
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Figure 5. Same segment of human o l-antitrypsin as in fig. 1 illustrating the formation of hydrophobic clusters for different helices with
increasing connectivity distances (table 1). (C1) The simplest ‘helix’ Cl1, i.e. a straight line 1D immersed in a 1D space. It corresponds
to the conventional representation of a sequence with a single first neighbour i+ 1 (G-N) and a connectivity distance of 1. (C2T) The
C2T (T for Trans) configuration corresponds to the full extended polypeptide chain (¢ and ¥ =180°), close to the f-strand
conformation. First neighbour is also i+ 1. It corresponds to a 2D object immersed in a 2D space. (C2C) The C2C (C for Cis)
configuration corresponds to the physically impossible helix possessing internal H-bonds between i and i+ 2 (¢ and ¥ = 0°). For this
configuration, the helix reduces itself to a plane and can thus be attributed to the 2D plot/2D space. First neighbours on the 2D plot
are i+ 1 and i+ 2. (C3) The 3.0,, helix which is actually the first 2D helical representation immersed in a 3D space with a connectivity
distance of 3 (i—1+ 3 H-bond). First neighbours on the 2D plot are i+ 1,1+ 2, i+ 3 (V, U and D, respectively) with no mosaic. (C4)
The o-helix with a connectivity distance of 4 (i—1i+ 4 H-bond). First neighbours on the 2D plot are i+ 1, i+ 3 and i+ 4, the mosaic
corresponding to i+ 2. (C5) The n-helix with a connectivity distance of 5 (i—1+ 5 H-bond). First neighbours on the 2D plot are i + 1,
i+4 and i+ 5, the mosaics corresponding to i+ 2 and i+ 3. (C6) The Pauling 5.1 helix [19] with a connectivity distance of 6 (i—>i+ 6
H-bond). First neighbours on the 2D plot are i+ 1, i+ 5 and i+ 6, the mosaics corresponding to i+ 2, i+3 and i+4. These
constructions can be theoretically pursued. The bold line at the beginning of each plot indicates the increasing pitch of the
corresponding helix. Water molecules could enter the growing central tunnel of the hypothetical helices larger than the C6 configuration
(see fig. 6). Note: For current applications, the C4 HCA plot is shrunk along the horizontal direction to allow more sequence to be
displayed in A4 paper format.
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Table 1. Characteristics of polypeptidic helices on both sides of the « helix. Associated space is the original space in which the helix
is drawn before being developed in a space of lower dimension. The pitch is the distance along the helix axis accomplished in one turn
of helix. The connectivity distance, minimal number of nonhydrophobic amino acids that separate two successive HCA hydrophobic
clusters (except for the case where a proline is present, see text), each cluster beginning and ending with a hydrophobic amino acid, is
equal to the first neighbour distance in the D direction (fig. 4) and to the H-bond connectivity within the helices (see also fig. 5).

Dimentionality Helix Pitch Residues/ Theoretical Internal Residues superposed on
and associated A) pitch helix ) H-bond the same generatrix of
space diameter (A) C=0---H-N the helix
1 14+ n
0D (0D) (one amino acid) - - - - -
1D (1D) (the sequence) - - - - -
2D (2D) completely extended 7.3 2.0 - - -
chain (E)
theoretical 2.0 4.6 2.0 3.0 i-»i+2 i—»i+2
helix
2D (3D) 3.0 helix (3,0) 6.0 3.0 3.7 i-»i+3 i»i+3
right-handed o-helix 5.4 3.6 4.5 i-»i+4 i—»i+18
(or)
n-helix (7) 5.1 4.4 5.5 i->i+5 i—»i+22
pauling 5.1 helix 5.0 5.1 6.3 i-»i+6 i—1+446
Dimentionality Helix Connectivity First Estimated Example Helical
and associated distance neighbours C,—C,, distances configuration
space A) Cn
0D (0D) (one amino acid) 0 0 - Gnataiff... Co
1D (1D) (the sequence) 1 +(1) - GNataiff... Cl
2D (2D) completely extended 1 +(1) +(3.8) GNataiff... C2T
chain (E)
theoretical 2.0 2 +(1,2) +(3.8,4.6) GNAtaiff... Cc2C
helix
2D (3D) 3.0, helix (3;,) 3 +(1,2,3) +(3.8,5.7,6.5) GNATaiff... C3
right-handed o-helix 4 +(1,3.4) +(3.8,5.6,6.3) GNaTAIiff... C4
(oR)
n-helix () 5 +(1,4,5) +(3.8,4.9,6.4) GNatAIff... C5
pauling 5.1 helix 6 +(1,5,6)

+(3.8,5.7,6.3) GNatalFf... C6

(first suggested by Manuel Peitsch, Glaxo Institute,
Geneva, private communication) unequivocally codes
the cluster with powers of 2 (for instance the 101011
cluster corresponds to a P code of 53 ((1 x 1)+ (2 x
0)+@x1D+(@8x0)+ (16 x 1)+ (32 x 1)). The Q code
(Q for ‘quark’) results from the decomposition of any
cluster into four basic clusters: V for ‘vertical’, 11, two
consecutive hydrophobic amino acids; M for ‘mosaic’,
101; U for ‘up’, 1001 and D for ‘down’, 10001. (V/M),
U and D constitute the three fundamental axes of the
2D «-helical plot directed towards the first neighbours
1, 3 and 4 (fig. 1, [16]). Evidently, each of the V, D and
U axes is a vectorial combination of the two others. The
cluster 101011, which can be decomposed into 101 (M)
concatenated with 101 (M) and 11 (V), then has the Q
code MMYV. The Q code also unambiguously character-
izes a cluster.

In addition to the four fundamental clusters V, M, U
and D described above, the singlet 1 (one isolated
hydrophobic amino acid) is coded S.

Difference between current patterns or sequence motifs
and clusters. The sequence fragment 101011, taken
above as an example (fig. 4a), is found within a se-
quence database in many situations, either isolated

from other hydrophobic amino acids or included in
various other sequence fragments containing hydropho-
bic amino acids. In the HCA «-helical plot, 101011 is a
cluster only if it is separated from any other hydropho-
bic amino acid by at least four nonhydrophobic amino
acids (0), except if at least one proline is present in
positionsi—4 toi— 1 and i+ 1 to i+ 4. The number 4
corresponds to the connectivity distance of the «-helix
(see table 1). The cluster 101011 can be found in several
environments, from the largest one 00001010110000 (no
proline from —4 to —1 or from +1 to +4, on either
side of the cluster) to the smallest one P101011P if two
prolines directly flank the cluster.

Consequently, hydrophobic clusters constitute locally
isolated entities far less numerous than common motifs
or patterns of identical composition which do not obey
connectivity rules (e.g. 101011 is found as a cluster 3419
times in a bank of 32,886 sequences and 45,746 times as
a common motif). In contrast, they hold far more
specific information, as already demonstrated [10] and
observed in recent presentations of ordinary pattern
properties [17, 18]. Indeed, the 2D «-helical plot hydro-
phobic clusters best match the observed « or f regular
secondary structures of globular proteins. Statistically,
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Figure 6. Illustration of the 2D hydrophobic compactness generated by different helical configurations from C1 to C10 (see table 1 and
fig. 5). This compactness is measured by the total number of separate clusters (a mosaic cluster therefore counts for more than one
cluster) calculated for each configuration in the nonredundant bank described in the legend of fig. 3. The sequence of fig. 5 taken as
an example gives rise to 6, 6, 6, 4, 2, 3 and 4 compact clusters for the configurations C1, C2T, C2C, C3, C4, CS5 and C6, respectively.

the gravity centres of hydrophobic clusters built with
the hydrophobic alphabet VILFMWY exactly coincide
with those of observed regular secondary structures, in
perfect contrast, as expected, to clusters built with the
typical loop alphabet PGDNS.

A frequently asked question about HCA is the apparent
inadequacy of a helical plot to properly visualize and
thus identify f-strands. In fact, this is actually not a
problem, as the display of the sequence on a unique 2D
o-helical canvas provides a direct visualization of clus-
ters associated with o-helices (e.g. fig. 4b) and a trans-
posed but codified visualization of clusters associated to
f-strands (e.g. fig. 4a). Indeed, the correspondence be-
tween the clusters and secondary structure elements has
been demonstrated to be statistically as efficient for all
o as for all § structures [10]. 2D helical plots different
from the « one (as explained in table 1 and fig. 5) are
not so efficient. From «-helix (C4 helical configuration,
H-bond between i1 and i+ 4, connectivity distance 4)
towards greater pitches (smaller connectivity distances),
one first encounters the 3,,-helix (C3 helical configura-
tion, H-bond between i and i+ 3, connectivity distance
3), and the overly constrained helix with an impossible
H-bond between i and i+ 2 (connectivity distance 2).
This structure corresponds to the C2C (C for Cis)

helical configuration with ¢ and y torsional angles
equal to 0. The C2T (T for Trans) helical configuration
(¢ and ¥ equal to 180°) is the fully extended chain,
conformationally very close to a f strand. Finally one
encounters the linear chain itself, i.e. the 1D sequence
(connectivity distance 1). In the opposite direction of
smaller pitches, one finds the C5 z-helix (H-bond be-
tween i and 1+ 5, connectivity distance 5), the C6 Paul-
ing 5.1 helix (H-bond between i and i+ 6, connectivity
distance 6 [19]), and progressively more and more open
helices (theoretically, for nonphysical helices, the open-
ing and flattening of helices leads to a circle with an
infinite radius and therefore a projection to a straight
line perpendicular to the horizontal line of the 1D
sequence).

The observation that it is the common «-helix which
shows the best concordance with experimental findings
in exactly the same way for proteins of the different
classes (all «, all g, a/f or a+ f) [10] highlights an
intriguing and compelling issue. This may perhaps be
associated with the yet unknown folding rules, as
nascent proteins may first favour local self-stable struc-
tures and particularly o-helices. Interestingly, we ob-
serve in this context that it is the o-helix (helical
conformation C4 in table 1) which leads to a maximum
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of hydrophobic 2D compactness (minimum of the num-
ber of separated hydrophobic clusters). In this respect,
C4 is two times better than C1 (fig. 6).

Mosaic clusters. Many clusters display an isolated hy-
drophobic amino acid (or group of amino acids) in
position i+ 2 which does not correspond to first neigh-
bours in the plot (see figs 1 and 5). Such clusters which
contain a regular alternation of hydrophobic and non-
hydrophobic amino acids are named ‘mosaic clusters’
and visualized using connecting lines (e.g. the first clus-
ter of fig. 2). These connecting lines help to identify
these special clusters which can therefore be formally
separated from the true ‘compact’ clusters as defined by
Bourat and coworkers [16]. Small mosaic clusters (e.g.
101, 10101) are often associated with f-strands and
especially with surface ones.

‘Identity clusters’. When comparing sequences through
HCA (see below), one often encounters, relative to
anchor references made of alignable hydrophobic clus-
ters, several patches of amino acids which are chemi-
cally conserved. These ‘identity clusters’ can be
visualized as illustrated in fig. 13 (pink shaded). These
occurrence of such ‘identity clusters’, along with the
hydrophobic clusters, are very useful in recognizing
distant evolutionary relationships between proteins.
Transmembrane segments and membrane proteins. HCA
plots are also useful for analysing transmembrane seg-
ments and membrane proteins. One should note that
the hydrophobicity of each segment has to be appreci-
ated relative to the type of protein considered. One
isolated anchor transmembrane segment within a
protein is often totally hydrophobic (V, I, L, F, M, Y,
W and mainly P, C, A, S, T). Several associated
transmembrane segments often share a few hydrophilic
amino acids which together may constitute internal
polar active sites (for example the receptors which pos-
sess seven transmembrane segments). Loops between
transmembrane segments can be analysed taking into
account that they often do not constitute classical glob-
ular domains, except if they are of sufficient length.
Cluster lengths and secondary structures. HCA hydro-
phobic clusters are statistically centred on internal faces
of regular secondary structures « and f. However the
length of the clusters may be larger than those of single
secondary structures. Fig. 1 illustrates such a case, with
one cluster associated with two successive helices. In-
deed, one or several hydrophobic amino acids (V, I, L,
F, M, Y, W) may link two clusters (rarely more) giving
rise to a larger one. It is often possible to detect such
concatenations by comparison of related sequences and/
or by analysis of the shape and composition of the
clusters. Amino acids such as Y, G, N, D and S between
two compact sub-clusters, and associated with a change
in the main cluster direction, are often indicative of
artificial concatenation. The automatic processing of
clusters, from sequences only, in order to fit their length
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better (by decreasing or increasing it) to the length of
regular secondary structures in a context-dependent
manner, has given encouraging results (E. Thoreau,
unpublished results).

Protein sequences are not random distributions of
amino acids

Many properties of hydrophobic clusters can be illus-
trated through statistical studies of sequences and 3D
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Figure 7. Global map of protein sequence properties. Plot of the
mean behaviour of hydrophobic clusters (built with the VIL-
FMYW alphabet) belonging to each (L,H) class. L is the amino
acid length of the cluster, H is the number of hydrophobic amino
acids. Squares indicate preferred positions, the surface being
proportional to the mean Z-score. Circles indicate relatively dis-
carded positions. The diagonal is occupied by clusters only com-
posed of hydrophobic amino acids 1, 11, 111, etc... (one kind per
position). The other occupied positions have a variable number of
isotypic cluster kinds (same L, H values). For example in the
position L =8, H =4, there are 12 possible isotypic clusters, one
of which corresponds to the losange 10011001 shown in fig. 3b.
The number of different kinds of possible clusters increases very
rapidly with L, H values (e.g. 216 for L =12, H=7). The map
shown here contains about 10° clusters. Several striking features
can be highlighted: the poor representation of the small basic
clusters S, V, M, U, D (bottom left corner), a wide favourable
area (green squares) reinforced at the «-helix periodicity (4.6, 8.2,
11.8, 15.4, 19.0 amino acids) and corresponding to the preferred
bricks of globular domains, an unfavourable area (purple circles)
above and another favourable area (blue squares) which corre-
sponds to stretches of transmembrane segments (e.g. 12 consecu-
tive hydrophobic amino acids). The reinforcement of cluster
properties with the o-helix periodicity and a clear interruption
after L =20 are also observed for several other properties (data
not shown).
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Figure 8. Mean accessibilities (in A2) of conserved hydrophobic
positions (positions where only hydrophobic amino acids are
found) and nonconserved ones in the tryptase family (PDB iden-
tifiers: 1AAO, 1ARB, 1CHG, 1ELD, 1ESA, 1GCT, 1HCG,
1HF1, IMCT, INTP, 1P12, 1PCU, 1PFA, 1PPB, 1PPF, 1SGT,
ITON, 2ALP, 2CP1, 3RP2, 4PTP, 4SGA, 8GCH). All the se-
quences of the family have less than 50% identity with all the
others. There are seven absolutely conserved hydrophobic posi-
tions; the mean length of the sequences of the family is 232.

structures of proteins. These studies led to the charac-
terization of unexpected features associated with the
mechanisms of globular domain stability. A few of these
features are described below.

One of the more readily obtained properties concerns
the difference between the occurrence of the different
kinds of clusters and their expected occurrence in ran-
dom sequences with an identical chemical composition.
In order to confirm such observations, a large bank of
protein sequences has been constructed based on the
Genpep databank (1994 fall issue, 155,144 entries). To
avoid possible statistical bias due to the large redun-
dancy of such a bank, a mainly nonredundant sequence
bank has been extracted containing a total of 32,886
entries (11,078,281 amino acids). The observed occur-
rence of all kinds of hydrophobic clusters with lengths
ranging from 1 to 20 amino acids (more in many cases)
has been calculated and compared to the expected oc-
currences calculated on the basis of random positions of
amino acids assuming chemical conservation of each
sequence (100 randomizations per sequence). The differ-
ence between the observed and expected occurrences is
quantified by their ratio and by their Z-scores (ex-
pressed in standard deviation units).

Nature clearly has a preference for many clusters (Z-
scores up to +35 ¢) and has preferentially discarded
others (Z-scores up to —65 ¢). Ratios greater than 2.0
and less than 0.5 are frequent. Figs 4a and 4b illustrate
such characteristics for two clusters, one (10011001)
mainly associated with o«-helices, the other (1010011)
preferentially associated with f-structures. Each cluster
is a structural brick for which hydrophobic side chains
together constitute ‘scratch’ areas which ‘zip’” each other
to form the hydrophobic core of globular domains.
Fig. 7 summarizes the mean behaviour of all hydropho-
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bic clusters built with the C4 helical configuration, the
current alphabet VILFMYW and possessing lengths
ranging from 1 to 20 amino acids. It represents a global
insight into how nature has selected structural bricks to
build proteins in a water environment.

Such maps have been calculated for clusters constructed
with other alphabets in order to highlight the role of
each amino acid. For example, the replacement of only
one amino acid of the conventional alphabet VIL-
FMYW (L by E) completely destroys the patterns of
fig. 7, while replacement of Y or W by C is almost
indifferent and even locally reinforces the differences
between preferred and discarded positions.

Hydrophobic clusters are tightly associated with
secondary structures and their structural 3D properties
Five years ago it was observed and demonstrated statis-
tically [10] that the 2D hydrophobic clusters displayed
on the «-helical net coincide mainly with regular sec-
ondary structures o or f. Moreover, many types of
clusters show marked preference to be associated with
one of these two states. In contrast, small clusters
possessing a low number of hydrophobic amino acids,
such as the basic clusters V(11), U(1001), D(10001) are
often associated with coil regions (loops). As an exam-
ple, the 10011001 cluster illustrated in fig. 4b exhibits a
strong preference for the o state (79% for its central
part), in contrast to its occurrence in f (10%) and coil
(11%) structures. This kind of data can now be derived
from the rapidly growing number of 3D structures of
proteins, even if many of them are clearly redundant.
This information opens new perspectives for the com-
parison of sequences and the prediction of their associ-
ated 3D structures.

The frequency with which all current clusters in the
sequence banks, and a great many of them in the
structure databases, occur is high enough to allow
statistical observations for each amino acid in each
position of a cluster as well as for its proximal neigh-
bours (between i —4 to j + 4).

HCA can distinguish several populations of hydrophobic
amino acids within globular domains

The HCA alignment of structurally related but diver-
gent sequences makes it possible to delineate precisely
the positions which are always or often occupied by
hydrophobic amino acids. These segregate into two
main populations, clearly exhibiting different properties
concerning, in particular, their solvent accessibility as
well as their geometric arrangement around the mean
structure. The conserved hydrophobic positions (often
chemically different) are much more buried than the
nonconserved ones and their side chains are signifi-
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Table 2. Selected HCA applications performed by our groups or in collaboration.

Glycosyl hydrolases/Glycosyl transferases

@ Herrissat B., Clayssens M., Tomme P., Lemesle L. and Mornon J.-P. (1989) Cellulase families revealed by Hydrophobic Cluster
Analysis. Gene 81: 83-95. The first paper related to the sequence analysis of glycosyl hydrolases. Prediction of the catalytic amino
acids verified by directed mutagenesis by Py et al. (1991) Prot. Eng. 4: 325-333.

® Henrissat B., Callebaut 1., Fabrega S., Lehn P. and Mornon J.-P. (1995) Conserved catalytic machinery and prediction of a common
fold for several families of glycosyl hydrolases. Proc. Natl Acad. Sci. USA 92: 7090-7094. Classification of several families of
glycosyl-hydrolases in the clan ‘GH-A’ and prediction of a similar fold and catalytic machinery for several other families, for which
the catalytic amino acids were unknown. These predictions were later assessed by the experimental three-dimensional structure of
several of the described enzymes.

® Saxena L., Brown R. M. Jr., Févre M., Geremia R. A. and Henrissat B. (1995) Multiple domain architecture of f-glycosyl transferases.
Implications for mechanism of action. J. Bacteriol. 177: 1419-1424. Distinction of two groups among glycosyl transferases forming
[ -glycosylic bonds from a nucleotide-sugar unit: those having two domains (A and B) or only one (A). The latter can only add one
sugar whereas the former are able to polymerize. This observation has led to the proposal that polysaccharide biosynthesis by
enzymes which possess the two domains probably occurs by simultaneous addition of two nucleotide-sugars.

® Bolam D. N., Hughes N., Virden R., Lakey J. H., Hazlewood G. P., Henrissat B. and Gilbert H. J. (1996) Mannanase A from
Pseudomonas fluorescens subsp. cellulosa is a glycosyl hydrolase in which E212 and E320 are the putative catalytic residues.
Biochemistry 35: 16195-16204. Assignment of the family 26 of glycosyl hydrolases to the clan GH-A. Identification of the two
catalytic residues.

® Fernandes M. J. G., Leclerc D., Henrissat B., Vorgias C. E., Gravel R., Hechtman P. and Kaplan F. (1997) Identification of candidate
active site residues in lysosomal f-hexosaminidase. J. Biol. Chem. 272: 814-820. Identification of two catalytic residues of a
lysosomal enzyme (prediction through HCA and directed mutagenesis experiments).

® Durand P., Lehn P., Callebaut 1., Fabrega S., Henrissat B. and Mornon J.-P. (1997) Active site motifs of lysosomal acid hydrolases:
invariant features of Clan GH-A glycosyl hydrolases deduced from Hydrophobic Cluster Analysis. Glycobiology 7: 277-284.
Sequence and structural characterization of the Clan GH-A. Implications for several important lysosomal enzymes responsible for
lysosomal storage diseases.

Cytokine/Growth hormone/Prolactin receptor family

® Gaboriaud C., Uzé G., Lutfalla G. and Mogensen K. (1990) Hydrophobic cluster analysis reveals duplication in the external structure
of human alpha-interferon receptor and homology with gamma-interferon receptor external domain. FEBS Lett. 269: 1-3.

® Thoreau E., Petridou B., Kelly P. A., Djiane J. and Mornon J.-P. (1991) Structural symmetry of the extracellular domain of the
Cytokine/Growth hormone/Prolactin receptor family and Interferon receptors revealed by Hydrophobic Cluster Analysis. FEBS
Lett. 282: 26-31. Identification of a duplicated module, related to the immunoglobulin fold, in the extracellular part of the
Cytokine/Growth hormone/Prolactin receptors. This prediction was independently proposed by Bazan J. F. (1990) Proc. Natl Acad.
Sci. USA 87: 6934-6938 and verified by the X-ray structure of the growth hormone receptor (De Vos et al. (1992) Science 255:
306-312).

® Vigon 1., Mornon J.-P., Cocault L., Mitjavila M. T., Tambourin P., Gisselbrecht S. and Souyri M. (1992) Molecular cloning and
characterization of h-mpl, the human homolog of the v-mpl oncogene: identification of a new member of the hematopoietic growth
factor receptor superfamily. Proc. Natl Acad. Sci. USA 89: 5640-5644.

FKBP family

@ Callebaut L., Renoir J. M., Lebeau M.-C., Massol N., Burny A., Baulieu E. E. and Mornon J.-P. (1992) An immunophilin that binds
Mr 90,000 heat shock protein: main structural features of a mammalian p59 protein. Proc. Natl Acad. Sci. USA 89: 6270-6274.
Characterization of HBI, the first identified FKBP member with two FKBP modules associated with nontransformed steroid
receptor complexes.

@ Callebaut 1. and Mornon J.-P. (1995) Trigger factor, one of the Escherichia coli chaperone proteins, is an original member of the
FKBP family. FEBS Lett. 374: 211-215. Identification of the trigger factor as a member of the FKBP family. Characterization of
its active site. The PPlase activity of the trigger factor as well as its importance in protein folding was later demonstrated by several
groups (see text).

® Blecher O., Erel N., Callebaut 1., Aviezer K. and Breiman A. (1996) A novel plant peptidyl-prolyl cis-trans isomerase (PPlase): cDNA
cloning, structural analysis, enzymatic activity and expression. Plant Molec. Biol. 32: 493-504. Characterization of the first plant
member of the FKBP family, sharing similarities with HBI but having three FKBP modules instead of two.

Cell cycle control — breast cancer
@ Callebaut 1. and Mornon J.-P. (1997) From BRCA1 to RAPI: a widespread BRCT module closely associated to DNA repair. FEBS
Lett. 400: 25-30. Identification of a large superfamily of proteins containing one or several modules of a ‘BRCT’ domain. These
include the breast cancer susceptibility antigen BRCALI protein, rad4, rad9, xrccl, ect2, the DNA ligases III and IV, RAP1 and TdT.
Most of them are involved in cell cycle regulation and response to DNA damage. This prediction was simultaneously published by
Bork and coworkers (FASEB J. (1997) 11, 68-76).

Viruses and related topics

@ Callebaut 1., Portetelle D., Burny A. and Mornon J.-P. (1994) Identification of functional sites on bovine leukemia virus envelope
glycoproteins using structural and immunological data. Eur. J. Biochem. 222: 405-414. Modeling of the envelope glycoproteins of
an oncovirus.

@ Callebaut 1., Tasso A., Brasseur R., Burny A., Portetelle D. and Mornon J.-P. (1994) Common prevalence of alanine and glycine in
mobile reactive centre loops of serpins and in viral fusion peptides. Do prions possess a fusogenic peptide? J. Comp. Aided Molec.
Design 8: 175-191. Characterization of the fusion peptides of retroviruses, orthomyxoviruses and paramyxoviruses and role in their
conformational mobility (see also fig. 9).

@ Bénit L., de Parseval N., Casella J.-F., Callebaut I., Cordonnier A. and Heidmann T. (1997) Cloning of a new murine endogenous
retrovirus, MuERV-L, with a strong similarity to the human HERV-L element and with a gag coding sequence closely related to
the Fvl restriction gene. J. Virol. 71: 5652—5657. Identification of the ‘MHR’ signature in the gag coding sequence of a murine
endogenous retrovirus closely related to the mouse retrovirus restriction gene Fvl. This latter gene, conferring resistance to murine
leukemia viruses in the early stages of infection, was recently isolated (see Best et al., Nature (1996) 382: 826829 and Goff S. P.,
Cell (1996) 86: 691-693). At the sequence level, assumptions on the gag function of the Fvl gene were only based on its similarity
to the HERV-L family of human endogenous retroviruses and on its position in the element. Here we show that the Fvl gene, as
well as the gag portion of HERV-L and MERV-L, harbours the signature of the retroviral gags centred around the ‘major homology
region’, despite no detectable similarity by conventional methods.



Review

CMLS 53 (1997), Birkhduser Verlag, CH-4010 Basel/Switzerland 633

Table 2 (continued).

Other topics

@ Schoentgen F., Seddiqi N., Bucquoy S., Jollés P., Lemesle-Varloot L., Provost K. and Mornon, J.-P. (1992) Main structural and

functional features of the basic cytosolic bovine 21 Kda protein delineated through Hydrophobic Cluster Analysis and molecular
modelling. Prot. Eng. 5: 295-303.

Labesse G., Kotoujansky A., Chomilier J. and Mornon J.-P. (1993) The VirCl protein of Agrobacterium tumefaciens belongs to a
family of ATP-binding proteins involved in active plasmid partition. Protein Seq. Data Anal. 5: 345-348.

Labesse G., Vidal-Cros A., Chomilier J., Gaudry M. and Mornon J.-P. (1994) Structural comparisons lead to the definition of a new
superfamily of NAD(P)(H)-oxydoreductases: the single-domain Reductases/Epimerases/Dehydrogenases; the RED family. Biochem.
J. 304: 95-99.

Callebaut 1. and Mornon J.-P. (1997) The human EBNA-2 coactivator pl00: multidomain organization and relationship to the
staphylococcal nuclease fold and to the tudor protein involved in Drosophila melanogaster development. Biochem. J. 321: 125-132.
Identification of a repeated module related to the OB-fold in the human EBNA-2 coactivator pl00. Identification of a novel domain
largely repeated in the Drosophila melanogaster tudor protein. After the publication of this reference, these results were
independently reported by Ponting (1997) Protein Science 6: 459—463 and Trends Biochem. Sci. 22: 51-52.

Ye Q., Callebaut 1., Pezhman A., Courvalin J.-C. and Worman H. J. (1997) Domain-specific interactions of human HPI-type
chromodomain proteins and inner nuclear membrane protein LBR. J. Biol. Chem. 272: 14983—14989. Delineation of interacting

domains within the HP1 and LBR proteins.

cantly less exposed. The small number of fully or almost
fully conserved positions constitutes a strong determi-
nant of each fold (fig. 8).

HCA as a tool to compare protein sequences within and
below the twilight zone

Many HCA applications have been successfully per-
formed during these last few years, leading to the deci-
phering of key structural and functional features of a
large number of proteins. Some striking examples, per-
formed by our groups or in collaboration, are briefly
described in table 2. Here, we would like to give a few
typical examples to illustrate the effectiveness of the
method in detecting similar folds or similar motifs be-
tween sequences showing very limited sequence related-
ness (typically below the twilight zone of 25-30%
sequence identity).

The method is already valuable in the study of the
protein sequence in itself, before any comparison step.
The first ‘crude’ examination of a sequence texture
through its HCA diagram generally allows its ‘prepro-
cessing’ by defining the domain organization of the
protein, as examplified in fig. 9 for prion. Globular
domains, which are characterized by a typical thick
distribution of hydrophobic clusters, can easily be rec-
ognized and delineated (see region (4) in fig. 9). They
are often separated from other domains by hydrophilic
or weakly hydrophobic regions of variable length
(‘hinges’, see fig. 10 with one member of the BRCT
superfamily, see below). Similarity searches in data
banks can then be restricted to targeted regions, thereby
avoiding regions of compositional bias such as hinges,
membrane-spanning and coiled-coil regions.

The detection of internal repeated domains, as illus-
trated in fig. 10 and hereafter with the example of
cytokine receptors (fig. 11), is consequently one of the
most direct results which can be deduced from an

overall analysis of a protein sequence through HCA.
The extracellular domain of the large superfamily which
includes several cytokine receptors as well as the growth
hormone and prolactin receptors is composed of one or
several copies of a domain of approximately 200 amino
acids. This ‘basic’ domain was in fact found to be
composed of a repeat of two structurally similar units of
100 amino acids [27]. Despite a relatively good cluster
conservation between the two subdomains in the family,
sequence identities (identical residues shaded in fig. 11)
are very low and often below 10%. Most of the clusters
have typical features of f-strands (vertical and mosaic
shapes), suggesting an all-f fold, probably of the Ig-like
type as suggested by the occurrence of several members
of this folding family in the FASTA and BLAST out-
puts, although only through nonsignificant hits. The
retrieval of a well-conserved mosaic motif of the Ig-like
superfamily, the Y-{VILMFYW}-C motif of strand F
(where curly brackets indicate the amino acids which
are forbidden in a given position), with the C replaced
here by any hydrophobic residue, strengthens this pre-
diction, subsequently confirmed by the experimental
structure of the growth hormone receptor [28].

Given the complexity of the various and unpredictible
issues that have to be addressed at low levels of identity,
fully automatic methods for database scanning based
on HCA principles, although desirable, are not yet
feasible. With the exception of the detection of internal
repeats (see the examples of the cytokine receptors and
chromo superfamilies in table 2) or functional clues that
can orientate the search (glycosyl hydrolases in table 2),
HCA is thus routinely used in combination with 1D
methods (fig. 12). The results of searches with the cur-
rent BLAST [5, 29] and FASTA [6] programs are start-
ing points for the HCA analysis. The particular
efficiency of HCA stems from its ability to distinguish
authentic 3D relationships from statistically insignifi-
cant BLAST and FASTA hits (for example with P



634 CMLS 53 (1997), Birkhduser Verlag, CH-4010 Basel/Switzerland Review

prio_human S1 Ht1 82

mature protein

surface | transmembrane

glycoprotein | glycoprotein

cleavage

Figure 9. One example of rapid and visual delineation of domains through HCA. The sequence of the human prion (PrP), as found
in the Swissprot databank (prio human), can rapidly be divided into five distinct domains: (1) a largely hydrophobic region
corresponding to the signal peptide, (2) a nonglobular region characterized by many short repeats, (3) a nonhydrophilic region
containing hydrophobic amino acids as well as short residues such as alanine and glycine, (4) a globular region of approximately 100
amino acids, and (5) a hydrophobic peptide typically corresponding to a membrane-spanning domain. The two terminal regions (1) and
(5) are removed in the mature protein (boxed). Prion proteins are thought to exist in two different conformations: the ‘benign’ PrP¢
form and the ‘infectious scrapie’ form, PrPS¢. Transition from PrP¢ to PrPS¢ has been shown to be linked to an increase in the f-sheet
content of the protein [20]. Several years ago, we noticed that the global composition of the third region is reminiscent of that of fusion
peptides from viral envelope glycoproteins (the fusion peptide of HTLV-I is shown below), suggesting that this region, like fusion
peptides, may also be structurally highly mobile [21]. Both peptides are hydrophobic and especially rich in small amino acids such as
glycine and alanine. This region could therefore play an essential role in the conformational change observed in the PrP° to PrPS°
transition. These hypotheses were subsequently supported by the experimental demonstration of neurotoxicity associated with a
fragment corresponding to this region [22] and of its conformational polymorphism [23, 24]. The basic structure of the mouse PrP
globular domain encompassing the second half of region (3) as well as the entire region (4) and containing most of the point-mutation
sites that have been linked, in human PrP, to the occurrence of familial prion diseases, has recently been solved [18], showing a
two-stranded anti-parallel f-sheet (S1 and S2) and three o-helices (H1 to H3; secondary structures are reported above the HCA plot).
It has been speculated that the short f-sheet, including the second part of the third PrP region (3), might be a ‘nucleation site’ for the
conformational transition [25], thereby reinforcing our hypothesis of a crucial role for this segment which otherwise possesses a high
glycine content, unusual in classical f-strands. Other regions can be highlighted from the HCA plot, such as that corresponding to the
helix H2 (amino acids 179 to 193) which also possesses an amino acid composition and cluster shape typical of f-strands and not of
an o-helix (see fig. 3), and which therefore could also be involved in the conformational transition.

values =1 in the BLAST outputs), by putting the ob-
served similarities in the context of the 2D structure. It
is also common that only a part of the similarity region
is detected by the BLAST and FASTA searches, usually
focusing on the most conserved site(s) of a domain
(catalytic site for example). In this context, HCA can
often extend the similarity region beyond the regions
retained by these 1D screening methods, as shown in
fig. 13. This extension often strengthens a possible simi-
larity which otherwise would remain indistinguishable
from spurious ones. Then, using an iterative strategy
like that used to assemble a jigsaw puzzle (fig. 12), the

retained hits are again searched against databases or
aligned to derive a characteristic profile which can also
be searched. In this respect, both methods, i.e. those
producing pairwise alignments and those working with
motifs or profiles (reviewed in [8]), are often comple-
mentary, especially in detecting highly divergent do-
mains. The success of the searches, using both
strategies, often depends on the divergence of the se-
quences chosen to constitute a ‘searching’ set, as greater
divergence eliminates redundant information. In partic-
ular, in some sequences it is useful to ‘follow’ and
retrieve the main features of clusters which appear to be
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Figure 10. The human xrccl protein (SwissProt xrcc human) is composed of three globular domains clearly separated by two hinge
regions. The last two domains, sharing 19% sequence identity, are structurally similar and correspond to BRCT modules ([26], see also
fig. 11). Five motifs, designated A to E, are found conserved in the whole family. The conservation of motifs A and D is clearly visible

here.

characteristic of the family. Evolution scatters these
clusters within the family and thus considerably helps
the alignment process.

One of the limiting aspects of the analysis of a sequence
showing ‘no obvious similarity’ with the sequences con-
tained in the databases concerns the detailed analysis of
the BLAST and/or FASTA outputs, which are often
difficult to assimilate in the absence of any ‘functional’
clue. Fortunately, several programs designed to handle
such output files now exist, helping to choose the candi-
dates to be analysed by HCA. For example, the VISU-
ALBLAST and VISUALFASTA programs [30]
developed in our laboratory provide an informative and
interactive output of the BLAST and FASTA results,
respectively, with direct links to HCA. MULBLAST
[31], another tool recently designed in our laboratory,
extracts multiple alignments from BLAST output files,

thereby helping to identify conserved regions and allow-
ing new protein motifs to be described. The deduced
gapped multiple alignments can then be submitted to
profile searches. Such searches can also be performed
with multiple alignments blocks [32]. Other tools such
as FTHOM [33], BLA [34] and BEAUTY [35] use the
information contained in the SWISSPROT and
PROSITE databases to identify already known do-
mains or patterns from the BLAST outputs.

Below 25-30% sequence identity, when ‘true’ relation-
ships are not easily distinguished from background
noise, two different levels of analysis can be performed:
— Typically, down to 15% identity and often below,
precise sequence alignments can be used for valuable
3D modelling as well as, in the best cases, molecular
replacement for crystallographic structure determina-
tions [36]. The predictions which have been tested by
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Figure 11. The extracellular 200 amino acid module of cytokine receptors, as illustrated here with the erythropoietin receptor, was
found to consist of a duplicated module of ~ 100 amino acids whose fold has been predicted to be of the immunoglobulin-type. Cluster
similarities are shown in light shading, sequence identities (below 10%) in dark shading. This prediction has been verified by the
experimental structure of the growth hormone receptor [28], represented here in its dimeric form and complexed with the hormone.

directed mutagenesis or experimental structure determi-
nation have been verified.

— Below 15% sequence identity, accurate predictions
are often limited to the most conserved regions such as
catalytic sites, as exemplified by the analysis of glycosyl
hydrolases families (see table 2). In a few cases, the
general features of the fold adopted by several families
of glycosyl hydrolases have been successfully predicted
from less than 5% sequence identity. The difficulty of
producing a precise alignment below 15% sequence
identity depends on the nature of fold, as other do-
mains, such as those of the cytokine receptors and of
the BRCT family (see hereafter), can be aligned with

precision despite very low levels of sequence identity.
Only two predictions, performed at very low sequence
identity and described further below, have not been
verified experimentally.

Frequently, the amino acid sequence deduced from a
newly sequenced gene is reported to share ‘no obvious
similarity to any other gene found in sequence data-
bases’. Consequently, several crucial genes such as sus-
ceptibility antigens for important diseases remain
orphaned of function(s). On the other hand, the rapid
emergence of complete genomes has left a considerable
number of unidentified genes, many of which probably
encode multidomain proteins. The following three re-
cent examples demonstrate that further examination
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through adapted methods such as HCA can often help
to suggest a function for these unclassified proteins and
to highlight presumably important motifs.

The first example concerns a human p100 protein which
has been described as a coactivator of gene expression
induced by the Epstein-Barr virus nuclear antigen 2
(EBNA 2) [37]. This protein is also able to bind DNA.
We have shown that pl00 consists of a repeat of five
similar domains, the fifth being considerably modified
relative to the other four [38] (fig. 14). The fold of the
pl00 repeated module can be related to that of the
staphylococcal nuclease (thermonuclease-SN), whose
first subdomain (not shaded in fig. 14) belongs to the
large OB fold (Oligonucleotide-Oligosaccharide Bind-
ing) superfamily [39]. The compatibility of the 2D sig-
nature of the pl00 SN-like domains with that of SN,

Automatic 1D methods
“Pattern” methods e
-t - ——

100

1§
Mean sequence identity
between pairs
of globular domains

for complete domains
o

HCA area of useful efficiency
for deciphering local features
(e.g. active sites)

SEQUENCE X

[
L]

SEARCH
OUTFUT
1 :

SEQUENCE Y 1
o

3D RELATIONSHIP

Approximative limits
of the “twilight zone”

SEQUENCE Y FAMILY X, Y, ..

Figure 12. Strategy for database searching using HCA. HCA is
very useful within and below the so-called ‘twilight zone’, as
illustrated in the selected applications of table 2. With more than
15% sequence identity on a sufficient length (typically the length
of a globular domain), no false positives have yet been observed.
Below this level of sequence identity, very few false positives have
been observed (see text) and many accurate predictions have been
made (e.g. [27]). In this area, HCA is particularly efficient in
identifying locally conserved features such as catalytic amino acids
(e.g. glycosyl hydrolases in table 2) due to its ability to anchor
alignments relative to 2D features independently of insertions and
deletions and background noise. Note that the mean sequence
identity of pairwise alignments within a family of structurally
related domains covers a large area of individual values. It is
therefore essential to use the maximum number of potentially
related sequences to overcome distance between very remote
members.
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sharing between 19.5 and 20.8% sequence identity, was
checked with HCA. Although the SN fold is well con-
served, the SN catalytic amino acids are missing, sug-
gesting that the p100 OB fold could only serve to bind
DNA without catalytic activity, as with many other OB
folds.

This first subdomain of the p100 fifth repeat has been
replaced by a module found in multiple repeat copies in
the Drosophila melanogaster tudor protein and therefore
named the ‘tudor’ domain [38]. The tudor module be-
longs to an as yet uncharacterized and highly divergent
family (below 10% sequence identity) [38, 40].

The trigger factor is one example of a protein whose
mechanism of action has long remained obscure. Trig-
ger factor is an abundant soluble protein originally
discovered in Escherichia coli in 1987 [41-44]. It was
described as a chaperone protein which forms soluble
complexes with the precursor of outer membrane
protein A (OmpA) and assists in the maintenance of
translocation competence. In 1995, we showed that the
central domain of this protein of 432 amino acids be-
longs to the FKBP (FK506-Binding Protein) family and
consequently predicted that it could function as a rota-
mase [45] (fig. 15).

The highest sequence identities observed with members
of the FKBP family are around 30% in a 100 amino
acid overlap (aa 142 to 241) but, intriguingly, this
similarity was undetected at the time in the BLAST and
FASTA outputs, especially when these were performed
with the whole trigger factor sequence, including re-
gions which ‘generate’ a high background noise, or with
the FKBP sequences. However, further sequence analy-
sis revealed that most of the conserved residues are
involved in the substrate binding pocket of FKBPs and
that residues participating in the maintenance of the
hydrophobic core of FKBPs (especially those involved
in the regular secondary structures) are found in trigger
factor (fig. 15). The high HCA scores (around 80%)
deduced from the comparison of trigger factor se-
quences with members of the FKBP family provide
evidence for the conservation of the structural core.
Several subtle variations relative to FKBPs which bind
FK506 are observed in the catalytic site, such as the
canonical Y26 and D37 (FKBP12 numbering, white
letters in a grey background in fig. 15) which are conser-
vatively subsituted by F and E respectively in trigger
factor. This observation suggested that the functions of
the FKBP module of trigger factor may differ slightly
from those of canonical FKBP members.

In the meantime, revived interest in trigger factor by
different groups has confirmed our PPlase prediction.
Indeed, Fischer and coworkers discovered a ribosome-
bound prolyl isomerase in E. coli and identified it as the
trigger factor [46]. Proteolytic fragments encompassing
the FKBP-like domain of trigger factor, as well as
recombinant forms of this fragment, were shown to
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subdomain A subdomain B

Staphylococcal
Nuclease

Figure 14. The human EBNA-2 coactivator pl00 is composed of a repeat of five domains (top diagram) whose 3D structures can be
related to the staphylococcal nuclease fold (bottom). The HCA comparison of the first repeat with the S. aureus nuclease is shown
(middle), with similar clusters and sequence identities shaded light and dark, respectively. Amino acids which participate in the catalytic
activity of SN (arrows) are absent in pl00 although the SN fold is conserved. The fifth domain is highly modified, conserving only the
second subdomain of the staphylococcal nuclease fold (the two «-helices, dark shaded). The first subdomain (not shaded) is replaced
by a domain found in multiple copies in the D. melanogaster tudor protein.

Figure 13. The C-terminal end of BRCAI contains a repeated domain shared by a p53-binding protein. (4) HCA comparison of the
C-terminal domains of BRCAI (human: Swissprot brcl_human and mouse Swissprot brcl mouse) and human 53BP1 (Genbank
U09477), a p53-binding protein. The two regions of similarity detected by Blast are indicated with pink arrows. The similarity can be
extended beyond these two regions, as assessed by cluster similarities (green shaded) and sequence identities (pink shaded). (B)
Detection of the internal repeat. Similar motifs can be deciphered within the 200 amino acid long domain (same colours), suggesting
that motifs A to E (first repeat) could correspond to motifs F to J (second repeat). Moreover, a hinge region is clearly visible between
the first and second domains in the BRCA1 sequence. The profile deduced from the conserved motifs has been used to search other
members of the family in the sequence databases. The characteristics of the five motifs (A to E) have been described in detail in [26].
The main features of the BRCT domains are found well conserved in the BRCT superfamily, in particular motif B (® x (3)® x (3)GG,
where @ is an hydrophobic amino acid), motif C (stretch of three or four hydrophobic amino acids or TH®®) and motif D
(@@ x (3)(W,F)@ x 2)(C,S,T)®D).
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Figure 15. The E. coli trigger factor was found to contain a centrally located domain whose 3D structure can be related to the FKBP
structure (bottom) found in single or multiple copies in various proteins. Cluster similarities are shown in light shading. Five of the nine
amino acids involved in the catalytic site and in FK506 binding are identical (white letters on a black background), the four other are
conservatively substituted (white letters on a grey background), suggesting that trigger factor behaviour differs slightly from that of
classical FKBP members. Indeed, it was experimentally shown that trigger factor does not bind FK506, although it does have PPlase

activity.

retain the full PPIase activity of the intact protein with
oligopeptides [47, 48]. On the other hand, trigger factor
was shown to interact with nascent proteins (secretory
as well as nonsecretory) while they were still associated
with the ribosome, indicating that trigger factor would
act as a general molecular chaperone [49, 50]. There is
also evidence that trigger factor is bound to GroEL in a
substrate-dependent manner [51]. Finally, trigger factor
appears to have an unusually high folding activity [46],
originating from its tight binding to the protein folding
substrate and in contrast to its small catalytic constant

[52]. The region encircling the FKBP domain may cer-
tainly play an important role in the binding ability and
chaperone activity of trigger factor.

The breast and ovarian cancer susceptibility antigen
BRCAL1 is a tumour suppressor gene whose amino acid
sequence was reported to share no significant similarity
to any other protein, with the exception of its N-termi-
nus which contains a single C3HC4-type zinc finger
[53]. When examining its sequence with HCA, a typical
globular domain of approximately 200 amino acids was
found at the C-terminal end of the protein. This region
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appears to be essential, as truncations of the BRCAI
C-terminus result in an inability to suppress breast
cancer cell growth [54], and as it acts as a transcrip-
tional transactivator [55]. A BLAST search using this
domain as a probe gave an interesting similarity with
the C-terminal end of a human p53-binding protein
(53BP1) for two short sequence stretches (pink arrows
in fig. 13). The similarity can be extended outwards
from these overlaps for about 200 amino acids. The
potential 3D relationship of these two C-terminal re-
gions was supported by the observation of cluster corre-
spondences between their HCA plots (shaded green in
fig. 13), accompanied by several stretches of sequence
conservation (shaded pink in fig. 13). Interestingly, it
can be seen that the most conserved regions, designated
D and I in fig. 13, are strikingly similar, with a pattern
¢ VxxxWVxx(SC) retrieved in all of them (where ¢ is V,
I or L and x any residue). Other obvious correlations
can be found, for example between E (53BP1) and J
(BRCALI), between A (53BP1) and F (mouse BRCA1)
or B and G (human BRCAL1). These observations led to
the hypothesis that these C-terminal domains could
consist of a repeat of two similar domains of 100 amino
acids. This hypothesis was further strengthened by the
observation of a clear hinge region (devoid of any
hydrophobic amino acids, shown boxed in fig. 13) be-
tween the duplicate domains in BRCAI.

The same conclusion was made by Koonin et al. [56],
who, using a signature centred around motifs C and D,
highlighted the presence of this domain which they
named BRCT (for BRCA1 C-Terminus) in the C-termi-
nal domains of the yeast RAD9 protein and of two
hypothetical proteins from human and fission yeast
(designated KIAAO0170 and SPACI19G107, respec-
tively). However, examination of the HCA plots of
these proteins reveals four additional BRCT domains in
SPACI19G10.7 (thus two copies of the BRCT repeat),
not described in [56] because they escape the too-strict
signature used to describe the BRCT domain. These
domains nonetheless conserve several of the motifs
characterizing the BRCT domain.

Iterative searches in the sequence databanks with the
different BRCT domains as queries and with HCA as a
discriminating tool, allowed us to retrieve a total of 50
copies of this domain in 23 different proteins, including,
in addition to BRCA1, 53BP1 and RADY9, XRCCl,
RAD4, Ect2, REVI, Crb2, RAPI, terminal deoxynucle-
otidyl transferases (TdT) and three eukaryotic DNA
ligases [26]. The retrieval of the BRCT domain isolated
in RAPI and TdT suggests that it could indeed consti-
tute an autonomous folding unit. The close involvment
of most of these proteins in cell cycle regulation and
DNA repair emphasizes the potential importance of this
domain in the BRCA1 mechanism of action (discussed
in [26]). Similar results were published simultaneously
by Bork and coworkers [57] who, in contrast to the
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unified HCA approach, used a wide variety of search
methods.

The last three examples illustrate the pitfall that can be
encountered when performing exclusively motif and
profile searches. Indeed, even highly sensitive position-
dependent weight matrices can miss divergent motifs
within conserved 2D environments which are recogniz-
able through HCA. The folds of the human pl00
protein and the trigger factor belong to families with
enzymatic activities and which are characterized, in the
motif databases such as PROSITE, by the main features
of the more conserved catalytic site. However, both
proteins, although conserving the fold of their respec-
tive structural families, have lost one of the functions
that their canonical members usually perform. Indeed,
trigger factor cannot bind FK506 although it still has
PPlase activity [46] whereas p100 would cleave DNA, at
least through the mechanism adopted by staphylococcal
nuclease, although it still binds [37]. Consequently, the
assignment of these proteins to well-defined structural
families is overlooked owing to the divergence from the
functional motif used to describe them. Similarly, most
members of the BRCT family were not initially picked
by the signature defined by [56] because it was initially
constructed on a set of sequences which was too small
and therefore not representative of the high divergence
encountered in this family.

In these cases, the deduction of the relationships of
pl00 and trigger factor to the SN and FKBP families,
respectively, as well as the description of an extended
BRCT family, have come from the accurate analysis of
results obtained after iterative scanning of the databases
either with single sequences or with profiles deduced
from multiple alignments. However, in many cases, 1D
methods do not even succeed in picking out the poten-
tial candidates, since the 1D motif has evolved much
more than the 2D signature, as illustrated in a recent
example [58]. This observation stresses the need to
develop such tools based on 2D sequence analysis,
adding structural information to large-scale database
screening.

HCA false positives

Two predictive studies at very low sequence identity
(<15%) and for peculiar structures have led to large
discrepancies in the case of nuclear receptors, and more
subtle ones for Hsp60-Hsp70 families.

The hormone (or ligand) binding domains of nuclear
receptors. Ironically, it was the hypothetical connection
suggested by HCA between the serpin corticosteroid
binding globulin (CBG) sequence and that of the lig-
and-binding domain of the progesterone receptor (PR)
which more than ten years ago encouraged the develop-
ment of the method. Indeed, as summarized in [59],
many structural and biological data have long sup-
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ported this hypothesis. The main arguments were the
following: (i) CBG and PR both bind the same ligand
through globular domains of similar length (~250
amino acids), (ii) both undergo major structural
changes associated with their functions, (iii) the se-
quences of the receptors end at the cleavable serpin
reactive loop, (iv) despite a low level of sequence iden-
tity (often <10%), the HCA plots of members of the
two families show clear similarities supported by the
coincidence of two important hydrophobic clusters in
the core of the sequences which in serpins are two major
f-strands (A3 and B3, see [59]).

The 3D structures of several ligand-binding domains of
nuclear receptors (see e.g. refs 60, 61) have revealed an
unexpected and new ‘«-helical sandwich’ fold (nearly all
o) possessing two important buried «-helices (HS and
HS) instead of the two suspected f-strands counterparts
of the serpins A3 and B3 segments. Clearly it was this
very rare occurrence of two large buried helices, whose
HCA shapes are similar to those of typical long f-
strands, which wrongly supported the coherence of the
whole domain. Although the serpin and ligand-binding
domain folds are unrelated, we observe that, as ex-
pected, several local secondary structures have been
correctly predicted, i.e. the serpin ‘d’, ‘", ‘g +h’ and 7’
helices versus the receptor ‘H1’, ‘H3’, ‘H9’ and ‘H10’
helices, respectively. Moreover, the receptor mobile C-
terminus H11 and H12 helices which exhibit a ‘mouse-
trap’ mechanism occupy sequence positions near that of
the serpin mobile active loop in the proposed alignment.
While HCA proposed the « + f serpin model, several
other false o + f models have also been published [62—
65]. An interesting recent study shows how the multi-
variate analysis of amino acid composition could help
HCA in such borderline studies, efficiently separating
the two families compared here [66].

Hsp60 and Hsp70 chaperone proteins. The general chap-
erone proteins Hsp60 (GroEl) and Hsp70 share several
common features: (i) their polypeptide chains are of
similar length and protect and/or process the polypep-
tide chain of other proteins during folding/unfolding
steps, and (ii) both use cycles of ATP/ADP transforma-
tion to achieve their functions. However, Hsp70 works
as a monomer or a dimer while Hsp60 constitutes a
large tunnelled heptameric structure associated with the
heptameric but smaller ring of the co-chaperonin
GroEs. The 3D structure of Hsc70 (a member of the
Hsp70 family) was determined first [67], while that of
GrokEl is more recent [68].

Hsp70 shares 3D similarities with actin and hexokinase
within its ATP-binding domain which can be divided
into four subdomains, the ATP molecule being located
in a cleft between them. These unexpected structural
similarities have long escaped sequence analysis due to
the very weak level of sequence identity (less than 10%)
[69].
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While waiting for the resolution of the GroEl 3D struc-
ture, our attention was caught by several HCA similari-
ties between the sequences of Hsp70 ATP-binding
domains and those of the Hsp60 family, suggesting a
possible 3D similarity between the two [70]. When the
structure of GroEl was solved it was, at a first glance,
quite disappointing. Clearly, the Hsp70 and Hsp60
structures are not directly superimposable. However,
the path of the polypeptide chains between the two
large lobes encircling ATP in these proteins are curi-
ously similar although the secondary structures are es-
sentially different. Consequently, the overall shape of
GroFEl shares similarities with several members of the
actin/hexokinase family including Hsc70 and poses an
intriguing question about a possible convergent or di-
vergent evolution between ATP-dependent molecular
motors, probably also including Hsp90. In this respect,
the above study can be considered as a partial HCA
false positive. In the context of this study, we speculated
further about chaperone functions and their mode of
action [71].

Statistical significance of alignments in the twilight
zone. When two or more sequences are put into corre-
spondence through HCA at a low level of sequence
identity (15—10%), the corresponding amino acid align-
ment should be carefully established by human process-
ing and editing starting from the anchor points
recognized on the plots. This procedure rejects inser-
tions and deletions in the loop regions situated mainly
between clusters. Often loops cannot be aligned, as their
length and composition differ totally. Based on this 1D
alignment, identity scores, similarity scores (calculated
with an appropriate substitution matrix [72]) and HCA
scores can then be calculated. The HCA score (percent-
age) is the ratio between the number of positions both
occupied by hydrophobic amino acids in the two com-
pared sequences and the total number of hydrophobic
positions. HCA values above 60% are often observed
for structurally related domains [1].

The evaluation of the statistical significance of align-
ments is always tricky at low levels of sequence identity.
The central question is to estimate if the observed
alignment may be expected to occur purely by chanceor,
in other words, if it significantly differs from back-
ground noise.

To this end, identity, similarity and HCA scores de-
duced from the pairwise comparisons can be compared
through Z-scores to the distribution of scores obtained
after alignment of the first sequence (i) versus shuffled
versions of the second one (j) (typically 1000 to 10,000
times). This method, first introduced by Doolittle [73]
and discussed by Lipman and coworkers [74] in the case
of nucleic acids, has been widely used to assess the
significance of global alignments [75].

The Z-score Z; obtained from the comparison of the
sequence i to the sequence j corresponds to the differ-
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ence between the observed score (Q;;) and the mean score
of the random distribution (Q,,), expressed relative to the
standard deviation of the distribution (o).

Zij = (Qij —Qu)/o

The random scores do not have a pure normal distribu-
tion and, in particular, they often present a tail at large
values of the scores. A Z-score value above 6 standard
deviations is generally taken as a reliable proof of
relatedness. An exhaustive study performed on the yeast
genome and correlating the calculated random distribu-
tion for local alignments to the extreme value distribu-
tion used to describe the optimal scores of ungapped
subalignments, as expressed by the Gumble law [76], has
confirmed the above threshold value between 6 and 8 for
the significance level (J.-P. Comet, J.-C. Aude, E.
Clément, A. Hénaut, J.-L. Risler, P. Slonimski et al.,
unpublished observations). Actually the length of the
sequence seems to affect the significance threshold value
directly. Several observations indicate that short related
sequences present smaller Z-scores (principally due to
larger standard deviations) than longer sequences for
similar score levels. In other words, the rule of thumb is:
the shorter the sequence, the smaller the Z-score. Thus,
it should be kept in mind that the consideration of
Z-scores in assessing the authenticity of a relationship is
also a function of the sequence length. This has not been
explained on a theoretical basis (as far as we know), but
it could be due to the size and composition of the amino
acid alphabet as the number of possible combinations for
short sequences is smaller than for longer ones.

The three Z-scores have been combined in a term called
73, which is an indication of sequence relatedness versus
random distributions.

Taking into account the information included in a family
of sequences instead of that encoded in a single sequence
significantly increases the discriminating power of Z-
scores in distinguishing genuine relationships. In this
respect, scores and random scores are calculated between
a ‘family’ (/) and the sequence (j) which is thought to
belong to the family. The family (/) sequence can be
represented by an n x 21 matrix where n is the total
length of the compared sequences (including gaps) and
21 corresponds to the 20 amino acids + one position
reserved for gaps. This ‘profile-like’ procedure is more
sensitive than that based on the consideration of a
consensus sequence. In particular, it makes it possible to
distinguish false positives having similar levels of se-
quence identity from authentic members of a family,
especially on the basis of the HCA Z-score.

HCA software note. Classical HCA plots (black/white or
colour) can easily be drawn through our Web server at
the URL http://www.lmcp.jussieu/ ~ mornon. This free
service is called drawhca. Since the HCA plots are
PostScript files, they can be imported within a graphical
software and then processed. We currently use Island-
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Draw (Island Software, The Netherlands) for Unix
workstations and CorelDraw (Corel Corporation,
Canada) for Windows 95.

Useful additional software is also accessible on our Web

server:

— MulBLAST [31]:
http://www.lmcp.jussieu.fr/ ~mornon in the sec-
tion MulBLAST
http://www.Imcp.jussieu.fr/ ~ labesse

— Visual BLAST and Visual FASTA [30]:
http://www.Imcp.jussieu.fr/ ~mornon in the sec-
tion Visual BLAST
http://www.lmcp.jussieu.fr/ ~ durand in the section
Softwares

— Tzscore: a program devoted to the assessment of
alignments in and below the twilight zone will soon
be available at the URL http://www.Ilmcp.jussieu.
fr/ ~mornon in the section TZscore.

— PSEA [15]: an efficient new program to assign «,  or
coil conformations of each amino acid from the
protein Co 3D coordinates:
http://www.lmcp.jussieu.fr/ ~mornon in the sec-
tion PSEA
http://www.Imcp.jussieu.fr/ ~ labesse

Perspectives

The bidimensional HCA plot of a sequence or a family
of sequences allows an overall appreciation of many
structural features of proteins at a glance. Subsequently,
a methodical approach often helps to overcome several
pitfalls of 1D sequence analysis and sequence compari-
son at low levels of sequence identity. The overall
efficiency of the method, however, depends on multiple
factors, several of which are human ones. Indeed, HCA
has proven to be well suited to the efficiency of human
information processing and obviously requires a bal-
ance between rigor and intuition, as in many scientific
fields. Therefore, full automation of sequence compari-
son at very low levels of sequence identity appears still
out of reach for the moment. However, a limited au-
tomation procedure allowing a complete ‘prescan-
ning’of large sequence databases through HCA seems
feasible, considering the large amount of data accumu-
lated in recent years. This aim at least partially com-
bines interesting perspectives concerning a better
understanding of protein folding through an extensive
analysis of many structural bricks centred on hydropho-
bic clusters. Joining together amino acids which are
separated by intermediate distances on the sequence
makes it possible to skip over a step in the not yet
deciphered path leading from sequence to structure and,
subsequently, to protein function.

In this context, the peculiar properties of hydrophobic
clustering on helical transpositions and their associated
criteria of hydrophobic compactness open new perspec-
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tives using hyperhelices in the 3D plot/ 4D space which
are now under study in our laboratory. In this respect,
HCA - Hydrophobic Cluster Analysis — is also Helical
Clustering Analysis.
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