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Short protein repeats, frequently with a length between 20 and 40 resi-
dues, represent a significant fraction of known proteins. Many repeats
appear to possess high amino acid substitution rates and thus recognition
of repeat homologues is highly problematic. Even if the presence of a cer-
tain repeat family is known, the exact locations and the number of repeti-
tive units often cannot be determined using current methods. We have
devised an iterative algorithm based on optimal and sub-optimal score
distributions from profile analysis that estimates the significance of all
repeats that are detected in a single sequence. This procedure allows the
identification of homologues at alignment scores lower than the highest
optimal alignment score for non-homologous sequences. The method has
been used to investigate the occurrence of eleven families of repeats in
Saccharomyces cerevisiae, Caenorhabditis elegans and Homo sapiens account-
ing for 1055, 2205 and 2320 repeats, respectively. For these examples, the
method is both more sensitive and more selective than conventional
homology search procedures. The method allowed the detection in the
SwissProt database of more than 2000 previously unrecognised repeats
belonging to the 11 families. In addition, the method was used to merge
several repeat families that previously were supposed to be distinct, indi-
cating common phylogenetic origins for these families.
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Introduction

Prediction of homologous proteins by sequence
analysis greatly aids the experimental determi-
nation of molecular structure and function. How-
ever, many protein molecules possess more than
and functional
(“domain”’, also called “module”) (Baron et al.,
1991; Bork, 1992) that have been independently
propagated during evolution (Doolittle,

one compact structural

Heringa & Taylor, 1997). Consequently, homo-
logue detection necessitates detailed consideration
of the domain architectures of proteins.

Although it is not unusual for domains to be
repeated within a single polypeptide, a distinction
is made here between autonomous domains, that
may be found as single copies in proteins, and
repeats that are invariably found as two or more
copies in proteins.

Many families of repeats have been identified
first by sequence analysis and subsequently shown

unit

1989;

Abbreviations used: ANK, ankyrin; ARM, armadillo;
CE, Caenorhabditis elegans; EVD, extreme value
distribution; HAT, half-a-TPR; HS, Homo sapiens; HSP,
high-scoring segment pairs; HMM, hidden Markov
model; LRR, leucine-rich repeat; PFTA, protein farnesyl
transferase o sub-unit; PFTB, protein farnesyl transferase
B sub-unit; RCC1, regulator of chromosome
condensation 1; REP, REPeat finding method; SC,
Saccharomyces cerevisiae; SW, SwissProt protein database;

TPR, tetratrico peptide repeat.

E-mail address of the corresponding author:

bork@embl-heidelberg.de

0022-2836/00/030521-17 $35.00/0

by structure determination to represent repeated
secondary structural elements. These are usually
arranged in close-packing arrangements either as
an “‘open” structure with repeats forming an
elongated super-helix, or else as a “closed” struc-
ture with repeats arranged radially about a com-
mon axis and with associations between N and C-
terminal repeats. Some collections of repeats
arranged as closed structures, such as B-propellers
(Murzin, 1992), may be formally designated as
domains since they are compact structural and
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functional units that appear to have been propa-
gated in toto by gene duplication.

Detection of such repeats in sequence databases
differs from detection of domains in three import-
ant respects. Firstly, most repeats are considerably
shorter in length than domains and are often
highly divergent in sequence. This has the conse-
quence that database searches for repeats usually
identify a lesser percentage of true homologues
than do domain searches. Secondly, the numbers
of repeats in individual proteins can be extremely
variable. This is true even for some repeats that
form P-propeller closed structures that might
otherwise have been thought to possess a constant
number of repeats (Neer et al., 1994; Saupe et al.,
1995). Consequently, attempts to improve detection
of repeats using multiple alignments of N tandem
repeats will not detect all repeats for those proteins
that have numbers of repeats that are not integer
multiples of N. Finally, defining the first and last
residues of a repeat is more contentious than for a
domain, since repeats are more prone to circular
permutation than are domains, particularly within
closed structures (Russell & Ponting, 1998), and are
also prone to partial truncation resulting in non-
integer repeat numbers.

The tandem arrangements of repeats impose
constraints on amino acid residue conservation
that are characteristic of the repeat family. These
characteristics, once detected, may be used to
identify additional repeats in the sequence. For
example, a positively and a negatively charged
residue at defined positions of HEAT repeats
(Andrade & Bork, 1995) have been shown recently
to form ladder of hydrogen bonds between repeats
in the crystal structure (Groves et al., 1999).

These constraints are not well reflected in the
existing methods of de novo repeat detection in pro-
tein sequences, such as dot-plot and other simi-
larity-based methods (Heringa & Argos, 1993;
Heringa, 1994) and Fourier analysis techniques
(McLachlan, 1977, 1978; Pasquier et al., 1990). Fur-
thermore, current methods of repeat identification
do not use a robust probabilistic model to deter-
mine the significance of an individual repeat’s
alignment. To overcome these limitations, we have
developed an iterative, homology-based REPeat
finding method (REP) that complements first order
approaches for repeat identification. If a repeat has
already been identified with approximate borders,
the method can detect new repeat units based on
the probabilities of finding matches of different
suboptimal alignments when compared to random
sequences (see Methods). This is possible because
the scores of non-overlapping sub-optimal, as well
as optimal, local alignments taken from a search
with the profile on a randomised database, are
found to be commonly described by extreme value

distributions (EVDs). Consequently, from the
scores of optimal and non-overlapping sub-optimal
alignments (x; for i=1, 2,..., n) we have been

able to iteratively estimate P-values (P; for i=1,
2,..., n) that represent, for the ith highest scoring

local alignment, the probability of finding a hit
scoring at least x; in a random sequence database.
Repeat units are identified on the basis of these P;-
values instead of the original scores x;. This allows
an iterative approach to the detection of repeats
since newly identified repeats can be included in
an alignment that is used for a subsequent search.

This approach is demonstrated by the identifi-
cation of numerous previously unrecognised repre-
sentatives of 11 repeat families that are widely
represented among eukaryotes.

Results

A new repeat-detection method (REP) has been
applied to 11 families of repeats that have repre-
sentatives in three divergent eukaryotic species
(Saccharomyces cerevisiae (SC), Caenorhabditis elegans
(CE), Homo sapiens (HS)) and hence are expected to
be widespread among all eukaryotic organisms.
Fortunately, the three-dimensional structure is
known for at least one family member for all but
one of these families. This allows detailed compari-
sons to be made between sequence alignments and
three dimensional structures in order to ascertain
whether conserved positions reflect preservation of
intra-, or inter-, repeat interactions, or other struc-
tural or functional constraints.

The selected repeat families vary in length and
contain a variety of secondary structure arrange-
ments: a summary of the repeats’ properties is
given in Table 1. Differences in these properties are
not reflected in the method’s results (see below).

From known protein structures containing those
repeats it can be seen that the variety of folds is
restricted to two major types of super-structure
(Figure 1): (i) open structures formed by the assem-
bly of repeats composed of either two anti-parallel
helices (Armadillo, HEAT, ankyrin, TPR and PFTA
repeats; reviewed by Groves & Bartford (1999))
or else one helix and one B-strand (LRR); and (ii)
propellers of six or seven secondary structural
elements formed either by pairs of antiparallel
helices (PFTB) or by “blades” of four antiparallel
B-strands (RCC1, kelch and WD40 repeats; see
Murzin, 1992). The three-dimensional structure of
HAT repeats is currently unknown.

Fitting of extreme value distributions to non-
overlapping sub-optimal alignment scores

Optimal and sub-optimal non-overlapping align-
ment scores were obtained from the comparison of
profiles, calculated from these repeats’ alignments,
with an artificial sequence database (see Methods).
The distributions of these scores were found to be
well-described by EVDs (Figure 2). This finding
enabled the estimation of the probability of obtain-
ing a similarity score S larger than x; by chance,
P(S > x;) (P(x;)-value), which is specific for the ith-
highest scoring alignment. In a database search,
the number of unrelated hits in repeat order i
expected to score above x may be estimated as the
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Table 1. Properties of repeat types studied in this work

3D
Repeat Refl Length 2D PDB Frag. SW Ref2
ANK Lux et al. (1990) 30 o/P lawc_B 5-157 GABB_MOUSE Batchelor et al. (1998)
ARM Peifer et al. (1994) 40 o 1bk5 46-530 IMA1 YEAST Conti et al. (1990)
HAT Preker & Keller (1998) 33 o? none
HEAT Andrade & Bork (1995) 38 o 1b3u 2AAA_HUMAN Groves et al. (1999)
KELCH Bork & Doolittle (1994) 47 B 1gof GAOA_DACDE Tto et al. (1991)
LRR Kajava (1998) 23 o/P 1dfj_I RINI_PIG Kobe & Deisenhofer (1995)
PFTA Boguski et al. (1992) 34 o 1ft2_A PFTA_RAT Long et al. (1998)
PFTB Boguski et al. (1992) 42 o 1ft2 B PFTB_RAT Long et al. (1998)
RCC1 Ohtsubo ef al. (1987) 51 B lal2 RCC_HUMAN Renault ef al. (1998)
TPR Zhang et al. (1991) 34 o lal7 19-177 PPP5 HUMAN Das et al. (1998)
WD40 Neer et al. (1994) 40 B 1gp2_ B GBB1_HUMAN Wall et al. (1995)

ANK, ankyrin; ARM, armadillo, HAT, HEAT, KELCH, LRR, leucine-rich repeats; PFIB, protein farnesyl transferase a-subunit
repeats; PFTB, protein farnesyl transferase B-subunit repeats; RCC1, TPR, tetratricopeptide repeats; refl, is a reference to the discov-
ery or a review of the corresponding repeat family; length, is the length of the profile used (this excludes positions in alignments
containing more than 66 % gaps); 2D, secondary structure content; PDB, pointer (PDB database code) to a representative 3D struc-
ture containing the repeat (if necessary, the chain is indicated following the PDB code). These structures are shown in Figure 1; frag,
a fragment of the original protein was used; SW, SwissProt code of the corresponding protein sequence; ref2, reference to the struc-

ture determination.

product of the database size used for the search (in
sequences) and the P(x;) value (Pearson, 1998). For
the selection of true positive repeats, a single P-
value threshold Py per repeat family can be applied
to all repeats, irrespective of their order. Further-
more, to first approximation the total number of
false positive repeats expected in a database search
may be estimated as the triple product of Py with
the database size and the average number of
repeats found in true positive sequences.

Single P-value thresholds P, were assigned for
each repeat family that discriminated between true
positives and the top scoring false positive
sequence. True positive sequences were assigned
using exhaustive PSI-BLAST analysis (Altschul
et al., 1997). Values of Py represent P; values that
are bettered by at least one repeat in a given
sequence (see Methods for a complete description
of the application of repeat thresholds). Thus they
are typically larger than 1/N where N is the size of
a typical database (~10*-10°).

Analysis of SwissProt

In order to calibrate our method, and to compare
it with existing sets of identified repeats, the
SwissProt database (Bairoch & Apweiler, 1999)
was searched for all detectable members of the 11
repeat families. The SwissProt release used (37.0
Dec 1998) contains 77,977 protein sequences. Many
of the repeats that are defined in this database
have been annotated using literature sources.
However, other repeats have been defined using
the protein family database Pfam (Bateman et al.,
1999).

Pfam is a collection of protein domains and
motif families each represented by a multiple align-
ment. These families may be searched using a suite
of algorithms employing hidden Markov models
(HMMs) (HMMER, Eddy, S., unpublished data).

The latest version of this, HMMER2, derives a
single E-value for each sequence from a single cali-
brated EVD. This EVD is a fit to the distribution of
optimal scores calculated from alignments between
an HMM and a randomised sequence database.
This approach is successful in annotating numer-
ous repeats in SwissProt that have previously
escaped attention. Consequently, it is considered
by us to be the most sensitive approach currently
in use for repeat identification given an initial mul-
tiple alignment.

Here we detect representatives from each of the
11 repeat families using REP, and compare these
with the results available from Pfam (using the
links provided by SwissProt 37.0 from sequences
to Pfam domains). In most of the 11 cases, the
majority of detected repeats are found by both
methods, but some repeats are found by only one
method. In order to distinguish true positive hom-
ologues from false positives, doubtful sequences
were subjected to reciprocal searches (Bork &
Gibson, 1996) using the position-specific, iterative
version of BLAST (PSI-BLAST (Altschul et al.,
1997)) and an E value inclusion threshold of 0.001.
PSI-BLAST is currently a method of choice in
detecting homologues, although studies have
shown its generated alignments to be typically
sub-optimal (unpublished results).

Ankyrin repeats

Ankyrin repeats (Lux et al, 1990) were first
detected in human erythrocyte ankyrin. They were
found subsequently in a large number of protein
families (reviewed by Bork, 1993), including GA-
binding Protein B subunit (a transcription factor)
(see its structure in Figure 1), Drosophila melanoga-
ster Cactus and Notch, human p53, several nuclear
factors, 2-50-dependent RNase and myotrophin.
The structure of each independent repeat contains
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Figure 1 (legend opposite)

two antiparallel a-helices followed by a loop which
contains a type I B turn. The repeats assemble into
a rod of highly packed helices (Figure 1).

REP and Pfam identified in common 107 ankyrin
repeat-containing proteins in SwissProt. In
addition, Pfam uniquely detects seven proteins
with nine repeats and REP three proteins with 13
repeats (Table 2). All three proteins not identified
by Pfam, have either already been reported in the
literature to contain ANK repeats (e.g. TRP-1
proteins (Phillips et al., 1992)) or else were man-

ually annotated in SwissProt entries (e.g.
SW:CDN5_HUMAN, cyclin-dependent kinase 4
inhibitor B, a tumor suppressor, for which two
repeats were found in addition to two that were
annotated previously).

Armadillo repeats

Armadillo repeats (Peifer et al., 1994) are eukary-
otic-specific repeats implicated in protein-protein
interaction. First identified in the D. melanogaster
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Table 2. Comparison of the results on the analysis of the set of repeats in SwissProt as with the Pfam analysis results
as presented in release 37.0 (field ‘DR’, with corresponding Pfam identifier and number of hits detected)

PFAM Only Only Rep/Prot REP thr
Repeat PFAM id +REP REP PFAM REP PFAM P, o
ANK PF00023 107 3 7 53 43 le-5 1
ARM PF00514 34 0 8 7.7 6.9 le-8 3
HAT 7 6.3 le-4 3
HEAT 47 7.4 le-6 4
KELCH PF01344 21 10 0 59 4.5 le-4 3
LRR? PF00560 118 2 28 9.0 9.1 le-4 2
LRRdP PF00560 135 6 11 8.8 9.0 le-5 1
PFTA*® PF01239 8 0 0 5.1 le-4 4
PFTB PF00432 25 2 0 45 41 le-5 2
RCC1 PF00415 11 0 0 6.3 52 le-5 3
TPR PF00515 50 70 4 6.6 3.0 le-4 3
WD40 PF00400 253 55 0 6.5 44 le-4 3

Pfam + REP, Pfam and our method agree in assigning repeat(s) to a protein sequence; only REP, our method assigns repeats to a
protein sequence and Pfam does not; only Pfam, Pfam assigns repeats to a protein and our method does not; rep/prot how many
repeats per protein are assigned by each method (in the common set of assigned proteins); Pfam id indicates the Pfam identifier;
REP thr columns indicate the thresholds used by our method: Py threshold in P-value to accept a hit as repeat, 71,,,;, minimum num-
ber of repeats required to validate the assignment. Note that HAT and HEAT repeats could not be used for this comparison because
their profiles were not yet included in the Pfam database at the moment of the release of SwissProt 37.0 (December 1998).

Total number of repeats detected by each method is 5,060 and 3,497 for REP and Pfam, respectively, for those cases where the
comparison is possible, namely: ANK, ARM, KELCH, LRRd, PFTB, RCC1, TPR, and WD40. Details of this analysis can be accessed
through the internet at the web address http:/ /www.embl-heidelberg.de/ ~ andrade/papers/rep.

2 The Pfam profile of LRRs, PF00560 consists of two LRRs. Accordingly, the number in the table is the number of hits multiplied
by two.

® LRRd is a profile containing two consecutive LRRs. The results obtained with this profile are shown for comparison.

¢ The Pfam profile for PFTA corresponds to a domain rather than to a single repeat.

Armadillo protein (Riggleman et al., 1989), similar ~ small amino acid residues. The repeats pack in a
repeats were later found in importin o-subunit,  super-helical assembly (Conti et al., 1998). One
plakoglobin, vacuolar yeast protein 8, B-catenin  example of an ARM repeat-containing protein is
and Rapl (GTPase-GDP dissociation stimulator 1). found in importin, a hetero-dimeric protein com-

Each armadillo repeat (ARM) contains two anti-  plex which takes proteins into the nucleus prob-
parallel helices, with the first often kinked due to  ably by recognition of nuclear localisation signals
the presence of a proline residue, or a series of  (NLSs) (Gorlich et al., 1994). The importin o-sub-

Figure 1. 3D structures of proteins and macromolecular complexes containing repeats relevant to this work. Series
of repeats are coloured in alternating red and orange, with the remainder of the protein in olive green and other pro-
tein chains in violet. ANK, four and a half ankyrin repeats in a fragment of the f-subunit of the GA-binding protein
(Batchelor et al., 1998) complexed with a fragment of the o-subunit, and 21 bp of DNA (green). Note that the long
inter-repeat loops mediate the interaction between the a-subunit and the DNA. ARM, fragment of the importin o-sub-
unit containing ten armadillo repeats (Conti et al., 1998). Amino acid analysis shows high residue conservation in a
groove in the concave region of the arch indicating its possible role in protein recognition. Kelch, the structure of
galactose oxidase from Dactylium dendroides (Ito et al., 1991) showing only the N-terminal and the B-propeller domains
(positions 1-532) with the latter formed by seven kelch repeats. The void within the propeller domain is filled in the
crystal structure by two B-strands from the C-terminal domain and water (not shown). Note that the external
B-strand of the last blade (purple) is not consecutive in sequence with the internal B-strands due to the circular
permutation of sequence repeats relative to the structural repeats. This closing “clasp” mechanism has also been
observed for WDA40 repeats and has been proposed to contribute to the propeller’s structural stability. LRR, structure
of porcine ribonuclease inhibitor (Kobe & Deisenhofer, 1995). The inhibitor surrounds the ribonuclease in a horse-
shoe-like structure that is composed entirely of LRRs. TPR, structure of TPRs in protein phosphatase 5 (Das et al.,
1998). RCC1, Structure of the regulator of chromosome condensation (Renault et al., 1998), a seven-bladed propeller.
Note that although there is some structural resemblance to the WD40 and kelch structures, the twist angles between
the blades’” B-sheets are larger. PFTA/PFTB, structure of the heterodimeric protein farnesyltransferase (Long ef al.,
1998). The complex has been represented in two pictures that highlight the o and B-sub units. Left, the o-subunit con-
tains five PFTA repeats (the B-subunit, in the back, is represented by thin sticks). Right, the B-subunit contains a bar-
rel containing six PFIB repeats (the o-subunit, in the front, is represented by thin sticks). The substrate (farnesyl
diphosphate, in brown) is located between the two subunits. WD40, structure of the G-protein heterotrimer (Wall
et al., 1995). a-subunit in violet and y-subunit in yellow. The B-subunit contains a barrel formed by seven repeats that
are similar in structure and in the clasp closing mechanism to kelch repeats of galactose oxidase. In comparison to
kelch repeats, the WD40 blades are arranged more compactly resulting in a smaller central void.
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unit contains a rod formed by ARM repeats (see
the structure in Figure 1) (Conti et al., 1998). A
similar structure is observed in B-catenin (Huber
et al., 1997).

Identification of ARM repeat containing proteins
in SwissProt using REP resulted in a subset of
those found by Pfam. However, the eight proteins
that are predicted by Pfam analysis to contain
ARM repeats include six that are importin B-sub-
units, which were identified by REP as HEAT
repeats (Andrade & Bork, 1995). This supports the
similarity between ARM and HEAT repeats, which
is also observable at the structural level (see
Figure 1 and see the Discussion). The remaining
two true positive cases detected by Pfam but not
by REP, were mammalian general vesicular trans-
port factors P115.

HEAT repeats

HEAT repeats (Andrade & Bork, 1995) are pre-
sent in eukaryotic proteins including human Hun-
tingtin, elongation factor III, protein phosphatase
PP2A o-subunit and the TOR/FRAP family of
phosphatidyl inositol kinases. As discussed above,
they resemble ARM repeats in sequence and in
structure. They are distinguishable, however, from
ARM repeats by: (a) the presence of two charged
amino acid residues per repeat that has been
observed to compose a ladder of electrostatic inter-
actions within the repeat super-structure (Groves
et al., 1999); and (b) the lack of a glycine residue,
that is conserved in helix 1 of ARM repeats. The
latter difference has the effect that helix 1 of ARM
repeats is often more kinked than the correspond-
ing helix of HEAT repeats, causing disruption of
the ARM repeat helix into two parts. Recently-
determined tertiary structures (Cingolani et al.,
1999; Chook & Blobel, 1999; Vetter et al., 1999;
Kobe et al., 1999) demonstrate their differences in
structure when compared with ARM repeats, in
particular, their lower rotation angles of adjacent
repeats (15° in HEAT versus 30° in ARM). These
structural differences necessitated the detection of
HEAT and ARM repeats using two independent
searches with high discriminatory thresholds
(Po=10"% and 107%). Nevertheless, as might be
expected application of this high threshold was
insufficient to completely discriminate between
these two related repeat families.

REP identified 47 proteins containing 348 HEAT
repeats. Many of these had already been described
as containing HEAT repeats, but a number of new
findings were revealed. For example, five HEAT
repeats, in two clusters, were predicted in yeast
Motlp, a member of the SNF2/SWI2 family of
ATPases (Davis et al., 1992). Corroboration of three
of these repeats was provided by PSI-BLAST anal-
ysis of the N-terminal group of Motlp HEATSs
(amino acid residues 280-590) that detected signifi-
cant similarity with previously identified HEAT-
containing proteins, including B-importins, within
six iterations and using a threshold of E < 0.001.

Previously predicted TPRs within this region
(Davis et al., 1992) could not be verified using a
variety of methods (results not shown). A sixth
HEAT repeat predicted by REP (amino acid resi-
dues 1495-1537) is a likely false positive, given that
this lies within the ATPase homology domain. The
predicted HEAT repeats in Motlp are contained
within the region known to bind the TATA-bind-
ing protein (Auble et al., 1997).

S. cerevisine and Schizosaccharomyces pombe ortho-
logues (YMR288w and C27F1.09C, respectively) of
human SAP155 (Wang et al., 1998) were identified
by REP as containing HEATs. Indeed, SAP155 has
been noted as containing a repeated structure simi-
lar to that of the regulatory subunit A of protein
phosphatase PP2A (Wang et al., 1998) and these, in
turn, are known (Andrade & Bork, 1995) to rep-
resent HEATs. REP also identified nine HEATSs in
the colonic and hepatic tumor over-expressed pro-
tein (CH-TOG) (Charrasse et al., 1995). This is a
member of a family of microtubule-associated com-
ponents of the meiotic and mitotic spindle poles
(Matthews et al.,, 1998; Wang & Huffaker, 1997).
PSI-BLAST analysis of the C. elegans CH-TOG
orthologue, ZYG-9, confirmed the significance of
sequence similarities between this family and
HEAT repeats (data not shown).

HEAT repeats were also detected in
S. pombe  hypothetical ~ protein =~ C31A2.05c
(SW:YA45_SCHPO). This appears to be an ortholo-
gue of Coprinus cinereus Rad9 (Seitz et al., 1996),
S. cerevisine YDR180w, human IDN3, and Droso-
phila Nipped-B (Rollins et al., 1999). This family of
proteins is predicted to possess roles in sister chro-
matid cohesion, chromosome condensation and
DNA repair (Seitz et al., 1996; Rollins et al., 1999).

TPR repeats

Tetratrico peptide repeats (IPRs) (Zhang et al.,
1991) are widespread among organisms drawn
from the three kingdoms of cellular life and occur
in proteins possessing a wide variety of functions.
A single TPR contains two antiparallel a-helices
which pack into an open structure (Das et al.,
1998). REP reports a total of 120 proteins with TPR
repeats. Pfam predicts four proteins containing a
total of eight repeats that were unable to be ident-
ified by REP. Of the 70 TPR-containing proteins
with a total of 330 individual repeats detected by
REP, but not by Pfam, some such as kinesin light-
chains (Ginhart & Goldstein, 1996) and SNAP
secretory proteins (Ordway et al., 1994) were
described to contain these repeats. REP also
detected TPRs in the tandemly repeated superhelix
of clathrin heavy chains. The resemblance of the
clathrin superhelix to TPRs had been previously
noted (Ybe et al., 1999), but these repeats had been
suggested to be shorter and to contain fewer
periodically spaced hydrophobic residues than
TPRs. However, comparison of an HMM calcu-
lated from a multiple alignment of clathrin heavy
chain sequences with current sequence databases
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using HMMER2 revealed significant similarities
(10° < E<107") with sequences that are anno-
tated as containing TPRs. This suggests that the
clathrin heavy chain is composed of divergent yet
bone fide TPRs.

REP detected TPRs in other proteins that, to our
knowledge, had not been suggested as containing
these repeats. Of these, a 72 kDa signal recognition
particle protein (Lutcke et al., 1993) that is cleaved
during apoptosis (Utz et al., 1998) (SW:SR72_CAN-
FA), several B. subtilis aspartyl-phosphate phos-
phatases that function in regulating sporulation
(Perego & Hoch, 1996) (e.g. SW:RAPE_BACSU), a
histone-binding protein (Kleinschmidt et al., 1986)
(SW:HIBN_XENLA), and a gene required for cyto-
chrome ¢ maturation in E. coli (Thony-Meyer et al.,
1995) (SW:CCMH_ECOLI) are perhaps the best
experimentally characterised.

TPRs were also predicted in the RRP5 family of
rRNA biogenesis proteins. As discussed below,
these are likely to represent divergent TPRs that
have been previously reported as HAT repeats.

HAT repeats

HAT (“half-a-TPR”) helices were recently ident-
ified in several eukaryotic proteins involved in
RNA metabolism (Preker & Keller, 1998). These
repeats are predicted to contain two o-helices that
are tightly packed to form large super-helical struc-
tures. Preker & Keller (1998) noted sequence simi-
larity between HATs and TPRs, in particular those
previously predicted in D. melanogaster Crn, the
crooked neck gene product (Zhang et al., 1991). They
suggested, however, that HATs are distinct from
TPRs in lacking residues that contribute to the TPR
“holes” (Sikorski et al., 1990). Using a previously
published alignment of HATs (Preker & Keller,
1998) and thresholds of Py=10"* and #n,,,=3
(repeat number threshold, see Methods), REP
identified the HAT repeats included in the align-
ment as well as another 11 repeats in D. melanoga-
ster Crn that have previously been described as
TPRs (Zhang et al., 1991). REP also identified four
similar repeats in yeast RRP5p (Venema &
Tollervey, 1996).

The RRP5p repeats had been described, on the
basis of similarity to D. melanogaster Crn, as TPRs
(Torchet et al, 1998). However, the repeats in Crn
and RRP5p are not identified by Pfam or SMART
(Ponting et al., 1999) domain identification systems
as such. However, a PSI-BLAST database search
using human CstF-77 (Genbank identifier (gi)
632498) as query, identified regions of Crn and
human RRP5p as significantly similar to HATs
(E=4x10""and E=1 x 107>, in round 1). Sub-
sequent iterations of the PSI-BLAST search, how-
ever, revealed significant similarity (E<107%) to
TPRs in prokaryotic proteins that are predicted by
SMART and PFAM (results not shown). As
suggested (Preker & Keller, 1998), HAT repeats
appear to represent a distinct subfamily within the
large and diverse family of TPRs. It would appear

that HAT repeats are unusual TPRs in containing
insertions and deletions; this distinction is one that
they share with the SNAP subfamily of TPRs
(Ordway et al., 1994).

Identification of HAT repeats in RRP5p is of par-
ticular interest given that over-expression of
human RRP5 (also known as ALG-4) induces tran-
scription of the Fas ligand, and consequently,
apoptosis (Lacana’ & D’Adamio, 1999). An in-
frame deletion of two amino acid residues within
the first HAT repeat in yeast RRPSP has been
shown to inhibit the synthesis of 18 S rRNA from
its 35 S precursor (Torchet et al., 1998). Thus, the
effect of RRP5 over-expression might have a more
general effect than simply increasing transcription
of the Fas ligand.

Kelch repeats

Kelch repeats are found in eukaryotes and bac-
teria in protein families such as D. melanogaster
kelch (ring canal protein), o and B-scruin, calicin
and galactose oxidase (Bork & Doolittle, 1994). The
repeats are arranged in a B-propeller fold formed
by seven blades of four anti-parallel -strands. The
structural similarity of kelch and WD40 repeat-
containing folds is readily apparent (see Figure 1)
although this is not reflected at the sequence level.
These and other examples of repeat-containing
B-propeller structures (for example, hemopexin,
sialidases and RCC1) suggest that these structures
have arrived at a common structure indepen-
dently.

REP identified ten kelch proteins with 47 repeats
that were not annotated in SwissProt; of these,
some have been described. For example, REP
identified kelch repeats in S.pombe Ral2, a
guanine nucleotide releasing factor for Rasl
(SW:RAL2_SCHPO), as discussed by Bork &
Doolittle (1994), and in S. pombe C15A10.10, an
orthologue of mouse muskelin (Adams et al., 1998).

Three kelch repeats were predicted in yeast
Mds3p (SW:MDS3_YEAST), a negative regulator of
the sporulation pathway (Benni & Neigeborn,
1997). REP reported two repeats in the Mds3p
paralogue Pmdlp (SW: YEW2_YEAST) but these
were not automatically reported due a repeat num-
ber threshold of n,,;,, = 3. However, closer examin-
ation of these results indicated the existence of
several other kelch repeats in this sequence. These
proteins’ kelch repeats are located in regions that
are distinct from their binding sites for protein
kinases. Given the propensity of eukaryotic intra-
cellular kelch repeat-containing proteins to bind
actin (Way et al., 1995, Hernandez et al., 1997;
Robinson & Cooley, 1997; Kim et al.,, 1999), it is
likely that the Mds3p and Pmdlp kelch repeats
possess similar actin-binding functions.

Leucine-rich repeats

Leucine-rich repeats (LRRs) (Kajava et al., 1998)
each contain a pB-strand and an o-helix. LRR-
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containing proteins have been detected in bacteria,
eukaryotes and viruses, but not, to date, in
archaea. Notable examples of these proteins are
fungal adenylate cyclases, carboxypeptidase N-
regulatory subunit, proteoglycan II (decorin), Ras
suppressor protein 1, D. melanogaster toll and
flightless proteins, and fibromodulin.

Assignment of LRRs has been problematic.
The SwissProt entry SW:RINI_PIG, representing
a sequence whose structure is known (Kobe &
Deisenhofer, 1995), lists mis-assigned structural
repeats that begin and end in the middle of
o-helices. Our assignment of these repeats corre-
sponded to the repeats apparent from the struc-
ture (Kobe & Deisenhofer, 1995). The majority of
LRRs were detected by both REP and Pfam
(Table 2), although 28 LRR-containing proteins
were identified only by Pfam. A likely cause of
Pfam’s success in this case is that the Pfam LRR
alignment used represents two consecutive LRRs
(however, we note that the most recent version
of the LRR Pfam alignment represents only a
single repeat). Although this increases the sensi-
tivity of detecting even numbers of repeats, we
chose not to employ this approach as it is
unable to detect all repeats in proteins contain-
ing odd numbers of repeats. For comparison, we
used a profile including two repeats (LRRd in
Table 2). The results were more sensitive (with
an increase from 120 to 141 proteins identified)
keeping selectivity (all new cases were true posi-
tives) but, as we expected, the total number of
repeats detected per protein decreased (from 9.0
to 8.8) due to missing single repeats.

PFTA repeats

The protein farnesyl transferase (PFT) hetero-
dimeric complex is unusual in containing two
families of repeats, one in each subunit (Boguski
et al., 1992) (Figure 1). The a-subunit contains an
open structure of repeats (PFTA) composed of two
anti-parallel o helices arranged in a similar way to
Ankyrin repeats or TPRs.

REP and Pfam performed identically in the
detection of PFTA repeats. Although not detected
above threshold by REP, four putative PFTA
repeats in Methanococcus jannaschii hypothetical
protein MJ1345 (SW:YD45_METJA) were detected
with low P values (107° <P <1073). These were
coincident with nine TPRs predicted by REP
(107 < P <107°) and by Pfam. In order to investi-
gate whether TPRs and PFTA repeats are structu-
rally, as well as sequentially, similar, their known
tertiary structures (PDB codes 1FI2 chain A and
1AL7) were compared using Dali (Holm & Sander,
1993). This resulted in a Z-score of 5.0, which is
above the threshold of 2.0 that is considered sig-
nificant. These results suggest that PFTA repeats
are divergent TPRs.

PFTB repeats

The B-subunits of PFT contains repeats that have
also been observed in other protein prenyltrans-
ferases (Boguski et al., 1992). PFIB repeats are
formed by two antiparallel o-helices arranged in a
barrel of six repeats (Figure 1). REP and Pfam
identified the same PFTB repeats in SwissProt pro-
teins with the exceptions of the close homologues
SW:Y4KT RHISN and SW:YCP7_BRAJA that were
only detected by REP (two repeats at 45-86 and
401-443 with P-values of 107® and 1077, respect-
ively). These bacterial proteins are of unknown
function, but are homologues (E < 107° in a BLAST
search) of plant an fungal diterpene cyclases. These
function in the cyclisation of geranyl geranyl pyro-
phosphate into copalyl pyrophosphate (Kawaide
et al., 1997). The substrate and sequence similarities
of these enzymes to those of PFT suggest that
SW:Y4KT RHISN and SW:YCP7_BRAJA are PFT
homologues with PFTB repeats.

The structure of squalene-hopene synthase has
been shown to be similar to that of PFT (Wendt
et al.,, 1998). REP detected seven PFTB repeats in
domains 1 and 2 of this enzyme. Each of these
repeats contains an external and an internal o-helix
with an intervening QW motif (Poralla ef al., 1994).
The N-terminal repeat predicted by REP contains
sequences from both domains 1 and 2 due to the
insertion of domain 2 into domain 1. These results
indicate that PFIB repeats are divergent represen-
tatives of QW motif-containing repeats that are
apparent in the squalene-hopene synthase crystal
structure.

RCC1 repeats

Regulator of chromosome condensation 1
(RCC1) repeats (Ohtsubo et al., 1987) form a seven-
bladed B-barrel, with each blade containing four
antiparallel p-strands, as in kelch and WD40 struc-
tures. The twist of the blades with respect to the
barrel’s axis is more pronounced for the RCC1
structure than for these other B-barrel structures
(Renault et al.,, 1998). REP and Pfam performed
identically in detecting RCC1 repeat-containing
proteins, although on average REP detected more
repeats per protein than Pfam. No sequence simi-
larities were detected to other B-barrel structures
such as kelch or WD40.

WDA40 repeats

Identifying WDA40 repeats is problematic since
the structural repeat, represented by each of the
B-propeller blades in the G transducin structure
(Wal et al., 1995; Sondek et al., 1996), is permuted
with respect to the sequence repeat by a single B-
strand. Consequently, an alignment of WD40 struc-
tural repeats is unable to be used to detect the
complete set of seven complete repeats in this GB
transducin structure. Furthermore, an alignment of
WD40 sequence repeats would be unable to detect
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Figure 2. Fitting of sub-optimal non-overlapping
alignment scores to EVDs. Symbols correspond to the
score distributions of non-overlapping sub-optimal hits
of the WD40 repeat profile against a database of 20,000
randomised sequences. Shown from right to left: score
distributions of the 3rd, 4th, 5th and 15th repeat orders.
The X-axis represents scores, whereas the Y-axis rep-
resents Y = log.(—log.(1 — ¢;)) with ¢; being the cumulat-
ive fraction of hits above scores x for the ith bin.
Continuous lines correspond to the fit functions derived
by SearchWise from the upper regions of the distri-
butions. For example, the rightmost distribution was
fitted between scores 1400 to 1900. The y? values for the
fits were 0.0013, 0.03, 0.013 and 0.08.

the complete set of repeats in a WD40 repeat-con-
taining protein for which there is no permutation.
Unfortunately, the relative populations of per-
muted versus unpermuted versions of these WD40
B-propeller structures are unknown. This has the
result that no single multiple alignment will be
able to detect the complete set of WDA40 repeats.

We have chosen to construct a multiple align-
ment that contains the WD40 sequence repeats that
are permuted with respect to the structural repeats,
in order to be consistent with the only known
structures of WDA40 repeat-containing proteins
(Wall et al.,, 1995; Sondek et al.,, 1996). Conse-
quently, assignments of WDA40 repeats in this
study differ from those in previous studies (Neer
et al., 1994; Garcia-Higuera et al., 1996) and those
shown in the SwissProt database (Bairoch &
Apweiler, 1999).

REP identified 308 WD40 repeat-containing pro-
teins, as compared with Pfam’s 253 and a total of
188 that were identified in an independent study
(Smith et al. (1999); http://BMERC-www.bu.edu/
wdrepeat; last updated in February 1998). All the
repeats identified by REP were validated by PSI-
BLAST searches. Many WDA40 repeat-containing
proteins that were identified only by REP represent
hypothetical and experimentally uncharacterised
proteins, or else close homologues of known WD40
repeat-containing proteins. Homologues of yeast
Prtlp  (SW:IF3X_YEAST), however, represent
previously unrecognised WD40 repeat-containing

proteins that were detected by REP (for example,
REP detected repeats in the eukaryotic trans-
lation initiation factor 3 B-subunit, as in
SW:IEF3X_HUMAN from 332-370, 372-417 and 649-
694 with P-values ranging from 107%to 7 x 107°).
Yeast Prtlp was originally identified by a screen
for cell division cycle mutants that affect cell pro-
liferation (Hanic-Joyce et al., 1987). Subsequently, it
was found to be a subunit of the eukaryotic
initiation factor 3 (eIF3) complex that is conserved
in yeast (Naranda et al., 1994) and in mammals
(Asano et al., 1997; Methot et al, 1997).

There are four strongly predicted (P <107%)
WDA40 repeats in yeast Prtlp: amino acid residues
217-257, 260-297, 537-580 and 596-641. The C-term-
inal pair of Prtlp WD40 repeats are included in a
region that is important for interaction with TIF34
and for thermostability (Evans et al., 1995; Asano
et al., 1998). In addition, missense mutations that
occur in temperature-sensitive prtI mutants (Evans
et al.,, 1995) are predicted to occur in WD40-con-
taining regions, after strands a and c (Smith et al.,
1999). These regions of several B-propeller struc-
tures have been noted to participate in ligand-bind-
ing (Li et al., 1995). It is possible, therefore, that
these amino acid substitutions in temperature-
sensitive mutants also result in defective complex
formation of Prtlp within elF3 (Asano et al., 1998).

Repeat detection performance within the
proteins identified

One of the main criteria for the success of the
REP procedure is the selectivity and sensitivity for
the identification of the repeat-containing proteins
(see above). Due to the divergence of repeats,
another major issue is the correct identification of
the repeats therein. The sixth and seventh column
in Table 2 compare the number of repeats detected
by REP and Pfam in those proteins that are judged
to contain repeats by both methods. This indicates
that REP is superior to Pfam in terms of sensitivity
(5060 versus 3497 identified repeats in these pro-
teins, see Table 2). There is no easy way, however,
to compare these methods’ levels of selectivity.
Most of those additional repeats could be con-
firmed using reciprocal PSI-BLAST searches and
only very few likely false positives have been
revealed. This is indicative of a high selectivity.

Furthermore, we identified numerous twilight
zone candidates, both in terms of proteins and in
terms of repeats contained therein. For example,
protein B19 from Vaccinia virus (Smith et al., 1991),
SW:V19R_VACCYV, scored close to the threshold
for ankyrin repeats. This was confirmed after PSI-
BLAST iteration 3 of the database search revealed
significant similarity to the ankyrin repeats of tan-
kyrase. This small protein of only 176 amino acid
residues displays two repeats above the thresholds
(positions 13-44 and 110-142). Further analysis con-
firmed these repeats and produced an additional
C-terminal repeat (amino acid residues 148 to 176).
It appears plausible that this protein is entirely
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formed by ankyrin repeats as this has been shown
for similar proteins in Orthopoxviruses (e.g. Bork,
1993). The remaining repeats are too divergent to
be detected by REP. Such examples indicate that
REP uses rather stringent thresholds and that
many more repeats of these families remain undis-
covered in public databases.

Analysis using Pfam and SMART alignments

Differences in the results of the two methods
could be due, at least in part, to the use of different
multiple alignments. In order to investigate this we
performed searches of SwissProt with REP using
the kelch and TPR alignments taken from Pfam,
and searches of Swissprot with HMMER?2 using
kelch and TPR alignments taken from SMART.

When searching for kelch repeats using the Pfam
kelch alignment (PF01344) for the profile/HMM,
12 more true positive kelch repeat-containing pro-
teins were identified with REP than were detected
using HMMER?2. Similarly, when searching for
TPRs using the Pfam TPR alignment (PF00515), 45
more TPR-containing proteins were identified only
by REP than were identified only by HMMER?2.
These are slightly fewer than the corresponding
numbers (19 and 66) of kelch or TPR-containing
proteins detected only by REP, using the SMART
alignment, over-and-above the proteins detected
only by HMMER?2, using the Pfam alignment.

Similarly, querying the SwissProt database using
the SMART-derived kelch and TPR alignments
resulted in 19 and 3, respectively, more repeat-
containing proteins detected only by REP than
detected only by HMMER2. The results for
HMMER?2 searches were compiled using a rela-
tively liberal E-value acceptance threshold of 0.01.

These results demonstrate that although
improvements can be made to the detection of
repeats using more optimal alignments, more

repeat-containing proteins were detected using
REP than they were using HMMER2. This was
found to be the case even when identical multiple
alignments were used for the searches.

Genome-wide analysis

After benchmarking by comparing REP with
SwissProt annotations and HMMER?2 searches, we
sought to quantify the spread and the evolution of
these repeats using genomic data. Three sets of
proteins were chosen: 6218 proteins from S. cerevi-
siae (SC), 19,351 proteins from C. elegans (CE), and
11,827 proteins from H. sapiens with less than a
97 % sequence identity to each other (HS) (Table 3).
SC and CE data represent completed genomes,
whereas the HS set represents approximately 10-
15 % of the complete human proteome.

The 11 repeat families studied were found to be
contained in 2-3% of the proteins for each of the
three genomes. Given the conservative detection
thresholds used and given the existence of many
more repeat families, this figure represents a con-
siderable underestimate of the fraction of eukary-
otic repeat-containing proteins.

Table 3 shows that C. elegans contains fewer pro-
teins with these repeats than either S. cerevisiae or
H. sapiens. H. sapiens appears to be more enriched
in ANK, ARM and LRR repeats, whereas S. cerevi-
siaze is enriched in WD40 repeat-containing pro-
teins. The numbers of repeats per protein (R) is
relatively constant between these three species. As
expected given the choice of the 11 repeat families,
these repeats occur primarily in eukaryotes,
although six families are also observed in bacteria,
one in archaea and three in viruses.

A more complete analysis of the distributions of
repeat numbers per protein (Figure 3) shows that
closed B-barrel structures display maxima around
the observed barrel repeat number of seven in

Table 3. Analysis of repeats represented in three eukaryotic proteomes, those of SC, S. cerevisiae, CE, C. elegans and

HS, H. sapiens

SC CE HS (97% n.r.) SW
Repeat P 0/00 R P 0/00 R P 0/00 R Bact Euk Arch Vir Total
ANK 18 2.9 356 78 4.0 559 64 54 517 4 86 0 20 110
ARM 2 0.3 8.50 3 0.2 6.00 16 14 6.06 0 34 0 0 34
HAT 7 1.1 6.43 5 0.3 9.60 4 0.3 6.25 0 7 0 0 7
HEAT 12 19 8.08 8 04 575 18 15 8.61 0 47 0 0 47
KELCH 5 0.8 400 17 0.9 641 11 0.9 527 2 20 0 9 31
LRR 10 1.6 620 52 2.7 10.15 59 5.0 10.92 7 112 0 1 120
PFTA 2 0.3 5.50 2 0.1 5.50 3 0.3 5.00 0 8 0 0 8
PFTB 4 0.6 4.25 3 0.2 5.00 4 0.3 4.75 6 21 0 0 27
RCC1 3 0.5 5.00 6 0.3 4.50 7 0.6 7.71 0 11 0 0 11
TPR 24 3.9 642 49 2.5 549 49 41 622 24 89 7 0 120
WD40 93 15.0 595 117 6.0 597 91 7.7 6.78 7 301 0 0 308

SC and CE represent completely sequenced genomes with 6,218 and 19,351 protein sequences. For human sequences 11,827
sequences were obtained after removing sequences more than 97 % identical from the set of human proteins deposited in several
sequence databases (as of December 1998). P, Number of proteins with the repeat; o/o0, proteins with the repeat per 1000 proteins
in the set; R, repeats per protein. Some of the sequences identified as containing HEAT repeats were also identified as containing
ARM repeats (one for SC, none for CE, six for HS). The final columns show repeat numbers in SwissProt listed according to the
separate phyla of Bacteria, Eukaryotes, Archaea and Viruses. Details of this analysis can be accessed through the internet at the web
address http://www.embl-heidelberg.de/ ~ andrade/papers/rep.
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kelch and WD40 structures. Lower values are pre-
dicted to be due to the lack of detection of all
repeats, whereas higher numbers appear to rep-
resent higher order harmonics due to the presence
of multiple barrels. By contrast open structures
containing ANK, LRR, and TPR repeats show
more gradually decreasing distributions indicating
lesser constraints on repeat numbers.

These findings present implications for the evol-
ution of repeated structures that differ depending
on whether the repeats occur in either open or
close structures. Due to geometrical considerations
there are likely to be few numbers of repeats poss-
ible in B-propeller structures (Murzin, 1992). How-
ever, the fact that these structures have been
generated by (stepwise) duplication events indi-
cates that open structures with smaller number of
repeats have existed in the evolutionary past. By
contrast, there appear to be few constraints on
repeat numbers in open structures.

This analysis was used to predict the structure of
HAT repeats, the only one of the eleven families
without a known structure. The repeat numbers
distribution is more similar to those of open struc-
tures than it is to closed structures (Figure 3). This
suggests that HAT repeats form open structures.
This is consistent with their sequence similarity to
TPRs that form open structures (Figure 1).

For C. elegans proteins, an additional analysis of
all annotated alternative splicing variants was per-
formed. It was observed that alternative splicing
results in clusters of repeats remaining either intact
or else deleted in their entireties (data not shown).

13 15 17 19 21 2 propellers.

This implies that clusters of repeats mostly form
super-structures that function and fold only when
fully intact.

Discussion

The detection of repeats in database searches is
problematic due in part to their low levels of
sequence similarity and their shortness in length.
To date, database search methods that have esti-
mated P-values for repeats’ alignment scores have
not explicitly used the distributions of scores for
suboptimal alignments. Here, we have demon-
strated for a variety of repeat families, that the
distributions of sub-optimal non-overlapping align-
ment scores for searches against a randomised
sequence database are well-described by EVDs.
This enables the estimation of P-values for a single
repeat, whether it corresponds to the optimal align-
ment or a sub-optimal alignment.

These repeat-specific P-values have been used
for the detection of 11 repeat types in the SwissProt
database and in complete genomes. This approach
has been encapsulated in a program called REP.
The performance of REP has been compared with
HMMER?2, a method that employs a different
methodology for the detection of repeats.
HMMER? is the search method used by the Pfam
domain database which, in turn, is now used
to annotate repeats in SwissProt. Although the
primary goal of HMMER? is to identify domains,
its capability to detect repeats using empiric
thresholds has drastically improved the annotation
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quality of repeats in SwissProt. Yet, the compari-
son to REP demonstrated that although the quality
of alignments used for searches is a factor in repeat
detection, REP is superior at least in terms of sensi-
tivity for the detection of both repeat-containing
proteins and the repeats therein. However, one has
to consider that the comparison was done with the
Pfam annotation of SwissProt. The latter implies a
manual control and, if required, adjustment of
thresholds for each domain. Although this is also
true for REP (Table 2), the computation of the
P-values for non-overlapping sub-optimal align-
ments appears to be a better statistical model and
thus the major reason for the improvement.

As a result, previously unrecognised repeats
were identified in a number of proteins. In
addition, REP indicated homology of different
repeat types studied. This implies that there are
divergent families of larger repeat superfamilies.
Our analysis supports that of Cingolani et al. (1999)
in suggesting a common evolutionary origin of
ARM and HEAT repeats. ARM and HEAT repeats
possess structural similarities with differences in
the kinking of the first a-helix in ARM repeats
(Groves & Bartford, 1999; Kobe et al., 1999). In
addition, the consensus sequence of HEAT repeats
contains several conserved charged amino acid
residues that are absent in ARM repeats.

The TPR family of repeats is represented in
extremely diverse phyla and is likely to have origi-
nated prior to the last common ancestor of archaea,
eukarya and bacteria. TPR sequences are extremely
diverse. One consequence of this is that TPRs have
only recently been recognised in proteins such as
kinesin light chains (Rollins ef al., 1999) and SNAP
secretory proteins (Ordway et al., 1994). Here, we
have provided evidence that TPRs occur within
clathrin heavy chain repeats and that HAT and
PFTA repeats represent divergent TPR subclasses.

Kajava (1998) suggested separate phylogenetic
origins for several different classes of LRRs based
on the high levels of conservation within each LRR
subfamily. Although our analysis using REP
showed distinctions in the sequences of each LRR
class, it was also found that searches could not
absolutely partition LRRs into these separate classes
(unpublished results). This suggests a common phy-
logenetic origin for these repeats, rather than separ-
ate origins as proposed by Kajava (1998).

Improved detection of repeats has allowed great-
er insights into the differences in repeat numbers
between structurally-distinct repeat assemblies.
Results for closed structures (WD40, PFTB, RCC1
and kelch repeats) indicate upper bounds for the
numbers of repeats in each structure, whereas
there appear to be no such limits for open struc-
tures (ARM, HEAT, ANK, TPR and PFTA repeats).
It is suggested that this type of repeat number
analysis can be used to predict the type of struc-
tural assembly formed by repeats of unknown
structure.

It is foreseen that the approach used here
to assign P-values to single repeats might be

applicable for additional purposes. These might
include the estimation of a single P-value per pro-
tein for the detection of its n repeats, and investi-
gations of inter-repeat distances. The latter
distributions could be used to distinguish further
between true positive repeat scores from false posi-
tive scores since, in general, repeats appear to clus-
ter in sequence as well as in structure. Finally, a
similar approach to that employed here might
improve the detection of domain pairs, such as Dbl
and pleckstrin homology domains, whose occur-
rences in proteins are positively correlated.

Methods
Background

The question of detecting divergent repeats is associ-
ated with the question of assigning appropriate statistical
estimates of whether sequence similarities result from
divergence from a common ancestor (“homology”), and
consequently represent true similarities in protein struc-
ture and in function. Many sequence database search
algorithms use local alignment statistics reviewed by
Altschul et al. (1994) to estimate the number of sequences
with scores equal to a value x, or greater, that are
expected purely by chance for a particular database size.
Calculation of this “Expectation value” is based on the
analytically derived statistics (Karlin & Altschul, 1990).
This predicts that, when searching a database of uniform
length random sequences, the scores of high-scoring seg-
ment pairs (HSPs) obey an extreme value distribution
(EVD). It is noteworthy that this theory relates only to
the distribution of highest scoring (optimal) local align-
ments, and is not formally applicable to the score distri-
butions of the second highest, and of subsequent, sub-
optimal alignments.

Database searches that are specific for protein
sequences that contain repeats require an explicit corre-
lation between the scores of optimal and sub-optimal
alignments. This might involve setting lower acceptance
score thresholds for suboptimal alignments than for opti-
mal alignments, as initially implemented in the SMART
server (Schultz et al., 1998). Alternatively, the bit scores
of repeats that score above a low threshold might be
summed. This approach is adopted in HMMER?2 (Eddy,
S., unpublished; http:/ /hmmer.wustl.edu/) which is the
underlying search method currently used in the domain
detection systems Pfam (Bateman et al., 1999) and
SMART (Ponting et al., 1999). A third approach would
be to use the statistics of sub-optimal alignment scores
(Karlin & Altschul, 1993). However, this approach is best
suited to long sequences and/or profiles since “edge-
effects’” are expected to significantly distort score distri-
butions for the short repeats under investigation here.

As an alternative to these approaches, REP calibrates a
profile of a repeat by fitting the EVDs of optimal and
sub-optimal scores of non-overlapping alignments to a
database of random sequences.

Calibration of a profile

The probability of observing a score greater than x by
chance in a pairwise comparison (P-value) is described
by an extreme value distribution:

P)=1—e<"" 1)
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where A is the decay constant and u the characteristic
value. For the ungapped comparison of two sequences
of length m and n (in the limit where m and n are suffi-
ciently large):

u_anmn
Y

@)

where K and A are constants that depend on the substi-
tution scores and sequences (Altschul et al., 1994).
Equation (1) can be rewritten as:

—hx

P(x) =1 — e Kmme 3)

This pairwise, ungapped comparison P-value is multi-
plied by the number of database sequences to produce
the number of HSPs with scores at least x expected in a
given database search (E-value). Although there is no
similar formalism for alignments containing gaps, com-
putational experiments suggest that this theory remains
valid (Smith et al., 1985; Collins et al., 1988; Mott, 1992;
Altschul & Gish, 1996).

Furthermore, the formulism is not applicable to global
alignments. Consequently, in the method described
below the statistics of sequence similarities are derived
from local alignments, although alignments are sub-
sequently extended to global alignments by HSP exten-
sions.

Here, we have used a slightly modified description of
equation (3) for the computation of P-values (as
implemented in SWise (Birney et al., 1996)):

P(x)=1—e" o 4

Implementations of the Smith-Waterman algorithm
(Smith & Waterman, 1981) estimate P-values by fitting
the distribution of local alignment scores, generated
from a database search, to equation (4). Equation (4) can
be rewritten as:

log.(—log,(1 — P(x))) = log (a) + bx (5)

A histogram was constructed from the list of scores for
all sequences in the database search. Cumulative fre-
quencies ¢; were calculated for each bin i. Parameters a
and b were estimated from a linear fit to the function
log.(—log.(1 — ¢;)) using linear regression. The region of
the histogram used for the fit was defined as between
the bin with the highest frequency value (the modal bin)
and the highest bin i with ¢; > 0.01 (see Figure 2).
However, in cases where the number of true homol-
ogues is large, this procedure results in inaccurate P-
value estimates due to the presence of true homologues
with scores in the range over which the EVD is fitted.
Here we follow the method described (Hoffmann &
Bucher, 1995) by generating an artificial amino acid
sequence database. This was created by extracting at ran-
dom N sequences from a parent database and sub-
sequently randomly reordering the sequences within
windows of length w. This has the advantages that the
created “randomised’” database and the parent database
have effectively equivalent amino acid residue compo-
sitions, and that individual sequences within the ran-
domised database are exactly equivalent in local
composition to their parent sequences. In this application
N = 20,000 sequences were extracted at random from the
SwissProt database (Bairoch & Apweiler, 1999). These
were shuffled using a window length of w =20 amino
acid residues following a protocol described elsewhere

(Hoffmann & Bucher, 1995). The chosen value of w is of
the order of the size of the repeats studied here. This
ensures that the randomised sequence database retains
local compositional bias without conservation of repeat
families” sequence motifs.

Local alignment scores were derived from SWise
(Thompson et al., 1994; Birney et al., 1996) database
searches using log-odds (“negative”) profiles calculated
from multiple alignments (Birney et al., 1996), using the
Gonnet250 substitution matrix. “Positive profiles”, used
for producing global alignments, were calculated simi-
larly (Birney ef al., 1996). Multiple alignments were con-
structed using sequences identified as homologues in
PSI-BLAST (Altschul et al.,, 1997) (E <0.001) and/or
HMMER?2 (http://hmmer.wustl.edu/) (E <0.01) data-
base searches, and by reference to determined tertiary
structures if available. Alignments with more than 400
sequences were purged of one of each pair of sequences
with greater identity than a certain threshold to reduce
the size of the alignment and the time for making the
profile, losing a minimum of sequence variability. Fitting
an EVD to a plot of cumulative frequency versus optimal
local alignment scores provided the constants a; and b,
of equation (4) that allowed calculation of P;(x,), the
probability of obtaining a score greater than, or equal to,
the optimal local alignment score by chance alone. Note
that P-values are independent of the database size. This
allows the establishment of a single threshold P, for each
repeat family that is independent of both database size
and repeat order. The corresponding expectation value is
the number of unrelated sequences of repeat order i scor-
ing above x; in a given database of size N is simply the
product of Ei(x;) = Py(x;) x N.

Constants were similarly calculated for sub-optimal
non-overlapping alignment scores thereby allowing esti-
mations of Pfx; (i>1). The highest sub-optimal non-
overlapping alignment score distribution for i =2 was
generated by comparison of a negative profile with a
derivative randomised database. This was assembled
from all sequences giving any detectable hit and con-
tained substitutions of “X’ for all amino acid residues
that were identified previously as being present within
optimal global alignments. Global alignments were gen-
erated from local alignments by comparison of the posi-
tive profile of length | with the region identified by the
local alignment method extended by I/2 at both N and
C-terminal ends.

This procedure was iterated for further orders (i > 2)
of sub-optimal alignment score distributions until the
derivative randomised database size was less than 500
sequences (2.5% of the original database size). Fitting
EVDs to plots of cumulative frequency versus sub-opti-
mal local alignment scores provided the constants a; and
b; of equation (4) that allowed calculation of Px;), the P-
value of the (i — 1)th non-overlapping sub-optimal local
alignment score for a given database.

Recognition of repeats in one sequence

Comparison of a profile with a single sequence that
has been masked over its optimal alignment sequence
yields the first sub-optimal alignment sequence. Sub-
sequent masking of this sequence and profile comparison
reveals the second sub-optimal alignment. Further iter-
ations of this procedure yield a series of non-overlapping
alignments that are ranked according to their decreasing
scores. Each of these scores is converted into correspond-
ing P(x;) values using equation (4). In order to delineate
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true from false positive repeats we required the choice of
two thresholds. The first of these is the minimum num-
ber of repeats reported per sequence (i,,,) Increasing
this number improves the selectivity of the search, at the
expense of sensitivity. The second is an P-value
threshold, Py, that is applicable to all repeat orders i.
This threshold is applied in the following manner. The
top scoring i =1, 2,..., n repeats are considered as true
positives if all repeats possess P, 1(x;) <Py, including
P,(x,) <Py. Thus, repeats i that obey P, i(x;) <P, are
held as “pending” until a higher order repeat j satisfies
condition P(x;) < Py. At this point they are assigned as
true positives. Pending repeats i that have no higher
order j with Pj(x) <P, are assigned as false positives.
This manner of applying a single threshold P, was found
to be more sensitive than requiring that all repeats i =1,
2,..., n have P/x;)-values less than a threshold P,
(unpublished results).

Implementation details

Calculations were computed on a 440 MHz DEC
Alpha. Generation of the 20,000 sequence randomised
database (occupying 7.7 Mb of disk space) using w = 20
required approximately 44 minutes. Calculation of the 4;,
b; coefficients of equation (4) for a typical repeat family
of length 30 required approximately 30 minutes of CPU
In comparison, the identification of putative homologues
from databases is rapid: for example, a typical search of
the effectively complete collection of 19,351 C. elegans
sequences required five minutes of CPU. REP can be
used via a public web server accessible from http://
www.embl-heidelberg.de/~ andrade/papers/rep/
together with detailed results of the analysis presented
in Tables 2 and 3.
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