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Abstract TPR repeat was originally defined as a 34 amino acid structural repeat TPR-34 . Equal length tandem repeats ELTR was proposed

to represent the ancestral repeat pattern. Length polymorphism of TPR repeats was analyzed using PATTINPROT two new versions of TPR

repeat of 40 and 42 amino acids were identified. Thes¢' long’ TPRs endow new functional capacities to the resulting proteins. A strong

correlation between varied lengths and new functions supports the hypothesis that length variation is an underlying mechanism for the function

evolution of repeat containing proteins.
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1 INTRODUCTION

Tandem arrays of nucleotide sequence repeats found
on genomes are classified according to the length of the
repeat unit as satellite several thousand bp
10-1000 bp and microsatellites 1 — 10

bp . If these repeats occur in protein-coding sequences

minisatellites
will result in amino acid sequence repeats  protein
repeats . Protein repeats also vary considerably in length
from one to a few amino acid repetitions to large
repetitions  containing multiple domains. Here we
consider a repeat that constitutes a single secondary
SR for

SR repeat typically

structural unit in protein  structural repeat
see Andrade et al '

occurs tandemly in protein and assembles into a super

review

structure with each repeat unit as the secondary structural
element. Therefore it differs conceptually from motif and
domain that can exist alone and function independently .
The importance of SRs is reflected by their presence in
many proteins and the structural or functional roles they

mediate ' 3

. To detect and analyze repeats the task is
not simply to detect homology and their arrangements in a
protein but also to detect the" repeat pattern” and to
understand the evolution of these patterns the pattern in
SRs is defined by length.

To analyze SR evolution let’ s simplify repeat

pattern in a biological background. Assume all SRs
originated at a genetic level by DNA duplication not
necessarily true  the simplest SR pattern is equal length
tandem repeats ELTR . The purpose of proposing such
a hypothetical repeat pattern is many folds ELTR is easy
to visualize or understand it is probably derived from the
oldest

it sets a useful restraint

simplest duplication mechanism and most

importantly length  on
reoccurring sequence pattern. Most importantly —pattern
represents an evolutionary event marker .

then the

and any

If repeats indeed originated as ELTRs
ELTR pattern
deviations from the ELTRs represent descendents

represents the ancestors
degeneration of ELTR during evolution owing to point
mutation insertion and deletion is easy to understand
the reverse process to generate ELTRs from degenerate
repeats is highly unlikely. By identifying ancestors and
descendents  establishing their vertical evolutionary
relationships and analyzing their distributions in extant
useful

information. Suppose mutational rate remained constant

organisms we could extract evolutionary
in different lineages of organisms and over time the
degeneracy of repeating pattern and repeat sequence could
reflect the age of the repeat. However above scenario
only represents an over simplified scheme of repeat

evolution recombination between homologous repeats
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often results in repeats of mixed length this is
particularly true when repeats become older. To observe
a preferred length is rare and should be analyzed for its
functional significance and evolutionary implications. In
in the

case of SRs the only restriction is structural constraints

theory there are no restrictions on repeat length

i.e. the repeats must be long enough to form stable
secondary structures and must have conserved amino
acids at conserved positions.

Currently
based that are very flexible on the interval lengths

repeat search methods are homology
between repeats >~®  they are powerful to identify
irregular and degenerate repeats but do not have restraint
on the original pattern of the repeat.

TPR was
CDC proteins in

The classical tetratricopeptide repeat
first identified in cell division cycle
yeast as a degenerate 34-amino acid repeat ° ' with the
name reiterating its 34 amino acids length. Sikorsky et
al. 1990 " e
consensus with a high frequency of sequential appearance
of hydrophobic amino acids at positions 1-4 W/L/F -7

L/I/M -8 G/A/S -11 Y/L/F -20 A/S/E -24 F/Y/
L -27 A/S/L -32 P/K/E -34 residues in parentheses
are alternatives for a single position numbered from N-

and other reviewers proposed a

terminus no positions are completed conserved.

A single TPR adopts a helix-turn-helix structure
with the two a-helices packed together by inter-helix
interactions. Typically TPRs are tamdemly arrayed in
proteins and a cluster of three consecutive TPRs is the
predominant arrangement * . The first solved TPR
structure  of phosphatase 5 *
demonstrated that multiple TPRs form a right-handed

superhelix with a groove of large surface area available

protein protein

for ligand banding.

2 RESULTS

2.1 Identification of TPRs of Different Lengths
ELTR TPRs could be easily recognized among
known TPR containing proteins and offer an ideal pool of
proteins to analyze. The question we want to address is
whether the lengths of TPR varied during evolution.
Toward this end we used the program PATTINPROT on
NPS@ "
patterns in proteins. The best feature of this program is

it is particularly useful to identify recurring

the pattern search could be designed with a very strict
length requirement a query template sequence was

formulated to search for repeating patterns at a fixed

length in protein data base therefore any disruption of
ELTR will be excluded by this search strategy. Using
this program we identified ELTR TPRs with different
lengths an evolutionary event .

The original query template of TPR was formulated

using  the
112

consensus  sequence  reported  in

literatures repeat length is 34 amino acids
repeating times are 3 different search stringencies were
tested and 75% identity to query template was chosen as
reliable hit identification. The presence of genuine TPR
repeats was further confirmed by going through the
annotations of each identified protein and performing
individual BLAST searches all the TPR proteins
identified by PATTINPROT are also annotated TPR
proteins by others. The template specifications are as
follow

X3-WLY -X 2-LM - GAS X 2 -
YLF -X 8 - ASE -X 3 - FYL -X 2 - ASL -X
4 -PKE -X5-WLY -X2-LM- GAS -X 2 -
YLF -X 8 - ASE -X 3 - FYL -X 2 - ASL -X
4 - PKE -X 5 - WLY -X2-LM - GAS -X 2 -
YLF -X 8 - ASE -X 3 - FYL -X 2 - ASL -X
4 - PKE -X 5
amino acids and numbers in parenthesis represents

in which X represents arbitrary

lengths. The repeat length of the template was changed
by varying the number of amino acids between residue

PKE and residue WLY the region between PKE and
WLY was chosen as a length variation target because this
region is not predicted to disturb the overall secondary
structure of TPR hence 5 amino acids between the two
positions represent the original 34 amino acid length 6-
16 amino acids between the two positions represent length
increase from 35 to 45 amino acids. Shorter length TPR
repeats 31-33 amino acids were also tested by reducing
the number of amino acids between PKE and WLY .
The complete search strategy tested ELTR TPR of 31-45
amino acids lengths in current data base. The results are
summarized in Table 1. As expected the numbers of
ELTR repeat containing proteins identified vary greatly
with length most TPR proteins 913
TPR-34
of TPR-34 repeating patterns in 913 proteins are 2192

identified contain
34 amino acid repeat and the total numbers
which is 2 folds higher than the number of proteins
indicating a genuine ELTR event. The numbers of
proteins with a specific TPR length identified and the

occurrence of many more patterns than proteins are 2 key

ondicaters:of sigmficantrand=reak ELTR events .Candidate,
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ELTR TPRs were detected across a wide length range

however repeats of 34 40 and 42 amino acids stood out
as the most prevalent types the corresponding repeats
were designated TPR-334  TPR-40 and TPR-42.
ELTRs of other lengths  although not
prevalent could still be real. Some of these repeats were

However

found to be results of degenerate TPR-34 and some

such as the TPR-45 proteins were only found among
fungal genomes. It should be pointed out that although
the numbers of TPR-40 and TPR-42 proteins identified
are much fewer than that of TPR-34 64 and 136 proteins
versus 913 respectively  the results should be taken with

a grain of salt. One should bear in mind that the longer
length TPR acquired novel functions as discussed later
in the text may obey a sequence conservation rule that
differs from the classical TPR consensus derived from
TPR-34. Hence the pattern searches conducted here will
miss a large portion of TPR-40 and TPR-42 proteins.
Many TPR proteins were probably excluded in an ELTR
search due to the stringent pattern constraint. To
thoroughly analyze these proteins and firmly assign them
to a specific length group is of great value to functional
study .

Table 1  Distribution of ELTR TPR-containing proteins across a 31-45 amino acids repeat length range generated using PATTINPROT

Search Randomized Proteins Patterns Proteins in database
Names probability Similarity/ % Database identified identified 12 Dec 2005
3tpr31 1.911e-18 75 Nr_Prot 0 0 2238571
3tpr32 1.906e-18 75 Nr_Prot 15 15 2238571
3tpr33 1.902e-18 75 Nr_Prot 14 15 2238571
3tpr34 1.897e-18 75 Nr_Prot 913 2192 2238571
3tpr35 1.893e-18 75 Nr_Prot 19 23 2238571
3tpr36 1.889€-18 75 Nr_Prot 2 2 2238571
3tpr37 1.884e-18 75 Nr_Prot 56 58 2238571
3tpr38 1.880e-18 75 Nr_Prot 9 11 2238571
3tpr39 1.875e-18 75 Nr_Prot 13 13 2238571
3tprd0 1.871e-18 75 Nr_Prot 64 129 2238571
3tprdl 1.866e-18 75 Nr_Prot 28 37 2238571
3tprd2 1.862e-18 75 Nr_Prot 136 339 2238571
3tpr43 1.858e-18 75 Nr _Prot 3 3 2238571
3tprd4 1.853e-18 75 Nr_Prot 2 2 2238571
3tprd5 1.849¢-18 75 Nr_Prot 13 49 2238571

2.2 Functions of TPR-40 Proteins

TPR-40s were identified in both prokaryotic and
TPR-40 proteins were further
examined by sequence comparison and repeat alignments

eukaryotic proteins.

to verify the repeat length. The functions of many TPR-
40 proteins particularly those of eukaryotic origins have
been characterized. TPR-40s were identified in human
LGN Fig. 1A and rat AGS3 proteins. LGN was first
identified as a G,;-binding protein in a yeast two-hybrid
screen '°  whereas AGS3 was discovered in a functional
screen for receptor-independent activators of G-proteins.
17 Both LGN and AGS3 were predicted to share a
common architecture an N-terminal domain contains 7
tandem-arrayed TPRs followed by a linker region that
connects the TPR domain to a series of 4 G-protein

regulatory GPR motifs '°~'® | The TPR domains in
LGN and AGS3 were shown to interact with unidentified
protein partners and the interaction directs these proteins
to specific intracellular locations '*~?' . A homologue of
LGN/AGS3 in Drosophila melanogaster Pins

of Inscuteable

partner
is a key component of a protein complex
involved in regulation of asymmetric cell division % .
Pins binds the protein Inscuteable via its TPR domain and
G-protein via the C-terminal GPR motifs. These proteins
form a complex with a number of other proteins to
regulate asymmetric cell division in Drosophila .
Another type of TPR-40 protein is rapsyn a peripheral
membrane protein of the skeletal muscle synapse that is
essential for the formation of highly organized structure of

the vertebrate neuromuscular junction. It colocalizes with

© PERZERMEMHARTATIHESHIES http://journals. im. ac. cn
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nAChR  in the

postsynaptic membrane from the -earliest stages of

nicotinic acetylcholine receptors
innervation ** . In rapsyn -/- mutant mice which die
at early birth nAChRs are not clustered > . For review
of neuromuscular synapses formation and
1998 2 . The structure of

but its primary structure was

rapsyn
function see Burden
rapsyn is not known
predicted to contain 8 ¥ or 7 *® TPR repeats. The TPRs
in rapsyn Fig. 1B is required for self-association of
rapsyns *®  a phenomena not found with TPR-34 the
structural bases for rapsyn self-association are of keen
interest. Mutation in TPR domain of rapsyn caused
severe use-dependent muscle fatigue in Zebrafish * .
The TPR-40s in prokaryotic TPR proteins share high
degree of similarity between adjacent repeats and the 40-
amino acid length of the repeats was easily ascertained.

For example the repeats in a hypothetical protein ZP _
00106722 from the cyanobacterium Nostoc punctiforme

(A) 1 T# il 20 MoAr 2
WL Y AF A
TPR-34 1-—L—TA—L-——— S——¥—5—K—31
Y M5 F E L L
TH 15 Fl FL

1920 AATLHCLGMUKANRGE TEVATALYOQRSLA TR GRVOGD) 959
2 960 AATLHEMGYLKANRGETEVATALYQRSLATTEQ | DHVOTY) 999
31000 AATLHEMGYLKAKRGE [EEA T ALYQRSLATERQ GRVQGE 1059
4 1040 AATLHEMGYLIKANRE
5 1080 AATLHEMGYLKANRGE [EEATALYQRSLATRIQ GDVETQ L1149
6 h5 SATYSQLGNAYFYLHDYAKALFEYHHHDLTLART IGDQLGE 94
T80 AKASGNLGNTLKYLGKHDER I VCCOQRHLDISRELNDRVGE 134
135 ARALYNLGANVYHAKGK SFGEPGPQIVGERPERVROALOAA 174
155 PGPQDVGEFPEIYRDALQAAVIEYIINLSLVTALGDRAAD 194
#0195 ARAFGNLGANTHYLLGK FRBAY TAHEQRLL TAKEFGDKAALR 234
O 235 RRAYSNLGNAY TFLGEFETASYYKKTLLLARQLKDRAVE 274
1} 275 AQSCYSLGNTYTLLQDYERA 1 DYHLEHLATAQELNDRIGE 314
1L 315 GRACWSLGNAYTALGNHDQAMHPATKHLIISREVGDKSGE 354

ATALYQQSLATKEQIGDYVQGG 1079

17 2k -3

(R) i
I 4% FRYLGULYTAHSEMGRYKIMLKFAVYOT DTARGLEDADEL. 82
2 B3 LESYLNLARSNEKLCHEFHKT | SYCKTCLGLPGTRAGAGLG 122
3 123 GQVSLSHGYAFI 61 STRQRALESFRRALRYAHNNDOTHLE 162
4 163 CRYCCSLGSFY AQVETYERALFFPCKAARLYNDYGRGWSL. 202
5 206 AVSOYHMAVAYRIT GHLGSAMECCERSMETALOQAGORPTG 245
6 246 ALCTLCFADTHRSRGDLETAFPRYDSAMSTMTETGNRIGE 285

Fig. 1 A Alignment 2 representative TPR-40 proteins. The TPR-34
consensus is given above the alignment and the conserved positions are
numbered on top. Repeats 1-5 were selected from a hypothetical protein

ZP 00106722 of Nostoc punctiforme 6-11 were selected from human
LGN P81274 . A disrupted TPR-40 between residues 135-194 was
included in the alignment. The regions of the disrupted repeat related to
TPR were underlined. The conserved positions are numbered on top of
the alignment. B Alignment of TPR-40s in mouse rapsyn NP_
033049 . Repeats 1-4 are similar in sequence 5 and 6 are similar.

Conserved positions are numbered on top.

are tandemly arrayed and share greater than 90% amino
acid identity between repeats Fig. 1A . This
extraordinary degree of identity implies these TPRs are
recently duplicated in this organism. TPR-40 proteins

from  prokaryotes  with  preliminary  functional

characterization 30 31

include AfsR from Streptomyces
and Rap proteins ** from Bacillus. These latter TPRs
share much lower sequence identities between adjacent
repeats but the 40 amino acids length could be
ascertained after careful alignments suggesting that these
TPRs are much older than those just duplicated in
cyanobacteria.

TPR protein

The recently characterized prokaryotic
Nipl #* from E. coli is a TPR-34
protein.

2.3 Functions of TPR-42 Proteins

TPR-42s were identified in proteins of
both prokaryotic and eukaryotic origins. In eukaryotes
TPR-42 was mainly identified in kinesin light chain
KLC Gindhart and Goldstein 1996 **
determinant of intracellular trafficking. It interacts with
KHC

microtubule

Similarly

a key

to form the native
35 36

kinesin heavy chain
heterotetrameric motor-kinesin
Proposed functions of KLC include coupling of cargo to
KHC and/or modulation of KHC ATPase activity * .
The binding partners of KLC include calmodulin *’

¥ and amyloid precursor protein *

Sunday driver
suggesting that KLCs regulate motor functions by
integrating information from diverse signaling pathways.
mediated by
interaction between KLC and a membrane-associated
Sunday driver protein via KLC TPR domain. KLC is also

shown to bind amyloid precursor protein through its TPR

Kinesin-dependent axonal transport is

domain again implicating KLC in axonal transport of
APP which plays a major role in the development of
Alzheimer’ s disease. The structure of KLC is not
known the diverse binding capacities of this protein
predict an interesting structure-function relationship to be
discovered. The TPR-42s from prokaryotes share a much
higher degree of sequence identities between adjacent
repeats data not shown and repeats of 42 amino acid
length could be easily recognized. And they share
apparent sequence similarity to KLC. Unfortunately
most of these proteins were annotated TPR containing
hypothetical proteins their functions are essentially
unknown. Again some prokaryotic TPR-42 proteins such

osthese pmstreptomyeetes:are: dess conserved -at sequence,
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level between repeats when compared to those from
cyanobacteria suggesting an older origin. Examples of
TPR-42 repeats in a putative KLC © AAB87735 from
the cyanobacterium Plectonema boryanum and eukaryotic
sources are shown in Fig. 2 .

HE i an 20 A
I 186 TCINWLAELYVVAQGRYEEAEPLYVRSLATHRQQI GATHI DV 197
2198 ANSFNLALT YRRQGRYEEAEFLYVESLATREQQIGTOHIDV 233
3 240 ATSTNNLAVI YRSOGRYFEAEFLYVESLATREQQIGTOHIDV 231
4 252 ATSLSKLAVI YQSOGUHHEAEFLLVEALPTREQQLGTOHIDV 323
3 186 LRTLHNLYTQYASQGRYEVAVPLORQALEDLERTSGHDHIDYV 227
6 228 ATVINTLALVYRDOVKYKEAANLINDALSTRGETIGENHPAV 269
T 270 AATINNLAVI YGHRGKYKDAEPL.OKRALETREKVIGEDHPDYV 311
8 312 ARQLNNLALT CONQGKYDEVEEYYORALDTYESKLGFTODINY 353

Fig. 2 Alignment of TPR-42s. Repeats 1-4 are selected from a
putative KLC ~ AAB87735
selected from KLC P46824  of Drosophila melanogaster . The conserved

positions are numbered on top of the alignment.

of cyanobacterium P. boryanum 5-8 are

2.4 Structure and Function of TPR Proteins

TPR derived structures mediate protein-proteins
interactions.

The interaction surface is provided by a concave
amphiphilic channel on the overall superhelix formed by
multiple TPRs. Since the report of PP5S a TPR-34
protein structure those of several other TPR proteins
alone or in complex with a peptide or protein ligand have
been solved *' ~*
TPR-34 proteins or derivatives of TPR-34s. To date a
structure of a TPR-40 or TPR-42 proteins is still not

known their structures are expected to form a superhelix

. All these proteins are members of

with a bigger concave surface to interact with bigger
ligands. Sequence alignments of representative TPR-40
and TPR-42 proteins reveal consensuses that differ from
that of TPR-34 and from each other. Since the consensus
is predicted to vary between proteins of different
functions a general profile is not given in this paper.
Nevertheless
and A at position 8 and A at positions 20 and 27

conservations at key positions such as G

suggest these repeats are related and they share a general
design principle. The functions of TPR-40 and TPR-42
proteins were studied in higher eukaryotes  animal
kingdom it is interesting to determine whether they are
also present in lower eukaryotes such as in yeast and
what functions they confer in lower eukaryotes. In
prokaryotes the TPR-40 proteins proved to be regulatory
proteins in the case of Rap proteins in Bacillius it is
known that their functions depend on their ability to

interact with other proteins but not known whether these

interactions are mediated by the TPR domain. It is clear
from studies of eukaryotic TPR-40 and TPR-42 proteins
that these TPR domains
interactions and their binding specificities are apparently
different from those of TPR-34 proteins.

mediate  protein-protein

3 CONCLUSION REMARKS

In this article length was proposed to be a defining
parameter for repeat classification and evolution. Based
I showed that the length of TPR
varied during evolution and certain lengths such as 34

on careful analyses

40 and 42 amino acids
others. The functions of TPR-34 proteins have been
39 TPR-40 and TPR-42
proteins were considered TPR-34 proteins. Apparently

are more prevalent than the
reviewed many times
despite length divergence TPR proteins still function by

although the
interaction partners and pathways have changed. Since

mediating protein-protein  interactions
the basic structural elements of TPR-34 are still retained
in TPR-40 and TPR-42 proteins containing longer TPR
should at least expand TPR-34’ s functional capacities.
Why certain lengths were favored over the others In his

recent paper Vermeij 2006  suggests' the principle
of physics and economics imply that many derived
functional states are achieved many times in many clades
substantial ~ widely applicable

because they impart

advantages to their bearers” and later “ some
configurations stabilize and self-organize more readily
than others” . The prevalence of TPR repeats on genomes
of diverse organisms seems to support these predictions
some TPR repeats particularly those in 40 and 42 length
categories  clearly emerged very recently and
independently in specific lineages they share high degree
of sequence identity between adjacent repeats and less
disruption of ELTR pattern . Although it is not clear
what' substantial or widely applicable advantages” they
impart to the bearer a plausible speculation is the
expansion of TPR proteins laid the foundation for
functional sophistication by providing more platforms to
perform multiple task functions. They provide the hubs
for protein-protein interactions > .

TPR-34 proteins have the highest percentage of
representation in database the widest distribution among
extant organisms they represent the oldest form of

TPRs. Both TPR-40 and TPR-42 proteins have lower

cibselute: pumbers:insdatabase s narrower distribution;;, both,
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indicators of later origin. A general impression is TPRs
have more degenerate versions and functional variations
in eukaryotes than in prokaryotes does this suggests that
TPR was
eukaryotes

first originated selected and fixed in

In conclusion repeat length variation

exemplifies a simple function innovation strategy used by
all 3 domains of life although the strategy may have
been used by the eukaryotes for a longer time. A broader
inference is that length variation in any duplication event
could be a fundamental genetic variation mechanism
employed by nature for function and genome evolution.
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