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Abstract. The proteins ofSaccharomyces cerevisiae Introduction

contain a high proportion of low-complexity, simple se-

quences. These are protein segments composed almdst & large scale, most proteins are composed of similar
exc|usive|y or |arge|y of a Sing|e repetitive amino acid frequencies of the 20 amino acids. But with 20 residues
polymer and are the most commonly shared feature bePossible at each site and most proteins composed of hun-
tween proteins. We have examined a survey of otheflreds of amino acids, a random sequence of residues
species to determine how widespread this phenomenoyould still be unique. Functional constraints dictate that
m|ght be. This was done by Comparing how frequenﬂymany proteins must accomplish similar tasks, such as
segments from one protein are present in other protein®inding to DNA or binding to ATP, and these functions
Any recently evolutionarily related proteins were ex- are often accomplished by more or less distinct domains
cluded. It was found that the most Commomy Share(pf amino acids. This leads to recognizable motifs that are
features of eukaryotic proteins were repetitive but thathow known to accomplish basic tasks (e.g., zinc finger
prokaryotes did not contain such shared, extensively remotifs that help the protein bind DNA).

dundant repeats. The proportion of eukaryotic proteins Another reason for similarity between proteins is their
that contain a significantly repetitive fraction changes€volutionary origin. The most common origin of new
dramatically from species to species. In addition the in-Proteins is thought to be from other proteins via gene
dividual amino acids present in these repeats change béuplication (Ohno 1987). After duplication of the gene
tween species. This suggests that the primary sequen&&duence, the sequence can diverge to perform a new
of the repeats may not be important for their function.function. This can lead to similar domains in different
Further tests of the yeast repeats confirmed that thes@l’oteins. Similar domains in distinct proteins can also be
repeats evolve more quickly than the remainder of thecreated via either homologous or nonhomologous recom-
protein sequence within which they are embedded. Theskination. Still another common suggestion is that these
results show that these rapid evolving, simple sequencéomains might have originated via exon shuffling (Gil-
repeats are in fact the most commonly shared patterRert 1978). Indeed, it has been suggested that an original

between all of the genomic proteins of eukaryotes_ advantage of introns was to facilitate the shuffling of
exons (Dorit et al. 1990; de Souza et al. 1996; Gilbert et

Key words: S|mp|e sequence — Low-comp]exity pro- al. 1997) By whatever mechanism these domains were
teins — Amino acid repeats created, their existence has been well established in all
organisms from bacteria to humans. The number of such
domains, their frequencies, and many of their properties
are less well known (Doolittle 1995).

Some proteins have unusual structures and may differ
from these characteristic frequencies and motifs. Proteins
such as unusually hydrophobic proteins or fibrous pro-
Correspondence tdB. Golding teins (Creighton 1993) will have highly biased amino
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acid frequencies. In addition there are many proteins that Each protein was divided into 100-residue-long segments. Seg-
have unusual amino acid compositions (Wootton 1994)_ments that overlap by 80 residues were constructed. Segments were less

- n 100 amino acids if this composed the entire protein, and some
These have been broadly termed repetitive sequences aﬂl gments were larger than 100 residues (but less than 120) at the

be_came recognized when protein sequences were detefooH-terminus. This was done to maintain a constant 80-amino-acid
mined. The presence of repeated sequences within pr@verlap and an approximate 100-residue length. Each segment was then
teins has been detected in all organisms examined (|\/|a|examined using the BLAST algorithm to determine how many other
cotte et al. 1998). However a survey of all the proteins inproteins contained a similar segment. The BLAST algorithm attempts

. . to identify distantly evolutionarily related sequences and, in this case,
the SaCCharomyces cerevisigenome has revealed that compares protein residues using a PAM250 matrix. Protein sequences

a subclass of these repeats, repetitive simple seqUENCESt contain subsequences that are more closely related in an evolu-
consisting mostly of one or a few amino acids, are thetionary sense than expected by chance will have low expect values. The
most common feature shared among yeast proteins (Goéxpect value itself is an estimate of how many proteins would be

ding 1999)_ In yeast a simple repetitive motif that is expected to be as closely related in a database of this size by chance

p . ., . alone. The database searched here consisted only of the nonredundant
Composed mOStIy of polyserlne or related amino acids I%east proteins. For each segment, the number of BLAST hits with an

most common. The next most common shared_ feature igypect value less than 0.05 were recorded.
a repeat composed mostly of polyglutamic acid and SO To determine all potential simple protein sequence repeats it was, at
on. The five amino acids S, E, D, Q, and N each composémes, necessary to eliminate the more frequent repeats to detect less

the major residue within these repeatsS'ncerevisiae frequent repeats. To accomplish this, the top 100-residue segment was
examined to determine the most abundant amino acid residue. The

Here the evolution of these repetitive structures hasprotein segments were then screened against a 100-residue segment

been examined in several organisms. Organisms Who%nsisting solely of this one amino acid. All segments with a BLAST
genome has been completely sequenced were chosendgpect value less than or equal to 0.01 were removed. The remaining
avoid the bias that easily soluble or otherwise “interest-segments were then reexamined, and the next most frequent class of

ing” proteins would have and to determine their overal| Peptides was recorded. This process was repeated until the most fre-
guent class of peptides showed no apparent pattern. In this way a series

frequency within the entire genome. We show that thes_eof classes of repeats is created, but it should be noted that these classes

unusual repetitive simple sequences are a eukaryotige not necessarily exclusive.
phenomena that does not appear to exist within bacteria To discover if the repetitive simple sequences were evolving faster
or within archaebacteria despite the presence of “low-+than the surrounding high complexity regions on a genome wide level,

complexity“ protein sequences within all of these Organ_each of the 5,459 nonredundant yeast proteins were compared to all
isms known proteins in the public databases. The most closely related se-

guence (according to a BLAST criterion) that did not belongSto
cerevisiaefor each protein was collected. Clustal W was used to align
these two; the yeast sequence and its most similar nonyeast homologue.
Materials and Methods Only 3,253 sequences had a BLAST expected value less than 1.0 x
10°° and were considered further. For each of these pairwise align-
Six organisms that have been completely sequenced were chosen. THRENtS, the 100-residue region that contained the most frequent repeat
organisms chosen were: the Gram-negative bacE&siherichia coli ~ Was identified. Then the percentage of base substitutions and the per-
(Acc. No. U00096; Blattner et al. 1997), the Gram-positive bacteriacentage_ of inde_ls were cqmpgred inside _ant_i outside of this repetit_ive
Bacillus subtilis(EMBL No. BSUB9999; Kunst et al. 1997), the ar- 100-residue region. The S|gn|f|ca_nce of this difference was tested using
chaebacteridethanococcus jannaschifce. No. L77117; Bultetal. @ standard Z-score test of the difference between two percentages.
1996), the archaebactefyrococcus horikoshijAcc. No. APO00001—
AP000007; Tanaka et al. 1998), the eukary®secharomyces cerevi-
siae(Goffeau et al. 1996, 1997; Mewes et al. 1997), and the eukaryoteResults
Caenorhabditis elegangAcc. No. chr_I, chr_ll, chr_Ill, chr_IV,
chr_V, chr_X; TheC. elegansSequencing Consortium 1998). In ad-
dition to being completely sequenced, these organisms were chosen fPhe elimination of closely related proteins considerably

cover a broad spectrum of the diversity of life. For each organism th-:-zreduces the number of distinct proteins considered from
protein sequences were collected from the public databases and ana- h . Th b n tei id d f
lyzed separately. eacn organism. € number ot proteins consiaerea tor

The proteins, including translated open reading frames, from eactf@ch species is shown in Table 1. As an example, the
organism were analyzed separately. Any redundant duplicates, isosgenome ofC. elegansontains 17,083 putative proteins.
zymes or ancient duplications were removed. This was done by pairThese were reduced to just 9,685, a 43% reduction. This
wise aligning different proteins from the genome and discarding thetable also shows the amino acid composition of these
smaller of any two proteins that had greater than 20% identity. The . . . .
percentage was calculated based on the total length of the alignmen?ro_tems' Between species there are subtle differences .'n
and hence if a segment of amino acid sequence in one protein is similZ&MiNO acid content, but there are not apparent dramatic
to that in another and constitutes more than 20% of the protein, then thehanges. The relative frequencies of amino acids be-

smaller of the two proteins will be excluded even if the two proteins aretween species are roughly comparable.

quite dissimilar in other parts of their sequence. A complete pairwise

alignment was avoided by first screening for similar proteins in the

genome using a BLAST search (Altschul et al. 1990) with a standard

filter. All proteins that had a BLAST expect value less than 0.75 wereGenome Content

then aligned using Clustal W (Thompson et al. 1994). This expect level L.
was chosen to ensure that any potentially similar proteins would bel N€ two most frequent segments shared between distinct

aligned. proteins are shown in Table 2. This table gives the num-
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Table 1. The frequency of amino acids among nonredundant proteins

Escherichia Bacillus Methanococcus Pyrococcus Saccharomyces  Caenorhabditis

Amino acid coli subtilis jannaschii horikoshii cerevisiae elegans

A 0.094 0.074 0.056 0.062 0.053 0.062
C 0.012 0.008 0.013 0.007 0.013 0.020
D 0.053 0.053 0.055 0.043 0.058 0.054
E 0.059 0.074 0.086 0.084 0.066 0.068
F 0.038 0.044 0.042 0.046 0.046 0.046
G 0.072 0.067 0.064 0.069 0.048 0.051
H 0.023 0.023 0.014 0.015 0.022 0.024
| 0.059 0.072 0.104 0.087 0.066 0.060
K 0.046 0.073 0.103 0.078 0.074 0.065
L 0.105 0.095 0.093 0.102 0.098 0.085
M 0.028 0.028 0.023 0.024 0.021 0.026
N 0.040 0.041 0.052 0.036 0.062 0.050
P 0.045 0.036 0.034 0.046 0.043 0.050
Q 0.045 0.039 0.015 0.017 0.039 0.042
R 0.056 0.042 0.039 0.055 0.045 0.054
S 0.058 0.063 0.045 0.058 0.091 0.083
T 0.054 0.054 0.041 0.045 0.058 0.058
\Y, 0.069 0.067 0.069 0.076 0.055 0.061
w 0.015 0.010 0.008 0.012 0.010 0.010
Y 0.029 0.036 0.044 0.039 0.033 0.030
Total amino acids 887,389 779,407 359,773 420,549 2,266,886 4,475,410
Total distinct  proteins 2,898 2,790 1,266 1,527 5,459 9,685

ber of other proteins from the same organism that have 44% of all yeast proteins (754 out of 5,459 proteins). The
similar segment according to the BLAST criterion. The protein containing this peptide is SW-NSR1, a nuclear
most frequent segment fdE. coli contains 38 alanine localization sequence binding protein. The most frequent
residues, 30 serine residues, 11 threonine residues, aseégment fromC. eleganss rich in glutamic acid resi-
21 others. It has similar peptides in 32 out of the 2,898dues, with 51 of them. It also has 33 lysine residues, 6
distinct proteins, comprising 1% of ali. coli proteins.  aspartic acid residues, and 15 others. Similar peptide
The protein containing this segment is b1372, a putativesegments occur in 8% of the proteins (763 out of 9,685).
membrane protein. The most frequent 100-residue segfFhe protein containing this peptide is g3875441, a hy-
ment forB. subtiliscontains 26 glutamic acid residues, pothetical protein.
21 lysine residues, 11 aspartic acid residues, and 53 oth- Although their genomes are not yet completely se-
ers. This segment has significant similarity to 1% (31 ofquenced (at the time of this analysis), we also collected
2,790) of the genomic proteins. The protein that containsl,000 proteins fromA. thalianaand 478 fromD. dis-
this segment is yukC, whose function is unknown. coideum AlthoughA. thalianahas repeats in its genomic
The archaebacterial genomic proteins have segmengwoteins, they are not as extensive or as common as those
with similarity to a somewhat greater percentage of thefound in other eukaryotes. The most common is a mix-
proteins. The most frequent segment frbjannaschii  ture of glutamic/aspartic acid and arginine and is shared
contains 22 lysine residues, 15 glutamic acid residues, 18y 5.4% of these 1,000 proteins. Other prevalent repeti-
leucine residues, and 49 others. This segment has sigive simple sequences iA. thalianaincluded polypro-
nificant similarity to 4% (54 of 1,266) proteins. The pro- line. On the other hand, repetitive simple sequences were
tein that contains this segment is MJ1254, a hypothetica¢xceptionally common among 478 unrelated proteins
protein. The most frequent segment frd horikoshii  from D. discoideumThe common presence of repeats in
contains 32 glutamic acid residues, 20 lysine residues, 1&éomeD. discoideumproteins has been previously ob-
leucine residues, and 37 others. This segment has a sigerved by Shaw et al. (1989). The most common repeat
nificant match in 4% (57 of 1,527) of the genomic pro- is polyasparagine shared among 32% of the distinct pro-
teins. The protein that contains this peptide is PH0553, &eins.
hypothetical protein. The Gram-negative and Gram-positive bacteria and
The eukaryotic genomic proteins have far greaterthe two archaebacteria showed similar results. For all
similarity from protein to protein and greater simplicity. four organisms representing two domains of life, the seg-
The most frequent segment frod cerevisiaés rich in ~ ment with the highest number of similar segments in
serine residues, with 51/100 of them. It also contains 2'bther proteins was not noticeably repetitive or rich in any
glutamic acid residues, 10 lysine residues, and 12 othgparticular amino acid residue (Table 2). Although they
residues. This peptide segment has similar segments imad similar patterns, the percentage of proteins with pep-
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Table 2. Most common nonoverlapping protein segments

Count Protein

Sequence Identification

Escherichia coli
32 bl372

30 tolA

Bacillus subtilis

31 yukC

28 yttA
Methanococcus jannaschii

54 MJI254

54 MJ0884

Pyrococcus horikoshii
57 PHO0553

33 PH1798

Saccharomyces cerevisiae
754 SW-NSR1

745 SW-SR40

Caenorhabditis elegans

763 93875441
733 93523105
Arabidopsis thaliana
54 AC007369_9
47 CAB43856

Dictyostelium discoideum
154 P3K2_DICDI

153 CAA71241

KTAAASSASAASTSAGQASASATAAGKSAESAASSASTATTKAGEATEQARutative membrane
SAAARSASAAKTSETNAKASETSAESSKTAAASSASSAASSASSASASKD spanning domain
AAADAKAKAEADAKAAEEAAKKAAADAKKKAEAEAAKAAAEAQKKAEAARutative membrane
AALKKKAEAAEAAAAEARKKAATEAAEKAKAEAEKKAAAEKAAADKKAAA spanning domain

NDYIYFALAKYKQQLLSEDTNDEDIQKELDSVNSELEKAQKERQENKQSNUnknown function
SETSLVDTSEEQTQTDEEKQAEEKAAEEKAAAEEKAKKEEQKEKEDEKKE
TEKKDEKKDDK
KEHEELEKEYKSVSSEAKKLKDNKEDQDKLEKLKNENSDLKKTQKSLKABJnknown function
IKELQENQKQLKEDAKTAKAENETLRQDKTKLENQLKETESQTASSHEDT

RTKNIKNELTSLKNKLKEKEEEIKNLAIKIKDLEDKLSKANKNLLNKDEI
ISVLNERISEYESQIQKLLDENIIYKEKIESLNKYIETLKKENDKLKDKV
VAADLVDYFEIKEDELKVLVGDKLASEILKILKEKKKLERKKKKEKEKLE
KEKKKEEKAKEKQSNLIIQPKEIKEEVKAEVEKKEEVKEKIVEKPKAEEV

Predicted coding
region

Putative activator
(replication factor C)

LSSQLSRLVEALEEKKFAVHEKKAESIAEKAAEVTEKVERIEELLEEKPK Hypothetical protein
EEKSELAKKVEEIHKKVEELEEKLTGEKLEETKKKVEELEEKIEKGEEVT
LRIRMSDVEKEISLISKDLEKLIKEEESLRSEIEDSERKIAEIDETISKK

KDEVAKLKGRIERLEKRRDKLKKALENPEAREVTEKIREVEREIAKLREE

Hypothetical chromosome
assembly protein

SSSESESESESESESSSSSSSSDSESSSSSSSDSESEAETKKEESKDSS®luclear localization sequence
SSSDSSSDEEEEEEKEETKKEESKESSSSDSSSSSSSDSESEKEESNDKK binding protein
SSSSSSSSSGESSSSSSSSSSSSSSDSSDSSDSESSSSSSSSSSSSSSS8Butative supressor
DSESSSESDSSSSGSSSSSSSSSDESSSESESEDETKKRARESDNEDAKE protein srp40

AEKNEEDKKEEEPKKEEEKKEEVEKKEEDEKKDEEPKKEEEKKEEEQKERypothetical protein
VEKKEEEEKKDEEPKKEEEKKEEEEKKEDEVEEKSEKVEEKELEPKKDEE

ETKKN

KSRKRAKSESESDESDEEEDRKKSKSKKKVDQKKKEKSKKKRTTSSSED&milar to SNF2/RAD54
DSDEEREQKSKKKSKKTKKQTSSESSEESEEERKVKKSKKNKEKSVKKRA family of helicases

DLKKSRRDRDRSNERKKDKGSEKRREKDRRKKRVKSSDSEDDYDRDDH filar to RNA helicases
REKRKEKERERRRRDKDRVKRRSERRKSSDSEDDVEEEDERDKRRVNEKE
KQRKCISEKKPLKKPEVSTDEEEEEEENEQSDEGSESGSDLFSDGDEEGRutative protein
NDSDDDDDDDDDDDDDDEDAEPLAEDFLDGSDNEEVTMGSDLDSDSGGSK

CNNLTSSSSSSSTTATTPSPTTTSNNNNNNNNNNNNNNNNNNNNNNNNRNosphatidylinositol
NNNNNNNNNNNNNNNNTTSTTTTTTSILISSSPPPSSSSSSSSNDEQFNN  3-kinase 2
SQQDLSTISSPILSSSTTSSSSSISTDSNLSSNNNNNNNNNNNNSTPILS  racGAP (racGTPase-
STSTTTTTTTTNNNNNSNNTFQPISVSKSSSFSKSTISTNPSSKSSSNL activating protein)

tides similar to the most common peptide segment waposing the most common segments are E, T, K, S, Q, P,
4% in both the archaebacteria, and only 1% in the GramR, and G. Although these lists of amino acids from each

positive bacteria. These percentages are in striking cormsrganism are similar (each containing S, E, and Q), there
trast to the repetitive richness of the serine residués in are repeats shared between many genomic proteins in

cerevisiaeand the glutamic acid residues @ elegans
The most common segment & coli has similar pep-

one organism that are composed of an amino acid that
does not appear to be present in excess in the other

tides in 1% of all ofE. col’'s proteins, butS. cerevisiae organism. In addition to those amino acids that are
and C. elegans common segments have similar pep- shared, their relative order in terms of frequency has

tides in 14% and 8% of their proteins respectively.

changed.

Another feature that distinguishes the eukaryotes from BothC. elegan®ndS. cerevisiadave a large number
the prokaryotes is the presence of multiple classes obf glutamic acid repeats (class “b” f&. cerevisia@and
repetitive sequences. Table 3 shows that both of the finelass “a” for C. elegansn Table 3). But this does not
ished eukaryotic genomes had at least five distinct reskew the overall, genome wide concentration of glutamic
petitive classes each (as defined in Materials and Methacid. All of the prokaryotic species excefpt coli have
ods). InS. cerevisia¢ghese consist of the five amino acids higher frequencies of glutamic acid than do these two

S, E, D, Q, and N. IrC. eleganghe amino acids com-

eukaryotes (Table 1).



Table 3. The frequency of the most common classes of 100 me

135

r's

Class Frequency Protein Representative sequence
Saccharomyces cerevisiae
a 13.8% SW-NSR1 SSSESESESESESESSSSSSSSDSESSSSSSSDSESEAETKKEESKDSSS
SSSDSSSDEEEEEEKEETKKEESKESSSSDSSSSSSSDSESEKEESNDKK
b 7.8% SW-YKU1 KKEEEEKKKKEEEEKKKKEEEEKKKKEEEEKKKQEEEEKKKKEEEEKKKQ
EEGEKMKNEDEENKKNEDEEKKKNEEEEKKKQEEKNKKNEDEEKKKQEEE
c 4.4% SW-YGG6 CGKPLALTAIVDHLENHCAGASGKSSTDPRDESTRETIRNGVESTGRNNN
DDDNSNDNNNDDDDDDDNDDNEDDDDADDDDDNSNGANYKKNDSSFNPLK
d 3.8% SW-ADR6 NNNNSNNHNMRNNSNNKTSNNNNVTAVPAATPANTNNSTSNANTVFSERA
AMFAALQQKQQQRFQALQQQQQQQQONQQPQRQQQQQQQNPKFLQSQ
e 3.6% PIR-S61046 NMAPSNSGSPIIIADHFSGNNNIAPNYRYNNNINNNNNNINNMTNNRYNI
NNNINGNGNGNGNNSNNNNNHNNNHNNNHHNGSINSNSNTNNNNNNNNGN
Caenorhabditis elegans
a 7.9% 93875441 AEKNEEDKKEEEPKKEEEKKEEVEKKEEDEKKDEEPKKEEEKKEEEQKEE
VEKKEEEEKKDEEPKKEEEKKEEEEKKEDEVEEKSEKVEEKELEPKKDEE
ETKKN
b 5.8% 04226144 TTTTSTTSSTTTTTATSTTESTSTSTDSTTTESTTESTTESTSTSTDSTT
TESTTESTTESTSTSTDSTTTESTSTSTDSTTTESTTESTTESTSTSTDS
c 5.7% 0291182 DSSDNSDSSESSDDDKKSKKKKKKSKKDSSDSSDSSDSSDSSDDGKKKKK
KKSKKDSSDDSSDSSDSSDSSDSSDDDKKKKKKSKKSKNKGSSSDSSDSS
d 4.9% 93877936 ARKKKEKTPTPTESSFESSSDSSSTSESSTSSESSSSASESESESKSESQ
VSSSKTSTSKASSSKAYGSDFESEKSSSSSASTISKVTPKKLDKPQKTKK
e 3.1% 93879933 QQQQQQREQQQREQQHREHQARLQQHQQQQQQQQQQQQQRPPQPQPQP!
QPPQRPPQQPQSFSGTHELHLQRQREQQQQQQQQQQQQQQRQQNPQQQP!
f 3.0% 03874621 PKTPPPPPPMQHQNHQNHQYQQQHPSLPRSASTPQPIQQQQSSIPPPPP
PPPPHCEPTMVHVEFTPPSTSSVPPPPPPLPPISSGAPPPPPPPPPGGLM
g 2.0% 0388602 MSRRSRSRSRSPKRDREERKRREDRDRDRERKRDRKDRERKRRHRSSSSE
GSQAEPHQLGSIFREERRRRERNESPKLPPPPPPPPSDPPVDTSIPFDVS
h 1.8% 03875269 PQPASCGCAPACPQAPSCPVCPPPQPCPAPPAAYCPQVQPVYQSGGGGC

GGGGCGGGGGGCGGGGGCGGGGGGGCGGGGGGGCGGGGGGGGGGYAS

Relative Evolutionary Rate

amino acid all the sequences (except théraziliensis
sequence, which doesn’t begin until the 49th amino

Two examples of yeast proteins aligned with homo-acid), align with great similarity (results not shown). Fig-

logues that have a BLAST expect value less than 1.

0 »ure 1 shows the alignment around a glutamic acid and

107° were chosen. Both of these examples were choselysine repeat in the yeast sequence. Although the other
on the basis that the Clustal W output showed goodsequences are also rich in these two residues in this area,
similarity in the regions directly adjacent to the repeatthe similarity is weaker. At amino acid 259, where the

and that the proteins appeared to have similar descriprepeat region ends, the sequences align extremely well

tions in each organism.

The first example is a 705-amino-acid heat shock ¢
nate protein, hs83 (Borkovich et al. 1989; Access
P15108). The 100-residue segment from this protei

once again. This strong similarity continues to the end of
ogthe proteins. The repetitive simple sequence in the
ionmiddle of the protein shows high levels of indel substi-
n igutions in comparison to the closely related sequences.

similar to sequences in 80 other distinct yeast proteins. The second example is a 1,235-amino-acid high-

The 18 BLAST hits for this protein include AAA0281
from S. cerevisiae P46598 fromCandida albicans,
AAB97626 from Podospora anserinaP41887 from
Schizosaccharomyces pomi#e}8426 from Zea mays,
Q08277 fromZ. mays,P54651 fromD. discoideum,
P06660 fromTrypanosoma cruzih26125 fromT. cruzi,

CAA99793 fromC. elegansP02829 fromS. cerevisiae,
S57415 fromLeishmania donovani infantum,

AAD41357 from Tetrahymena thermophilaA44983
from Trypanosoma bruceiP27741 fromLeishmania
amazonensi£12861 fromTrypanosoma brucei bruce
AAA66179 from Plasmodium falciparumAAB35313

from Leishmania braziliensisFrom the 6th to 218th

3 affinity potassium transport protein, trkl (Gaber et al.
1988; Accession P12685). The 100-residue segment
from this protein is similar to sequences in 133 other
distinct yeast proteins. The 12 proteins with BLAST ex-
pect values less than 1.0 x Poare P28569 fronBac-
charomyces bayanus28584 fromS. cerevisiae,
CAA08813 fromNeurospora crassadAAD30128 from
Kluyveromyces lactisQ10065 fromS. pombe S50225
from S. pombeP47946 fronS. pombeCAB39784 from

A. thaliana,AAC62807 fromA. thaliana,S47582 from
Triticum aestivumBAA18016 from Synechocystisp.,
and AAC07434 fromAquifex aeolicusThe first eight
sequences align with good similarity from amino acid 56
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khkk kkgkhkhkk kkk t. kphkkkkkkhhhhkk hkky k & gk & kg : EEkk &k * * 3
FME F y [LDEVN-ERIG 168
GGEF ¥ ILDEVN-ERIG 168
) lc ILDETN-ERLE 171
ESSAGGEF N IPDNG - -PSIG 166
[LDTDE - PRLL 169
[DTTG - EQLG 180
IDTTE -EQLG 180
FRIALDHT - -EPLG 171
u [PTPDC--DLK 166
[PTPDC--DLK 166
RPFND--PEVT 169
[LDEVN-ERIG 168
TPES - -DMK 166
DDENPEKLT 167
TPDC--DLK 166
APES - -DME 166
STPDC--DI.K 166
IKDETN - EKLG 168
'VOES- -DMK 118

Saccharomyces_cerevisiae_1
Saccharomyces_cerevisiae_2
Candida_albicans
Podospora_anserina
Schizosaccharomyces_pombe
Zea_mays_1

Zea_mays_2
Dictyostelium_discoideum
Trypanosoma_cruzi_1
Trypanosoma_cruzi_2
Caenorhabditis_elegans
Saccharomyces_cerevisiae_3
Leishmania_donovani
Tetrahymena_thermophila
Trypanosoma_brucei_1
Leishmania_amazonensis
Trypanosoma_brucei_2
Plasmodium_falciparum
Leishmania_braziliensis
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8686066

G G G 6 G) @3 G) @) ¢

Saccharomyces_cerevisiae_1 225
Saccharomyces_cerevisiae_2 225
Candida_albicans REG 226
Podospora_anserina 222
Schizosaccharomyces_pombe 224
Zea_mays_1 235
Zea_mays_2 235
Dictyostelium_discoideum 224
Trypanosoma_cruzi_1 RE 222
Trypanosoma_cruzi_2 222
Caenorhabditis_elegans 224
Saccharomyces_cerevisiae_3 RG 225
Leishmania_donovani 222
Tetrahymena_thermophila 220
Trypanosoma_brucei_1 B 222
Leishmania_amazonensis 222
Trypanosoma_brucei_2 222
Plasmodium_falciparum 248
Leishmania_braziliensis 176
Saccharomyces_cerevisiae_1 283
Saccharomyces_cerevisiae_2 283
Candida_albicans 284
Podospora_anserina 279
Schizosaccharomyces_pombe 282
Zea_mays_1l 293
Zea_mays_2 293
Dictyostelium_discoideum 275
Trypanosoma_cruzi_1 282
Trypanosoma_cruzi_2 282
Caenorhabditis_elegans 278
Saccharomyces_cerevisiae_3 287
Leishmania_donovani 278
Tetrahymena_thermophila 278
Trypanosoma_brucei_1 282
Leishmania_amazonensis 279
Trypanosoma_brucei_2 282
Plasmodium_falciparum 328
Leishmania_braziliensis 234

L Kpkkkkmkkkhggy kpkgokkgk g A kKREE RARE g3 g kgpph kg
Saccharomyces_cerevisiae_1 E¥NAFYI (D (HF EGELEFRAILF IPKRAPFDLFESKKEK MI EABBLI!E’HLSWE 363
Saccharomyces_cerevisiae_2 E AF [DW HF EGH IEDEAEDLIPEWLSFVEG 363

'VRRVFIEDDAEELIPEWLSFIKG 364
'VRRVFI TDLIPEWLSFVEE 359
'VRRVF T IPEWLGFIKE 362
'VRRVFI IPEWLGFVEE 373
'VRRVF T EELIPEWLGFVKE 373
'VKRVF T IIPEYLNFVRE 355
'VRRVF I LCPEWLAFVRE 362
'VRRVF I LCPEWLAFVRE 362
'VRRVF T IKG 358
'VRRVFIJDEAEDLIPEWLSFVEG 367
'VRRVFIMDNCEDLCPDWLGFVKG 358
'VRRVFIMDDCEELIPEYLNFIKG 358

Candida_albicans
Podospora_anserina
Schizosaccharomyces_pombe
Zea_mays_1

Zea_mays_2
Dictyostelium_discoideum E
Trypanosoma_cruzi_1
Trypanosoma_cruzi_2
Caenorhabditis_elegans
Saccharomyces_cerevisiae_3
Leishmania_donovani
Tetrahymena_thermophila

Trypanosoma_brucei_1 'VRRVF I PEWLGFLRG 362
Leishmania_amazonensis "VRRVE' LCPDWLGFVEG 359
Trypanosoma_brucei_2 "VRRVF I LCPEWLGFLRG 362

'VRRVF IMDDCEEIIPEWLNFVEG 408

Plasmodium_falciparum E :
'VRRVF IMDNCEDLCPDWLGFVKG 314

Leishmania_braziliensis

Fig. 1. Alignment of 18 proteins similar to yeast protein hs83. Sequences have been truncated at the amino- and carboxy-termini. The bar shows
a repetitive region within the yeast protein and the line shows the corresponding 100-residue segment used in the search (asterisks above the
sequence indicate identical amino acids; colons and periods indicate conserved residues; shading is as encoded by Clustal X).

to 160 (the remaining sequences do not have a correguence has a region with aspartic acid, glutamic acid,
sponding peptide region). This similarity breaks downand lysine repeats, and once again in this region the
around amino acid 172, where there is a region of smalkimilarity of the sequences declines (Fig. 2 shows the
serine and asparagine repeats (results not shown). Theralignment surrounding this repeat). From amino acid
after, from amino acid 781 to 1,005, all sequences showl,077 until approaching the carboxy-terminus, these se-
great similarity again (Fig. 2). After this, the trkl se- quences show high similarity. In this case, only the yeast
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Saccharomyces_cerevisiae_1 AFVMLVPWIIL] S| - 859
Saccharomyces_bayanus IVSFVMLVEWL SDIVRS - 865
Saccharomyces_cerevisiae_2 SEI - 546
Neurospora_crassa FLLGL DRWEQVVDQ | 502
Kluyveromyces_lactis SILAMITIFAAWIQP IVRS! -8P 577
Schizosaccharomyces_pombe_1 ILGLVAFLIFI TSERVVT I-NREWWAR 575
Schizosaccharomyces_pombe_2 IIFN IVFA S DSYDL-RRGWWA 542
Schizosaccharomyces_pombe_3 IIFN IVFA :‘S DSYDL-RRGI 550
Arabidopsis_thaliana_1 SVLLL' T. SSKEI-§ 2 R 241
Arabidopsis_thaliana_2 SVLLL' T. SSKEI-§E F A 4 N REN 222
Triticum_aestivum I TASAPLNKKGI-NIVLFSL ASCANA NEN ! 560 274
Synechocystis_sp. SNNLIK IF FFVFLODYPPPRALWEAVFHE A ) SVPLNLEV 194
Aquifex_aeolicus LIRFLKRVFSFVFIJE LLSIYFSLKGVE-DEVFNGIFH Xe NG 195
Saccharomyces_cerevisiae_1 939
Saccharomyces_bayanus 945
Saccharomyces_cerevisiae_2 626
Neurospora_crassa 582
Kluyveromyces_lactis 657
Schizosaccharomyces_pombe_1 N : P DLEX 655
Schizosaccharomyces_pombe_2 { KLYPFSFEKKEAMA { P ¥ 4 622
Schizosaccharomyces_pombe_3 FP! .LYPFSFEKREAMA D) .CF : F ) A 630
Arabidopsis_thaliana_l1 P > AF] 317
Arabidopsis_thaliana_2 298
Triticum_aestivum 350
Synechocystis_sp. & 257
Aquifex_ aeolicus 252
Saccharomyces_cerevisiae_1 1018
Saccharomyces_bayanus 1024
Saccharomyces_cerevisiae_ 2 AF 704
Neurospora_crassa E 652
Kluyveromyces_lactis 731
Schizosaccharomyces_pombe_1 P 726
Schizosaccharomyces_pombe_2 691
Schizosaccharomyces_pombe_3 699
Arabidopsis_thaliana_1 385
Arabidopsis_thaliana_ 2 339
Triticum_aestivum 415
Synechocystis_sp. - 1 NEIDLN 328
Aquifex_aeolicus DWYERILS D P 323
Saccharomyces_cerevisiae_1 1094
Saccharomyces_bayanus 1100
Saccharomyces_cerevisiae_2 760
Neurospora_crassa 690
Kluyveromyces_lactis 766
Schizosaccharomyces_pombe_1 772
Schizosaccharomyces_pombe_2 I e 722
Schizosaccharomyces_pombe_3 DDE K D 5 730
Arabidopsis_thaliana 1 NBK------=== === === oo -=szsoz.s ICIFLIS 411
Arabidopsis_thaliana 2 ------------------------ e mmm s mmmmmm LIVSQLS ICIFLIS 357
Triticum_aestivum KVER-------------c-cooomommmm oo oo oo oo --GSLVQ-NLAFSPLECNIIFVMVAC 442
Synechocystis_sp. it it it IDDRCIP! ILKAIAVVFGSMVEV 359
Aquifex_aeolicus GRE------------------mcc e e e o e o | gI FERSV-PESEIKKALVILSLSIFF 353

* : . . i* 3

Saccharomyces_cerevisiae_1 IC ALY 1174
Saccharomyces_bayanus ICE A 1180
Saccharomyces_cerevisiae_2 IC | X 840
Neurospora_crassa ISE : 767
Kluyveromyces_lactis IC A 846
Schizosaccharomyces_pombe_1 851
Schizosaccharomyces_pombe_2 ICE SA’ 802
Schizosaccharomyces_pombe_3 I ISNP n 1) 810

Arabidopsis_thaliana_l ITERQNLQR-DPINF 475

Arabidopsis_thaliana 2 ITERQNLQR-DPINF : CNESAY Ile 436
Triticum_aestivum I RN - DPLNF SELNMI SCERLHQLHPEIICQDK----- S 516
Synechocystis_sp. ISSISLLIFLE-SEQEAVSLAFE B----E LVLIVE If--ILMAAIVGDP 429

Aquifex_aeolicus INFVNLMLD-KFENKDFLYJEMFE E-GLEFCAD; IIgML ILGFALALJGRSEV 431

Fig. 2. Alignment of 12 proteins similar to yeast protein trkl (see Fig. 1). Sequences have been truncated at the amino- and carboxy-termini.

sequences contain the repetitive region. Other species To make these observations more quantitative we
lack it altogether, even in proteins with high levels of compared the proteins from yeast and aligned them with
similarity. their closest nonyeast homologue (as judged by a
These and other examples indicate that the repeats aBL. AST expect value criterion). The differences in the
often present at or near the beginning or the end of gercentage of amino acid replacements within the 100-
protein and that they tend to change relatively quickly inresidue segment versus outside of this segment were
comparison to the remainder of the protein. When lo-compared. The differences were also compared in the
cated in the middle of the protein, the unusual repeats arpercentage of indels and for the percentage of replace-
often surrounded by other regions of the protein thatments plus indels within versus outside the 100-residue
change at a slower rate. segment.
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Table 4. Relative evolutionary rates karyotic genomes to determine if shared repeats are com-
mon among their proteins. These genomes were chosen
'(\)'f“;eairs Slope ‘ et 2 from taxonomic groups as widely scattered as possible:
representatives from the Gram-negative bacteria, from
Amino acid replacements the Gram-positive bacteria, and from the archaebacteria.
3,014 0.0042:+ 0.0008 5.206 0.000 0-0089  For this analysis we did not wish to include closely
Insertions/deletions .
3.230 0.0023 + 0.0013 6.686 0.000 00137 related proteins. One of the most commonly accepted
Both origins for new proteins is gene duplication from a pre-
3,230 0.0141 £ 0.0021 6.842 0.000 0.0143 viously existing protein. This process will lead to large

multigene families when duplication occurs rapidly.

) o Over evolutionary time these duplicate proteins will di-
A regression of this difference versus the number Ofverge in sequence and can, given the correct replace-

times the hundred-residue segment has similar segmentsents, encode a different function. For example, many of
in other proteins has a significantly positive slope in all i proteins in the yeast genome are known to be ancient
three case®r < 0.0005 (Table 4; based on 3,014 obser-qplications (Wolfe and Shields 1997). Therefore, all
vations for amino acid replacements, 3,230 observationgoteins were pairwise aligned to eliminate proteins with
for indels, and 3,230 observations for both—the numbek;mijar segments due only to recent shared ancestry. Any
of observations for amino acid replacements is less thagntries with more than 20% identity throughout their
the others because for many of the proteins the 100gnire length were eliminated. Because the proteins (in-
residue segment had no complimentary sequence in thgging translated open reading frames) from each or-
closest homologue). The positive slope indicates that th%anism were analyzed separately, the comparisons pre-
more frequent the segment is represented in the genomggnted here are strictly intraspecific.

the more likely tha}t it will hgve alarger evolutiona}ry ratt  The results presented here suggest that these repeats
than the surrounding protein. However, the coefficient ofy,q 4 uniquely eukaryotic feature of protein structure.
determination,r?, in each case'is very small (0.0089, This is different from the simple presence of low-
0.0137, 0.0143, respegtlvely), |nd|c_at|ng t_hat there_ ar&omplexity sequence. Low-complexity sequence is pres-
many other factors that influence their relative evolution-gnt in the proteins of both prokaryotes and eukaryotes
ary rate and that although the slope is significantly posiparcotte et al. 1998). But although it is present in pro-
tive the frequency of the segment has little power toyaryotes; it does not seem to contribute in any substantial
explain all of the variation observed in the evolutionary way to the major shared sequences between distinct pro-
rate. teins. Repeats within DNA sequences are more common
in larger organisms and there is a good relationship be-
Discussion tween DNA repetitiveness and genome length (Hancock
1995). But this is not likely to be the reason that repeti-
When DNA reassociation experiments were first done ittive simple sequences are missing in the prokaryotic pro-
was discovered that most eukaryotes have large amountsin sequences. Indeed there is no a priori reason to ex-
of repetitive DNA (Britten and Kohne 1968). Repetitive pect that a similar relationship holds for protein repeats.
DNA sequences have now been discovered in all freélthough yeast is a single-celled organism with a small
living organisms. Even the small bacterial genome ofgenome, it has more of this type of simple protein se-
Mycoplasma genitaliumhas DNA repeats (Hancock quence than does the multicellular nematode with a
1996). It is less commonly observed that protein se-Harger genome.
quences are also repetitive in nature. But simple se- Many simple sequence protein repeats have been ob-
quence repeats are in fact the most commonly shareserved previously. Theparepeats originally discovered
pattern between all of the genomic proteins of yeast. Iiin insects are the most famous of these repeaa
has been shown that 14% of all yeast proteins showepeats are simple sequence repeats consisting of poly-Q
significant similarity to a poly-S segment of protein and with, for example, 31 tandem residues present iopa
a total of 21% of all yeast proteins have a segment thatepeat in the notch locupalike repeats have been
has significant similarity to either poly-S, poly-E, poly- discovered irDrosophila(Wharton et al. 1985), medflies
D, poly-Q, or poly-N (Golding 1999). Not all proteins (Siden-Kiamos et al. 1993), and mice (Duboule et al.
that contain repetitive simple sequence are immediately987; Persengiev and Kilpatrick 1997). They have been
apparent to the eye because via a PAM matrix functionsuggested to be characteristic of developmentally regu-
ally equivalent amino acids will score nearly as high aslated genes (Wharton et al. 1985). Other simple sequence
the identical amino acid. repeats are the alanine-rich antifreeze proteins of fish
The origin of these simple sequence repeats are oflLin and Gross 1981), alanine tracts in molluscan shell
interest. The eukaryotes are thought to have evolvedramework proteins (Sudo et al. 1997), or the poly-
from a common ancestor with archaebacteria (Woese ajlutamine repeats in murine GRP-1 (Cox et al. 1996).
al. 1990). Therefore we have analyzed four different pro-Many of these tandem repeats have been noticed in in-
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dividual proteins and often, their presence has been notesingle repeat, and. thalianahas only 5.4% of its pro-
as rather unusual (O’Hara et al. 1988; Vai et al. 1991;teins similar to one repeat. Fourth, the substance of the
White et al. 1991; Heinonen and Pearlman 1994; Woot+fepeat changes between eukaryotic spedkeselegans
ton 1994:; Di Como et al. 1995; Yamamoto et al. 1995;had threonine, proline, and glycine repeats that are not
Cox et al. 1996; Sudo et al. 1997). But the length andobserved as common repeats in yeast. Itis difficult to see
high repetitive frequency as illustrated here is not com-how the repeats could encode specific functions if the
monly appreciated. identity of the amino acid residue was not important. Nor
The high frequency of these repeats in diverse prowhy one organism would require a very common feature
teins suggests that they must either have an importantf its genome that is not required by another.
broadly based function or that they are simply dispen- Last, the repeat region of some proteins might be
sible for the protein and happen to be residues that wildeleted without affecting the function of the protein.
not disrupt the remainder of the protein. There are fiveGatti et al. (1994) both deleted and duplicated a 36-
features of these sequences that suggest that to sorﬁ@_ino acid serine_-rich region from yeast protein gp115.
degree the latter may be true. The first of these is that th&l€ither construction outwardly affected the function of
nature of the repetitive amino acids seems to argudN® Protein despite the serines being targets of O-
against a specific uniform function for all repeats. Theredlycosylation. Similarly, Sumiyama et al. (1996) found
are no unusual characteristics of these particular aming'@nine, glycine, and proline repeats in the mammalian
acids. They are not particularly large or small amino Brain-1 and Br_a|n—2 class III_POU transcription factor
acids. Nor are they particularly unreactive. Both D and E9€"€S- Yet their nonmammalian homologues lack these

are acidic residues, S (and T) are hydroxyl residues, anaepeats aItogther.
N and Q are amide residues. The suggestion has been However, itis also apparent that at least some of these

made that simple sequence in proteins favors hyolrophili§epetitive simple sequences have been assigned critical

amino acid residues (Marcotte et al. 1998) but some re_gnctlons. It has been suggested that some of these re-

. : ions have important interactions or functions (Wootton
petitive simple sequences are known to be composed cg

. . . . . N 994) in a variety of roles. Because some of these re-
the aliphatic residues alanine and leucine. It is difficult to . :
ons appear to be functionally necessary even though

see how these repeats would form useful secondary 1ons a . " .
tertiary structures. The disordered tertiary structures tha eir primary sequence may be highly variable it would
y s y uggest that in these cases, it may be that the presence of

they_ might for_m (Ne_vvfeld e.t al. 1994) could favor these a repetitive simple sequence is more important than its
p_artlcular amino acids residues. Unfortunaltely, the ter- rimary sequence composition. In other cases, it is pos-
tlgry |Str|L,JC|ture of these ellemer_lts hﬁs rece||ved COMPalip|e that the function of these repeats is to simply serve
atively little study but glutamine homopolymers are as spacers between other protein motifs—the protein
known to form stablg-sheets (Perutz et al. 1994). Ifthe o jiyajent of junk DNA—but this cannot yet be confirmed.

composition of these tandem repeats impart a distincl, ejther case, the repeats give much greater flexibility in
function that would explain their high frequency, itis not yrotein structure and greater variability between species

readily apparent. _ o _in protein sequence than would otherwise be possible.
Second, the rate of evolution within the repeats is
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