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Amino acid sequences of very non-random composition ('low-complexity' 
segments) are abundant in natural proteins. From recent statistical analyses 
of protein sequence databases, approximately 15% of the residues occur 
in segments of extreme compositional bias, and approximately 34% of 
proteins have at least one such interspersed segment. Sequences of many 
elongated non-globular domains also have non-random compositional bias, 
and these regions increase the proportion of residues in statistically deviant 
segments to approximately 25% of the database. In contrast, less than 1% 
of residues in known ordered crystal structures are in segments of reduced 
complexity. Increasingly, low-complexity segments have been implicated in 
crucial biological functions, shown by genetic engineering and mutagenesis 
experiments, variations in human disease and locations of autoimmune 
epitopes, but relatively little is known about their range of possible molecular 

structures, dynamics and interactions. 
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Introduction 

Segments of non-random amino acid composition, or 
'low-complexity' regions, are very abundant in natu- 
ral protein sequences. They include sequences rich 
in Ala, Gly, Pro, Gin, Ser, Thr, Asn, Glu, Asp, Arg, 
His, Met, Lys, lie, Leu, Val, Phe residues, or combina- 
tions of a few of these. Some segments are homopoly- 
mers or nearly so, while others are irregular mosaics 
of mixtures of two or a more residues, and some in- 
clude short-period regular repeats. They are strikingly 
abundant in large nmltidomain polypeptides crucial 
in morphogenesis, embryonic development,  transcrip- 
tional regulation, RNA processing, signal transduction 
and both intracellular and extracellular structure and 
integrity. 

Several hundred publications from 1993 and the pre- 
vious few years (too many to list individually in this 
review) have reported new amino acid sequences, de- 
duced from genomic or cDNA sequences, that contain 
low-complexity regions or domains. Almost all authors 
have used terms of surprise such as 'unusual', 'unex- 
pected', 'extraordinary' and 'remarkable', perhaps re- 
flecting a belief that such segments are rare, which 
they are not, or an expectation that normal proteins 
should have locally complex, quasi-random composi- 
tions. 

The current protein sequence and structure databases 
[1-4] provide rich data for determining the actual abun- 
dance and nature of low-complexity segments using 
appropriate mathematical definitions of complexity. 
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The statistical improbability of several specific classes 
of segments has been discussed for several years by 
Karlin and Brendel [5-7], with emphasis on clusters of 
charged amino acids. Recently, more general statistical 
measures of compositional complexity have been ap- 
plied to both amino acid and nucleotide sequences and 
to entire sequence databases [8",9-11], and these form 
the basis for the updated surveys reviewed here. Also 
reviewed is recent evidence implicating some of the 
low-complexity segments themselves in crucial molec- 
ular interactions and biological functions of these pro- 
teins. In only a few cases are relevant physicochemi- 
cal details beginning to emerge, and there are many 
challenges for future research at the level of molecular 
structure and dynamics. 

Measurement of local compositional complexity 

The method described below provides a measure of 
compositional complexity of a segment of sequence, 
defined as a general formal property independent of 
any periodic or irregular repetition of pattern [8",9-11]. 
All possible segments are placed on an equal footing. 
For example, regions rich in generally common amino 
acids such as Leu, Ala and Set are treated as no more or 
less surprising than segments rich in His, Met or Trp. In 
analyzing 'non-random' mosaics, we do not know what 
to expect, and in reality homopolymeric regions taken 
together have a very different amino acid composition 
from the whole sequence database [8",11]. 

Abbreviation 
NOE--nuclear Overhauser enhancement. 
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Fig. 1. Distribution of local compositional complexity in SWISS-PROT [2], PDB [4], random sequences of the same amino acid composition 
as SWISS-PROT, and various subsets of SWISS-PROT. The horizontal axis of each plot is Complexity KI (see text) calculated for all windows of 
length/. = 40 moved in steps of one residue along all the sequences in each data set. The vertical axis is log20 (frequency), where frequency 
is the fraction of the total windows having each value of KI. For L = 40, there are 35 251 possible complexity states. The Drosophila and 
myosin subsets of SWISS-PROT were partitioned into low-complexity and high-complexity segments using the SEG algorithm [8"] before 
calculation of the complexity distributions. 

Compositional complexity is a function of the composi- 
tional state of a sequence segment or window. For a 12 
residue peptide window, for example, the ordered vec- 
tor of numbers (3,3,2,1,1,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0), 
representing counts for the various amino acids, de- 
scribes one of  the 77 possible complexity states. Many 
possible sequences and amino acid compositions, with 
different residue types corresponding to the 20 num- 
bers, share this complexity state. The local compo- 
sitional complexity (K 1) of a window of length L is 
defined as: 

where n t is the 20 numbers in the complexity state vec- 
tor. K 1 measures the information per position needed, 
given the window's composition, to specify a partic- 
ular residue order, regardless of which amino acids 
correspond to the 20 numbers in the vector and inde- 
pendently of the actual probabilities for appearance of 
the various amino acids. The probability (P0) for the 
occurrence of a given complexity state, based on this 
assumption of uniform probabilities for the 20 amino 
acids, is: 

1 / K 1 = ~ log 20 20-- 

i~__l hi! 
Po = ~ 20-- 

, 
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(a) 

(b) 

MASTERMIND - Drosophila virills 

HIGH-COMPLEXITY SEG~NT8 

mdagglpvfqsasqaaaaavaqqqqqqqqqqqqqqqqqqqhlnlqlhqqhlqqqqslgih 
lqqqqqlqlqqqqqhnaqaqqqqqlqvqqqqqqrqqqqqqqqqhslynanlaaaggivgg 
ivpggngaggvalqqvfggpngnnnsnnnnnsnnnsininngnispgdglptkrqpildr 

Irrrmenyrrr 

knkraakktekklpetqqqaqtq 

nnnnnnnnnnnnnnnsssgvgggs 

gvgggrgrhqqqqqhqqhqqqqhqqqqhqqhqqhqqqqqhqqqqhqqqqhqqqqqqhhhq 
qqqqqggglgglgnngrggggpgggghmatgpggvgvgmgpn~ 

glghgfggfgvglgldpqsmkmrpgvgfqngpngnanagnggptaggggggngpgg 

pphgmqqqqPqqqqqapqqqqqqhgqmmggPgqgqqqqqqqqP 

qqqqqhlppqfhq 

qqqqamqqqqqqqqqqqqqqqhhaqqqqqhpngpnmgvpmggagnfakqqqqqvptpqqq 
qqqqlqqqqqqyspfsnqnananflncpprggpqgnqapgnmpqqqqqqpqqqqqpprgp 
qsnpnavpggnaanatqqqqqqqqqqqqqqqqqqqqqqqattttlqmkqtqqlhisqqgg 

gshgiq 

qqgvffsqqqaaqqqqqqqqqpgnagpnpqqqqqqphggnagangggpngpqqqqpnqnm 
nnsnvpsdgfslsqsqsnunftqqqqqqaaaaaaaaaaaqqqqaaaaqqqqqqvppnnlrqr 

qtqaqaaaaaaaaaaaqaqaaananggpggnvplmqqqqqtpggvpvgagsg 

ggpmggmpgmqmggpggvpinpmc~nnpnggapnaqmmmggngggpvpaasqakflqqqqi 
mraqamqhqqqvqqbmagarppppeynatkaqlmqaqTamqqtvgggggggvgvgvgvggg 

vgggggagrfpnsaaqaaamrrmtqq 

ggagggprggmggpyggggvggaggpmggggggqqqqqrppnvqvtpdgmpmgsqqewrh 
nmuntqqqqqmgfgpggpmrqgpggfnggnfmpngapnapgngpnggggggmmpgpngpqm 
qltpaqmqqqhmrqqqqqqhmgpgggggggggr~nq~qqllqqqqnaaagggggmmatqmq 
mtsihmsqtqqqqqltmqqqqfvqststttthqqqqqlqlqmqsqsggpggngpsnnnga 

nqaggvgvgvgvgvgvgvvgssatiasassisqtins 

1-191 

192~224 
225-247 
248-285 
286-309 
310-355 
356-459 

460-569 

570-625 
626-658 
659-701 
702-721 
722-734 
735-769 
770-955 

QTDC~PRYEQTFSTVCEQQNMETSALQKRFLES 

MLAGQLQSSVHVQQKILKRPADDVDNGAENYEPPQKLP 

ENLTKFS~IVQQLEFTTSAANSQFQQISTNVT~TMTSVKSEP 

SAQQKSALGNLANL~CKREPDHDFPDLGSLAKDGANGQFPGFPDLLGDDNSENNDTFKD 
LINNLHDFNPSPLDGFDEKPLLDIKTEDGIKVEPPNAQDLINSLNVKSET 

LMSEESI,AAQTLKQM~EQMQMKSAMGGMGGFHV 

RYNDYGGGFPNDFAMGPNPT 

KAPGGGPG~VQQNFLDIKQELFYSSPNDFDLKHL 

956-976 VSAGQNLHLSSDMKSNVSVAA 
977-1148 

1149-1169 NASVGVPVSAGGPNNGAMNQL 
1170-1315 

1316-1336 PIPPSGP~4RPQHA/~4YMQQM 
1337-1613 

1614-1655 WANSN[ILCLEFLDNLPDGNFSTQDLINSLDNDNFNIQDILQ 

MIL-~4 FUSION PROTEIN 

LOW-COMPLEXITY SEG~NTS 

mahscrwrfparpgttgggggggrrglgggprqrvpalllppgppvggggpgappsppav 1-104 
aaaaaaagssgagvpggaaaasaassssasssssssssassgpa 

105-133 
gesgggggsge 134-144 

145-203 
sprkprgrprsgsdrnsailsdpsvfsplnksetksgdkikkkdsksiekk 204-254 

255-487 

scgssekssaasqhssqmssdssrssspsvdtstds 488-523 
524-885 

sndrrsrrysvsersfgsrttkklstlqsapqqqtssspppplltpppplqpass 556-610 
611-702 

gfasgfsasgtaasa 703-717 
718-759 

snrtsagtsssgvsnr 760-775 
776-802 

issselspltppssvssslsisvspl 803-828 
829-861 

sapaepfssssptplfp 862-878 
879-909 

ekdksrerdrerekenkresrkekrkk 910-936 
937-962 

atsssakkat 963-972 
973-1032 

stpssstvkhstss 1033-1046 
1047-1225 

kkqcckmrkcqnlqwn~skaylqkqakavkkkekksktsekkdskessvvknvvdssqkp 1226-1311 
tpsaredpapkkssseppprkpveek 

1312-1346 
ppqppttgpprkevpkttpsepkkkqppppesgpeqskqkkvaprpsipvkqkpkekekp 1347-1412 

ppvnkq 
1413-1523 

leddlqlsdsedsdseqtpekppsssappsapqslpepvasahsssaesestsdsdsssd 1524-1611 
sesessssdseenepletpapepepptt 

1612-1659 
pkilplkapakpprppeaphpgkrscqkspaqqeppqrq 1660-1698 

1699-1765 

ssekkkhkss 1766-1775 
1776-1806 

sqgpphsgsssrtsg 1809-1823 
1824-1894 

kkhssekrssdsssklakkrkgeaerdcdnkkirlekeiksqssssssshkessktkpsr 1895-1981 
pssqsskkemlppppvssssqkpakpa 

HIGH-COMPLEXITY SEGMENTS 

LLRVGP GFDAALQVSAAI GTNLRRFRAVF 

LTTQ I p C SWRTKGM IMDKKTEP FRLLAWSWCLNDEQFLGF GS DEEVRVRS PTRS P S VKT 

RGRPP TFP GVK I KI THGKD I SELPKGNKED SLKK IKRTP SATFQQATK I KKLRAGKL S P L 
KSKFKTGKLQ IGRKGVQIVRRRGRP P STER IKTP S GLL IN SELE KP QKVRKDKE GTP P LT 
KEDKTVVRQSPRRI KPVRI I P S SKRTDAT IAKQLLQRAKKGAQKK I EKEAAQLQGRKVKT 
QVKNIRQF IMPVVSAI SSRI IKTPRRF IEDEDYDPP IKIARLESTPNSRFSAP 

QASEE IQVLP EERSDTPEVHPPLP I SQS PENE 

I SDHTPWLMP PT IP FGLC SNNPLT SP FLPASTAP MQGKRKS I LREP TFRWTSLKHSRSEP 
QYF S SAKYAKEGL I RKP I FDMFRP PP LT'PEDV 

RLF SPLHS GTRFDMHKRS PLLRAP RFTP SEAHSR I F E SVTLP 

KRKRKVF SP I RS EP RSP SMS~TRS GR 

ATSALNPTFTFP SHSLTQS GE SAEKNQRP RKQT 

• WF TP GSQTERGRNKDKAP EELSKDRDADKSV 

GSE IQS S SALYP VGRVSKEKWGEDV 

GRKKS S SED S GTD I TSVTLGDTTAVKTK I L I KKGRGNLEKTNLD LGP TAP SLEKEKTL CL 

I GSMLAQADKLPMTDKRVASLLKKA/£AQLCK I EKSKSLKQTDQP KAQGQE SD SS ETSVRG 
P RI KHVCRRAAVALGRKRAVFP DDMP TL SA~PWEEREK I LFSMGNDDK S S IAGSEDAEPL 
APP I KP IKPVTRNKAP QEPP VKKGRRSRRCGQCP GCQVP E DC GVCTNCLDKP KF GGRN I 

SEEGNVSAPGPE SKQATTPASRKS SKQVSQPALV I 

ENAGTLN I FSTLSNGN S SKQKI PADGVHR I RVDFKQTYSNEVMCVEE I LKEMTH SWPP PL 
TAIHTP STAEPSKFPFP TKD 8QHVS SVTQNQKQYDTSSKTHS N S QQGT S SM 

NKWQLDN~rLTKVS SQLRHQRAP GAQS PMGGTQRVP.AAATVPRV~S I LN 

TVGTKQPKKPVKASAP~GSRTSLQGEREPGLLPYG SRDQT SKDKPKVKTKGRPRAAAS NE 
PKPAVPP 

LPAP SKALSGPEPA/(DNVED RTPEHFALV? LTE 

CRQAVVVQED SRKDRLPLPLRDTKLL SP LRDTP PPQSLMVKI TLDLL SRI PQPP GKGS RQ 
RKAEDKQPPAG 

Fig. 2. Automatic segmentation of amino acid sequences into segments of low-complexity and high-complexity by the SEG algorithm [8"]. 
The proteins are (a) Drosophila virilis, translated product of the mastermind gene ([14"]; GenBank accession number M92914, locus name 
DROMASTM); (b) the MLL-AF4 translocation fusion protein in a human acute leukemia ([15"]; GenBank accession number L221 79, locus 
name HUMMLLAF4F). All the lines of the sequence read from left to right and the order of the segments in each polypeptide runs from top 
to bottom, as shown by the central columns of residue numbers. The stringency of segmentation was the same for both proteins. 
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where r k is the number of times that the number k oc- 
curs among n t. 

The SEG algorithm [8",11] further develops this the- 
ory in the spirit of unbiased exploration of sequence 
data. The sequence or database is initially treated as a 
heterogeneous mixture of regions with unknown sta- 
tistical properties; attempts may then be made to infer 
these properties. SEG first identifies all low-complexity 
segments in a sequence or database at a defined level 
of stringency, then local subsequences of minimal Po 
of any length are reported. These rigorously optimized 
segments correspond well with intuitive concepts of 
simple sequences, as illustrated below. 

Masking low-complexity sequences for database 
searches 

Low-complexity sequences create a serious problem 
for database search algorithms based on pair-wise se- 
quence comparison and alignment, because they are 
not encompassed by the random model used by these 
methods to evaluate local alignment statistics [12"]. Al- 
gorithms such as SEG may be used to mask automati- 
cally the low-complexity segments in database search 
query sequences, replacing their residues with 'x' char- 
acters. This removes the potential confusion caused 
by overwhelmingly large output lists, with many spuri- 
ously high scores due to compositional bias, in which 
interesting similarities may be inconspicuously buried 
[8°,12",13]. An important recent application of such au- 
tomated masking has been in the production of pre- 
computed sets of all amino acid sequence homologues 
('neighbors') released with the NCBI databases and in- 
corporated into the ENTREZ retrieval system [3]. Since 
September 1992, the entire sequence databases and all 
updates have been masked before searches, in order 
to avoid spurious matches in the neighbor lists. 

The abundance of low complexity in protein 
sequence databases 

Fig. 1 illustrates some of the recent results obtained 
from complexity measures on sequence databases and 
their subsets. Details of calculations of this type and 
the cleaned-up databases used are described in [8°,11]. 
The distribution of complexity K 1 shows a remarkable 
contrast between the sequence database SWISS-PROT 
(26 August 1993 release; [2]), the sequences in crystal 
structures from PDB Ouly 1993 release; [4]) and ran- 
dora sequences (generated with SWISS-PROT amino 
acid frequencies). Compared with random sequences, 
SWISS-PROT sequences display a substantial excess of 
low-complexity windows, amounting to approximately 
25% of the residues. In contrast, the nmch smaller set 
of PDB sequences is very close to random in its dis- 
tribution of complexity, less than 1% of the residues 

falling outside the random range. In species-specific 
subsets of SWISS-PROT, all groups of organisms (bac- 
teria, protists, yeast, fungi, plants and animals) show 
an abundance of low-complexity segments, varying 
from 11% (Escherichia coli) through 24% (human) to 
36% (Drosophila) of the residues [11]. Fig. 1 shows 
Drosophila results as an example. 

The upper end of 'low complexity' includes some rela- 
tively well understood, long, non-globular domains of 
proteins, in addition to many new classes [11]. These 
include collagens (Fig. 1), which exhibit a bimodal dis- 
tribution of local complexity corresponding to the win- 
dows from the triple-helical rod and globular domains, 
and coiled-coil proteins such as myosins (Fig. 1) for 
which the SEG algorithm may be used (with appropri- 
ate parameters) to separate cleanly the globular head 
sequences from the variably repeated coiled-coil se- 
quences. Similar distributions are found with keratins, 
other intermediate filament proteins, proteoglycan core 
proteins, nmcins, elastins and fibrins [11]. These results 
support the concept of a general correlation between 
non-random (reduced) compositional complexity and 
non-globular elongated structure. Any tendency, how- 
ever slight, towards regular sequence repetition, as oc- 
curs in these helical structures, will inevitably generate 
relatively lower values of K 1 at sufficiently long win- 
dow length. 

If we discount these known non-globular, 'medium- 
complexity' structures, a conservative estimate still 
counts 15% of the residues in the sequence database 
as occurring in segments of strikingly low complexity 
[8%11[. The dramatic meaning of 'strikingly' is illus- 
trated by two important examples published in 1993 
(Fig. 2; [14",15"]). The SEG algorithm also shows that 
approximately 34% of the sequence entries in SWISS- 
PROT contain at least one such (relatively stringently 
defined) low-complexity segment; this increases to 
56% if stringency is relaxed to include potential long 
non-globular regions of non-random low complexity 
[111. 

Speculations that extrapolate from the current se- 
quence and structure databases of natural proteins sug- 
gest that there may be only a limited number of'ancient 
conserved regions' or alignable sequence families, cor- 
responding to globular topological folds [16,17]. Possi- 
bly, extrapolating even further into uncertainty, glob- 
ular domains that are conserved across different phyla 
may account for little more than half of the residues 
in the total set of genome-encoded protein products, 
with low-complexity segments, non-globular regions, 
and relatively non-conserved globular domains mak- 
ing up the rest. 

J 

Randomness, compactness and structural 
uniqueness 

Evidently, the PDB ahnost exclusively contains se- 
quences of high compositional complexity, similar 
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to random sequences, presumably because compact 
globular proteins that form relatively unique folds and 
highly-ordered crystals have this property (Fig. 1; [11]). 
Thus, the 'globular perspective' on the current database 
of protein sequences is to think of quasi-random, high 
compositional complexity as the norm, with low-com- 
plexity sequences deviating from this norm to differ- 
ent extents. There is a long history of the idea that 
globular structures resemble random sequences in lo- 
cal composition, although interesting subtle differences 
exist (Finkelstein, this issue, pp 422--428; [18,19]). This 
idea is now supported by these rigorous complexity 
measurements (Fig. 1; [4,11]) and other database anal- 
yses [20,21]. Conversely, random permutations of the 
sequences of globular proteins may have a high prob- 
ability of forming compact folded structures [18]. Per- 
haps, as a general design principle for proteins and 
protein-like polymers, high compositional complexity 
is a necessary condition for the formation of a unique 
globular fold that has intricate, tight packing of side 
chains into a solvent-excluding core. Low-complexity 
sequences, even those with an appropriate proportion 
of hydrophobic side chains to favour relatively com- 
pact structures, are more likely to generate relatively 
extended coiled or helical structures or mobile states 
resembling molten globules. 

Structures and dynamics 

Low-complexity sequences are expected to show a 
wide range of deviations from structural compact- 
ness and conformational uniqueness, from helical el- 
lipsoidal domains, through elongated rods, to mobile 
coils resembling synthetic homopolymers or co-poly- 
mers. Recent insights into this difficult area have come 
from several interesting crystal structures of proteins 
with well defined, elongated, helical, non-globular do- 
mains [22,23"-25",26]. These domains show sequence 
repeats some of which are very subtle. The SEG algo- 
rithm can distinguish the globular and non-globular do- 
mains of these proteins on criteria of compositional 
complexity (JC Wootton, unpublished data). These 
non-globular architectures have packed, hydrophobic 
interiors that are protected from solvent exposure to 
different extents, but these contrast with typical glob- 
ular proteins in being narrow and elongated, with 
stacked patterns of interlocked side chains. These do- 
mains are essentially intermediate between globular 
structures and long rods such as alpha-helical coiled- 
coils and collagen, in which interlocking of hydropho- 
bic side chains occurs to a limited extent in a relatively 
solvent-exposed environment. 

In contrast, very little is known about the structures 
and dynamics of the abundant low-complexity re- 
gions interspersed within the sequences of complex 
multidomain proteins. Many of these are hydrophilic 
and likely to be relatively mobile. Some may form sin- 

gle solvent-exposed alpha helices, as suggested by i+3 
and i+4 complementary charge patterns, but most lack 
such patterns. Their conformational states are likely 
to be determined by a number of factors: torsional 
constraints in the polypeptide backbone; electrostatic 
interactions and hydrogen bonds involving solvent 
molecules and ions; and hydrodynamic effects. Multi- 
ple chains may interact, possibly with cross-linking in 
some cases, and complex processive assembly mech- 
anisms may occur. Conformational adaptability in in- 
teractions with intracellular and extracellular molecular 
complexes may be crucial for cellular mechanics, dy- 
namics and morphogenesis. This is an important area 
for future research. 

Evolution and functions 

Many DNA sequences encoding low-complexity re- 
gions of proteins evidently evolve rapidly by pro- 
cesses such as recombinational repeat expansion and 
deletion, replication slippage and a high frequency of 
substitution nmtations. In this respect, such sequences 
resemble other simple DNA sequences found in non- 
coding sequences such as variable number tandem 
repeats and microsatellites. Polymorphic trinucleotide 
repeats implicated in several human genetic diseases 
[27] provide extreme examples. Some of these repeats 
occur in coding sequences, generating variable-length 
homopolymers, such as polyglutamine, whereas others 
are in untranslated regions. 

Rapid evolution involving length changes has been 
clearly demonstrated recently by several interspecific 
comparisons of low-complexi W sequences [14",28--31], 
with interesting implications for studies of the mech- 
anisms of nmtational dynamics [10,27,32]. These stud- 
ies emphasize the importance of questions about the 
range of phenotypic consequences of these mutational 
changes and the extent to which the observed spec- 
trum of low-complexity sequence features is generated 
by mutational drive rather than selection at the protein 
level. Do rapid mutational changes in low-complexity 
segments generate important phenoWpic innovation in 
the evolution of organisms with complex development 
and morphology? What is the magnitude of the genetic 
load imposed by this type of genome/phenotype flux? 

Recently, several important interactions, functions and 
phenotypes have been attributed to low-complexity 
segments (Table 1). These include tumorigenesis, spe- 
cific DNA and RNA binding, interactions in transcrip- 
tional regulation, selection of pre-mRNAs for splicing 
in nuclear RNP complexes, protein-protein interactions 
in signal transduction, control of protein folding and 
turnover, and specific roles in cellular and extracellu- 
lar mechanics. Clearly, many low-complexity regions in 
multidomain proteins are not merely present in non-es- 
sential regions as a result of mutational drive, nor do 
they simply act as linkers. 
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Table 1. Interactions, functions and phenotypes recently attributed to low-complexity segments. 

Protein(s) Function Example of low-complexity segment involved b 

Involved in tumorigenesis or tumor suppression 
MLLafusion proteins in Ser-Pro-rich segments fused to MLL by PPSSSAPPSAPQSLPEPVASAHSSSAESESTSDSDSSSDSES 
acute lymphoblastic leukemia chromosomal translocations t(4:11) ESSSSDSEENEPLETPAPEPEPP 

and t(11:9) involved in tumorigenesis 
[15",33"] 

Tumor suppressor protein WTI Transcriptional regulation in Wilms' 
tumor acting independently of DNA- 

binding domain [34] 

SLGGGGGCALPVSGAAQWAPVLDFAPPGASAYGSLGGPA 
PPPAPPPPPPPPP 

Interactions with RNP complexes 
SC35, SF2/ASE U2AE, Tra-2 
(SR proteins) 

Activating interactions in 
commitment to splicing of 

pre-mRNA [38] 

GRRSRSPRRRRRSRSRSRSRSRSRSRSRYSRSKSRSRTRS 
RSRST 

Nucleolin, fibrillarin, 
hnRNP core proteins 

Interactions in formation of pre-mRNA GGRGGGRGGFGGRGGGRGGRGGFGGRGRGGFGGRG 
processing complexes, possibly RNA GFRGGRGGGG 
helix destabilizing. Arginines variably 

dimethylated [39",40] 

hnRNP M proteins Pre-mRNA binding [36] RMGPGIDRLGGAGMERMGAGLGHGMDRVGSEIERMGL 
VMDRMGSVERMG 

Direct DNA or RNA binding demonstrated 
H1 histones and many other 'SPKK' motif; minor groove DNA 
DNA-binding proteins binding NMR study and model 

building [41 ] 

methionyl-tRNA synthetase RNA-binding helix-loop: sequence 
simplified with engineered 

substitutions to Ala and Ser [37"] 

SPKKSPRK 

AAVSAIAALASAAN RYVSESSPWAVAKSEA 

HIV Tat and Rev proteins Binding to TAR RNA stem-loop 
[42] 

RKKRRQRRRPPQNS 

Interactions in transcription and transcriptional regulation. 
RNA polymerase II, largest Repeats of carboxy-terminal domain 
subunit variably phosphorylatedon SeffThr; 

multiple interactions in transcription 
postulated [43] 

YSPTSPS and variants repeated 26-52 times 

Conclusion 

The importance and urgency of continued research on 
low-complexity regions is underlined by their range 
of important interactions and functions (Table 1), in- 
cluding their involvement in human molecular diseases 
[15",27,33",34] and as epitopes in autoimmune diseases 
[21,35]. They are, however, characteristically difficult to 
study at the molecular level. 

They are often heterogeneously modified, for exam- 
pie by phosphorylation, methylation or glycosylation 
[36,37°]. Many are conformationally mobile and others 
form defined non-globular structures which may be 
polymorphic or cross-linked and assembled into rela- 
tively intractable complexes. Few readily form ordered 
crystals. Repetitive sequences are also difficult for NMR 

studies because of ambiguities in unique nuclear Over° 
hauser enhancement (NOE) assignments. 

In the face of these difficulties, it is helpful to have 
clear statistical criteria to identify low-complexity se- 
quences and classify them by attributes such as com- 
position, k-gram patterns and periodicity [7,8°,9-11]. 
There is also scope for critical and imaginative theo- 
retical modelling studies based on principles of protein 
conformation and architecture, although these may de- 
pend more on relatively unfamiliar considerations of 
torsional and hydrodynamic constraints, solvent inter- 
actions and conformational entropy, rather than on 
empirical potentials of mean force derived from the 
database of globular structures. However, the major 
challenges are for ingenious combinations of exper- 
imental methods involving new genetic expression 
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Table 1. (continued). 

Protein(s) Function Example of low-complexity segment involved 

Interactions in transcription and transcriptional regulation 
Transcription factors Activates transcription by binding to 
Spl, CREB TFIID 110KDa subunit (TAF110), 

hydrophobic residues rather than 
glutamines implicated [44"] 

Fushi tarazu homeotic 
protein 

Forms gene-specific transcription 
activation complexes by binding to 

TFIIB [45] 

G PNGQVSWQTLQLQN LQVQNPQAQ 

GYTAMLPPLEATSTATTGAPSVPVPMYH H HQTTAAYPAYSHS 
HSHGYGLLN DYPQQQTHQQYDAYPQQYQQQCSYQQHP 
QDLYHLS 

Transcription factor HNF-IA Liver-specific transcription activation QAQSVPVINSMGSSLTTLQPVQFSQPLHPSYQQPLMPPVQSH 
[46] VAQS 

Other proteln-protein interactions 
3BPI, 3BP2 (GAP-Rho-like) Specific binding to SH3 domains of 

many cytoskeletal and signalling 
proteins [47] 

GroES Mobile loop; conformational 
adaptability in intersubunit 

interactions [48] 

PPAYPPPPVP 

KRKEVETKSAGGIVLTGSAA 

Linker or extended structural or dynamic role 
TonB protein Bridges periplasm in gram-negative 

bacteria, not essential for energy 
transduction [49] 

PPQAVQPPPEPVVEPEPEPEPIPEPPKEAPVVIEKPKPKPKP 
KPKP 

Tyrosine kinase receptor in 
breast carcinoma cells 

Pyruvate dehydrogenase and 
many multidomain proteins 

Long interdomain-linker sequences NNSSPALGGTFPPAPWWPPGPPPTNFSSLELEPRGQQPVAKA 
flanking transmembrane segment [50] EGSPT 

Pro-Ala-rich interdomain linkers [51] APAAAPAKQEAAAPAPAAKAEAPAAAPAAK 

Many bacterial proteins 

Extended c~-helices 
Type-I antifreeze 
polypeptide 

Caldesmon 

'Q-linker' interdomain linkers [52] 

Binds to ice crystals and prevents 
growth [53] 

Single solvent-exposed charged 
extended helix [54] 

QQRQQQEQG RLDRLKQQMTAG KL 

TAS DAAAAAALTAANAKAAAE LTAA NAAAAAAATAR 

LKAEEEKKAAEEKQKAEEEKKAAEERERAKAEEEKRAAEERE 
RAKAEEERK 

Synthetic peptides, 
polymerized on gold 
surfaces 

Aligned dipoles for optical switching 
(molecular electronics) [55] 

Polyalanine, polyphenylalanine 

Synthetic peptides Variants for helix stability studies [56] ADAAARDAAARDAAARY 

aMLL, myeloid-lymphoid leukemia, bThe examples of sequences are shown for illustration only: the original references and sequence 
databases should be consulted for more complete details. 

systems suitable for relatively heterogeneous and bio- 
chemically intractable molecules, engineered sequence 
changes, detailed molecular analyses by several spec- 
troscopic and other physical techniques, structural biol- 
ogy in favourable cases, and a wide range of functional 
and phenotypic studies at all levels. 
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