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Letter

Low-Complexity Regions in Plasmodium

falciparum Proteins

Elisabetta Pizzi and Clara Frontali’

Laboratorio di Biologia Cellulare, Istituto Superiore di Sanitd, 00161 Rome, Italy

Full-sequence data available for Plasmodium falciparum chromosomes 2 and 3 are exploited to perform a statistical
analysis of the long tracts of biased amino acid composition that characterize the vast majority of P. falciparum
proteins and to make a comparison with similarly defined tracts from other simple eukaryotes. When the
relatively minor subset of prevalently hydrophobic segments is discarded from the set of low-complexity
segments identified by current segmentation methods in P. falciparum proteins, a good correspondence is found
between prevalently hydrophilic low-complexity segments and the species-specific, rapidly diverging insertions
detected by multiple-alignment procedures when sequences of bona fide homologs are available. Amino acid
preferences are fairly uniform in the set of hydrophilic low-complexity segments identified in the two P.
falciparum chromosomes sequenced, as well as in sequenced genes from Plasmodium berghei, but differ from those
observed in Saccharomyces cerevisiae and Dictyostelium discoideum. In the two plasmodial species, amino acid
frequencies do not correlate with properties such as hydrophilicity, small volume, or flexibility, which might be
expected to characterize residues involved in nonglobular domains but do correlate with A-richness in codons.
An effect of phenotypic selection versus neutral drift, however, is suggested by the predominance of asparagine

over lysine.

Proteins from Plasmodium falciparum, the etiological
agent of the most severe form of human malaria, are
often larger than homologous proteins from other or-
ganisms. When multiple alignment is possible, the size
difference can be seen to be due to the presence of long
insertions separating well-conserved blocks that are ad-
jacent in the homologous proteins. Examples of this
behavior are DNA polymerase alpha; DNA-directed
RNA polymerase I, II, and III; DNA topoisomerase II;
NADPH-dependent glutamate synthase; ornithine de-
carboxylase and Ca-transporting ATPase.

Only in a few cases are sequences available for a
comparison between P. falciparum and other Plasmo-
dium spp. or other protozoans to allow an estimate of
the diversification and evolutionary behavior of the
insertions. In the case of y-glutamylcysteine synthetase
(y-GCS; Birago et al. 1999; Luersen et al. 1999) it was
shown (Pizzi and Frontali 2000) that the insertions,
which are characterized by a highly recurrent amino
acid usage, diverge rapidly in their hydrophilic central
portions through point mutations and the differential
presence of entire tracts, whereas the borders of the
insertions tend to be conserved under some type of
phenotypic constraint.

As reported in more detail in the Discussion sec-
tion, these low-complexity regions are believed to en-
code nonglobular domains of unknown function that
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are extruded from the protein core and do not impair
the functional folding of the protein. The presence of
such presumably flexible tracts characterized by a
biased amino acid composition has recently been re-
ported with increasing frequency. Their structural and
dynamic properties are relatively well understood only
in fibrous or filamentous proteins such as collagens,
keratins, elastins, and fibrinogens.

Methods for the prediction of locally disordered
regions, based on the physicochemical features of a set
of relatively short domains present in proteins of oth-
erwise known structure, have been proposed by Rom-
ero et al. (1997). More than 25% of the SWISS-PROT
entries are predicted to contain unstructured regions of
at least 40 consecutive amino acids (Romero et al.
1998).

By introducing a definition of local complexity,
Wootton and Federhen (1993, 1996) developed an al-
gorithm (known as the SEG algorithm) that is currently
used for the automated partitioning of massive num-
bers of deduced proteins into low- and high-
complexity segments. The method identifies segments
of nonrandomly low complexity in about half of the
SWISS-PROT entries (Wootton 1994a). Although
Wootton and Federhen (1996) consider applying their
method to nucleic acid sequences, this application has
not been implemented frequently.

Other DNA segmentation algorithms—for ex-
ample, into compositionally homogeneous DNA do-
mains (Oliver et al. 1999) or regions with similar com-
binatorial features (Chrochemore and Vérin 1998)—
have been proposed. The topic is reviewed in Braun
and Mueller (1998).

11:218-229 ©2001 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/01 $5.00; www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Low-Complexity Regions in Plasmodium falciparum Proteins

The concept of local complexity—as opposed to
global complexity and entropy measures thoroughly
discussed by Wan and Wootton (2000)—is not new.
The cryptic-simplicity algorithm proposed by Tautz et
al. (1986) identifies irregularly repetitive patterns along
nucleotide sequences. In eukaryotic genomes, these re-
gions of cryptic simplicity are subject to a rapid and
concerted divergence, possibly through gene conver-
sion or slippage mechanisms active in creating simplic-
ity (Dover 1982). A local measure of sequence recur-
rence can be obtained through the Recurrence Quan-
titative Analysis (RQA) software elaborated by Webber
and Zbilut (1994) from an original idea by Eckmann et
al. (1987). This versatile method, which uses the pro-
cedures of time-series analysis, can be applied to any
sequence of numbers or symbolic characters and is at-
tractive for the absence of any underlying hypothesis.
Recurrence analysis for P. falciparum genomic and
amino acid sequences (the latter represented through
hydrophobicity values) are presented in Frontali and
Pizzi (1999) and in Pizzi and Frontali (2000).

In this paper, we apply the Wootton and Federhen
algorithm (see Discussion for a short description) to a
wide set of P. falciparum proteins and compare the
properties of the low-complexity segments thus iden-
tified with those of other simple eukaryotes.

Complete sequencing of the 14 chromosomes
composing the extremely AT-rich genome of P. falci-
parum (82% A + T) is underway. Complete sequences
are presently available for chromosomes 2 (Gardner et
al. 1998) and 3 (Bowman et al. 1999). In both papers,
the SEG program is used to identify the low-
complexity regions present in the predicted ORFs. Re-
sults indicate that they are present in 88.2% and 94%
of the ORFs on chromosomes 2 and 3, respectively.
These values are exceptionally high in comparison
with other lower and higher eukaryotes. These low-
complexity regions include, but are far more numerous
than, the tandemly repetitive regions known to be
abundant in plasmodial surface antigens, as well as in
several internal proteins.

We first analyzed the length distribution of the
low-complexity protein domains encoded on the two
sequenced P. falciparum chromosomes and their hy-
dropathic character. For the limited number of
plasmodial proteins for which multiple alignment is
possible, we find a good correspondence between in-
sertions absent in other organisms and the low-
complexity segments identified by the SEG algorithm,
which are prevalently hydrophilic. Hydrophilic low-
complexity regions present in the complete sets of pro-
teins encoded on P. falciparum chromosomes 2 and 3,
and in a limited set of predicted protein sequences
available for Plasmodium berghei, exhibit consistent
compositional properties. Observed amino acid prefer-
ences do not correlate with the physicochemical prop-

erties of individual amino acids (e.g., hydrophilicity,
molecular weight, or volume) or of amino acids in pro-
teins (e.g., flexibility), which may be important for the
extrusion of nonglobular domains. Significant correla-
tion is found, on the other hand, between relative
abundance of amino acids and the prevalence of ad-
enine in their codons. In other words, the prevalent
hydrophilicity of these regions is obtained through an
amino acid choice strongly conditioned by a genome
property (i.e., A-richness in the coding strand) al-
though an effect of phenotypic selection is suggested
by the relative abundances of asparagine and lysine.
The amino acid composition observed in similarly con-
structed sets of segments from Saccharomyces cerevisiae
and Dictyostelium discoideum is different from that ob-
served in Plasmodium.

RESULTS

Extension of Low-Complexity Regions

A first characterization of the low-complexity protein
domains was carried out for all ORFs identified in the
two P. falciparum sequenced chromosomes (chromo-
some 2, Gardner et al. 1998; chromosome 3, Bowman
et al. 1999). These analyses were carried out separately
for the two chromosomes in order to ascertain whether
they led to consistent results.

Low-complexity segments in P. falciparum proteins
can reach an extension of 1800 amino acids. Figure 1a
shows the size distribution for the entire set of 415
low-complexity segments identified by the SEG pro-
gram on chromosome 2 (see Methods). Superimposed
is the length distribution for the subset of such seg-
ments (77 in total), which are unequivocally repeti-
tious, containing more than three tandem repeats of at
least four amino acids. Comparison of the two distri-
butions shows that these internally repetitive segments
account almost entirely for low-complexity segments
longer than ~700 amino acids, whereas their contribu-
tion to the peak region (50-300 amino acids) is rela-
tively small. Quite similar results (data not shown) are
obtained for chromosome 3.

The analyzed P. falciparum chromosomes contain
several ORFs that, if really coding, produce entirely
simple proteins. For the 205 proteins predicted on
chromosome 2, the histogram in Figure 1b gives a dis-
tribution according to their content of low-complexity
regions, expressed as percentage of the protein length.
Only 24 out of 205 chromosome-2 proteins (11.7%) are
90%-100% complex, whereas half of the predicted pro-
teins are >60% simple (i.e., low complexity) and >16%
are 90%-100% simple. Comparable results are ob-
tained for P. falciparum chromosome 3. The inserts in
Figure 1a and 1b present the results of an identical
analysis performed on S. cerevisiae chromosome 1,
which has predicted proteins—roughly equal in num-
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Figure 1 (a) Length distribution of the 415 low-complexity
segments identified by the SEG program (window: 45; trigger:
3.4; extension: 3.75) in the complete set of 205 proteins pre-
dicted for Plasmodium falciparum chromosome 2. Superimposed
in grey is the length distribution of the 77 internally repetitive
low-complexity segments, always expressed as a percentage of
the total number of SEG-identified segments. (Inset) Length dis-
tribution of the low-complexity segments identified by the SEG
program (parameter setting as above) in the complete set of
ORFs present on Saccharomyces cerevisiae chromosome Il (Feld-
man et al. 1994). (b) Fractional distribution of the predicted pro-
teins of P. falciparum chromosome 2 according to the percentage
of the protein length occupied by low-complexity (I-c) segments,
identified as above. (Insert) Idem for S. cerevisiae chromosome 2.

ber to the sum of proteins encoded on P. falciparum
chromosomes 2 and 3—containing shorter low-com-
plexity regions that in half of the cases occupy <10% of
the protein length.

As shown in Figure 2 for P. falciparum chromo-
somes 2 and 3, proteins that do not contain low-
complexity segments are relatively short. Proteins
longer than 500 amino acids always contain at least
one low-complexity region. The overlap of data points
calculated separately for the two chromosomes reflects
the similar length distribution of low-complexity seg-
ments. The concomitant increase in the number of
simple segments and in the total length of the protein
is obvious: Less trivial is the observation that this cor-
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relation is lost when the number of simple segments is
plotted against the size of the complex portion of the
protein (data not shown). It would appear that a simple
model in which the probability of harboring a simple
region increases with the size of the complex portion is
not satisfactory.

Do Low-Complexity Segments Correspond to the
Rapidly Diverging Insertions Deduced from Multiple
Alignment Procedures?

Multiple alignments were constructed for a number of
P. falciparum proteins for which sequences of bona fide
homologs are available in several organisms. Insertions
specific to P. falciparum and absent in other organisms
are displayed as grey boxes in Figure 3, which summa-
rizes the results obtained for NADPH-dependent gluta-
mate synthetase, Ca-transporting ATP-ase, phosphory-
lase B kinase, and carbamoyl-phosphate synthetase. As
already shown in the case of y-GCS (Pizzi and Frontali
2000), these insertions exhibit a prevalent hydrophilic
character when a hydrophobicity profile (Kyte and
Doolittle 1982) is constructed along the protein se-
quence. In the cases examined, usage of the possible
codons by each amino acid in insertions did not differ
significantly from that of the rest of the protein.

Also reported in Figure 3 are the low-complexity
segments identified in each case by the SEG program.
Along with segments that coincide with insertions, the
SEG algorithm identifies several (usually shorter) low-
complexity segments in the hydrophobic portions of
the protein. When plotted on the multiple-alignment
scheme, these prevalently hydrophobic, low-
complexity segments are usually found to belong to
evolutionarily well-conserved regions. Short insertions
(less than about 50 amino acids) escape detection by
the SEG algorithm using the parametric values speci-
fied in Methods.
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Figure 2 Number of low-complexity (I-c) segments identified
in individual proteins vs. protein length for Plasmodium falciparum
chromosomes 2 (open circles) and 3 (solid circles). Only a rela-
tively small number of proteins (24 out of 205 on chromosome 2
and 13 out of 215 on chromosome 3), all shorter than ~500
amino acids, appear to be entirely complex.
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Figure 3 For each of the indicated proteins (SWALL accession nos. in Methods) a diagram is presented in which insertions (grey boxes)
resulting from multialignment procedures are compared with SEG-identified low-complexity regions (segment) and with the hydropho-

bicity profile of the protein (Kyte and Doolittle 1982).

Among the 415 low-complexity segments identi-
fied on chromosome 2, only 58 (and 42 out of 491 on
chromosome 3) exhibit prevalent hydrophobicity (i.e.,
the algebraic sum of residue-associated values) greater
than zero. It, therefore, seemed expedient to divide the
set of automatically detected low-complexity segments
into two groups. A minority group includes those seg-
ments that are prevalently hydrophobic and are most
probably involved in the core structure of the protein,
in which they help in performing some conserved
function. The majority group, on the other hand, in-
cludes those segments that are prevalently hydrophilic
and, from the limited number of cases analyzed, coin-
cide with the insertions that are absent in functionally
equivalent proteins from other organisms, as detected
by multiple-alignment procedures. When the 77 low-
complexity segments harboring tandem repeats iden-
tified on chromosome 2 are examined separately, all
but one are prevalently hydrophilic.

Compositional Properties of Hydrophilic
Low-Complexity Regions

To loop out of the protein globule with minimal dis-
turbance to functional fold, nonglobular domains are

expected to have an amino acid composition scoring
high for hydrophilicity and flexibility. A preference for
low-molecular weight residues might also be expected,
since it might reduce steric hindrances. In the compo-
sitional analysis we performed, the cumulative amino
acid composition (expressed as percent frequency) was
derived separately for complex regions (for a total of
47,109 amino acids on chromosome 2 and 55,558 on
chromosome 3), hydrophobic low-complexity seg-
ments (6291 amino acids on chromosome 2 and 4650
on chromosome 3), and hydrophilic low-complexity
segments (92,371 amino acids on chromosome 2 and
116,367 on chromosome 3). In the case of chromo-
some 2, the latter segments were further subdivided
(see Methods) into nonrepetitive (totaling 55,903
amino acids) and internally repetitive (36,468 amino
acids) segments. Figure 4 shows the results of the
analysis performed on chromosome 2 for complex re-
gions and simple hydrophilic nonrepetitive and repeti-
tive segments, normalized with respect to the amino
acid frequencies calculated over the entire SWISS-
PROT database. In this presentation, positively
charged, negatively charged, polar, hydrophobic, and
aromatic residues are grouped together. Within each
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Figure 4 For Plasmodium falciparum chromosome-2—predicted
proteins, ordinate values give the frequencies with which indi-
vidual residues appear in complex regions (squares), nonrepeti-
tive (triangles), and repetitive (circles) hydrophilic low-
complexity segments, normalized with respect to frequencies av-
eraged over the entire SWISS-PROT database (notes to release
38.0). Residues are grouped as follows: C+, positively charged;
C—, negatively charged; P, uncharged polar; I, hydrophobic; A,
aromatic nonpolar. Within groups, residues are ordered accord-
ing to increasing hydrophobicity.

group, residues are ordered according to increasing hy-
drophobicity. For the sake of clearness, the comparable
results obtained for chromosome 3 are not reported in
this graphic presentation, but the relevant data are
listed in Table 1 for both chromosomes.

Important differences between simple hydrophilic
segments and complex regions are found for lysine and
asparagine (significantly more frequent in both nonre-
petitive and repetitive simple regions), whereas cyste-
ine and tryptophan are avoided in simple regions. As-

Table 1.

partic and glutamic acids appear with a somewhat
higher frequency in repetitive than nonrepetitive seg-
ments, but altogether the presence of repeats does not
introduce strong biases in the amino acid composition
of the simple hydrophilic segments containing them.
This does not contradict the observations by Verra and
Hughes (1999), who analyzed plasmodial tandem re-
peats with the remainder of the same proteins (ex-
posed antigens) without distinguishing, in the latter,
simple from complex regions.

To check whether the observed frequencies were
affected by the presence of multimembered families
(e.g., rifins, var, and stevor families) and, generally, of
multicopy genes, the analysis was repeated on a nonre-
dundant set of chromosome-2 proteins. Only one
member for each group of proteins sharing >40% simi-
larity over a tract of 150 amino acids was considered in
this nonredundant set, which includes 174 proteins
with 331 low-complexity regions, 295 of which are
prevalently hydrophilic. Results (not shown) are super-
imposable on those reported in Figure 4.

The first two columns in Table1 (each containing a
double set of data) give the cumulative amino acid
composition for the ensembles of all simple hydro-
philic segments (whether repetitive or not) and all
complex regions present on P. falciparum chromo-
somes 2 and 3. The total number of amino acids over

Comparative Analysis of Hydrophilic Low-Complexity Segments in Different Lower Eukaryotes

P. falciparum chr. 2 P. falciparum chr. 3 P. berghei S. cerevisiae chr. |l D. discoideum
Total proteins 205 215 34 428 491
Proteins containing I-c segments 88.2% 94.0% n.d. 52.8% n.d.
Complex segments 598 (47109 aa) 690 (55558 aa) 59 (10843 aa) 685 (137082 aa) 1056 (180577 aa)

I-c segments identified by SEG
Hydrophilic I-c segments

415 (98662 aa)
357 (92371 aa)

491 (121017 aa)
449 (116367 aa)

35 (6404 aa)
32 (6150 aa)

379 (43454 aa)
300 (36128 aa)

624 (89259 aa)
541 (80519 aa)

A+T content in coding regions 75.7% 76.8% 68.9% 60.4% 67.6%
hlc compl hlc compl hlc compl hlc compl hlc compl
Percentual amino acid A 1.45 2.90 1.22 3.39 3.79 5.05 5.70 5.53 3.28 5.21
Composition in hydrophilic C 1.35 2.60 1.53 2.55 0.70  2.80 0.40 1.54 0.96 1.85
Low complexity (h I-c) and in D 6.77 5.74 7.35 5.57 6.28 5.76 6.37 574 4.81 5.66
Complex (compl) segments E 8.07 6.56 7.14 6.26 9.80 6.90 7.53 6.07 6.74 6.07
F 3.70 5.14 3.84 5.73 2.62 437 2.51 4.83 237 484
G 2.61 4.28 2.21 4.17 338 573 3.89 5.40 4.60 5.90
H 240 2.6 2.52 2.74 1.23 1.86 2.00 230 1.71 2.22
K 13.29 9.70 1290 9.70 1249 8.55 7.86 7.28 7.30 7.37
| 9.07 8.40 9.32 9.61 9.90 8125 4.96 6.89 6.49 7.55
L 6.90 8.41 6.88 9.30 7.33 8.83 799  9.51 7.03 8.68
M 2.06 267 2.11 2.70 1.19  2.09 1.50 2.20 0.91 2.22
N 1638 853 18.13 8.59 11.66 6.94 819 569 1297 5.79
P 1.57 296 1.56 3.00 3.06 3.64 5.08 4.30 518 4.18
Q 2.65 3.12 2.54 3.14 340 274 5.57 3.71 798 4.09
R 2.25 3.31 2.36 3.47 1.98 3.54 419  4.60 2.62 4.03
S 6.27 6.67 6.18 6.57 8.03 9.79 1296 8.00 1204 7.48
T 4.02 496 3.65 4.80 519 5.9 6.91 5.62 6.97 5.71
Y 5.44 5.61 6.27  6.21 4.28 4.4 2.06 3.74 2.22 3.76
\% 3.53 5.04 3.28 512 3.45 5.85 410 5.86 3.54 6.21
W 0.19  0.95 0.22 0.96 0.26 0.93 0.28 0.28 0.27 1.12
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which these frequencies were calculated is given in the
upper part of the table. Cases in which overrepresen-
tation exceeds 30% are in bold. The correspondence
between data obtained for the two chromosomes indi-
cates that their compositional properties are basically
equivalent. Homogeneity of amino acid preferences in
the set of hydrophilic low-complexity segments was
confirmed for P. falciparum chromosome 2 by separate
analysis of repetitive and nonrepetitive simple seg-
ments, of subsets of different lengths (<100, 100-200,
200-300, 300-400, 400-500, 500-700, >700 amino ac-
ids), as well as by the unimodality of the frequency
distribution of the two most abundant amino acids
(asparagine and lysine) over the segment populations
analyzed (data not shown).

To establish whether the observed strategy in
amino acid usage is common to low-complexity re-
gions from other Plasmodium species, more sequence
data from the other species would be needed. We per-
formed the compositional analysis of low-complexity
hydrophilic regions from the nonredundant set of 34
protein sequences available in the SWALL database for
the well-studied rodent malaria P. berghei (Table 1,
third col.). This limited set of data already indicates a
clear tendency for simple hydrophilic segments (32 in
total, including 9 that are tandemly repetitious, for a
total of 6150 amino acids) to be characterized by
strongly increased frequencies of lysine and asparagine
with respect to complex regions. Glutamine and glu-
tamic acid appear with a somewhat higher frequency
than in P. falciparum. Cysteine and tryptophan again
are avoided in simple regions. Thus, it appears that the
strategy in amino acid choice is similar in the two Plas-
modium species.

We performed a similar comparison in two other
simple eukaryotes: S. cerevisiae (chromosome II; Feld-
man et al. 1994) and D. discoideum (sequenced genes
available at the NCBI Web site). The latter organism
was chosen for its similarity to P. berghei in the A + T
content of coding regions. The results, reported in the
last two columns of Table 1, indicate that in both cases
hydrophilic low-complexity regions exhibit a strong
preference for the polar residues asparagine, serine,
and glutamine and a less-marked preference for threo-
nine, proline, and glutamic acid, in agreement with
reports analyzing, respectively, simple segments com-
mon to different proteins (Golding 1999) and homo-
peptide repeats (Mar-Alba et al. 1999) in S. cerevisiae.

It should be noted that in all cases prevalently hy-
drophilic low-complexity regions contain hydropho-
bic residues such as leucine and isoleucine at frequen-
cies comparable to those of complex regions. To inves-
tigate whether the patterns of amino acid choice
illustrated in Table 1 are mainly determined by prop-
erties that might be related to the extrusion of non-
globular domains, we performed linear correlation

analyses between observed amino acid frequencies and
parameters expressing these properties. The first pa-
rameters we considered were hydrophobicity ( h; we
used the scales by Kyte and Doolittle 1982 and Karplus
1997) and volume (V; scale reported in NIST Chemistry
WebBook) of the residue. The product of these two
parameters is suggested by Ragone et al. (1989) to be
related to the propensity of the residue to contribute to
the flexibility of the peptide chain. In effect the prod-
uct h X V correlates to some extent (R = 0.66) with the
B,orm,ave Values determined by Vihinen et al. (1994).
These authors used the latter parameter, derived from
atomic temperature factors obtained during crystal
structure determination, to categorize amino acids ac-
cording to their contribution to chain flexibility. More
refined scales, that take into account the type of first
neighbors, are then used to deduce protein flexibility
profiles from primary sequence data (Vihinen et al.
1994).

Given their basic equivalence, compositional data
separately derived for the two P. falciparum chromo-
somes were combined when calculating correlation co-
efficients between amino acid frequencies in hydro-
philic low-complexity segments and h, V, and B, avr
parameters. The results are reported in Table 2a, along
with the results of a similar correlation study against
the A or T content of the set of synonymous codons for
each amino acid (see Methods). Intervals correspond-
ing to 99% confidence limits are given in parentheses.
From this analysis, it appears that only the correlation
coefficient with adenine content (in bold) can be as-
sumed to be different from zero at the above-
confidence level, whereas no significant correlation is
found with any of the amino acid properties investi-
gated. Partial correlation analysis performed to take
into account intercorrelations between the variables
considered does not affect this result. A similar analysis
performed on S. cerevisiae and D. discoideum (Table 2b)
shows that, in both cases, amino acid frequencies in
hydrophilic low-complexity regions exhibit a signifi-
cant correlation by the same criterion only with the
flexibility parameter by Vihinen et al. (1994).

We, thus, are led to conclude that, at difference
from the other simple eukaryotes tested, relative
amino acid abundances in low-complexity segments
from P. falciparum significantly correlate with the ad-
enine content of their possible codons. The same is not
true for the similarly calculated thymine content. In
this connection, it is important to note the high A/T
asymmetry present in plasmodial genes between the
A-rich transcribed and the T-rich nontranscribed
strand (Weber 1987; Musto et al. 1997). As a represen-
tative example of the several tracts we examined, the
profile of the ratio (A — T)/(A + T) along a 40-kb tract
of P. falciparum chromosome 2 is shown in Figure 5.
The skewness effect is so marked that the direction of
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Table 2. Linear Correlation Coefficients between Amino Acid Properties and Amino Acid Frequencies Observed in

Hydrophilic I-c Regions

Amino acid property

P. falciparum

Hydrophobicity
Kyte & Doolittle (1982)
Karplus (1997)
Volume (NIST Chemistry WebBook)
Flexibility (Vihinen et al. 1994)
A content in codons
T content in codons

—~0.23(—0.70 = 0.37)
—0.15(—0.65 ~ 0.44)
—0.02 (—0.57 + 0.54)
0.44 (—0.15 =+ 0.80)
0.73 (0.29 + 0.91)
—0.08 (—0.61 = 0.50)

Amino acid property

S. cerevisiae

D. discoideum

Hydrophobicity
Kyte & Doolittle (1982)
Karplus (1997)
Volume (NIST Chemistry WebBook)
Flexibility (Vihinen et al. 1994)
A content in codons
T content in codons

~0.23(-0.70 = 0.37)
—0.31(—0.74 - 0.30)
—0.43(—0.79 = 0.16)
0.67 (0.18 + 0.89)
0.40 (—0.20 =+ 0.78)
—0.33(=0.75 = 0.27)

—0.26 (—0.71 = 0.34)
—0.37(—0.77 + 0.23)
—0.40 (—0.78 = 0.20)
0.63 (0.11 + 0.88)
0.53 (—0.03 = 0.84)
~0.30 (—0.73 = 0.31)

transcription for the several genes encompassed in the
tract might easily be predicted from the average domi-
nance of A over T (or of T over A). Except for repetitive
segments (broken lines), low-complexity segments do
not appear to correspond to particular features in the
plot, although A/T skewness averaged over the simple
segments appearing in Figure 5 (0.16 = 0.01) is
slightly higher than in nearby complex segments
(0.12 £ 0.02). It is also worthwile noting that in inter-
genic regions, large fluctuations in skewness average
out to a balanced use of As and Ts. The existence of
such a small-scale mosaic structure in different pro-
karyotic and eukaryotic genomes is reviewed in Bell
and Forsdyke (1999). As already observed for P. falcipa-
rum insertions absent from homologous proteins,

1

codon usage per amino acid does not show significant
differences between complex and simple regions pre-
sent in the 40-kb tract of P. falciparum chromosome 2
shown in Figure 5.

Selection Versus Neutrality in Amino Acid Choice

in Hydrophilic Low-Complexity Regions

Given the extremely high A content of plasmodial cod-
ing sequences (44.9% for chromosome 2; 45.1% for
chromosome 3), we wondered whether the composi-
tional features of hydrophilic, low-complexity regions
are simply the consequence of an unconstrained use of
A-rich codons. As stressed by D’Onofrio et al. (1999),
with the exception of four of the six arginine codons,

Figure 5 Skewness (A — T)/(A + T) profile of the 40-kb region of Plasmodium falciparum chromosome 2 starting at nucleotide 640,000
(Gardner et al. 1998). Arrows indicate rightward- and leftward-transcribed ORFs. Introns are shown as black rectangles. Segments
(continuous or dashed) indicate SEG-identified, low-complexity segments (nonrepetitive or repetitive, respectively).
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triplets encoding the most hydrophilic amino acids
(Arg, Lys, Asn, Asp, Gln, Glu, and His) contain either
two or at least one A in first and/or second position.
We, therefore, performed a series of randomization
tests for the nucleotide sequences encoding several of
the low-complexity hydrophilic segments present in
the 40-kb P. falciparum chromosome-2 region shown in
Figure 5. When the average amino acid composition
predicted for the products of the shuffled sequences
was compared with that of the original segment, it
consistently appeared that the observed frequency of
lysine matched the random prediction, whereas that of
asparagine was double that predicted. A frequency
somewhat higher than predicted was sometimes ob-
served also for glutamic or aspartic acids. All the other
residues appeared with frequencies compatible with
those expected for randomized sequences, in contrast
to what happens in the nearby complex regions (data
not shown).

Preference for asparagine (encoded 87% by AAT
and 13% by AAG) over lysine (encoded 84% by AAA
and 16% by AAG) in P. falciparum hydrophilic low-
complexity segments was further confirmed by com-
paring their observed frequencies (see Table 1) with
those predicted by assuming a random distribution of
bases (independently of codon position) and calculat-
ing expectations through the product of the nucleotide
frequencies in low-complexity regions from either
chromosome. Ratios of observed to expected values are
1.01 and 1.02 for lysine and 1.90 and 2.05 for aspara-
gine for chromosomes 2 and 3, respectively.

It, thus, appears that even if a genome property
such as the A-richness of the coding strand strongly
conditions the amino acid choice, a selective pressure
in favor of asparagine is consistently found in the low-
complexity regions specific for P. falciparum.

DISCUSSION

Protein portions exhibiting a biased amino acid com-
position have recently attracted wide interest. To avoid
confusion in terminology, it is important to give some
account of different studies, paying particular atten-
tion to the type of operational definition employed for
these unusual segments.

Homopeptide repeats (the extreme case of bias) are
relatively common in eukaryotes (Green and Wang
1994; Karlin and Burge 1996). They are mostly formed
by uncharged polar residues (Gln, Asn, Ser, Pro, Thr),
acidic amino acids (Glu, Asp) or small amino acids
(Gly, Ala). Both groups of investigators posed the ques-
tion of the relative contribution of DNA slippage
mechanisms versus phenotypic selection in generating
these reiterations. For S. cerevisiae, amino acid prefer-
ences in homopolymeric tracts and the distribution of
these tracts among different classes of proteins are de-
scribed by Mar Alba et al. (1999). Simple segments

common to many yeast proteins have been character-
ized by Golding (1999) and shown to contain prefer-
entially Ser, Asn, Gln, Asp, Glu, and Thr residues. The
investigator observed that no particular feature justi-
fies this amino acid choice, which is poorly suited to
the formation of useful secondary or tertiary structures.

The relative roles of functional selection and of
genome propensity to local-scale repetitiveness in de-
termining recurrent use of amino acids are discussed by
Nishizawa and Nishizawa (1999), who argue in favor of
the second as the major causal factor, albeit mitigated
by selection. Stronger functional or structural con-
straints would explain why the degree of repetitiveness
is significantly lower in homologous protein segments
common to yeast and man (or other mammalians)
than in segments present only in yeast. About 34% of
yeast proteins are reported to contain these unique re-
petitive segments, which would rapidly evolve under
weak functional or structural constraints. Their pres-
ence might favor adaptive processes “in the early phase
of searching over the protein space,” according to
Nishizawa and Nishizawa (1999).

Intrisically unstructured domains or even full-
length proteins that, being characterized by low-
sequence complexity and compositional bias, are un-
likely to adopt globular folds are the object of the chal-
lenging paper by Wright and Dyson (1999) which
questions the classical structure/function paradigm.
Inherently flexible elements, unable to fold spontane-
ously into stable globular structures, might offer the
ability to recognize a number of biological targets. In
many cases, they may become structured on interact-
ing with specific targets. Examples of this behavior are
described for transcriptional and translational regula-
tors, proteins involved in cell-cycle control, and other
functional classes of proteins (Wright and Dyson
1999).

The advantage of uncoupling specificity and affin-
ity (Schulz 1979) is stressed by Romero et al. (1998) in
their analysis of disordered regions that fail to crystal-
ize into fixed structures. Based on a learning set of X-
ray-invisible regions from 7 to >45 amino acids long,
Romero et al. (1997) developed a prediction algorithm
to discriminate between structured and locally disor-
dered regions. In selecting predictive features, they
considered amino acid composition (e.g., low content
of aromatic residues), flexibility (Vihinen et al. 1994),
and hydropathy (Kyte and Doolittle 1982). Disordered
regions longer than 20 amino acids are predicted to be
present in 70% of the SWISS-PROT entries, but disor-
dered regions longer than 160 amino acids are detected
in only 1% of these entries (Romero et al. 1997). Im-
proved predictors are described by Romero et al.
(2001).

The SEG algorithm by Wootton and Federhen
(1993) is designed to detect regions of biased amino
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acid composition (near-homopolymeric clusters,
short-period repeats, and aperiodic mosaics of a few
residue types) independently of the physicochemical
properties of the amino acids involved. It does not im-
ply extrapolations from a particular learning set. The
complexity state of a given window in a symbolic se-
quence written in a given alphabet does not depend on
the order of symbols (i.e., the sequence itself) or the
particular residue composition, but only on the nu-
merical partition of the symbols, which can deviate
strongly from random in particular regions. The ratio-
nale for using mathematically defined properties to
distinguish globular and nonglobular domains in pro-
teins is that compact globular structures exhibit quasi-
random statistical properties. In fact, physicochemi-
cally defined, nonglobular domains present in proteins
such as collagens or proteoglycan core proteins are in
excellent agreement with the low-complexity seg-
ments identified by the SEG algorithm (Wootton
1994a).

When screening with the SEG algorithm protein
databases, Wootton (1994a) found that in SWISS-
PROT, low-complexity regions are present in large ex-
cess with respect to the same shuffled data set. As much
as 25% of the residues covered by SWISS-PROT fall in
these low-complexity segments. This is in sharp con-
trast to the results obtained with Brookhaven Protein
Data Base (almost exclusively containing proteins of
high-compositional complexity), which were not very
different from those obtained after random shuffling
as expected, given that only proteins possessing a com-
pact, unique folding can form regular crystals.

According to Saqi (1995), the few relatively short
(<30 amino acids) low-complexity segments detected
by the SEG algorithm in a nonredundant set of pro-
teins for which a detailed crystal structure has been
experimentally determined are not disordered and
have temperature factors that do not differ from the
rest of the protein. They are predominantly exposed to
solvent and are either helical or coiled. Ala, Gly, Leu,
and Ser are overrepresented in these segments, which
appear to be integral parts of the globular structure.

Several P. falciparum proteins are known to con-
tain arrays of tandem repeats. Early attempts to find
suitable vaccine targets, carried out by screening-
expression libraries with antibodies, led to the identi-
fication of these immunodominant epitopes. These
were subsequently recognized to be of little help in
vaccine development, most probably contributing to a
smoke-screen strategy enacted by the parasite (Kemp et
al. 1987; Reeder and Brown 1996), and to be subject to
rapid and concerted diversification (Enea et al. 1986;
Arnot et al. 1988; Frontali and Pizzi 1991).

The recent availability of complete sequences for
two P. falciparum chromosomes (Gardner et al. 1998;
Bowman et al. 1999) revealed that, besides those con-
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taining tandemly repetitive patterns, a vast majority of
the predicted proteins bear one or more low-
complexity regions several hundred amino acids long.
This is also the case for many of the sequenced genes
cloned from P. falciparum and from other plasmodial
species. There, however, are notable exceptions. These
concern, for example, structural proteins, such as his-
tones, actin, and ribosomal proteins, which probably
cannot afford nonglobular appendices.

No protein-processing mechanism that might re-
move the nonglobular domains has ever been reported
in Plasmodium. When the size of the actual product was
determined by Western blot, it was found to be com-
patible with the size of the predicted gene product.
This was the case, for example, with the y-GCS protein
characterized by Birago et al. (1999).

The exceptional abundance of low-complexity re-
gions in plasmodial proteins raises intriguing ques-
tions as to their origin and maintenance and the kind
of constraint acting on their evolutionary behavior. A
comparative study was possible in the case of y-GCS
from P. falciparum and P. berghei (Pizzi and Frontali
2000), both of which exhibit low-complexity inser-
tions absent in homologs from other organisms (Birago
et al. 1999). The highly hydrophilic central portions of
these insertions were shown (Pizzi and Frontali 2000)
to be particularly subject to interspecific diversification
events (both point mutations and differential presence
of entire tracts). Among different P. falciparum strains,
diversification events involved only the copy number
(1-9 copies) of a tandemly repetitive octapeptide (Lu-
ersen et al. 1998; Birago et al. 1999).

Similar insertions, specific to Plasmodium and ab-
sent in homologous proteins from other genera, can be
detected in the limited number of cases in which mul-
tiple alignment is possible. We show here that the low-
complexity regions identified by the SEG algorithm of-
ten correspond to such insertions. The correspondence
improves when only those low-complexity segments
that exhibit a prevalently hydrophilic character are
considered. These represent the vast majority of the
SEG-identified regions, including—but far more nu-
merous than—the tandemly repetitive portions typical
of many plasmodial proteins. Indeed, only ~10% of the
SEG-identified regions are prevalently hydrophobic
and presumably belong to more conserved, nonex-
posed protein portions (e.g., transmembrane do-
mains). We, thus, assumed as a working hypothesis
that, in Plasmodium, hydrophilic low-complexity seg-
ments correspond to species-specific, rapidly diverging
regions, most probably forming nonglobular domains.

Accordingly, after a first characterization of the
frequency and length distribution of the full set of low-
complexity segments that can be identified on the
fully sequenced P. falciparum chromosomes 2 and 3, we
focused our attention on the compositional properties
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of those that are prevalently hydrophilic. With respect
to complex regions, both internally repetitive and
nonrepetitive hydrophilic simple segments exhibit a
high increase in the relative abundance of asparagine
and lysine. Glutamic and aspartic acids are also more
abundant than in complex regions, whereas cysteine
and tryptophan are avoided. With the exception of
cysteine, hydrophobic residues do appear, however, in
hydrophilic low-complexity regions, as well as in com-
plex regions, at levels comparable to those averaged
over the SWISS-PROT database or even higher, as is the
case for isoleucine.

Frequency distributions of the most positively bi-
ased amino acids (asparagine and lysine) over the set of
analyzed segments appear to be unimodal. Separate
compositional analysis for subsets of segments of dif-
ferent length also reveals a rather surprising homoge-
neity in amino acid preference. We did not attempt to
detect differential amino acid usage between the cen-
tral portions and the borders of the SEG-identified re-
gions because a systematic bias in the definition of
their limits can be introduced by the arbitrariness im-
plicit in the choice of parameters and by the procedure
followed in the algorithm itself, which starts from the
simplest portions and extends them by merging with
adjacent ones.

Compositional analysis of the limited number of
sequenced genes from the rodent malaria P. berghei
yields a spectrum of amino acid preferences very simi-
lar to that of P. falciparum, suggesting that, in the Plas-
modium genus, mechanisms were developed for the
generation and maintenance of these abundant, com-
positionally biased intragenic regions. It is tempting to
speculate that these regions represent a sort of matrix
in which short-lived tandemly repetitive patterns help-
ing the parasite to evade the host’s immune response
are continuously generated and locally subjected to
cycles of expansion (e.g., by slipped replication or un-
equal crossing-over) and random modification, possi-
bly leading to degeneration of the transiently regular
pattern (Pizzi et al. 1990; Frontali 1994). The selective
advantage conferred to the parasite by the ease in
changing immunodominant epitopes in antigens
might outweigh the burden created by the ubiquitous
presence of these regions. Such a view would suggest
that epitopes in low-complexity regions should not be
considered as suitable targets for candidate vaccines.

SEG analysis of the proteins predicted to be pre-
sent on §. cerevisiae chromosome II results in a length
distribution of low-complexity segments, mainly con-
fined between 50 and 300 amino acids and occupying
<10% of the protein in 50% of the cases, very different
from that of P. falciparum, which has low-complexity
segments that can reach 1.8 amino acids and half of its
proteins are at least 60% simple.

A marked difference between yeast and Plasmo-

dium also appears in the spectrum of amino acid pref-
erences of hydrophilic low-complexity regions. The
yeast choice (Ser, Asn, Gln, Asp, Thr, and Pro, in order
of decreasing excess frequency with respect to complex
regions) confirms previous data on low-complexity
motifs shared by different yeast proteins (Golding
1999). The amino acid choice in D. discoideum closely
resembles that of yeast.

To understand the nature of the constraints un-
derlying the described preferences, we determined the
correlation coefficients between the frequency ob-
served for each amino acid in hydrophilic low-
complexity regions and amino acid properties such as
volume, hydrophobicity (Kyte and Doolittle 1982;
Karplus 1997) and flexibility (as derived from tempera-
ture factors in crystal structures; Vihinen et al. 1994).
Although some correlation with the latter parameter is
found for S. cerevisiae and for D. discoideum, no signifi-
cant correlation is found in P. falciparum. The amino
acid frequencies observed in plasmodial hydrophilic
low-complexity regions, on the other hand, correlate
significantly with the adenine content of the corre-
sponding codon sets. Asymmetry in adenine versus
thymine presence in coding strands, which is particu-
larly high in P. falciparum, accounts for the lack of cor-
relation with the similarly calculated thymine content.

Although these observations are partial, they
nonetheless suggest that the nature of the constraints
acting on hydrophilic low-complexity segments in
Plasmodium differs from that prevailing in other simple
eukaryotes such as S. cerevisiae and D. discoideum. The
latter was chosen in the present analysis because its
A + T content in coding regions is close to that of P.
berghei, and it might be expected that constraints de-
riving from genome composition are also similar. The
similarity in amino acid preferences between S. cerevi-
siae and D. discoideum, on the other hand, suggests that
in these cases functional constraints are more impor-
tant in determining the amino acid composition of the
putative nonglobular domains.

Neutral codon reiteration at the nucleotide se-
quence level is certainly an important factor in deter-
mining the composition of the longer and more fre-
quent putative nonglobular domains in P. falciparum.
That this is not the only factor, however, is suggested
by randomization tests in which the translation prod-
ucts of randomly shuffled nucleotide sequences corre-
sponding to the hydrophilic low-complexity segments
are examined for their amino acid composition, as well
as by calculating codon frequencies expected on the
basis of nucleotide composition of the corresponding
sequences. The results of these tests and computations
point to asparagine as being significantly preferred be-
yond neutral expectation, which is not true for lysine,
the second most preferred amino acid in these regions
in Plasmodium. Simplicity in these regions thus appears
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to be a consequence of the limited amino acid choice
resulting from a strong constraint at the genome level
and from some unidentified functional constraint fa-
voring asparagine over lysine, although the latter is
more hydrophilic, contributes more to chain flexibility
and is encoded by more A-rich codons.

Density of positive charges might be thought to
act as a counterselective factor against lysine. However,
runs of charged amino acids up to 25 consecutive units
and, in particular, homopolymeric runs of lysine up to
9 units long are frequently found in P. falciparum hy-
drophilic low-complexity segments and are apparently
well tolerated in nonglobular domains.

Physicochemical properties other than those
tested in the correlation studies reported in this paper
must be responsible for the high prevalence of aspara-
gine, which is the only common feature in hydrophilic
low-complexity regions from the simple eukaryotes ex-
amined. It can be observed that asparagine is second
only to glycine in its occupancy of the ¢, space (Ra-
machandran plot) outside the allowed regions corre-
sponding to known structures. Torsional degrees of
freedom, as also suggested by Wootton (1994b), are
likely to represent an important factor in the mobility
presumably associated with hydrophilic low-
complexity segments.

METHODS

Sources of Sequence Data

Sequence data for P. falciparum chromosome 2 (early release
from the Institute for Genomic Research at http://
www.tigr.org) were obtained through NCBI at http://
www.ncbi.nlm.nih.gov. Sequence data for P. falciparum chro-
mosome 3 were obtained from the Sanger Centre Web site at
http://www.sanger.ac.uk/Projects/P_falciparum/.

Sequence data for P. berghei were extracted from entries
available in the SWALL (SWISS-PROT release 38.0 + TrEMBL
release 12.0) database. Sequence data for S. cerevisiae chromo-
some 2 and for D. discoideum sequenced genes were obtained
through NCBI at http://www.ncbi.nlm.nih.gov.

Segmentation of Predicted Proteins

Low-complexity segments in predicted amino acid sequences
were identified using the SEG program as part of the GCG
Winsconsin Package (Devereux et al. 1984). The values of pa-
rameters (window length: 45; trigger complexity: 3.4; exten-
sion complexity: 3.75) matched those used by Gardner et al.
(1998) in their analysis of P. falciparum chromosome 2. For
each of the low-complexity segments thus identified, the
prevalent hydropathic character was determined through the
algebraic sum H of the hydrophobicity values associated (Kyte
and Doolittle 1982) with its residues. Low-complexity seg-
ments were then divided into hydrophilic (H = 0) and hydro-
phobic (H > 0) subsets.

Tandem repeats present in P. falciparum-predicted pro-
teins were identified using the SAPS program (Brendel et al.
1992) available at the EBI Web site (http://www.ebi.ac.uk/
saps). A low-complexity segment was classified as internally
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repetitive if it contained at least three tandem copies of a
repetitive unit of at least four amino acids.

Multiple Alignment

Multiple alignments to sets of homologs from yeasts, other
protozoans (leishmania, trypanosome, and toxoplasma)
when available, and species representative of phylogeneti-
cally more distant groups (Caenorhabditis elegans, Arabidopsis
thaliana, man or mouse or rat) were performed by first using
ClustalW program (available at http://www.ebi.ac.uk/
clustalw; Thompson et al. 1994) and then refining the results
by visual inspection for the following P. falciparum proteins
(SWALL accession nos. in parentheses): carbamoyl-phosphate
synthase (Q27732), Ca-transporting ATPase (Q08853),
NADPH-dependent glutamate synthase (061143), and phos-
phorylase B kinase (Q27739).

Correlation Analysis

Linear correlation coefficients and their 99% confidence lim-
its were calculated between observed amino acid frequencies
and hydrophobicity (Kyte and Doolittle 1982; Karplus 1997),
volume (NIST Chemistry WebBook at http://
webbook.nist.gov/chemistry), flexibility (B, av: Values in
Vihinen et al. 1994), and A or T codon content. The latter
were calculated as the number of A or T occurences in the set
of codons for each amino acid divided by the total number of
nucleotides involved in that set. For adenine it was Ala 0.08,
Cys 0.00, Asp 0.33, Glu 0.50, Phe 0.00, Gly 0.08, His 0.50, Ile
0.33, Lys 0.83, Leu 0.11, Met 0.33, Asn 0.66, Pro 0.08, GIn
0.50, Arg 0.22, Ser 0.17, Thr 0.42, Val 0.08, Tyr 0.50, and Trp
0.00.

The publication costs of this article were defrayed in part
by payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 USC
section 1734 solely to indicate this fact.
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